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Chapter 1
Magnetically Actuated Scaffolds 
to Enhance Tissue Regeneration

Haiyan Xu, Suisui Hao, and Jiawei Zhou

Abstract Tissue defects beyond critical sizes and organ failure are great challenges 
in human health care. Biomaterial scaffold-guided tissue regeneration is one impor-
tant and promising way to develop more effective therapeutic strategies to meet the 
clinical demands by creating microenvironments mimicking natural physiological 
conditions from the aspects of biochemistry and biophysics. The combination of 
nanotechnology in the biomaterial scaffolds have opened a new field in regenerative 
medicine and provided more powerful tools for developing strategies to modulate 
biochemical and mechanical microenvironments for tissue regeneration. In this 
chapter, we focused on the evolution and research progress of magnetic nanoparticles- 
based tissue engineering scaffolds. This chapter emphasized the synergistic effects 
of magnetic scaffolds in combination with external magnetic fields on cells differ-
entiation and tissue regeneration through comprehensively reviewing the applica-
tions in multiple cells and tissues including bone, cartilage, cardiac, endothelial, 
nerve, Schwann cells, fibroblasts and macrophages, following the introduction of 
biological effects exerted by magnetic fields and magnetic scaffolds separately. The 
combination strategy allows for providing mechanical stimulations directly and 
remotely controls cells behaviors and fates in vivo without invasion, and provides 
promising platforms for drug screening in vitro and ex vivo.

Keywords Regenerative medicine · Tissue engineering · Magnetic scaffold · 
Mechanical stimulation · Remotely control
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1.1  Introduction

Magnetism is a long historical and intriguing physical cue that can alter the behav-
iors of a broad range of cells; therefore, the implementation of magnetic features in 
biomaterial scaffolds may offer innovative opportunities to control cell populations 
within engineered 3D microenvironments, with the potential to enhance their use in 
tissue regeneration or in cell-based therapies. For decades, magnetic nanoparticles, 
especially iron oxide nanoparticles, have attracted intense research interests in bio-
medical fields because the manufacture technologies are maturing, and they have 
shown promising perspectives in various applications, such as bio-separation, detec-
tion and diagnosis, medical imaging, thermal treatment against tumor, and targeting 
drug delivery [1–3]. In the past decade, a new application potential of magnetic 
nanoparticles in tissue engineering and regenerative medicine has been explored 
with increasing interests from the aspects of magnetically actuated mechanical 
stimulation and remote control, by integrating magnetic nanoparticles into sub-
strates or implantable scaffolds to provide mechanical forces directly to cells grown 
on and inside. The application modality included magnetic scaffolds alone or in 
combination with external applied magnetic fields.

Motivations of integrating magnetic nanoparticles into various matrices for uses 
in tissue engineering can be summarized into following aspects: First, magnetic 
nanoparticles would form magnetic phases in microscale that distribute in matrices. 
These aggregated nanoparticles would provide local magnetic moments or mag-
netic fields, which is assumed to be beneficial to the tissue regeneration according 
to the literatures of biological effects of magnetic fields. Second, the induction of 
magnetic nanoparticles brings magnetic property to scaffolds, which endows the 
scaffolds capacity of reloading with bioagents in situ after implantation. For exam-
ple, magnetic scaffolds are expected to attract and take up growth factors, stem cells 
or other bioagents bound to magnetic nanoparticles in vivo by the guidance of an 
external magnetic field. The magnetic property of scaffolds can also be used to con-
trol microstructures of scaffolds (for example, to form aligned morphology) or to 
improve implant fixation and stability in vivo, by the remote control of external 
magnetic fields. And third, implantable scaffolds containing superparamagnetic 
nanoparticles can be magnetized by responding to external applied magnetic fields, 
which allow for generating local strain-induced deformation to apply mechanical 
stimulations directly to cells grown on the scaffolds.

This chapter will emphasize the synergistic effects of magnetic scaffolds in com-
bination with external magnetic fields on cells differentiation and tissue regenera-
tion, through comprehensive reviewing the applications in multiple cells and tissues 
including bone, cartilage, cardiac, endothelial, nerve, Schwann cells, fibroblasts, 
and macrophages, following the introduction of biological effects exerted by mag-
netic fields and magnetic scaffolds separately. The combination strategy allows for 
providing mechanical stimulations directly and remotely controls cells behaviors 
and fates in vivo without invasion and provides promising platforms for drug screen-
ing in vitro and ex vivo.

H. Xu et al.
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1.2  Biological Effects of Magnetic Fields 
on Tissue Regeneration

Magnetic fields include static (SMF) and electromagnetic fields (EMF). The thera-
peutic functions of magnetic fields have attracted clinical and research attentions for 
many years [4]. The SMF is usually generated by permanent magnetic materials, 
and there are various methods for obtaining the electromagnetic field generated by 
an arbitrarily moving point charge in free space. The EMF can be subdivided into 
pulse electromagnetic fields (PEMFs), alternating magnetic field (AMFs), or rotat-
ing magnetic fields (RMFs). Among them, SMFs and PEMFs are used most widely. 
According to the field intensity, SMF can be classified into weak field (less than 
1 mT), moderate field (1 mT–1 T), strong field (1–5 T), and ultra-strong field (>5 T). 
It has been reported that the magnetic field with moderate intensity could enhance 
pre-osteoblasts proliferation and ECM production, and templated mineral deposi-
tion more rapidly than the control culture [5]. As an example, exposure to SMF of 
160–340 mT enhanced the bone formation of rat calvaria cells [6] through the acti-
vation of p38 phosphorylation at the cellular level to stimulate osteoblastic differen-
tiation [7]. There are also literature reports about the effects of magnetic fields on 
nerve system. For example, low-frequency magnetic fields could activate N-methyl- 
d-aspartate receptors in glutamatergic Ca2+ channels to promote neuronal differen-
tiation [8] and might improve depressant behavior and cognitive dysfunction mainly 
by modulating synaptic function [9].

Impacts of the magnetic stimulation on human mesenchymal stem cells (hMSCs) 
have also been explored, as hMSCs are widely accepted as seeding cells, and the 
control of mesenchymal stem cells (MSC) by physical cues is of great interest in 
regenerative medicine. A group reported that equine adipose-derived mesenchymal 
stem cells (ASCs) exhibited higher mRNA levels of bone morphogenetic protein-
 2/4 (BMP-2/4), Sox9, and type I collagen when cultured under the magnetic field of 
0.2 T. In addition, the cells cultured in the magnetic field reached the population 
doubling time earlier, because the colony-forming potential of equine ASCs was 
higher when cells were cultured under magnetic field conditions. Interestingly, 
exposure to the magnetic field increased the number of secreted microvesicles in 
comparison to the control culture as well as increased the production of growth fac-
tors [10]. Another study reported the effect of low-frequency EMF on hMSCs dur-
ing chondrogenic differentiation, the cultures were exposed to the low-frequency 
magnetic fields (5 mT) [11]. It was observed that the effect of EMF on collagen type 
II expression was cell passage-dependent and exclusively detected at higher cell 
passages. Under the EMF and the addition of human fibroblast growth factor 2 
(FGF-2) and human transforming growth factor-β3 (TGF-β3), hMSCs showed a 
significant increase in collagen type II expression at passage 6, indicating that the 
very low-frequency EMF was able to improve the growth factor-induced chondro-
genic differentiation of hMSCs, however, when growth factors were absent, there 
was no staining detected for safranin-O and collagen type II, indicating that the 
EMF could not induce chondrogenic differentiation alone. SMF exposure could 
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also affect the cell viability and capacity of osteogenic differentiation in rat dental 
pulp cells (DPCs) [12]. It is interesting to note that exposure to SMF alone did not 
affect the dental pulp cell proliferation, only when exposed to SMF with the supple-
mentary Dex/b-GP, the cell differentiation was significantly enhanced at the seventh 
and ninth day of culture when compared with the control culture, which was specu-
lated that the magnetic field played a cooperative role via the ECM-mediated activa-
tion of ERK1/2-Cbfa1 signaling, while the new ECM deposition was time 
consuming. Another study showed that the magnetic field could stimulate biological 
functions of MSC; however, the responses of cells depended strongly on the sub-
strate to which they adhere and on the crosstalk between integrin-mediated signals 
and soluble factors [13]. The results again implied that the magnetic stimulation 
alone on cells is not enough for the bone repair and regeneration, the microenviron-
ment where the bone cells live is likely to play crucial synergy roles in the regenera-
tion process. Another group had MSCs seeded in a composite scaffold composed of 
hydroxyapatite and collagen I, the construct was placed in a dynamic perfusion 
bioreactor and exposed to EMF of 15 Hz/1 mT. The applied EMF could promote 
osteogenic differentiation with the inducing medium. When implanted in a defect 
hole of 4 mm in width and 8 mm in depth that was created in each lateral femur 
condyle of rabbits, micro-CT results revealed that EMF could promote integration 
at bone–implant interface and bone regeneration after 12 weeks [14]. These results 
implied that scaffolds might be necessary as media for magnetic fields to elicit pro-
moting effects on MSCs differentiation.

1.3  Biological Effects of Magnetic Materials 
on Tissue Regeneration

Inspired by the biological effects elicited by the low or moderate intensity of mag-
netic fields, it has been considered that magnetic materials may have positive effects 
on scaffold-guided tissue regeneration as well, because magnetic materials usually 
consist of iron (Fe), cobalt (Co), or nickel (Ni), and these materials can produce 
magnetic fields directly or indirectly, as it is well known that permanent magnets 
produce static magnetic fields (SMFs). As examples of the efforts, the roles of mag-
netic scaffolds in the guidance of bone tissue regeneration have been investigated 
largely. In case of degenerative disease or lesion, bone tissue replacement and 
regeneration are an important clinical goal. In long period the repair for critical size 
defects rely on implantable grafts that are not biodegradable. The emerging of tissue 
engineering and regenerative medicine provide the concept of developing biode-
gradable scaffolds that are 3D structural supports, allowing cellular infiltration and 
subsequent integration with the native tissue. Several ceramic hydroxyapatite (HA) 
scaffolds with high porosity and good osteointegration have been developed in the 
past few decades but they have not solved completely the problems related to bone 
defects, a major challenge is the speed of scaffold-induced new bone formation is 

H. Xu et al.
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too low to meet the clinical demand [15, 16]. Researchers have been making great 
efforts to overcome the problem; the utilization of magnetic nanoparticles is one of 
the directions.

Early investigations mainly addressed the biocompatibility of magnetic nanopar-
ticles incorporated in matrices. For example, researchers developed a simple and 
inexpensive technique able to transform standard commercial scaffolds made of 
hydroxyapatite and collagen into magnetic scaffolds by dip-coating the scaffolds in 
aqueous ferrofluids containing iron oxide nanoparticles coated with various bio-
polymers. By this way, the nanoparticles were integrated into the structure of the 
scaffolds, providing the latter with magnetization values as high as 15  emu/g at 
10 kOe [17]. These values were considered suitable for generating magnetic gradi-
ents, enabling magnetic guidance in the vicinity and inside the scaffold. It was 
reported that the magnetic scaffolds did not suffer from any structural damage dur-
ing the process, maintaining their specific porosity and shape. Moreover, they do 
not release magnetic particles under a constant flow of simulated body fluids over a 
period of 8 days, indicating the good stability of the scaffold. Computer simulations 
revealed that the magnetic field generated by magnetic scaffolds was ready within 
the useful range for in vivo applications. Cellular experimental results showed that 
the composite scaffold supported the proliferation of human bone marrow-derived 
stem cells (HBMSCs), the cells covered the whole surface and filled most of the 
macropores of scaffolds, and no statistically significant differences in cellular via-
bility and osteoblastic differentiation among all types of scaffolds at each time point 
were observed. Furthermore, the composite of hydroxyapatite (HA) dipping mag-
netic fluids was tested in a magnetic field of 320 mT, no negative effects arising 
from the presence of magnetite [18]. A comprehensive comparison study for the 
bone tissue formation was conducted by the same group in a preclinical rabbit 
model of critical femoral defect treated either with a HA/magnetite (90/10 wt%) or 
pure HA porous scaffolds at 4 and 12 weeks after implantation, indicating that both 
scaffolds were able to allow bone regeneration, and that the HA scaffold dipping 
magnetic fluids did not have short-term adverse effects on biocompatibility and 
bone formation ability [19]. Another pioneer work is to fabricate magnetic compos-
ites that were composed of CaP ceramic and magnetic nanoparticles (CaP-MNP). In 
the fabrication, superparamagnetic nanoparticles were integrated to two kinds of 
CaP ceramics, one was hydroxyapatite (HA), the other one was a composite of HA 
and tricalcium phosphate in a ratio of 65:35, named HT. When bone-related cell line 
Ros17/2.8 and MG63 cells were seeded in the composites and incubated for 4 or 7 
days, the cell proliferation was significantly promoted compared with that of non-
magnetic scaffolds. The possible influence of magnetic materials on bone morpho-
logical protein (BMP) was concerned in this investigation. BMP-2 was loaded on 
the magnetic scaffolds that were implanted subcutaneously in the fasciae of rat back 
muscles for 30 days. The in vivo test showed that the expression of BMP-2 was 
accelerated by HT containing superparamagnetic nanoparticles, and new bone-like 
tissue formation was observed, indicating the function of loaded BMP-2 was not 
affected by the incorporation of superparamagnetic nanoparticles. Importantly, it 
was observed that ALP secretion of Ros17/2.8 cells was increased on the magnetic 
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composites more than those on nonmagnetic composites after 14 days incubation, 
but the magnetic composites did not affect the ALP secretion of MG63 cells. Those 
results showed an important cue that the CaP-MNP composites could promote 
osteogenetic differentiation as well as the proliferation [20].

In addition to inorganic scaffolds, iron oxide nanoparticles are widely employed 
in polymer-based scaffolds, aiming to improve the biocompatibility and mechanical 
strength. One typical example is that a nanofibrous scaffold made by electrospin-
ning technique from a mixture of poly-ε-caprolactone (PCL) and γ-Fe2O3 nanopar-
ticles of 23 nm in diameter. The scaffolds obtained the magnetic responsive property, 
which contributed to the enhancement of adhesion and proliferation of porcine mes-
enchymal stem cells. Importantly, the PCL-based scaffold-induced osteogenic dif-
ferentiation of mesenchymal stem cells, which was evidenced by the increased ALP 
activity [21]. Similarly, magnetic nanofibrous scaffolds of PCL incorporating 
citrated magnetic nanoparticles (MNP) of 12 nm in diameter were fabricated by 
using electrospinning technique, the content of MNPs was up to 20% in the solu-
tion. The incorporation of MNPs greatly improved the hydrophilicity of the nanofi-
bers as well as enhanced the tensile mechanical properties of the nanofibers. In 
particular, the tensile strength increase was as high as 25 MPa at 15% MNPs, much 
higher than 10 MPa for pure PCL. The PCL-MNP nanofibers exhibited magnetic 
behaviors, with a high saturation point and hysteresis loop area, which increased 
gradually with MNP content. The incorporation of MNPs substantially increased 
the degradation rate of the PCL nanofibers in a content dependent manner. When 
subcutaneously implanted in rats, the composited nanofibers significantly improved 
initial cell adhesion and subsequent penetration through the nanofibers for rat bone 
marrow MSCs, compared to the pure PCL control, and increased the alkaline phos-
phatase activity and the gene expression of collagen I, osteopontin, and bone sialo-
protein. Noted that they induced substantial neoblood vessel formation which 
greatly limited in the pure PCL, while exhibited minimal adverse tissue reactions 
[22]. The same formulation of PCL and MNPs was processed into porous scaffolds 
by using salt-leaching approach, which also showed the superparamagnetic behav-
ior. When applied on bone repair, similar results were obtained, confirming the 
effects observed in the nanofibrous scaffolds. As shown that the incorporation of 
MNPs greatly improved the hydrophilicity and water swelling of scaffolds. More 
mineral nanocrystallites covered on the surfaces of the composite scaffolds than on 
the PCL scaffolds in the in vitro acellular mineralization experiment. The mechani-
cal stiffness increased significantly with the addition of MNPs when tested under 
both static and dynamic compressed wet conditions. The subcutaneous implantation 
in rats for 2 weeks revealed favorable tissue compatibility, with substantial fibro-
blastic cell invasion and neoblood vessel formation while exerting minimal inflam-
matory reactions in the testing groups [23]. From these investigations we can notice 
the important roles of iron oxide nanoparticles in the scaffolds for enhancing bone 
tissue regeneration. When make further comparison with data from above refer-
ences, it seemed the smaller the nanoparticles (23 nm vs. 12 nm), the stronger the 
enhancing effects. Another example is magnetic PLGA/PCL scaffolds that were 
fabricated using a combination of the electrospinning technique and layer-by-layer 
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assembly of superparamagnetic iron oxide nanoparticles (IONPs) greatly enhanced 
the hydrophilicity and increased the elastic modulus of the scaffolds. At the early 
stage of cell culture, the adhesion and spreading of ADSCs of IONPs group were 
more stretched and spindle-like compared to those on the control groups, which 
indicated that IONPs-containing scaffolds affected cellular behavior at an early 
stage. It could be noticed that IONPs group induced ADSCs osteogenic differentia-
tion, evidenced by the highest ALP activity. Higher mineralization rate also con-
firmed the importance of magnetic nanomaterials as a bioactive interface between 
cells and scaffolds [24].

Chitosan and collagen are two kinds of biological materials widely investigated 
for scaffolds fabrication. A group prepared composite scaffolds containing hydroxy-
apatite nanoparticles (nHAP) and Fe3O4 nanoparticles (Fe3O4 NPs), and the sub-
strate of the scaffolds was the mixture of chitosan and collagen (CS/Col). It is 
interesting that during the cell culture, a mass of hydroxyapatite microparticles 
could be observed forming on the surfaces of scaffolds containing Fe3O4, whereas 
did not on the surface of CS/Col/nHAP, suggesting that Fe3O4 NPs enhanced min-
eralization. The composite scaffolds (CS/Col/Fe3O4/nHAP) not only showed supe-
rior structural and mechanical performance for pre-osteoblasts cell line MC3T3-E1 
cells adhesion and proliferation, but also had a higher bone regeneration ability 
when implanted into the SD rats’ skull defects comparing to control group [25]. In 
another kind magnetic scaffold composed of HA, collagen, and magnetic nanopar-
ticles, the magnetic phase could act as a sort of cross-linking agent for the collagen, 
inducing a chemical-physical-mechanical stabilization of the material and allowing 
for the control of the porosity network of the scaffold, while the hydroxyapatite 
(HA) was directly nucleated onto collagen fibers during their self-assembly, repre-
senting the biomineral calcium phosphate phase [26]. Gelatin is also one widely 
applied biological material in tissue engineering. When integrated with superpara-
magnetic nanoparticles (SPIONs), the magnetic gelatin sponge (GS) was implanted 
in the incisor sockets of Sprague-Dawley rats sacrificed at 2 and 4 weeks. In addi-
tion to the enhancement of the bone regeneration, the scaffold degradation and 
interaction with host tissues could be visually monitored over time by MRI, and a 
significant decrease in the signal intensity of T2-weighted magnetic resonance 
imaging (MRI) was also observed. This is another advantage of superparamagnetic 
iron oxide nanoparticles, the residual SPIONs, together with newly formed bone 
[27]. Magnetic composites also showed application potentials in the treatment of 
tumor related-bone defects. For example, magnetic SrFe12O19 nanoparticles 
modified- mesoporous bio-glass (BG)/chitosan (CS) porous scaffold (MBCS) not 
only triggered tumor apoptosis and ablation by elevating the temperatures of tumors 
under the irradiation of near-infrared (NIR) laser, because the SrFe12O19 nanoparti-
cles in MBCS improved the photothermal conversion property, but also promoted 
the expression levels of osteogenic-related genes (OCN, COL1, Runx2, and ALP) 
and the new bone regeneration by activated BMP-2/Smad/Runx2 pathway, indicat-
ing the osteogenic differentiation was effectively induced by the magnetic compos-
ite nanoparticles. In this process, the residual SPIONs and newly formed bone could 
be monitored in the treatment of tumor related-bone defects [28]. Another example 

1 Magnetically Actuated Scaffolds to Enhance Tissue Regeneration
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is the fabrication of 3D porous Mg2SiO4-CoFe2O4 nanocomposite scaffolds with 
interconnected porosity and desirable mechanical properties close to cancellous 
bone, loading chemotherapeutics for bone cancer treatment. When exposed with 
electromagnetic fields of 100, 125, 150, and 200 Oe under 200 kHz, the scaffolds 
could produce heat for hyperthermia-based chemotherapies and displayed good 
biocompatibility with MG63 cells [29]. Nevertheless, it should be noted that there 
were literatures reporting no osteogenestic differentiation was induced by poly-
meric magnetic scaffolds. For instances, the induction of osteogenestic differentia-
tion was not detected upon the electrospun membrane of integrating magnetic 
nanoparticles of Fe3O4 into biodegradable chitosan (CS) and poly vinyl alcohol 
(PVA), though human osteoblast-like cells MG63 grew well on the composite scaf-
fold [30]. The electrospun membrane composed of poly(lactic-co-glycolic acid) 
(PLGA) and hydrophobic superparamagnetic nanoparticles (MNPs) showed good 
biocompatibility and significantly promoted cell proliferation compared with PLGA 
nanofibrous scaffold. Again, the composite scaffolds had no effects on the differen-
tiation of MC3T3-E1 cells [31].

As for the dental tissue regeneration, magnetic scaffolds are being investigated in 
recent years, which is still an unmet clinical need. So far, no therapies have been 
completely successful in regenerating dental tissue complexes such as periodon-
tium. One of the major challenges is the lack of scaffolds that can guide and direct 
cell fate toward the reconstruction of different mineralized and nonmineralized den-
tal tissues. The osteogentic effect was reported by using magnetic scaffolds in some 
investigations. For example, composite foam-like scaffolds of PCL and Fe3O4 
nanoparticles were fabricated by a salting out procedure, there were pores ranging 
from 250 to 500 μm inside of the scaffold, the size distribution was considered suit-
able for cellular population and odontogenic differentiation. When human dental 
pulp cells (HDPCs) were cultured on the magnetic composite scaffolds containing 
Fe3O4 nanoparticles up to 10 wt%, they exhibit good viability. It is interesting that 
the migration rate of the cells was enhanced after incubated with the composite 
scaffolds, determined by the in vitro scratch assay. At the same time, the adhesion 
of HDPCs was significantly promoted. Furthermore, the magnetic scaffolds signifi-
cantly influenced the odontogenic differentiation of HDPCs, supported by the 
increased ALP activity, mRNA expression of odontogenic markers, and mineralized 
nodule formation. Mechanisms may include the upregulation of integrin subunits of 
α1, α2, β1 and β3, and the activation of downstream pathways including FAK, pax-
illin, p38, ERK MAPK, and NF-κB [32]. The magnetic scaffolds with nanofibrous 
structures were also showed similar positive effects on the human dental pulp cell 
(HDPCs) behaviors. The growth of HDPCs was significantly enhanced on the mag-
netic scaffolds compared with that on the nonmagnetic counterpart. The odonto-
genic differentiation of cells was significantly upregulated by the culture with 
magnetic scaffolds. Furthermore, the magnetic scaffolds promoted the HDPCs- 
induced angiogenesis of endothelial cells. Mechanistic studies indicated that the 
expression of signaling molecules, Wnt3a, phosphorylated GSK-3β and nuclear 
β-catenin, was substantially stimulated by the magnetic scaffolds; in parallel, the 
MAPK and NF-κB were highly activated when cultured on the magnetic nanofiber 
scaffolds [33]. Considering that tooth is a complex organ made of highly 

H. Xu et al.
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mineralized tissues where the nonmineralized periodontal ligament (PDL) connects 
the alveolar bone to the cementum and ensures tooth functionality and stability, a 
very compact scaffold was made by integrating three layers, one was the bone-like 
layer, consisting iron-doped hydroxyapatite (FeHA), acting as mineral phase nucle-
ated on collagen fibers; the second one was a ligament-like layer consisting of col-
lagen, the third one was the cementum-like layer consisting of FeHA and cellulose 
acetate (CA), preserving its dense morphology. The scaffold was endowed with a 
superparamagnetic ability and showed that the chemical composition and morphol-
ogy of the scaffolds favor substantial cell viability and proliferation [34].

Magnetic nanoparticles are also utilized as carriers of loading growth factors in 
the treatment of spinal cord injuries and might act together as imaging contrast to 
monitor the healing process by MRI. For example, free bFGF has short half-life of 
about 3–10 min due to rapid enzymatic degradation, this disadvantage leads to loss 
of biological activity and functions. A magnetic fibrin hydrogel scaffolds were pre-
pared by blending thrombin-conjugated γ-Fe2O3 nanoparticles with fibrinogen to 
form magnetic fibrin hydrogel, with the addition of magnetic nanoparticles conju-
gated with basal fibroblast growth factor (bFGF). The composite hydrogel was 
applied to human nasal olfactory mucosa (NOM) cells that are primary cells of 
interest for implantation into spinal cord injuries. The conjugated bFGF enhanced 
the growth and differentiation of the NOM cells in the fibrin scaffolds significantly, 
compared to the same or even five times higher concentration of the free bFGF. In 
the presence of the bFGF-conjugated magnetic nanoparticles, the cultured NOM 
cells proliferated and formed a three-dimensional interconnected network com-
posed mainly of tapered bipolar cells [35].

Data collected from some of above investigations were summarized in Table 1.1. 
It is seen that all the magnetic scaffolds showed biocompatibility, in some cases 
magnetic scaffolds alone did not induce osteogenesis though some did. It seems 
whether magnetic scaffolds could induce osteogenic differentiation or maturation is 
largely involved with the cell type and the chemistry and microstructures of scaf-
folds. And should be noted that even the osteogenesis was induced by magnetic 
scaffolds, there was still a large space for the degree to increase.

1.4  Combination of Magnetic Scaffolds and Magnetic Fields 
to Accelerate Tissue Regeneration

The combination of magnetic scaffolds and magnetic fields has emerged since 2010. 
This strategy’s aim is to provide stronger and remotely controllable stimulations to 
bone-related cells to enhance osteogenesis and new bone formation. In recent years, 
this combination strategy has gained increasing research interests and has been 
demonstrated effective to multiple cell type including bone, cartilage, endothelial, 
nerve, fibroblasts, macrophages, and Schwan cells. Data from some investigations 
are summarized in Table  1.2, the magnetic component, magnetic field strength, 
scaffolds composition, and biological effects were emphasized.

1 Magnetically Actuated Scaffolds to Enhance Tissue Regeneration



10

Ta
bl

e 
1.

1 
M

ag
ne

tic
 s

ca
ff

ol
ds

 a
nd

 b
io

lo
gi

ca
l e

ff
ec

ts
 o

n 
ce

lls

M
ag

ne
tic

 c
om

po
ne

nt
O

th
er

 c
om

po
ne

nt
s

Pr
ep

ar
at

io
n 

m
et

ho
ds

St
ru

ct
ur

e
C

el
l a

nd
 a

ni
m

al
 m

od
el

B
io

lo
gi

ca
l e

ff
ec

ts
R

ef
s.

Fe
3O

4 N
Ps

 (
5 

nm
)

H
yd

ro
xy

ap
at

ite
 a

nd
/

or
 C

a 3
(P

O
4)

2

Fo
am

ed
 a

nd
 s

in
te

re
d,

 
fo

llo
w

ed
 b

y 
im

m
er

se
d 

in
to

 F
e 3

O
4 N

Ps
 c

ol
lo

id

Po
ro

us
R

os
17

/2
.8

; M
G

63
; 

im
pl

an
te

d 
in

 th
e 

sk
in

 
in

ci
si

on
 a

t t
he

 m
id

lin
e 

of
 th

e 
SD

 r
at

 b
ac

k

E
nh

an
ce

d 
pr

ol
if

er
at

io
n 

an
d 

A
L

P 
ac

tiv
ity

 in
cr

ea
se

d;
 

ne
w

 b
on

e-
lik

e 
tis

su
e 

fo
rm

at
io

n 
ob

se
rv

ed

[1
]

Fe
3O

4 N
Ps

H
yd

ro
xy

ap
at

ite
 

na
no

pa
rt

ic
le

s,
 

C
hi

to
sa

n 
an

d 
C

ol
la

ge
n

in
 s

itu
 c

ry
st

al
liz

at
io

n 
an

d 
fr

ee
ze

-d
ry

in
g

Po
ro

us
M

C
3T

3-
E

1;
 F

ul
l-

 th
ic

kn
es

s 
de

fe
ct

s 
w

ith
 d

ia
m

et
er

 o
f 

5 
m

m
 o

n 
th

e 
m

id
dl

e 
ri

dg
e 

of
 

sk
ul

l i
n 

SD
 r

at
s

E
nh

an
ce

d 
ad

he
si

on
, 

pr
ol

if
er

at
io

n,
 a

nd
 

di
ff

er
en

tia
tio

n;
 b

et
te

r 
tis

su
e 

co
m

pa
tib

ili
ty

 a
nd

 h
ig

he
r 

bo
ne

 r
eg

en
er

at
io

n 
ab

ili
ty

[1
7]

Fe
3O

4 N
Ps

 (
10

.7
 n

m
)

PC
L

Sa
lt-

 le
ac

hi
ng

Po
ro

us
M

C
3T

3-
E

1;
 s

ub
cu

ta
ne

ou
s 

im
pl

an
ta

tio
n 

of
 S

D
 r

at
s

E
nh

an
ce

d 
pr

ol
if

er
at

io
n,

 
di

ff
er

en
tia

tio
n,

 a
nd

 
m

in
er

al
iz

at
io

n
Fa

vo
ra

bl
e 

tis
su

e 
co

m
pa

tib
ili

ty
, n

eo
bl

oo
d 

ve
ss

el
 f

or
m

at
io

n,
 m

in
im

al
 

in
fla

m
m

at
or

y 
re

ac
tio

ns

[8
]

Ir
on

-d
op

ed
 

hy
dr

ox
ya

pa
tit

e 
(F

eH
A

)

PC
L

/F
eH

A
R

ap
id

 P
ro

to
ty

pi
ng

3D
 p

or
ou

s
B

on
e 

m
ar

ro
w

 m
es

en
ch

ym
al

 
st

em
 c

el
ls

 (
hB

M
SC

s)
Im

pl
an

ta
tio

n 
in

 c
ri

tic
al

 b
on

e 
de

fe
ct

 in
 la

te
ra

l f
em

or
al

 
co

nd
yl

e 
of

 m
al

e 
ra

bb
its

Pr
om

ot
e 

ad
he

si
on

, 
pr

ol
if

er
at

io
n,

 a
nd

 
di

ff
er

en
tia

tio
n;

 n
ew

 b
on

e 
fo

rm
at

io
n 

af
te

r 
4 

w
ee

ks

[1
0]

M
ag

ne
tic

 n
an

op
ar

tic
le

 
(M

gn
)

H
yd

ro
xy

ap
at

ite
C

as
tin

g
Po

ro
us

Sa
os

-2
; c

ri
tic

al
 b

on
e 

de
fe

ct
 

in
 la

te
ra

l f
em

or
al

 c
on

dy
le

 o
f 

m
al

e 
ra

bb
its

E
nh

an
ce

d 
pr

ol
if

er
at

io
n

G
oo

d 
co

m
pa

tib
ili

ty
 a

nd
 

bo
ne

 r
eg

en
er

at
io

n 
in

 v
iv

o

[5
]

Fe
3O

4 N
Ps

 (
12

 n
m

)
PC

L
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
R

at
 b

on
e 

m
ar

ro
w

 
m

es
en

ch
ym

al
 s

te
m

 c
el

ls
 

(M
SC

s)
Sm

al
l s

ub
cu

ta
ne

ou
s 

po
uc

he
s 

in
 th

e 
ba

ck
 a

re
a 

la
te

ra
lly

 
fr

om
 th

e 
sp

in
e 

of
 S

D
 r

at
s

Pr
om

ot
e 

ad
he

si
on

, 
pe

ne
tr

at
io

n 
an

d 
di

ff
er

en
tia

tio
n

In
du

ce
 n

eo
bl

oo
d 

ve
ss

el
 

fo
rm

at
io

n 
an

d 
bo

ne
 

re
ge

ne
ra

tio
n

[7
]

H. Xu et al.



11

Ir
on

 o
xi

de
 

na
no

pa
rt

ic
le

s 
(<

50
 n

m
)

H
yd

ro
xy

ap
at

ite
Fo

am
ed

 a
nd

 s
in

te
re

d
Po

ro
us

C
ri

tic
al

 f
em

or
al

 d
ef

ec
t o

f 
ra

bb
it

N
o 

sh
or

t-
te

rm
 a

dv
er

se
 

ef
fe

ct
s 

on
 b

io
co

m
pa

tib
ili

ty
 

an
d 

bo
ne

 f
or

m
at

io
n 

ab
ili

ty

[1
9]

SP
O

IN
s 

(9
 n

m
)

G
el

at
in

 s
po

ng
e

Sp
on

ge
 im

m
er

se
d 

in
to

 
SP

IO
s 

co
llo

id
Sp

on
ge

A
 r

at
 m

od
el

 o
f 

m
an

di
bl

e 
in

ci
so

r 
so

ck
et

s
E

nh
an

ce
d 

bo
ne

 r
ep

ai
r 

an
d 

pr
es

er
ve

d 
th

e 
al

ve
ol

ar
 r

id
ge

 
af

te
r 

to
ot

h 
ex

tr
ac

tio
n

[1
8]

Fe
3O

4 N
Ps

 (
12

–1
5 

nm
)

C
hi

to
sa

n 
an

d 
PV

A
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
M

G
63

E
nh

an
ce

d 
ad

he
si

on
 a

nd
 

pr
ol

if
er

at
io

n
[2

]

Fe
3O

4 (
8.

47
 n

m
)

PL
G

A
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
R

os
17

/2
.8

; M
C

3T
3-

E
1

E
nh

an
ce

 p
ro

lif
er

at
io

n 
an

d 
in

du
ce

 d
if

fe
re

nt
ia

tio
n

[4
]

C
om

m
er

ci
al

 m
ag

ne
tic

 
N

Ps
 (

50
–1

00
 n

m
)

PC
L

E
le

ct
ro

sp
in

ni
ng

N
an

ofi
br

ou
s

Po
rc

in
e 

m
es

en
ch

ym
al

 s
te

m
 

ce
lls

 (
M

SC
s)

E
nh

an
ce

d 
ad

he
si

on
, 

pr
ol

if
er

at
io

n,
 a

nd
 A

L
P 

ac
tiv

ity
 in

cr
ea

se
d

[1
2]

Fe
3O

4 N
Ps

 (
20

–4
0 

nm
)

H
yd

ro
xy

ap
at

ite
 a

nd
 

co
lla

ge
n

A
ss

em
bl

y 
an

d 
dr

op
-w

is
e

Po
ro

us
H

um
an

 b
on

e 
m

ar
ro

w
 

m
es

en
ch

ym
al

 s
te

m
 c

el
ls

 
(h

B
M

SC
s)

Su
pp

or
t a

dh
es

io
n,

 
pr

ol
if

er
at

io
n,

 a
nd

 
di

ff
er

en
tia

tio
n

[3
]

Sr
Fe

12
O

19
 (

30
 n

m
 in

 
th

ic
kn

es
se

s,
 

50
–1

50
 n

m
 in

 w
id

th
s

B
io

-g
la

ss
 a

nd
 

C
hi

to
sa

n
So

l-
ge

l
M

es
op

or
ou

s
H

um
an

 b
on

e 
m

ar
ro

w
 

m
es

en
ch

ym
al

 s
te

m
 c

el
ls

 
(h

B
M

SC
s)

Pr
om

ot
e 

pr
ol

if
er

at
io

n 
an

d 
in

du
ce

 d
if

fe
re

nt
ia

tio
n

[2
0]

M
g 2

Si
O

4-
 C

oF
e 2

O
4

So
l-

ge
l

3D
 p

or
ou

s
M

G
63

G
oo

d 
bi

oc
om

ba
bi

lit
y

[2
9]

γ-
Fe

2O
3 (

10
 n

m
)

PL
G

A
/P

C
L

E
le

ct
ro

sp
in

ni
ng

 a
nd

 
la

ye
r-

by
-l

ay
er

 a
ss

em
bl

y
3D

 
m

ac
ro

po
ro

us
A

di
po

se
- d

er
iv

ed
 s

te
m

 c
el

l 
(A

D
SC

s)
E

nh
an

ce
d 

ad
he

si
on

 a
nd

 
di

ff
er

en
tia

tio
n

[2
3]

Fe
3O

4 N
Ps

C
hi

to
sa

n
C

ov
al

en
t c

on
ju

ga
tio

n 
an

d 
co

-p
re

ci
pi

ta
tio

n
3D

 s
ph

er
e

m
es

en
ch

ym
al

 s
te

m
 c

el
ls

 
(M

SC
s)

Pr
om

ot
ed

 v
ia

bi
lit

y 
an

d 
m

in
er

al
iz

at
io

n
[2

1]

Fe
C

aP
 (

<
2 
μm

)
C

al
ci

um
 p

ho
sp

ha
te

O
ne

-p
ot

 h
yd

ro
th

er
m

al
 

an
d 

po
st

-r
ed

uc
tio

n 
an

ne
al

in
g

M
ic

ro
sp

he
re

A
di

po
se

- d
er

iv
ed

 s
te

m
 c

el
l 

(A
D

SC
s)

G
oo

d 
bi

oc
om

pa
tib

ili
ty

[1
6]

(c
on

tin
ue

d)

1 Magnetically Actuated Scaffolds to Enhance Tissue Regeneration



12

Ta
bl

e 
1.

1 
(c

on
tin

ue
d)

Fe
3O

4 N
Ps

H
yd

ro
xy

ap
at

ite
D

is
so

lu
tio

n–
pr

ec
ip

ita
tio

n 
re

ac
tio

n,
 

co
at

in
g

O
ri

en
ta

te
d 

na
no

ro
ds

H
um

an
 b

on
e 

m
ar

ro
w

 
m

es
en

ch
ym

al
 s

te
m

 c
el

ls
 

(h
B

M
SC

s)

B
et

te
r 

ad
he

si
on

, s
pr

ea
di

ng
 

an
d 

pr
ol

if
er

at
io

n
[9

]

Fe
3O

4 N
Ps

 (
5–

10
 n

m
)

PC
L

Sa
lt-

 le
ac

hi
ng

Po
ro

us
H

um
an

 d
en

ta
l p

ul
p 

ce
lls

 
(h

D
PC

s)
E

nh
an

ce
 a

dh
es

io
n,

 
m

ig
ra

tio
n,

 a
nd

 in
du

ce
 

di
ff

er
en

tia
tio

n

[1
3]

Fe
3O

4 a
nd

 F
e 2

O
3 N

Ps
H

yd
ro

xy
ap

at
ite

/
co

lla
ge

n
H

yb
ri

d 
as

se
m

bl
y

T
ri

-l
ay

er
 

po
ro

us
M

es
en

ch
ym

al
 s

te
m

 c
el

ls
 

(M
SC

s)
Fa

vo
r 

vi
ab

ili
ty

 a
nd

 
pr

ol
if

er
at

io
n

[2
2]

Fe
3O

4 N
Ps

 (
10

.8
 n

m
)

PC
L

E
le

ct
ro

sp
in

ni
ng

N
an

ofi
br

ou
s

H
um

an
 d

en
ta

l p
ul

p 
ce

lls
 

(h
D

PC
s)

 a
nd

 h
um

an
 

um
bi

lic
al

 v
ei

n 
en

do
th

el
ia

l 
ce

lls
 (

H
U

V
E

C
s)

E
nh

an
ce

 p
ro

lif
er

at
io

n 
an

d 
in

du
ce

 d
if

fe
re

nt
ia

tio
n,

 
pr

o-
an

gi
og

en
es

is

[1
5]

γ-
Fe

2O
3 (

19
.8

 n
m

)
T

hr
om

bi
n/

bF
G

F
Ph

ys
ic

al
/c

ov
al

en
t 

co
nj

ug
at

io
n

3D
 p

or
ou

s
N

as
al

 o
lf

ac
to

ry
 m

uc
os

a 
(N

O
M

) 
ce

lls
Sh

ow
 m

ig
ra

tio
n,

 g
ro

w
th

, 
an

d 
di

ff
er

en
tia

tio
n

[6
]

Fe
3O

4 N
Ps

 (
9 

nm
)

C
ol

la
ge

n
E

le
ct

ro
sp

in
ni

ng
A

lig
ne

d 
fib

er
s

N
eu

ro
ns

 P
C

12
L

ea
di

ng
 n

eu
ro

ns
 to

 b
e 

el
on

ga
te

d 
an

d 
di

re
ct

ed
[1

1]

M
ag

ne
tic

 c
om

po
ne

nt
O

th
er

 c
om

po
ne

nt
s

Pr
ep

ar
at

io
n 

m
et

ho
ds

St
ru

ct
ur

e
C

el
l a

nd
 a

ni
m

al
 m

od
el

B
io

lo
gi

ca
l e

ff
ec

ts
R

ef
s.

H. Xu et al.



13

Ta
bl

e 
1.

2 
E

ff
ec

ts
 o

f 
m

ag
ne

tic
 s

ca
ff

ol
ds

 in
 c

om
bi

na
tio

n 
w

ith
 m

ag
ne

tic
 fi

el
ds

 o
n 

tis
su

e 
re

ge
ne

ra
tio

n

M
ag

ne
tic

 c
om

po
ne

nt
O

th
er

 c
om

po
ne

nt
s

Pr
ep

ar
at

io
n

St
ru

ct
ur

e
M

ag
ne

tic
 fi

el
d

C
el

l a
nd

 a
ni

m
al

 m
od

el
B

io
lo

gi
ca

l e
ff

ec
ts

R
ef

s

γ-
Fe

2O
3 N

Ps
 (

14
 n

m
)

PL
A

/h
yd

ro
xy

ap
at

ite
 

na
no

pa
rt

ic
le

s
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
1 

m
T

 to
 c

el
ls

, 
25

 m
T

 to
 r

ab
bi

t
M

C
3T

3-
E

1
R

ab
bi

t m
od

el
 o

f 
lu

m
ba

r 
tr

an
sv

er
se

 
de

fe
ct

s

E
nh

an
ce

d 
pr

ol
if

er
at

io
n 

an
d 

di
ff

er
en

tia
tio

n 
in

 
ce

ll
A

cc
el

er
at

ed
 r

ep
ai

r 
fo

r 
bo

ne
 d

ef
ec

t

[1
, 5

]

Fe
2O

3 N
Ps

 (
10

 n
m

)
PC

L
Sa

lt-
 le

ac
hi

ng
Po

ro
us

15
–2

5 
m

T
M

ou
se

 c
al

va
ri

al
 

os
te

ob
la

st
s 

an
d 

H
um

an
 

um
bi

lic
al

 v
ei

n 
en

do
th

el
ia

l c
el

ls
 

(H
U

V
E

C
s)

5-
m

m
-d

ia
m

et
er

 
ca

lv
ar

ia
l c

ri
tic

al
-s

iz
ed

 
de

fe
ct

 o
f 

m
ic

e

D
if

fe
re

nt
ia

tio
n,

 
en

do
th

el
ia

l c
el

ls
 

an
gi

og
en

es
is

In
 v

iv
o 

re
su

lts
 s

ho
w

ed
 

im
pr

ov
ed

 b
on

e 
fo

rm
at

io
n

[9
]

C
om

m
er

ci
al

 
m

ag
ne

tic
 N

Ps
 

(5
0 

nm
)

C
om

po
si

te
 o

f 
hy

dr
ox

ya
pa

tit
e 

an
d 

co
lla

ge
n

C
on

cu
rr

en
t 

nu
cl

ea
tio

n 
an

d 
im

m
er

se
d 

in
 

M
N

Ps
 c

ol
lo

id

Po
ro

us
1.

2 
T

C
yl

in
dr

ic
al

 d
ef

ec
ts

 in
 

th
e 

la
te

ra
l c

on
dy

le
 o

f 
th

e 
di

st
al

 f
em

or
al

 
ep

ip
hy

si
s 

on
 r

ab
bi

ts

W
el

l-
 or

de
re

d 
re

ge
ne

ra
te

d 
tis

su
e 

an
d 

hi
gh

er
 le

ve
l o

f 
bo

ne
 

m
at

ur
at

io
n

[6
, 

10
]

Fe
2O

3 N
Ps

 (
8 

nm
)

H
yd

ro
xy

ap
at

ite
M

ic
ro

w
av

e-
as

si
st

ed
 f

oa
m

in
g 

an
d 

im
m

er
si

ng

Po
ro

us
10

 O
e,

 5
0 

H
z

R
O

S 
17

/2
.8

M
C

3T
3-

E
1

E
nh

an
ce

d 
pr

ol
if

er
at

io
n 

an
d 

di
ff

er
en

tia
tio

n
[4

]

Fe
H

A
C

ol
la

ge
n

pH
-d

ri
ve

n 
se

lf
- a

ss
em

bl
y

Po
ro

us
32

0 
m

T
M

G
63

Pr
om

ot
e 

pr
ol

if
er

at
io

n 
an

d 
di

ff
er

en
tia

tio
n

[7
]

Fe
2O

3 N
Ps

nH
A

/P
L

L
A

L
ow

- t
em

pe
ra

tu
re

 
ra

pi
d 

pr
ot

ot
yp

in
g

3D
 p

or
ou

s
10

0 
m

T
B

on
e 

m
ar

ro
w

 
m

es
en

ch
ym

al
 s

te
m

 
ce

lls
 (

bM
SC

s)

In
du

ce
 d

if
fe

re
nt

ia
tio

n
[1

2]

Fe
3O

4 N
Ps

PL
L

A
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
10

0 
m

T
M

C
3T

3-
E

1
Pr

om
ot

e 
ad

he
si

on
, 

pr
ol

if
er

at
io

n,
 a

nd
 

di
ff

er
en

tia
tio

n

[8
]

(c
on

tin
ue

d)

1 Magnetically Actuated Scaffolds to Enhance Tissue Regeneration



14

Ta
bl

e 
1.

2 
(c

on
tin

ue
d)

Fe
3O

4 N
Ps

 (
10

 n
m

)
PL

A
/h

yd
ro

xy
ap

at
ite

 
na

no
pa

rt
ic

le
s

E
le

ct
ro

sp
in

ni
ng

N
an

ofi
br

ou
s

10
 m

T
B

on
e 

m
ar

ro
w

 
m

es
en

ch
ym

al
 s

te
m

 
ce

lls
 (

B
M

SC
s)

In
du

ce
 d

if
fe

re
nt

ia
tio

n
[9

]

γ-
Fe

2O
3 N

Ps
 (

10
 n

m
)

PL
A

/n
H

A
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
10

 m
T

M
C

3T
3-

E
1,

 B
on

e 
m

ar
ro

w
 m

es
en

ch
ym

al
 

st
em

 c
el

ls
 (

bM
SC

s)

Pr
om

ot
e 

di
ff

er
en

tia
tio

n,
 

an
gi

og
en

es
is

 a
nd

 
os

te
og

en
es

is

[3
6]

C
oF

e 2
O

4 
na

no
pa

rt
ic

le
s

PV
D

F 
an

d 
m

et
ha

cr
yl

at
ed

 g
el

la
n 

gu
m

 (
G

G
M

A
) 

ge
l

C
as

tin
g

Fi
lm

22
0 

m
T

M
C

3T
3-

E
1

G
oo

d 
vi

ab
ili

ty
[5

2]

C
oF

e 2
O

4 
na

no
pa

rt
ic

le
s

C
oF

e 2
O

4/
PV

D
F 

na
no

pa
rt

ic
le

s
U

si
ng

 a
 n

yl
on

 
te

m
pl

at
e

3D
 p

or
ou

s
23

0 
O

e 
at

 a
 

fr
eq

ue
nc

y 
of

 
0.

3 
H

z

M
C

3T
3-

E
1

H
ig

he
r 

pr
ol

if
er

at
io

n 
ra

te
 

an
d 

el
on

ga
te

d 
m

or
ph

ol
og

y

[5
3]

Te
rf

en
ol

-D
 p

ar
tic

le
s

P(
V

D
F-

 T
rF

E
) 

po
ly

m
er

C
as

tin
g

Fi
lm

V
ar

yi
ng

 
m

ag
ne

tic
 fi

el
d

M
C

3T
3-

E
1

E
nh

an
ce

d 
th

e 
pr

ol
if

er
at

io
n 

of
 

pr
e-

os
te

ob
la

st

[5
4]

Fe
3O

4 N
Ps

C
ol

la
ge

n 
ge

l
Pl

as
tic

 
co

m
pr

es
si

on
3D

 c
ol

la
ge

n
72

–1
44

 m
T

M
G

63
Pr

om
ot

e 
pr

ol
if

er
at

io
n,

 
m

in
er

al
iz

at
io

n,
 a

nd
 

di
ff

er
en

tia
tio

n

[1
6]

Ir
on

 o
xi

de
 

na
no

pa
rt

ic
le

s 
(4

–2
0 

nm
)

C
ol

la
ge

n/
hy

dr
ox

ya
pa

tit
e

D
ir

ec
t l

as
er

 
w

ri
tin

g
3D

 
m

ul
til

ay
er

ed
10

0–
25

0 
m

T
M

G
63

E
nh

an
ce

 p
ro

lif
er

at
io

n 
an

d 
in

du
ce

 
di

ff
er

en
tia

tio
n

[1
7]

Fe
2O

3 N
Ps

Si
lk

 fi
br

oi
n/

ch
ito

sa
n

Fr
ee

ze
- c

as
tin

g
H

yd
ro

ge
l 

w
ith

 la
m

el
la

r 
st

ru
ct

ur
e

3 
m

T
M

G
63

G
oo

d 
bi

oc
om

pa
tib

ili
ty

[4
2]

Fe
3O

4 (
25

0 
nm

)
κ-

C
ar

ra
ge

en
an

 
hy

dr
og

el
s

C
as

tin
g

M
em

br
an

e
35

0 
m

T,
 2

 H
z

H
um

an
 a

di
po

se
- 

de
ri

ve
d 

st
em

 c
el

ls
 

(h
A

D
SC

s)

Pr
om

ot
e 

ch
on

dr
og

en
ic

 
di

ff
er

en
tia

tio
n

[1
8]

M
ag

ne
tic

 c
om

po
ne

nt
O

th
er

 c
om

po
ne

nt
s

Pr
ep

ar
at

io
n

St
ru

ct
ur

e
M

ag
ne

tic
 fi

el
d

C
el

l a
nd

 a
ni

m
al

 m
od

el
B

io
lo

gi
ca

l e
ff

ec
ts

R
ef

s

H. Xu et al.



15

C
om

m
er

ci
al

 
m

ag
ne

tic
 N

Ps
R

A
D

A
16

 p
ep

tid
e

H
yd

ro
ge

l
1 

m
T

 w
ith

 a
 

pu
ls

e 
fr

eq
ue

nc
y 

of
 1

5 
H

z

H
um

an
 a

di
po

se
- 

de
ri

ve
d 

m
es

en
ch

ym
al

 
st

em
 c

el
ls

 (
hA

SC
s)

E
nh

an
ce

d 
os

te
og

en
ic

 
di

ff
er

en
tia

tio
n

[4
4]

Fe
H

A
 n

an
op

ar
tic

le
s

PC
L

Pe
lle

ts
 a

ss
em

bl
y

C
yl

in
dr

ic
al

 
sc

af
fo

ld
s

30
 m

T
 u

nd
er

 
th

e 
fr

eq
ue

nc
y 

70
 H

z 
fo

r 
6 

h 
w

ith
 2

0 
in

te
rv

al
s 

of
 

18
 m

in

H
um

an
 m

es
en

ch
ym

al
 

st
em

 c
el

ls
B

et
te

r 
ce

ll 
ad

he
si

on
 a

nd
 

sp
re

ad
in

g
[5

0]

C
om

m
er

ci
al

 
m

ag
ne

tic
 N

Ps
 

(1
00

 n
m

)

A
ga

ro
se

 g
el

Pa
rt

ia
l t

he
rm

al
 

se
tti

ng
T

ri
la

ye
re

d
0.

4,
 0

.5
 o

r 
0.

75
 T

B
ov

in
e 

ch
on

dr
oc

yt
es

G
oo

d 
vi

ab
ili

ty
[1

9]

Fe
3O

4 M
N

Ps
Po

ly
(l

ac
tic

-c
o-

gl
yc

ol
ic

 a
ci

d)
 

(P
L

G
A

)

3D
 p

or
ou

s
45

 m
T

D
1 

m
ou

se
 M

SC
s

In
cr

ea
se

 a
dh

es
io

n 
an

d 
m

ig
ra

tio
n 

an
d 

ch
on

dr
og

en
ic

 
di

ff
er

en
tia

tio
n

[6
1]

Fe
3O

4
A

ga
ro

se
 h

yd
ro

ge
ls

C
ov

al
en

tly
 b

ou
nd

Po
ro

us
0.

8 
T

H
um

an
 m

es
en

ch
ym

al
 

st
em

 c
el

ls
 (

M
SC

s)
In

du
ce

 c
ho

nd
ro

ge
ne

si
s

[2
0]

Su
pe

rp
ar

am
ag

ne
tic

 
ir

on
 o

xi
de

 N
Ps

 
(1

1–
12

 n
m

)

PL
L

A
/c

ol
la

ge
n

E
le

ct
ro

sp
in

ni
ng

Fi
br

ou
s

0.
03

–0
.6

2 
T

Pr
im

ar
y 

ne
ur

on
s

Pr
om

ot
e 

ne
ur

ite
 

ou
tg

ro
w

th
 a

nd
 

di
re

ct
io

na
l g

ui
da

nc
e

[3
5]

M
ag

ne
tic

 N
Ps

 
(1

00
 n

m
)

A
lg

in
at

e 
ge

ls
M

ag
ne

tic
 

m
an

ip
ul

at
io

n
3D

 h
yd

ro
ge

l
25

5 
G

Pr
im

ar
y 

ne
ur

on
s

PC
12

E
nh

an
ce

d 
gr

ow
th

 a
nd

 
el

on
ga

tio
n

[6
8]

Fe
3O

4 N
Ps

 (
30

 n
m

)
C

hi
to

sa
n/

gl
yc

er
op

ho
sp

ha
te

Fr
ee

ze
- d

ry
Po

ro
us

2 
m

T,
 5

0 
H

z
Sc

hw
an

n 
ce

lls
; l

ef
t 

sc
ia

tic
 n

er
ve

 o
f 

SD
 r

at
s

E
nh

an
ce

 p
ro

lif
er

at
io

n 
an

d 
hi

gh
er

 r
eg

en
er

at
io

n-
re

la
te

d 
ge

ne
 e

xp
re

ss
io

n
In

 v
iv

o,
 v

ia
bi

lit
y 

in
cr

ea
se

d,
 n

er
ve

 
re

ge
ne

ra
tio

n 
an

d 
fu

nc
tio

na
l r

ec
ov

er
y 

pr
om

ot
ed

[2
8,

 
80

]

(c
on

tin
ue

d)

1 Magnetically Actuated Scaffolds to Enhance Tissue Regeneration



16

γ-
Fe

2O
3 (

10
 n

m
)

PL
A

/H
yd

ro
xy

ap
at

ite
 

na
no

pa
rt

ic
le

s
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
5 

m
T,

 1
0 

m
T

M
ac

ro
ph

ag
e 

ce
ll 

lin
e 

R
A

W
26

4.
7

Su
bc

ut
an

eo
us

 
im

pl
an

ta
tio

n 
of

 C
57

 
m

ic
e

E
nh

an
ce

d 
pr

ol
if

er
at

io
n,

 
pr

om
ot

e 
M

2 
ph

en
ot

yp
e 

po
la

ri
za

tio
n

C
on

di
tio

ne
d 

m
ed

iu
m

-
en

ha
nc

ed
 a

ng
io

ge
ne

si
s 

an
d 

os
te

og
en

es
is

E
nh

an
ce

d 
an

gi
og

en
es

is
 

ar
ou

nd
 th

e 
im

pl
an

t

[3
2]

Fe
3O

4 N
Ps

A
lg

in
at

e
Fr

ee
ze

- d
ry

M
ac

ro
po

ro
us

10
–1

5 
O

e,
 

5 
H

z
C

ar
di

ac
 c

el
ls

, 
fib

ro
bl

as
ts

Pr
om

ot
e 

ad
he

si
on

, 
sp

re
ad

in
g,

 a
nd

 
in

te
gr

at
io

n 
of

 c
ar

di
ac

 
pa

tc
h

[2
6]

γ-
Fe

2O
3 (

10
 n

m
)

PL
A

/n
H

A
E

le
ct

ro
sp

in
ni

ng
N

an
ofi

br
ou

s
5 

m
T,

 1
0 

m
T

N
IH

3T
3

Pr
om

ot
e 

pr
o-

 
re

ge
ne

ra
tio

n 
ph

en
ot

yp
e 

po
la

ri
za

tio
n,

 in
du

ce
 

an
gi

og
en

es
is

, a
nd

 
os

te
og

en
es

is

[3
3]

Fe
3O

4 n
an

op
ar

tic
le

s
M

ix
tu

re
 o

f 
fib

ri
n 

an
d 

ag
ar

os
e

C
as

tin
g

H
yd

ro
ge

l
0–

48
 k

A
/m

 in
 

in
te

ns
ity

O
ra

l m
uc

os
a 

fib
ro

bl
as

ts
T

he
 m

ec
ha

ni
ca

l 
pr

op
er

tie
s 

of
 th

e 
su

bs
tit

ut
es

  c
ou

ld
 b

e 
re

ve
rs

ib
ly

 tu
ne

d 
by

 th
e 

m
ag

ne
tic

 fi
el

ds

[7
8]

Fe
3O

4 N
Ps

A
lg

in
at

e
Fr

ee
ze

- d
ry

M
ac

ro
po

ro
us

10
–1

5 
O

e,
 

40
 H

z
B

ov
in

e 
ao

rt
ic

 
en

do
th

el
ia

l c
el

ls
Pr

om
ot

e 
pr

ol
if

er
at

io
n 

an
d 

va
sc

ul
og

en
es

is
[2

4,
 

25
]

Ta
bl

e 
1.

2 
(c

on
tin

ue
d)

M
ag

ne
tic

 c
om

po
ne

nt
O

th
er

 c
om

po
ne

nt
s

Pr
ep

ar
at

io
n

St
ru

ct
ur

e
M

ag
ne

tic
 fi

el
d

C
el

l a
nd

 a
ni

m
al

 m
od

el
B

io
lo

gi
ca

l e
ff

ec
ts

R
ef

s

H. Xu et al.



17

1.4.1  Bone

To verify whether magnetic scaffolds can be actuated by external applied magnetic 
field and play roles together in the scaffold-guided bone tissue regeneration, a nano-
fibrous composite film was fabricated with poly lactide (PLA), hydroxyapatite 
nanoparticles (nHA), and γ-Fe2O3 nanoparticles of 14 nm in diameter by using elec-
trospinning technique, while nanofibrous films composed of PLA and nHA was 
fabricated as control. The magnetic composite film displayed superparamagnetic 
property, showing an almost immeasurable coercive force and remanence. For the 
cell culture, the films were placed on the bottom of cell culture wells, and the static 
magnetic field (MF) was set up by fixing permanent magnets to the culture system. 
There was a high intensity area along the plate sides, which decreased sharply and 
form a homogeneous and low intensity area in some culture wells with the intensity 
of 1 mT, where pre-osteoblasts (MC3T3-E1) were seeded. It was not surprise that 
the superparamagnetic nanoparticles of γ-Fe2O3 embedded in the fibers and the 
applied static magnetic field acted in a synergistic way to boost the cells prolifera-
tion, but striking and more importantly, the combination strategy enhanced the 
osteogenic differentiation of cells, evidenced by the significantly increased ALP 
amount after 17 days of culture than that on the same composite films but without 
the applied magnetic field. This result for the first time clearly showed a sign that 
γ-Fe2O3 nanoparticles incorporated in the PLA and the magnetic field enhanced the 
osteogenesis in a synergistic way [36]. Further animal experiments validated this 
concept in vivo. The magnetic composite film was folded into scaffolds with proper 
shape and size and implanted in white rabbit model of lumbar transverse defects. 
The rabbits after surgery were housed in cages, permanent magnets were fixed to 
the two sides of the cages to provide static magnetic field of 25 mT in the middle 
area or housed in normal cages as control. The rabbits implanted with magnetic 
scaffolds and stayed in the magnetic cages showed faster new bone formation and 
scaffold degradation than those stayed in normal cages (Fig. 1.1). Besides, the for-
mer exhibited the higher level of OC and collagen in the tissue of implanted scaf-
fold, indicating more new bone formation. More evidence came from the monitoring 
by CT scan. The CT images showed incomplete fracture in the right transverse 
process in group of magnetic scaffold (group S) and the combination of magnetic 
scaffold and magnetic field (group S+M) on day 10 after implantation, when the 
filled defect exhibited not homogeneous with blurred bright spots in the two groups. 
On the day 50, the cortical bone had become connected and homogeneous, and the 
bone marrow cavity was mostly clear for group S+M, instead, there was still nonho-
mogeneous bone density hyperplasia for group S (Fig. 1.2). These indicated that the 
applied static magnetic field promoted the density increase of the defects area. On 
the day 90, bony connection was further improved in both groups. The newly formed 
bone in group S+M became more homogenous, and the shape was close to that of 
natural bone, suggesting the repair process had completed, while the process in 
group S not yet [37]. These results indicated that the combination of superparamag-
netic scaffold with external applied magnetic field provided a novel strategy for 
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scaffold-guided bone repair in situ, and this can be easily integrated to various kinds 
of commercially available scaffolds. At the same time, it has been validated that a 
“dynamic scaffold” can be realized by superparamagnetic scaffolds that are mag-
netically actuated.

Accumulating experimental evidence have increased for this strategy, following 
are more examples. Magnetic scaffolds with iron oxide nanoparticles (MNPs) of 
0.2–2% were fabricated by immersing hydroxyapatite scaffolds into MNPs colloid, 
and cell line of ROS 17/2.8 and MC3T3-E1 cells were seeded on the scaffolds under 
the condition of with and without the external applied magnetic field. Results clearly 
showed that the magnetic scaffolds with exterior magnetic fields enhanced the pro-
duction of ALP and bone gla protein (BGP) on the two cell lines, indicating the 
occurrence of osteogenic differentiation of the cells, and noted that the synergistic 
effect was intensified with the increase of MNPs content [38]. Scaffolds constructed 
by (Fe2+/Fe3+)-doped hydroxyapatite nanocrystals nucleated on self-assembling col-
lagen fibers also showed similar effects on human osteosarcoma cell line MG63. 
Within the 7-day incubation, the optimal formulation (FeHA/Coll25) showed the 
highest ability of enhancing cell proliferation under the external static magnetic 
field. It could be noticed that the magnetic scaffold alone increased the gene expres-
sion of COL1A1, RUNX2 and ALP compared with the nonmagnetic scaffold con-
trol, while the combination with the external static magnetic field made the 
expression of COL1A1 even higher [39]. A nanofibrous composite scaffold com-
posed of poly(l-lactide) (PLLA) and ferromagnetic nanoparticles and processed by 
using electrospinning technique also showed positive effects on osteogenesis when 
incubated with MC3T3-E1 cells under applied magnetic fields. In comparison with 
PLLA nanofibrous sheet, the scaffolds containing Fe3O4 nanoparticles increased the 
cell adhesion percentage remarkably within the initial several hours, while the 
application of static magnetic field further increased the cell adhesion and increased 
the ALP activity and calcium deposition of the cells [40, 41]. Silk fibroin/chitosan- 
based magnetic scaffolds with lamellar structure were prepared using different 
amounts of Fe2O3 nanoparticles of 0, 0.5, 1 and 2% by freeze-casting method, which 
showed good physicochemical and biological properties. Under magnetic field of 
3 mT, MG63 cells viability test verified the compatibility of the scaffolds [42].

Fig. 1.2 CT images of the bone defects for group S and Group S 1 M post 10, 50-, and 90-days 
implantation. The arrows pointed to the defects [37]
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Besides, the bone-related cell lines, effects of the combination strategy have been 
employed on stem cells. Some examples are given below: Magnetic nanofibrous 
scaffold composed of PLA, nHA, and Fe3O4 nanoparticles (mag-PLA/NF) combin-
ing with a static magnetic field of 10 mT could significantly enhance the expression 
of Runx2 and BMP2 of bone marrow-derived mouse mesenchymal stem cells 
(bMSCs), compared with mag-PLA/NF in the absence of magnetic field. 
Furthermore, by western blot assay, it was demonstrated that mag-PLA/NF combin-
ing with the magnetic field promoted the expression of OPN and OCN significantly 
in a time-dependent manner [41]. Another group combined PLA with thermal plas-
tic polyurethane (TPU) to prepare a solution in which Fe2O3 nanoparticles were 
dispersed at 1–5%. The mixture solution was used to prepare magnetic composite 
sponges that were seeded with adipose-derived mesenchymal stem cells (ASCs) 
and subjected to a magnetic field of 200–600 mT. The magnetic field stimulation 
enhanced the expression of osteopontin and collagen type I while decreased expres-
sion of bone morphogenetic protein 2 in tested magnetic materials including TPU + 
PLA/1% Fe2O3 and TPU + PLA/5% Fe2O3. These results indicated that the mag-
netic composite sponges with magnetic field enhanced osteogenic differentiation of 
ASC, in particular, the stimulation of magnetic field accelerated late osteogenic 
protein markers including collagen I and OPN and increased the phosphorus level, 
as well as promoted the cells proliferation [43]. A group developed a three- 
dimensional (3D) hydrogel scaffold based on self-assembled RADA16 peptides 
containing superparamagnetic iron oxide nanoparticles (NPs). Human adipose- 
derived mesenchymal stem cells (hASCs) were seeded in the magnetic hydrogel 
subjected to an extremely low-frequency pulsed electromagnetic field (1 mT with a 
pulse frequency of 15 Hz), showing better viability at day 14 and day 21. At day 7, 
the increased ALP activity suggested an early osteogenic differentiation. After 21 
days, there was a significant increase (P < 0.05) in calcium deposition. The elon-
gated cells also represented signs of differentiation [44]. The enhancement of the 
combination strategy on the osteogenesis was also validated in the repair of mouse 
calvarium defects, showing a systematic therapeutic effect on the bone defect repair. 
When the magnetic scaffolds were implanted in mouse calvarium defects, the appli-
cation of static magnetic field significantly enhanced the new bone formation at 6 
weeks. In addition, the magnetic scaffolds upregulated the gene expression of 
Runx2 and Osterix of mouse calvarial osteoblasts with the static magnetic field 
applying at 15 mT, as well as the ALP activity, which were associated with integrin 
pathway, BMP, MAPK, and NF-kB signaling pathway [45].

A research group found out that the magnetic scaffold architecture could be 
influenced by a closely attached magnet, when they investigated the possibility of 
preventing efficient fixation from the micromotion at the interface between the 
implant and body tissue by using the magnet. In the study, cylindrical NdFeB mag-
nets were implanted by minimally invasive surgery near the magnetic scaffolds 
composed of collagen and iron oxide nanoparticles within the lateral condyles of 
the distal femoral epiphyses on 12 rabbits. The magnetic scaffolds were firmly 
attracted to the magnets, confirming a “magnetic fixation” effect, and at the same 
time, in the scaffold, collagen fibers became aligned following the magnetic field, 
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and furthermore, a well-ordered regenerated tissue was obtained [46]. In the follow-
 up study, the research group presented the pattern of bone regeneration after 12 
weeks in an experimental bone defect model in rabbit femoral condyle received the 
same implantation. It was clearly shown that the synergic combination of magnetic 
field and magnetized biomaterials was able to generate a characteristic bone pattern 
with dense and highly interconnected bone trabeculae orthogonally oriented nearly 
with respect to the magnetized collagen fibrils and parallel to the isomagnetic lines 
of the permanent magnet. In contrast, only partial defect healing was achieved 
within the control groups. The comparison of mechanical gap data indicated that the 
combination strategy provided new bone tissue with a higher level of maturation 
than the other groups [47]. Besides, static magnetic fields, pulse electromagnetic 
fields were demonstrated effective in the combination strategy. For examples, a 
pulsed electromagnetic field of 100 mT was applied to the magnetic porous com-
posite scaffold composed of Fe2O3 nanoparticles, nHA and PLLA, on which bone 
marrow mesenchymal stem cells (BMSCs) were seeded. The combination of pulsed 
electromagnetic field and magnetic scaffolds significantly enhanced the ALP activ-
ity and gene expression of type I collagen, however, the expression of osteocalcin 
was not significantly changed in comparison with other incubation conditions [48].

The effect of magnetic field duration on the osteogenesis was investigated as 
well. Fox example, exterior static magnetic fields (SMFs) of 72–144 mT (at the 
center of the field, with a diameter of 1 cm) were applied to a 3D collagen scaffold 
that was processed using plastic compression. Significant differences were able to 
observe gradually between different groups after MG-63 cells seeding. Employing 
SMFs or iron oxide nanoparticles (IONPs) alone could only stimulate cell prolifera-
tion up to 7 days, while the combination of both factors could extend the stimulatory 
effect until 14 days. Moreover, in the group employing SMFs alone, increased cell 
activity was observed from 3 days but fell slightly after 14 days. The significant 
absorbance difference between the combination group and the other groups was 
observed at 21 days, which proved the combining effect of IONPs and SMFs for 
long time use. The cell mineralization also showed a significant difference after 21 
days. In addition, the applied SMFs might induce an earlier osteogenic induction in 
MG-63 cell lines, evidenced by the upregulation of Runx2 that is an early osteoblas-
tic gene, and the expression of BMP-2 and BMP-4 that are two differentiation- 
related gene could only be enhanced by the combination of SMFs and IONPs over 
14 days of culture [49]. In another study, nanocomposite pellets composed of PCL 
and FeHA nanoparticles were prepared and used as building blocks to fabricate 3D 
cylindrical scaffolds. The scaffolds were featured with a fiber diameter of 500 mm, 
a layer thickness of 390–400 μm and a strand distance of approximately 1800 μm. 
The nanocomposite magnetic surface was roughness, due to the presence of FeHA 
nanoparticles. Exposed every day with the magnetic field of intensity 30 mT under 
the frequency 70 Hz for 6 h with 20 intervals of 18 min, better cell adhesion and 
spreading were observed, however, under the continuous exposure of the same mag-
netic field, cells showed lower viability [50]. There is another investigation report-
ing the effect of scaffold architecture and magnetic field intensity on the osteogenesis 
of MG-63 osteoblast-like cells up to 30 days incubation. In this study, 3D 
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biomimetic magnetic structures of ellipsoidal or hexagonal units were fabricated in 
a multilayered architecture, which were coated with a thin layer of magnetic com-
posite consisting collagen, chitosan, hydroxyapatite, and magnetic nanoparticles. 
The static magnetic field ranging of 100–250 mT was applied to study the potential 
effect on cell osteogenic differentiation. Over the whole investigation period of 30 
days, ALP (Alkaline Phosphatase) and osteocalcin were both increased when the 
magnetic field intensity was ranging from 110 to 250 mT while the cell viability 
was slightly decreased at day 20 of incubation. Moreover, it is interesting that the 
investigation figured out an optimum pore size between 20 and 40 μm and the opti-
mum 3D structure of ellipsoidal [51].

An interesting design came from porous spheres composed of PVDF and 
CoFe2O4 nanoparticles, aiming to utilize the magnetoelectric (ME) effect of the 
composite. The ME CoFe2O4/PVDF composite spheres were integrated with meth-
acrylated gellan gum (GGMA) gel to generate a composite hydrogel that was 
expected to be capable of providing magnetic, electric, and mechanical stimuli to 
specific cells. The gel-based scaffolds with 20 kPa Young’s modulus exhibited a 
magnetoelectric response at a magnetic field of 220 mT, meanwhile, biocompatible 
to MC3T3-E1 cells with the viability superior to 80% [52]. With magnetic stimula-
tion of 230 Oe at a frequency of 0.3 Hz, MC3T3-E1 cells grown on a 3D porous ME 
scaffold fabricated with the ME spheres by using a nylon template exhibited signifi-
cantly higher proliferation rate and elongated morphology covering the pores [53]. 
Similarly, a kind of ME polymeric composite was fabricated by dispersing 
Terfenol-D particles of 1 μm in diameter in P(VDF-TrFE) polymer followed by 
casting into films. It was observed that the composite film enhanced the prolifera-
tion of pre-osteoblast cells MC3T3-E1 under magnetically stimulation or electri-
cally stimulation [54].

1.4.2  Cartilage

Articular cartilage forms a thin tissue layer lining the articulating bony ends of 
synovial joints to absorb the stresses generated during joint loading and to contrib-
ute to the lubrication of the joint over a lifetime. It is known that adult articular 
cartilage has a limited capacity to regenerate, which is the primary reason that 
osteoarthritis is a leading cause of chronic disability and is a significant global 
health problem. Articular cartilage has electromechanical properties due to its elec-
trically charged nature and its depth-dependent mechanical properties; thus, pro-
vides a unique environment in which chondrocytes are exposed to multiple 
biophysical cues. The extracellular matrix (ECM) of cartilage can be considered a 
mechanical signal transducer receiving input in the form of joint loading and yield-
ing an output of multiple biophysical signals. Therefore, articular cartilage is closely 
associated with physical stimulations.

Effects of biophysical stimulation on cartilage regeneration have been exten-
sively explored in past decades in the field of tissue engineering, stimulation 
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modalities mainly include mechanical, magnetic, and electrical stimulation. These 
physical stimulations are usually applied to the cell culture system. As for the mag-
netic stimulation, the static field or pulse electrical magnetic field (PEMF) is applied 
to the cells cultured in petri dishes. Most of these studies have been in either mono-
layer chondrocyte cultures or tissue explant models. Some groups reported positive 
effects of the magnetic stimulation on the proliferation of human articular chondro-
cytes and proteoglycan (PG) synthesis within tens of hours incubation, however, 
conflicting results have been reported [55, 56] as well. We consider the reason is that 
in the monolayer cell culture system there are lack of scaffolds that can mimic the 
ECM to generate enough mechanical forces to the cells and to last longer culture 
period. Hence, the strategy of magnetic responsive scaffolds combining with exter-
nal magnetic fields may provide a novel solution.

One group had iron oxide nanoparticles (MNPs) integrated in κ-carrageenan 
(κC) hydrogels at different concentrations of 2.5%, 5%, 10% (v/v). The MNPs have 
a Zeta potential of 11.6 mV, stable in aqueous buffers with pH > 4, and present a 
magnetization value of 46 emu/g iron (H = 1000 Oe), a saturation magnetization 
>71 emu/g iron (H > 10,000 Oe) and a coercive field Hc of 0.481 kA/m. MNPs-free- 
κChydrogels were prepared and considered as reference materials. In this study, a 
magnetic stimulation of 350  mT applied to human adipose-derived stem cells 
(hASCs) grown on the magnetic kC hydrogels through an oscillation frequency of 
2 Hz. It was shown that the concentration of MNPs in the hydrogels influenced cel-
lular behavior, tuning a positive effect on cell viability and metabolic activity of 
hASCs, and the most promising outcomes were observed in 5% MNP-κC matrices. 
Although hASCs laden in MNPs-free- and MNPs-κC hydrogels showed similar 
metabolic and proliferation levels, the mRNA transcripts of Collagen I, Collagen II, 
and Sox9 was upregulated more, pronounced by Day 14  in hASCs laden in 
MNPs-κC hydrogels under the magnetic field, suggesting that the magnetic stimula-
tion induced an earlier and stronger upregulation of chondrogenic-specific tran-
scripts. In particular, the enhanced expression of Sox9 suggests that the combination 
of MNP-κC hydrogel and magnetic stimulation plays a role in the regulation of the 
chondrogenic commitment of hASCs, especially in chondrogenic cultures [57]. In 
order to develop scaffolds mimicking the depth-dependent material properties of 
native articular cartilage, a research group fabricated a tri-layered magnetic com-
posite agarose gel (ferrogel) with a gradient in compressive modulus from the top to 
the bottom layers of the construct. The three layers have different weight percent-
ages of dextran-coated iron oxide nanoparticles 20%, 7%, and 10%. Rare earth 
NdFeB magnets were used to generate an external magnetic field (0.4, 0.5, or 
0.75  T). The ferrogel was able to respond to the external magnetic stimulation, 
exhibiting an elastic, depth-dependent strain gradient. When bovine chondrocytes 
(BCs) were seeded in the ferrogel scaffolds and cultured for up to 14 days, it was 
shown that sulfated glycosaminoglycan increased with the depth from the surface 
and was more significant at the 12 days of culture, indicating a biochemical gradient 
was formed, and meanwhile good cell viability was detected [58]. In another study, 
agarose hydrogels containing Fe3O4 nanoparticles were seeded with human mesen-
chymal stem cells and placed under external magnetic fields. By this way the 
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hydrogels provided a pressureless, soft mechanical stimulation. The study presented 
that the magnetic hydrogels under magnetic fields could induce significant chondro-
genesis of mesenchymal stem cells without any additional chondrogenesis tran-
scription factors, with the upregulation of aggrecan, SOX9, and collagen II in 
protein level, and the effect could be remarkably enhanced by the supplementary of 
TGF-β1 or dexamethasone. In addition, the movement frequency of the magnetic 
hydrogels was investigated as well to figure out the optimal parameters [59]. In 
another example, to closely mimic the hierarchical architecture and biomechanical 
behavior of native tendons, continuous and aligned electrospun fiber threads were 
fabricated using PCL matrix filled with hybrid rod-shaped cellulose nanocrystals 
(CNCs) decorated with iron oxide MNPs (MNP@CNC). Human adipose stem cells 
(hASCs) were grown on the magnetic scaffolds under magnetic stimulating condi-
tions (oscillation frequency of 2 Hz and 0.2 mm of horizontal displacement) for 21 
days, which displayed higher degrees of cell cytoskeleton anisotropic organization 
and steered the mechanosensitive YAP/TAZ signaling pathway. As consequent 
results, the stimulated cells showed increased expression of tendon-related markers 
and pro-healing cytokines and lowered inflammatory cytokines in gene level [60]. 
An interesting and a little complex design is 3D porous magnetic microbead. The 
main body was microspheres of poly(lactic-co-glycolic acid) (PLGA) with gelatin 
beads distributing inside. When the gelatin beads were removed, the microsphere 
became porous while magnetic nanoparticles were conjugated to the surface of the 
walls via amino bond formation. This composite microscaffold was used to the 
culture of D1 mouse MSCs to increase adhesion, migration and chondrogenic dif-
ferentiation under magnetic fields, and could be magnetically guided to the target 
area by the magnetic field guidance, for example, to the medial condyle of the femur 
in the knee joint model created by a 3D printer [61].

1.4.3  Endothelial, Cardiac, and Neuron Cells

Vascularization is one of the major challenges in engineering tissues, especially 
thick and complex tissue such as cardiac muscle, which would enable the engineer-
ing tissue efficiently integrated with host tissue upon implantation. For example, the 
vascularization is one of the greatest hurdles hindering the successful implementa-
tion of tissue-engineered cardiac patch as a therapeutic strategy for myocardial 
repair. A group investigated the effect of magnetite-impregnated alginate scaffolds 
on aortic endothelial cells. The magnetic field was applied during the first 7 days to 
stimulate the cells out of a total 14-day experimental course, which was set up by 
passing an electrical current through serially connected coils at frequency of 40 Hz. 
The scaffold was generated by a freeze-dry technique from a mixture of alginate 
stabilized ferro-fluid and alginate to obtain 1.2 (w/v)% of final concentration of 
magnetite post-crosslinking while the control was fabricated by the same method 
without magnetite. The investigation showed that the employed strategy signifi-
cantly elevated the metabolic activity of the endothelial cells during the stimulation 
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period and suggested that the elevated metabolic activity was related to the cell 
migration and re-organization. Although the magnetic stimulation alone has the 
positive effect on the activity of cells grown on the nonmagnetic scaffold, the mag-
netic hydrogel significantly further enhanced this effect. The study also observed 
that cellular vessel-like (loop) structures were formed on day 14 in the magnetically 
stimulated scaffolds without supplementation of any growth factors, while little was 
observed in the non-stimulated (control) scaffolds. The loop structure is known as 
indicators of vasculogenesis and angiogenesis, therefore this study provided strong 
evidence that the magnetically actuated scaffolds could enhance the vascularization 
of engineered tissues, which indicated possibility of fabricating pre- vascularized 
tissue construct with potential applicability for transplantation [62, 63].

Magnetically actuated scaffolds were also used to generate strain stimulus on rat 
aortic smooth muscle cells. Interestingly the strategy of inducing magnetic scaffolds 
to generate deformation under the magnetic field was utilized to improve cell viabil-
ity in the scaffold interior by pumping nutrients throughout the structure. The mag-
netic scaffolds were fabricated in a tube shape by winding electrospun sheets of a 
biodegradable polymer 50/50 blend of polyglycolide (PG) and polycaprolactone 
(PCL), in which were dispersed magnetic γ-Fe2O3 nanoparticles. The tubular scaf-
folds were seeded with smooth muscle cells and actuated by a static magnetic field 
to induce a cyclic crimping deformation, permanent magnets mounted on actuators 
were used to apply a cyclically varying magnetic field to each culture and magnetic 
actuation was cycled for 60 s on and 60 s off to ensure adequate time for deflection 
and recovery for a time period of 1–15 days, which applied strain stimulus to the 
cells and pumped nutrient fluid through the porous tube walls. Results were that the 
magnetically actuated scaffolds significantly increased the secretion of Type I col-
lagen that is one of the most abundant ECM proteins and synthesized by vascular 
SMC. On the contrary, collagen production of non-actuated scaffolds was minimal 
at the same time point compared with the actuated scaffolds [64]. A group built a 
functional cardiac patch by combining the use of a macroporous alginate scaffold 
impregnated with magnetically responsive nanoparticles (MNPs) and the external 
magnetic stimulation. Researchers seeded neonatal rat cardiac cells on the magneti-
cally responsive scaffolds that were stimulated by an alternating magnetic field of 
5 Hz. It was shown that a short-term stimulation of 20 min external magnetic field 
increased the phosphorylation of AKT in the cardiac cell constructs, meanwhile 
there was a greater extent of striated fibers in the stimulated group than in the non- 
stimulated group, and the level of contractile protein Troponin-T and adhesive con-
junction protein Connexin-43 was higher in the stimulated group than that in the 
control group on day 15. These results indicated that a synergistic effect of magnetic 
field stimulation together with the magnetic responsive scaffolds provided a favor 
regenerating environment for cardiac cells, driving their organization into function-
ally mature tissue [65].

Nerve regeneration and recovery of nerve function have been a major issue in 
neuroscience. For the regeneration of peripheral nerves, functional recovery is 
totally dependent on the growth and extension of axons from the proximal end 
across the injured site until they reach their distal target. Because rate of axonal 
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regeneration in humans occurs about 2–5 mm/day, it can take many months to get 
recovery of the functions for significant complete injuries, such as neurotmesis. 
Great efforts have been made to develop more effective approaches for accelerating 
the recovery time. One approach is the “guidance therapy” based on the use of scaf-
folds working as nerve guidance conduit for the diffusion of growth factors secreted 
by the injured nerve ends and to limit the injury site infiltration by scar tissue. 
Recently the importance of physical stimuli for neuronal growth and development 
has been widely recognized and appealing in literatures. Specifically, results from 
published experimental studies indicate that carefully controlled forces can modu-
late neuronal regeneration. Based on above knowledge, roles of magnetic scaffolds 
have been explored in remotely controlling nanofibers orientation in scaffolds is 
important for neuronal cells growth.

A research group proposed a noninvasive approach for physical guidance of 
nerve regeneration based on the synergic use of magnetic nanoparticles and mag-
netic fields. In the study, researchers synthesized MNPs functionalized with nerve 
growth factor beta (NGF-β), which were applied to neuron-like cell line PC12 cells 
in combination with a magnetic field to validate the concept that the application of 
a tensile force to a neuronal cell can stimulate neurite initiation or axon elongation 
in the desired direction. The magnetic nanoparticles were used to generate this ten-
sile force under the effect of a static external magnetic field providing the required 
directional orientation. They have confirmed that MNPs direct the neurite outgrowth 
preferentially along the direction imposed by an external magnetic field, by induc-
ing a net angle displacement (about 30°) of neurite direction, as well as demon-
strated that this approach could trigger PC12 differentiation in a neuronal phenotype 
[66]. A group reported another interesting design. Magnetic electrospun nanofi-
brous membranes were generated with the solution of PLLA and magnetic nanopar-
ticles, which were cut into small pieces and rolled into conduits of 10 mm in length. 
The shortened conduits were next injected with collagen hydrogel in situ. Here the 
magnetic responsive property of scaffolds was utilized to reposition the small con-
duits dispersing in the hydrogel. A magnetic field was applied to guide the conduits 
aligned in situ. This injectable guidance system provided consistent topographical 
guidance to cells, increased both neurite alignment and neurite length within the 
hydrogel scaffold, neurites that contacted the fiber conduits followed the orientation 
of the fibers [67]. By integrating magnetic nanoparticles into collagen hydrogels, 
the gel orientation could be controlled dynamically and remotely in situ under an 
external magnetic field. In this design, magnetic particles aggregated into magnetic 
particle strings during the gelation period, leading to the alignment of the collagen 
fibers. Results showed that neurons within the 3D gels exhibited normal electrical 
activity and viability. Importantly, neurons formed elongated and co-oriented mor-
phology under the guidance of the particle strings and fibers as supportive cues for 
growth [68]. A similar design was given below. To overcome the lack of the required 
structural complexity to regenerate aligned tissues, an injectable rod-shaped, mag-
netoceptive microgel was prepared by subjecting the prepolymer solution within a 
magnetic field before molding and curing and interlocking the oriented microgels. 
The obtained hybrid hydrogel with global unidirectional anisotropy was applied to 
primary dorsal root ganglions (DRGs), showing a strong guidance effect [69].

H. Xu et al.



27

1.4.4  Immune Cells and Supportive Cells

Macrophages play crucial roles in various immune-related responses, such as host 
defense, wound healing, and tissue regeneration, they perform distinct and dynamic 
functions in vivo, depending on their polarization states, pro-inflammatory M1 phe-
notype and pro-healing M2 phenotype are the two extremes of the phenotypes. In 
the process of natural wound healing, macrophages are involved in all phases with 
dynamically changing phenotypes, orchestrating the transition from an inflamma-
tory to regenerative phenotype to guide all other cell types to complete the wound- 
healing process [70, 71]. When macrophages encounter implanted scaffolds, their 
phenotype would be affected and even regulated by the scaffolds that are necessary 
when a tissue defect is large beyond the critical size. Therefore, harnessing macro-
phages by scaffolds is important for facilitating tissue regeneration in situ.

To explore the effects of mechanical forces generated by the combination of 
superparamagnetic scaffolds and magnetic fields on macrophages, macrophage cell 
line RAW264.7 cells were seeded on nanofibrous scaffolds composed of γ-Fe2O3 
nanoparticles (MNP), hydroxyapatite nanoparticles (nHA) and poly lactide (PLA) 
and subjected to magnetic fields (MF) that was applied alternatively in an interval 
of 12  h. The magnetically actuated scaffolds did not affect the proliferation of 
RAW.7, but showed regulatory effects on the phenotype of the macrophages. As 
shown that the level of Arg1 was upregulated significantly in magnetically actuated 
scaffolds (mag-S+MF) and that of iNOS was decreased in comparison with that in 
the other groups. These variations suggested that mag-S+MF guided the macro-
phages to M2 phenotype and had their M1 phenotype weakened, which was verified 
by the cytokines profiles, as shown that pro-inflammatory cytokines (IL-1β, TNF-a, 
and MCP-1) were significantly decreased, and wound healing associated cytokines 
(IL-4 and IL-10) were significantly increased in mag-S+MF group compared with 
those in control group (Fig. 1.3). Interestingly, the conditioned medium prepared 
from macrophages grown in mag-S+MF promoted human umbilical vein endothe-
lial cells (HUVECs) to form more vessel-like tubes, which could be attributed to the 
enhanced production of VEGF and PDGF of macrophages. The conditioned medium 
also played positive roles in the osteogenesis of pre-osteoblast cell MC3T3-E1, the 
medium showed capacity of recruiting and inducing osteogenesis of MC3T3-E1. At 
the same time, mag-S+MF could inhibit the secretion of MMP-9 and TRAP, the two 
molecules are characteristic osteoclast marker proteins. In addition, the level of 
TLR2 and TLR4 for macrophages in mag-S+MF was down-regulated in western 
blot analysis, and the nuclear NF-κB expression was reduced as well, while the 
autocrine loop of VEGF/VEGFR2/HIF-1α for macrophages in mag-S+MF group 
was obviously activated (Fig. 1.4) [72]. These results explained how the magneti-
cally actuated scaffolds enhanced bone tissue regeneration through regulating the 
phenotype of macrophages, as well as demonstrated that macrophages are mecha-
nosensitive, their phenotype can be regulated by mechanical stimulations generated 
by the combination of magnetic scaffolds and magnetic fields.

A group investigated the effect of frequency of magnetic fields on the phenotype 
of macrophages. They prepared RGD ligand-bearing superparamagnetic iron oxide 
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nanoparticles (SPIONs) and have the particles grafted to a planar matrix via a long 
flexible PEG linker. To set up the magnetic field, the magnet was placed at approxi-
mately 1 cm distance from the in vitro cultures and in vivo mouse cage bottom, 
different oscillation frequencies of the magnetic field including 0.1, 0.5, and 2 Hz, 
and “zero frequency” was set as “no magnetic field” group. It is interesting that low 
frequency significantly upregulated M2 markers (arginase-1 and Ym2) while the 
high frequency group exhibited significantly upregulated expression of M1 markers 
(iNOS and CD80), which proved the effect of frequency of magnetic field on mac-
rophage polarization. When it comes to in vivo study, the planar matrix coated with 
the RGD-bearing SPIONs was subcutaneously implanted to BALB/c mice, and the 
adhesion and phenotypes of macrophages from host were examined in the absence 
or presence of M2 induction cytokines injection, and similar results to that of 
in vitro were obtained [73]. This study demonstrated that a low oscillation frequency 
of the magnetic field stimulated the adhesion and M2 polarization of macrophages, 

Fig. 1.4 Activation of membrane receptors and the response to LPS in macrophages grown in dif-
ferent scaffolds under different MFs. (a) Representative Western blots of TLR2, TLR4 and 
NF-κB. (b) Responses of macrophages to LPS; red, actin; blue, DAPI. (c) Representative Western 
blots of VEGFR2 and HIF-1α. (d) Schematic graph of the mechanism [72]
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whereas a high oscillation frequency suppressed the adhesion of macrophages but 
promoted their M1 polarization, which verified the possibility of remotely manipu-
lating the adhesion and polarization phenotype of macrophages, both in vitro and 
in vivo. Furthermore, the result that the low frequency benefited to M2 polarization 
is consistent with that the low or meddle intensity of magnetic fields are beneficial 
to tissue regeneration. Results from this study also provided cues to explain that 
weak magnetic fields were applied in many experimental studies aforementioned, in 
which significant effects of enhancing tissue regeneration were achieved.

Fibroblasts are one of the matrix cells supporting tissue regeneration as well as a 
kind of immune cell [74, 75], playing important roles during wound healing, as they 
synthesize extracellular matrix (ECM) components to support new tissue formation. 
It has been well established that fibroblasts are mechanical sensitive [76]. When 
fibroblasts were seeded on electrospun nanofibrous scaffolds composed of γ-Fe2O3 
nanoparticles (MNP), hydroxyapatite nanoparticles (nHA), and poly lactide (PLA) 
that were placed in applied static magnetic fields (mag-S+ MF), results from 
enzyme-linked immunosorbent and transwell assays showed that fibroblasts culti-
vated in this condition secreted significantly higher type I collagen (collagen I), 
vascular endothelial growth factor A (VEGFA), and transforming growth factor-β1 
(TGF-β1) in a time-dependent manner, while produced fewer pro-inflammatory 
cytokines, including interleukin-1β (IL-1β) and monocyte chemoattractant protein-
 1 (MCP-1). Meanwhile, fibroblasts grown on the magnetic scaffolds or nonmag-
netic scaffolds proliferated normally within the tested period of 120 h when the MF 
intensity did not exceed 60 mT. Cells growing on mag-S+ MF for 5 days exhibited 
much better spreading morphology and cell–cell connection under the magnetic 
field of 10 mT. Mechanistic studies revealed that the cultivation system activated 
components of integrin, focal adhesion kinase, and extracellular signal-regulated 
kinase signaling pathways while inhibited Toll-like receptor-4 and nuclear factor 
κB, thus modulating the phenotypic polarization of fibroblasts [77]. It should be 
noted that all above effects accelerated the osteogenesis of pre-osteoblasts 
MC3T3-E1 cells, evidenced by the promotion of osteogenesis of pre-osteoblasts 
cultivated in the conditioned medium prepared from fibroblasts grown on the mag-
netically actuated scaffolds, there were more growth factors and balanced extracel-
lular matrix components. Results from this study provided the evidence that the 
magnetically actuated scaffolds were able to promote the wound-healing phenotype 
of fibroblasts, benefiting to the scaffold-guided tissue regeneration, and it also 
implied that remotely control the phenotype of fibroblasts is of significance in 
scaffold- guided tissue regeneration as well as control tissue specific cells. In order 
to further verify the phenotypic advantages of macrophages and fibroblasts modu-
lated by the combination of magnetic scaffolds and magnetic fields, a conditioned 
medium was prepared by mixing the culture supernatants from the incubation of 
macrophages and fibroblasts grown on PLA based-nanofibrous magnetic scaffolds 
under magnetic fields with inductive medium at 1:1 (volume ratio), and then used in 
the bottom chamber of transwell device. It was striking that the conditioned medium 
not only recruited more bMSCs from the top well, but also induced faster osteo-
genic differentiation than the other control conditioned media [41]. These results 
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clearly verified that the combination strategy could facilitate the cross talk of bMSCs 
with macrophages and fibroblasts, which well explained how magnetic scaffolds 
play roles of enhancing tissue regeneration in combination with external applied 
magnetic fields. Oral mucosa fibroblasts were also reported to be able to sense the 
interaction generated by magnetic biological hydrogels. It was shown that the 
hydrogel composed of Fe3O4 nanoparticles and a mixture of fibrin and agarose was 
biocompatible to oral mucosa fibroblasts. Moreover, the cells could be encapsulated 
by the magnetic hydrogel to form magnetic tissue substitutes, and interestingly, the 
mechanical properties of the substitutes could be reversibly tuned by the magnetic 
fields [78].

Schwann cells (SCs) are supportive cells and the main gliocyte type in periph-
eral nervous system and undergo dedifferentiation and proliferation in the distal 
injured segment after injury, forming Büngner bands at injury sites, which create 
favorable environment for axon regeneration and ensuing remyelination. Therefore, 
integration of SCs with scaffolds for nerve regeneration has been becoming an 
important and promising strategy to repair nerve injuries. To meet the clinic 
demand, a considerable number of SCs with enhanced cell viability and biological 
properties would be required. However, there are still challenges remained in SC 
culture, which resulted in low viability and biological activities of SC, significantly 
limiting the application of SCs in nerve-injury repair. A research group applied a 
magnetic nanocomposite made of magnetic nanoparticles (MNPs) and a biode-
gradable chitosan- glycerophosphate polymer to Schwann cells. The magnetic 
nanocomposites contained 10% of MNPs with a magnetization of 5.691 emu/g at 
8 kOe. It should be noted that SCs were more sensitive than other kinds of cells 
mentioned before. Noticed that the intensity of magnetic field was higher than 
2  mT induced obvious apoptosis, while the combination of nanocomposite and 
magnetic field of 2 mT could promote the proliferation of SC cells. It was further 
found out that the magnetic scaffold significantly increased the expression of 
BDNF, GDNF, NT-3, and VEGF, both in gene and in protein levels. This work 
showed availability of regulating the viability and biological activities of SCs in 
tissue engineering grafts by remotely modulation of magnetically actuated scaf-
folds [79]. This strategy was further employed in peripheral nerve repair challeng-
ing for surgeons. Although autologous nerve transplantation is well known therapy; 
however, the application is limited by the scarcity of available donor nerves, donor 
area morbidity, and neuroma formation. The magnetic field was generated with a 
frequency of 50 Hz and an intensity of 0–20 mT. A 15 mm long gap was made in 
the sciatic nerve in male adult Sprague-Dawley rats weighing 220–250 g, and the 
exposure of magnetic field was applied to the rats at 2 mT for 2 h each day after 
surgery. From the analysis of data collected from many animals, it was shown that 
the magnetic scaffolds could synergize with the applied magnetic field to increase 
the viability of SCs after transplantation. Furthermore, nerve regeneration and 
functional recovery were promoted by the synergistic effect of SCs-loaded mag-
netic scaffold and magnetic field [80].

Taken above together, we could indicate that the mechanical stimulations gener-
ated by the combination of magnetic scaffolds and magnetic fields not only 
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modulated the fate of stem cells and tissue specific cells, but also control the pheno-
type of immune cells and supportive cells, which collectively led to the accelerated 
tissue regeneration.

1.4.5  Mechanisms and Modulation of Mechanical 
Stimulations by Magnetic Materials and Magnetic Fields

It is crucial for designing scaffolds of providing proper stimulatory conditions 
in vitro and in vivo to promote tissue development for regenerative medicine, there-
fore, deep understanding mechanisms of the generation of mechanical forces by 
magnetically actuated scaffolds is very necessary. A research group proposed that 
magnetically responsive alginate scaffolds can undergo reversible shape deforma-
tion due to alignment of scaffold’s walls in a uniform magnetic field, and investi-
gated the hypothesis in magnetic alginate hydrogels using custom made Helmholtz 
coil setup adapted to an atomic force microscope by monitoring changes in matrix 
dimensions in situ as a function of applied magnetic field, concentration of mag-
netic particles within the scaffold wall structure and rigidity of the matrix [81]. It 
has been well documented that colloidal suspensions of superparamagnetic nanopar-
ticles dispersing in a carrier medium can move freely due to their super small size. 
When the superparamagnetic nanoparticles are exposed to a magnetic field, the 
dipole moment induced in the particles causes them to form chains or aggregates. 
However, when these magnetic nanoparticles are integrated with scaffolds made of 
polymeric materials or hydrogels or inorganic substrates, they are assumed to be 
locked in the solid phase, having little mechanical freedom. Theoretically, poly-
meric materials are in their condensed state that can be taken as “extreme concen-
trated solution,” and hydrogels can be taken as semisolid. Therefore, it is reasonable 
to assume that the movement of superparamagnetic nanoparticles driven magneti-
cally in scaffolds would be local in microscale and mainly associated with the 
movement of the scaffold wall or fibers of the scaffolds. In this case, the scaffolds 
are expected to respond to external applied magnetic fields as an entire structure, 
changing their fibrous alignment, porosity, and dimensions. This study provided 
experimental evidence for a reversible 3D deformation of magnetically responsive 
scaffolds exposed to an externally applied time-varying uniform magnetic field, 
indicating that bending/stretching forces might be generated by the responses of 
magnetic hydrogels to external applied magnetic fields, which would exert a 
mechanical effect on cells due to alternating patterns of scaffold wall alignment and 
relaxation. The investigation also demonstrated that the matrix deformation was 
reversible, and the estimated mechanical force that could play on cells in the order 
of 1 pN that was considered in agreement with reported threshold to induce mecha-
notransduction effects on cellular level. This mechanistic study demonstrated that 
uniform magnetic fields coupled with magnetizable nanoparticles embedded within 
three-dimensional (3D) scaffold structures could remotely create transient physical 
forces that can be transferrable to cells present in close proximity to the 
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nanoparticles, which is valuable to understand how to accurately create proper stim-
ulatory microenvironment for promotion of cellular organization to form mature 
tissue- engineered constructs. In an investigation on the magnetization of magnetic 
bacteria cellulose, the curve of magnetization versus magnetic field strength showed 
no hysteresis loops formed, indicating that at room temperature and under the alter-
native magnetic field, the magnetic bacteria cellulose showed superparamagnetic 
behavior, that could predict the magnetization was directly proportional to the con-
centration of magnetic nanoparticles, even those nanoparticles were rigidly fixed to 
the materials. Moreover, the magnetic field gradient formed along the magnetic 
bacteria cellulose when exposed to the magnetic field generated by two magnets 
placed oppositely could by visualized by magnetic force microscopy [82].

The fate of stem cells, such as cell migration, differentiation, proliferation, and 
apoptosis, are also controlled by mechanical forces generated by extracellular 
matrix, which can largely determine the process of tissue regeneration. Mesenchymal 
stem cells have the potential to differentiate into many cell phenotypes such as tis-
sue- or organ-specific cells to perform special functions. A group used a three- 
dimensional (3D) computational model to study how the stem cells interpret and 
transduce the mechanical signals in force-free substrates and force-induced sub-
strates to differentiate and/or proliferate during the mechanosensing process. By 
using magnetic scaffolds in the magnetic field, researchers stimulated the substrate 
with an internal force to induce mesenchymal stem cells differentiation and prolif-
eration. They found out that cells require a longer time to grow and maturate within 
force-free substrates than within force-induced substrates. They also reported that 
the magnitude of the net traction force should be increased within chondrogenic and 
osteogenic substrates while reduced within neurogenic substrates for inducing mes-
enchymal stem cells differentiate into a compatible phenotype [83]. This model 
explained the capacity of magnetically actuated scaffolds inducing mesenchymal 
stem cells differentiation as well as provided understandings for the role of force- 
induced substrates in remotely controlling the cell fate during cell–matrix interaction.

Up to date, various kinds of superparamagnetic scaffolds with different micro-
structures have been investigated in the modulation of tissue regeneration, espe-
cially the composition and microstructure of existing reported scaffolds for bone 
tissue regeneration are largely different. From the view of microstructure, there 
have been at least nanofibrous, porous, hydrogels, and even casting films involved; 
from the view of chemical composition, also many kinds of materials have been 
employed, such as PLA, PLGA, PCL, chitosan, collagen, gelatin, hydroxyapatite, 
and bio-glass. Whether the magnetization property is different for various magnetic 
scaffolds, and what if associated with the function of enhancing osteogenesis under 
the magnetic fields, are necessary to demonstrate and of implications to design mag-
netic scaffolds for uses in the guidance of targeting tissues regeneration.

We had fabricated nine kinds of superparamagnetic scaffolds, and measured their 
magnetization property and the function of osteogenesis induction in pre-osteo-
blasts, to verify the hypothesis that the magnetization property of scaffolds is depen-
dent on their compositions and microstructures, because the chemical molecules 
and microstructures of the scaffolds provide different microenvironments to the 
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embedded iron oxide nanoparticles, which would be associated with their function 
of osteogenic induction. The nine kinds of superparamagnetic scaffolds were made 
of PLA, polyurethane, and gelatin with incorporated Fe3O4 nanoparticles (MNPs), 
followed by processing with the technique of electrospinning, salt- leaching, and 
solution casting, resulting in the nanofibrous, porous, and smooth microstructures, 
respectively. In addition, hydroxyapatite nanoparticles (nHA) were composited in 
all the scaffolds with the same percentage, acting as the bone conductive compo-
nent. PLA is one plastic material with relative higher mechanical strength than PU, 
while PU is highly elastic, and Gel is one typical soft hydrogel.

As shown by SEM images that in the nanofibrous scaffolds there were numerous 
homogenous nanofibers entangling with each other, porous scaffolds showed good 
and similar porosity, and the casting films exhibited smooth plane-like structure. 
Noticed that scaffolds prepared from different polymeric components (PLA, PU, 
and gelatin) showed different mechanical properties. Importantly, all scaffolds pos-
sessed superparamagnetic performance, and the saturated magnetization of mag- 
PLA was much more dependent on the physical structure of scaffolds than mag-PU 
and mag-Gel; noted that porous structure weakened the magnetization for the scaf-
folds compared with the nanofibrous and smooth structure; the saturated magnetiza-
tion of mag-Gel was lower than that of mag-PU and mag-PLA regardless of the 
microstructure. Besides, all the scaffolds supported the pre-osteoblasts growth 
under the magnetic field.

Three protein markers that referring to osteogenic differentiation displayed inter-
esting profiles when the magnetic scaffolds were subjected to the same magnetic field 
of 10 mT. Under the magnetic field of 10 mT, mag-PLA exhibited obvious advantage 
to enhance the expression of Runx2 than mag-PU and mag-Gel, no matter what 
microstructures. When it came to BMP2 expression, nanofibrous structure showed 
the strongest enhancement if the polymer was PLA or Gel, while the effect of the 
microstructures was not significant if the polymer was PU. But mag-PLA with nano-
fibrous structure induced the highest level of Runx2 and BMP2 among the nine scaf-
folds, as well as the ALP activity. In the presence of magnetic field, the effects of 
scaffolds on the gene expression of Runx2 and BMP2 were stronger, while the differ-
ence of ALP activity was only observed in the nanofibrous structure scaffolds.

The results verified the hypothesis that the magnetization for scaffolds was associ-
ated with both chemical compositions and physical microstructures. The difference 
might be partly resulted from the mechanical properties of the polymers. In addition, 
the chemical composition had influence on the dispersion of MNPs in the scaffolds, 
which would also affect the mechanical properties of composite scaffolds. It was shown 
that MNPs incorporated in the plastic PLA generated much stronger superparamag-
netic response, while those in the hydrogel of gelatin generated weak response to the 
magnetic field. Correspondingly, cells grown on mag- PLA exhibited higher degree of 
differentiation than those on mag-PU and mag-Gel. The higher the saturated magneti-
zation was, the stronger the promotion to the osteogenesis. Therefore, among the three 
kinds of polymers, mag-PLA was more potent in the enhancement of osteogenesis. 
These results could provide important cues in the design of superparamagnetic scaf-
folds for guiding tissue regeneration in different demands.
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1.5  Summary and Perspective

Accumulating experimental evidence has confirmed the distinguished capacity of 
magnetic scaffolds and their combination with external applied magnetic fields to 
modulate or/and remotely control multiple cells differentiation and immune cells 
phenotypic responses to promote tissue regeneration, which exhibits promising and 
attractive perspectives of magnetic actuated scaffolds in tissue engineering and 
regenerative medicine for different therapeutic purposes. In addition, the combina-
tion system also provides powerful tools and open possibilities of building organoids 
for gaining insights and understanding of human body as well as screening drugs 
in vitro. Besides, it is worth considering the combination of electrically conductive 
materials with magnetic scaffolds to create electric-magnetic scaffolds and explore 
their potentials for uses of modulating cell behaviors and fate in the future.
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Chapter 2
Conductive Nanostructured Scaffolds 
for Guiding Tissue Regeneration

Haiyan Xu, Jie Meng, and Tao Wen

Abstract Biological electricity is ubiquitous in life to maintain many functions of 
organs. Therefore, conductivity is one crucial factor to biomaterial scaffolds guid-
ing electrically excitable tissue regeneration. Accumulating evidence has indicated 
the importance of providing electrical active microenvironments mimicking natural 
physiological conditions. In this chapter, various kinds of conductive scaffolds and 
processing technologies are introduced, and application potentials of the conductive 
scaffolds are revealed by typical examples of guiding different tissue regeneration 
include cardiac, skeletal, nerve, and skin. In addition, synergistic effects of conduc-
tivity and mechanical property of tissue engineering scaffolds are addressed as well, 
and underling mechanisms have been explored and discussed.

Keywords Conductive · Scaffolds · Tissue regeneration · Nanoparticles · 
Nanostructures

2.1  Introduction

Biological electricity is ubiquitous in life; for example, excitable tissues such as heart 
and nerve have closer relationship with electricity, and bone and skin are reported hav-
ing electromagnetic activity as well [1]. These tissues can rapidly change electro-
chemical impulses at the cell membranes to transmit signals along the muscle 
membranes or nerves, maintaining the functions of the organs. For example, heart is 
composed of three major types of cardiac muscle including atrial muscle, ventricular 
muscle, and specialized excitatory and conductive muscle fibers that play vital roles in 
the electrical signal transduction. The cardiac muscle generates action potentials pass-
ing over the cardiac muscle membrane and spreading to the interior of the cardiac 
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muscle fiber along the membranes of the transverse tubules and then the membranes 
of the longitudinal sarcoplasmic tubules to cause release of calcium ions into the mus-
cle sarcoplasm from the sarcoplasmic reticulum. These calcium ions diffuse into the 
myofibrils and catalyze the chemical reactions that promote sliding of the actin and 
myosin filaments along one another, which produces muscle contraction. Therefore, 
the normal functions of excitable tissues rely on the electrical signal transduction 
between the cells. This nature can explain why conductive scaffolds have attracted 
intense research interests on tissue regeneration. Experimental evidence is increasing 
that conductive scaffolds can promote adhesion, proliferation, migration, and differ-
entiation of cells, including cardiac, nerve, bone, muscle, fibroblasts, keratinocytes, 
and mesenchymal stem cells. In this chapter, conductive scaffolds are introduced from 
design and fabrication, electrical and mechanical properties, and the interactions 
between the scaffolds and tissue specific cells as well as stem cells, mainly including 
cardiomyocytes, neuron cells, skeletal cells, bone related cells, and fibroblasts, and 
their therapeutic effects on the tissue regeneration.

2.2  Classification and Fabrication of Conductive Scaffolds

Conductive scaffolds can be in general summarized to two main categories accord-
ing the conductive substances included in scaffolds (Fig. 2.1), one kind of additives 
is conductive polymers such as polypyrrole (PPY) and polyaniline (PANi), and the 
other one is conductive nanoparticles such as carbon nanotubes, graphene, gold 
nanoparticles, and silica wire. From the view of structures, nanostructures are highly 
involved in the fabrication of conductive scaffolds; hence, the two categories can be 
further divided into subclasses, including nanocomposite hydrogels and scaffolds 
with nanofibrous, nano-roughness, micro–nano-patterned structures, and casting or 
molding scaffolds with embedded nanomaterials, all of which are intended to mimic 
the structural features of natural extracellular matrix where cells live in.

Fig. 2.1 Summary of conductive materials and scaffolds for tissue engineering and regenerative 
medicine
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2.2.1  Conductive Polymers

Conductive polymers are organic electronically conjugated polymers with electro- 
optic properties like those of metals, which is one important class of the candidates 
as conductive components to give scaffolds conductivity. The polymers can form 
electrical pathways of charge carriers because π-electrons move freely within the 
molecular chain [2, 3]. Polymers with intrinsic conductive properties have been 
largely studied in relation to their incorporation into various scaffolds for uses in 
tissue engineering and regeneration. The reason for this interest is that such scaf-
folds could electrically stimulate cells and thus regulate specific cellular activities 
and by this means influence the process of regeneration of those tissues that respond 
to electrical impulses.

There are several kinds of conductive polymers that have been reported in litera-
tures, mostly investigated in tissue engineering and regenerative medicine are poly-
pyrrole (PPY) and polyaniline (PANi). The two macromolecules possess the good 
conductivity of 102~5 × 103 and 10–107 S/m, respectively [3]. For comparison, the 
range of conductivity of ventricular muscle, blood, and skeletal muscle is 
0.03–0.6 S/m [4]. However, disadvantages of mechanical properties and biocompat-
ibility for these polymers are obvious as well. For examples, PPY is insoluble in 
water, susceptible to irreversible oxidation, and fragile; and PANi has low solubility 
in aqueous solution, lack of plasticity, and poor cell adhesion and growth. Therefore, 
it is no surprise that the two conductive polymers are usually used in combination 
with other materials to develop conducting composite scaffolds for tissue engineer-
ing and regenerative medicine.

2.2.2  Conductive Inorganic Nanoparticles

Some kinds of nanoparticles are electrically conductive, mainly including graphene, 
carbon nanotubes, gold nanoparticles, silver nanoparticles, and silica nanowire, 
which have been investigated in the tissue engineering and regenerative medicine. 
Below is a brief introduction about the conductive nanoparticles.

Graphene is strictly a two-dimensional (2D) material that exhibits exceptionally 
high crystal and electronic quality, rapidly rising on the horizon of materials science 
and physics, and has already revealed a cornucopia of new physics and potential 
applications [5]. The 2D carbon nanomaterials commonly include three kinds of 
graphene: graphene oxide (GO), a highly oxidative form of graphene, reduced gra-
phene oxide (rGO), and graphene sheets [6]. There are several methods to synthe-
size graphene, commonly classified to four different methods including chemical 
vapor deposition and epitaxial growth, micromechanical exfoliation, epitaxial 
growth on electrically insulating surfaces, and the creation from colloidal suspen-
sions [7]. Graphene is a giant aromatic macromolecule that conducts both electric-
ity and heat well in two dimensions. It has a large theoretical specific surface area 
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(2630  m2/g), high intrinsic mobility (200,000  cm2/v  s), high Young’s modulus 
(∼1.0 TPa) and thermal conductivity (∼5000 W/m K), good optical transmittance 
(∼97.7%), and good electrical conductivity [8]. These fascinating properties of GOs 
are mainly derived from its unique chemical structures composed of small sp2 car-
bon domains surrounded by sp3 carbon domains and oxygen containing hydrophilic 
functional groups [6]. The graphene is honeycomb lattice, which is composed of 
two equivalent sub-lattices of carbon atoms bonded together with σ-bonds. Each 
carbon atom in the lattice has a π orbital that contributes to a delocalized network of 
electrons. This atomic structure, combined with the electron distribution of gra-
phene, results in high electrical conductivity. Electrons in graphene, obeying a lin-
ear dispersion relation, behave like massless relativistic particles [9]. Chemically 
functionalized graphene can be readily mixed with other polymers in solution, pro-
ducing a new class of electrically conductive nanocomposites [10].

Carbon nanotubes are unique tubular structures of nanometer diameter and large 
length/diameter ratio. There are two main types of carbon nanotubes: single-walled 
carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs). SWNTs 
consist of a single graphite sheet seamlessly wrapped into a cylindrical tube. 
MWNTs are composed of coaxial nanotube cylinders, of different helicities, with a 
typical spacing of ~0.34 nm, which corresponds closely to the inter-layer distance 
in graphite of 0.335 nm [11]. There are different types of CNTs depending on the 
orientation of the tube axis relative to the carbon network, which are described by 
the indices of the chiral vector, n and m. Armchair CNTs (n = m) usually show 
metallic conductivity while zigzag (m = 0) or chiral (n ≠ m) CNTs are semiconduct-
ing [12, 13]. SWNTs and MWNTs are usually made by carbon-arc discharge, laser 
ablation of carbon, or chemical vapor deposition (typically on catalytic particles) 
[14]. The excellent mechanical and electronic properties of carbon nanotubes result 
from their quasi-one-dimensional (1D) structure and the graphite-like arrangement 
of the carbon atoms in the shells. Thus, the nanotubes have high Young’s modulus 
and tensile strength, which makes them preferable for composite materials with 
improved mechanical properties. The electronic band structure of the nanotube can 
be described by considering the bonding of the carbon atoms arranged in a hexago-
nal lattice. Each carbon atom (Z = 6) is covalently bonded to three neighbor carbons 
via sp2 molecular orbitals. The fourth valence electron, in the pz orbital, hybridizes 
with all the other pz orbitals to form a delocalized π-band [15]. SWNTs can be either 
metals or semiconductors depending on the chirality (the chiral angle between 
hexagons and the tube axis), which have relatively large band gaps (~0.5 eV for 
typical diameter of 1.5 nm) or small (~10 meV) [16]. The electronic properties of 
perfect MWNTs are rather similar to those of perfect SWNTs, because the coupling 
between the cylinders is weak in MWNTs. Because of the nearly one-dimensional 
electronic structure, electronic transport in metallic SWNTs and MWNTs occurs 
ballistically (i.e., without scattering) over long nanotube lengths, enabling them to 
carry high currents with essentially no heating [17].

Nanowires are an important class of 1D materials that have been attracting a 
great deal of interest in recent years. Nanowires are regarded as an alternative to 
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CNTs because it is easier to control their electrical properties. As long as the surface 
is properly passivated (something that occurs naturally during or right after growth), 
they are invariably semiconducting. The 1D semiconductors usually exhibit excel-
lent electronic, optical, mechanical, thermal, and chemical properties, which lead to 
various applications ranging from chemical, biological, and environmental sensors 
and field-effect transistors to logic circuits [18]. Silicon nanowires (SiNWs) are one 
of the most important 1D semiconductors. With doped p type and n type, SiNWs 
can be assembled to form p-n junctions, bipolar transistors, and complementary 
inverters. Thus, SiNWs may be the crucial components for nanoscale electronics 
[19]. SiNWs may be fabricated through both “top-down” (i.e. through lithographic 
patterning) and “bottom-up” (chemical synthesis of SiNWs) approaches. The meth-
ods include chemical vapor deposition, laser ablation, vapor transport and conden-
sation, molecular beam epitaxy, annealing on silicon, solution growth, and catalytic 
etching [20]. Among them, chemical vapor deposition, vapor transport condensa-
tion, and annealing of catalytic nanoclusters on silicon have been commonly used 
for their simplicity, minimal equipment needs, and large-scale production capability 
[21]. The properties of nanowires are determined by the surface area to volume ratio 
and defects. NWs can possess good electronic and optical properties, such as 
enhanced ohmic contact resistance, carrier depletion, which can severely influence 
electrical conduction and surface passivation abound [22]. On the other hand, sili-
con nanowires are rodlike systems constructed around a single-crystalline core. 
When there are sufficiently small diameters and a strong anisotropy, most of their 
properties emerge: the band gap, the Young’s modulus, the electrical conductance, 
or the specific heat [23]. A fundamental modification of electronic properties from 
the bulk can be evidenced in SiNWs. For example, the indirect bandgap (e.g., 
∼1.1 eV) between the conduction band minimum and the valence band (VB) maxi-
mum of bulk Si could be modified to a direct bandgap due to quantum confinement 
effects of SiNWs. The diameter dependence of the dopant ionization efficiency, the 
influence of surface traps on the charge carrier density and the charge carrier mobil-
ity in silicon nanowires are the three effects essential for the conductivity of a sili-
con nanowire [24].

Among the different metal nanoparticles, gold nanoparticles (AuNPs) have a rich 
history in chemistry. Dating back to ancient Roman times, they were used to stain 
glasses for decorative purposes. The modern era of AuNP synthesis began over 150 
years ago, Michael Faraday was possibly the first to observe that colloidal gold 
solutions have properties that differ from bulk gold [25]. Due to the distinct opti-
cal and electronic properties, AuNPs attract particular interest and are widely used 
[26, 27]. A wide array of solution-based approaches has been developed in the past 
few decades to control the size, shape, and surface functionality of AuNPs. The top- 
down method of AuNPs produces nanoparticles by shattering from bulk gold, while 
the top-up method involves building up of nanomaterials starting from the atomic 
level. Typically, the top-up preparation of AuNPs by chemical reduction of gold 
ions from a solution involves two major parts: (1) reduction of a gold precursor to 
produce the Au (0) and (2) stabilization of the obtained AuNPs by suitable 
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stabilizing or capping agents which prevent aggregation of nanoparticles from 
forming metallic precipitate [28]. Bulk gold is known as a shiny, yellow noble metal 
that does not tarnish, has a face-centered cubic structure, is non-magnetic, melts at 
1336 K, and has density a 19,320 g/cm. However, a nanostructure containing the 
same gold is quite different: 10-nm particles absorb green light and thus appear red. 
The melting temperature decreases dramatically as the sample size goes down [29]. 
Moreover, it was revealed that AuNPs show efficient catalytic activity, particularly 
those below 10 nm in size. As the particle size of gold is smaller than 2 nm, the 
valence and conduction bands become narrower, and a gap appears between them 
causing the metallic character to disappear [30]. Nevertheless, the key characteristic 
that distinguishes AuNPs from many other nanomaterials is their unique optical 
properties resulting from a physical phenomenon known as localized surface plas-
mon resonance (LSPR), which is present typically in nanostructures of plasmonic 
materials, such as gold, silver, copper, and aluminum. LSPR involves coherent 
oscillation and excitation of conduction band electrons on the surface of plasmonic 
nanostructures. For AuNPs, the irradiation of light can range in the ultraviolet- 
visible- near infrared (UV-VIS-NIR) spectral region. The conditions for the occur-
rence of LSPR are known to be highly sensitive to their geometric parameters (e.g., 
size, shape, and symmetry), the material composition and distribution, as well as the 
overall arrangement of NPs [31, 32]. Electrical conductivity of AuNPs decreases 
with a reduced dimension due to increased surface scattering, and the surrounding 
conditions are also important [33]. The gold nanoparticles are generally dispersed 
in or combined with other materials, that the dispersing process and preparation 
methods are important in nanofabricaton. A number of studies have shown that the 
electrical and mechanical properties of the conducting polymers can be improved 
by the incorporation of gold nanoparticles [34].

Silver nanoparticles (AgNPs) are nanoparticles of silver which are in the range 
of 1 and 100 nm in size. AgNPs are known to exhibit antimicrobial/antiviral prop-
erties, superior catalytic activity and improved enhancement factors for surface- 
enhanced Raman spectroscopy (SERS) [35, 36]. Silver also has the highest 
electrical and thermal conductivity among all metals, making it an ideal compo-
nent for electrical interconnection, though AgNPs toxicity has been demonstrated 
and raised concerns for the safety when intended to use in biomedical products 
in vivo [37–39]. In AgNPs, the electrons move freely in the conduction band and 
valence band which lie very close to each other [36]. Because of surface scattering, 
the effective resistivity of a nanoscale metal film or wire is higher than the bulk 
value. However, the scatter of the silver nanoparticle is random variations in the 
resistance of the contacts, thus AgNPs largely retain the electrical conductivity of 
the bulk material [40]. For example, the silver nanoparticle-filled polymer compos-
ites can be used as conductive adhesives, which meet the demand of preparing 
conductive polymer composites achieving the highest electrical and/or thermal 
conductivity [41].
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2.2.3  Summarization of Physical Properties 
for Conductive Scaffolds

In the following Table  2.1, scaffolds that reported electrical properties and/or 
mechanical properties in literatures cited in this chapter are collected and summa-
rized for comparisons that may help to gain insights of roles of the conductivity. It 
is noted from the tables that the conductivity is determined by various kinds of 
measurement from different laboratories, and the range of the conductivity value for 
those scaffolds is quite wide, from semiconductive to conductive to some extents, 
and those scaffolds not reported the conductivity and mechanical properties are not 
included in Table 2.1.

2.3  Conductive Scaffolds in Myocardial Tissue Regeneration

Cardiovascular diseases are the leading cause of morbidity and mortality in the 
world, also resulting in huge economic burdens on national economies. Among 
those, myocardial infarction (MI) is the most frequently identified specific cause of 
dilated cardiomyopathy, leading to symptomatic congestive heart failure over time. 
The main reasons are that nonconductive scar tissue formed in the infarct region 
after myocardial infarction, which interrupts the electrical communication between 
adjacent cardiomyocytes, resulting in the propagation of electrical impulse and the 
delay of regional contraction, contributes to ventricular dysfunction that are com-
mon in heart after myocardial infarction (MI); at the same time, the regional struc-
tural changes, especially in left ventricular (LV) remodeling after MI can lead to 
global LV geometric change, which contributes to an increase in LV wall stress and 
mitral regurgitation [42].

A cardiac patch strategy is a promising option to regenerating an infarcted heart. 
Besides applying biocompatible scaffolds with or without cells acting as the patch, 
it has been recognized gradually that conductive scaffolds can contribute more to 
restore impulse propagation to synchronize contraction and restore ventricular func-
tion by electrically connecting isolated cardiomyocytes to intact tissue, allowing 
them to contribute to global heart function. Meanwhile, it should be emphasized 
that when designing scaffolds for heart tissue regeneration, mechanical stiffness of 
the scaffolds should be particularly taken considerations as well as the electrical 
conductivity, because the scaffolds have to withstand the continuous stretching/
relaxing motion of the myocardium that occurs during each heartbeat as well as to 
provide mechanical support to prevents cardiac remodeling and to improve LV 
function after MI [43]. Therefore, appropriate stiffness and conductivity are both 
important factors for scaffolds to enhance cardiomyocyte maturation and to support 
the contractile and physiological loads of heart tissue. In the past years, a consider-
able amount of effort has been devoted toward the development of biomimetic scaf-
folds for cardiac tissue engineering. The major challenges include that most of the 

2 Conductive Nanostructured Scaffolds for Guiding Tissue Regeneration



46

Ta
bl

e 
2.

1 
Su

m
m

ar
y 

of
 c

on
du

ct
iv

e 
sc

af
fo

ld
s 

fo
r 

tis
su

e 
en

gi
ne

er
in

g 
an

d 
re

ge
ne

ra
tio

n

E
le

ct
ri

ca
l a

ct
iv

e 
co

m
po

ne
nt

Sc
af

fo
ld

C
on

du
ct

iv
ity

Y
ou

ng
’s

 m
od

ul
us

  
(u

nl
es

s 
no

te
d)

R
ef

er
en

ce
s

C
ar

di
ac

 ti
ss

ue
C

on
du

ct
iv

e 
po

ly
m

er
s

PP
Y

 g
ra

ft
ed

 to
 c

hi
to

sa
n 

si
de

ch
ai

n,
 h

yd
ro

ge
l

0.
00

5–
0.

03
 S

/m
2–

6 
kP

a
[4

6,
 4

7]
PP

Y
 g

ra
ft

ed
 to

 c
hi

to
sa

n 
si

de
ch

ai
n 

w
as

 in
te

gr
at

ed
 

to
 g

el
fo

am
 G

el
M

A
 to

 f
or

m
 3

D
 p

at
ch

es
~0

.0
12

 S
/m

Te
ns

ile
 s

tr
en

gt
h:

 ~
20

 k
Pa

; 
ul

tim
at

e 
st

ra
in

: ~
12

0%
[4

8]

PP
Y

-G
el

M
A

 n
an

op
ar

tic
le

s 
bl

en
de

d 
in

 
el

ec
tr

os
pu

n 
fil

m
 o

f 
G

el
M

A
/P

C
L

 b
y 

cr
os

sl
in

ki
ng

0.
02

5–
0.

3 
S/

m
[5

1]

PP
Y

 d
ep

os
ite

d 
on

 th
e 

ac
id

-m
od

ifi
ed

 s
ilk

 fi
br

oi
n 

pa
tte

rn
ed

 w
ith

 n
an

os
ca

le
 r

id
ge

s 
an

d 
gr

oo
ve

s
R

es
is

tiv
ity

: 2
00

–5
00

 Ω
/s

q 
(c

or
re

sp
on

di
ng

 to
 ~

1 
S/

cm
)

Te
ns

ile
 s

tr
en

gt
h:

 ~
7 

M
Pa

E
la

st
ic

 m
od

ul
us

: ~
20

0 
M

Pa
[5

2]

PA
N

i/p
ol

y(
gl

yc
er

ol
 s

eb
ac

at
e)

, c
as

tin
g 

fil
m

0.
12

9–
1.

77
 S

/m
2.

4–
6.

3 
M

Pa
[1

14
]

PA
N

i-
co

nt
ai

ne
d 

ge
la

tin
, e

le
ct

ro
sp

un
 fi

be
rs

1–
2.

1 
S/

m
49

9–
13

84
 M

Pa
[5

4]
E

le
ct

ro
sp

un
 P

A
N

i b
le

nd
ed

 w
ith

 P
L

G
A

, f
ol

lo
w

ed
 

by
 H

C
L

 d
op

in
g

0.
31

 S
/m

91
.7

 M
Pa

[5
5]

PA
N

i b
le

nd
ed

 w
ith

 P
L

A
, e

le
ct

ro
sp

un
 fi

be
rs

2.
1 

×
 1

0−
5  S

/m
[5

6]
PA

N
i c

oa
tin

g 
on

 c
hi

to
sa

n 
fil

m
s 

m
ic

ro
pa

tte
rn

ed
 

w
ith

 a
 r

e-
en

tr
an

t h
on

ey
co

m
b 

(b
ow

-t
ie

) 
pa

tte
rn

1-
di

re
ct

io
n:

 9
.3

 S
/m

2-
di

re
ct

io
n:

 2
.4

 S
/m

6.
73

 M
Pa

[5
7]

Po
ly

 (
th

io
ph

en
e-

3-
ac

et
ic

 a
ci

d)
 a

nd
 

m
et

ha
cr

yl
at

ed
 a

m
in

at
ed

 g
el

at
in

 (
M

A
A

G
)

0.
01

 S
/m

22
.7

–4
93

.1
 k

Pa
[6

0]

PL
A

 m
ix

ed
 w

ith
 P

A
N

i a
s 

co
re

, P
L

A
 a

nd
 P

E
G

 
co

m
po

se
d 

th
e 

ou
t l

ay
er

, e
le

ct
ro

sp
un

 fi
be

rs
0.

23
–0

.9
9 

×
 1

0−
4  S

/m
39

 M
Pa

[5
8]

PA
N

i o
n 

tis
su

e-
cu

ltu
re

-t
re

at
ed

 p
ol

ys
ty

re
ne

, 
dr

op
-d

ry
in

g
2 

kΩ
/s

q
[5

3]

H. Xu et al.



47

C
ar

bo
n 

na
no

m
at

er
ia

ls
G

ra
ph

en
e

41
70

 c
m

2 /
V

 s
[7

2]
G

ra
ph

en
e 

pa
tte

rn
ed

 w
ith

 r
id

ge
s

7.
0 

kΩ
[7

3]
rG

O
 b

le
nd

ed
 w

ith
 G

el
M

A
1.

5–
4 

kΩ
22

.6
 k

Pa
[7

9]
G

ra
ph

en
e/

co
lla

ge
n 

bi
oh

yb
ri

d,
 c

as
tin

g
0.

65
 S

/m
0.

77
–1

.2
9 

M
Pa

[7
4]

C
ol

la
ge

n 
sc

af
fo

ld
s 

co
at

ed
 c

ov
al

en
tly

 w
ith

 G
O

 
re

du
ce

d 
in

 2
%

 s
od

iu
m

 h
yd

ro
su

lfi
te

3.
8–

29
 ×

 1
0−

4  S
/m

16
0–

75
0 

kP
a

[7
5]

rG
O

/m
et

ha
cr

yl
oy

l-
su

bs
tit

ut
ed

 tr
op

oe
la

st
in

~1
 k
Ω

 u
nd

er
 1

0 
H

z
19

.3
 k

Pa
[7

7]
G

ra
ph

en
e 

bl
en

de
d 

w
ith

 P
C

L
, e

le
ct

ro
sp

un
 fi

be
rs

1.
5 

×
 1

0−
11

 to
 1

.5
 ×

 1
0−

8  S
/m

[7
8]

rG
O

 b
le

nd
ed

 w
ith

 s
ilk

 fi
br

oi
n,

 e
le

ct
ro

sp
un

 fi
be

rs
4.

3 
kΩ

~1
2.

5 
M

Pa
[7

6]
G

O
 w

ith
 o

lig
o(

po
ly

(e
th

yl
en

e 
gl

yc
ol

) 
fu

m
ar

at
e,

 
in

je
ct

ab
le

 h
yd

ro
ge

l
0.

42
 S

/m
[8

0]

G
O

 in
co

rp
or

at
ed

 in
 P

E
G

D
A

70
0-

M
el

am
in

e 
cr

os
sl

in
ke

d 
w

ith
 th

io
l-

m
od

ifi
ed

 h
ya

lu
ro

ni
c 

ac
id

0.
03

 S
/m

25
 P

a
[8

1]

G
ol

d 
na

no
pa

rt
ic

le
-m

od
ifi

ed
 G

O
 b

le
nd

ed
 w

ith
 

ch
ito

sa
n

0.
01

2 
S/

m
[9

3]

M
W

C
N

T
s 

bl
en

de
d 

w
ith

 G
el

M
A

~2
.2

 k
Ω

 u
nd

er
 1

 H
z

20
–5

4 
kP

a
[7

0]
SW

C
N

T
s 

bl
en

de
d 

w
ith

 p
ol

y 
(N

-i
so

pr
op

yl
ac

ry
la

m
id

e)
, h

yd
ro

ge
l

1.
08

 ×
 1

0−
4  Ω

−
1

[7
1]

SW
C

N
T

s 
bl

en
de

d 
w

ith
 c

ol
la

ge
n,

 h
yd

ro
ge

l
1.

72
 ×

 1
0−

6  S
/m

[9
6]

SW
N

T
s/

ge
la

tin
, h

yd
ro

ge
l

5 
×

 1
0−

5  S
/m

[6
1]

C
N

T
 d

is
pe

rs
ed

 in
 a

lig
ne

d 
po

ly
(g

ly
ce

ro
l 

se
ba

ca
te

):
 g

el
at

in
, e

le
ct

ro
sp

un
 n

an
ofi

be
rs

~5
 k
Ω

 u
nd

er
 1

00
 H

z
Te

ns
ile

 s
tr

en
gt

h:
 ~

1.
4 

M
Pa

[6
5]

In
je

ct
ab

le
 r

ev
er

se
 th

er
m

al
 g

el
 f

un
ct

io
na

liz
ed

 
w

ith
 M

W
C

N
T

s
6.

93
 ×

 1
0−

4  S
/m

Sh
ea

r 
m

od
ul

us
: 2

21
 P

a
[6

3]

C
N

T
s 

bl
en

de
d 

w
ith

 1
24

 p
ol

ym
er

60
.9

–7
6.

2 
kΩ

1.
6–

2.
2 

M
Pa

[6
4]

C
N

T
s 

bl
en

de
d 

w
ith

 p
ol

yc
ap

ro
la

ct
on

e 
an

d 
si

lk
 

fib
ro

in
, a

lig
ne

d 
na

no
fib

er
 y

ar
ns

6.
5–

8.
1 

×
 1

0−
5  S

/m
In

 s
ut

ur
es

 w
ar

p 
di

re
ct

io
n:

 
11

0 
M

Pa
; i

n 
w

ef
t d

ir
ec

tio
n:

 
20

 M
Pa

[6
8]

M
W

C
N

T
 s

pr
ay

ed
 o

n 
po

ly
ur

et
ha

ne
 e

le
ct

ro
sp

un
 fi

lm
0.

00
5–

2.
13

 S
/m

2.
32

–5
.8

3 
M

Pa
[6

6]
C

ar
bo

n 
fib

er
s 

bl
en

de
d 

w
ith

 P
V

A
, h

yd
ro

ge
l

0.
3 

S/
m

2.
3 

M
Pa

[9
9] (c

on
tin

ue
d)

2 Conductive Nanostructured Scaffolds for Guiding Tissue Regeneration



48

G
ol

d 
na

no
pa

rt
ic

le
s 

(G
N

Ps
)

G
N

Ps
 b

le
nd

ed
 w

ith
 c

hi
to

sa
n,

 h
yd

ro
ge

l
0.

13
 S

/m
6.

8 
kP

a
[8

6]
G

N
R

 b
le

nd
ed

 w
ith

 G
el

M
A

, b
io

pr
in

tin
g

12
.0

 k
Ω

 u
nd

er
 2

0 
H

z
5.

0 
kΩ

 u
nd

er
 1

00
 H

z
4.

7 
kP

a
[9

0]

G
N

R
s/

G
el

M
A

, h
yd

ro
ge

l
81

0 
Ω

 u
nd

er
 2

0 
H

z
70

0 
Ω

 u
nd

er
 1

00
 H

z
1.

3 
kP

a
[8

9]

G
N

Ps
 b

le
nd

ed
 w

ith
 H

E
M

A
15

.3
 S

/m
0.

6–
1.

6 
M

Pa
[8

5]
G

N
Ps

 b
le

nd
ed

 w
ith

 r
ev

er
se

 th
er

m
al

 g
el

14
0.

1 
kΩ

0.
26

 k
Pa

[8
8]

G
N

Ps
 d

ep
os

ite
d 

on
 fi

br
ou

s 
de

ce
llu

la
ri

ze
d 

m
at

ri
x

~2
85

 Ω
[9

2]
G

ol
d 

na
no

ro
ds

 (
G

N
R

s)
/G

el
M

A
Si

lic
a 

na
no

pa
rt

ic
le

s 
(S

N
P)

 b
le

nd
ed

 w
ith

 G
el

M
A

G
N

R
s/

G
el

M
A

: 2
.5

 k
Ω

 
un

de
r 

20
 H

z
SN

P/
G

el
M

A
: 3

0.
77

 k
Ω

 
un

de
r 

20
 H

z

G
N

R
/G

el
M

A
: 1

.3
7 

kP
a

SN
P/

G
el

M
A

: 0
.5

5 
kP

a
[9

8]

N
er

ve
C

on
du

ct
iv

e 
po

ly
m

er
s

PP
Y

 b
le

nd
ed

 w
ith

 P
D

L
L

A
5.

65
–1

5.
56

 m
S/

cm
[1

24
]

PP
Y

 b
le

nd
ed

 w
ith

 p
ol

yp
he

no
l/t

an
ni

c 
ac

id
, 

hy
dr

og
el

0.
05

–0
.1

8 
S/

cm
0.

3–
2.

2 
kP

a
[1

26
]

PP
Y

/h
ya

lu
ro

ni
c 

ac
id

 w
ith

 C
N

T
s

12
.5

9 
kΩ

 u
nd

er
 1

 H
z

1.
67

 k
Ω

 u
nd

er
 1

0 
H

z
3.

17
 k

Pa
[1

36
]

PA
N

i i
n 

po
ly

 (
ep

si
lo

n-
ca

pr
ol

ac
to

ne
)/

ge
la

tin
, 

el
ec

tr
os

pu
n 

na
no

fib
er

s
2.

4 
×

 1
0−

8  Ω
−

1
Te

ns
ile

 s
tr

en
gt

h:
 

8.
19

–8
.7

5 
M

Pa
[1

22
]

PA
N

i b
le

nd
ed

 w
ith

 p
ol

ye
th

yl
en

e 
gl

yc
ol

 
di

ac
ry

la
te

1.
1 

×
 1

0−
3  m

S/
cm

[1
23

]

po
ly

(g
ly

ce
ro

l s
eb

ac
at

e)
 m

ix
ed

 w
ith

 a
ni

lin
e 

pe
nt

am
er

 c
on

ju
ga

te
d 

w
ith

 p
ol

yu
re

th
an

e
1.

4 
×

 1
0−

6  t
o 

8.
5 

×
 1

0−
5  S

/
cm

5.
6–

75
.5

 M
Pa

[1
27

]

E
le

ct
ri

ca
l a

ct
iv

e 
co

m
po

ne
nt

Sc
af

fo
ld

C
on

du
ct

iv
ity

Y
ou

ng
’s

 m
od

ul
us

  
(u

nl
es

s 
no

te
d)

R
ef

er
en

ce
s

Ta
bl

e 
2.

1 
(c

on
tin

ue
d)

H. Xu et al.



49

C
ar

bo
n 

na
no

m
at

er
ia

ls
G

ra
ph

en
e 

on
 ti

ss
ue

 c
ul

tu
re

 p
la

te
35

0 
Ω

 (
50

 μ
m

 ×
 5

0 
μm

)
[1

28
]

rG
O

 b
le

nd
ed

 w
ith

 
po

ly
(3

,4
-e

th
yl

en
ed

io
xy

th
io

ph
en

e)
0.

01
7–

0.
02

5 
S/

m
84

 M
Pa

[1
32

]

Si
ng

le
 la

ye
re

d 
gr

ap
he

ne
 (

SG
) 

or
 m

ul
til

ay
er

ed
 

gr
ap

he
ne

 (
M

G
) 

co
at

ed
 w

ith
 P

D
A

/R
G

D
 a

nd
 

po
ly

ca
pr

ol
ac

to
ne

 (
PC

L
),

 3
D

 p
ri

nt
in

g 
an

d 
la

ye
r 

by
 la

ye
r 

ca
st

in
g

SG
/P

C
L

: 0
.8

9 
S/

m
M

G
/P

C
L

: 0
.6

4 
S/

m
SG

/P
C

L
: 6

8.
74

 M
Pa

M
G

/P
C

L
: 5

8.
63

 M
Pa

[1
30

]

hi
gh

ly
-c

on
du

ct
iv

e 
fe

w
-w

al
le

d-
C

N
T

 (
fw

C
N

T
) 

bl
en

de
d 

w
ith

 g
um

 A
ra

bi
c

30
00

 S
/c

m
[1

37
]

ag
ar

os
e 

m
od

ifi
ed

 c
ar

bo
n 

na
no

fib
er

s,
 w

et
 

sp
in

ni
ng

14
5 

S/
cm

L
N

+
: 8

67
 M

Pa
[1

33
]

C
N

T
/c

hi
tin

, p
la

sm
a-

tr
ea

te
d

2.
89

 S
/m

42
0 

M
Pa

[1
35

]
SW

C
N

T
s 

m
od

ifi
ed

 b
y 

PP
Y

 a
nd

 b
le

nd
ed

 w
ith

 
hy

al
ur

on
ic

 a
ci

d
12

.5
9 

kΩ
 u

nd
er

 1
 H

z
1.

67
 k
Ω

 u
nd

er
 1

0 
H

z
3.

17
 k

Pa
[1

36
]

Sk
el

et
al

C
on

du
ct

iv
e 

po
ly

m
er

s
PA

N
i b

le
nd

ed
 w

ith
 P

C
L

, e
le

ct
ro

sp
un

 fi
be

rs
,

63
.6

 m
S/

cm
55

.2
 M

Pa
[1

17
]

G
ra

ft
in

g 
an

ili
ne

 p
en

ta
m

er
 to

 p
ol

y(
et

hy
le

ne
 

gl
yc

ol
)-

co
-p

ol
y(

gl
yc

er
ol

 s
eb

ac
at

e)
1.

84
 ×

 1
0−

4  S
/c

m
24

.6
 M

Pa
[1

15
]

Se
lf

-h
ea

la
bl

e 
co

nd
uc

tiv
e 

in
je

ct
ab

le
 h

yd
ro

ge
ls

 
sy

nt
he

si
ze

d 
by

 te
tr

am
er

-g
ra

ft
-4

-f
or

m
yl

be
nz

oi
c 

ac
id

 /N
-c

ar
bo

xy
et

hy
l c

hi
to

sa
n

2.
7–

3.
4 

×
 1

0−
2  m

S/
cm

T
he

 s
to

ra
ge

 m
od

ul
us

: 
30

0–
60

0 
Pa

[1
16

]

C
ar

bo
n 

na
no

m
at

er
ia

ls
r(

G
O

/P
A

A
m

),
 C

as
tin

g 
fil

m
1.

3–
1.

4 
×

 1
0−

4  S
/c

m
r(

G
O

/P
A

A
m

):
 4

9–
57

 k
Pa

[1
13

]
G

O
/P

C
L

, e
le

ct
ro

sp
un

 fi
be

rs
10

−
7  S

/m
Te

ns
ile

 s
tr

en
gt

h:
 4

.0
 M

Pa
[1

08
]

G
O

 a
nd

 h
yd

ro
xy

ap
at

ite
 n

an
op

ar
tic

le
s,

 h
yd

ro
ge

l
0.

12
–0

.2
 S

/m
20

0–
32

0 
kP

a
[1

10
]

M
W

C
N

T
/P

L
A

, e
le

ct
ro

sp
un

 fi
be

rs
R

an
do

m
: 1

 ×
 1

04  Ω
/s

q
A

lig
ne

d:
 1

 ×
 1

03  Ω
/s

q
R

an
do

m
: 2

0–
80

 M
Pa

A
lig

ne
d:

 4
0–

90
 M

Pa
[1

07
]

M
W

C
N

T
s 

m
em

br
an

e 
fu

nc
tio

na
liz

ed
 b

y 
th

e 
[4

 +
 2

] 
D

ie
ls

–A
ld

er
 c

yc
lo

ad
di

tio
n 

re
ac

tio
n 

of
 1

,3
 

bu
ta

di
en

e

3 
×

 1
03  S

/m
[1

05
]

(c
on

tin
ue

d)

2 Conductive Nanostructured Scaffolds for Guiding Tissue Regeneration



50

W
ou

nd
C

on
du

ct
iv

e 
po

ly
m

er
s

Q
ua

te
rn

iz
ed

 c
hi

to
sa

n 
gr

af
te

d 
w

ith
 p

ol
ya

ni
lin

e 
bl

en
de

d 
w

ith
 b

en
za

ld
eh

yd
e 

gr
ou

p 
fu

nc
tio

na
liz

ed
 

po
ly

(e
th

yl
en

e 
gl

yc
ol

)-
co

-p
ol

y(
gl

yc
er

ol
 

se
ba

ca
te

),
 h

yd
ro

ge
l

2.
25

–3
.5

 m
S/

cm
58

–3
68

 P
a

[1
38

]

O
xi

di
ze

d 
hy

al
ur

on
ic

 a
ci

d-
gr

af
t-

an
ili

ne
 

te
tr

am
er

/N
-c

ar
bo

xy
et

hy
l c

hi
to

sa
n,

 h
yd

ro
ge

l
0.

1–
0.

45
 m

S/
cm

Sh
ea

r 
m

od
ul

us
: 

0.
13

–1
.4

0 
kP

a
[1

39
]

C
ar

bo
n 

na
no

m
at

er
ia

ls
rG

O
/h

ya
lu

ro
ni

c 
ac

id
 g

ra
ft

 d
op

am
in

e
(1

.2
–2

.5
) 

×
 1

0−
4  S

/m
Sh

ea
r 

m
od

ul
us

: 
0.

32
–0

.4
2 

kP
a

[1
47

]

Po
ly

do
pa

m
in

e-
re

du
ce

d 
G

O
 d

is
pe

rs
ed

 in
 m

ix
tu

re
 

of
 c

hi
to

sa
n 

an
d 

si
lk

 fi
br

oi
n,

 f
re

ez
e-

dr
yi

ng
0.

05
–0

.2
5 

S/
cm

C
om

pr
es

si
ve

 s
tr

en
gt

h:
 

60
–9

0 
kP

a
[1

46
]

C
N

T
s 

bl
en

de
d 

w
ith

 g
ly

ci
dy

l m
et

ha
cr

yl
at

e 
fu

nc
tio

na
liz

ed
 q

ua
te

rn
iz

ed
 c

hi
to

sa
n

0.
04

–0
.1

2 
S/

m
[1

48
]

E
le

ct
ri

ca
l a

ct
iv

e 
co

m
po

ne
nt

Sc
af

fo
ld

C
on

du
ct

iv
ity

Y
ou

ng
’s

 m
od

ul
us

  
(u

nl
es

s 
no

te
d)

R
ef

er
en

ce
s

Ta
bl

e 
2.

1 
(c

on
tin

ue
d)

H. Xu et al.



51

polymers to be used as scaffolds are electrically insulating, and scaffolds lack the 
structural and mechanical robustness to engineer cardiac tissue constructs with suit-
able electrophysiological functions. Strategies to overcome the problems are incor-
porating conductive polymers or/and conductive nanomaterials into polymeric 
materials to bring the electrical conductivity to the scaffolds, and the incorporated 
conductive materials can increase the stiffness of the scaffolds at the same time. In 
addition, the conductive engineered cardiac tissue-like constructs are also expected 
to provide a powerful platform for drug screening and assessment of cardiac toxic-
ity in vitro, because they are simple, fast, relatively cheap, and require fewer ani-
mals, therefore would be a significant advancement for developing new drugs and 
have led to a growing interest in recent years.

2.3.1  Composite Scaffolds Containing Conductive Polymers

2.3.1.1  Polypyrrole

Polypyrrole (PPY) is a well-known conductive polymer in tissue engineering. 
However, as introduced before, PPY is a non-thermal plastic, mechanically rigid, 
and brittle. Hence, it is usually conjugated to or just blended with insulating poly-
mers for fabricating conductive scaffolds. By this way, its biocompatibility is 
improved due to compositing with other polymers and the resulting scaffolds 
obtained improved conductivity [44, 45].

Hydrogels containing PPY have been widely investigated. Chitosan is biode-
gradable, produces minimal immune reaction in humans, and has been used exten-
sively as a biomaterial for decades. For example, when PPY was grafted to chitosan 
side chain by a chemical oxidative polymerization, a PPY-chitosan hydrogel could 
be generated, which did not reduce the attachment, metabolism, or proliferation of 
rat smooth muscle cells (SMCs) in vitro. Importantly, the PPY-chitosan hydrogels 
formed hysteresis loops when subjected to a cyclic voltammetry, suggesting they 
are semiconductive, whereas ungrafted chitosan was not. When neonatal rat cardio-
myocytes were seeded on the semiconductive hydrogel, they showed enhanced Ca2+ 
signal conduction in comparison with those on the chitosan alone. In addition to the 
semiconductivity, the PPY-chitosan had good mechanical properties and was inject-
able, these features collectively in turn significantly improved border zone conduc-
tion velocity with improved cardiac function around the scar of rat hearts after MI 
[46]. Furthermore, the PPY-chitosan injected was reported to form a hydrogel in situ 
and restore tissue conductivity of the scar and re-establish synchronous ventricular 
contraction, which were evidenced by the improvement of electrical impulse propa-
gation across the scarred tissue and the decreased QRS interval, whereas saline 
control or chitosan alone continued to have delayed propagation patterns and sig-
nificantly reduced conduction velocity compared to healthy controls [47]. When the 
PPY-chitosan was integrated with a conventional gelfoam GelMA (methyl acrylic 
anhydride-gelatin), the two components formed a three-dimensional conductive 
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patch (PPY-chitosan+GelMA) used to support cardiomyocyte (CM) viability and 
function in vitro. The PPY-chitosan+GelMA patch not only showed a higher mean 
breaking stress but also showed higher conductivity than GelMA or GelMA soaked 
with chitosan (chitosan+GelMA) in the ex vivo conductivity testing. As a result, the 
Ca2+ transient velocity of cardiomyocytes cultured on the conductive patch was 2.5- 
fold higher than that of cardiomyocytes cultured on GelMA or chitosan+GelMA. When 
the patches were implanted in a full-thickness right ventricular outflow tract defect 
of rats, the patch-implanted hearts had faster conduction velocities, as measured on 
the epicardial surface by optical mapping at 4 weeks post-implantation. Furthermore, 
the composite looked biocompatible, since continuous electrocardiographic telem-
etry did not reveal any pathologic arrhythmias after patch implantation and noted 
that there was higher inflammatory cell infiltration in the two control groups com-
pared with the conductive GelMA patch [48].

Besides combined with hydrogels, PPY can be integrated into nanofibrous scaf-
folds by utilizing electrospinning technique. It is well documented that nanofibrous 
structures are to some extent like that of natural extracellular matrix, and electroac-
tive scaffolds that provide topographical cues as well as electrical and mechanical 
properties are attractive and have been largely investigated in the past decades. One 
of the simple approaches of generating conductive nanofibers was to have 
poly(lactic-co-glycolic acid) (PLGA) fibers coated with PPY, the resulting product 
was named as electromechanically active fiber scaffold. Interestingly, the scaffold 
was reported to be capable of generating mechanical actuation through the volume 
change of the individual fibers as well as delivering direct electrical stimulation to 
induced human pluripotent stem cells (iPS). By this way, the scaffold increased the 
expression of cardiomyocyte-specific genes (Actinin, NKX2.5, GATA4, Myh6, c-kit) 
and downregulated the expression of stemness genes (Oct4, Nanog) for both electri-
cal stimulated and unstimulated protocols, and the scaffold while exhibiting no 
cytotoxic effects on the iPS [49]. Nevertheless, the biocompatibility of high concen-
trations of PPY remains controversial, higher than 9.7 μg/mL PPY polymerized by 
oxidative doping has been considered harmful for cell viability/proliferation [50]. 
To overcome this challenge, a research group proposed an approach to reduce the 
amount of PPY but to retain the necessary conductivity: to integrate conductive 
nanoparticles composed of GelMA and PPY with electrospun nanofibrous mem-
brane composed of polycaprolactone (PCL) and GelMA (ES-GelMA/PCL) follow-
ing the separate preparations. First step was to prepare the conductive nanoparticles 
(GelMA-PPY); next, the GelMA-PPY nanoparticles were uniformly crosslinked on 
the ES-GelMA/PCL membrane, the more deposition of conductive nanoparticles, 
the higher conductivity the scaffold had. In addition, GelMA-PPY nanoparticles 
brought rough topography to the nanofibrous membrane, which was considered 
beneficial to the vascularization in  vitro. The conductive scaffolds enhanced the 
function of cardiomyocytes and yielded their synchronous contraction. After 
implanted on the infarcted heart for 4 weeks, the conductive membrane had the 
infarct area decreased by about 50%, the left ventricular shortening fraction percent 
was increased by about 20%, and the neovascular density in the infarct area was 
significantly increased by about nine times compared with that in the MI group [51]. 
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PPY was also used in nanostructural patterns that are extracellular cues to guide cell 
proliferation and differentiation. For example, through polymerization on surface, 
PPY was deposited directly on the acid-modified silk fibroin-patterned nanoscale 
ridges and grooves mimicking of native myocardial extracellular matrix (ECM) 
topography, which made a remarkable reduction of resistance for the silk fibroin 
film, from 106 Ω/sq for the unmodified sheet to the range of 200–500 Ω/sq [52]. 
Consequently, the patterned conductive substrates maintained high cell viability 
over 21 days incubation, meanwhile, the structural and functional properties of cul-
tured human pluripotent stem cells (hPSC)-derived cardiomyocytes were enhanced 
due to the electroconductive and the anisotropic topographical cues, evidenced by 
the increase of cellular organization and sarcomere development and significantly 
upregulated the expression and polarization of connexin 43 (Cx43) and the expres-
sion of genes that encode key proteins involved in regulating the contractile and 
electrophysiological function of mature human cardiac tissue.

2.3.1.2  Polyaniline and Derivatives

Another frequently investigated conductive polymer is polyaniline (PANi) that is a 
substance polymerized chemically or electrochemically with monomeric aniline. In 
an earlier literature, a group investigated the adhesion and proliferation properties 
of rat cardiac myoblast H9c2 cells on the polyaniline substrate. It was reported that 
the conductive polyaniline allowed for cell attachment and proliferation. In com-
parison with tissue-culture-treated polystyrene (TCP), the initial adhesion of H9c2 
cells to the conductive PANi was slightly reduced by 7%, but the overall rate of cell 
proliferation on the conductive surfaces was like that on the control TCP surfaces. 
After 6 days in culture, the cells formed confluent monolayers which were morpho-
logically indistinguishable. However, the stability of conductivity remained a chal-
lenge. Although the conductive PANi retained a significant level of electrical 
conductivity for at least 100 h in an aqueous physiologic environment, the conduc-
tivity gradually decreased by about three orders of magnitude over time [53]. It is 
easy to fabricate conductive scaffolds by blending PANi with various kinds of poly-
mers. For example, PANi was able to be blended with gelatin and co-electrospun 
into nanofibers. The blend fibers containing less than 3% PANi in total weight 
showed uniform morphology without phase segregation, and interestingly, the aver-
age diameter of fibers was reduced from 803 nm to less than 100 nm, and the tensile 
modulus increased from 499 to 1384 MPa, due to the addition of PANi. The result-
ing fibrous scaffolds could support rat cardiac myoblast H9c2 cell attachment and 
proliferation, and the cells grown on the fibers of smaller diameter showed more 
stressful morphology [54]. A mesh made of aligned nanofibers of PANi and 
poly(lactic-co-glycolic acid) (PLGA) was reported to be able to attract negatively 
charged fibronectin and laminin that are beneficial to enhance cell adhesion. The 
adhered cardiomyocytes became connected to each other and formed isolated cell 
clusters; the cells within each cluster elongated and aligned their morphology along 
the major axis of the fibrous mesh, and the cardiomyocytes within each cluster beat 
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synchronously. At the same time, the gap-junction protein connexin 43 was observed 
upregulated, implying that the cells have developed coupling between each other. 
Furthermore, the beating rates among these isolated cell clusters were capable of 
being synchronized under an electrical stimulation imitating that generated in a 
native heart, which is an important feature, because the impaired heart function 
depends on electrical coupling between the engrafted cells and the host myocar-
dium to ensure their synchronized beating [55]. Similar conductive nanofibrous 
sheets composed of poly(l-lactic acid) (PLA) blending with PANi were reported for 
cardiac tissue engineering and cardiomyocyte-based 3D bioactuators. By incorpo-
rating PANi up to 3 wt% into the PLA polymer, the electrospun nanofibrous sheets 
gained enhanced conductivity. These conductive nanofibrous sheets not only 
enhanced the cell–cell interaction, maturation, and spontaneous beating of primary 
cardiomyocytes but were also a kind of suitable fundamental material to fabricate 
cardiomyocyte-based 3D bioacutuators. The folding bioactuator formed by 
cardiomyocyte- laden PLA/PANi displayed stronger spontaneous contraction at 
1.6 Hz and displacement without any trigger, which was driven by synchronous 
beating of the cardiomyocytes than that formed by cardiomyocyte-laden PLA nano-
fibrous sheets [56]. The blend of chitosan and PANi was employed to process a re- 
entrant honeycomb pattern that can provide negative Poisson’s ratio, aiming to 
obtain the auxetic behavior for scaffolds of cardiomyocytes. It is known that the 
Young’s modulus of native human heart varies from 0.02 to 0.50 MPa depending on 
whether the heart is in systole or diastole, with infarct tissue being even stiffer. In 
order to meet the demand of cardiomyocytes contracting on scaffolds, auxetic 
behavior can be imparted into a material. The scaffold design addressed the match 
of dynamic mechanical properties between heart tissue and cardiac patch. The 
micropattern of the re-entrant honeycomb structure was developed by using excimer 
laser microablation, which produced patches that could be tuned to match native 
heart tissue. The resulting scaffolds with the ultimate tensile strength and strain at 
failure of 0.06–1.53 MPa and 27–96%, respectively, are comparable to the reported 
values for native human heart tissue. The patches were determined to have Poisson’s 
ratios in the range of −1.45 to −0.15. It is noticeable that the conductivity of the 
patterned patches was also anisotropic and maintained a similar level of conductiv-
ity compared to the unpatterned patches composed of the same composite. As an 
encouraging result, the auxetic patches were cytocompatible with murine neonatal 
cardiomyocytes in vitro and had no detrimental effect on the electrophysiology of 
both healthy and MI rat hearts and conformed better to native heart movements than 
unpatterned patches of the same material in ex vivo. Besides, the implantation in a 
rat MI model for 2 weeks had not shown detrimental effects on cardiac function, and 
negligible fibrotic responses were detected [57].

Like PPY, the biocompatibility of PANi is still a concerned issue. To avoid the 
potential toxicity of PANi to cardiomyocytes grown on the nanofibrous scaffold, a 
group fabricated a kind of core–shell fiber using coaxial electrospinning technique. 
The mixture of poly(lactic acid) (PLA) and PANi doped with dodecylbenzenesul-
fonic acid (DBSA) was used as the component of the core, and the mixture of PLA 
and poly(ethylene glycol) (PEG) was taken as the out layer of the fiber. Interestingly, 
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the incorporation of PEG could enhance the packing of PLA and PANi chains. The 
PANi and PEG affected the thermal and electrical properties of the fibers, both 
decreasing the glass transition temperature and increasing the electrical conductiv-
ity, and at the same time, the biocompatibility of the core-shell fibers increased [58]. 
Another strategy of avoiding the potential cytotoxicity of PANi was to have PANi 
grafted to the backbone of chitosan molecules. For example, PANi was grafted to 
the backbone of quaternized chitosan. The resulting hydrogel gained the conductiv-
ity similar to that of native cardiac tissue (~10−3 S/cm) and showed good biocompat-
ibility with adipose-derived mesenchymal stem cells (ADMSCs) as well as the 
H9C2 cardiac cells and myoblasts C2C12 cells [59]. Besides PPY and PANi, some 
new conductive polymers have been explored for uses in the fabrication of conduc-
tive scaffolds. For example, a homogeneous electronically conductive double net-
work hydrogel (HEDN) was fabricated by a rigid, hydrophobic and conductive 
network of chemical crosslinked poly(thiophene-3-acetic acid) and a flexible hydro-
philic biocompatible network of photo-crosslinking methacrylated aminated gela-
tin. By adjusting the component ratio, the swelling, mechanical, and conductive 
properties of HEDN hydrogel could be modulated. The Young’s moduli for the 
resulting double network hydrogel varied from 22.7 to 493.1 kPa, and its conductiv-
ity was about 0.01 S/m, falling in the range of the conductivity for native myocar-
dium tissue. The hydrogel is biocompatible, could well support brown 
adipose-derived stem cells survival and proliferation, as well as improve the cardiac 
differentiation of the stem cells and electrical stimulation can further improve this 
effect [60].

2.3.2  Conductive Scaffolds Containing Inorganic 
and Metal Nanoparticles

It has been widely recognized that conductive nanoparticles are ideal contents to 
bring conductivity and nano-scale topography to scaffolds, as well as to reinforce 
mechanical properties of the scaffolds. Carbon nanotubes, grapheme, gold nanopar-
ticles, silicon wire, and silver nanoparticles are mostly investigated ones.

2.3.2.1  Carbon Nanotubes

Carbon nanotubes (CNTs) can be easily incorporated with various kinds of hydro-
gels. For example, SWNTs were incorporated into gelatin hydrogels to construct 
three-dimensional engineered cardiac tissues. The SWNTs in the hydrogel could 
provide cellular microenvironment in  vitro favorable for cardiac contraction and 
increased the expression of electrochemical associated proteins Cx43 and TnT. Upon 
implantation into the infarct hearts in rats, the engineered cardiac tissues structur-
ally integrated with the host myocardium, with different types of cells observed to 
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mutually invade into implants and host tissues, showing essential roles of SWNTs 
to improve the performance of ECTs in inhibiting pathological deterioration of 
myocardium [61]. In another research, by blending single-walled carbon nanotubes 
at subtoxic concentrations with a gelatin-chitosan hydrogel, a composite hydrogel 
was developed, in which the SWCNTs were designed to act as electrical nano-
bridges between cardiomyocytes, resulting in the enhancement of electrical cou-
pling, synchronous beating, and cardiomyocyte function. The conduction velocity 
of NRVM cultured in hydrogels containing SWNTs was ∼23 cm/s, which was sig-
nificantly faster than NRVM cultured in hydrogels without SWNTs, and close to 
∼27 cm/s in 10-day-old neonatal rat heart [62]. When conjugated with an injectable 
reverse thermal gel (RTG), multiwalled carbon nanotubes (MWCNTs) brought con-
ductivity to RTG, which transited from a solution at room temperature to a three-
dimensional (3D) gel-based matrix shortly after reaching body temperature 
(RTG-CNT). The resistance of MWCNTs functionalized with –COOH was 24.3 kΩ, 
and RTG-CNT had a resistance of 144.3 kΩ at 37 °C. The 3D RTG-CNT system 
supported long-term CM survival, promoted CM alignment and proliferation, and 
improved CM function when compared with traditional two-dimensional gelatin 
controls and 3D RTG system without CNTs [63].

Casting is a facile approach to introduce carbon nanotubes (CNTs) into synthetic 
polymers. An elastomeric film was produced by blending multiwalled carbon nanotubes 
(MWCNTs) into poly(octamethylene maleate (anhydride) 1,2,4- butanetricarboxylate) 
(124 polymer) for cardiac tissue engineering, in which the MWCNTs provided elec-
trical conductivity and structural integrity to 124 polymer. The 124 polymer with 
0.5% and 0.1 wt% MWCNTs exhibited improved conductivity and swelling against 
pristine 124 polymer. The bulk modulus of composite film was increased propor-
tionally to the MWCNT content while the bulk modulus was decreased. 
Consequently, the excitation threshold of engineered cardiac tissue on the film with 
0.5% MWCNTs was 3.6 V/cm, significantly shorter than 5.1 V/cm of the control 
and 5.0 V/cm of 0.1% CNTs, suggesting greater tissue maturity due to the electrical 
and mechanical advantages of the scaffolds [64]. Besides integrating in casting 
films, multiwalled carbon nanotubes can also be dispersed in aligned poly(glycerol 
sebacate):gelatin (PG) electrospun nanofibers (CNT-PG) to enhance the fibers’ 
alignment and improved the electrical conductivity and toughness of the scaffolds. 
The CNT-PG was observed to maintain the viability, retention, alignment, and con-
tractile activities of cardiomyocytes, leading to a stronger spontaneous and synchro-
nous beating behavior, the cells showing 3.5-fold lower excitation threshold and 
2.8-fold higher maximum capture rate compared to those cultured on the noncon-
ductive PG scaffold after 7-day culture, no matter with or without electrical stimula-
tions [65]. Multiwalled carbon nanotubes (MWCNTs) could be combined with 
polyurethane nanofibers by electrospray technique to generate electroconductive 
nanofibrous patches. The MWCNTs were reported to well adhere on the polyure-
thane nanofibers that created an interconnected web-like structures, and the 
MWCNT content could reach to 0.2 wt%, 0.3 wt%, and 0.6 wt% when deposited in 
the nanofibrous patches. The addition of MWCNTs decreased the diameter of the 
nanofibers and significantly enhanced the electrical conductivity, tensile strength, 
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Young’s modulus, and hydrophilicity of the nanocomposites. Importantly, the scaf-
folds showed better cytocompatibility and improved interactions between the scaf-
fold and cardiomyoblasts. Noted that the composite nanofibrous patches also 
friendly enhanced the interactions between scaffolds and endothelial cells, and this 
would be beneficial to the angiogenesis in the engineered constructs of heart [66]. 
Similarly, the positive interactions of MWCNT-containing nanofibrous polyure-
thane to human umbilical vein vascular endothelial cells were reported by our previ-
ous work. The aligned nanofibrous structure and incorporated MWCNT acted in a 
coordinated way to promote the endothelial cells to produce type IV collagen, 
meanwhile the cells seeded on the aligned nanofibrous composite films released 
significantly lower amounts of tissue factor and PAI-1 than those growing on the 
control. These results again showed that MWCNTs component embedded in the 
nanofibrous polyurethane films benefited to the endothelial cells to preserve their 
anticoagulant functions [67].

An interesting design of scaffold fabricated with aligned conductive nanofiber 
yarn network was proposed and fabricated with polycaprolactone, silk fibroin, and 
carbon nanotubes (NFYs-NET). The nanofiber yarn network was intended to mimic 
the native cardiac tissue structure to control cellular orientation and enhance cardio-
myocyte (CM) maturation. When encapsulated within a hydrogel shell, the NFYs- 
NET layers formed 3D hybrid scaffolds, and these 3D scaffolds promoted aligned 
and elongated CM maturation on each layer and individually control cellular orien-
tation on different layers in a 3D environment. When CMs were cultured on the 
NFYs-NET layer, and endothelial cells were within the hydrogel shell, endothelial-
ized myocardium was constructed, as the NFYs-NET layer induced cellular orienta-
tion, maturation, and anisotropy, and the hydrogel shell provided a suitable 3D 
environment for endothelialization [68]. Besides employed as fillers in composites, 
carbon nanotubes can be used as scaffolds directly to cardiac cells in the form of 
nonwoven film or mesh. For example, superaligned carbon nanotube sheets 
(SA-CNTs) were employed to culture cardiomyocytes, mimicking the aligned 
structure and electrical impulse transmission behavior of the natural myocardium. 
The SA-CNTs not only induced an elongated and aligned cell morphology of cul-
tured cardiomyocytes but also provided efficient extracellular signal transmission 
pathways required for regular and synchronous cell contractions. Furthermore, the 
SA-CNTs reduced the beat-to-beat and cell-to-cell dispersion in repolarization of 
cultured cells, which is essential for a normal beating rhythm, and potentially 
reduced the occurrence of arrhythmias. The SA-CNT-based flexible one-piece elec-
trodes also demonstrated a multipoint pacing function. These features make 
SA-CNTs promising in applications in cardiac resynchronization therapy by 
enhancing cells to communicate electronic signals [69].

In addition to the conductivity, the function of ROS clearance for carbon nano-
tubes may contribute to the scaffold-induced tissue regeneration, since ROS would 
severely impair the adhesion of engrafted stem cells. In one study, carbon nanotubes 
(CNTs) were incorporated in the gelfoam (GelMA). By seeding neonatal rat cardio-
myocytes on the hydrogels, cardiac constructs were developed. Researchers noticed 
that the addition of CNTs brought an important function to the cardiac patches, that 
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is, to resist the damage induced by a model cardiac inhibitor heptanol as well as a 
cytotoxic compound doxorubicin. In this investigation, heptanol or doxorubicin was 
applied to the cardiac patches for 5-day culture. Heptanol is a widely used reversible 
inhibitor of cell-to-cell coupling, which prevents gap-junctional permeability of 
Ca2+ and interrupts beating propagation. A rapid disappearance of synchronous 
beating was observed on the pristine GelMA surface within 20 min, while beating 
persisted on CNT-GelMA. More CNT addition led to more gradual disturbance to 
beating rhythm. It means that cardiomyocytes on CNT-GelMA continued to beat 
synchronously even after the gap junctional beating propagation was inhibited, indi-
cating that the conductive CNT network played a role in propagating calcium tran-
sient and action potential between cells. The generation of free oxygen radicals is 
believed to be the main mechanism for the cardiotoxicity of doxorubicin. When 
300 μM of doxorubicin was perfumed into the growth chamber, tissues on pristine 
GelMAs showed an immediate decrease (>50%) in the beating amplitude, as well 
as the beating rates, while the amplitude and beat-to-beat variation of cardiac tissues 
on CNT-GelMA were not significantly affected, which suggests a protective role of 
CNT against oxidative stress by acting as free radical scavengers, and might be an 
important feature of carbon nanomaterial-containing scaffolds [70]. Similarly, 
another research group reported that single-walled carbon nanotubes (SWCNTs) 
were able to clear ROS after MI.  In this study, poly (N-isopropylacrylamide) 
(PNIPAAm) hydrogel was used for encapsulating brown adipose-derived stem 
cells, and a small amount of SWCNTs were introduced into the hydrogel. Although 
the conductivity of the resulting hydrogels was only 10−4 Ω−1, it could be noticed 
that in the presence of H2O2, the stem cells in the SWCNT-containing hydrogel 
showed significantly higher bioactivities including promoted cell adhesion and pro-
liferation compared with those in the control hydrogel. Furthermore, the SWCNT- 
containing hydrogel encapsulating the stem cells could be injected in situ in rats 
with myocardial infarction and significantly enhanced the engraftment of seeding 
cells in infarct myocardium and augmented their therapeutic efficacies [71].

2.3.2.2  Graphene and Derivatives

Graphene and graphene derivatives including graphene oxide (GO) and partly 
reduced GO (rGO) have been extensively employed as novel components to fabri-
cate electrically conductive composites that can effectively deliver electrical signals 
to biological systems. Graphene is a superconductive material that can be used 
directly for the growth and differentiation of stem cells and human induced pluripo-
tent stem cells (hiPSCs). The ability of iPS to differentiate into cardiomyocytes 
provides abundant sources for disease modeling, drug screening, and regenerative 
medicine; however, hiPSC-derived cardiomyocytes (hiPSC-CMs) display a low 
degree of maturation and fetal-like properties. To overcome this problem, one 
example is to seed hiPSCs on graphene sheets. It was assumed that the graphene 
substrate could facilitate the intrinsic electrical propagation, mimicking the micro-
environment of the native heart to promote the global maturation of hiPSC-CMs. 
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It was reported that the graphene substrate markedly increased the myofibril ultra-
structural organization, elevated the conduction velocity, and enhanced both Ca2+ 
handling and electrophysiological properties of the stem cells even without electri-
cal stimulation. On the graphene substrate, the level of connexin 43 increased as 
well along with the conduction velocity, and the bone morphogenetic protein signal-
ing was significantly activated during the early period of cardiogenesis in RNA level 
[72]. In some studies, micro- and nano-scale topographies were brought into gra-
phene membranes by specifically processing technology, which have been demon-
strated mimicking the extracellular matrix structures to some extent. One group 
selected polyethylene glycol (PEG) as substrates on which there were ridges and 
grooves of 800 nm in widths fabricated by using capillary force lithographic tech-
niques. The graphene membrane was placed on the patterned PEG following the 
oxygen-plasma treatment, which allows them to have more profound effect on cel-
lular phenotype than the pristine graphene membrane. As shown that the tissue con-
structs displayed the enhancement of myofibrils and sarcomeres and exhibited the 
expression of cell–cell coupling, meanwhile, calcium-handling proteins were all 
significantly increased, suggesting that directional electrical conductivity could 
impact the functional phenotype of cultured cardiac cells [73].

Like carbon nanotubes, graphene can be easily incorporated with various kinds 
of polymeric materials that are further processed into scaffolds with different nano-
structures or blended in hydrogels. By this way, one can design and fabricate con-
ductive scaffolds with controllable mechanical properties and versatile 
microstructures. For example, collagen and pristine graphene were mixed to pre-
pare a kind of biological composite to harness both the biofunctionality of the pro-
tein component and the increased stiffness and enhanced electrical conductivity to 
matching that of native cardiac tissue. The biological composite containing 32 wt% 
graphene significantly increased metabolic activity and cross-striated sarcomeric 
structures of embryonic stem-cell-derived cardiomyocytes, and electrical stimula-
tion further enhanced the alignment and maturation of the embryonic stem-cell- 
derived cardiomyocytes. In addition, the biological composite also enhanced human 
cardiac fibroblast growth and simultaneously inhibited the attachment of bacterial 
such as Staphylococcus aureus [74]. Partly reduced graphene oxide (rGO) is also a 
candidate in the fabrication of conductive composites. Although the oxidation treat-
ment decreases the conductivity of pristine graphene, following partly reduction can 
restore part of the conductivity of graphene oxide; hence, rGO usually has a higher 
conductivity than GO while holding better hydrophilic property than pristine gra-
phene. For example, a composite of collagen and graphene oxide (Col-GO) with a 
reduction treatment was fabricated for uses as a cardiac patch. In the fabrication 
process, collagen scaffolds were generated using a freeze-drying method, followed 
by conjugated covalently with GO. At the final step, the scaffold Col-GO was sub-
jected to a reduction treatment by an immersion in 2% sodium hydrosulfite for 
3 min. By this way, the electrical conductivity of the final scaffolds fell in the range 
of semiconductive materials about 10−4 S/m. At the same time, the highest tensile 
strength of the scaffolds could reach to 162 kPa and the Young’s modulus to 750 kPa. 
As for the morphology of the scaffolds, there were randomly oriented 
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interconnected pores of 120–138 μm in diameter in the Col-GO scaffolds where GO 
flakes being well distributed in the pore walls. It is interesting and should be noted 
that the scaffolds showed the function of enhancing angiogenesis as higher VEGF 
expression observed in the scaffolds collected at 4 weeks after subcutaneous implan-
tation as well as supported neonatal cardiomyocyte adhesion and upregulated the 
expression of the cardiac genes, including Cx43, Actin4, and Trpt-2 than their non-
conductive counterparts [75]. Reduced graphene oxide was also used to modify silk 
nanofibrous biomaterials with controllable surface deposition on the nanoscale. A 
reduced graphene oxide (rGO) nanolayer could be attained, and the thickness was 
well controlled on the silk nanofibrous scaffolds by using a vacuum filtration sys-
tem. The electrical resistance of the composites was 4.3 kΩ, and the Young’s modu-
lus was not affected by the rGO deposition. The composite nanofibrous scaffolds 
promoted the expression of cardiac-specific proteins including α-actinin, cTnT, and 
Cx43 and increased the tissue contraction under the external electrical stimulation 
(Fig.  2.2) [76]. There are many investigations using GO as fillers in composites 
though the conductivity of GO is not so high. For example, a highly elastic hybrid 
hydrogel composed of methacryloyl-substituted recombinant human tropoelastin 
(MeTro) and graphene oxide (GO). In this investigation, the features of flexibility, 
biocompatibility, and ease of dispersion in aqueous solutions for GO were addressed, 
instead of the conductivity that is compromised due to the oxidation process. The 
synergistic effect of MeTro and GO significantly enhanced ultimate strain (250%), 
reversible rotation (9700°), and the fracture energy (38.8 ± 0.8 J/m2) in the hybrid 
network. At the same time, the hybrid hydrogels improved electrical signal propaga-
tion and subsequent contraction of the muscles connected to some extents in the 
ex vivo tests [77].

Besides compositing with biological materials, a large number of investigations 
have reported the integration of graphene with synthetic polymeric materials for 
cardiac tissue engineering. One example is that the combination of graphene and 
poly(caprolactone) (PCL) led to the formation of three-dimensional (3D) nanofi-
brous composite scaffolds for cardiac tissue engineering. It was assumed that the 
addition of graphene provided local conductive sites within the PCL matrix, which 
enabled the application of external electrical stimulation throughout the scaffolds. It 
was observed that mouse embryonic stem cell-derived cardiomyocytes (mES-CM) 
well adhered on the composite scaffolds and contracted spontaneously and exhib-
ited cardiomyocyte phenotype. Noted that mES-CM cultured on the composite scaf-
folds exhibited significantly higher fractional release compared to 2D control, and 
also exhibited a significantly shorter caffeine-induced transient T50 compared to 2D 
control, all of which indicated that the added graphene especially affected Ca2+ han-
dling properties of mES-CM [78]. Another example is a reduced graphene oxide 
(rGO)-incorporated gelatin methacryloyl (GelMA) hybrid hydrogel. The incorpora-
tion of rGO into GelMA hydrogel significantly enhanced the electrical conductivity 
and mechanical properties of the material. Moreover, cells cultured on the compos-
ite hydrogel rGO-GelMA exhibited better biological activities including cell viabil-
ity, proliferation, and maturation, compared to those cultured on GelMA hydrogels. 
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Moreover, cardiomyocytes showed stronger contractility and faster spontaneous 
beating rate on rGO-GelMA sheets compared to those on GelMA sheets [79].

Injection of a conductive hydrogel was designed to provide mechanical support 
to the infarcted region and synchronize contraction and restore ventricular function 
by electrically connecting isolated cardiomyocytes to intact tissue. By combining 
graphene oxide (GO) nanoparticles with oligo(poly(ethylene glycol) fumarate) 
(OPF), an injectable semiconductive hydrogel was prepared and injected in rats 4 
weeks after myocardial infarction. The composite hydrogel OPF/GO provided 
mechanical support and improved the electric connection between healthy myocar-
dium and the cardiomyocytes in the scar by activating the canonical Wnt signal 
pathway associating with the generation of Cx43 and gap junction-associated pro-
teins. The Ca2+ signal conduction of cardiomyocytes was also enhanced in the 
infarcted region in comparison with PBS or OPF alone and promoted the generation 
of cytoskeletal structure and intercalated disc assembly. After 4 weeks of injection, 
the heart function of load-dependent ejection fraction/fractional shortening was 
improved [80]. Another example of soft injectable hydrogel with conductive prop-
erty was produced by incorporating graphene oxide (GO) with a multi-armed cross-
linker PEGDA700-Melamine (PEG-MEL), which could crosslink with 
thiol-modified hyaluronic acid (HA-SH) to form an injectable hydrogel, which 
exhibited a soft and anti-fatigue mechanical property and conductive property 
reached to 0.03  S/m. The hydrogel encapsulating adipose tissue-derived stromal 
cells (ADSCs) was injected into MI area of rats, which significantly increased the 
expression of α-smooth muscle actin (α-SMA) and connexin 43 (Cx43). Meanwhile 
a distinct increase of ejection fraction (EF), smaller infarction size, less fibrosis 
area, and higher vessel density were achieved [81]. By integrating multiple tech-
niques, a group established an approach to fabricate 3D multilayered constructs 
using layer-by-layer assembly of cardiomyocytes and fibroblasts. In the design, 
films of GO-containing GelMA gel served as cell adhesive sheets to facilitate the 
formation of multilayer cell constructs with interlayer connectivity. PLL-modified 
GO particles were deposited in the first monolayer of the cells grown on the film, 
followed by the cell adhesion of the second layer. The process was repeated to fab-
ricate the final 3D engineered tissue. This approach might be used to create dense 
and tightly connected cardiac tissues through the co-culture of cardiomyocytes and 
other cell types [82].

In addition to the use of fabricating conductive scaffolds, graphene may have 
potentials in the application of stem cell therapy. An investigation showed that gra-
phene of 0.2 mg/mL embedded into the structure of mouse embryoid bodies (EBs) 
using hanging drop technique could enhance the mechanical properties and electri-
cal conductivity of the EBs and accelerated the cardiac differentiation of the 
EB-graphene in the 5-day cultivation, confirmed by high-throughput gene analysis. 
In addition, electrical stimulation of 4 V and 1 Hz for 10 ms within 2 continuous 
days further enhanced the cardiac differentiation of the EBs, evidenced by analysis 
of the cardiac protein and gene expression and the beating activity of the EBs [83]. 
Like carbon nanotubes, graphene and derivatives are also reported to have the func-
tion of ROS scavenging. For example, graphene oxide (GO) flakes could protect the 
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implanted MSCs from ROS-mediated death and thereby improve the therapeutic 
efficacy of mesenchymal stem cell (MSC). It is known that MSC implantation is a 
potential therapy for myocardial infarction (MI). However, the poor survival of the 
implanted MSCs in the injury sites significantly limited the therapeutic efficacy of 
this approach, one of the reasons is that reactive oxygen species (ROS) are gener-
ated in the ischemic myocardium after the restoration of blood flow, forming a 
harmful microenvironment to the injected stem cells. This investigation reported 
that GO significantly prolonged the survival of MSCs due to its clearance ability to 
ROS and enhanced the paracrine secretion from the MSCs following MSC implan-
tation, which in turn promoted cardiac tissue repair and cardiac function restora-
tion [84].

2.3.2.3  Gold Nanoparticles

Incorporation of electroconductive gold nanoparticles (GNPs) into hydrogels have 
reported enhancements of myocardial constructs’ properties. The advantages are 
contributed by GNPs not only their metal conductivity and biocompatibility but also 
the very small size distribution and mechanical reinforcement to the composites in 
nanoscale. It is not surprising that GNPs can bring conductivity and stiffness to 
polymeric material poly(2-hydroxyethyl methacrylate) (PHEMA), the resulting 
Young’s moduli of the composites were closer to that of myocardium. Neonatal rat 
cardiomyocytes exhibited increased expression of connexin 43 on the hybrid scaf-
folds composed of GNPs and PHEMA, no matter with or without electrical stimula-
tion [85]. A similar example is that hydrogels composed of chitosan (CS) and GNPs 
were produced with a highly porous network of interconnected pores (CS-GNP). 
The GNPs of 7 nm in diameter were evenly dispersed throughout the CS matrix to 
provide electrical and thermal cues. The gelation response and electrical conductiv-
ity of the hydrogel were controlled by different concentrations of GNPs, and the 
conductivity of the CS-GNP hydrogels at the optimal ratio reached 0.13 S/m that 
was like that of natural heart tissue. The CS-GNP hydrogels supported viability, 
metabolism, migration, and proliferation of mesenchymal stem cells (MSCs) along 
with the development of uniform cellular constructs within the 14 days of incuba-
tion. Immunohistochemistry for early and mature cardiac markers such as α-MHC 
and Nkx-2.5 showed enhanced cardiomyogenic differentiation of MSCs within the 
CS-GNP compared to the CS matrix alone [86]. GNPs were also blended with col-
lagen to form a composite hydrogel. Not addressing the conductivity of the compos-
ite hydrogel, researchers focused on the effect of GNPs on topography and the 
nanoscale local elasticity of scaffolds. They demonstrated that the GNPs increased 
the hydrogel stiffness locally in nanoscale, which increased the interaction between 
cardiac myocytes and the substrates, evidenced by the activation of β1-integrin sig-
naling and mediation of the activation of integrin-linked kinase (ILK) and its down-
stream signal kinase by stimulating the expression of the transcription factors 
GATA4 and MEF-2c [87]. GNPs could combine with injectable reverse thermal  
gel (RTG) system that is expected to provide a particularly attractive approach of 
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being delivered in a minimally invasive manner, thus avoiding mechanical stress on 
the cells during injection and providing structural support at the injury area. In addi-
tion, the injectable hydrogels provide cells encapsulated in three-dimensional (3D) 
environments; therefore, the hydrogels better mimic the in vivo microenvironment 
than two-dimensional (2D) cultures. A RTG consisting of poly(serinol hexameth-
ylene urea)-copoly(N-isopropylacrylamide) functionalized with lysine was synthe-
sized (RTG-lysine), which conjugated with gold nanoparticles (AuNPs) by free 
amine groups. The generated RTG-AuNP hydrogel was conductive and could sup-
port the survival of neonatal rat ventricular myocytes (NRVMs) for up to 21 days 
when cocultured with cardiac fibroblasts, the level of connexin 43 (Cx43) for the 
NRVMs was significantly upregulated in relative to control cultures without 
AuNPs [88].

Gold nanorods (GNRs) with aspect ratio of 3.15 were reported to be capable of 
combing with gelatin methacrylate (GelMA) and inducing crosslink among the 
hydrogel molecules under the irradiation of UV light. The embedded GNRs in 
hydrogels promoted electrical conductivity and mechanical stiffness of the hydrogel 
matrix, which properly accommodated cardiac cells and consequently led to excel-
lent cell adhesion, spreading, metabolic activity, homogeneous distribution of car-
diac specific markers including sarcomeric α-actinin and connexin 43, cell–cell 
coupling, as well as robust synchronized beating behavior in the tissue level. In 
particular, the increased cell adhesion resulted in abundance of locally organized 
F-actin fibers, leading to the formation of an integrated tissue layer on the GNR- 
embedded hydrogels. The GelMA-GNR hybrids supported synchronous tissue- 
level beating of cardiomyocytes in the absence of electrical stimulation and showed 
good ability for the accommodation of external electrical stimuli, as a significantly 
lower excitation threshold was gained by the hybrid hydrogels with 1.5 mg/mL of 
GNRs [89]. It is noticeable that GNRs have been introduced in bioprinting that is 
one microfabrication method able to create biomimetic three-dimensional (3D) tis-
sue constructs. For example, the composite of gold nanorods (GNRs) and gelatin 
methacryloyl (GelMA) could be a conductive bioink for printing 3D functional car-
diac tissue constructs. An optimal bioink could be prepared by adjusting the concen-
tration of GNRs, which had a low viscosity like pristine inks and allowed rapid 
deposition of cell-laden fibers at a high resolution, while reducing shear stress on 
the encapsulated cells. In the printed constructs, cardiac cells showed better adhe-
sion and organization compared to the constructs control without GNRs. The incor-
porated GNRs bridged the electrically resistant pore walls formed by the polymeric 
materials (bioink), improving cell-to-cell coupling and promoting synchronized 
contraction of the bioprinted constructs [90].

Besides blending with macromolecular materials, GNPs can be deposited 
directly on substrates to play the role of conductivity. It is known that coiled peri-
mysial fibers within the heart muscle can contract and relaxing efficiently. Inspired 
by the structure of natural coiled perimysial fibers, researchers synthetically fabri-
cated similar coiled electrospun fibers of PCL. The coiled fibers had diameters rang-
ing from a few hundreds of nanometers to several micrometers, and the scaffolds 
composed with the coiled fibers exhibited an average pore area >4000 μm2. On the 

H. Xu et al.



65

surface of the fibers, GNPs were evaporated with a nominal thickness of 10 nm to 
give the fibers conductivity. As a consequence, the composite scaffolds promoted 
cardiac cell organization into elongated and aligned tissues generating a strong con-
traction force, high contraction rate and low excitation threshold [91]. This deposi-
tion strategy is especially suitable be applied to biological materials that are not able 
to endure complicated and harsh chemical reactions. For example, GNPs were 
deposited on fibrous decellularized omental matrices to make the decellularized 
matrices conductive, which is an attractive design for fabricating engineering func-
tional cardiac patches for treating myocardial infarction. Consequently, the cardiac 
cells growing within the composite scaffolds exhibited elongated and aligned mor-
phology, massive striation, and organized connexin 43 electrical coupling proteins. 
The hybrid patches displayed superior function, including a stronger contraction 
force, lower excitation threshold, and faster calcium transients, as compared to pris-
tine patches [92]. In some cases, GNPs are used with graphene together. A conduc-
tive biodegradable scaffold was generated by incorporating graphene oxide gold 
nanosheets (GO-Au) into a clinically approved natural polymer chitosan (CS). The 
composite scaffold composed of CS and GO-Au nanosheets displayed two folds 
increase in electrical conductivity in reference to the chitosan alone scaffold, reach-
ing 0.012 S/m that is 1/10 of that for natural heart tissue. At the same time, the scaf-
fold exhibited excellent porous architecture with desired swelling. In particular, the 
inclusion of GO-Au reduced the degradation rate of the scaffold because GO-Au 
sheets hinder the penetration of hydrolytic enzymes inside the polymer matrix that 
slows down the degradation. In a rat model of MI, the conductive scaffold after 5 
weeks of implantation showed a significant improvement in QRS interval, which 
was associated with enhanced conduction velocity and contractility in the infarct 
zone by increasing connexin 43 levels [93].

2.3.2.4  Silicon Nanowires

Although silicon nanowires are not well known, they have attractive features of high 
conductivity and mechanical stiffness, but also biodegradable, and their degradation 
products are found mainly in the form of Si(OH)4 and are metabolically tolerant 
in vivo. In one study, n-type SiNWs of 100 nm in diameter and 10 μm in length, and 
with a ratio of 500 (silane to phosphane) were prepared, the conductivity was as 
high as150−500 μS/μm, which is much higher than that of cell culture medium 
(∼1.75 μS/μm) and myocardium (∼0.1 μS/μm). The resulting nanowires were used 
to improve the differentiation and maturation of human embryonic stem cells 
(hESC) and human-induced pluripotent stem cells (hiPSC), because current cardio-
myocytes derived from hESCs and hiPSCs retain an immature phenotype, including 
poorly organized sarcomere structures due to the lack of ability for assembling in a 
controlled manner and led to compromised, unsynchronized contractions. In this 
study, a trace amount of electrically conductive silicon nanowires (e-SiNWs) was 
added in scaffold-free cardiac spheroids to create highly electrically conductive 
microenvironments within spheroids, leading to synchronized and significantly 
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enhanced contraction, as well as significantly more advanced cellular structural and 
contractile maturation [94]. In a follow-up study, researchers investigated important 
factors that could affect functions of hiPSC cardiac spheroids cultured with silicon 
nanowires, including cell number per spheroid and the electrical conductivity of the 
silicon nanowires. They explained with a semi-quantitative theory that the two fac-
tors were competitive in the improvement of 3D cell–cell adhesion and the reduc-
tion of oxygen supply to the center of spheroids with the increase of cell number, 
and the critical role of electrical conductivity of silicon nanowires was confirmed in 
improving tissue function of hiPSC cardiac spheroids [95].

2.3.2.5  Mechanistic Exploration of Conductive Scaffolds Enhance 
Cardiac Tissue Regeneration

Several studies have explored and discussed underlying mechanisms of how con-
ductive scaffolds promote the mechanical integrity and electrophysiological func-
tion of cardiac myocytes. For example, single-walled carbon nanotubes were 
incorporated into collagen or GelMA that was used as growth supports for neonatal 
cardiomyocytes. Researchers demonstrated that the composite hydrogel enhanced 
cardiomyocyte adhesion and maturation through β1-integrin-mediated signaling 
pathway. As is known, a variety of intracellular signaling pathways can be initiated 
by β1-integrin signaling, including FAK, Src, and ILK, and it was found out that 
CNTs remarkably accelerated gap junction formation via activation of the 
β1-integrin-mediated FAK/ERK/GATA4 pathway. In the investigation, a notably 
higher level of p-FAK was observed in a composite of carbon nanotubes and colla-
gen (CNT-Col) compared to those on collagen alone at all the measured time points, 
whereas no remarkable changes of p-Src and ILK were noted between two groups, 
suggesting that FAK was activated and acted as a downstream signaling molecule 
from β1-integrin. Once FAK is phosphorylated, several downstream signaling 
kinases can be further activated, including AKT and ERK. Western blotting analysis 
revealed significant increases in the expression of p-ERK in NRVMs grown on 
CNT-Col substrates at various developmental phases while no apparent change of 
p-AKT expression was observed between the two groups, suggesting that ERK was 
activated by FAK and might be the downstream effector of FAK [96]. It was further 
demonstrated that the downstream signaling protein RhoA and FAK was responsi-
ble for CNT-induced upregulation mechanical junction proteins of NRVMs grown 
on CNT-GelMA substrates [97].

A recent work compared the effect of mechanical stiffness and nanoscale topog-
raphy of scaffolds on cell–cell coupling, maturation, and electrical excitability of 
engineered cardiac tissues. The conductive performance was adjusted by the incor-
poration of conductive gold nanoparticles or nonconductive silicon nanoparticles. 
Scaffolds contained silicon nanoparticles. Four different hydrogels were prepared 
including soft GelMA gel, stiff GelMA gel, GelMA gel containing silicon nanopar-
ticles (nonconductive with nano-topographies and soft), and GelMA gel containing 
gold nanoparticles (conductive with nano-topographies and stiff). Results high-
lighted that the influence of nanoscale topography provided by the integrated 
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nanomaterials was stronger than the elastic modulus and conductivity on cellular 
adhesion and retention, as well as on the promotion of cardiac cells maturation, sug-
gesting the prominent role of the nanoscale surface topography of nanocomposite 
scaffolds in the cardiac cell–cell coupling, maturation, and functionalities of the 
engineered tissue [98]. These results worth of further consideration though they are 
not consistent with experimental results from nanofibrous scaffolds containing con-
ductive polymers. To gain insights from different views, we fabricated a conductive 
hydrogel (PVA/CFs) by blending carbon fibers of 7 μm in diameter and PVA that 
has a simple molecular structure and forms very soft hydrogels [99]. In this compos-
ite hydrogel, there were not obvious nanostructures while the carbon fibers are 
highly conductive with high tensile strength as well as modulus. In addition, the 
conductive element was carbon, instead of gold. The carbon fibers brought distin-
guished conductivity of 0.3 S/m and stiffness of 2.3 MPa to the PVA. It was observed 
that α5 and β1 integrin were both significantly upregulated in neonatal rat cardio-
myocytes grown on PVA/CFs compared with those on PVA control, meanwhile the 
levels of ILK and p-AKT were elevated correspondingly. In addition, hypoxia- 
inducible factor-1α (HIF-1α) was increased, which was assumed that the cells on 
PVA/CFs were subjected to a stronger material-support pulling, therefore might 
experience hypoxia, implying that CFs might provide a microenvironment of pro-
moting angiogenesis in the cells (Fig.  2.3). Noted that these signals are highly 

Fig. 2.3 Mechanotransduction signaling is involved in the modulation of CFs with NRCMs. 
Western blot analysis of the expression of (a) α5 integrin, (b) β1 integrin, (c) ILK, (d) p-AKT, (e) 
RhoA, and (f) hypoxia-inducible factor 1-α in NRCMs grown on PVA/CFs or PVA alone for 5 
days. Data are represented as mean ± standard deviation (SD); ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 
by one-way ANOVA analysis [99]
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related: AKT can regulate the expression of the gap junction protein Cx43 [100], 
ILK is a proximal receptor kinase that can regulate integrin-mediated signal trans-
duction and is a key component of sarcomeric contractile apparatus in vertebrate 
hearts [101], and the integrin-dependent ILK/AKT pathway is involved in the acti-
vation of HIF-1α [102]. Besides, RhoA, one of the Rho family members, is also 
regulated by integrin and plays an important role in regulating the formation and 
stability of adherent junctions [103], its expression level was also up regulated by 
PVA/CFs. Therefore, CFs embedded in PVA could enhance cell maturation and tis-
sue regeneration by activating the integrin-mediated mechanotransduction pathway 
and by accelerating the electrical charges moving. The conductivity and stiffness 
both are of importance for cardiac tissue engineering scaffolds.

2.4  Conductive Scaffolds for Skeletal and Bone Regeneration

Musculoskeletal system includes skeletal muscle, bone, cartilage, and tendon/liga-
ment, which is one of the main targets for tissue engineering, because there is an 
increasing need for regeneration and/or repair. Skeletal muscles comprise about 
40–45% of an adult human body mass, they are mainly responsible for generating 
forces which facilitate voluntary movement, postural support, breathing, and loco-
motion. Skeletal muscle injuries may occur from a variety of events, including 
direct trauma, such as muscle lacerations, contusions or strains, and indirect causes, 
such as ischemia, infection, or neurological dysfunction. Even though skeletal mus-
cle cells can naturally regenerate as a response to insignificant tissue damages due 
to their remarkable robust innate capacity for regeneration, more severe injuries that 
result in muscle mass loss of more than 20% can cause irreversible loss of muscle 
cell mass and lead to irreversible fibrosis and scaring. In addition, aging and severe 
congenital disorders also result in the loss of muscle mass and function. However, 
so far, cell therapies have not become a good approach to treat those injuries. It has 
been recognized that electrical stimulation is a very important biophysical cue for 
skeletal muscle maintenance and myotube formation, for example, the absence of 
electrical signals from motor neurons can cause denervated muscles to atrophy. 
Therefore, conductive scaffolds are naturally expected and developed for musculo-
skeletal system regeneration, since they can mediate electrical stimulation as well as 
provide cell microenvironments to grow. Moreover, conductive materials usually 
have capacity of scavenging reactive oxygen species (ROS), which is another 
advantage that would be beneficial to the protection of cells and tissues.

2.4.1  Carbon-Based Materials Used in Conductive Scaffolds

Carbon nanotubes (CNTs) have been used in skeletal muscle engineering to modu-
late the conductivity or the mechanical strength of scaffolds toward myotube forma-
tion due to their unique mechanical and electrical properties. For example, one 
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study showed that CNTs can be used directly as substrates for inducing skeletal 
myogenic differentiation of human mesenchymal stem cells (hMSCs). Because 
pristine MWCNTs were extremely hydrophobic and rapidly precipitate in aqueous 
solutions, polyethylene glycol (PEG) was used to modify MWCNTs to increase 
their hydrophilicity to facilitate scaffold preparation, cell adherence, and growth. 
The film of PEG-modified MWCNT (PEG-CNT) had nanoscale surface roughness, 
orderly arrangement, high hydrophilicity, and high mechanical strength [104]. It is 
noticeable that the films alone could induce the skeletal myogenic differentiation of 
hMSCs, without any myogenic induction factors. The hMSCs seeded on PEG-CNT 
films presented significant upregulation of general myogenic markers, including 
early commitment markers of myoblast differentiation protein-1 (MyoD) and des-
min, as well as a late phase marker of myosin heavy chain-2 (MHC), either in the 
gene level or in the protein level, compared with those on nonconductive control. 
The gene expression of skeletal muscle-specific marker troponin-C (TnC) and 
ryanodine receptor-1 (Ryr) was also significantly upregulated in hMSCs on PEG- 
CNT films. Meanwhile, those cells did not show enhanced adipogenic, chondro-
genic, and osteogenic markers. These results suggested the important roles of 
MWCNTs in the skeletal muscle injury repair. To reduce potential toxicity, multi-
walled carbon nanotube (MWCNT) membranes were functionalized by the [4 + 2] 
Diels–Alder cycloaddition reaction of 1,3-butadiene. In this process, the cycload-
ducts would disrupt the sp2 C–C structure into sp3 geometry at the two neighboring 
C atoms, weakening but not breaking the C lattice. When subcutaneously implanted 
in a rat model, the functionalized membranes (p,f-CNTs) induced a slighter intense 
inflammatory response compared to non-functionalized CNT membranes (p-CNTs), 
showing a reduced cytotoxicity profile. More important features are that the p,f- 
CNTs showed in vivo biodegradable property, likely mediated by the oxidation- 
induced myeloperoxidase (MPO) in neutrophil and macrophage inflammatory 
milieus. This could potentially avoid long-term tissue accumulation and notable 
toxicological threats [105].

In many cases, CNTs were taken as fillers in polymeric materials for the fabrica-
tion of composite scaffolds. For example, researchers fabricated composite fibers by 
utilizing carbon nanotubes (CNTs) to enhance the formation of aligned myotubes 
with improved contractibility of skeletal tissues. The fibers were composed of gela-
tin and multiwalled carbon nanotubes (MWCNTs) and produced by using electros-
pinning technique. The aligned fibers were used as scaffolds for the growth of 
myoblasts (C2C12). It was reported that the incorporated MWCNTs increased the 
Young’s modulus of gelatin but did not improve the bulk fiber conductivity because 
the concentration of embedded MWCNTs were too low to link to each other, break-
ing the charge displacement path. Even though, the MWCNTs were considered to 
possibly generate local conductivity. Experimental results showed that the compos-
ite hydrogels enhanced myotube formation by upregulating the expression of 
mechanotransduction- related genes, and the maturation of the myotubes and the 
amplitude of the myotube contractions could be further promoted under electrical 
stimulation [106]. Bone healing can be significantly expedited by applying electri-
cal stimuli in the injured region. An example is to produce randomly oriented and 
aligned electrically conductive nanofibers of biodegradable poly-dl-lactide (PLA) 
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by using electrospinning technique, in which MWCNTs were embedded to give 
conductivity to the fibers. The meshes formed by the conductive fibers offered both 
topographic cues and electrical stimulation on osteoblasts. In the absence of electri-
cal stimulation, the aligned nanofibers enhanced the extension and directed the out-
growth of osteoblasts better than the random fibers. The cellular elongation and 
proliferation were mainly dependent on the electrical stimulation. Interestingly, the 
osteoblasts on all samples grew along the electrical current direction in the presence 
of direct current (DC) of 100 μA. In this situation, the topographical features played 
a minor role in them. Therefore, conductive substrate with electrical stimulation was 
suggested an attractive potential in the application of bone tissue engineering [107].

Graphene and graphene-based composites are emerging rapidly and investigated 
intensively as conductive materials to fabricate scaffolds for uses in tissue engineer-
ing and regenerative medicine. Addition of graphene oxide (GO) nanoplatelets in 
bioactive polymers was found to enhance the conductivity and dielectric permittiv-
ity along with biocompatibility and mechanical properties. A research group pre-
pared thin GO sheets and nanofibrous meshes composed of GO and PCL (GO-PCL) 
for the cultures of umbilical cord blood (UCB)-derived multipotent mesenchymal 
stem cells (CB-hMSCs). The GO sheets were dielectric and semiconductive, and the 
GO-PCL fibrous meshes acquired enhanced conductivity and dielectric permittivity 
when compared to PCL alone. When CB-hMSCs were seeded, GO-PCL composite 
was reported to provide more favorable cues to the cells for the formation of superior 
multinucleated myotubes than the thin GO sheets, enhancing CB-hMSCs differenti-
ate to skeletal muscle cells (hSkMCs) [108]. In another example, nanocomposite 
materials composed of graphene oxide nanoribbons and hydroxyapatite nanoparti-
cles (nHA) were designed for uses in bone tissue engineering, in which nHA is a 
bone conductive material and graphene oxide nanoribbons are an electrically con-
ductive material. The composites were detected as nontoxic and enhanced the osteo-
genesis process compared to controls in a dose-dependent manner, upregulating the 
expression of ALP, OPN, OCN, COL1, and RUNX2 genes and the secretion of alka-
line phosphatase of human osteoblast cell line MG-63. Furthermore, the composites 
showed higher bone neoformation after 15 days of implantation in a rat tibia defect 
model and better lamellar bone formation compared to control after 21 days implan-
tation [109]. Similar investigations include following two examples: one is the fab-
rication of 3D scaffolds composed of graphene and citrate-stabilized hydroxyapatite 
nanoparticles (nHA) by a facile and universal method that can be used to synthesize 
such structures based on colloidal chemistry. The resulting gels were reported highly 
porous, strong, electrically conductive, and biocompatible [110]. The other one is 
composite scaffolds composed of three kinds of biological materials including algi-
nate, chitosan and collagen, and graphene oxide (GO). The resulting scaffolds had 
enriched porous structures that were generated by freeze- drying technique, intercon-
nected pores ranging 10–250 μm in diameter. The incorporation of GO increased 
both crosslinking density and polyelectrolyte ion complex of the polymeric compos-
ite, as well as increased mechanical properties. In addition, the GO played a role of 
stabilizing the porous structures, scaffolds containing GO without chemical cross-
linking and was more stable in the aqueous solution compared with the control 
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scaffolds without GO incorporation. When mouse osteoblast cells were seeded and 
grown on the scaffolds, cell adhesion was significantly increased [111].

Enthesis is a special complex tissue interface that connects mechanically dis-
similar tissues and transfers stress between tendon/ligament and bone. Some sports 
injuries, such as rotator cuff tendon tear and cruciate ligament rupture, require the 
reconnection of tendon or ligament to bone. However, these normal critical entheses 
are not reestablished after repair by surgical techniques; instead, the new connec-
tions of tendon or ligament to bone are filled with fibrovascular scar tissue, which 
would affect the long-term clinical outcome. Therefore, promoting the healing of 
the bone and tendon/ligament at the implant site is particularly important, and it is 
surely of significance to develop integrative biomaterials that can facilitate func-
tional tendon to bone integration. It was reported that GO-containing electrospun 
nanofibrous membranes could provide an effective approach for the regeneration of 
tendon to bone enthesis. A kind of highly interconnective GO-doped poly(lactide- 
co- glycolide acid) (GO-PLGA) nanofibrous membrane was fabricated by using 
electrospinning technique, in which GO was expected to play osteoconductive roles 
for enhancing tendon/ligament to bone integration. In vitro evaluations demon-
strated that GO-PLGA accelerated the proliferation of rabbit bone marrow mesen-
chymal stem cells (BMSCs) and induced osteogenic differentiation. In a rabbit 
transosseous supraspinatus tendon repair model, GO-PLGA increased the new bone 
and cartilage generation in the gap between the tendon and the bone and improved 
collagen arrangement and biomechanical properties, in comparison with PLGA 
control, all of which collectively augmented the rotator cuff repairs [112]. For myo-
blast cells, higher conductivity may be more suitable. The conductivity of graphene 
oxide (GO) usually lower than pristine graphene because defects are formed during 
the oxidation process though GO has better dispersibility in aqueous solutions and 
is more biocompatible than graphene. Reduced GO (rGO) gains increased conduc-
tivity compared to that of GO, because the sp2 carbon bond is partly resorted due to 
reduction. One study addressed this concern and conducted a mild chemical reduc-
tion to graphene oxide/polyacrylamide (GO/PAAm) composite hydrogels to pre-
pare conductive hydrogels r(GO/PAAm), which had electrochemical impedance 
decreased more than ten times compared to that of GO/PAAm, meanwhile had a 
Young’s modulus of 50 kPa that is similar to the muscle tissue-like stiffness. The 
r(GO/PAAm) significantly enhanced proliferation and myogenic differentiation 
compared with GO/PAAm. Moreover, with electrical stimulation, the myogenic 
gene expression of myoblasts grown on r(GO/PAAm) for 7 days was significantly 
enhanced compared to unstimulated controls [113].

2.4.2  Conductive Polymers

Conductive polymers are used in the development of scaffolds for skeleton-related 
tissue regeneration, especially used for skeletal muscle cells of cardiac tissue, pos-
sibly due to the requirement of higher conductivity from this specific type of cells. 
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For example, polyaniline (PANi) was doped with camphorsulfonic acid and blended 
with poly(glycerol-sebacate) at 10, 20, or 30%, followed by solvent casting to fab-
ricate electrically conductive composite cardiac patches. The electrical conductivity 
of the composites increased to 0.018  S/cm when PANi content reached 30%. 
Moreover, the conductivity was preserved for at least 100 h post fabrication, indicat-
ing the stability of the composite. At the same time, the elastic modulus, tensile 
strength, and elasticity were increased as well with the going up of PANi content, 
and the resulting composites were biocompatible to C2C12 cells [114]. An elastic 
conductive copolymer (PEGS-AP) was synthesized by grafting aniline pentamer 
(AP) to poly(ethylene glycol)-co-poly(glycerol sebacate) (PEGS) with an optimal 
ratio to promote the proliferation and myogenic differentiation of C2C12 cells. The 
copolymer film showed a proper surface hydrophilicity for cell attachment, conduc-
tivity, and mechanical properties. The maximum conductivity of the films reached 
0.0184  S/m, and the Young’s modulus of these films could range from 14.58 to 
24.62 MPa [115].

As it has been mentioned, injectable conductive hydrogels have attracted devel-
opment interests because they can act as tissue engineering scaffolds and delivery 
vehicles for electrical signal sensitive cell therapy, especially for myoblast cell ther-
apy and skeletal muscle regeneration. Importantly, the self-healing property can 
prolong the lifespan of these hydrogels. A kind of self-healable conductive inject-
able hydrogels was synthesized by using dextran-graft-aniline tetramer-graft-4- 
formylbenzoic acid and N-carboxyethyl chitosan at physiological conditions. The 
dynamic Schiff base bonds between the formylbenzoic acid and amine group from 
N-carboxyethyl chitosan brought rapid self-healing ability to the hydrogels and bio-
compatibility as well as the injectability and a linear-like degradation behavior. 
When mouse myoblasts (C2C12) were encapsulated in the hydrogels by utilizing 
the self-healing effect, the cells were able to escape from the conductive hydrogels 
with a linear-like profile, which implied that the hydrogels were potential candi-
dates as cell delivery vehicles and scaffolds for skeletal muscle repair. In the volu-
metric muscle loss injury model, within the 4 weeks post the implantation, more 
new muscle tissue formation could be observed at each testing time point in the 
group of the conductive self-healing than the other control groups [116]. Besides 
self-healing hydrogels, highly aligned and electrically conductive nanofibers that 
can simultaneously provide topographical and electrical cues for cells have been 
reported, which served as functional scaffolds for skeletal muscle tissue engineer-
ing. For example, well-ordered nanofibers composed of PANi and poly(ε- 
caprolactone) (PCL) were produced by using electrospinning technique. The 
incorporated PANi significantly increased the electrical conductivity of PCL fibers, 
from a non-detectable level for the pure PCL fibers to 63.6 mS/cm for the fibers 
containing 3 wt% of PANi. The electrically conductive aligned PCL/PANi nanofi-
bers enhanced myotube maturation compared with nonconductive aligned PCL 
fibers or random PCL/PANi fibers as well as guided mouse C2C12 myoblasts orien-
tation [117]. Additionally, conductive polymers are considered to have antioxidative 
effects. For example, a multifunctional material was designed for uses as a coating 
in porous Ti scaffolds, which was expected to be electroactive, cell affinitive, 
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persistent ROS- scavenging, and osteoinductive. A composite film composed of 
polypyrrole, polydopamine, and hydroxyapatite (PPY-PDA-HA) was fabricated in 
situ synthesized and uniformly coated on a porous scaffold from inside to outside by 
utilizing a layer-by-layer pulse electrodeposition (LBL-PED) method. In this 
design, there were PPY-PDA nanoparticles (NPs) and HA NPs in the coating, aim-
ing for bring conductivity and osteoconductivity, respectively. The content of PDA 
was expected to enhance the ROS scavenging rate of the scaffold within a long 
period, the content of HA and electrical stimulation synergistically promote osteo-
genic cell differentiation films [118]. Piezoelectric materials are also important can-
didates in the application of skeletal tissue regeneration. For example, piezoelectric 
polymer poly(vinylidene fluoride) (PVDF) can present physical cues to muscle cells 
that mimic the natural regeneration environment to improve muscle regeneration, 
because it is able to induce transient surface charge boosting cell growth and dif-
ferentiation compared with non-piezoelectric controls. One group investigated how 
the surface properties of the material, in terms of both the charge state and the mor-
phology, influenced myoblast differentiation. They observed enhanced myogenic 
differentiation of C2C12 cells grown on PVDF by quantitative examination of myo-
tube fusion, maturation index, length, diameter, and number. It is interesting to see 
that charged surfaces improved the fusion of muscle cells into differentiated myo-
tubes, while the fiber orientation generated influence upon the cell morphology; 
contrary to the randomly oriented fibers, oriented PVDF electrospun fibers pro-
moted the alignment of the cells [119]. Besides being used in scaffolds for skeletal 
muscle cells of cardiac tissue, there are investigations of utilizing conductive poly-
mers in bone tissue engineering. As one example, therefore, a three-dimensional 
(3D) ceramic conductive tissue engineering scaffold for large bone defects was pre-
pared by employing a biocompatible conductive polymer, poly(3,4- 
ethylenedioxythiophene) poly(4-styrene sulfonate) (PEDOT:PSS), in the optimized 
nanocomposite of gelatin and bioactive glass. The resulting composite scaffold 
enhanced the viability of adult human mesenchymal stem cells; meanwhile, the 
incorporation of PEDOT:PSS increased the physiochemical stability of the compos-
ite, resulting in improved mechanical properties and biodegradation resistance. 
These results suggested that conductive bioactive glass could be produced, which 
would be structurally more favorable for bone tissue engineering, and may by com-
bined with tissue engineering techniques to enhance bone healing by electrical 
stimuli [120].

2.5  Conductive Materials for Nerve Regeneration 
and Treatment

The peripheral nervous system (PNS) is capable of regeneration in adult mammals. 
Immediately after injury, the tip of the proximal stump swells to two or three times 
its original diameter and the severed axons retract. Several days later, the proximal 
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axons begin to sprout vigorously, and growth cones emerge to elicit numerous 
extensions that extend outward in all directions until the first sprout reaches an 
appropriate target. In successful regeneration, axons sprouting from the proximal 
nerve stump traverse the injury site, enter the distal nerve stump, and make new 
connections with target organs. The most severe injury is a complete transaction of 
the nerve, interrupting communication between the nerve cell body and its target, 
disrupts the interrelations between neurons and their support cells, destroys the 
local blood–nerve barrier, and triggers a variety of cellular and humoral events. 
Although current surgical techniques allow surgeons to realign nerve ends pre-
cisely when the lesion does not require excision of a large nerve segment. However, 
damages in large scale depend on nerve guidance channels to help the regeneration 
process, because the rate of axon elongation is as low as 1 mm per day in average 
in humans. When a nerve guidance channel is used, the mobilized ends of a severed 
nerve are introduced in the lumen of a tube and anchored in place with sutures. The 
channel can provide a path between nerve stumps, directional guidance for elonga-
tion neurites and migrating cells, proximal-distal stump communication, and mini-
mal number of epineurial stay sutures, prevent scar tissue invasion into the 
regenerating environment, and preserve endogenous trophic or growth factors 
released by the traumatized nerve ends within the channel lumen. In addition, 
guidance channels are useful to experimental studies, for example, control the gap 
distance between the nerve stumps, examine the fluid and tissue entering the chan-
nel, modulate the physicochemical properties of the channel, and apply various 
drugs, gels, and Shawn cells in channels to investigate the regulatory effects [121]. 
Technologies in the fabrication of tissue engineering scaffolds provide more 
choices for conventional nerve conduits, especially that to introduce conductive 
materials and nanostructures into scaffolds. Advances in the past decade have 
showed that conductive scaffolds by utilizing nanotechnology and conductive 
materials promoted neuronal proliferation and differentiation by providing an 
environment around nerve tissue of electrical signal exchange and conduction 
properties.

2.5.1  Conductive Polymers

In an early study, an electrospun scaffold (PANI/PG) was prepared by blending 
doped polyaniline (PANi) in the mixed solution of poly (epsilon-caprolactone) and 
gelatin in a ratio of 70:30 solution, followed by processed with electrospinning 
technique. The nanofibrous scaffolds containing 15% PANi showed the most bal-
anced properties to meet the required specifications for electrical stimulation and 
were suitable for the attachment and proliferation of nerve stem cells. When an 
electrical stimulation was directly applied, both cell proliferation and neurite out-
growth were enhanced compared to the PANI/PG scaffolds that were not subjected 
to electrical stimulation [122]. When blended with polyethyleneglycol diacrylate 
(PEGDA), PANi brought conductivity to the macroporous hydrogels crosslinked 
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via UV irradiation, 1.1 × 10−3 mS/cm with 3 wt% of PANi and improved the bio-
logical response of rat pheochromocytoma 12 (PC12) and hMSC cells. The hydro-
philic nature of PANi also enhanced water retention and proton conductivity by 
more than one order of magnitude [123]. Polypyrrole (PPY) is also a good candi-
date for being used as a conductive component in scaffolds of nerve engineering. In 
one study, a conducting nerve conduit composed of PPY and poly(d, l-lactic acid) 
(PDLLA) was fabricated, and the PPY content of PPY 5%, 10%, and 15% resulted 
in the conductivity 5.65, 10.40, and 15.56 mS/cm, respectively. When PC12 cells 
were seeded on these conduits and stimulated with 100 mV for 2 h, there was a 
marked increase in both the percentage of neurite-bearing cells and the median neu-
rite length in a PPY concentration-dependent manner. More encouragingly, when 
the PPY/PDLLA nerve conduit was used to repair a rat sciatic nerve defect, it per-
formed similarly to the gold standard autologous graft in the 6-month investigation. 
In particular, the PPY/PDLLA conduit started degradation at the 3-month post 
implantation when the 10 mm gap was bridged by regenerative tissue [124]. Another 
form of three-dimensional PPY conductive fibrous scaffold was fabricated by using 
electrospinning technique to produce PLLA fibers and have PPY coated on the fiber 
surface with a thickness of 45 nm. The average diameter of the PPY-coated PLLA 
fibers was 2.1 μm. The size of interconnected pores in the scaffolds ranged from 50 
to 100 μm. This conductive 3D scaffold was superior to the conductive fibrous 
mesh, which ensured cells entry into inside of the scaffolds to achieve three- 
dimensional cell culture. It was reported that more PC12 cells were detected in the 
3D scaffolds than that on the fibrous meshes in the 3 days culture and developed 
cell–fiber constructs in the central of conductive 3D scaffolds [125]. In some situa-
tions, mechanical properties of scaffolds are addressed, that the mechanical perfor-
mance would be better close to that of the corresponding natural tissue. For example, 
it is considered that it is crucial to mimic mechanical properties and high conduc-
tivities of soft tissues in the design for nerve tissue regeneration scaffolds, as that are 
required for electrical transmission in the native spinal cord. For example, a soft, 
highly conductive hydrogel was prepared by using a plant-derived polyphenol, tan-
nic acid (TA), and conducting polypyrrole (PPY) for guiding tissue regeneration 
after a spinal cord injury. The hydrogel obtained electrical conductivity of 
0.05–0.18 S/cm and mechanical property of 0.3–2.2 kPa, which was controlled by 
TA concentration. The increased conductivity of the scaffolds accelerated the dif-
ferentiation of neural stem cells into neurons while suppressing the development of 
astrocytes and, more importantly, activated the neurogenesis of endogenous neural 
stem cells in the lesion area to recover the locomotor function [126]. As mentioned 
before, Schwann cells play important roles in the nerve regeneration as they are the 
supportive cells to the neuronal cells. The myelination of Schwann cells is crucial 
for the success of peripheral nerve regeneration, and scaffolds promoting Schwann 
cells to secret neurotrophin would be beneficial for nerve repair. An investigation 
reported a highly tunable conductive biodegradable flexible polyurethane by poly-
condensation of poly(glycerol sebacate) and aniline pentamer, which significantly 
enhanced Schwann cells’ myelin gene expression and neurotrophin secretion. 
The mechanism of Schwann cells’ neurotrophin secretion on conductive films is 
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attributed to the increase of intracellular Ca2+ level. The enhanced Schwann cells’ 
myelin gene expressions and sustained neurotrophin secretion would be of potential 
for nerve regeneration [127].

2.5.2  Inorganic Nanoparticles

The utilization of conductive nanomaterials as fillers in various polymeric materials 
is one important and effective solution to develop neural tissue engineering scaf-
folds. As one of the conductive nanomaterials, graphene has huge potentials in 
nerve function restoration by promoting electrical signal transduction and meta-
bolic activities with unique topological properties. The underlying mechanisms are 
involved with the interface interaction between graphene and neural cell membrane. 
A mechanistic study indicated that graphene did not affect the basic membrane 
electrical parameters of neural stem cells, the electric field produced by the electro-
negative cell membrane was much higher on graphene substrates than that on con-
trol, which indicated that graphene was able to accelerate neural stem cell maturation 
during development, especially with regard to bioelectric evolvement [128]. It was 
reported that reduced GO (rGO) nanosheets could be integrated with porcine acel-
lular dermal matrix (PADM) mainly composed of type I collagen to prepare a 
porous 3D, biodegradable, conductive, and biocompatible PADM-rGO hybrid. The 
rGO in the scaffold did not induce a significant change in the microstructure but 
endowed the PADM-rGO composite with good conductivity. Rat bone-marrow- 
derived mesenchymal stem cells (MSCs) cultured on PADM-rGO composite 
showed a higher level of neural markers including Nestin, Tuj1, GFAP, and MAP2, 
both in protein and gene level, after 7 days under neural differentiation conditions 
than those on PADM alone, suggesting that the PADM-rGO promoted the differen-
tiation of MSCs into neuronal cells as well as support the growth of MSCs at a high 
proliferation rate [129]. It is well known that polydopamine (PDA) and arginylgly-
cylaspartic acid (RGD) can improve cell adhesion in tissue engineering. A study 
combined the technology of 3D printing and layer-by-layer casting (LBLC) to fab-
ricate a multilayered porous scaffold composed of multilayered graphene (MG) 
coated with PDA/RGD and polycaprolactone (PCL). The conductive 3D graphene 
scaffold significantly improved neural expression both in vitro and in vivo, promot-
ing successful axonal regrowth and remyelination after peripheral nerve injury 
[130]. The rGO-based composite can also act as a medium for step-driven TENG 
pulse electrical simulation signals in the nerve regeneration. Currently almost all 
electrical stimulation for clinical or experimental nerve regeneration is supplied by 
traditional electrical stimulators using a 220 V power supply, which are considered 
expensive, not portable, and need an external power supply however may with 
safety risk. Battery-like power suppliers may have problems such as low-voltage, 
short duration, and difficult to adhere to the animal models of patients. To meet the 
needs, a group established a long-lasting and portable self-powered electrical stimu-
lation system by combining reduced graphene oxide (rGO) and a conductive 

H. Xu et al.



77

polymer poly(3,4-ethylenedioxythiophene) (PEDOT). The highly electrically con-
ductive composite (rGO-PEDOT) microfiber with a diameter of 80 μm was pre-
pared as neural scaffolds. A step-driven self-powered neural differentiation system 
was integrated by combining the composite microfiber and a TENG system [131] 
with outputs of 250 V and 30 μA. The rGO-PEDOT composite microfiber could not 
only enhance the proliferation of MSCs but also act as a medium for step-driven 
TENG pulse electrical simulation signals, inducing MSCs to differentiate into neu-
ral cells. This approach showed the application potentials of a self-powered wear-
able TENG electrical stimulation system to assist nerve regeneration for a walking 
person [132].

Carbon nanotubes are another typical conductive nanomaterial easily to be com-
bined with various polymeric materials to generate conductive composites. One 
example is the integration of carbon nanotube fibers (CNFs) with polysaccharide 
agarose to prepare conductive hydrogels for neural tissue engineering and biointer-
facing with the nervous system. The CNFs can be chemically functionalized by 
agarose to gain biological moieties. The agarose-modified CNF was reported con-
ductive and nontoxic and could facilitate cell attachment and response both in vitro 
and in vivo [133]. As another example, multiwalled carbon nanotubes (MWCNTs) 
were combined with poly(lactic-co-glycolic acid) (PLGA) to generate electrically 
conductive and aligned nanofibrous scaffolds for nerve regeneration. The surface 
was modified with poly-l-lysine to provide a better environment for cell attach-
ment. The aligned conductive fibers were reported to guide PC12 cells and dorsal 
root ganglion (DRG) neurons growing along the fiber direction and be beneficial for 
neurite outgrowth. Moreover, PC12 cells and DRG neurons stimulated with electri-
cal shock of 40 mV showed longer neurite length. In this study, the cell attachment, 
proliferation, and MBP expression of Schwann cells were also enhanced with the 
synergistic effect of aligned nanofibers and electrical stimulation [134]. Carbon 
nanotubes could be combined with plasma-treated chitin to generate composite 
scaffolds for neuron repair/regeneration. The addition of carbon nanotubes to the 
chitin biopolymer improved the electrical conductivity and the assisted oxygen 
plasma treatment introduced more oxygen species onto the scaffold surface, which 
in turn increased neuron adhesion as well as maintained synaptic function of neu-
rons [135]. To promote the differentiation of human neural stem/progenitor cells 
(hNSPCs), single-walled carbon nanotubes (SWCNTs) were introduced with poly-
pyrrole (PPY) together into hyaluronic acid (HA) hydrogel by the oxidative cate-
chol chemistry used for hydrogel cross-linking. The prepared electroconductive HA 
hydrogels were reported to be dynamic, electrically conductive, and biocompatible, 
significantly promoted neuronal differentiation of human fetal neural stem cells 
(hfNSCs) and human-induced pluripotent stem cell-derived neural progenitor cells 
(hiPSC-NPCs) with improved electrophysiological functionality when compared to 
the control HA hydrogel, as shown that calcium channel expression was upregu-
lated, depolarization was activated, and intracellular calcium influx was increased in 
hNSPCs that were differentiated in 3D electroconductive HA-CA hydrogels [136]. 
In neural injury, potassium chloride cotransporter 2 (KCC2) was repressed, which 
plays a co-contributory role by corrupting inhibitory neurotransmission. It was 
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detected that highly conductive few-walled-CNT (fwCNT) had influence on pri-
mary CNS neurons originating from the cerebral cortex, inducing Cl− downregula-
tion and KCC2 upregulation, which made the chloride shift robustly and strikingly 
accelerated. This effect was demonstrated specific for fwCNT since SiOx nanow-
ires (a nanomaterial with similar nanostructure yet not conductive) did not affect the 
chloride shift. The result is of implications to the development of novel devices that 
interface with nervous tissues [137].

2.6  Wound Healing

Serious injuries resulted from trauma, burns, and clinical surgery would severely 
affect one’s life and health. Wound repair and tissue regeneration are complex pro-
cesses that bring challenges in the development of wound dressings with potent 
biological activity and physiological signal response ability to accelerate the pro-
cess of wound healing. There is a large need of wound dressing for seriously injured 
skin wound in clinical practices, because skin is the largest organ in human body 
protecting the body from damage and bacterial infection and maintaining body 
fluid, electrolytes, and nutritional component.

It is known that skin is an electrical signal-sensitive tissue; the conductivity val-
ues can be from 1 × 10−4 mS/cm to 2.6 mS/cm, depending on skin components 
[138]; therefore, induction of conductive materials in skin wound dressing would be 
beneficial to the skin regeneration. In addition, when a wound dressing gains a cer-
tain degree of conductivity, it would hold an ability of free radical scavenging, 
which is likely to benefit to tissue regeneration possibly by reducing pro- 
inflammatory substances.

For example, a conductive self-healing and injectable hydrogel fabricated by 
using two polymeric materials formed a crosslinking network: one is quaternized 
chitosan grafted with polyaniline and the other is benzaldehyde group functional-
ized poly(ethylene glycol)-co-poly(glycerol sebacate) (PEGS-FA). The conductiv-
ity of the resulting hydrogel was 0.23–0.35 S/m. Noted that the hydrogel showed 
free radical scavenging ability, biocompatibility, and intrinsic antibacterial activity 
that was attributable to chitosan. Interestingly, the hydrogel with an optimal formu-
lation showed excellent in vivo blood clotting capacity, and it significantly enhanced 
in vivo wound healing process in a full-thickness skin defect model than the control 
of nonconductive hydrogel and commercial dressing control. At the same time, the 
hydrogel increased the gene expression level of growth factors including VEGF, 
EGF, and TGF-β in the regenerated skin tissue, and the granulation tissue thickness 
and collagen deposition were promoted. These results indicated the important con-
tribution of the conductivity of the hydrogel among the multifunctional properties 
[138]. Similar multifunctional hydrogels were designed by mixing the biocompati-
ble N-carboxyethyl chitosan (CEC) and oxidized hyaluronic acid-graft-aniline tet-
ramer (OHA-AT) under physiological conditions. The hydrogels exhibited stable 
rheological property, high swelling ratio, suitable gelation time, good in  vitro 
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biodegradation property, electroactive property, and free radical scavenging capac-
ity. The antibacterial activity of this hydrogel was contributed by the addition of 
antibiotic amoxicillin, effectively preventing the wound infection. In vivo experi-
ments indicated that hydrogel with aniline tetramer addition significantly acceler-
ated wound healing rate with higher granulation tissue thickness, collagen 
disposition, and more angiogenesis in a full-thickness skin defect model, suggesting 
the conductive component made main contribution to the tissue regeneration instead 
of the antibacterial property [139].

Besides polymeric conductive components, potentials of inorganic nanomateri-
als have also been investigated in conductive wound dressing. Carbon nanomateri-
als have become attractive to wound dressing mainly due to the excellent 
biocompatibility of carbon materials, for example, carbon materials have been used 
as coatings in various kinds of blood-contacting medical devices [140], as well as 
their conductivity. Carbon nanotubes are one typical carbon-based nanomaterials 
and have been demonstrated excellent blood compatibility when in the form of non-
woven membrane [141] or to improve biocompatibility of polyurethane when 
embedded in the polymeric matrix [142, 143]. We have reported that electrospun 
nanofibrous membranes composed of multiwalled carbon nanotubes (MWCNTs) 
and polyurethane (PU) showed friend interactions to fibroblast cells that are major 
supportive cells in skin. The MWCNTs increased the content of pure carbon to 
improve the biocompatibility and conductivity of the nanofibrous membrane. 
Interestingly, the composite nanofibrous membrane displayed stronger function of 
supporting cell adhesion and proliferation than the control membrane without 
MWCNTs. In particular, the composite membrane enhanced cell–cell connection 
compared with the control membrane, and fibroblasts grown on the composite 
nanofibrous membrane formed cell sheets (Fig. 2.4), suggesting the membrane pro-
vided a favorite environment for the fibroblasts to migrate and communicate. 
Furthermore, the cells growing on the nanofibrous composite membrane released 
the biological signals to the population growing on the smooth film of PU to encour-
age the population’s proliferation [144]. In addition, single-walled carbon nanotube 
non-woven films could be used directly as scaffolds to support fibroblast cell growth 
for long-term proliferation [145].

Reduced graphene is another kind of conductive carbon nanomaterial explored 
in wound healing dressings; it also has strong adsorption capacity to various bio-
logical molecules as well as high conductivity. Researchers developed a polydopa-
mine (PDA)-reduced graphene oxide (pGO) that was then dispersed into a mixture 
of chitosan (CS) and silk fibroin (SF) (CS/SF), aiming to acquire adhesive property 
and conductivity at the same time. In the resulting hydrogel, pGO was considered as 
nanoreinforcement to enhance the mechanical properties of the scaffold and com-
prised a well-connected electric pathway to provide a channel for the transmission 
of electrical signals in the scaffold. Moreover, pGO could scavenge reactive oxygen 
species (ROS) to inhibit excessive ROS oxidation. Due to these collective proper-
ties, the electroactive pGO-CS/SF scaffolds could respond to electrical signals and 
enhance the wound healing in full-thickness skin defect model [146]. A similar 
design of adhesive hemostatic antioxidant conductive photothermal antibacterial 
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hydrogels was reported, and the hydrogel was composed of hyaluronic acid-graft- 
dopamine and reduced graphene oxide, having high swelling, degradability, tunable 
rheological property, and similar mechanical properties to human skin. It had been 
noted that the hydrogel dressings significantly enhanced vascularization by upregu-
lating growth factor expression of CD31 and improved the granulation tissue thick-
ness and collagen deposition to promote wound closure in a mouse full-thickness 
wounds model [147].

Hemorrhage control is an important issue of wound healing, not only in military 
and civilian trauma centers, but also in clinics. Uncontrolled hemorrhage leads to 
over 30% of trauma deaths in the world, and more than 50% of those occur before 
the emergency care can reach. Hence, hemostatic agents that can quickly control 
massive hemorrhage from vessels and visceral organs are highly needed, however 
have remain challenged. A research group designed an injectable antibacterial con-
ductive cryogels by integrating carbon nanotubes (CNTs) and glycidyl methacrylate 
functionalized quaternized chitosan for uses in lethal noncompressible hemostasis 
and wound healing (Fig. 2.5). It is noticeable that the CNT content varying from 2 
to 4 and 6 mg/mL resulted in the increase of conductivity for the cryogels, increas-
ing from 0.04 to 0.095 and 0.12 S/m, respectively, showing the obvious contribution 
of CNT to the cryogels’ conductivity. These cryogels were reported to have better 
blood-clotting ability and higher blood cell and platelet adhesion and activation than 
gelatin sponge and gauze in mouse liver injury model and mouse tail amputation 

Fig. 2.4 Morphological 
observation of cells 
growing on nanofibrous 
scaffold of MWNT/PU 
under SEM, in which (a) 
exhibited the cell sheets 
and cell “chains” formed 
on nanofibrous scaffold of 
MWNT/PU; (b) SEM 
image with higher 
magnification showed the 
cells spread and integrated 
well with the nanofibrous 
scaffold of MWNT/
PU [144]
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model (Fig. 2.6), and excellent hemostatic performance in rabbit liver defect lethal 
noncompressible hemorrhage model [148]. Here one issue could be discussed that 
in this investigation, the rapid clotting was mainly attributed to the chitosan compo-
nent, and the CNT was considered to trigger the platelet activation as well. We 
would like to address that whether CNTs play anticoagulant roles (hemocompatibil-
ity) or play hemostatic performance is highly dependent on the application way of 
CNTs, that is, the way of contacting blood. It has been demonstrated that the carbon 
nanotubes integrated with polyurethane improved the blood compatibility of the 
composite [143] or showed excellent performance of inhibiting the activation of 
platelets when in the form of nonwoven membrane [141]. However, when carbon 
nanotubes were dispersed in buffer saline, they exhibited the effect of inducing 
blood coagulation [149]. It could be noted that the CNTs in the hydrogel for 

Fig. 2.5 Injectable antibacterial conductive nanocomposite cryogels with rapid shape recovery for 
noncompressible hemorrhage and wound healing. Schematic representation of QCSG/CNT cryo-
gel synthesis. (a) Synthesis of QCSG copolymer. GTMAC and GMA with a fixed 0.5:1 molar ratio 
of GMA to amino groups and varying the GTMAC:amino groups from 1:1 (coded as QCSG1) to 
2:1 (coded as QCSG2) and 3:1 (coded as QCSG3). (b) Synthesis of PF127-DA copolymer. (c) 
Preparation of QCSG/CNT cryogel. (d) Photographs of the compression and bending resistance 
capability of QCSG/CNT4 cryogels: initial state, compressed state by squeezing out of the free 
water, recovery state by absorbing water, bending, and squeezing out of part free water, and recov-
ery state after absorbing water. (e) Shape-fixed state after removing the free water (left) and 
expanding state after absorbing water (right). Scale bar: 1 cm [148]
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Fig. 2.6 Injectable antibacterial conductive nanocomposite cryogels with rapid shape recovery for 
noncompressible hemorrhage and wound healing. In vivo hemostatic capacity evaluation of the 
cryogels. Blood loss (a) and hemostatic time (b) in the mouse liver injury model. The blank group 
showed the highest blood loss of 492 mg than the other groups (P < 0.001). Gauze and gelatin 
sponge, as two control groups, presented much decreased blood loss of about 163 and 123 mg, 
respectively, when compared to blank group (P < 0.001). However, all the four cryogels except for 
QCSG/CNT6 showed significantly decreased blood loss of 57, 38, and 27 mg than those of gauze, 
and the cryogel QCSG/CNT2 and cryogel QCSG/CNT4 also showed significantly decreased blood 
loss than that of gelatin sponge (P < 0.05). (c) Scheme representation of the mouse liver injury 
model during hemostasis. Blood loss (d) and hemostatic time (e) in the mouse tail amputation  
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hemostasis might contact platelets in a status of dispersing nanoparticles when the 
hydrogel was injected in liver, because there is a large amount of water in the hydro-
gel. In this case, the CNTs could trigger platelet activation to a certain extent. 
Differently, when carbon nanotubes were integrated with polymeric materials, they 
combined with polymer chains tightly, therefore exhibiting the performance of mac-
roscale carbon materials.

2.7  Perspectives

Large numbers of investigations have showed that conductive materials are of great 
significance to tissue engineering and regenerative medicine, they have remarkable 
impacts on important events of cell growth, differentiation, and formation of new 
tissues with physiological functions by creating electrically active microenviron-
ments mimicking natural physiological conditions. The conductive scaffolds with 
or without electrical stimulations have been applied to excitable tissues such as 
cardiac and skeletal and nerve and also bone and skin, therefore exhibiting promis-
ing potentials in the repair of tissue defects and injury as well as in creating tissue 
in vitro. Nevertheless, challenges are existing, including improvements of conduc-
tive polymers’ stability and biocompatibility and long-term safety of conductive 
nanomaterials. Moreover, it is necessary to have the measurements for conductivity 
of different scaffolds standardized and data comparable in the future, which would 
be helpful to design novel conductive scaffolds that are available to be controlled 
precisely.
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Chapter 3
Nanotechnology in Dental Therapy 
and Oral Tissue Regeneration

Zukun Yang, Liping Han, Yu Guo, Lu Jia, Cheng Yin, and Yang Xia

Abstract The emergence of nanotechnology within dental fields has sparked great 
interest in their potential applications. This chapter focuses on the application of 
nanotechnology in dental therapy and oral tissue regeneration, especially in dental 
materials. Nowadays, various nano-additives have been introduced into many com-
mercially available products, making it overwhelmingly difficult for both dentists 
and patients to properly choose from. Actually, the choice of nanomaterials is 
dependent on the clinical scenario and the tooth to be restored, paying close atten-
tion to esthetic demand, loading, and the presence of any risk factors. In this chap-
ter, we will introduce “Nanotechnology in tooth defect therapy,” “Nanotechnology 
in oral tissue regeneration,” and “Nanotechnology in antibacterial for oral disease 
and therapy.” Future direction is to develop more efficient and cost-effective nano- 
biosensing materials to treat dental diseases intelligently. For example, the materials 
have the potential to deliver drugs to disrupt biofilm formation in order to reduce the 
incidence of caries and periodontal disease and also can be used for tooth defect 
filling. Ultimately, it may be possible to achieve the pinnacle goal, tooth regenera-
tion. Therefore, this chapter will help the readers gain a general grasp about the 
current application of nanotechnology in dental fields, relative benefits and limita-
tions, and future trends.
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3.1  Nanotechnology in Tooth Defect Therapy

3.1.1  Nano Tooth Filling Materials

Tooth defect is one of the main oral health problems. Its definition is that a part of a 
tooth is lost due to caries, trauma, or dysplasia, which will cause damage to the 
shape and structure of the tooth, leading to the loss of function. The most common 
cause of the disease is dental decay. Each year, about 200 million tooth defects are 
restored in the USA, costing a lot of money.

There are, of course, many details and variations that are specific to one problem. 
For a small defect, it is commonly restored by direct filling to restore the damaged 
tooth immediately. And for a large one, it is more suitable to employ prosthetic 
treatment like inlay and crown. This chapter mainly focuses on the materials that 
can be used for direct tooth filling.

With the development of science and technology, a variety of materials have 
been applied to restore the tooth defects, such as composite resins, glass ionomer 
cements, and silver amalgam. The ideal tooth filling materials should (1) be strong 
enough to bear the bite force, (2) have poor conductivity so as to not transmit tem-
perature and current, (3) be operated easily, and (4) have color that closely resem-
bles that of teeth. Despite better understanding of the materials and chemistry, and 
improvements in physical properties, no material has been found to be ideal for 
tooth filling so far [1].

For example, the silver amalgam, which is the traditional filling material, has 
better durability and longevity, lower incidence of cuspidian fracture occurrence 
and recurrence of caries compared with composite resins [2]. Hence, dental restora-
tions have employed silver amalgam for more than a century. However, the toxicity 
of mercury within amalgam has posed a crucial drawback [3]. Another major con-
cern is that the metal hue of amalgam is not suitable for esthetic tooth restoration. 
Due to the advances in tooth-colored restorations and adhesive technology, the use 
of amalgam has been increasingly replaced by alternative materials.

Currently, dental composite resins are the most commonly used material for 
tooth filling. Dental composite resins have been used to restore teeth since their first 
introduction about 50 years ago [4]. Compared with dental amalgams, they are safer 
and more esthetic. But the wear resistance of the composite resins is poorer than the 
silver amalgam. And it is easier to get food lodged between teeth due to the matrix 
bands. Based on the report in 2005, the composite resins were used in more than 
95% of all anterior tooth direct restorations and about 50% of all posterior tooth 
direct restoration [4]. They are mainly composed of three chemically different com-
ponents: the organic matrix (usually a resin or synthetic monomer), the inorganic 
matrix (fillers), and a coupling agent (usually silane) for bonding the filler onto the 
organic matrix. Composite resin can be classified either according to their composi-
tion or the filler particle size. A widely accepted classification based on filler parti-
cle size proposed by Lutz F et  al. is: macro-filler composites (0.1–100  μm), 
micro-filler composites (0.04–0.1 μm), and hybrid composites (fillers of different 
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sizes) [5]. Later, nano-filler (1–100  nm) is developed and categorized as nano- 
modified composite resin. This new type of resin has the properties which the tradi-
tional one does not have, which will be discussed later.

Glass ionomer cements, which were introduced by Wilson and Kent in the 1970s 
as a dental filling material, are also commonly used in dentistry [6]. The milestone 
timeline in the development of glass ionomers cement in dentistry is described in 
Fig. 3.1. Currently, there is no universally accepted cement that fulfills all require-
ments. However, there are a variety of cements whose properties and manipulation 
lead them to be an appropriate choice for a specific application. Generally, glass 
ionomers require the mixing of the acidic powder and the basic liquid form, utiliz-
ing the principle of acid–base reactions. The powder form consists mainly of fluo-
roaluminosilicate (FAS) glass particles and ions such as calcium, lanthanum, and 
strontium, while the liquid form is a viscous fluid which consists of a copolymer of 
maleic acid or itaconic acid and acrylic acid. The reaction takes place after mixing 
these two forms, with the initial setting taking place within 3–4 min. Because of its 
remarkable qualities such as strong chemical bonding to tooth structures, good 
compatibility, and fluoride release, glass ionomers have become increasingly wide-
spread in usage. However, the inferior mechanical properties of glass ionomers have 
limited their application. For traditional glass ionomers, the most intractable prob-
lem is the lack of strength and toughness. Because of its excellent performance, 
resins were added to the matrix to improve the clinical performance of glass iono-
mer cements. However, this did not significantly overcome the drawbacks. After 
immersing in water for 12 months, compared with traditional glass ionomers, the 
strength, toughness, and microhardness of the resin-modified glass ionomers were 

Fig. 3.1 Timeline of milestone in the development of glass ionomer cements and nano-ionomers 
for dental restorations [7]
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not improved with the addition of resins. Alternatively, there have been extensive 
efforts to improve the glass ionomer cement by fluoride (F)-releasing properties. It 
is expected that the F ions can enrich tooth structure, promote remineralization, and 
inhibit demineralization. Glass ionomers, resin-modified glass ionomers, com-
pomers, and composites have received much attention due to their release of F ions 
that can be incorporated into tooth mineral, resulting in fluoroapatite or F-enriched 
hydroxyapatite, both having reduced solubility. Moreover, nano-modified glass 
ionomers are developed to improve its mechanical properties.

The composite materials are promising in esthetic restoration. However, these 
materials are very technique sensitive, and the mechanical properties are not as 
good as amalgams [8]. A favorable method to increase the properties and perfor-
mance of the final restorative material is by increasing the percentage and reducing 
the size of the filler in the matrix. By adding fillers, the mechanical properties of 
composites are enhanced, polymerization shrinkage is reduced, thermal expansion 
coefficient of the composite is modified to match that of the tooth, handling is 
improved, and radio-opacity as well as translucency and wear resistance are 
endowed in the composites [9].

Most of the current conventional composites typically range between 0.04 and 
0.7 μm in filler particle size. Terry DA found that the size of these particles hinders 
the interaction with the nanoscale (1–10 nm) structural components of enamel and 
dentine, such as the enamel rods, dentinal tubules, HA crystals, and collagen fibers 
[10]. This results in a compromise between the restorative material and the sur-
rounding tissue. After the introduction of nano-fillers (particle size 1–100 nm), the 
possibility of creating more ideal advanced composites became a reality. Ideal com-
posite materials should have two important properties: strength and esthetics. Both 
the properties depend upon the size of the filler particle. The small particle size can 
decrease curing shrinkage, offer more uniform particle distribution, allow a higher 
filler load, reduce viscosity, offer better handling properties, and endow stronger 
mechanical properties [10].

New materials introduced in recent years, especially nano-fillers, demonstrate 
noteworthy advances in composites [11]. Bowen et al. generated the resins using 
silane couplers and bisphenol A-glycidyl dimethacrylate (bis-GMA). Circa the 
same era, words such as nano were conceived by the noble laureate Sir Feynman R 
in 1959 [12]. This breakthrough was a key milestone for the advancement of dental 
composites. Henceforth, composite fillings have been added as a valuable treatment 
in the restorative armamentarium. Rapid advances have occurred in the past decade 
in dental restorative materials, including the resin-based composites. Likewise, the 
discovery of nano-filler particles arose from the introduction of nanotechnology. 
Research has continuously strived to improve the physical properties of materials as 
well as tackle obstacles such as wear resistance, polymerization shrinkage, micro 
hardness, and patient dissatisfaction due to poor esthetic appearance [8, 9].

Titanium dioxide nanoparticles (TiO2 NPs) has many excellent properties to be 
an inorganic filler: it is chemically stable and nontoxic and evinces a highly efficient 
photocatalytic effect. Furthermore, research on TiO2 NPs as a filler in epoxy found 
that the addition overcomes the shortcomings of traditional tougheners, such as 
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rubber beads and glass, by improving the strength, stiffness, and toughness of the 
epoxy without undermining its thermo-mechanical properties. Moreover, they are 
granular and can easily agglomerate, which makes it useful for practical applica-
tions. However, homogenous dispersion in organic solvent remains a challenging 
obstacle. To overcome this, suitable modification to the surface is needed. Coating 
inorganic fillers in resin-based composites with organosilane strengthens their bond 
to the resin matrix and prolongs the operational life of the composite. Additionally, 
the substance advantageously promotes the dispersal of silanated filler particles 
within the matrix. So, TiO2 NPs were coated with an organosilane (namely allyl-
triethoxysilane, hereafter ATES) and blended into dental resin-based composites. 
The result showed that surface modification by the organosilane ATES improved the 
dispersion and linkage of TiO2 NPs within a resin matrix, and thus improved the 
microhardness and flexural strength of dental composite resins [13].

In another study, the mechanical behavior of the TiO2 nanoparticle-reinforced 
resin-based dental composites was predicted by using a nanoscale representative 
volume element (RVE): these results were then compared against those obtained the 
non-interaction approximation (NIA). The results illustrated that the nanoparticle- 
reinforced composites have a mechanical advantage over those reinforced with 
glass fibers. Further assessment was conducted to analyze the effects of nanoparti-
cle aspect ratio, volume fraction, and stiffness under the criteria of yield strength of 
the composite and effective Young’s modulus. And the result showed a mechanical 
advantage of nanocomposites over microcomposites. Compared with glass fiber, the 
reinforce effect of the nanoparticle with 3% volume fraction contains the same stiff-
ness as at only half the volume fraction. Additionally, an approximately linear 
increase in effective Young’s modulus and yield strength of the composite was 
found at volume fractions from 1% to 5%, considering perfect nanoparticle disper-
sion. These results provide better understanding of the mechanical behavior of 
nanoparticle-based resin-based dental composites and can provide insight into fur-
ther optimization of the composition of dental composites [14].

Nanocomposite resins have excellent properties. However, what is the best con-
centration of the NPs? Can adding more nanoparticles achieve better performance? 
According to many in vitro studies, nano-filled materials have greater wear resis-
tance than micro-filled materials. When 40 nm filler particles were added to a com-
posite with 3 μm particles, wear resistance was improved until a concentration of 
15% vol [15]. But determining the most appropriate concentration still needs further 
scientific investigation. Three experimental nanocomposites were formulated with 
different weight percent filler loads (25, 50, and 65%) by Lawson NC [16]. The 
elastic modulus, flexural strength, and hardness of the composites and the unfilled 
resin were measured. Notably, the wear resistance exhibited by the composites 
decreased as the filler content was increased beyond 25%. Comparatively, flexural 
strength and hardness and modulus increased with increasing filler content up to 
50%. Scanning electron microscope (SEM) inspection of the worn specimens 
revealed that while the resin and 25% filled materials cracked and failed because of 
fatigue, the 50 and 65% filled materials expressed microcutting and failed as a result 
of abrasive wear. So, concentrations between 25 and 50% may be the best choice. 
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Thus, it seems that there does appear to be an optimal maximum of the percentage 
of nano-filler in the nanocomposite, beyond which the mechanical properties do not 
improve further, or even deteriorate [17]. Similar result was obtained in another 
study. Nanocomposite dental resins comprised mainly of polyhedral oligomeric 
silsesquioxane nanocomposite matrix with 0, 0.5, 1, 1.5 and 2 wt% nano SiO2 as 
filler were created by light curing. Characterization of these resins were performed 
by compressive, three-point flexure, nanoscratch, and nanoidentation tests as well 
as SEM analysis and optical microscopy in order to study how different SiO2 con-
tents affect the resin. It was found that nano SiO2 effectively enhanced the mechani-
cal properties of the composite resins at low content (below 1.5 wt% SiO2 addition). 
But with the increase of the nano SiO2 content (above 2.0 wt% SiO2 addition), the 
mechanical properties decreased [17]. The reason may lie in that increasing filler 
load beyond a high concentration led to the agglomeration of filler particles which 
acted as crack-initiating flaws [18].

In order to improve the properties and overcome these shortcomings of the glass 
ionomer cement, active research is in progress, such as in the addition of cellulose 
fibers, hydroxyapatite, fluoroapatite, and nanotechnologies. The application of nan-
otechnology is the focus here.

Novel CaF2 NPs (56 nm) were synthesized via spray-drying and incorporated 
into resin. F release increased with increasing the nano-CaF2 content and decreasing 
pH.  Nearly threefold flexural strength was found as compared to that of resin- 
modified glass and also exceeded that of composite resin while exhibiting little F 
release. To summarize, the modified CaF2 NPs exhibited high F release at low filler 
levels, making space in the resin for the reinforcement glass [19]. This relatively 
high F release arising from the nanocomposite was presumably due to the small size 
and consequently the high surface area of the NPs. Ball milling or grinding can 
reduce the size of these traditional particles; however, it is difficult to achieve a 
median particle size of 1 μm or smaller. The CaF2 in Xu’s study had a surface area 
of 35.5 m2/g [20]. While Anusavice KJ’s study used a traditional commercial CaF2 
powder which had a surface area of 1.9 m2/g [21]. This is likely attributed to the 
high and sustained release of F ions from the nanocomposite.

Another exciting development is the Equia system, a new nano filling material. 
This material uses liquid dispersed inorganic silica nano-fillers (40 nm in size) to 
reinforce the produced polymer matrix. Shrinking the initial setting time and 
improving the wear resistance is accomplished by adding 15 wt% silica nano-fillers. 
Since these materials can better resist against dissolution, wear, and disintegration, 
the maintenance of a polished surface was prolonged. The translucency, optical 
properties, and esthetic appearance of nano glass ionomers compared with conven-
tional ones are also improved remarkably, being claimed as good as that of natural 
teeth [22]. Friedl K et  al. presented a retrospective study on new glass ionomer 
cements to evaluate their performance. They found that 151 restorations were placed 
in permanent molars (n = 94) and premolars (n = 57) in 43 patients. Restorations 
were evaluated at 4.5× magnification using modified USPHS criteria. They con-
cluded that Equia system is good for posterior filling materials [23].
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The effects of additives such as nanoscale hydroxyapatite (HA) and fluoroapatite 
(FA) on the properties of glass ionomers is a hot topic [24]. HA crystals are a key 
contributor to the chemical structure of natural enamel and dentin and are recog-
nized for their biocompatibility. Resin-modified glass ionomers have an 8–12 MPa 
bond strength to tooth structures [25]. Increases in bond strength occurred after 
adding micro-HA (5–10 μm) and improved even further if nano-HA (100–150 nm) 
was added. This suggests that tooth structures with higher surface area for bonding, 
as with the case of nano-HA, might result in improved bond strength. Additionally, 
high surface area of nano-HA also improves the surface finish, while the solubility 
of the material helps to fill the demineralized micropores in the tooth structure. A 
similar research was conducted by adding ethanol-based sol-gel prepared nano-HA 
and nano-FA to Fuji II glass ionomers [26]. Improved mechanical properties were 
exhibited by these modified nano-filled glass ionomers, such as compressive 
strength, diametral tensile strength and biaxial flexural strength. It is a remarkable 
fact that different mixing methods make different results. A new nanocomposite, 
glass ionomer cement (GIC)-nanoSiO2-HA-ZrO2 was fabricated by adding zirconia 
to increase the hardness. Synthesis of this nanocomposite was performed using two 
methods, one pot and spatulation method. Within the study limitations, the one pot 
method produced better GIC-nanoSiO2-HA-ZrO2 composite [27]. The probable 
cause is one pot method was able to produce less agglomerated and more uniform 
dispersion of nanozirconia. This type of dispersion from nanozirconia improves the 
strength mechanism of the resulting composite. If the nanopowder is highly agglom-
erated, the matrix of GIC may be altered, resulting in the decreases in hardness. In 
comparison, less agglomerated nanopowder promotes uniform distribution of 
nanopowder and may strengthen the matrix by filling up the empty gap within the 
GIC, which results in the improvement of the GIC strength.

Modification of the existing glass ionomers using nanomaterials is an active area 
of current research, with many having lofty expectations. Consequentially, there is 
an expectation that new nano-modified GIC and the properties of existing glass 
ionomers will be improved significantly [28].

Recent years have produced remarkable researches on nanomaterials, which has 
propelled it from theoretical foundation to clinical practice. A variety of nano- 
products for dental applications have emerged due to all the active researches. Here 
is the list of available materials: Ketac™ (3M ESPE, St. Paul, MN, USA), Ketac 
N100; Filtek Supreme XT (3M ESPE), Nano-ionomers (3M ESPE), Nano-primer, 
Fuji IX GP (GC, Leuven, Belgium), Premise™ (Kerr/Sybron, Orange, CA, USA), 
and Ceram X™ (DENTSPLY International, Milford, CT, USA). For example, 
Premise is a universal nano-filled restorative composite that contains 20 nm filler. 
The main nano-filler very likely is silica. But this is trade secret, so we are not clear. 
They are all available globally. They are easy to use and are alternatives to expen-
sive compomers and composites and in many cases amalgam. And they cure 
extremely hard and are very wear resistant. They have strong wear resistance, high 
compressive strength, and more excellent mechanical properties compared with tra-
ditional materials. Though of course, this adds a premium to the price.
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True glass ionomers, such as Fuji IX GP, bonds chemically to tooth structures, 
has similar values for coefficient of thermal expansion as compared to tooth, and 
releases substantial levels of rechargeable fluoride. It is provided either in hand-mix 
powder-liquid form or premeasured capsules. It is the ideal product for pediatric and 
geriatric restorations, non-stress area final restorations, intermediate restorations 
(IRM), core material, and either long-term or temporary restoration.

Although there have been many types of nano products, the new nano products 
are pursuing better performance, more proper appearance, and lower prices.

Nano-fillers have revolutionized the field of dentistry over the past 30  years. 
Despite these developmental advances, some problems still limit the use of compos-
ites in dental restoration. Most improvements are focused on the reduction of 
polymerization shrinkage, as well as the improvement of wear resistance, mechani-
cal properties, biocompatibility, and processing properties.

For those with hypersensitive teeth, a new nanotechnology treatment pro-
posed by researchers in Taiwan might one day bring pain relief. Researchers 
have found that dentinal tubules are increased (35.6% as compared to 9.3%) and 
the diameter widened (0.83 μm as compared to 0.43 μm) in sensitive teeth as 
compared to those in non-sensitive dentine. The Chinese researchers have dem-
onstrated that gold NPs can be used to block these tubules: viewed as the world’s 
smallest gold fillings. One such method to close sub-micron-sized dentinal 
tubules was explored by Dr. Chris Wang and his team, involving the sintering 
the highly concentrated gold NPs which were brushed into the exposed open-
ings of dentinal tubules. The photofusion of these gold NPs was induced by 
laser irradiation via photothermal conversion. Clinically, modification of the 
material and improvement of the techniques to achieve a better fill in-depth may 
be required, especially considering the normal wear rate of dentine and the fill-
ing material [29]. It may be a good decision to develop a nano gold-modified 
resin to solve this issue.

Although spherical nano-fillers are popular, partly because they distribute 
stress more uniformly across the bulk volume of the composite resin and inhibit 
crack formation, tube-like fillers such as carbon nanotubes (CNT) have also been 
tried. For example, Zhang F et  al. used single-walled carbon nanotubules 
(SWCNTs) to fabricate a composite [30], resulting in a nanocomposite with 
enhanced mechanical performance. While SWCNTs are noted to have superior 
strength, they also have the advantage of being accepted at higher filler concentra-
tions by resin systems owing to their unique dimensional distribution (aspect 
ratio > 1000). Therefore, resins accommodating CNTs should be investigated fur-
ther. However, there is a problem in the application of CNTs in dentistry. In con-
trast with the natural color of teeth, the resin specimen prepared through the 
method previously described is characterized as gray black, therefore rendering it 
incompatible for direct oral use. Applying other inorganic additives, for example, 
chromorphic xerogel pigment particles or sol gel-based opalescent fillers would 
help in fulfilling the esthetic requirements. However, further research on this sub-
ject is still required.
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3.1.2  Nano-Modified Adhesive Material

The basics of the adhesive are discussed in this section. One of the most revolution-
ary developments among recent advances in dentistry has been the utilization of 
adhesive dentistry toward treatment. As compared to traditional mechanical factors 
for retention, “adhesive dentistry” depends only on techniques and procedures for 
“adherence” to tooth structures. Such examples include the placement of composite 
resin restoration, resin-bonded bridgework, and porcelain and composite veneers.

The success of adhesive dental techniques hinges on the establishment of an 
“adhesion” or “bond” between the underlying tooth and restorative materials. A 
comparison between traditional and adhesive techniques can be examined through 
the filling of composite resin in a cavity after the removal of caries. “Traditional” 
restorative materials, like amalgam, require the dentist to remove substantial healthy 
tooth to create undercuts for maintaining mechanical retention. In contrast, “adhe-
sive” restoration renders this unnecessary as mechanical undercuts are not neces-
sary for retention. Since the removal of healthy tooth substance is reduced, the tooth 
can be maintained for a longer period [31].

Adhesives play an important role in tooth defect, dentition defect, and orthodon-
tics. These can all be divided into two categories according to which parts of the 
teeth the adhesive sticks to.

Therefore, it is essential to understand the outer parts of the teeth where the adhe-
sive “sticks” to. The external surface of the tooth, enamel, is mainly inorganic. At 
the microscopic level, enamel is composed of millions of prisms that adhere to each 
other spreading from the dentin–enamel junction (DEJ) to the tooth’s exterior 
(imagine millions of “Toblerone” bars spreading from the DEJ to the tooth’s sur-
face). By contrast, dentine has far more organic material, such as the protein colla-
gen. The dentine is composed of millions of dentinal tubules which each contains 
odontoblast extensions (tissue cell extensions from the pulp) and tissue fluid. To 
better visualize dentine, one can picture a block of Swiss cheese. In the Swiss 
cheese, the “holes” resemble the dentinal tubules, while the material in between is 
the dentine.

Adhesive restorative materials as well as luting cements “adhere” to a tooth via 
two ways. They can be described as:

• Micromechanical retention, by which the prepared tooth surface is roughened 
and the restorative material meshes with the created pits and crevices via reten-
tive tags.

• Chemical adhesion, by which the restorative material or luting cement chemi-
cally bonds with the tooth substance.
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3.1.2.1  Enamel Bonding

During the advent of adhesive dentistry techniques, bonding to enamel (enamel 
bonding) achieved greater success than bonding to dentine (dentine bonding). 
Enamel bonding can be achieved by the following method:

 1. First, etching the cut enamel surface by 37% phosphoric acid (applied as either a 
liquid or a gel) for 30–40 s. This serves to dissolve the underlying enamel prisms 
at different rates. Since some prisms dissolve quicker than others, a roughened 
surface is created, with deep pits denoting where the enamel has been dissolved. 
Afterward, the surface is washed to remove the phosphoric acid, and then dried. 
The above steps result in the enamel having a familiar frosted appearance.

 2. Then, a primer is etched onto the enamel surface. This allows the bonding resin 
(applied subsequently) to more easily seep into the roughened enamel pits.

 3. Finally, application of the bonding resin is placed on the enamel. Restoration of 
the cavity is performed using this dilute (or runny) state of the composite resin. 
Then resin seeps into the etched enamel surface and set when exposed to curing 
light (this is due to the linking of millions of tiny molecules, called monomers, 
into polymer chains when shone by the curing light). These chains then fabricate 
the millions of minute resin tags, which eventually fill the cavity at the microme-
chanical level.

3.1.2.2  Dentine Bonding

Dentine bonding was difficult to achieve during the early years of adhesive den-
tistry. More recently, denting bonding technology has been improved. The steps 
required for dentine bonding are similar to enamel bonding.

• As compared to enamel etching, the etching of cut dentine surface requires less 
time because it contains less inorganic material. Dentine etching mainly serves 
to remove debris from the entrances of the dentinal tubules.

• Afterward, a primer is applied, serving to increase the flow of the bonding resin 
as well as encouraging the proteins appearing in dentine to chemically link with 
the bonding resin.

• Finally, a bonding resin is applied, entering the dentinal tubules and forming 
resign tags (micromechanical retention). The resin is also believed to chemically 
link with the dentinal proteins (chemical linkage).

The component of new adhesives is different from the traditional ones. Twenty 
years ago, the etch, primer, and bonding agent all existed as three separate parts. 
Combined primer and bonding agents were produced later, which reduced the num-
ber of steps and time needed to place composite resin restorations. Further improve-
ments in these areas have been seen in the last 15 years due to the introduction of 
combined etch, prime, and bonding systems (or self-etching systems) [31].
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The chemical composition of adhesives aims to fulfill all above-mentioned pro-
cesses. Although dental adhesives can be classified into either the etch and rinse 
(E&Rs) or the self-etch adhesives (SEAs) (Table 3.1) groups, the ingredients are 
similar and completely independent of the number of bottles required for the adhe-
sive. Nevertheless, these different classes differ in their proportional composition. 
Typically, adhesives consist of acrylic resin monomers, organic solvents, initiators 
and inhibitors, and occasionally filler particles. Obviously, every component has its 
unique function. Knowledge of the chemical properties of these components are 
paramount for understanding or possibly predicting their behavior.

Nano-modified adhesive material. At the resin dentin interface, the adhesive 
layer has the lowest elastic modulus among the components of the bonded complex 
and was reported to be weaker than the resin-infiltrated demineralized dentin layer 
(hybrid layer). When the complex encountered stresses, the adhesive layer, the com-
ponent with the lowest elastic modulus, would suffer the greatest stain among all the 
components. If these stresses are concentrated while the polymerizing composite 
resin is undergoing shrinkage or during occlusal overloading of this layer, defects, 
cracks, or even abrupt catastrophic failure of the resin dentin bond may occur 
dependent on the amount of stress [32]: consequent failure may occur either in this 
layer or its adjacent layers [33].

The mechanical strength and viscosity of the adhesive layer might be improved 
with the addition of fillers [34]. These filled adhesives were predicted to serve as an 
intervening shock-absorbing elastic layer between the two stiff components, the 
composite resin and dentin, and increase the bond strength. However, when the 
nanoscaled fillers were added into the dentin adhesives, too much nano-filler addi-
tion increased the viscosity, hindered the penetration of the resin monomers into the 
interfibrillar spaces within the collagen network, and caused internal voids within 
the adhesives. NPs which are of the similar size to those of the polymer chain have 
led to good interaction between the chain/polymer due to the increased surface to 
volume ratio of the fillers. Thus, the method that reduces the particle size down to 
the nanoscale level has been widely used. Reports have also found that flexural and 

Table 3.1 Etch and rinse adhesives and self-etch adhesives

Group Sub-step Conditioner Primer Adhesive resins

Etch and 
rinse 
adhesives

Two-step Acid Solvent mono-methacrylates + dimethacrylates 
HEMA + initiator + inhibitor + filler

Three-step Acid Solvent mono- 
methacrylates + 
initiator + inhibitor

Dimethacrylates 
HEMA + initiator + 
inhibitor + filler

Group Sub-step Self-etch adhesives Adhesive resins
Self-etch 
adhesives

One-step Solvent Mono- 
methacrylates + dimethacrylates 
HEMA + initiator + inhibitor + filler

–

Two-step Solvent acidic mono-methacrylates 
initiator + inhibitor

Dimethacrylates 
HEMA + initiator + 
inhibitor + filler
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tensile strength can be significantly increased by incorporating 1–10  wt% silica 
nano-fillers into adhesive resins [35].

Recently, evidence has revealed that adding hydroxyapatite nanorods at 
0.2–0.5 wt% to an experimental adhesive significantly increases its flexural strength 
and diametral tensile strength. Lohbauer et al. found that increasing the concentra-
tion of zirconia nano-fillers in either the primer or the adhesive greatly increased the 
microtensile bond strength [36]. However, different studies yield diverging conclu-
sions regarding nanoparticle incorporation into adhesive resins, and dentin bond 
strength increases. Some studies found that adding filler content up to 20 wt% sig-
nificantly increases the bond strength, whereas exceeding 50% results in bond 
strength deterioration [37]. If hydroxyapatite was used as the nano-filler, significant 
increases in bond strength occurred at 0.2 wt% incorporation, but decreased to the 
starting level with further packing [38]. Abdelaziz EM found that these exact sys-
tems also decreased viscosity while improving the microtensile bond strength [39]. 
On the other hand, if when these adhesive systems used 1 wt% HA-modified adhe-
sive, the results were completely reversed. This can be explained by silane coupling 
having a stronger chemical-grafting on the surface of fillers at lower fill concentra-
tion, which improved stability and dispersion, and hence improved flowability while 
reducing the viscosity of the dental adhesives. In contrast, the particles were in 
closer proximity with each other at higher filler concentration, which result in 
greater collision probability under shear and creates aggregates. So, the mechanical 
strength will be the greatest at proper nanoparticle concentration.

Success of restorations are highly dependent on a durable and strong adhesion to 
dental hard tissues. Other challenges to dental restoration such as chewing forces 
and biofilm acids interact with the oral environment and limit the longevity of the 
restoration. Currently, the weak link in restorations can be attributed to the resin- 
bonded tooth interface, while secondary caries at the margins are the main impedi-
ment to longevity of restorations.

Adhesives containing CaP [Ca3(PO4)2] particles could remineralize the remnants 
of tooth lesions in the cavity as well as the acid-etched dentin. Thus, they are prom-
ising to improve the longevity of the restorations. Due to the release by the adhesive 
of Ca and P ions, which serve as seed crystals, mineralization can be facilitated in 
the hybrid layer (HL) as well as the tooth-restoration margins. Furthermore, other 
advantages include the likely protection of the exposed collagen within the bonded 
interface by the CaP adhesive, which improves bonding stability and durability and 
the protection of the weak link of tooth restoration. However, since Ca and P ion 
release is only short term, lasting only weeks to a few months and then diminishing, 
this poses a major flaw for Ca–P containing resin. A previous study confirmed this 
short ion release duration for CaP resins, showing an ion release of only 1–2 months. 
Therefore, it would be advantageous to develop a rechargeable CaP adhesive to 
constantly refill the Ca and P ions to provide long-term ion release for remineraliza-
tion and the ultimate inhibition of caries. Thus, nano-CaP (NACP) (116 nm) is syn-
thesized which is rechargeable to provide long-term Ca and P ions. Because NACP 
has smaller particle size, it can more easily flow with the bonding agent into the 
dentinal tubules to result in resin tags. This adhesive can also be considered “smart” 
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because they released Ca and P ions, which are beneficial to combat caries, at low 
cariogenic pH. Among all the bonding agents tested (the NACP content from 0% to 
30%), adhesive with 30% NACP appeared to be the best, considering its highest 
dentin bond strength, Ca and P ion release, and recharge and re-release. NACP filler 
levels ≥40% were not used due to a decrease in dentin bond strength in preliminary 
study. After recharge, the resins had continuous release of ions for at least 2–3 weeks, 
before another recharge would be needed [40].

Moreover, incorporating high atomic number containing particles may induce 
radiopacity in adhesive systems, compared to the typical radiolucent property of the 
adhesive layer. Regrettably, these radiolucent radiographic images might misguide 
dentists as they may resemble those of defective restoration and secondary caries, as 
a consequence, resulting in possible clinical misdiagnosis or needless replacement 
of restorations which cause increased cost, chair time, and patient discomfort.

To overcome these, oxides such as silicon dioxide (SiO2), titanium dioxide, 
strontium oxide, zirconia dioxide, barium oxide, and barium sulfate have been 
incorporated as radiopacifiers. Additionally, radiopacity been satisfactorily shown 
by using ytterbium trifluoride (YbF3) as a source [41], while using SiO2 NPs 
improved the cohesive strength of adhesive resins.

Unfortunately, unwanted problems could arise from the additives. For instance, 
incorporating a large concentration of fillers into dental resin significantly reduced 
the inter-particle spacing, increased the number of particle collisions, and increased 
the suspension viscosity, thereby possibly adversely affecting the mechanical prop-
erties of the material. Beyond that, excessive fillers could also cause the composite 
materials to lose dimensional stability, deteriorate in bond strength, weaken in flex-
ural strength and diametral tensile strength, and decrease elastic modulus as well as 
fracture toughness.

To address this problem, YbF3 (40–80 nm average particle size, nanostructured 
and amorphous materials) is added into the adhesive. For nano-based materials, it is 
of utmost importance that NPs do not jeopardize the chemo-mechanical stability of 
the modified material. Compared with nanoparticle-free adhesive, the YbF3- 
modified adhesive improved radiopacity and maintained the bond strength to dentin 
stable over time. Considering the different results of the nanoparticle-modified 
adhesives, gaining radiopacity without sacrificing beneficial characteristics of den-
tal bonding agents may depend on the type of radiopacifiers added into the material. 
As such, YbF3 could be considered a promising candidate to develop novel radi-
opaque dental adhesives [35].

Contemporary adhesives are limited by their inability to successfully infiltrate 
into the acid-etched or self-etched exposed collagen fibril network of the demineral-
ized dentin [42]. Denuded dentin collagen exposure along the dentin–resin interface 
is the result of this incomplete infiltration of resin and the hydrolysis of the polym-
erized resin. Bacterial acids and enzymes, as well as activated host-derived prote-
ases, further degrade this already defective bonded interface, thereby eroding the 
lifespan of the resin–dentin bond [43]. Although several methods aimed to optimize 
the infiltration of resin into the collagen matrix of the demineralized dentin, such as 
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the usage of catalysts, various solvents, and hydrophilic resin monomers, they 
all failed.

To solve the limited resin penetration problem, a novel solution is to develop a 
novel adhesive that can be actively manipulated and forced to infiltrate and pene-
trate the interfibrillar spaces within acid-etched dentin and the dentinal tubules. This 
adhesive is bis-GMA-based and doped with spherical nanoparticles. The nanopar-
ticles are composed of an iron core, a whitening coat shell of zirconium oxide 
(10–20 nm), and silanized by a monolayer of vinyl groups grafted on the surface of 
particles to covalently bond to the resin matrix. This nanoparticle-doped resin can 
be actively pulled into dentin interfibrillar spaces by magnetic force (~60 s), using 
off-the-shelf magnets (1.2 T). We hypothesize that this magnetic nano-adhesive sys-
tem can enhance resin infiltration and penetration of dentinal tissues and that tubules 
thus enhance the adherence and seal. Magnetic forces, unlike the passive self- 
diffusion, might be able to actively enhance the adhesive penetration. Under the 
guidance of this external force, magnetic nanoparticles (MNP) can deliver more 
drugs to a target than either iontophoresis or diffusion. This system should also 
increase the surface area of dentin available for bonding and may help counteract 
adhesive lift due to polymerization shrinkage of composite restorations, result in an 
improved bonded interface with dentin, and ultimately enhance the longevity of 
composite resin restorations. Furthermore, this system should not adversely affect 
pulpal health [44]. However, it did not have bactericidal and remineralization abili-
ties. So, another study developed a novel magnetic nanoparticle-containing adhe-
sive system with antibacterial and remineralization functions for the first time [43]. 
MNPs, dimethylaminohexadecyl methacrylate (DMAHDM), and amorphous cal-
cium phosphate nanoparticles (NACP) were mixed into a commercially available 
adhesive resin (Adper ScotchBond, Multi-Purpose Adhesive, SBMP) at 2%, 5%, 
and 20%, respectively, by mass. The two types of magnetic nanoparticles, iron 
oxide nanoparticles and acrylate functionalized iron oxide nanoparticles (AINPs), 
each were added to the resin at 1% by mass. A commercial cube-shaped magnet was 
used to apply a magnetic force for 3 min for inducing dentin bonding, subsequently 
measurements were taken of dentin shear bond strengths. Furthermore, resins were 
used to grow Streptococcus mutans biofilms, and colony-forming units (CFU), met-
abolic activity, and lactic acid were measured. The phosphate (P) ion concentra-
tions, calcium (Ca) ion concentrations, and pH of the biofilm culture were also 
determined. Results showed that it had greater dentin bond strength and antibacte-
rial and remineralizing capabilities. The reason is that teeth restored using the 
nanoparticle-doped adhesive and magnetic pull displayed an extensive network of 
resin tags penetrating dentin, both vertically and horizontally, compared to control. 
Additionally, teeth restored by nanoparticle-doped adhesives displayed a signifi-
cantly greater number of resin tags per field of view and average length of resin tags 
as compared to controls (Fig. 3.2).

Adhesives have been revolutionized by developments and improvements in 
material compositions and placement technology [40]. With the development of the 
nanotechnology, nano-scale adhesive is extensively studied. Here are the main 
nano-scale adhesives currently available: Prime&Bond NT (DENTSPLY); Adper™ 
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Single Bond 2 (3M ESPE); SE-BOND (kuraray). But the ingredients included are 
unclear. Due to its excellent adhesion strength, sealing property, desensitization 
effect, antibacterial property, and no significant markup in prices, nano-scale adhe-
sive reaches a broader global market.

Above all, we know magnetic forces have a great effect on adhesive. But as yet, 
reports that have tested magnetic nanoparticle-doped adhesives with magnetic 
nanoparticle-doped adhesives have been scarce. There are still many aspects which 
need to be improved. For example, when the adhesive is applied, a magnetic field 
force should be exerted for 3 min. But the 3 min of magnet application is too long 
for clinical applications [45]. Therefore, further efforts are needed to investigate the 
incorporation of drug-loaded magnetic nanoparticles into bonding agents to help 
establish a new and effective strategy in conservative dentistry.

3.1.3  Nano Root Canal Filling Materials

In the human oral cavity, pulpitis and periapical periodontitis are the most common 
bacterial infections, with the major symptoms being pain, tooth defect, and dys-
function. The most effective treatment for pulpitis is root canal therapy (RCT) [46]. 
RCT, also known as endodontic treatment, an operation to treat pulp necrosis, root 

Fig. 3.2 Representative examples of SEM images from teeth restored using (a) control adhesive, 
(b) nano-adhesive with magnetic pull. (c) Quantification of average resin tag length and (d) den-
sity [44]
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infection, apical periodontitis, and endodontic retreatment in dentistry, is used to 
treat the infected pulp tissue that is composed of blood vessels and nerve tissue 
within the tooth. The aim is to eliminate inflammation and pain, while protecting the 
tooth against future reinfection as well as preserving its function. Conventional 
RCT usually applies dedicated instruments and methods to clean and restructure the 
root canal and appropriate drugs to disinfect and sterilize the root canal. Finally, it 
uses special materials to fill the root canal firmly (Fig. 3.3), thus eliminating the 
inflamed pulpal tissue, helping the healing of apical tissue, and preventing the 
development of periapical periodontitis [47]. The process requires the placement of 
a root canal filling with high sealing properties.

To clear the infections, a perfect root canal preparation and root canal filling are 
necessary. The chief criteria for the successful treatment of periapical periodontitis 
is the reduction or elimination of bacteria. To accomplish this, a combination of 
mechanical instruments, various irrigation solutions, and antibacterial dressings or 
medicants placed into the canal are required [48]. Before root canal preparation, the 
root canal wall has a dentine smear layer attached. This could negatively affect the 
root-filling material adhesion to the root canal wall and result in apical leakage [49, 
50]. Three main factors are involved, namely the complexity of the anatomical 
structure of the root canal, the biofilm lifestyle, and the low permeability of the lava-
tory fluid into the dentinal tube. Thus, the conventional procedure rarely achieves 
complete roots canal disinfection and closure [51, 52]. The complexity of the ana-
tomic root canal system enables bacteria to hide and multiply [53], limiting the 
elimination of microorganisms in specific areas of the root canal despite the use of 
high-quality instrumentation and various irrigating solutions [54]. Thus, the major 
problems in RCT are the inability to completely clear and restructure the canal 
using standard cleaning and shaping procedures. Eliminating bacterial biofilms sur-
viving within the anatomic complexities and uninstrumented portions of the root 

Fig. 3.3 The condition of the tooth before and after root canal therapy: (a) pulpitis caused by 
dental caries; (b, c) root canal preparation by appropriate equipment; (d) perfect root canal filling
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canal system continue to pose a challenge [55]. Therefore, the basic root canal prep-
aration greatly affects the success rate of RCT.

High-quality instruments are vital to root canal preparation. Some of the critical 
features of the instruments are now measured using the latest nano-indentation tech-
nology. Nano-indentation, also known as depth-sensing indentation and ultra-low- 
load indentation, is a relatively new form of sensitive mechanical testing that is 
appropriate to capture the incidence of localized phase changes [56]. A study by 
Jamleh et al. demonstrates that the nano-indentation technique can be applied to 
determine the performance of NiTi instrument [57]. This application has an impor-
tant influence on the development of RCT.

Hermetic sealing is the primary factor associated with the success of RCT. Ingle 
et  al. pointed out that 58% treatment failures were due to incomplete obturation 
[58]. Microorganisms and their byproducts are the main etiologic factors in the 
initiation, propagation, and persistence of pulpal and periapical infections [59]. 
Minimizing gap and void formation during root canal obturation is clinically rele-
vant because as little as 1% shrinkage of the sealers may result in filling deficiencies 
due to the penetration of bacteria and their byproducts [60]. RCT prevents bacteria 
in an oral environment from entering and re-infecting the root canal. It also prevents 
the tissue fluid from going into the root canal, which otherwise would become the 
culture media for the residual bacteria and result in periapical periodontitis. The 
apical third is the most complex and critical area in the root canal system, not only 
for root canal instrumentation but also for root canal filling [61]. Thus, the apical 
sealing of the root canal is one of the most important indicators for a successful 
RCT. Therefore, complete root canal filling is another important factor in RCT.

The traditional root canal filling material refers to the material that is used to fill 
the root canal in RCT treatment, eliminating the dead cavity and preventing reinfec-
tion in the root canal. It includes three categories: a solid, a paste, and a liquid. The 
solid material includes gutta-percha points, silver cones, and plastic points. The 
paste material is often used in conjunction with solid materials, which is mainly 
used to bond the solid material with the root canal wall, while filling the gap between 
the solid material and the root canal wall. It includes zinc oxide lilac oil root canal 
filling material, root canal paste (AH-Plus), calcium hydroxide pastes, thymol paste, 
and iodoform paste. The liquid material is mainly phenolic resin.

The obturation of root canal system is an essential part in endodontics to close 
the leakage pathways from the coronal and apical directions [62]. Many types of 
root canal sealers have been introduced to seal the canal. But an ideal root canal 
sealer must have the following properties: sufficient setting time to allow enough 
working time, an excellent sealing and perfect dimensional stability after setting, 
adequate adhesion with canal walls, tissue tolerance and high biocompatibility, and 
insolubility to tissue fluids [63]. Decontamination and 3D obturation are essential in 
RCT. However, most of the obturating materials cannot provide an effective seal 
[64]. As a result, root canal filling materials are continuously improved, and bioac-
tive materials are becoming increasingly popular.

Currently, commercially available sealers can be broadly categorized into the 
following types: zinc oxide eugenol-based, calcium hydroxide-based, glass 
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ionomer-based, resin-based, silicone-based, and calcium silicate-based sealers. 
However, none of the existing sealers fit all the criteria required to be ideal. 
Dissolution when contacting periapical tissues are a common drawback for zinc 
oxide eugenol-based [65], calcium hydroxide-based [66] and glass ionomer-based 
sealers. Moreover, slight shrinkage occurs during settings with zinc oxide eugenol- 
based sealers [60, 67].

Different materials and techniques have been investigated in order to establish 
the ideal root canal seal for filling the root canal space. Among these, the cold lateral 
condensation of gutta-percha (GP) technique in conjunction with a sealer remains 
one of the most popular techniques that has both been extensively investigated and 
employed [68]: some authors refer to it as the gold standard [69, 70]. Currently, 
RCT obturation uses the current standard materials: GP, an inert thermoplastic poly-
mer consisting of the GP latex, zinc oxide, a radiopacifier which allows clinical 
X-ray imaging to monitor the treatment, and a plasticizer [71]. Filling the root canal 
space with GP is the standard of care for endodontic therapies, and it has a long his-
tory of application. It offers numerous advantages, including good biocompatibility, 
low cost efficiency, and easy removal. However, it also has several limitations. 
Conventional GP obturation may still lead to endodontic failures due to reinfection 
of root canals, which are in part associated with microleakage. These poorly obtu-
rated root canals create possible passages for bacteria, fluid, and chemical substance 
to penetrate [72, 73]. The phenomenon occurs because the sealers that are currently 
available, such as the widely adopted root filling material (thermoplastic GP), 
reveals volume shrinkage after cooling [74]. Conventional GP may be conducive to 
bacterial regrowth. If there are bacterial remnants in the root canal space, the tissue 
fluid would reestablish contact. While being frequently used, it has been previously 
reported to be associated with microleakage which would allow oral fluids and bac-
teria to access the treated root canal and suboptimal mechanical properties with 
respect to handling the material, potentially resulting in buckling during obturation 
[75]. Due to the dimensional changes and lack of adhesion from GP, it is not easy to 
achieve a complete filling with the current root-filling materials. Therefore, the 
adaptability of a sealer to the dentin is the primary method to prevent the microleak-
age and reinfection of the root canal.

Epoxy resin-based sealers demonstrate good dimensional stability [76] and good 
adhesive properties [77]. Therefore, they are good candidates to provide an ade-
quate root canal seal. The intricate nature of their adhesion to dentin [78] and their 
ability to undergo slight expansion [79] may partly explain their thorough sealing 
properties. AH-Plus is used frequently in clinic and is commonly chosen as the 
control in studies of the new sealer’s properties because of its good flowability, 
proper film thickness, and viscosity [80]. It is an epoxy resin-based sealer with good 
physicochemical properties [81] and antibacterial effect [82]. Previous studies sug-
gested that AH-Plus can be considered the gold standard for root canal sealants. The 
combination of AH-Plus and GP is commonly used in RCT. It has many advantages 
in clinical practice, including permanent seal, excellent X-ray resistance, easy mix-
ing, unapparent shrinkage after solidification, good long-term space stability and 
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sealing characteristics, no irritation, and non-interference with the bond strength of 
fiberglass posts cemented by adhesive resin cements [83].

However, the contemporary dental root-end filling materials still do not possess 
all desirable features, such as biocompatibility, adhesion to tooth structures, and 
antibacterial activity [84]. The good biocompatibility of the sealing material is 
needed when it is in contact with surrounding tissues to achieve a successful long- 
term outcome [85]. Mineral trioxide aggregate (MTA) is a kind of trioxide agglom-
erate and gray powder, including calcium silicate, calcium oxide, calcium phosphate, 
and other components. Several studies have investigated the properties of MTA, 
including composition, radiopacity, setting time, and biocompatibility. Since the 
introduction of MTA to the market, it has gained popularity due to its excellent 
biocompatibility [86]. Previous reports have recognized that MTA acts as a bioac-
tive material [87] which promotes mineralization [88]. MTA serves many purposes, 
such as internal and external root resorption repair [89, 90], furcal perforations seal-
ing [91], apexification [92], as a direct pulp capping agent [93], and also as a retro-
grade filling material [94]. MTA can also be used as root canal filling material, 
which is usually used for pulp capping, perforation reparation, root tip formation, 
and root pour filling materials. However, MTA exhibits certain disadvantages such 
as handling difficulty, low acidic resistance, and long setting time [95]. Long setting 
time increases the probability of the contamination of MTA by oral fluids before the 
material is completely solidified.

Hence, the ideal material for root canal filling should have favorable biocompat-
ibility, bioactivity, antibacterial property, flowability, small particle size, no setting 
shrinkage, no setting dissolution, complete coverage of root canal space, adhesion 
to tooth structures, etc. Nanotechnology is applied to improve the performance of 
present dental materials.

Due to the imperfection of the existing material, the field of nanomedicine has 
been applied to make important clinical advances in recent years. Nanomaterials are 
natural, incidental, or manufactured materials containing unbound, aggregate, or 
agglomerate state particles in which 50% or more of the particles based on number, 
size, distribution, or one or more of the external dimensions is within the 1–100 nm 
range [71]. Nanomaterial offers enhanced physicochemical properties, such as 
increased chemical reactivity, ultra-small sizes, and large surface area/mass ratio, as 
compared to their bulk counterparts [96, 97]. Nanoparticles (NPs) have been the 
focus of attention in the past few decades owing to their innovative and functional 
properties. Particles with dimensions of 1–1000 nm made from any type of biocom-
patible substance can be defined as NPs (but commonly defined as 5–350 nm in 
diameter) [98]. The use of nanotechnology has allowed many other developments in 
dentistry and advances in oral-health-related nanomaterial and therapeutic methods 
[99]. Nanotechnology has been developed rapidly and created a myriad of biomedi-
cal applications such as drug delivery, tissue regeneration, antimicrobial applica-
tion, gene transfection, and imaging [100, 101]. Moreover, nanotechnology is used 
to produce many dental materials, including light-cured restorative composite resins 
and their bonding systems, impression materials, ceramics, the covering layers of 
dental implants, fluoride mouthwashes, and so on.
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In nanoscale, a decrease in dimensions to the atomic level leads to a considerable 
increase in the surface area of the agent. Therefore, the contact of NPs with dentin 
can effectively achieve good sealing effect. Some studies show that bacterial bio-
films are considered the major cause of both primary and secondary root canal 
infections [102, 103]. Silver nanoparticles (AgNPs) as a medicament and not as an 
irrigant showed potential to eliminate residual bacterial biofilms during root canal 
disinfection.

The quality of the filling material affects its ability to prevent reinfection of the 
root canal and the healing of apical lesion. Nanotechnology makes improvements in 
root canal filling materials. The nanotechnology is used to modify the current mate-
rials by adding nanostructured materials to enhance its properties. It enables the 
material to be antibacterial and enhances the obturation in RCT. Furthermore, the 
application of nanomaterials in clinic is more and more extensive. In the field of 
endodontics, nanomaterials is mainly used to improve antimicrobial efficacy, 
mechanical integrity of diseased dentin matrix, and tissue regeneration [104, 105]. 
The research and development of nanomaterials with excellent apical sealing ability 
is a significant contribution to increase the success rate of RCT. The advantages of 
using nanoparticles in endodontic sealers include improving their physicochemical 
characteristics, enhancing the antibacterial property, decreasing microleakage, and 
increasing biocompatibility [7, 106, 107].

Nano-modified cements can help to produce ideal root-end filling materials. 
Attempts have been made to improve the properties of MTA by incorporating nano-
materials. For example, incorporation of silicon dioxide (SiO2) nanoparticles has 
improved the microstructure of MTA and accelerated the hydration process. 
Alternatively, antibacterial activity can be improved by adding chitosan or silver 
(Ag) nanoparticles [85]. Iron disulfide (FeS2) nano or microparticles, originating 
naturally from hydrothermal sources and clay in the form of iron sulfide particles, 
have been extensively studied [108]. Results show that the FeS2 nanocrystals are 
biocompatible, indicating their potential applications in biomedicine. These nano-
structures can also effectively modulate MTA’s mechanical properties. At small 
concentrations (0.2–0.6 wt%), these nanostructures prevent volume changes, result-
ing in a stiffer material and reduced initial setting time than conventional MTA 
[109]. Thus, the addition of FeS2 nanostructures to MTA can improve its physical 
and biological properties [110]. The particle size of MTA is important for its clinical 
applications in dentistry due to its influence in creating an adequate seal between the 
material and the dentin [111]. It is necessary that the particle size of the MTA should 
be smaller than the size of the dentinal tubules. It allows the MTA particles to pen-
etrate the tubules and provide an adequate seal.

A nano-modification of white mineral trioxide aggregate (WMTA), mainly 
changes in the surface porosity, microhardness, and setting time, is a new root-end 
filling cement with similar composition to WMTA. However, the former was more 
resistance to an acidic environment and set ten times faster than WMTA [112]. The 
initial setting time of WMTA was approximately 40 min, while that of nano-WMTA 
(nano-modified with white mineral trioxide aggregate) was only about 6 min [112]. 
Therefore, a shorter setting time prevented the bacterial reinfection in the root canal 
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to a certain extent and reduced the chance of tissue fluid infiltrating into the root 
canal. An acidic environment had an adverse effect on the microhardness of WMTA 
cement, which was consistent with previous studies [113]. However, WMTA was 
affected much greater than nano-WMTA, which might be attributed to the greater 
porosity of WMTA compared with nano-WMTA. The greater porosity might accel-
erate the acid penetration into the surface texture and decrease the surface micro-
hardness. Nano-WMTA revealed low surface porosity and high acid resistance. 
Greater porosity can also increase crack propagation. The push-out bond strength is 
recommended in further investigation, because WMTA has been widely applied to 
perforation repair materials, root canal retrograde filling materials, and the materials 
of the formation of the top barrier in clinical practice. The push-out bond strength 
of nano-WMTA is significantly higher than WMTA [114]. It is indicated that the 
strong adhesion between materials and the dentin tubules, which can reduce the 
microleakage and improve the maneuverability of root canal filling materials. The 
smaller particle size and uniform distribution of constituents in nano-WMTA are the 
two influencing factors.

Recent literatures lay strong emphasis on the prospects of nanotechnology to 
improve mechanical strength (e.g. nanofibers incorporation) and provide antibacte-
rial protective effects (e.g. silver nanoparticles and chlorhexidine diacetate) to resin- 
based dental sealants [115]. Chitosan (CH), chitin’s deacetylated form, is a nontoxic 
biopolymer which has garnered much attention based on its biocompatibility, anti-
oxidant, anti-inflammatory, and antibacterial properties. While nylon is a polyamide 
having excellent strength, flexibility, and abrasion resistance [116]. Due to these 
properties, reinforcement of dental composites has used electrospun nylon-6 (N6) 
nanofibers [117]. Hamilton et al. successfully prepared CH and N6 nanofibers via 
electrospinning to improve the mechanical properties and provide an antibacterial 
protective effect to resin-based dental sealants [118] (Fig. 3.4). The overall results 
indicated that the CH groups exhibited significantly higher flexural strength (FS) 
and hardness than any other group. Molecular weight (MW) and degree of deacety-
lation (DA) vary among the different types of chitosan; these factors that indepen-
dently influence the antimicrobial activity of chitosan. It has been reported that 
lower MW CHs have greater antimicrobial activity than high MW CHs. However, 
with the limitations of above in vitro study, further investigation is needed to evalu-
ate whether chitosan with different molecular weight and degree of deacetylation 
may enhance the physicomechanical and antibacterial properties of the materi-
als tested.

We have earlier discussed the merits and drawbacks of GP in RCT. While GP 
offers numerous advantages, it cannot provide adequate seal to prevent bacterial 
percolation which is a challenge in endodontic therapy. To address these challenges, 
clinicians have explored other root canal filling materials than GP. Detonation of 
nano-diamonds (NDs), which are carbon nanoparticles approximately 4–6 nm in 
diameter, are very attractive. They are the waste byproducts that are readily pro-
cessed for biomedical applications [119–127]. NDs may offer unique advantages 
due to their favorable properties, particularly for dental applications. These include 
versatile faceted surface chemistry, biocompatibility, and their role in improving 
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mechanical properties. Importantly, NDs with consistent particle size and surface 
chemistry properties can be largely synthesized, supporting their clinical transition 
[128–130]. Thus, researchers developed a nano-diamond gutta-percha composite 
(NDGP) embedded with nano-diamond amoxicillin (ND-AMC) conjugates 
(Fig. 3.5a), which can reduce the likelihood of root canal reinfection and enhance 
the treatment prognosis. While multiple nanoparticles have been evaluated in human 
studies, there remains a need to accelerate novel, nanotechnology-enabled strategies 
which can enhance the efficacy and safety of therapy [132, 133]. ND-containing 
composite materials have also been shown to exhibit superior mechanical properties 
compared with unmodified materials (Fig. 3.5b) [125, 131, 134]. Examination of 
the clinical potential of these key ND attributes [131] finds that the thermoplastic 
biomaterial, ND-embedded gutta-percha, could be utilized as a nonsurgical RCT 
filler material in preventing reinfection and enabling lesion healing. While the 
administration of NDGP also confers simultaneously the beneficial properties of GP 
with the increased mechanical strength and ND-mediated antimicrobial and/or 
pharmacological antimicrobial activity. Therefore, these capabilities may reduce the 
risk of root canal reinfection and improve the long-term treatment outcomes.

Fig. 3.4 Electrospun nylon-6 (A, B) and chitosan (C, D) nanofibers shown using representative 
SEM images at various magnifications. (D) The selected area as shown under higher magnification 
(5000×). (D) Chitosan fiber branching shown under higher magnification images (5000× and 
10,000×) [119]
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Researchers fabricated bioactive mesoporous calcium–silicate (MCS) NPs 
(around 100 nm) with high specific surface area and pore volume to prepare the 
injectable materials for the filling of the root canal. The apatite mineralization abil-
ity, in vitro osteogenesis, drug delivery, and antibacterial properties of the material 
were evaluated. The prepared MCS was found to be easily injected. And it could fill 
the apical root canal successfully. MCS NPs induced apatite mineralization in 
DMEM solution without any cytotoxic effects [135]. Hence, it suggested that MCS 
NPs could be an advanced biomaterial with multiple functions due to their unique 
nanostructure, injectability, and antibacterial efficiency. Meanwhile, it also has the 
features of apatite mineralization, osteostimulation, and drug delivery [136].

Recently, a new group of sealers, bioceramic (BC) sealers, were introduced for 
dental practice [137]. BC materials, calcium silicate-based materials, are osteoin-
ductive bioceramic products or components employed in medical and dental 

Fig. 3.5 Radiopaque and mechanical properties of NDGP. (A)  Left: NGDP photographs (top) and 
unmodified GP (bottom). Right: Digital X-ray imaging showing the radiopaque property of NDGP 
(top) was similar to that of the unmodified GP (bottom). (B) Tensile test results expressed as 
stress–strain curves of G, and NDGP (5  wt% ND, 10  wt% ND). The tests were conducted at 
0.3 cm/min strain rate with the sample gauge lengths set to 0.89 cm. Results clearly indicated the 
areas under the NGDPs curves (5% and 10%) were larger than the corresponding unmodified GP, 
suggesting the modified NGDPs were more mechanically robust [131]
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application mainly as implants and replacements [138]. The calcium silicate-based 
material, which is a cement paste, has attracted considerable attention, because of 
its good penetration ability and flowability. The Total Fill BC sealer (FKG Dentaire, 
La Chaux-de-Fonds, Switzerland), one of the first commercially available sealers in 
Europe, contains the same chemical composition as the Endo Sequence BC sealer 
(Brasseler, Savannah, GA, USA), which is a nanomaterial. Endo Sequence BC 
sealer is one of the ideal bioactive sealants that contains nanoparticles facilitating its 
penetrating into dentinal tubules [139]. It is composed of calcium silicates, calcium 
phosphate monobasic, calcium hydroxide, zirconium oxide, other filler, and thick-
ening agents. This is also marketed as the iRoot SP (Innovative. BioCeramix Inc., 
Vancouver, British Columbia, Canada) which has been provided as an ideal pre-
mixed, ready-to-use, and injectable biomaterial in dental clinic, exhibiting excellent 
radiopacity, insolubility, zero-shrinkage, and hydrophilic (due to using moisture 
from the dentinal tubules to start and complete the setting reaction) qualities [140]. 
The shrinkage during setting and dissolution when contacted with tissue fluid is the 
common problems for most of the currently available sealers [65]. Total Fill BC 
sealer is no exception. These shortcomings will result in the existence of gaps in the 
interface of sealers and root canal wall which lead to the microleakage in the root 
canal system. Such gaps ultimately affect the outcome of root canal treatment. 
Nanoparticles have improved the handling and physical properties of Total Fill BC 
sealer. BC sealer, due to its hydrophilic properties [108], uses the moisture within 
the root canal to finish the setting reaction. Hydration reactions of calcium silicates 
are facilitated by this moisture, which produces calcium hydroxide and silicate 
hydrogel. These products can partially react with the phosphate to form water and 
hydroxyapatite, along with the formation of a nanocomposites structure of calcium 
silicate and hydroxyapatite. The hydration reaction and setting time are affected by 
the availability of water [102]: setting time may be prolonged in overly dried canals. 
It sets and becomes hard in a few hours, providing excellent seal and dimensional 
stability. Upon setting, it forms the hydroxyapatite, providing excellent biocompat-
ibility and bioactivity. Many in vitro studies have indicated its good biocompatibil-
ity [80], bioactivity [141, 142], antibacterial property [143, 144], and certain kinds 
of sealing ability [145, 146]. Moreover, it has favorable flowability, small particle 
size, and acceptable volume expansion [147, 148], which directly affect the root 
canal filling condition. The manufacturers recommend this sealer to be used together 
with the Total Fill BC gutta-percha (FKG Dentaire, La Chaux-de-Fonds, 
Switzerland), which when coated and impregnated with a nano-layer of BC parti-
cles improves the adaptation [149].

With its properties of almost no shrinkage when setting and no dissolution when 
in contact with tissue fluids, the new bioceramic sealer may be a promising filling 
material [150]. The iRoot SP penetration of sealers into dentinal tubules can form a 
physical barrier to prevent bacterial microleakage and recontamination of root canal 
system [151]. It will also generate micro-mechanical interlocking with dentine and 
strengthen the resistance to bacteria of the filling material, and the deep penetration 
into dentinal tubules can maintain their bactericidal effect [152, 153], which is 
favorable for the healing of the periapical lesion. In addition, the moisture 
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remaining in the dentinal tubules will trigger its setting reaction with the production 
of hydroxyapatite and create the chemical bond with root dentine [141]. A study 
[154] indicated that the depth of sealer penetration into dentinal tubules had no cor-
relation with the sealability of nonbonded root fillings. However, it was of para-
mount clinical relevance, particularly for iRoot SP. Therefore, the sealing of the root 
canal is improved. It was found that bioceramic sealer iRoot SP penetrated dentinal 
tubules better than AH-Plus in the root tip 2 mm. The good penetration ability of 
iRoot SP may be one of the factors which are the reasons for the success of end-
odontic treatments.

Nowadays, MTA Fillapex is one of the recently developed endodontic sealers 
[155–157]. This endodontic sealer (MTA Fillapex; Angelus Solucoes Odontologicas, 
Londrina, PR, Brazil) consists of MTA, natural resin, salicylate resin, bismuth, 
nanoparticulated silica, and pigments. However, information about the physico-
chemical properties of MTA Fillapex is scarce. These properties must be further 
researched as they have an impact on the final quality of root filling [158]. For 
example, the effectiveness obturating the accessory canals and voids between mas-
ter and accessory gum tips is dependent on the flow of endodontic sealers; adequate 
flow allows for proper filling of irregularities, whereas high could cause apical 
extrusion, leading to the cytotoxicity of the sealers causing periapical tissue injury 
[159]. Since proper fluidity has a great effect on the quality of the root canal filling, 
much attention has been paid to the flow properties of endodontics sealers. MTA 
Fillapex sealer was more flowable than the Endosequence BC sealer. An excessive 
flow rate increases the probability of extrusion into periodontal tissues. Moreover, 
the pH change of sealers, which is associated with antimicrobial effects and deposi-
tion of mineralized tissue [66, 160–162], may play a role in healing: neutralization 
of lactic acid produced by osteoclasts as well as the prevention of mineralized tooth 
dissolution can be associated with the effects of the alkaline pH of root canal seal-
ers. Therefore, by activating alkaline phosphatases, the root canal sealers, especially 
bioceramic-based sealers, can assist in hard tissue formation [163]. Comparing the 
two novel root sealers, MTA Fillapex and the Endo sequence BC, the former 
although showing higher flowability and thicker film also displays shorter working 
time, setting time, and solubility than the latter. On the other hand, both sealers 
produce an alkaline pH when immersed in distilled water and even after setting, 
which may contribute to their osteogenic potential, biocompatibility, and antibacte-
rial ability. All sealers satisfied the criteria for flowability, solubility, film thickness, 
and dimensional change. The new endodontic sealers, Endo sequence BC and MTA 
Fillapex, both possessed acceptable flowability and dimensional stability. But they 
had higher solubility, film thickness, and better sealing capability than AH Plus.

Zinc oxide-eugenol (ZOE)-based sealers have been widely used in endodontic 
for many years. Nanotechnology has been applied to overcome their limitations. A 
study showed that the incorporating zinc oxide nanoparticles enhanced the physico-
chemical characteristics (setting time, flowability, solubility, dimensional stability, 
and radiopacity) of Grossman sealer [107]. The new nano zinc oxide-eugenol 
(NZOE) sealer produced less microleakage than Pulpdent and AH-26 root canal 
sealers. NZOE has less cytotoxicity than Pulpdent sealer, suggesting that the 
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incorporation of zinc oxide nanoparticles can decrease the cytotoxicity of ZOE- 
based sealers [164].

Hydroxyl apatite nanoparticles (HAp NPs) have been used widely in medicine 
and dentistry. Typically, they are used as implant coatings for better biocompatibil-
ity and wear resistance [165]. They are also used for the preparation of bone graft 
[166]. The HAp NPs can easily integrate into the dental tubules, which is beneficial 
to root canal sealing. HAp NPs have greater surface area, resulting in strong binding 
with proteins as well as with bacterial and plaque fragments [167]. Biocompatibility 
studies indicated that hydroxyapatite can bind to bone, and it will not lead to any 
local and systemic inflammatory response. It has great significance in treatments 
such as root canal filling, tooth filling, and dental implant.

Another example is adding silver nanoparticles and GP powder to the silicon- 
based sealer (Gutta-Flow Sealer). Available in uni-dose capsule form, this material 
can be mixed and injected [108]. This nano-sealer has multiple advantages such as 
good biocompatibility, stable dimension, and short setting time. The material has 
also been reported to have improved sealing capability and better resistance to bac-
terial penetration.

Endodontic sealers are noted for their highly beneficial antibacterial activity. 
Recently, antibacterial quaternary ammonium polyethyleneimine (QPEI) nanopar-
ticles have been incorporated into the existing sealers such as AH plus, Epiphany, 
and Gutta-flow [168]. Resin composites containing QPEI nanoparticles resulted in 
prolonged antibacterial activity without compromising the mechanical properties 
[169]. The addition of QPEI nanoparticles is very stable, leaching no byproducts in 
the surrounding and showing no influence on the biocompatibility.

The novel injectable self-curing polyurethane (PU)-based antibacterial root 
canal sealer by incorporating silver phosphate (Ag3PO4) particles is being devel-
oped. Ag3PO4 can be evenly distributed within the material. The release of Ag+ can 
provide satisfactory antibacterial effects. Physical properties such as setting time, 
film thickness, and solubility were important indexes which were used to evaluate 
the properties of endodontic sealers [170]. The study showed that the setting time 
shortened with the increased Ag3PO4 content in the PU sealers. Film thickness and 
solubility increased with the increased Ag3PO4 concentration. In a study, PU was set 
with different concentration of Ag3PO4 as the amount of research such as 0 wt% 
(PU0), 1 wt% (PU1), 3 wt% (PU3), and 5 wt% (PU5) concentrations of Ag3PO4 
[170]. The setting times of the PU sealers with different proportions of Ag3PO4 are 
just shorter than the setting times of AH Plus and can meet the requirement of ISO 
standard. These properties make fabricated PU-based sealers better than AH-Plus. 
As Ag3PO4 content is increasingly incorporated into the PU sealer, the curing time 
shortens, inferring that Ag3PO4 (or Ag+) might be a driving force for polymerization 
[170]. And PU0, PU1, and PU3 sealers have good flowability. Another important 
requirement for dental material, especially when exposed to a host environment for 
a prolonged period, is its resistance to solubility and degradation. The solubility of 
the fabricated PU-based sealers increases with the content of incorporated Ag3PO4. 
This correlation may be attributed to more Ag3PO4 on the surface of the material 
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dissolved in water [170]. More importantly, root fracture often happens after 
RCT.  Root fracture risk is related to tangential strain, which is affected by the 
expansion of the material as well as the elastic modulus of the root canal sealer and 
dentin. Thus, sealers with low elastic modulus pose lower risk for dentin fracture 
compared to those with higher modulus. The low moduli of PU-based sealers can 
reduce the amount of damage to root dentin that is generated by volume expansion. 
The cytocompatibility evaluation revealed that the PU1 and PU3 sealers possess 
good cytocompatibility and low cytotoxicity. PU5 exhibited the highest cytotoxic-
ity. PU3 sealer offers good physicochemical and antimicrobial properties along with 
acceptable cytocompatibility, which may hold great application potential in the field 
of root canal fillings. Therefore, the properties of PU reveal that it is an excellent 
candidate for root sealers.

Ideal root canal filling materials should possess good biocompatibility, mobility, 
X-ray radiopaque ability, antibacterial ability, and stability and can seal the root 
canal cavity completely. An ideal root canal sealer should be non-cytotoxic, non- 
mutagenic, and immunologically compatible with periapical tissues [171, 172]. 
Therefore, further research is required to improve the materials. Within the limit of 
our knowledge, we put forward several points here.

First, GP surfaces can be coated with nanoparticles. For example, optical fiber 
glasses tips can be covered with AgNPs, which is a polymeric material with light 
transmission properties and bacteriostatic qualities. Therefore, they can be a substi-
tutive material to GP. Nanoindentation results demonstrated that the optical fibers 
covered by AgNPs achieved excellent nano-hardness and elastic modulus consider-
ably. It made the material more rigid and more resistant to corrosion. And they 
ensure the compatibility with the glass fiber posts and resin cement materials. The 
main reason optical fiber-silver nanoparticles are suitable for dental root canals is 
due to their superior bacteriostatic properties. Another advantage is it contains opti-
cal fiber, the light transmission properties of which allows the use of light curing 
liquid resins in the root canal.

Second, novel new type of root canal filling materials can be designed and devel-
oped, such as nanocomposite hydrogels. Hydrogels, due to its excellent biocompat-
ibility, swelling property, and stability, can prevent apical or coronal microleakage. 
Hydrogels also have the potential as root canal sealers, but still need to have certain 
degree of X-ray radiopaque and antibacterial ability. Nowadays, the current com-
mercialized zirconia nanoparticles lack X-ray radiopaque property and long-lasting 
antibacterial function. Based on the dispersion and stability issues of water-soluble 
AgNPs, ZrO2 can be diffused in the hydrogels of AgNPs to prepare ZrO2, Ag, and 
ZrO2/Ag nanocomposite hydrogels.

Third, the cold flowable GP can be improved. Gutta-flow is a novel cold flowable 
root canal filling system. Future work is required to improve its flowability, adjust 
its setting time, and deepen its penetration depth.
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3.1.4  Nano Enhanced Resin-Based Materials 
for Dentition Restoration

The importance of healthy teeth goes beyond the practical use of teeth to chew and 
break down food. It also has a significant impact on a person’s attractiveness, confi-
dence, and ultimately their quality of life. The loss of dentition can have a great 
impact on an individual’s local and systemic health including alveolar bone resorp-
tion, periodontal tilt, temporomandibular joint disorder, and digestive system 
dysfunction.

Therefore, the field of dentistry has put forth a significant amount of effort to 
restore the lost teeth. The removable partial denture (RPD) is one of the most com-
monly used resolutions. RPD is a type of restoration that patients can remove by 
themselves, which uses the natural teeth, the mucous membrane, and base tissue to 
underpin for support and retention. The artificial teeth are used to restore the miss-
ing teeth including the morphology and function. And the base materials are used to 
restore the missing alveolar bone, jaw, and its surrounding soft tissue.

RPD is composed of a denture base, artificial teeth, and retainers [173]. Artificial 
teeth assist in the restoration of masticatory efficiency, pronunciation, and improve-
ment of esthetic appeal. The retainer is used to stabilize the base and improve mas-
ticatory function. The denture base is a major component of RPD, which covers the 
alveolar ridge in the missing tooth area and the palate. Its main function is to arrange 
and attach artificial teeth, conduct and disperse bite force, and connect all parts of 
the denture into a whole. Additionally, the denture base materials should also have 
good biocompatibility, good chemical and size stability, as well as rigorously tested 
mechanical properties such as the flexural, compressive strength, impact strength, 
suitable hardness, and wear resistance. The dentures also need to be easy to fix, non- 
toxic, and non-irritating and have low solubility in saliva. Furthermore, they should 
also be esthetically pleasing, cheap, and contain anti-microbial properties.

Dental acrylic resin has been widely used as denture materials since it was devel-
oped by Walter Bauer in 1936. These resins commonly consist of methyl methacry-
late (MMA) and polymethyl methacrylate (PMMA) [174, 175]. MMA resin is a 
commonly used dental material, because it is quick to cure at low temperatures and 
is naturally balanced in terms of hardness and toughness. It has suitable wear resis-
tance and maintains good transparency. PMMA is one of the most commonly used 
dental materials in prosthodontics due to its other desirable characteristics, such as 
accurate reproduction of surface details, lack of toxicity, better transparency, out-
standing aging resistance, good insulation, corrosion resistance, and cost- 
effectiveness [174, 175].

Denture base resin can be classified according to the polymerization and curing 
mode into four kinds: (1) heat-curing denture base resin, (2) self-curing denture 
base resin, (3) light-curing denture base resin, and (4) thermoplastic injection mold-
ing denture base resin. The heat-curing resin is composed of MMA mixed with its 
homopolymer powder or copolymer powder. Different copolymerized powders 
result in different performance of the final resin. The impact strength and flexural 
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strength of denture base bracket are improved by MMA and butyl acrylate (BA) 
block copolymer. The copolymerized powder of MMA and methyl acrylate require 
less water for plastic filling, which improves the wear and abrasion resistance of the 
base support. MMA, ethyl acrylate (EA), and methyl acrylate (MA) ternary copoly-
merized powder improve the mechanical properties of the base resin. The graft 
copolymerized powder of MMA and rubber improve the impact strength of the base 
resin and obviously enhance its toughness. The self-curing resin refers to the base 
material that is polymerized by REDOX system at room temperature. It is com-
posed of methyl methacrylate and PMMA homopolymer powder or copolymer 
powder, which can shorten the time that distension denture base powder is dissolved 
in the solution of the denture base. The light-curing denture base resin is a single 
component and dough-shaped plasticizer, and the resin matrix is mainly bis-GMA 
and isocyanate-modified bis-GMA.  The material has an excellent working time 
before curing. Commonly used thermoplastic-injection-molding materials include 
polyamide (nylon), which is soft and elastic. It can be used to fabricate teeth or gum 
color resin clasp, which is known as the invisible denture. They are widely used in 
provisional prosthesis and orthodontic removable appliances, as temporary pros-
thetic base materials, and to repair dentures. In addition, because they are cheap and 
easy to make and repair, the materials are perfect for molding material [176, 177].

Full and removable partial dentures have been used widely in oral clinical appli-
cations such as traditional prosthetic methods [178]. However, current resin-based 
materials have some drawbacks including insufficient surface hardness, low flexural 
strength [179], and poor antibacterial activity [180]. It is also a common cause of 
abutment caries and denture stomatitis [181]. Current dentures also have relatively 
poor mechanical properties which can lead to the denture base fracture and affect 
the longevity of the dentures [175, 182, 183]. Due to these properties, these frac-
tures are commonplace in prosthodontics and cause problems for both prosthodon-
tists and patients. Fracture can also occur due to fatigue arising from the bending 
forces caused by inordinate masticatory forces or from denture deformation [184]. 
Another factor that determines the esthetics of denture is the transparency or trans-
parency rate of base material. These deficiencies require special technique and 
material for improvements.

Recent advancement in materials science and the introduction of nanotechnol-
ogy in dentistry leads to new materials, with improved esthetic, antimicrobial prop-
erty, and durability. Nanotechnology [185] was coined by Japanese scientist Dr. 
Nori Taniguchi in 1974 and defined as the processing of separation, consolidation, 
and deformation of materials by one atom or one molecule [186]. Nanotechnology 
allows the manufacturing of products of less than 100 nm to create designs and 
perform functions which was impossible previously [187].

The global market for dental materials is expected to increase rapidly due to 
multiple factors such as improved awareness, healthier lifestyles, expanding popu-
lations and life expectancy. This demand stimulates the development of novel mate-
rials to remedy the inadequacies of current dental materials. Dentures will deteriorate 
over time, may fracture due to external stresses [183, 188]. The application of nano-
materials in dentistry will be helpful to improve the quality of life of the patients.
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Various attempts have been undertaken to enhance the physical properties of the 
denture base material, such as chemically modifying poly(methyl methacrylate) 
(PMMA), developing alternatives to PMMA, and reinforcing PMMA with other 
materials, e.g., fibers and nano-fillers [189, 190]. To facilitate clinical applications, 
various micro- or nano-sized fillers have been incorporated into PMMA [191–194], 
with the aim to develop new materials or significantly improve the properties of 
existing materials.

Due to unique properties, nanomaterials are always the research focus of bioma-
terials scientists. Nanomaterials have been developing in four categories (metals, 
polymers, ceramics, and composites) for practical applications in health care [188]. 
They combine the advantages from various nanomaterials to improve the quality of 
life. Some studies have investigated the effect of incorporating inorganic NPs into 
PMMA [190, 195, 196]. The shape, size, as well as the concentration and interac-
tion of these nanoparticles with a polymer matrix determine the properties of a 
polymer nanocomposite mixture [195]. The properties of the reinforced resin by 
nanoparticles depend on the size, shape, type, and concentration of the added 
nanoparticles [197]. The properties of the resin base material can be improved by 
dispersing nano-silica particles evenly into the resin material, including (1) improves 
the strength and elongation, (2) improve the abrasion resistance and the surface fin-
ish of the material, and (3) anti-aging performance.

Clinical handling has improved after nanoparticles are added to materials. As 
compared to amalgam, the dental resin 2,2-bis-[4-(methacryloxypropoxy)-phenyl]-
propane (bis-GMA) has been commonly employed for decades as a restorative 
material. Since bis-GMA resin has relatively low mechanical properties, this mate-
rial has been further researched through multiple studies [198]. Nanofibers are 
believed to have the potential to substantially improve the mechanical properties of 
bis-GMA resin for their ultrahigh interfacial area. Some researchers consider its 
self-tailoring ability to meet the requirement for the demanding mechanical proper-
ties [199]. Research has shown that the flexural properties of the post-drawn nano-
fibers reinforced composites were further improved by increasing the fiber fraction. 
Because of their superb interface adhesiveness, polyacrylonitrile (PAN)–poly 
(methyl methacrylate) (PMMA), a core–shell nanofiber reinforced dental compos-
ites, has been studied. Due to this property, it has the potential to be used for crown 
bridge material and denture base resin in the clinic. Tensile properties and flexural 
properties of both nanofiber membranes and nanofiber reinforced bis-GMA/
TEGDMA (tri-(ethyleneglycol)dimethacrylate) composites were also studied. 
Adding PAN–PMMA nanofibers into bis-GMA/TEGDMA clearly demonstrated 
the reinforcing effect. The flexural modulus (Ey), flexural strength (Fs), and work of 
fracture (WOF) increases as the nanofiber mass fraction increases from 0%, 0.6%, 
0.8%, 1.0% to 1.2% [200]. Moreover, the addition of nanofibers could increase the 
storage modulus of the composite as a merit of high nanofiber strength, good nano-
fiber deposition, and strong interfacial bonding between the nanofiber and the 
matrix [201].

Clinically, the usage of PMMA denture is widespread. Generally, dentures suffer 
from tensile, compressive, and shear forces as well as the hazard of sudden drop, 
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which might cause denture base fracture [202]. Reinforcement of the PMMA den-
ture base by adding inorganic filler is a strategy which aims to improve these prop-
erties [203]. To improve the base material itself, several materials have been used to 
repair fractured denture bases, including auto-polymerized, visible light polymer-
ized, heat polymerized, or microwave polymerized acrylic resin [204, 205]. Most 
(86%) of denture base repairs are made by using auto-polymerized acrylic resin 
[206] because of its manageable properties; it is easily manipulated, fast setting, and 
therefore chair-side friendly [207]. Unfortunately, its strength compared to intact 
heat polymerized denture resin is only 18–81% [208, 209]. Metal oxide nanoparti-
cles have recently been investigated. Additions of nano-zirconia (ZrO2) to PMMA 
denture base have been reported to increase the transverse strength due to its small 
size and homogenous distribution [210]. Nano-ZrO2 is a metal oxide and may be 
used as a reinforcement material to improve the transverse strength of denture base 
resin [211, 212]. Meanwhile, nano-ZrO2 is regularly used as particle fillers, which 
possess excellent properties such as high strength, high fracture toughness, excel-
lent wear resistance, high hardness, and excellent chemical resistance. ZrO2, also 
being a typical bioceramic, shows great biocompatibility and bioactivity and pos-
sesses various desirable properties, such as excellent mechanical strength and 
toughness, resistance to corrosion and abrasion, and biocompatibility [203, 213, 
214]. The nano form also has excellent mechanical properties, allowing it to endure 
against crack propagation. Moreover, it has the highest hardness among any oxide 
nanoparticles. Therefore, nano-ZrO2 may be considered as a new approach for den-
ture base repair. Meanwhile, reinforcement of acrylic denture base with nano-ZrO2 
significantly increases its transverse strength [215]. The nano-ZrO2 resin resulted in 
significantly higher transverse strength as compared to unreinforced repaired resin 
[216]. But agglomerations of nano-scale particles often reach micrometer scales. 
The particles need surface modification to reduce clustering and improve their dis-
persion throughout the resin matrix. Left unchecked, this tendency can limit 
improvements to the mechanical properties and translucency of the composites. On 
the contrary, increases in the transverse strength is possibly attributed to the 
increased distribution of the nano-size particles, enabling better infiltration into the 
spaces between polymeric chains, thereby resulting in increased interfacial shear 
strength between the nanoparticles and the polymeric chains [215]. Moreover, the 
silane coupling agents used to treat the surface of nano-ZrO2 could eliminate its 
aggregation and improve its compatibility with the polymer matrix [216]. The 
strong adhesion formed between the coupling agent on the surface of the nano-ZrO2 
and PMMA matrix improves the mechanical properties of the nanocomposites [203, 
216]. Typically, it is used mechanically to reinforce polymers and improve the 
strength of the reinforced PMMA matrix [215, 217]. In regard to tensile strength, 
the group containing nano-ZrO2 reinforced fillers showed a significant improvement 
over the control group (58.07 ± 3.14 MPa). Good adhesion and homogeneous dis-
persion of nanoparticles within a resin matrix improved the flexural properties of a 
polymer/nanoparticles composite [216]. Furthermore, the large interfacial area of 
the nanoparticles increases the contact area between the nano-ZrO2 and PMMA, 
thereby improving mechanical interlocking and changing the properties of the  ZrO2/
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PMMA nanocomposite, shown by an increase in the PMMA matrix ductility and 
plastic deformation [218–220]. A significant increase in the tensile strength was 
found with increase of nano-ZrO2 levels (specifically 2.5%, 5%, and 7.5% of nano- 
ZrO2). This outcome agreed with previous studies, which found that the addition of 
nano-ZrO2 significantly increases the mechanical properties, and the two were posi-
tively correlated [221]. Therefore, the amount of filler used to reinforce the acrylic 
resin is another important factor in affecting the mechanical properties.

Determining how nanocomposites affect hardness and strength is also critical for 
potential clinical use. The result of a study showed that ZrO2/PMMA nanocompos-
ites achieved the highest surface hardness (19.97 ± 1.62 MPa) and flexural strength 
(87.37 ± 4.48 MPa) when 1.5 wt% nano-ZrO2 was added, which achieved 23% and 
12% increases, respectively, when compared to the pure PMMA.  Another study 
shows that aluminum borate whiskers (ABWs) which were first developed in 1980s 
can offer superior mechanical properties at a low cost [196]. The ratio of nano-ZrO2 
and ABWs added to PMMA showed that it significantly influenced the surface hard-
ness and flexural strength of ZrO2-ABW/PMMA nanocomposites. Achieving maxi-
mum flexural strength (increased by 52% as compared to pure PMMA) required 
adding the optimum ratio of nano-ZrO2 and ABWs to reinforce PMMA (adding 2% 
of nano-ZrO2 at a ZrO2 : ABW ratio of 1:2). Whereas, achieving maximum surface 
hardness (increased by 27% as compared to PMMA) required adding 3% of nano- 
ZrO2 with the same ZrO2/ABW ratio [222, 223].

Furthermore, patients require prosthesis that have good esthetics. The esthetics 
of a removable prosthesis is dependent on the appearance of the denture base on the 
patient’s oral mucosa, which mainly depends on the translucency [224]. Therefore, 
good optical properties of PMMA reinforced with inorganic fillers are vital. The 
filler reinforcements permitted by PMMA (Fig. 3.6) [225] may influence its trans-
lucence and, consequently, the overall esthetics. Attempts to improve PMMA prop-
erties were explored through the incorporation of filler particles (zirconia, alumina, 
glass, silica, fiber, tin, and copper) [226]. The translucency property of the material 
results from the color difference between the thickness of the examined material 
over a white background and the same uniform thickness of that material over a 
black background. Nano-ZrO2, a material possessing a white color, has received 
considerable consideration because it is less prone to alter the esthetics as compared 
with other metal oxide nanoparticles as well as maintain excellent biocompatibility 
[214, 216]. As the nano-ZrO2 concentration increased, however, translucency was 
reduced and therefore adversely affected. Therefore, the selection of an appropriate 
concentration is critical in both establishing enhanced mechanical properties of the 
reinforced PMMA denture base and maintaining proper esthetics.

Previous reports indicated that the rough surfaces and hydrophobic properties of 
oral bacteria help it to readily adhere to the surfaces of dentures. More concerningly, 
C.  Albicans shows resistance to conventional antifungal medications, rendering 
denture stomatitis to be a major challenge for oral treatment [227]. The develop-
ment of denture stomatitis hinges on the adherence of C. albicans to denture base 
resin surfaces, followed by biofilm formation. Hence, increasing the antifungal 
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activity in denture base resins and controlling C. albicans adhesion and biofilm 
formation might efficiently control the occurrence of denture stomatitis [228, 229].

The colonization of oral fungi on denture soft lining material can result in infec-
tions and stomatitis of oral tissues. An in  vitro study has confirmed that silver 
nanoparticles [230, 231] used as additives in denture base acrylic resins and tissue 
conditioners show antimicrobial effects. To incorporate these antimicrobial proper-
ties, a method was developed to integrate silver nanoparticles into silicone soft lin-
ing materials. Confirmation of fungicidal activity for these composites was 
established by Chladek et  al. [232]. In another study, they showed that the 

Fig. 3.6 The disc specimens are prepared for translucency tests while the dumbbell specimens are 
used for tensile strength test. Based on the reinforcement can be characterized as (A) unreinforced 
specimen (n = 20), reinforcement of the acrylic resin specimens with (B) 2.5% nano-ZrO2 (n = 20), 
(C) 5% nano-ZrO2 (n  =  20), and (D) 7.5% nano-ZrO2 (n  =  20), nano-ZrO2, zirconium oxide 
nanoparticles [225]
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mechanical properties of nanocomposites reinforced by AgNPs decreased as the 
AgNP concentrations increased [233]. Levels from 0 to 200 ppm of AgNPs were 
incorporated as an antimicrobial agent into composites to reduce the microbial colo-
nization of lining materials. Increases in the nano silver concentration resulted in 
increases in solubility and sorption, decreases in hardness and bond strength, and a 
change in the failure type for the samples. Ideally, AgNP concentrations from the 20 
to 40 pm range achieve the best combination of bond strength, hardness, solubility, 
and sorption was achieved. Introducing AgNPs into Ufi Gel SC (UG) soft liner 
material also prolonged the sample cross-linking timing. As AgNP concentration 
increased in these composites, the cross-linking time required increased as well: at 
40 ppm cross-linking took 15 min longer than that of UG, but at 80 ppm required 
approximately 40 min longer. Composites with AgNP concentrations up to 40 ppm 
presented properties that were no worse than those of the UG liner material. At these 
concentrations, the composites conform to the ISO standard requirements for soft 
lining materials (the bond strength after 24 h of soaking in distilled water, values 
over 1 MPa were observed in at least 8 out of the 10 samples). Starting at the 80-ppm 
concentration, the hardness and tensile bond strength of the composites were greatly 
reduced, while the absorption and solubility increased due to problems associated 
with the cross-linking of the composites. Although materials with a silver nanopar-
ticle concentration of 80 ppm were classified as extra soft, they did not meet the ISO 
standard requirements.

Nano-ZrO2 particles have received a great attention due to their attractive scien-
tific, technological, and medical potentials [209]. They were also found to possess 
remarkable antimicrobial and antifungal effects. The antifungal effect of nano-ZrO2 
incorporated into PMMA removable prosthesis was investigated and found that it 
had the capability to reduce the candida counts. The antibacterial activity of nano- 
ZrO2 might be attributed to active oxygen species, which in turn causes a disruption 
of the cell membrane of microorganisms [234]. The addition of nano-ZrO2 to room 
temperature cured acrylic resin is an effective method for reducing Candida adhe-
sion to polymethyl methacrylate (PMMA) denture bases and room temperature 
cured removable prosthesis. This is the reason why nano-ZrO2 can actively inhibit 
the growth of fungal strains by interfering with cell function and causing deforma-
tion in fungal hyphae [235]. However, to fabricate a PMMA/nanocomposite that 
holds antimicrobial properties without affecting the physical and mechanical prop-
erties, adequate concentrations of nano-ZrO2 should be used. The incorporation of 
nano-ZrO2 in denture bases and PMMA removable prostheses is a possible way to 
prevent denture stomatitis [234].

Four potential inorganic antibacterial agents ((titanium dioxide (TiO2), titanium 
dioxide supported by silver (Ag/TiO2), zirconium phosphate supported by silver 
(Navaron), and tetrapod-like zinc oxide whiskers (T-ZnOw)) were investigated by 
Chen RR to determine their mechanical behaviors, antibacterial activities against 
oral microorganisms, and cytotoxicity [236]. The TiO2, Ag/TiO2, Novaron, and 
T-ZnOw of 3 wt% were mixed with the composites, respectively. The 3 wt% addi-
tions of various antibacterial agents had significant antibacterial activities compared 
to the control and blank group. Compared to the other groups, the T-ZnOW and 
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Novaron groups displayed higher antibacterial property against both bacteria. 
Adding 3% of TiO2, Ag/TiO2, Novaron, and T-ZnOw antibacterial agents showed a 
respective 30.26%, 67.82%, 61.69%, and 49.81% antibacterial rate against 
S. mutans, whereas the antibacterial rate was a respective 21.63%, 50.16%, 50.16%, 
and 37.62% against C. albicans.

The type of antibacterial agent is important to affect the composite properties. 
Quaternary ammonium salts are the most widely used organic antimicrobial agent 
before the application of nanomaterials. Recently, there are also many studies about 
the quaternary ammonium antimicrobial monomer usage in methyl methacrylate- 
based resin systems. Quaternary ammonium salts not only have desirable antimicro-
bial properties comparing to other antimicrobial agents but also have the added 
advantages of good permeability, low toxicity, minor skin irritation, stable perfor-
mance, low light corrosion, and long-lasting biological effects. Therefore, they have 
been widespread in multiple industries and other fields [237, 238]. Researchers are 
expected to obtain durable antimicrobial properties by incorporating quaternary 
ammonium salts into a methyl methacrylate-based resin system to prevent denture 
stomatitis [239, 240]. A few studies have reported that denture base resins have 
antimicrobial activity when silver ions or quaternary ammonium antimicrobial 
monomers are added [241–244].

Nano poly(4-vinylpyridinium) (NPVP) is a nano-modified cationic surfactant, 
which can be used as antistatic agent, fungicide, etc. The poly(4-vinylpyridinium) 
(PVP) is used in synthetic resin coatings, which can improve the peel resistance and 
weather resistance. A study evaluated the antimicrobial activity of the quaternary 
ammonium grafted AgBr nanocomposite (AgBr/NPVP), a newly developed 
organic–inorganic composite antimicrobial agent, as compared to unpolymerized 
AgBr/NPVP and modified room temperature-cured denture base resins, against 
C. albicans. The research also confirmed that the silver ions which pass through the 
cell walls could interfere with cell membrane continuity (Fig. 3.7), increase cell 
permeability, and affect the metabolism and respiration of microbes [245–249]. 
Statistical analysis showed that the negative control and blank control groups had a 
large amount of fungal growth. The control group revealed no antifungal activity, 
but at the 0.1, 0.2, and 0.3 wt% dosage of AgBr/NPVP, the PMMA resin antifungal 
ratios were (78.22 + 1.90) %, (82.58 + 2.35) %, and (97.82 + 2.05) %, respectively, 
before aging (Fig. 3.8). Therefore, higher doses of AgBr/NPVP revealed significant 
increases in the antifungal activity of the PMMA resin. Alternatively, quaternary 
ammonium salts could inhibit the free movement of microbes and their breathing by 
attracting the negatively charged cell membrane in so-called contact killing. 
Quaternary ammonium salts and silver ions could exert strong antifungal effects, 
which have an important role in denture base.

Large-area mucosal supported denture (full denture, distal-extension absence of 
teeth denture, implant over-denture, etc.) continues to have issues such as insuffi-
cient retention, pain from biting, and general discomfort: all of which causes patient 
dissatisfaction. Traditionally, the soft lining material can only be a temporary or 
semi-permanent material because of the loss of softness and elasticity with time, 
and the failure of the bond and the difficulty of maintaining the cleanliness are due 
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to the easy adhesion of microbes. Therefore, the design and manufacture of rubber 
resin materials with different hardness values and rigid resin materials are urgently 
needed. The future trend is to explore the rubber-based resins with optimal oral 
mucosal tissue compatibility, the proportion of rubber-based resins to rigid resin 
materials which represents the thickness of “soft/hard” ratio. The “soft” rubber resin 
material is used as the base surface to contact the oral mucosa and the “hard” rigid 
resin material as the smooth surface which is exposed in the oral. The soft tissue 
surface has advantages in retention and can buffer and reduce local stress, which can 
greatly alleviate pain under masticatory force. The rigid surface has the advantages 
of increasing strength and stiffness, leading to a smoother and cleaner denture 
surface.

Therefore, the future trend is the application of nanotechnology to realize an 
ideal combination of soft and hard rubber resin material: (1) Nanotechnology to 
develop soft rubber resin material, (2) nanotechnology to develop hard rubber resin 
material, and (3) nanotechnology to combine soft with hard rubber resin material.

Fig. 3.7 The morphology of C. albicans ATCC90028 as displayed through field emission scan-
ning electron microscopy (Fe-SEM) images after 24  h. Incubation (A, C) of C. albicans 
ATCC90028 normal morphology. (B, D) Morphology of C. albicans ATCC90028 after 24  h. 
Incubation with AgBr/NPVP suspensions (1 × MFC) [178]
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3.2  Nanotechnology in Oral Tissue Regeneration

The oral and maxillofacial region refers to the complex area from the cranial base to 
the mandible, which includes oral organs (teeth, lip, tongue, etc.), facial soft tissue, 
maxillofacial bones (maxilla, mandible, etc.), temporomandibular joints, etc. Tissue 
defects of oral and maxillofacial regions are of high incidence due to inflammation, 
trauma, tumor, and atrophy after tooth extraction or a variety of genetic disorders 
such as cleft lip and palate, and hereditary dentine disorders (type 1). Reconstruction 
of these damaged tissues and organs is quite challenging due to their intricate struc-
tures, diverse functions, and highly esthetic requirements. Among many methods 
(e.g., autografts) to tackle these challenges, oral tissue engineering is a promising 
approach, which has been developed in the last three decades.

Tissue engineering focuses on the development of biological constructs to restore 
the function of damaged tissues and organs. The defects in oral and maxillofacial 
regions can also be treated by this method. There are three key factors in tissue 
engineering: scaffolds, seed cells, and growth factors. To date, numerous improve-
ments have been performed to enhance tissue regeneration. Among them, nanotech-
nology has been applied to fabricate high-performance scaffolds with tunable 
physical, chemical, and biological properties, to label and track seed cells, and to 
deliver gene, drugs, and growth factors. Therefore, nanotechnologies and nanoma-
terials are of great potential to enhance oral tissue regeneration.

Fig. 3.8 Histogram of the antifungal ratio of PMMA resin. Each value is the mean ± SD (n = 9). 
The control group revealed no antifungal activity. As AgBr/NPVP increases, the antifungal activity 
of unaged PMMA resin also increases, with significant differences (p < 0.017) among the groups. 
Compared with corresponding unaged groups, the antifungal ratio at 1-week aging groups was 
less, especially at the 0.3 wt% group. However, the antifungal ratio for each group stabilized after 
2 weeks of aging, with the 0.3 wt% group showing the best antifungal effect, achieving more than 
80% [178]
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3.2.1  Nanotechnology to Improve Stem Cells

Stem cells are undifferentiated cells with the ability to self-replicate throughout life 
and to differentiate into multiple specialized cell types. Human stem cells can be 
found in various tissues of both epithelial and mesenchymal origin, including skin, 
adipose tissue, periosteum, cartilage, and teeth. Stem cells are of great importance 
to be applied in tissue/organ regeneration owing to their various potentials, such as 
(1) differentiation potential: stem cells can give rise to myogenic, adipogenic, osteo-
genic, and chondrogenic mesodermal lineages; (2) migration and homing capacity: 
stem cells can migrate to inflammation sites and injury sites under a variety of 
pathologic conditions; and (3) secretory ability and immunomodulatory functions: 
stem cells can secret a variety of paracrine and autocrine factors as well as extracel-
lular vesicles, affect almost all cells involved in innate and adaptive immune reac-
tion by secreting factors and cell–cell contact.

However, there are still limitations in widening the applications of stem cells. 
How to get isolated and purified stem cells quickly and effectively? How to achieve 
controllable and sustained release of bioactive molecules? How to obtain highly 
sensitive, real-time, noninvasive, in vivo stem cell tracking? And so forth. These 
problems are urgently needed to be solved. Fortunately, several techniques, such as 
genetic and epigenetic modifications, and nanotechnology have been performed to 
achieve wider application of stem cells in regenerative medicine.

Genetic modification has been generally regarded as one of the promising 
approaches to modify stem cells which will alter the secretion of some crucial pro-
teins (such as cytokines and growth factors) by changing the expressions of related 
genes. It offers a promising potential for stem cell-based therapies. Therefore, 
numerous clinical benefits could be obtained. Currently, numerous viral and non- 
viral gene delivery techniques have been applied to deliver genes in an optimal 
manner for specific requirements. Just as its name implies, viral methods use virus 
as vectors (adenoviral vectors, retroviral vectors, and lentiviral vectors) for gene 
delivery. The advantages of viral methods are high transduction efficiency and long- 
term gene expression. However, their application is still limited due to some disad-
vantages, such as toxicity, immunogenicity, carcinogenicity, poor target cell 
specificity, high costs, and inability to transfer large size genes [250]. On the other 
hand, non-viral methods can be classified as physical, chemical, and inorganic 
nanoparticles techniques. The physical techniques include microinjection, electro-
poration, sonoporation, and so forth. The chemical techniques generally use cat-
ionic lipids or cationic polymers as vectors. The inorganic nanoparticle techniques 
involve the application of inorganic nanoparticles, which will be discussed here. 
The non-viral methods have been confirmed to be safe, easy to prepare, and are able 
to transfer large-sized genes. In addition, non-viral vectors can be modified with 
tissue- or cell-specific ligands for target gene delivery [251]. However, these vectors 
do not always lead to favorable transfection efficacy and transient transgene expres-
sion of non-viral gene delivery methods has limited their application. In addition to 
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genes, various micro RNAs (miRNAs) or small interfering RNAs (siRNAs) have 
recently been delivered into stem cells by viral or non-viral delivery systems.

Besides, epigenetic modification can also help adjusting the secretion of vital 
factors and proteins of stem cells. However, the gene sequence of stem cells stays 
unchanged after epigenetic modification. Epigenetic control is known to play a 
major role in transcriptional regulation of gene expression. DNA methylation and 
histone modification (acetylation/deacetylation) are classical control mechanism of 
epigenetics. It has been reported that inhibition of DNA methylation with DNA 
demethylating agent in human MSCs could improve their immunoregulatory capa-
bility and affect their differentiative capacity for therapeutic applications [252]. 
However, the epigenetic control mechanism for stem cells remains unclear. It is 
difficult to explain when controversial results were obtained using the same epigen-
etic control technique (e.g., DNA methylation) in different types of cells. This also 
limits the application of epigenetic modification in stem cells.

Compared with genetic and epigenetic modifications, nano modification in stem 
cells may provide a new sight. The application of nanotechnology on stem cells can 
be mainly classified into following fields: (1) separating and purifying stem cells; 
(2) labeling and tracking stem cells; (3) transferring biomolecules (gene, drug, 
growth factors, and so forth) into stem cells; (4) mimicking extracellular matrix 
(ECM) to promote the proliferation and differentiation of stem cells. The combina-
tion of nanotechnology with stem cells showed great potentials. For instance, stem 
cells can be easily separated via integrating with specific antibodies loaded on mag-
netic nanoparticles under magnetic field, which belongs to magnetic cell separation 
(MCS) techniques [253]. MCS techniques are effective and specific for stem cell 
separation and purification. Its advantage lies in that the application of magnetic 
nanoparticles (MNPs) can reduce the damage to stem cells due to their nano size 
compared with magnetic microparticles (such as neodymium and iron oxides). 
Besides, after human stem cells endocytose magnetic and/or fluorescence-labeled 
nanoparticles, noninvasive, and biosafety tracking stem cells can be realized both 
in vitro and in vivo. And it can provide important information for evaluating the 
efficacy of stem cell therapy. In addition, nanoparticles have shown potential as 
non-viral vectors for gene and drug delivery and growth factors release. Generally, 
nanoparticle vectors have several advantages, such as bio-safety, low immunogenic-
ity, and good cell target specificity. And the released growth factors may influence 
the cell signaling pathway (such as MAPK/p38/AKT pathway and Wnt/â-catenin 
pathway) and regulate osteogenesis and angiogenesis in bone tissue engineering 
(Fig. 3.9). Furthermore, some nanomaterials, possessing similar nanostructure to 
natural extracellular matrix (ECM), showed the potential to enhance stem cells 
adhesion, migration, proliferation, and differentiation. In summary, it is of great 
potential to improve the stem cells using nanotechnology which can strongly pro-
mote the application of stem cells in tissue engineering.
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3.2.2  Nanotechnology and Dental Stem Cells

A tooth consists of the enamel, dentin, cementum, and dental pulp (composed of 
cells, fibers, nerves, blood vessels, and lymphatic vessels). After root development 
and cementum mineralization, the tooth fastens to the surrounding alveolar bone via 
the periodontal ligament (PDL), which contains a variety of cells such as fibro-
blasts, endothelial cells, and epithelial rests of Malassez (ERM) as well as extracel-
lular matrix (ECM).

Dental mesenchymal stem cells (MSC) have been isolated from different loca-
tions within adult or post-natal dental tissues, such as the pulp of adult teeth (dental 
pulp stem cells, DPSCs) and deciduous teeth (stem cells from human exfoliated 
deciduous teeth, SHEDs), the apical part of dental papilla (stem cells from the api-
cal papilla, SCAP) and the PDL (periodontal ligament stem cells, PDLSCs) 
(Fig. 3.10). These stem cells are often characterized by their ability to differentiate 
into the odontogenic, adipogenic, chondrogenic, or osteogenic lineages in vitro or 
to regenerate dental tissues in vivo. Currently, DPSCs are the most popular cells 
applied in oral tissue engineering among these dental stem cells due to their wide 
source and easy isolation. Besides, PDLSCs and SCAP also have been widely used. 
All these dental stem cells can be modified by nanotechnology.

DPSCs can be labeled by MNPs incorporated with growth factors to achieve pat-
terned cell sheets and enhanced bone regeneration. For example, Zhang et  al. 
designed new Fe3O4 MNPs coated with nanoscale graphene oxide (nGO-Fe3O4) to 

Fig. 3.9 The delivery of osteogenic gene and growth factors via nanoparticles for stem cells to 
promote osteogenesis
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label DPSCs and deliver BMP2 or TGF-â3 [255]. The nGO-Fe3O4 was easily swal-
lowed by DPSCs, and these labeled DPSCs were cultured to form cell sheets. Cell 
sheet technology has been recently used in tissue engineering to repair tissue defect. 
The cell-sheet constructs, without restriction from the scaffolds, are largely main-
tained by the formation of cell-to-cell junctions and secretion of ECM proteins. 
Thus, these cell-sheet constructs are similar to the natural tissue compositions. To 
incorporate osteogenic growth factors into the cell sheets, the nGO-Fe3O4 were 
employed (Fig. 3.11). On the one hand, nGO-Fe3O4 MNP uptake into cells makes 
them controllable by magnetic force. On the other hand, the GO coating creates 
protein immobilization sites, allowing growth factors to be both incorporated into 
cell sheets and magnetically controlled. The arranged magnet can modulate the 
shape of the cell sheets with the help of nGO-Fe3O4 MNP. Therefore, the magnetic 
force can control the nGO-Fe3O4 MNP-labeled DPSCs precisely and prepare multi-
layered cell sheets with different patterns. Furthermore, the incorporation of BMP2 
or TGF-â3 enhanced the osteogenic or chondrogenic differentiation of DPSCs. 
Given that the nGO-Fe3O4 nanocomposites provide a novel magnetically controlled 
vehicle to construct protein-immobilized DPSC sheets, other types of stem cells and 
growth factors can also be hired to form another kind of nanocomposite in tissue 
engineering. Thus, nanotechnology exhibits promising potential for future use in 
regenerative medicine.

Generally, there are two classical types of non-viral vectors, cationic lipids, and 
cationic polymers. However, sometimes, complex transferring protocols and 

Fig. 3.10 The various 
dental stem cell 
populations within an adult 
human tooth. (DPSCs 
dental pulp stem cells, 
ERM epithelial cell rest of 
Malassez, PDL periodontal 
ligament, PDLSCs 
periodontal ligament stem 
cells, SCAPs stem cells 
from the apical papilla, 
SHEDs stem cells from 
human exfoliated 
deciduous teeth) [254]
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inefficient nuclear uptake of the two vectors may decrease the transfection efficacy. 
Comparatively, nanoparticles, which can be easily internalized by the cells, have 
been used as an alternative for gene delivery. For example, calcium phosphate 
nanoparticles, fabricated by Yang’s et al. [256], were used for hBMP2 gene delivery 
in rat DPSCs. These nanoparticles were less than 100 nm in diameter and can be 
easily taken up through endocytosis. And the DNA encapsulated in calcium phos-
phate nanoparticles was protected from the external DNase environment, which was 
benefit for DNA survival. Furthermore, it has been confirmed that calcium ions play 
an important role in endosomal escape, cytosolic stability and enhance nuclear 
uptake of DNA through nuclear pore complexes [257]. Although Lipofectamine (a 
kind of cationic lipid vectors used in Yang’s study)-mediated cells were shown to 
produce higher hBMP2 levels in the initial 4 days, the nanoparticles mediated cells 
reached higher levels at later time points. Furthermore, in Yang’s study, the nanopar-
ticles mediated BMP2 gene transfected rat DPSCs (referred as NP-DPSC group), or 
untreated DPSCs were cultured on a fibrous 3D titanium mesh. The gene expression 
of dentin sialophosphoprotein (DSPP) and dentin matrix protein-1 (DMP-1) was 
increased in NP-DPSC group than that in untreated DPSC group. DSPP and DMP-1 
proteins are two specific proteins which play a major role during dentin mineraliza-
tion. These results revealed that the BMP2 secreted from the NPs-transfected rat 
DPSCs reached a functional level and helped to promote the odontogenic differen-
tiation and matrix mineralization of cells. Therefore, nanoparticles were confirmed 
to be effective non-viral vectors for BMP2 gene delivery and can be applied to 
improve the efficacy of DPSCs for odontogenic differentiation and hard tissue 
engineering.

Gene delivery via viral or non-viral vectors is not the only way for gene therapy. 
A novel type of three-dimensional nanomaterials, tetrahedral DNA nanostructures 
(TDNs), have garnered increasing interest and attention in biomedicine. Under cer-
tain conditions, self-assembly of the tetrahedral nanostructure by complementary 
base-pairing can be generated from four DNA single strands with preset program-
mable base sequences. Given that the original DNA is difficult to be taken up by 
cells without the assistance of relevant auxiliary agents, it is simple and direct for 
TDNs to be transported into cells by endocytosis. Therefore, the TDNs has been 
extensively applied in bioimaging, molecular transport, drug delivery, and molecu-
lar diagnosis due to its simple synthetic method, high yield, high stability, excellent 
biocompatibility, fast degradation, and low toxicity. Zhou et al. synthesized TDNs 
and co-cultured with DPSCs in vitro [258]. The results proved that TDNs can be 
successfully delivered into DPSCs without the assistance of other transfection 
reagents. Furthermore, TDNs can promote the proliferation and osteo/odontogenic 
differentiation of DPSCs by upregulating the expression of related genes and pro-
teins. As the classical Notch signaling pathway has been confirmed to regulate the 
osteo/odontogenic differentiation of DPSCs by various studies, the authors also 
tried to explore its involvements. Their results demonstrated that proliferation and 
differentiation of DPSCs was driven by TDNs via activating the classical Notch 
signaling pathway. Therefore, the TDNs, as novel 3D DNA nanomaterials, have the 
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potential to be a promising and remarkable alternative approach for DPSCs-based 
tissue regeneration.

In addition to DPSCs, other dental stem cells like PDLSCs and SCAP also have 
been combined with nanomaterials and widely applied in recent decades. For exam-
ple, Shrestha et al. synthesize dexamethasone (Dex)-loaded chitosan nanoparticles 
(CSnp) to obtain sustained release of Dex by encapsulation (Dex-CSnpI) and 
adsorption (Dex-CSnpII) methods [259]. The SCAPs were then co-cultured with 
CSnp, Dex-CSnpI, or Dex-CSnpII, and the expression of odontogenic differentia-
tion related gene (alkaline phosphatase (ALP), DSPP, DMP-1) was evaluated. 
Results showed that Dex-CSnpII had faster release of Dex compared with Dex- 
CSnpI, but both demonstrated sustained release of Dex for 4 weeks. The sustained 
release of Dex resulted in enhanced odontogenic differentiation of SCAPs.

Niu et al. explored the effect of gold nanoparticles (GNPs) on human PDLSCs 
[260]. GNPs are attractive in regenerative medicine due to their unique physical and 
chemical properties. They have many prominent advantages such as excellent bio-
compatibility, facile synthesis method, and easy functionalization with biomole-
cules including growth factors, DNA, and peptides. They can promote osteogenic 
differentiation and inhibit adipogenic differentiation of mouse MSCs via activating 
the p38 mitogen-activated protein kinase (MAPK) pathway [261] and inhibit osteo-
clast formation of bone marrow-derived macrophages via downregulating the recep-
tor activator of the nuclear factor-êB (NF-êB) ligand pathway. Therefore, GNPs 
have been developed as a new generation of osteogenic agents for bone tissue regen-
eration. In Niu’s study, they treated PDLSCs with GNPs, and the cellular effects on 
the osteogenic differentiation of PDLSCs and the associated signaling pathways in 
cell differentiation were investigated. The results suggested that GNPs enhanced the 
osteogenic differentiation of human PDLSCs partially via activation of the p38 
MAPK signaling pathway. This was consistent with the results of Yi et al. [261], and 
the two studies demonstrated that GNPs can affect stem cells via regulating signal-
ing pathway.

Therefore, nanotechnology exhibits promising potential in modifying stem cells 
for application in oral tissue engineering.

With the fast development of medical technologies, the implant-supported den-
tures have been widely used as a restoration method to treat patients with lost teeth. 
However, the quality and quantity of bone at the implant site is usually unfavorable 
to achieve an ideal position and esthetics due to excess alveolar bone loss caused by 
inflammation, trauma, and physiologic atrophy. There are various methods for alve-
olar bone augmentation, including guided bone regeneration (GBR), sinus floor 
elevation, bone splitting, onlay graft and distraction osteogenesis, and so forth. 
GBR is regarded as the most commonly used methods by the patients due to the 
minimal trauma and pain among these methods.

GBR is a surgical procedure involving the use of guided bone regeneration mem-
branes with bone grafts or bone substitutes (Fig. 3.12). A GBR membrane is placed 
into the surgical site, acts as the barrier to prevent fibrous connective tissue infiltra-
tion, and provides a more suitable local environment for bone regeneration. Besides, 
bone substitutes with osteoinductivity and/or osteoconductivity are placed under the 
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GBR membrane to maintain space and enhance osteogenesis. Generally, one face of 
the membrane is smooth to prevent the ingrowth of soft tissue, the opposite face is 
porous to allow the attachment and growth of osteogenic cells. And the integrity of 
the membrane also plays an important role in maintaining space in which the bone 
substitutes can be replaced by new bone and blood vessels. Both occlusive mem-
branes (also called as GBR/GTR membranes) and bone substitutes are important for 
GBR and bone augmentation.

Recently, nanotechnology and nanomaterials have been applied to improving the 
structure and mechanical property, which is important for barrier membranes and 
bone substitutes.

GBR membranes are mainly divided into two types: resorbable and non- 
resorbable. Generally, clinicians and patients prefer the resorbable ones which do 
not need a second surgery. However, current resorbable membrane products still 
have some problems such as low osteoinduction and insufficient mechanical proper-
ties. Nanotechnology has been applied to overcome these limitations, such as insuf-
ficient mechanical strength, and poor osteoinduction.

The nanostructure of membrane surface mimic the architecture of a natural ECM 
and provide favorable micro-environments to improve the biological activity (such 
as adhesion, proliferation, odonto/osteogenic differentiation, and biomineraliza-
tion) of dental stem cells and osteogenic cells.

Bachhuka et  al. evaluated the role of surface nanotopography on the fate of 
human DPSCs (hDPSCs) [263]. They utilized density gradients of GNPs to exam-
ine, on a single substrate, the influence of nano-feature density and size on stem cell 
behavior. The density gradients of nanotopography were generated as follows: (1) 
13 mm round coverslips were first coated with a 20-nm thin layer of plasma polym-
erized allylamine (AApp). (2) The modified coverslips were then immersed in a 

Fig. 3.12 (a) An adequate bone volume (height and width) is a prerequisite for successful implant 
treatment. (b) Barrier membrane and bone graft as bone substitute materials are placed to acceler-
ate bone formation. (c) Final prosthesis is fabricated after the formation of new bone [262]
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rate-controlled fashion in a solution of GNPs of three different sizes (16, 38, or 
68 nm) using a dip coating method [264]. Using this technique, the authors success-
fully controlled the contact time of every sector of the gold nanoparticle solution 
and the AApp-coated surface, resulting in nanoparticle density gradients along the 
surface. By using a predetermined size of the immobilized nanoparticles (16, 38 or 
68 nm), the authors not only controlled spacing between nanoscale features but also 
generated surface nanotopography of controlled height. However, these substrates 
present not only variation in nanotopography but also difference in chemical com-
position. The underlying AApp coating is rich in amine/nitrogen while gold 
nanoparticles carry carboxyl acid groups on the surface. Previously, the authors 
demonstrated that AApp films of 5 nm are continuous and pinhole free. Thus, they 
provide uniform surface chemistry across the surface [265] and were able to 
uniquely tailor the outermost surface chemistry by overcoating the nanoparticle 
density gradients with a 5-nm AApp films. As a result, the GNPs were randomly 
distributed with an increase in nanoparticle density from region 0–12 mm (namely 
0, 3, 5, 7, 10, 12 mm) and did not form aggregates. The hDPSCs cultured on GNP 
gradient coverslip were performed differently with changes in nanotopography. 
Results showed that the number of adhered DPSCs was higher, and cells prolifer-
ated faster on the sections of the gradients at certain density (e.g., 12 mm) of nano-
topography features. Furthermore, greater surface nanotopography density (12 mm) 
could direct the differentiation of hDPSC to osteogenic lineages proving by the 
results of ALP staining and ALP gene expression. Besides, GNP diameters of 16 nm 
were most effective in promoting cell attachment, proliferation, and differentiation 
than those of 38 and 68 nm when the nanotopography density was the same among 
all groups. Though the mechanism was still unclear, this study provided new sight 
in designing the surface of biological membrane or scaffolds.

The incorporation of nano component, especially nano-hydroxyapatite (nHA), 
can improve the mechanical properties of GBR membranes. For example, Zeng 
et al. prepared new nano-hydroxyapatite/poly (vinyl alcohol) (nHA/PVA) compos-
ite membranes by solvent casting and evaporation technique. They found that the 
surface of composite membranes was biocompatibleand that nHA and PVA are dis-
tributed uniformly when the content of nHA is less than 20 wt%. Interestingly, the 
addition of nHA particles can increase the compressive strength, reduce the tensile 
strength and the elongation rate, and increase the Young’s modulus of this compos-
ite membrane, which makes it easier for clinical practice in GBR [266].

In addition to GBR membrane, bone substitute material is another key point for 
GBR.  Desired bone substitutes should have a 3D architecture and can promote 
osteogenesis and angiogenesis by allowing host osteogenic cells and vascular endo-
thelial cells to adhere and migrate into the inner part. Furthermore, ideal bone sub-
stitutes should also possess suitable biodegradability, good biocompatibility, 
appropriate biomechanical strength, and beneficial osteoinduction. However, the 
integration of current bone substitutes with host bone suffers from long-term inef-
ficiency due to their low osteoinductivity.

Generally, the bone substitutes are classified into three types: natural polymers, 
synthetic polymers, and inorganic ceramics. Natural polymers, including 
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fibrinogen, collagen, and polysaccharides such as alginates, chitosan and cellulose, 
hold similar structure as bone ECM, which are desirable to be free of immune reac-
tions. Furthermore, as polysaccharides degrade rapidly, they could be used as poro-
gens in composites. Synthetic polymers (such as poly(å-caprolactone) and 
poly(lactic-co-glycolic acid) (PLGA)) exhibit reasonable characteristics such as 
porosity, reproducible mechanical, physicochemical, and degradation properties, 
which can be modified for specific biomedical applications. Inorganic ceramics 
(like bioglass, tricalcium phosphate (TCP), HA, CPC, etc.) are utilized to provide a 
biochemical structure to enhance the osteoinductivity. However, insufficient 
mechanical strength, low supply, and high cost of natural polymers impede their use 
as bone substitutes. Besides, low osteointegration (which is due to the lack of 
endogenous vascular network) and lack of surface bioactivity are the main obstacle 
of applying synthetic polymers and ceramic scaffolds.

To design and fabricate functional bone substitutes, different nano-based strate-
gies are employed. For instance, nanotopography can be achieved by nanoscale 
fabrication methods to produce nanometer features and patterns on the surface of 
current bone substitutes to mimic bone ECM which can guide and improve the 
osteointegration of bone substitutes with the native bone tissue. Besides, nanomate-
rials, incorporated into bone substitutes, can be used as nanocarriers to regulate the 
sustained release profile of biological macro-molecules and growth factors which 
are benefit for bone regeneration and vascularization. In addition to nanocarriers 
and nanocoatings, different fabrication methods such as electrospinning are used to 
provide 3D nanoporous structure for bone regeneration. Furthermore, the addition 
of MNPs, such as superparamagnetic iron oxides (SPIONs), has been proved to 
enhance bone regeneration by improving cell proliferation and osteogenic differen-
tiation via activating MAPK/ERK signaling pathway [267]. There are several 
hypotheses to explain why the MNP-added biomaterials can stimulate cell prolif-
eration and differentiation. One hypothesis proposes that every magnetic nanopar-
ticle in the scaffold performs as its own nanoscale-level magnetic domain to induce 
micro-motions between the cell and scaffold interface, which in turn possibly affects 
the cell membrane ion channels, triggers the mechanotransduction pathway, and 
leads to enhanced cell proliferation and differentiation [268].

Surface topography of the bone substitutes is one of the major factors which can 
affect the osteointegration. To enhance the osteointegration, the surface of bone 
substitutes should trigger specific cellular responses. With the help of nanotechnol-
ogy, the pore size and porosity of bone substitutes can be made more suitable to 
facilitate cell seeding, adhesion, migration of cells, vascular ingrowth, and tissue 
regeneration. Besides, the incorporation of bone substitutes with nanoparticles can 
lead to the increase of hydrophilicity and enable the sustainable release of growth 
factors. Nanoscale topographies on surfaces can be fabricated by different methods 
such as plasma-etching process, nanolithography, and nanoparticle/molecule 
grafting.

Calcium phosphate cement (CPC) is one of the promising bone substitutes due 
to their good injectability (owing to their self-setting and in situ hardening), accept-
able mechanical properties, excellent biocompatibility, and osteoconductivity. Lee 
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et al. simply modulated the sizes of the initial CPC particles (the mixture of calcium 
hydrogen phosphate (CaHPO4) and calcium carbonate (CaCO3) and used two differ-
ent protocols to obtain micro-CPCs and nano-CPCs samples [269]. A direct cell 
culture method was performed on the CPCs to assess the effect of micro or nano- 
CPCs in odontogenic media using human DPSCs. The ALP activity and the expres-
sion of marker genes such as BSP, OPN, OCN, DSPP, and DMP-1 of DPSCs 
cultured on nano-CPCs was higher than those cells cultured on micro-CPCs with or 
without osteogenic media, which indicated that nano-CPCs substantially promoted 
odontogenic differentiation when compared to micro-CPCs. The integrin signaling 
pathway plays an important role in the cell–matrix interactions including cell adhe-
sion, survival, proliferation, and differentiation. The á and â subunits of integrin are 
the major adhesive molecule-binding receptors in cells that form bone and dentin. 
The expression levels of integrin subunits á1, á2, and â1 increased significantly in 
nano-CPCs cultured as compared to micro-CPCs cultured cells, indicating that the 
hDPSCs more easily recognized the nanotopological substrate matrix receptors 
compared to the microtopological ones. The integrin downstream signaling might 
require the activation of several intracellular protein kinases, such as the focal adhe-
sion kinase (FAK), Akt paxillin, MAPK, and NF-êB. The PCR results showed that 
the DPSCs on nano-CPCs expressed higher levels of p-FAK, p-Akt, p-MAPK, and 
NF-êB, which indicated that the nano-CPCs might act on the FAK, Akt, MAPK 
pathways to induce NF-êB activation in the DPSCs. Taken all these into consider-
ation, Lee et al. claimed that nano-sized CPCs are superior to micro-sized CPCs in 
terms of their odontogenic differentiation in the hDPSCs through FAK, Akt, MAPK, 
and NF-êB signaling pathways.

Calcium phosphate cement can also be modified by other nanoparticles. Our 
groups designed a novel calcium phosphate cement (the mixture of tetracalcium 
phosphate (Ca4(PO4)2O) and dicalcium phosphate anhydrous (CaHPO4)) containing 
gold nanoparticles (GNP-CPC) [270]. The advantages of GNPs have been discussed 
in the previous paragraphs. In our study, GNPs were incorporated into CPCs via 
liquid to achieve a better dispersion and obtain homogenous particles. GNPs are 
proved to be able to enter cells through direct diffusion or endocytic pathway. Our 
results also showed that GNPs promoted the osteogenic differentiation of DPSCs 
even without the presence of CPCs. This may be due to the mechanical stresses on 
the cells from GNPs endocytosis through regulating the Yes-associated protein 
(YAP) activity [271]. Besides, we also found that the addition of GNPs improved 
the properties of CPCs such as wetting and protein adsorption. Furthermore, com-
pared with CPCs, hDPSCs cultured on GNP-CPCs showed better cell attachment 
and larger spreading area. The osteogenic differentiation of hDPSCs on GNP-CPCs 
than those on CPCs were also greatly improved which was demonstrated by 
increases in ALP activity, osteogenic gene expressions and bone matrix mineral 
deposition. Interestingly, GNPs had no influence on cell adhesion and spreading 
without the presence of CPCs or GNP-CPCs, which may demonstrate that it is the 
nanosurface but not the nanoparticles themselves that played major role in cell 
attachment. Therefore, GNPs are promising to modify CPC with nanotopography 
by working as bioactive additives and enhance bone regeneration.
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Instead of being used alone, the inorganic ceramics can also be utilized to fabri-
cate composites with natural or synthetic polymers as bone substitutes to offer a 
nanostructured 3D network in human body. Samadikuchaksaraei et al. fabricated a 
nano-hydroxyapatite/gelatin (nHA/GEL) nanocomposite scaffold that mimic the 
natural ECM by the layer solvent casting combined with the freeze-drying and lami-
nation techniques [272]. HA is one of the main mineral components of bone tissue, 
gelatin was added to mimic the organic component of the bone. The incorporation 
of nHA not only increased the mechanical properties of the gel scaffolds but also 
promoted the biocompatibility of rat BMSCs. Besides, the nHA/GEL nanocompos-
ite scaffolds also showed better osteoinductivity in vivo than gel scaffolds alone 
when implanted in the calvarial critical size bone defect of SD rats. Therefore, this 
study indicates that nanocomposite can be a novel strategy for the development of 
bone tissue engineering scaffolds.

Interactions between the cells and their microenvironment determine the fate of 
grafted bone substitutes. Growth factors have been widely used to improve cellular 
bioactivity and increase stability and physiological activity of administered active 
compounds. Growth factors can be incorporated into bone substitutes or scaffolds 
for targeted, sustained, and controlled release of growth factors, to enhance osteo-
genesis, angiogenesis, and tissue regeneration. Growth factors which are commonly 
used as osteoinductive agents are bone morphogenetic proteins (BMP), platelet- 
derived growth factors (PDGF), and vascular endothelial growth factors (VEGF). 
Currently, multi-carrier structures (e.g., hierarchical structure, core–shell structure, 
and nanoparticle embedded structure) have been developed to incorporate growth 
factors within bone substitutes and scaffolds. However, the key challenge with the 
direct incorporation of growth factors within the scaffold is that they can be deacti-
vated during the fabrication process (e.g., under high voltage or in contact with 
organic solvents [273]). Furthermore, another concern is the burst release. To 
address the issue, nanoparticles are used to encapsulate the proteins to preserve the 
bioactivity of the growth factor and provide a sustained release profile. Li et  al. 
developed a new nanoparticle-embedded electrospun nanofiber scaffold for the con-
trolled dual delivery of BMP-2 and DEX [274]. The preparation of this scaffold was 
shown in Fig. 3.13. Briefly, BMP-2 was loaded into bovine serum albumin (BSA) 
nanoparticles to maintain its bioactivity. Then, the BMP-2-loaded BSA nanoparti-
cles were stabilized by a chitosan shell through electrostatic self-assembly (BNP). 
Encapsulation of both BNP and DEX were performed by electrospinning the 
blended solution of nanoparticles and PCL-poly(ethylene glycol) (PEG) copolymer 
(DEX was dissolved into this copolymer solution). Hydrophilic PEG was co- 
polymerized with PCL to improve the water wet ability and degradation rate of 
PCL. Finally, a controlled dual delivery of BMP-2 and DEX can be acquired using 
this nanoparticle-derived fiber scaffold. Results showed that the bioactivity of DEX 
and BMP-2 was preserved in this scaffold. Besides, a controlled and sequential 
release pattern of the DEX and BMP-2 was achieved. Most of the DEX was released 
in the first 8 days, and the BMP-2 release lasted up to 35 days. Furthermore, the 
drug-loaded groups exhibited a strong ability to induce osteogenic differentiation 
both in vitro and in vivo and manifested the best repair efficacy due to a synergistic 
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effect of BMP-2 and DEX. Therefore, the biomolecule-loaded nanofiber scaffold 
fabricated in this way is a strong potential candidate to repair bone defects.

Instead of biomolecules, stem cells have also been incorporated into bone substi-
tutes in stem cell-based therapy. The incorporation of stem cells within bone substi-
tutes have many advantages due to their differentiation potential, ability to secrete 
multiple bioactive molecules, and immunomodulatory functions. It is of great ben-
efit to apply injectable scaffolds which could enable the seeding of stem cells into 
the deep internal space. Besides, using injectable scaffolds is advantageous when it 
comes to irregular bone defects.

He et al. designed a novel injectable, biodegradable, porous, and load-bearing 
nano-scale calcium sulfate/alginate (nCS/A) delivery system incorporated with 
BMP2-gene-modified rat MSCs in rat critical-sized craniofacial bone defects to 
evaluate the osteoconductivity of the system [275]. Calcium sulfate (CS) is a bio-
compatible, bioactive, and biodegradable material with crystalline structure whose 
compressive strength is greater than that of cancellous bone and has been applied to 
fill cysts, bone cavities, and segmental bone defects. Nano-calcium sulfate (nCS) 
particles (generally between 30 and 100 nm) may enhance physical properties, such 
as increasing the surface area to improve growth factor adsorption while potentially 
controlling the degradation rate, as well as mechanical strength for optimal osteo-
conductivity and fractures resistance. On the other hand, alginate is a natural anionic 
polysaccharide with good biocompatibility, mild requirement of gelation condi-
tions, low immunogenicity, high hydrophilicity, and good biodegradability under 
physiological conditions and low cost (easily to be obtained from brown seaweed). 
It has been widely used in bone tissue engineering. Thus, they cross-linked alginate 
hydrogels with nCS to form the injectable nCS/A paste [275]. When the nCS/A 
paste was cultured in the medium, the degradation of ionically cross-linked alginate 
due to the loss of divalent cations (Ca2+) will lead to the formation of nano pores 

Fig. 3.13 Schematic illustration of BMP-2 and DEX-loaded electrospun nanofiber scaffold [274]
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which enhances cell migration into the scaffold. Besides, the mechanical properties 
of the nCS/A paste were improved with an increased proportion of alginate. Then, 
a 25 μL cell suspension with 1 × 106 rat MSCs infected with BMP2 gene was added 
to the nCS/A paste to form a rat MSC-based nCS/A composite as novel bone sub-
stitutes. Both rat MSCs and BMP2 gene-modified rat MSCs in the injectable pastes 
remained viable, osteo-differentiated, and yielded high alkaline phosphatase activ-
ity after injection. In animal experiment, the authors found that BMP2-gene- 
modified MSCs in nCS/A (referred as nCS/A  +  M/B2 group) showed the best 
osteogenic activity and the amount of new bone formation, and vessel density was 
the highest in the group which grafted with nCS/A + M/B2 composite. Therefore, 
the overall results confirmed that the combination of injectable nCS/A paste and 
BMP2-gene-modified MSCs is a new and effective strategy to repair bone defects.

In summary, nano-modified membranes and bone substitutes have the potential 
to enhance osteogenesis and have been widely applied in oral bone regeneration.

3.2.3  Nanotechnology to Regenerate Keratinized Gingival

Good osteointegration is fundamental to a successful dental implant, while the con-
nection between gingival and implant surface determines long-term success of a 
dental implant because bacterial invasion and infection can be prevented by a proper 
seal around a dental implant. It is of great importance to maintain enough keratin-
ized gingival (KG, a part of oral mucosa covered with keratin or parakeratin) to 
obtain gingival seal mentioned above. It has been believed that 2 mm in width and 
depth of keratinized gingival is sufficient to maintain gingival health [276]. 
Generally, the absence of adequate keratinized mucosa around dental implants, 
especially in posterior area, was associated with higher plaque accumulation and 
gingival inflammation. Besides, wider and deeper zones of keratinized mucosa may 
lead to stronger resistance to the forces of mastication.

While it is practical to achieve adequate osteointegration between dental implants 
and host bone, the preservation of appropriate soft tissue architecture around an 
implant supported denture remains challenging. Several surgical techniques have 
been described to increase the amount of keratinized tissue around dental implants, 
including the free gingival graft (FGG), the connective tissue graft (CTG), apically 
positioned flap (APF) technique, and xenogeneic collagen matrix (XCM). However, 
the formation of a scar may occur occasionally while applying APF technique 
together with FGG or CTG, and higher postoperative morbidity, and the longer 
surgical time may limit the use of autogenous grafts and APF technique. Therefore, 
XCM has been investigated for the treatment of gingival recessions. As far as we 
know, the effect of available methods for keratinized gingival augmentation stays 
controversial, and the regenerative mechanism of keratinized gingival remains 
unclear. Given that nanostructure and nanomaterials are beneficial to bone regenera-
tion, some researchers also focus on applying nanotechnology to keratinized gingi-
val regeneration.
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Nocini et al. investigated a newly designed bi-layered collagen nanostructured 
membrane (collagen matrix 10,826®, CM-1826) and evaluated its fundamental cell 
functions of human gingival keratinocytes, such as adhesion, proliferation, and 
interleukin 6 (IL-6) production, to assess the biocompatibility of this new mem-
brane [277]. It has been proven that cell adhesion activates intracellular signaling 
pathways governing a multiplicity of cellular processes including the gene expres-
sion of cytokines, such as IL-6 and IL-6, and stimulates keratinocyte proliferation. 
Thus, the IL-6 production was selected to evaluate the effect of this membrane on 
keratinocytes. Results showed that the production of basal IL-6 doubles in the pres-
ence of CM-10826, strongly increases in the presence of collagen I, a major compo-
nent of CM-10826, but appears almost unaffected in the presence of collagen 
IV. Besides, CM-10826 also demonstrated a positive biological activity on gingival 
keratinocytes growth and adhesion, without any toxic effect. However, there was no 
direct comparison between keratinocytes cultured with CM-10826 and collagen 
I. Therefore, it is hard to figure out whether the promotion of cell growth, adhesion 
and IL-6 production is due to the nanostructure or the major component (collagen I) 
of CM-10826. Further studies should be carried on.

However, Dorkhan et  al. found that nanotopography of anodic oxidation- 
modified Ti showed no effect on adherence of keratinocytes [278]. They used tita-
nium discs with three different surfaces. Commercially pure titanium discs (CpTi) 
were selected as controls (C) while the two anodically oxidized surfaces (N1 and 
N2) were selected as test surfaces. Preparation of N1 was performed by anoxic oxi-
dation on CpTi, whereas the same method on titanium alloy N1 (TiAl6V4) was used 
to prepare N2. Results showed that the two anodically oxidized surfaces achieved 
nanostructuring with differing degrees of porosity. After cultured for 24 h, the kera-
tinocytes adhered well to the nanostructured surfaces, although to a somewhat less 
degree than to CpTi. However, no differences in adhesion strength of keratinocyte 
could be observed among the two nanostructured surfaces and the CpTi. This study 
indicates that nanostructure may have no effect on the adhesion of keratinocytes. 
Thus, it is interesting to explore whether the nanostructure can influence the bioac-
tivities of gingival keratinocytes.

3.2.4  Nanotechnology to Regenerate Tooth

As mentioned before, a tooth consists of multiple tissues. In humans, tooth loss can 
lead to physical and mental suffering that compromise an individual’s self-esteem 
and quality of life. Dental caries and periodontal disease are the two major causes 
for the loss of teeth. In addition, facial trauma, resection of maxillofacial tumors, 
and some genetic disorders may also lead to tooth loss. Due to its complex structure 
and limited self-healing capability, it is challenging to achieve tooth regeneration.

The current restorations for tooth loss are dentures (including removable and 
fixed dentures) and dental implants. Poor retention and instability of a removable 
denture make it uncomfortable for the patient. Besides, it is inconvenient to wear, 
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remove, and clean the denture every day. The fixed dentures are more comfortable 
than the removable ones. However, it needs to grind the adjacent healthy teeth as 
abutments to make a fixed denture. Furthermore, the fixed denture has to be removed 
or refabricated once abutment teeth suffered severe damage. Dental implants have 
been favorite choices for both patients and dentists in recent decades. However, high 
price, long treatment period and the pain caused by surgery is the main concern 
which impede the application of dental implants. Besides, dental implants currently 
cannot perceive noxious stimulations such as excessive occlusal loading and trauma 
because the absence of neuronal innervation in the periodontal tissue. The nervous 
system of a natural tooth contributes to the regulation of tooth physiological func-
tions and the perception of noxious stimulations. Therefore, tooth regeneration 
should be the best way to restore the lost teeth.

The focus in damaged tissue restoration has undergone significant changes, 
beginning as substitution, then evolving to restoration or replacement, and finally to 
tissue regeneration. Novel therapeutic strategies have arisen about two decades ago, 
sprouting from the emergence of tissue engineering and regenerative medicine, 
evaluated by their potential to replace, repair, maintain, and enhance tissue or organ 
function. The strategy encompasses numerous elements, including biomaterials, 
stem cells, tissue-inducing substances, or biomimetic regenerative environments. 
Tooth regeneration strives to (a) regenerate a structurally and functionally sound 
complete tooth and (b) regenerate individual tooth structures such as enamel, den-
tin, pulp, cementum, and periodontal ligament. Like natural teeth, bio-engineered 
teeth are also expected to properly contact adjacent teeth, transmit masticatory 
loads, provide proprioception, and restore esthetics. Generating these teeth and 
restoring proper morphology require precise and orderly orientation of the epithelial 
mesenchymal cell layers placed onto the scaffold as well as directing the interaction 
of cells with the extracellular matrix. To achieve this differential placement of cells 
and ensure proper interaction with the matrix, 3D imprinting scaffold fabrication, 
cell seeding techniques, and recent developments in nanotechnology can be imple-
mented. Currently, two approaches are considered for tooth regeneration: (1) 
scaffold- based approach which involves using scaffolds on which cells can be 
seeded in vitro or by cell homing in vivo; (2) scaffold-free approach aims at directly 
inducing developmental processes of embryonic tooth formation by stem cells or 
cell sheets. These processes have to be guided by appropriate signals to produce 
tooth structures that mimic natural teeth in size and shape. Nanotechnology has 
been widely used to modify stem cells and scaffolds, and most of the researchers 
focused on the former approach to achieve tooth regeneration.

Enamel, the hardest tissue located in the vertebrate body, is formed through 
biomineralization by ameloblast cells. These cells synthesize and secrete a complex 
of tissue-specific proteins into the extracellular space, where a HA-patterned matrix 
is self-assembled by these proteins to form a tough, wear-resistant composite mate-
rial. The dominant protein of mammalian enamel includes amelogenin and amelo-
blastin which play important role in forming enamel matrix. The mature enamel 
composite contains no cells, no blood vessels, and almost no proteins. Therefore, it 
is difficult to regenerate enamel once it is destroyed by caries or trauma. To 
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hopefully achieve the long-term goal of establishing cell-based strategies for tooth 
regeneration, Huang et al. used an in vitro cell and organ culture system to study the 
effect of artificial bioactive nanostructures have on ameloblasts [279]. Huang’s 
study hired the branched peptide amphiphile molecules “BRGD-PA,” which contain 
the peptide motif Arg-Gly-Asp, for their ability to self-assemble into nanofibers. 
Primary enamel organ epithelial (EOE) cells and ameloblast-like cells (line LS8) 
were cultured within BRGD-PA hydrogels, and then injected into the enamel organ 
epithelia of mouse embryonic incisors. Results of cell proliferation assay, quantita-
tive real-time PCR, and Western blot showed that LS8 and EOE cells responded to 
the BRGD-PA nanostructures with enhanced proliferation and greater amelogenin, 
ameloblastin, and integrin expression levels compared with cells responded to cul-
ture plates. Besides, at the site of injection in the organ culture model, Huang et al. 
observed that EOE cell on BRGD-PA proliferated and differentiated into amelo-
blasts as evidenced by their expression of enamel specific proteins. The histological 
analysis, transmission electron microscopic examination, and immunohistochemis-
try results showed that the nanofibers were inside the formed ECM, contacted the 
EOE cells, and engaged in enamel formation and regeneration. Therefore, this 
research demonstrates when BRGD-PA nanofibers are presented with enamel pro-
teins, they participate in integrin-mediated cell binding to the matrix and deliver 
instructive signals for enamel formation.

Dental pulp is a complex organized tissue with various types of cells and struc-
tures, providing nutrition, sensation, and defense against various pathogens. In 
addition, dental pulp produces dentin and maintains the biological and physiologi-
cal vitality of the dentin. Pulpitis, usually caused by dental trauma and caries, is one 
of the most common diseases related to dental pulp. Due to the complex structure, 
small volume, and insufficient blood supply of dental pulp, self-repairing is difficult 
to initiate in pulpitis. Traditionally, pulpitis is treated by root canal therapy, whereby 
the inflamed pulp is removed and replaced with inorganic material; however, tooth 
fragility and ultimately tooth fracture can be unfortunate end results. Therefore, a 
better choice is if we could keep or regenerate vital tooth pulps. Recently, scaffold- 
and/or stem cell-based therapy has been one of the approaches to achieve pulp 
regeneration. Li et al. designed and synthesized a unique hierarchical growth factor- 
loaded nanofibrous microsphere scaffolding system to achieve successful regenera-
tion of pulp tissues in a full-length human root with a one-end seal [280]. In this 
system, heparin binds to the vascular endothelial growth factor (VEGF), which is 
then encapsulated into heparin-conjugated gelatin (HG) nanospheres and finally 
immobilized in the nanofibers of an injectable poly-(l-lactic acid) (PLLA) micro-
sphere (HG-MS) (Fig.  3.14). For comparison, gelatin without heparin was used 
during the fabrication process, and the hierarchical microsphere obtained was 
abbreviated as G-MS. The hierarchical microsphere fabricated without gelatin or 
heparin, referred as MS, was used as blank control. The amount and bioactivity of 
released VEGF was measured and evaluated, and the result indicated that micro-
sphere system hierarchy not only protects the VEGF from degradation and denatur-
ation but also provides superb control of its sustained release. Additionally, the 
HG-MS integrates the ECM-mimicking architecture with a highly porous injectable 
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form, effectively accommodating DPSCs and assisting their proliferation and pulp 
tissue formation. Then freshly extracted human teeth from 18- to 30-year-old 
patients were collected for in vivo study. Briefly, the root for each tooth was stan-
dardized by cutting to a length of 13 mm. The root apex and coronal were processed 
to a length of 1.0 and 2.5 mm, respectively. During the in vivo experiment, mineral 
trioxide aggregate (MTA) at 2 mm into the canal space was used to seal the coronal 
end of the canal, leaving the remaining 11 mm of the root canal space for pulp tissue 
regeneration, which mimics the clinical operation. Then the pretreated roots were 
filled with DPSCs or HG-MS or HG-MS + DPSCs or left empty and implanted into 
immunocompromised nude mice. After 9 weeks, the histology and immunohisto-
chemistry assay showed the successful regeneration of pulp-like tissues that ful-
filled the entire apical and middle thirds and reached the coronal third of the 
full-length root canal in HG-MS + DPSCs group. In addition, many blood vessels 
were regenerated throughout the canal in this group. Therefore, nano-modified scaf-
fold, together with dental stem cells, may provide new sight for dental pulp 
regeneration.

In regenerative endodontics, dentin and pulp are an inseparable unit because they 
are closely related embryologically, histologically, and functionally. Therefore, to 
achieve both dentin and pulp regeneration simultaneously is important to fully 
restore the biological and mechanical functions of the damaged tooth. Gronthos 
et  al. combined human DPSCs with nano-hydroxyapatite/tricalcium phosphate 
(nHA-TCP) ceramic powder (worked as scaffolds) to explore the possibility that 
isolated ex vivo-expanded human DPSCs would also be capable of regenerating a 
dentin/pulp-like structure in vivo under similar conditions [281]. In addition, human 

Fig. 3.14 Schematic illustration of the synthesis of heparin-conjugated gelatin (HG) and hierar-
chical VEGF-loaded heparin-conjugated gelatin microspheres (HG-MS) [280]
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BMSCs were also used and compared with DPSCs to explore their potential to be 
applied in dentin/pulp regeneration. Immunohistochemical studies were performed 
to characterize the progeny of the DPSC and BMSC clonogenic populations. DPSCs 
and BMSCs share a similar immunophenotype in vitro according to their similar 
expression of markers associated with endothelium, smooth muscle, bone, and 
fibroblast. While functional studies revealed DPSCs produced only sporadic, 
densely calcified nodules without adipocyte formation, the BMSCs routinely were 
calcified amidst the entire adherent cell layer and had clusters of lipid-laden adipo-
cytes. DPSCs or BMSCs were transplanted in conjunction with nHA-TCP powder 
into immunocompromised mice to see whether a dentin/pulp-like structure could be 
formed in vivo. The DPSCs produced a dentin-like structure, composed of a highly 
structured collagenous matrix, which lined nHA-TCP particle surfaces. Besides, a 
pulp-like interstitial tissue was surrounded by the odontoblast-like cells. 
Comparatively, BMSCs formed lamellar bone containing osteocytes and surface- 
lining osteoblasts, surrounding a fibrous vascular tissue with active hematopoiesis 
and adipocytes. This study confirmed that isolated postnatal human DPSCs com-
bined with the nHA-TCP powder showed greater potential than BMSCs to form a 
dentin/pulp-like complex. It can be inferred that nanomaterials could be used as 
scaffolds in stem cell-based dentin/pulp regeneration.

In addition, the application of nanotechnology may provide more advantages in 
tooth regeneration. For example, a bio-root was regenerated by implanting pre- 
shaped 3D printing root-like scaffolds combined with mesenchymal stem cells into 
the alveolar bone. In this way, a functional root with root-like structure, periodontal 
ligament-like tissue, and dentin-like matrix structure was formed by Sonoyama 
et al. [282]. However, the bio-root showed lower compressive strength than that of 
natural swine root dentin, which may impede the long-time survival of the bio-root. 
Therefore, can we enhance its survival rate through improving the mechanical prop-
erties of the bio-root by nanotechnology? And as appropriate signals play the key 
role in regulating developmental processes of a tooth formation, we can try to use 
nanotechnology to modify stem cells and transfer growth factors in the future tooth 
regeneration research. Further studies are needed.

3.2.5  Shortcomings in the Current Application 
of Nanotechnology

Nanomaterials have unique biological activities to improve the physicochemical 
properties of oral stem cells, GBR membranes, and bone substitutes. Therefore, it 
helps with oral tissue regeneration. However, as one coin has two sides, the applica-
tion of nanomaterials and nanotechnology may also have some potential problems.

One of the concerns for employing nanomaterials is their toxicity to oral tissue, 
which will mainly be discussed in the next part of this book. Besides, there are still 
other limitations when applying nanotechnology in oral tissue engineering.
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When nanoparticles are used for gene delivery, lower concentration of nanopar-
ticles is related with reduced gene loading capacity, while higher concentration is 
related with increased cytotoxicity. Therefore, it forms a dilemma between the two, 
and an optimal concentration is acquired [283]. Combining nanoparticles with other 
vectors, to form combo delivery system, may solve this challenge. In Zhang’s study, 
(3-aminopropyl) triethoxysilane-modified iron oxide nanoparticles (APTES- 
IONPs) was designed and synthesized as gene vectors. Two other commercial vec-
tors, Lipofectamine and TurboFect, were used as control. One gram of DNA was 
incubated with APTES-IONPs (weight range from 0 to 30 μg) or 1 μg Lipofectamine 
or 0.25 μL TurboFect for 30 min to evaluate the gene-loading capacity. Low level of 
APTES-IONPs failed to bind enough DNA, so did Lipofectamine or TurboFect. 
Comparatively, unbound DNA level was significantly decreased when high level of 
APTES-IONPs (30  μg) was added. However, the addition of Lipofectamine or 
TurboFect markedly decreased the unbound DNA level during complexation with 
low level of APTES-IONPs. Vice versa, 1 μg Lipofectamine or 0.25 μL TurboFect 
succeeded in binding enough DNA with the addition of low level of APTES-IONPs. 
Therefore, the commercial vectors could enhance DNA-binding capacity of the 
APTES-IONPs even at low concentration, and the nanoparticles could also increase 
the DNA-binding capacity of the commercial vectors. Besides, Zhang et al. also 
found that the combo gene delivery system, containing APTES-IONPs and 
Lipofectamine, was a time-saving method, could prevent DNA from degradation, 
improve gene delivery efficiencies in both adherent and suspension cells, and effec-
tively mediate siRNA transfection. Therefore, the combination of nanoparticles 
with other vectors shows greater potential for gene transfection than using nanopar-
ticles alone.

Scaffold, as one of three key factors in tissue engineering, has been modified via 
nanotechnology in regenerative dentistry. Magnetic nanoparticles (MNPs) have 
drawn great interest owing to their unique magnetic properties and have been uti-
lized to obtain magnetomechanically functional scaffolds for bone regeneration. 
The simplest way to obtain magnetic scaffolds was to dip-coat the scaffolds into 
aqueous ferrofluids containing MNPs (such as superparamagnetic iron oxide 
nanoparticles, SPIONs) coated with various biopolymers. After dip-coating, the 
nanoparticles were integrated into the porous structure of the scaffolds. However, 
one concern of the magnetic scaffolds fabricated in this way is the uncontrolled and 
undesired release of MNPs. This concern may be addressed by designing and fabri-
cating scaffolds with specific structure. Zeng et al. used HA powder to fabricate 
scaffold by the microwave-assisted foaming process [284]. This kind of HA scaf-
fold had a specific structure with micro- and macroporosity and was shaped into 
disks of 12 mm diameter and 2 mm height. Then the HA disks were dip-coated with 
MNPs. The authors found a gradual release of magnetite over a long period in 
phosphate- buffered saline (PBS), simulated body fluids (SBF), and fetal bovine 
serum (FBS), which indicated that the integration of HA and MNPs involved an 
adsorption-desorption dynamic equilibrium process. At an extremely low percent-
age of released magnetite in the media, the release curves flattened out, suggesting 
that the large surface energy of HA and the specific porous structure helped for 
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MNPs retention in the scaffold, thereby delaying the desorption process. Therefore, 
specific structure of the magnetic scaffold may help to achieve desired release 
of MNPs.

There are many important growth factors and small molecules, such as BMPs, 
VEGF, platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF), 
which can promote oral tissue regeneration. Growth factors could be stabilized by 
conjugation to nano-constructed materials. Usually, growth factors immobilized to 
nanomaterials promoted a higher growth and differentiation of the cells compared 
with their counterparts due to the release of growth factors [255, 285]. However, it 
is still difficult to get controlled and sustained release of growth factors and keep 
their bioactivity during release process. It seems that the combination of nanomate-
rials with other biomolecules as vehicles for growth factors can improve the release 
of growth factors. As mentioned before, Li et al. designed and synthesized a unique 
hierarchical growth factor-loaded nanofibrous microsphere scaffolding system 
HG-MS (Fig. 3.14). In this system, heparin was used to further immobilize VEGF 
in the PLLA nanofibers. For comparison, gelatin without heparin was used during 
the fabrication process and referred as G-MS, and the hierarchical microsphere fab-
ricated without gelatin or heparin was used as blank control, referred as MS. Results 
showed that encapsulating VEGF into gelatin (G-MS group) and HG microspheres 
(HG-MS group) significantly decreased the initial burst release (shown in MS 
group) of the protein VEGF. In addition, binding VEGF to heparin (HG-MS group) 
further reduced the burst release of VEGF than that of G-MS group. Besides, the 
release rates of the MS and G-MS groups reached a plateau after 1 week. In con-
trast, the HG-MS group released VEGF consistently at a rate of approximately 
1–2% per day for the last 3 weeks of the experiment. As VEGF has binding domains 
with heparin, it can be inferred that heparin protects VEGF from denaturation and 
proteolytic degradation, which subsequently prolongs its sustained release. 
Therefore, it may be useful to utilize other biomolecules to improve nanomaterials 
better for the delivery and release of growth factors.

Though shortcomings are present, there is no doubt that nanomaterials and nano-
technology bring numerous benefits and amazing perspectives to stem cell-based 
regenerative medicine. Recent advances in nanomaterials increase the potential to 
control oral stem cell bioactivity, improve gene and growth factors delivery, create 
functional membranes, and improve the mechanical properties and osteoconductiv-
ity of bone substitutes for the treatment of oral and maxillofacial defect. Therefore, 
it is of great potential to implant nanomaterials labeled oral stem cells with 
nanotechnology- modified scaffolds into damaged dental tissue for regeneration. 
Besides, the application of nanomaterials in dentistry may act as another type of 
personalized medicine to achieve customized treatment for different patients and 
different oral and dental diseases. Furthermore, for dental implants, nanotechnology 
can be applied to form an “osteogenic coating” which may increase the bone–
implant contact and improve the osteointegration. And this may be an alternative to 
bone augmentation in cases whose alveolar bone in implant site is compromised.

However, some problems are imperative to be solved before further application 
of nanotechnology in oral tissue engineering. Most importantly, nanomaterials 
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require improved testing and evaluation systems to assess their potential toxicity. As 
such, the consideration of dose–response studies is warranted. Moreover, the under-
lying mechanisms of nanomaterial–cell interactions are unclear, with many hypoth-
eses remain to be proved. Third, the exact effects of nanomaterials on cells, tissues, 
and organs and their metabolic pathways in vivo remain unclear and require further 
research.

3.3  Application of Antibacterial Nanomaterials in Dentistry

The human oral cavity is the home to over 530 different species of microorganisms. 
However, only some of them are related to oral disease. In the past four decades, 
microbial ecologists have identified the suspected pathogens which cause human 
dental caries and periodontal disease. Many scientists concur that the microbes 
which are associated with oral disease are as follows: the principal pathogenic 
agents of dental caries are associated with the Mutans streptococci, especially 
Streptococcus mutans and Streptococcus sobrinus and the secondarily implicated 
are the Lactobacillus species and perhaps some non-Mutans streptococci in coronal 
caries, particularly the acid-tolerant strains: Streptococcus sanguis and Streptococcus 
gordonii [286, 287]. In addition, Actinobacillus actinomycetemcomitans are associ-
ated with juvenile periodontitis, while Prevotella, Fusobacterium, and Actinomyces 
species are associated with gingivitis [288].

Because the infections are closely associated with bacterial biofilms, the antimi-
crobial susceptibility of the important pathogenic bacteria in the biofilms has been 
extensively investigated for many years. Antibiotics are the most common way to 
fight against the bacteria. However, oral administration of antibiotics results in 
undesirable side effects, such as inadvertent destruction of beneficial bacterial flora 
and development of antibiotic resistance. Instead, local polymeric-based drug deliv-
ery systems which include fibers, strips, or nanoparticles can provide appropriate 
drug concentrations directly to the target site.

Recently, there has been remarkable attention in the field of antimicrobial nano-
material and nanotechnology. Several nanoparticles (e.g., zinc oxide, silver, and 
magnesium oxide) had been proved to be effective in inhibiting the bacterial growth 
and applied in several areas of dentistry, such as endodontics, dental prostheses, 
periodontitis, and implantology. Abou et  al. found that the antimicrobial mecha-
nisms of nanoparticles include bacterial cell membrane disruption, reactive oxygen 
species (ROS) generation, active transport as well as sugar metabolism inhibition, 
electron transport disturbance across the bacterial membrane, DNA replication pre-
vention, and ion displacement of those required for the enzymatic activity of oral 
biofilms [289].

Silver (Ag) ions have strong antimicrobial effects and have been used widely in 
biomedical field for many years. Being a potent antimicrobial due to sustained ion 
release, Ag has many advantages, such as no antibiotic resistance, low toxicity, and 
good biocompatibility. Likewise, silver nanoparticles (AgNPs) have shown potent 
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antimicrobial properties, also having non-acute toxic effects on human cells. They 
enhance the overall biological effectiveness through fast penetration and bioavail-
ability while reducing potential cytotoxicity, drug dosage and production costs. 
AgNPs in different sizes have different effects on oral bacteria: 5 nm AgNPs seem 
to have the highest antibacterial activity [290]. The antimicrobial mechanism of 
AgNPs has been extensively investigated. Seemingly, the interaction of silver ions 
with the peptidoglycan cell wall causes structural changes, increased membrane 
permeability, and ultimately leads to cell death. Furthermore, the interaction of 
AgNPs with the exposed sulfhydroyl groups in bacterial proteins results in the hin-
dering of DNA replication [291, 292].

ZnO nanoparticles (ZnO NPs) are believed to be nontoxic, biosafe, and biocom-
patible. They have been used as drug carriers, cosmetics, and filling materials in 
biomedical field. ZnO NPs have a wide range of antibacterial effects on various 
microorganisms, including gram-positive and gram-negative bacteria under normal 
lighting conditions. The antibacterial activity of ZnO NPs might involve the produc-
tion of ROS and the accumulation of nanoparticles in the cytoplasm or on the outer 
membranes [293]. Another metal oxide nanomaterial, MgO has the advantages of 
being cheap, readily available, and biocompatible, making it a very promising anti-
bacterial agent. The damage to the membrane of bacterial cell likely occurs due to 
the attachment of the nanoparticles to the membrane, in combination with the effects 
of pH change, Mg2+ release, and ultraviolet illumination. The attachment of parti-
cles may involve phosphate groups presenting on the surface of the cells, but there 
are likely other adherent mechanisms contributing to the antibacterial activity [294].

Subsequently, we discuss the incorporation of nanomaterials into dental materi-
als, highlighting the aspects regarding microorganism inhibition and potential 
toxicity.

The survival of pathogenic bacteria in the oral cavity depends on their successful 
adhesion to the dental surfaces and their ability to develop into biofilms, known as 
dental plaque. Bacterial plaque is the unmineralized bacterial community in the 
mouth that cannot be washed away by water and adheres together or to the tooth 
surface. Because of the self-secreted extracellular polymeric matrix, it has high 
recalcitrance toward antibiotics. Bacteria from the dental plaque are responsible for 
the development of dental caries, gingivitis, periodontitis, stomatitis, and peri 
implantitis. The ability of antibiotic nanoparticles with sustained release capability 
to penetrate the biofilm has led to its emergence as one of the premier anti-biofilm 
formulations in the combat against biofilm infections. Moreover, biofilm resistance 
can be overcome by including drug delivery systems such as lipid or polymer 
nanoparticles. These particles can increase the treatment efficacy by improving anti-
biotic delivery to bacterial cells.

Some researchers examined the antibacterial efficacies and physical characteris-
tics of the antibiotic-loaded polymeric nanoparticle formulations, and the result 
showed that most ideal formulation is ciprofloxacin-loaded PLGA nanoparticles, by 
virtue of their high drug encapsulation efficiency and high antibacterial efficacy 
while maintaining a low dose to combat against the biofilm cells and biofilm-derived 
planktonic cells of Escherichia coli [295]. Likewise, Forier et al. found that in many 
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cases antimicrobial efficacy can be improved by using lipid and polymer nanopar-
ticles. To maximize the biofilm exposure to the antimicrobial agent and ensure 
delivery of the antimicrobial agent to the vicinity of the bacterial cells, strategies 
which include nanoparticle targeting, antimicrobial triggered release, and fusogenic 
liposomes are promising [296].

Other researchers fabricated two forms (sphere and wire) of chlorhexidine 
(CHX)-loaded mesoporous silica nanoparticles (MSNs) and investigated their 
releasing capacities and anti-biofilm efficiencies. The spherical MSNs with an aver-
age diameter of 265 nm exhibited a larger surface area and faster CHX-releasing 
rate than the MSN wires, the spherical nanoparticle-encapsulated CHX presented 
with a greater anti-biofilm capacity than the wire nanoparticle-encapsulated CHX, 
since the entanglement of wire nanoparticle-encapsulated CHX could restrict the 
drug release and interactions with the microorganisms. These findings revealed that 
the spherical nanoparticle-encapsulated CHX could preferably enhance its anti- 
biofilm efficiency through an effective releasing mode and close interactions with 
microbes [297]. Another researcher reported the synthesis of mesoporous silica 
nanoparticle-encapsulated pure CHX (nano-CHX), and its antimicrobial properties 
against oral biofilm. The nano-CHX elicited potent antibacterial effects against 
mono-species biofilms and planktonic bacteria such as Streptococcus mutans, 
Streptococcus sobrinus, Aggregatibacter actinomycetemcomitans, Fusobacterium 
nucleatum, and Enterococcus faecalis at the 50–200  μg/mL concentrations. 
Moreover, nano-CHX successfully inhibited multi-species biofilms that include 
Streptococcus mutans, Aggregatibacter actinomycetemcomitans, Fusobacterium 
nucleatum, and Porphyromonas gingivalis until 72 h [298].

A traditional Chinese medicine, Scutellaria baicalensis (SB), has been used to 
treat infectious and inflammatory diseases. Baicalin, a flavonoid compound isolated 
from SB, possesses marked anti-inflammatory, antioxidative, and immunomodulat-
ing effects. It has potent antibacterial effects on oral pathogens, and it could indeed 
inhibit bacterial quorum sensing activity and exhibit protective effect on the devel-
opment of experimental periodontitis and benefits for controlling periodontal dis-
ease. The combined use of another compound baicalein presented in SB with 
antibiotics has synergistic effects against oral bacteria [299–302]. It has been shown 
that nanoparticle-encapsulated SB enhanced the biological effectiveness via high 
bioavailability and fast penetration with less cytotoxicity, reduced dosage of the 
agents, and lowered the costs. This team also explored the synergistic effects of the 
combined usage of nano-MIX (nanoparticle-encapsulated SB and nano-CHX at 9:1 
(w/w) ratio) with the aim to minimize the unexpected effects of CHX, against the 
mixed oral biofilms such as Streptococcus mutans, Fusobacterium nucleatum, 
Aggregatibacter actinomycetemcomitans, and Porphyromonas gingivalis. The 
result showed enhanced synergistic antibacterial effects of the nano-MIX on com-
mon oral bacterial biofilms, which could be developed as a novel antimicrobial 
agent for clinical oral/periodontal treatment [303].

Besinis et al. found that the biofilm formation occurring on dentine surfaces and 
the bacterial growth occurring in surrounding media can be successfully controlled 
by applying silver nanocoating on dentine. This nanocoating was found to be 
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chemically and biologically stable and also can protect the teeth from dental plaque 
as well as secondary caries when applied as a dentine coating [304].

Dental caries is the most common and widespread oral disease, resulting from 
the acidic attack of the cariogenic bacteria, such as Streptococcus mutans and 
Lactobacillus spp. Currently, composite resin is the most widely used restorative 
materials, due to their excellent esthetics and load-bearing properties. They are 
applied in core buildup, inlays/onlays restoration, cavity lining, and fissure sealing. 
However, one major drawback is that composites tend to accumulate biofilm and 
plaque in vivo [305, 306]. Such plaque accumulation with acid production by acido-
genic bacteria could result in secondary caries. However, it has been shown that 
there is microleakage on the margins of the restoration. These gaps can be colonized 
by oral bacteria, resulting in secondary caries. To prevent or diminish biofilm accu-
mulation, filling materials with antimicrobial properties have been developed.

In order to elicit acid neuralization ability as well as release calcium and phos-
phate ions, a dental composite including amorphous calcium phosphate nanoparti-
cles (NACP) was created. Few studies have reported on antibacterial agents being 
incorporated into calcium phosphate composites. One study investigated the effect 
of AgNP mass fraction in NACP nanocomposite on mechanical properties and den-
tal plaque microcosm biofilm. Five NACP nanocomposites were fabricated with 
AgNP mass fractions of 0, 0.028, 0.042, 0.088, and 0.175%, respectively. The 
results showed that the composites with AgNPs at 0–0.088% had the similar 
mechanical properties with those containing no AgNPs. The modulus of the sample 
containing 0.175% AgNPs was lower than the moduli of all other groups. Besides, 
counts of colony-forming units (CFU) containing 0.042% AgNPs for total strepto-
cocci were 75% less than the control group without AgNPs. A considerable antibac-
terial capability was imparted by the AgNPs in the NACP nanocomposite, which 
rose with AgNP concentration. However, increasing the mass fraction of the AgNPs 
to 0.175% revealed a brownish color and was accompanied by a precipitous strength 
drop. Therefore, to maintain both esthetics and mechanical strength, the AgNP mass 
fraction used must not exceed 0.042%. At 0.042%, the AgNP nanocomposites capa-
bly reduced biofilm metabolic activity greatly as well as decreased both lactic acid 
production and CFU counts, as compared to the commercial composite con-
trol [307].

AgNP-modified light-activated composites were evaluated by another study to 
determine the physical and antibacterial activity. Disks were produced with either 
the unmodified resin (control group) or the AGNP-modified resin at 0.3  wt% 
(MR03) and 0.6  wt% (MR06) concentrations. Streptococcus mutans and 
Lactobacillus acidophilus biofilms onto the disks were incubated and induced onto 
the disks in vitro. The result showed that the number of viable cells was statistically 
lower for MR03 and MR06 compared with control group. MR03 and MR06 showed 
no significant differences. MR03 was stronger in compression resistance than con-
trol group, and MR06 was statistically lower than control group and MR03. Both 
MR03 and MR06 inhibited the biofilm growth on their surfaces with no increase in 
surface roughness compared with the unmodified control resin [308].
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Besides AgNPs, ZnO NPs also have antibacterial activity. It can inhibit the pro-
duction of acid by the dental plaque through inhibiting Lactobacillus and 
Streptococcus mutans. In one study, ninety discoid tablets containing 0 wt%, 1 wt% 
AgNPs (20 nm), and 1 wt% ZnO NPs (50 nm) were prepared using flowable com-
posite resin. Evaluation of the antibacterial properties of these discs were conducted 
using the direct contact test. 0.01  mL diluted solutions of the bacterial species 
Streptococcus mutans and Lactobacillus were each placed separately on the disks. 
The result showed that composites containing ZnO NPs and AgNPs both exhibited 
higher antibacterial activity against Streptococcus mutans and Lactobacillus com-
pared with the control group. The effect of ZnO NPs on Streptococcus mutans was 
significantly higher than that of AgNPs. However, there were no significant differ-
ences in the antibacterial activity against Lactobacillus between composites con-
taining AgNPs and those containing ZnO NPs [309].

Azarsina et al. added the 0.5 wt% and 1 wt% AgNPs into Z250 composite to 
evaluate the antibacterial properties against Streptococcus mutans and Lactobacillus, 
using those without AgNPs as control. And the result showed that addition of AgNPs 
into composite resin had a significant effect on the reduction of Streptococcus 
mutans and Lactobacillus colonies. The antibacterial properties of composite resins 
are different depending on the concentration of AgNPs. 1 wt% of AgNPs had stron-
ger antibacterial properties than 0.5 wt% [310].

Aiming to enhance the mechanical properties and endow composite resin with 
high antibacterial activity, a novel composite resin was produced. Hydroxyapatite 
(HA) nanowires were synthesized and then coated with polydopamine (PDA) by 
submerging the nanowires in dopamine (DA) aqueous solution. A reduction reac-
tion was then used to prepare AgNP-laden HA (HA-PDA-Ag) nanowires by adding 
glucose and silver nitrate into HA-PDA suspensions in deionized water. The loading 
amounts of AgNPs controlled by adjusting the feeding doses of silver nitrate and 
HA-PDA nanowires and then HA-PDA-Ag nanowires were readily obtained. 
Benefiting from the surface PDA layer, HA-PDA-Ag nanowires could successfully 
disperse in composite resin and form sound interfacial adhesion with the resin 
matrix. As compared to the neat resin, the addition of HA-PDA-Ag nanowires 
achieved significant increases both in modulus of cured composites and flexural 
strength. The distribution of AgNPs was homogeneous throughout the resin matrix 
in all designed groups, which endowed the composites with high antibacterial activ-
ity against Streptococcus mutans [311].

A lot of studies investigated the effects of AgNPs on the mechanical properties 
of dental resins since they are important for load-bearing dental restorative materi-
als. Incorporation of small amounts of AgNPs (e.g., 0.02 wt%) did not significantly 
reduce the flexural strength [312]. However, greater amounts of AgNPs could 
decrease the mechanical properties of composites. The hardness of the light-cured 
resins containing 0.1 wt% Ag benzoate nanoparticles decreased significantly, com-
pared with the control group [230].

Bonding agents help the adhesion of the composite restoration to the tooth struc-
ture in order to form a functional and stable construct. Generally, residual bacteria 
often exist in the prepared tooth cavity, and microleakage between the margins 
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could allow the invasion of new bacteria. Modern minimally invasive techniques are 
recommended for the treatment of deep caries to protect pulp vitality and preserve 
more tooth tissues. These techniques require to remove less-infected dentin to be the 
least-invasive surgical approach, possibly leaving behind the affected dentin in the 
cavity. Therefore, the antibacterial adhesives are needed to combat biofilms and 
reduce recurrent caries at the tooth-restoration margins.

Quaternary ammonium compounds which contain cationic monomers have been 
shown to be effective in reducing bacterial growth in a wide range of applications 
including the medical devices [313]. Due to the covalent bonding with the polymer 
network to exert “contact inhibition,” the quaternary ammonium dimethacrylate 
(QADM) is immobilized to the resin and the adhesive [314].

Li et al. compared the antibacterial activity, contact-inhibition, and long-distance 
inhibition of a novel bonding agent containing QADM with that containing AgNPs. 
While the QADM-containing adhesive presented contact-inhibition exhibited by 
bacterial inhibition only on its surface, AgNP-containing adhesive had the added 
advantage of long-distance killing inhibiting away from its surface due to the 
releases of the silver ions. The novel antibacterial adhesives are promising for 
caries- inhibition restorations. QADM and AgNPs could cooperate and work 
together in inhibiting bacteria on resin surface as well as away from resin sur-
face [315].

Since dentin primer directly contacts with the tooth structure, it would be benefi-
cial to use antibacterial primers. QADM and AgNPs were incorporated into dentin 
primers (Scotchbond Multi-Purpose, “SBMP,” 3M, St. Paul, USA) to investigate the 
effects on dentin bond strength and dental plaque microcosm biofilms. SBMP 
primer was the control group, and control + 10% QADM (mass), control + 0.05% 
AgNPs, and control + 10% QADM + 0.05% AgNPs were the modified primers. 
QADM + AgNP-containing primer increased the bacteria inhibition area by nine-
fold, compared with control primer. QADM-AgNP-containing primer reduced lac-
tic acid production and CFU of total microorganisms (Fig.  3.15). In conclusion, 
novel QADM-AgNP-containing primers were strongly antibacterial. They are 
promising to inhibit biofilms and secondary caries [316].

Disinfection of the bacteria impregnating the dentin in  vitro using extracted 
human teeth was researched using SBMP primer containing AgNPs and QADM. The 
interior of the dentin blockers was successfully impregnated by Streptococcus 
mutans. After impregnation, either an antibacterial primer or a control primer was 
applied to the dentin. Primer was applied to the dentin. Harvesting of the 
Streptococcus mutans CFU in dentin was then performed by sonicating from the 
dentin block for different groups. SBMP + 10% QADM + 0.1% AgNPs had bacteria 
inhibition zone eightfold that of control, and SBMP + 10% QADM + 0.1% AgNPs 
inhibited Streptococcus mutans in dentin blocks, decreasing the viable CFU in den-
tin by three orders of magnitude, as compared to the control dentin lacking primer. 
Therefore, it was more effective to use QADM + AgNPs than QADM alone. These 
results demonstrate that antibacterial primers were able to kill the bacteria residing 
inside the dentinal tubules of dentin blocks. Bonding agents containing AgNPs and 
QADM exerted a long-lasting effect against residual bacteria in the dentinal tubules 
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as well as new invading bacteria along the margins due to microleakage 
(Fig. 3.16) [317].

Unpolymerized 12-methacryloyloxydodecylpyridinium bromide (MDPB) has 
strong antibacterial activity, and the primer incorporating MDPB demonstrated bac-
tericidal effect before cured, indicating the possible ability to kill residual bacteria 
in the prepared cavity [318]. A study was done to investigate the effects of dentin 
primer containing dual antibacterial agents, namely MDPB and AgNPs, on dentin 

Fig. 3.15 Results of the agar disk diffusion for uncured primers against S. mutans: (A) representa-
tive specimens of SBMP control primer (top), and 10QADM + 0.1Nag added primers (bottom); 
(B) S. mutans inhibition zone sizes (mean ± SD; n = 6): dissimilar letters suggest the correspond-
ing values are significantly different (p < 0.05) [316]
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bond strength and dental plaque microcosm biofilm response. SBMP was used as 
the parent bonding agent. Four primers were tested: SBMP primer control, con-
trol  +  5% (mass fraction) MDPB, control  +  0.05% AgNPs, and con-
trol + 5%MDPB + 0.05% AgNPs. Dentin shear bond strengths were tested utilizing 
extracted human teeth. The biofilms arising from the mixed saliva of ten donors 
were cultured to examine metabolic activity, lactic acid production, and CFU. The 
result showed that incorporating MDPB and AgNPs into primer did not reduce den-
tin bond strength, but they both greatly reduced acid production and biofilm viabil-
ity was considerably diminished as measured against the control. Dual agents 
MDPB  +  AgNPs had far stronger effects than either separately, presenting as 
increased inhibition zone size and reduced metabolic activity, lactic acid, and CFU 
by an order of magnitude, as measured against the control [319].

To investigate the combined effects of antibacterial adhesive and primer on bio-
film viability, metabolic activity, lactic acid, and dentin bond strength, MDPB and 

Fig. 3.16 (A) Dentinal tubules are shown before impregnation by Streptococcus and after impreg-
nation (B). The dentin cross section is shown in (C), displaying S. mutans inside dentinal tubules. 
Shown under higher magnification (D). T: dentinal tubules [316]
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AgNPs were added together into SBMP. MDPB and AgNPs were included in the 
SBMP primer and adhesive. Tests were conducted on five systems: SBMP adhesive, 
adhesive  +  MDPB, adhesive  +  AgNPs, adhesive  +  MDPB  +  AgNPs, 
primer + MDPB + AgNPs combined with adhesive + MDPB + AgNPs. The mixed 
saliva from ten donors were used to culture dental plaque microcosm biofilms. 
Investigations were then conducted on CFU, metabolic activity, and the lactic acid 
production of biofilms. The results showed that MDPB + AgNPs in the adhesive/
primer did not undermine the dentin bond strength. Although MDPB or AgNPs 
each separately substantially decreased biofilm activities, the dual agents 
MDPB + AgNPs showed even more substantial decreases. But, when both the adhe-
sive and primer incorporated MDPB + AgNPs, the inhibition of biofilms was the 
highest [320].

The nanoparticles of NACP were incorporated into the composites and endowed 
the composites with calcium ion and phosphate ion release properties. The release 
of calcium ions and phosphate ions were able to remineralize the tooth lesions and 
inhibit the secondary caries. Melo et al. incorporated NACP and AgNPs into bond-
ing agents and explored the effects on dentin bond strength and plaque microcosm 
biofilms formation. AgNPs were added into primer and adhesive at 0.1% by mass. 
NACP were mixed into adhesive at 10%, 20%, 30%, and 40% (mass). It is found 
that the addition of AgNPs and NACP into adhesive did not decrease the bond 
strength. NACP had little antibacterial effect but could neutralize acids. SEM 
showed that numerous NACP infiltrated into the dentinal tubules. Dental plaque 
microcosm biofilm viability and acid production were greatly reduced by bonding 
agents containing AgNPs and NACP [321].

The antimicrobial mechanism is through silver ions that inactivate the vital 
enzymes of bacteria, preventing the bacteria from replicating its DNA which leads 
to cell death. AgNPs with the release of silver ions could generate ROS, damage the 
cell membrane, and interact directly with cell membranes. The NACP composite 
could release high levels of calcium ions and phosphate ions to neutralize cario-
genic acid solutions and remineralize tooth lesions. The NACP composites with 
AgNPs which were able to hinder biofilm growth and acid production would be a 
promising method to combine three benefits, namely remineralization, acid neutral-
ization, and antibacterial capabilities.

It has been known that the pulpal infection and periradicular lesion formation are 
often caused by Gram-negative anaerobes and residual bacteria in root canal. And 
they often lead to the treatment failure of the disease [322]. Ideally, endodontic 
materials should have some antimicrobial activity to improve the prognosis of end-
odontically treated teeth. Because the elimination of bacteria in root canal is the key 
to achieve the success of the treatment. Therefore, it is better that materials in root 
canal therapy, including root canal filling materials, root canal irrigation solution, 
and root canal sealing drugs, can be improved by nanomaterials to have the antibac-
terial properties.

One important step in the endodontic treatment is the chemomechanical debride-
ment of pulpal tissue and pathogenic bacteria. As in every root canal system, there 
are spaces that cannot be cleaned mechanically. In such places, the cleaning is 
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dependent on thorough chemomechanical debridement of pulpal tissue, dentin 
debris, and infective microorganisms. At this stage, irrigant solutions should be 
used, for dissolving tissue and disinfecting the root canal system. As an irrigant 
solution, sodium hypochlorite (NaClO) has been used for many years for dissolving 
tissue and disinfecting the root canal system due to its effective antimicrobial activ-
ity. Its working concentration varies from 0.5% to 5.25%; however, if NaClO went 
beyond the apex, it would damage the periapical tissues.

The liquid form of AgNPs with particle size 35 nm was prepared using a two- 
step procedure. Nanoparticles were produced using a catalytic chemical vapors 
deposition procedure and then added to distilled water. No surfactant was used in 
the liquid to prepare AgNP suspensions. The mixture was prepared using an ultra-
sonic homogenizer. Lotfi et al. used the AgNP solution and compared its antibacte-
rial effect with NaClO against Enterococcus faecalis, which is a bacterium often 
detected in the failed endodontic treatments. No significant differences were found 
between the 5.25% NaClO and 0.005% AgNPs, suggesting that although the AgNP 
was used at remarkably lower concentrations, its bactericidal effect was equivalent 
to the 5.25% NaClO.  Hence, it is a potential new candidate for intracanal irrig-
ant [323].

Yet, questions remain on how effective AgNPs are in combating Enterococcus 
faecalis biofilm. Effectiveness against Enterococcus faecalis biofilm was evaluated 
and compared for the 1% and 5% NaClO, 2% CHX, 1% AgNP suspension, and 
26% ZnO NP suspensions. Seventy-six human teeth prepared biomechanically 
were extracted, mounted onto a specific apparatus, and sterilized. Next, an 
Enterococcus faecalis suspension in 100 μL amounts were inoculated into the root 
canals, and replaced at 24 h intervals for 7 days. The teeth were randomly divided 
into six groups according to the irrigation solution: the control 0.85% saline, 1% 
NaClO, 5% NaClO, 2% CHX, 1% AgNP suspension, and 26% ZnO NP suspension. 
After the irrigation treatment, the biofilm susceptibility to disinfecting solutions 
was determined by CFU quantification. The result showed that the effectiveness of 
5% NaClO and 1% AgNPs against Enterococcus faecalis biofilm was superior than 
0.85% saline solution. When compared with the control, 5% NaClO was able to 
reduce 100% of CFU, followed by 1% AgNPs (97.6%), 26% ZnO NPs (96.1%), 1% 
NaClO (94.1%), and 2% CHX (93.1%). Based on the methodology used, 5% NaClO 
and 1% AgNPs was excellent and effective against intracanal Enterococcus faecalis 
biofilm [324]. As NaClO will damage the periapical tissues when it is beyond the 
apex, 1% AgNP suspension may be a more suitable irrigant solution to intracanal 
biofilm.

Typically, camphorated phenol (CP), a medicant categorized in the phenolic 
group, has been implemented either through a paper point submerged in the root 
canal or on a cotton wool pellet submerged into the pulp chamber, with the expecta-
tion that the vaporization properties can elicit antimicrobial activity [325]. However, 
the antibacterial action of this group of medicants may not be long-lasting. Thus, 
some bacteria may survive and have opportunity to multiply and persist in the root 
canal system.
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An alternative, nanosilver gel (NSG), was assessed in comparison with CHX and 
CP against Enterococcus faecalis biofilm to determine its effectiveness. NSG was in 
three concentrations (0.05%, 0.1%, and 0.2%). Two percent CHX was used, and CP 
and normal saline were used as control. Among the groups (0.05% CP and NSG, 
0.1% CP and NSG, 0.2% CP and NSG, 2% CHX and 0.1% NSG, and 2% CHX and 
0.2% NSG), significant differences were found. Comparatively, there was no sig-
nificant difference between CHX and 0.05% NSG. Thus, it can be concluded that 
0.1% and 0.2% NSG is more effective on Enterococcus faecalis biofilm as com-
pared with CHX and CP [326].

Other researchers synthesized and characterized the AgNPs with different sur-
face charges to evaluate the antibacterial and cytotoxicity activity in the presence of 
dentine compared with NaClO and CHX. AgNPs with positive, negative, and neu-
tral surface charges were synthesized and characterized. AgNPs having a positive 
surface charge were found to have the smallest minimal inhibitory concentration 
(MIC) against planktonic Enterococcus faecalis and also were active at notably 
lower concentrations compared with NaClO, CHX, and other evaluated AgNPs. At 
5.7 × 10−10mol/L, the positively charged AgNPs completely prevented Enterococcus 
faecalis growth after 5  min contact, a finding that was comparable to 0.025% 
NaOCl. And the most positively charged AgNP solution was the least toxic solution 
to L929 fibroblasts. So, they concluded that the surface charge of AgNPs was sig-
nificant for bactericidal efficacy against Enterococcus faecalis. Antibacterial results 
against Enterococcus faecalis was promisingly displayed by the positively charged 
imidazolium-based ionic liquid protected AgNPs, which also showed a high degree 
of cytocompatibility to L929 cells [327].

A variety of materials have typically been employed for root canal fillings, espe-
cially gutta-percha [328]. The zinc oxide in this material has been proven to slightly 
provide it with antibacterial properties. However, effective bactericidal properties 
are still lacking. To counter this drawback, some researchers have developed a new 
kind of gutta-percha coated with AgNPs to improve the antibacterial effect. The 
new materials showed significant effect against some sorts of germs such as 
Enterococcus faecalis, Staphylococcus aureus, Candida albicans, and Escherichia 
coli [329]. In addition, to test its biocompatibility, the cytotoxicity of nanosilver- 
coated gutta-percha was tested using mouse fibroblasts compared with normal 
gutta-percha. And the results confirmed its good biocompatibility. They found that 
nanosilver-coated gutta-percha presented similar cytotoxicity to normal gutta- 
percha after 24 h. And it reached the lowest level of cytotoxicity compared with the 
gutta flow and normal gutta-percha after 1 week [330].

Ideal materials for sealing root-end cavities should prevent leakage, have dimen-
sional stability, adhere to the cavity walls, and promote healing. They should also be 
nontoxic and biocompatible. However, most current root-end filling materials are 
unable to guarantee a hermetic seal. This results in a possible microscopic space that 
can exist between the interface of the filling material and the root-end cavity, pro-
viding a pathway for bacteria and cytotoxic produce to possibly penetrate. Thus, in 
addition to other properties, antimicrobial activity must also be addressed for ideal 
root-end-filling materials [331].
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Due to low solubility, low cytotoxicity, good biocompatibility, and excellent 
ability to induce hard tissue formation, the mineral trioxide aggregate (MTA) had 
been used in many indications such as perforations sealing, external/internal root 
resorption repair, and apexification. But the antimicrobial properties of MTA are 
controversial and seem to be limited. Aiming to improve it, some researchers modi-
fied MTA by adding 1% by weight AgNPs [85] and then evaluated its effect against 
fungi species and oral bacteria. Compared to unmodified MTA, the AgNP-containing 
MTA possess enhanced antimicrobial effects against Candida albicans, Enterococcus 
faecalis, and Pseudomonas aeruginosa [85, 332]. Each gram of MTA powder was 
mixed with 350 μL of 25, 12.5, and 6.25 ppm preparations of AgNP solution. Both 
AgNPs and AgNP–MTA inhibited the growth of all four anaerobic endodontic–
periodontal pathogens (Aggregatibacter actinomycetemcomitans, Fusobacterium 
nucleatum, Porphyromonas gingivalis, and Prevotella intermedia) at 25 ppm con-
centration. AgNPs significantly improved the antimicrobial activity of MTA. And 
bacterial susceptibility to various concentrations of AgNPs was dependent on bacte-
rial type. Overall, AgNP–MTA displayed a significant time- and dose-dependent 
inhibitory effect [333].

Antimicrobial effects against five microorganisms typically associated with den-
tal infections were tested by adding two concentrations of AgNPs (100 and 200 ppm) 
to MTA (60 μg) and testing their effectiveness. The result showed that resultant 
MTA had antibacterial activities on all microorganism strains except Enterococcus 
faecalis and mixture group. These two cements in aqueous form could not inhibit 
the growth of Enterococcus faecalis. The main reason is that Enterococcus faecalis 
possibly has the ability to change its cell wall structure, whereby also increasing its 
resistance against temperature and high pH. Adding AgNPs, however, can signifi-
cantly alter the antibacterial effects of MTA against Enterococcus faecalis and other 
assessed microorganisms. No statistically significant difference was found between 
two AgNP concentrations. The mechanism of the positive antimicrobial effects of 
AgNPs was that silver particle can decrease the attachment of microorganisms to 
the surface and also increase the antibacterial properties of endodontic sealer [332].

Evaluation of the inflammatory reaction of MTA and AGNPs was also performed 
by some researchers by comparing the subcutaneous inflammatory reaction of rat 
connective tissues to MTA with and without AgNPs (1 wt%). Polyethylene tubes 
(1.1  ×  8  mm) containing experimental materials (MTA and MTA  +  AgNPs and 
empty control tubes) were implanted in subcutaneous tissues of male rats with dif-
ferent evaluation of time, 7 days, 15 days, 30 days, and 60 days. And it can be con-
cluded that incorporation of 1% AgNPs into MTA does not induce the inflammatory 
reaction of subcutaneous tissue in rat models [334].

Endodontic treatment aims to eradicate microorganisms from the root canal 
space, or at least reduce microorganism levels to amounts suitable for periadicular 
tissue health [335]. After chemomechanical treatment of root canals, the population 
of microorganisms is significantly decreased. However, the microorganisms cannot 
be eliminated thoroughly. Therefore, endodontic sealers with high antimicrobial 
activity helps to decrease or prevent the growth of microorganisms and aid the 
repair process of apical and periapical tissues. However, fiber posts are generally 

Z. Yang et al.



161

needed in endodontically treated teeth with great coronal destruction to obtain bet-
ter retention of crowns or resin composite restorations. When implemented, it can 
help evenly distribute the stress generated by tooth function [336].

MicroMedica S.r.l. (a company in Italy) developed a new fiber post with AgNP 
incorporation. The purpose is to create a fiber post which combines the common 
elasticity, mechanical strength, adhesion, and esthetic characteristics, with the new 
antibacterial capacity provided by the incorporation of silver. Poggio et al. com-
pared the antibacterial activity and the cytotoxicity effects of different fiber posts: 
glass fiber post, quartz fiber post, nanofiber post (glass fiber with zirconia nanopar-
ticles), and silver fiber post (quartz fiber with AgNPs). Silver fiber post was the only 
one showing a fair antibacterial effect against all the three streptococcal strains, 
while the other posts tested did not present any antibacterial effects. The incorpora-
tion of AgNPs endows the fiber post with antibacterial activity, decreasing the 
development of recurrent caries and increasing the longevity of tooth restora-
tions [337].

Dentures, mostly constituted by methyl methacrylate (MMA) and poly methyl 
methacrylate (PMMA) acrylic resin, have their inner surface considerably rough. 
The roughness, combined with other factors such as poor hygiene, xerostomia, and 
HIV infection, contributes to the emergence of denture stomatitis [338, 339]. This 
pathology mostly localized in palatal mucosa and presented in 50–70% of complete 
denture wearers. It is frequently associated with Candida species colonization. The 
biofilm formed by fungi is a key factor in the development of denture stomatitis 
[340]. The treatment of denture stomatitis is based on topical or systemic antifungal 
drugs, e.g., fluconazole and nystatin. However, antifungal resistance has been 
reported in Candida biofilms [341]. Therefore, this infection is often persistent. 
Another challenge associated with denture stomatitis is the difficulty for many geri-
atric prosthetic wearers in maintaining clean dentures, due to their reduced motor 
dexterity, cognitive impairment, and memory loss [342]. Considering the above fac-
tors, denture stomatitis represents a challenge in dentistry. And the prevention meth-
ods are urgently needed. Therefore, nanoparticles have been incorporated.

In a research, graphene-oxide nanosheets (nGO) were incorporated into PMMA 
to introduce sustained antimicrobial-adhesive effects by increasing the hydrophilic-
ity of PMMA. nGO was added in quantities of 0.25, 0.5, 1.0, or 2.0% by weight 
relative to PMMA powder which coarsened its surface and enhanced its hydrophi-
licity without sacrificing surface hardness or flexural strength. The nGO- incorporated 
specimens showed increasing concentration-dependent levels of anti-adhesive 
effect after exposing 1 h to the microbials in artificial saliva, while neither produc-
ing significant cytotoxicity to oral keratinocytes nor requiring the loading of chemi-
cals or drugs. Additionally, PMMA continuously expressed improved anti-adhesive 
effects against Candida albican for up to 28  days after nGO modification than 
expressed by pure PMMA as viewed through increased hydrophilicity [343].

Nano-chitosan particles, which have lasting antimicrobial activity, at concentra-
tions of 0, 1%, 5%, and 10% (w/w), were added to the acrylic resins to study the 
inhibitory effect on the biofilm formation of Candida species. The results showed 
that there were significant differences between unmodified acrylic resin (control) 
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and acrylic resin with nano-chitosan particles in terms of biofilm formation. No 
significant difference was found in the formation of biofilm species on resins. With 
the increase in the concentration of nano-chitosan particles, the rate of biofilm for-
mation is reduced [342].

AgNPs (100–120 nm) were incorporated into a commercial tissue conditioner, in 
the following concentrations: 0.1%, 0.5%, 1.0%, 2.0%, and 3.0% (vol/vol %: col-
loidal Ag/conditioner liquid). Their inhibitory effect was evaluated against 
Staphylococcus aureus, Streptococcus mutans, and Candida albicans after 24 h and 
72  h. The authors reported that the modified tissue conditioner combined with 
AgNPs displayed antimicrobial properties against Staphylococcus aureus, 
Streptococcus mutans at 0.1% Ag incorporation and Candida albicans at 0.5% Ag 
incorporation after a 24 and 72 h incubation periods [344].

In another research, 2 wt% silanized zirconium dioxide nanoparticles (nano- ZrO2) 
and 4 wt% silanized aluminum borate whiskers (ABWs) were mixed with PMMA 
powder to get ZrO2-ABWs/PMMA composites. Titanium dioxide (TiO2), silver-sup-
ported TiO2 (Ag/TiO2), Novaron, and tetrapod-like zinc oxide whiskers (T-ZnOw) 
antibacterial agents of 3 wt% were mixed with the composites respectively to fabri-
cate standard specimens. Then, the composites were mixed with MMA monomer at a 
2:1 powder-to-liquid ratio to test the antibacterial property against Streptococcus 
mutans and Candida albicans. Table 3.2 lists the groups of different composition pre-
pared in this study. The 3 wt% addition of various antibacterial agents had significant 
antibacterial activities compared to the control and blank groups. The Ag/TiO2 and 
Novaron groups had better antibacterial property than the other groups. As for Ag/
TiO2, it can consequently interact with O2 and H2O and form ROS, which can adhere 
to the membrane of the bacteria occurring lipid peroxidation reaction to cause the 
damage of cellular proteins and finally lead to cell death [236].

AgNPs have high antibactericidal activity and good biocompatibilities. They 
tend to aggregate spontaneously when their diameters are less than 200 nm. And 
their stability in air, water, or sunlight is not good enough for long-time storage. 
Novaron, a silver-supported inorganic antimicrobial agent, offers superb antimicro-
bial efficacy to a broad range of microorganisms. Presumably, the antimicrobial 
mechanism involves either one or both of the following steps: inhibition of the bac-
teria’s vital metabolism by silver ions and/or the destruction of the bacteria cell 
membranes from the activated oxygen generated from water [181, 236].

Periodontitis is an inflammatory and infectious disease of the periodontium 
caused by pathogenic microorganisms. Left untreated, periodontitis destroys the 

Table 3.2 PMMA composite components by group [236]

Group Ingredients

Blank MMA monomer, PMMA powder
Control MMA monomer, PMMA powder, silane coupling agent: nano-ZrO2, ABWs
TiO2 MMA monomer, PMMA powder, silanized ABWs 3 wt% TiO2, silanized nano-ZrO2

Ag/TiO2 MMA monomer, PMMA powder, silanized ABWs 3 wt% Ag/TiO2, silanized nano-ZrO2

Novaron MMA monomer, PMMA powder, silanized ABWs 3 wt% Novaron, silanized nano-ZrO2

T-ZnOw MMA monomer, PMMA powder, silanized ABWs 3 wt% T-ZnOw, silanized nano-ZrO2
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alveolar bone of the teeth and supporting tissues. Current treatment of periodontal 
infections includes mechanical debridement, administration of antibiotics, and bone 
grafting.

The primary goal of periodontal treatment has always been the elimination of 
pathogen containing biofilms. Traditionally, the initial phase of treatment is using 
supra- and subgingival mechanical debridement. However, periodontal pathogens 
cannot be completely removed by this method. To augment mechanical debride-
ment, adjunctive antimicrobial agents in forms of topical or systemic antibiotics or 
topical antiseptics have been employed [345, 346]. However, the systemic antibiotic 
therapies seem to constitute an inferior choice compared with the topical use of low- 
cost, broad spectrum antiseptic agents which is low in adverse reaction potentials.

To develop the high and safe antimicrobial subgingival irrigation, nanobubble 
water (NBW3) which is a form of gas nucleus less than 100 nm in diameter was 
developed by nanobubble-generating technology. The ozone concentration of 
NBW3 is 1.5 mg/L which is equivalent to the oxidation titer determined by electron 
spin resonance. In one research, mechanical therapy was completed in a single visit 
with an ultrasonic scaler running NBW3 or tap water as irrigant. The results showed 
that the NBW3 group posed significantly greater clinical attachment gain and reduc-
tion in the probing pocket depth as compared to the water group after 4 and 8 weeks. 
Moreover, the mean total number of bacteria in subgingival plaque showed signifi-
cant reductions only in the NBW3 group during the investigation [347].

Yet, the mechanisms for how NB3 inactivates bacteria still require further 
research. However, one can postulate that the phenomenon might be similar to that 
of existing ozonated water. The ozone, as a potent oxidizing agent, in ozonated 
water could react with various organic substances and decompose them by free 
radical-mediated oxidation reactions. Ozone can be converted into oxygen when it 
reacts with organic substances. In this process, hydroxyl radicals are generated, 
which is an important ROS. These free radicals might play a role in the eradication 
of bacteria by NBW3 [347].

Nanoparticles have also been used in dentistry to locally deliver drugs in suffi-
cient concentrations directly to the site of action. These delivery systems are usually 
injected into periodontal tissues or inserted into the periodontal pocket for enhanc-
ing the therapeutic effects while also reducing the drug effects due to systemic use 
and large dosage [348]. Because of their small size, nanoparticles can penetrate into 
areas, such as bacterial cells, alveolar bone trabeculae, and from the gingival sulcus 
inward to the underlying connective tissue and to the periodontal pocket areas below 
the gum line where may be inaccessible to other delivery systems [349].

The biogenic AgNPs, produced by Escherichia coli which served as a matrix 
preventing aggregation, were assessed for the possible inhibiting effect on a selected 
suspected periodontopathic bacterium, by  bacterial colony counting assay. The 
result showed that lower concentrations of bio AgNPs (1, 3, 6, 12μM) failed to 
inhibit the growth of the selected bacterium, and the higher concentration (18, 
30μM) showed significant bacterial inhibition effect. When the antibacterial activity 
of the biogenic silver, ionic silver, and chemically produced nanosilver is compared, 
the MIC of the former two was lower than that of the chemically produced nanosil-
ver. It was the same in the minimal bactericidal concentration (MBC) results. 
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The existence of salts and organic matter reduced the antimicrobial activity of bio-
synthesized silver, thereby increasing the MBC and slowing the inactivation of the 
bacteria. Due to the high concentration of free silver ions and also the similarity in 
performance between both ionic silver and biogenic silver radical formation, the 
mechanism of biogenic silver action can mainly be attributed to silver ion release. 
(Fig. 3.17) [350].

Minocycline is a long-acting and bacteriostatic antibiotic, often acts against peri-
odontal pathogens, and was chosen to be incorporated into PLGA nanoparticles by 
Kashi TS [351]. Novel minocycline-PEGylated PLGA nanoparticles, with an aver-
age particle size of 85–424 nm, was the best in drug loading, showing higher in vitro 
antibacterial activity than the free drug. The results of drug release test performed in 
phosphate buffer at pH  7.4 indicated slow release of minocycline lasting from 
3 days to several weeks [351].

Fig. 3.17 Study of antibacterial activities: (a) liquid growth inhibition kinetics of E. coli using 
different concentrations of b-AgNPs. b-AgNP-30 (at 30 μM) shows almost 100% growth inhibi-
tion. Ampicillin has been used as a positive control (PC) and NC: negative control or untreated 
E. coli. The numbers indicate the concentration of b-AgNPs in μM. (b–e) optical images of bacte-
rial colonies formed by E. coli cells, i.e., colony counting assay (after 24 h): (b) Control, (c) 
Ampicillin (100 μg/mL), (d) b-AgNPs (18 μM), (e) b-AgNPs (30 μM) and (f–h) SEM images of 
E. coli cells (f) without being treated (control), (g) treated with Olax for 1 h, (h) treated with 
b-AgNPs (30 μM) for 1 h. The SEM images show the silver nanoparticles damage the bacterial cell 
membrane (marked by blue arrows), whereas the bacterial membranes of untreated and treated 
E. coli with Olax are intact [350]
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Some researchers developed an osteoconductive drug delivery system composed of 
apatite nanocarriers capable of providing sustained delivery of drugs in the periodon-
tium. The antibacterial activity of calcium-deficient hydroxyapatite (CDHA) nanocar-
rier-loaded tetracycline with different Ca/P ratios was detected. CDHA nanocarriers of 
Ca/P = 1.61 was found to be an ideal carrier for local delivery of tetracycline with 
continuous release over a period of 120 h. Tetracycline showed a release profile having 
an initial burst release followed by a slowly prolonged releases over the next 5 days. 
The first stage is because of the desorption of loosely bound drug molecules on the 
surface while the second is from the slower dissolution of the CDHA crystal. It can be 
concluded that the CDHA nanocarriers are ideal drug delivery agents and have bone 
regenerative potential for local periodontal applications [352].

The concept of periodontal regeneration necessitates the exclusion of epithelial 
and connective tissue cells of the gingiva from the wound site. Therefore, it leads to 
the development and application of guided tissue regeneration (GTR) technique. 
GTR procedures using nonabsorbable and bioabsorbable membranes have been 
used successfully and predictably in treating various types of intrabony defects 
[353]. Because of the bacterial contamination of the wound site at the time of sur-
gery or during the period of healing, the outcome of the GTR procedure could be 
significantly compromised. Numerous protocols, such as systemic antibiotic ther-
apy, local application antibiotics in the form of antibiotic gel and antibiotic fiber, 
and irrigation with antibiotic solution, have been advocated in controlling or elimi-
nating periodontal pathogens during GTR procedures, achieving improved out-
comes during GTR therapy. Antibiotics such as amoxicillin and metronidazole have 
been loaded on GTR membranes for successful treatment outcomes [354–357].

AgNPs were impregnated into GTR membranes to evaluate the antibacterial 
activity in terms of bacterial adherence to the membranes and specific bacterial 
penetration through the membranes. Three sets of GTR commercial membranes 
used in this study were grouped as GTR-C: plain GTR membrane; GTR-NS: GTR 
membrane impregnated with 0.1  mg/mL 10  nm AgNPs; and GTR-DOX: GTR 
membrane impregnated with 25% (w/w) doxycycline hydrochloride acting. The 
bacterial strains used in this study were Streptococcus mutans, Aggregatibacter 
actinomycetemcomitans, Fusobacterium nucleatum, and Porphyromonas gingiva-
lis. The GTR-C group showed significantly higher mean bacterial adherence scores 
compared to the GTR-DOX and GTR-NS groups. Highly significant lower adher-
ence scores were found for GTR-NS as compared to GTR-DOX among all four 
microorganisms [358].

To combine the beneficial properties of the bioactive-glass, the gelatin, and 
AgNPs together, a study added various concentrations of AgNPs (0, 5, 10, 20, and 
40 mM) to a macroporous scaffold for bone tissue engineering which contained 
hybrid gelatin/bioactive glass. Incorporating AgNPs to the scaffolds may affect 
physicochemical properties of the scaffolds, such as gel fraction, porosity, swelling 
behavior, morphology, and the antimicrobial activity. The antimicrobial activity of 
the scaffolds was investigated against two types of bacteria Staphylococcus aureus 
and Escherichia coli, presenting significant inhibition of the growth of those bacte-
ria and the reduction of the biofilm formation on the scaffolds. The antibacterial 
effect was increased with increased AgNP concentrations [359].
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Due to being nontoxic and having high biocompatibility, biopolymers have been 
widely used for scaffolding in biomedical research. However, certain limitations 
still arise from using polymers (e.g., pure polymers have nonbactericidal nature) 
which can be overcome by bioinorganic hybrid nanocomposites [360]. Typical inor-
ganic nanomaterials used for this purpose include metals (Au, Ag, etc.) and metal 
oxides (ZnO, TiO2, MgO, CaO, NiO, CoO, etc.). When they are utilized in the syn-
thesis of polymer nanocomposites, they act as reinforcement materials. Regenerated 
bacterial cellulose (RBC) nanocomposites with TiO2 NPs were prepared with the 
aim to enhance the bactericidal activity and tissue regeneration. The results sug-
gested that the bactericidal activities were due to ROS and membrane stress gener-
ated by the TiO2 NPs present in the composite membranes.

Nanoparticle-mediated oxidative stress by nanoparticles might be caused by a 
variety of factors, which include the generation of ROS, e.g., H2O2, O2

∗, O2
−, and 

OH. When the ROS generation becomes excessive, the mitochondrial membrane 
permeability increases and the cellular respiratory chain is damaged. So, the RBC- 
TiO2 nanocomposites showed impressive adhesion and proliferation capabilities on 
animal fibroblast cells without any toxic effects in addition to antibacterial proper-
ties [361].

Titanium implants, which are widely used in dentistry, sometimes present infec-
tions around their surface, especially where the implant connects the gingiva soft 
tissue. This infection is still one of the major complications in orthopedics and 
implantology. Several methods have been presented to combat bacterial contamina-
tion, such as aseptic surgical protocols and implant disinfection. Nonetheless, bac-
terial invasion still occurs frequently after surgery. Thus, antibacterial coatings have 
been developed and tested to prevent biofilms from forming over the implant sur-
face. However, most exhibit inadequate long-term antibacterial action and pose the 
problem of generating resistant strains after the possibility of generating resistant 
strains after extensive use [362]. Thus, some researchers incorporated AgNPs to 
implant surface and expected that it would be possible to produce coatings with 
long-term antibacterial properties by the controlled release of AgNPs [363].

In one research, pure titanium foils underwent electrochemical anodization to 
form a titania nanotubular (TiO2-NT) layer, and then the TiO2-NTs were soaked in 
AgNO3 solutions with four different concentrations (0.5, 1, 1.5, and 2 mol/L) for 
10 min, to introduce AgNPs to the wall of the TiO2-NTs to get the Ag-loaded TiO2- 
NTs (NT-Ag), and found that TiO2-NT-coated Ag had inhibitory effect on the plank-
tonic bacteria in the first 4 days. In addition, the high efficacy of Ag at very low 
concentrations and relatively large reservoir provided by the nanotubes can give rise 
to long-term antibacterial effects, which can last for 30 days, and guarantee normal 
wound healing in the early stage. Initially, a large amount of Ag is released. But it 
diminishes gradually with immersion time. For dental implants, the phase right after 
implantation poses the greatest risk and likelihood of infection. Hence, the robust 
ability of NT-Ag to eliminate surrounding planktonic bacteria assists in preventing 
postoperational infection and guaranteeing normal wound healing at the early stage. 
Afterward, primary healing of the surgery site will be completed and in time osseo-
integration as well. A low-level Ag release can be used in the later stage in order to 
inhibit bacterial adhesion and biofilm formation and thereby prevent later-stage 
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infection conjugated with the host defense. This strategy provides both the produc-
tion of a long-term antibacterial surface while also decreasing the risk of cytotoxic-
ity by controlling the Ag release rate. Furthermore, prevention of implant-associated 
infection in both early and medium stages is effectively controlled by the long-term 
bacterial resistance presented [363].

An attractive strategy for control of peri-implantitis is posed by titanium 
nanoscale modifications of antibacterial implant surfaces. Silica-based composite 
coating containing AgNPs (AgNP/NSC) produces a strong antibacterial effect on 
titanium surface by not only killing the adherent bacteria but also reducing the 
extent of biofilm formation by more than 70% on the coated surface compared to the 
control. Since relatively low levels of silver release in the aqueous solution was 
presented by the AgNP/NSC coating, bacterial contact or adjacent to the AgNP- 
doped nanoporous silica surface can explain the bactericidal mechanism. Nanometer- 
level erosion of the silica-coating matrix can appear in the aqueous medium, 
resulting in the metal nanoparticle exposure and release at the material/aqueous 
solution interface. AgNPs with the release of silver ion could generate the ROS and 
damage the cell membrane happened due to the interaction between nanoscale sil-
ver and cell membranes. The silanol functional groups on the surface of silica have 
shown stronger antimicrobial activity. Silica has silanol functional groups on its 
surface which have shown more potent antimicrobial activity than that of their anal-
ogous alcohols due to the physicochemical properties of silanol, particularly based 
on the higher H-bond acidity and hydrophobicity as compared to alcohols. Thus, the 
surface chemistry of the nanoporous silica matrix and the bactericidal effect of 
AgNPs in conjunction may explain the antibacterial activity of the AgNP/NSC 
nanocomposite coating [364].

Flores et al. modify Ti/TiO2 surfaces with citrate-capped AgNPs by immersing 
the Ti substrates in the AgNP solutions (3.16 × 102 mg Ag/mL) in the dark for 24 h 
and evaluated the antibacterial activity of AgNPs against Pseudomonas aeruginosa. 
They tested the efficiency as antimicrobial coating of AgNP on Ti/TiO2 surfaces by 
checking the ability of attached bacteria to form colonies in agar. The results from 
early stages of biofilm formation as detected by bacterial spreading on agar plates 
conducted on control Ti/TiO2 substrates after incubating 24 h in nutrient agar were 
0.28 and 1.24  cm for the AgNP-covered substrate and the control, respectively. 
These results support that there are less viable cells found attached on the AgNP- 
covered surface as compared to the control. Additionally, the halo area was reduced, 
indicating that growth of bacteria on the agar in the vicinity of the substrate was 
inhibited by the diffusion of silver ions from the AgNP-covered substrate. To quan-
titatively assess the effectiveness of AgNP-modified Ti/TiO2 surfaces, viability 
assays were carried out with the LIVE/DEAD viability kit. The result showed that 
the total number of bacterial cells revealed on AgNP-modified implants was only 
20% of those that were attached to unmodified surfaces. These results suggest that 
incorporating AgNPs on Ti implants can efficiently protect the implant surface 
against pathogen colonization [365].

AgNPs with various diameters and distributions were immobilized on stainless 
steel (SS) via silver-sourced plasma immersion ion implantation (Ag-PIII), for 0.5 
and 1.5  h, and their antibacterial ability was investigated with four different 
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bacteria, including Escherichia coli (Gram-negative), Pseudomonas aeruginosa 
(Gram- negative), Staphylococcus aureus (Gram-positive), and Staphylococcus epi-
dermidis (Gram-positive). Ag-PIII treatment is effective in inhibiting bacteria adhe-
sion and biofilm formation, and the antibacterial activity of AgNPs immobilized on 
SS for 1.5  h was higher than that of 0.5  h. Moreover, Ag ions were minimally 
released by the Ag-PIII samples, and their antibacterial activity was maintained 
after multiple cycles of bacterial exposure, suggesting that antibacterial action of 
the Ag-PIII SS was independent of Ag release and more likely from Ag and SS 
substrate synergy. However, further studies are needed to fully elucidate the anti-
bacterial mechanism. The study also found that new bone formation occurred on the 
surface of the Ag-PIII wires, and fibrous tissue occurred only surrounding the SS 
wire, suggesting that the Ag-PIII SS also had good osteogenic ability (Fig. 3.18) [366].

Silver ion-containing HA nanopowder coating was evaluated for their potential 
to reduce bacterial colonization on titanium rods in a methicillin-resistant 
Staphylococcus aureus (MRSA)-challenged rabbit femoral implant model. 
Compared to the uncoated and HA-only-coated rods, the coated rods exhibited sig-
nificantly less bacterial growth at 10 weeks. Organ and tissue samples showed no 
detectable accumulation of silver, and likewise bone cells did not exhibit cellular 
inflammation or the toxic effect of silver. Silver ion-doped calcium phosphate-based 
ceramic nanopowder coating on orthopedic implants may prevent bacterial coloni-
zation and infection in open fractures compared with those without coatings [367].

ZnO NPs were deposited alone or in mixtures with nanohydroxyapatite onto the 
surface of glass substrates using an electrohydrodynamic atomization process. The 
coatings displayed significant antimicrobial activity against Staphylococcus aureus 
in in  vitro test. As the concentration of ZnO NPs increased, an increased 

Fig. 3.18 Modification of the stainless steel surface (SS) was performed by silver-sourced plasma 
immersion ion implantation (Ag-PIII). Various distributions and diameters of the metallic silver 
nanoparticles were fabricated on the SS surfaces after treating with Ag-PIII for 0.5 and 1.5 h, 
respectively. In vitro and in vivo tests were used to evaluate the antimicrobial properties and osteo-
genic activity of SS before and after Ag-PIII treatment. The results showed that the Ag-PIII not 
only enhanced the antibacterial activity of SS but also promoted the osteogenic differentiation of 
human bone marrow stromal cells [366]
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antimicrobial activity was observed when submerged in a suspension of 
Staphylococcus aureus for a prolonged period. The coatings also demonstrated min-
imal toxicity to rat UMR-106, human MG-63 and human mesenchymal cells. And 
osteoblast cells UMR-106 showed an increase in proliferation and alkaline phos-
phatase activity on the coated surfaces (Fig. 3.19) [368].

To create titanium implants with potent antibacterial activity, a new “sandwich- 
type” structure of sulfhydrylated chitosan/gelatin polyelectrolyte multilayer films 
embedding AgNPs was coated onto titanium substrate through a spin-assisted layer- 
by- layer assembly technique. The coatings were shown to inhibit the growth and 
activity of B subtilis and Escherichia coli in vitro. It was indicated that Ag ions 
derived from AgNPs within multilayer films were released into peripheral region 
around titanium substrate and killed bacteria until AgNPs were completely con-
sumed [369]. The cytotoxicity of AgNPs within multilayer films was attributed to 
some extent by the released Ag ion concentration [370]. To lower the cytotoxicity to 
osteoblasts, Ag ion release must be adjusted to a slow manner, possibly by using 
multilayer films, and the coordination between sulfhydrylated chitosan and Ag ele-
ments could adjust the Ag ions. On the other hand, the interaction mechanism 
between osteoblasts and Ag ions was different from that of bacteria and Ag ions due 
to their differences in size and structure. The proton-depleted region formed around 
AgNPs would disrupt the synthesis of adenosine triphosphate, leading to the death 
of bacteria [371].

Fig. 3.19 The antimicrobial effect of nZnO-coated glass samples as compared to uncoated sam-
ples analyzed qualitatively. (A) Bacteria appearing on uncoated surface. (B) A single bacterium, as 
denoted by the white arrow, appearing on the coated surface. (C) Uniform characteristics of the 
coating as shown under high resolution [368]
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Due to its small size, large surface area, and high probability of contact with 
pathogenic bacteria, nanomaterials have strong bacteriostatic properties to prevent 
and control oral infectious diseases. The nanotechnology has been exploited in den-
tistry for some time with significant success, particularly in the development of 
restorative materials. Researchers have been able to overcome the technical chal-
lenges in processing these materials and exploit the properties at nanoscale. Other 
areas which have significant promise to prevent and treat oral biofilms using nano-
technology are dental bonding materials, nanocoated implants, and so on. One point 
to note in the treatment of biofilms is that virtually all treatments have focused on 
killing the bacteria in the biofilm. The most commonly used dental microcosm bio-
film model as the inoculum is the individual saliva. However, different individuals 
may have different biofilm compositions and dietary habits. Therefore, the antibac-
terial applications of nanomaterials in the treatment of oral disease need to be inves-
tigated in human in situ or in  vivo models to get a better understanding of the 
underlying mechanisms.

The development of nanomaterials and nanotechnologies will become the core 
of the continuous progress of oral medicine and will make more remarkable contri-
butions to maintaining oral health and improving the quality of life. We are also 
facing many challenges, such as the toxicity of nanomaterials to the mouth is low, 
but some nanoparticles may lead to the intestinal disorders and the organ lesions. 
So, the test of cytotoxicity and genetic aberration of nanoparticles and the biological 
safety of nanomaterials need the in-depth study. And these are the focus of 
future study.

3.3.1  The Toxicological Side Effects in Nano-Incorporated 
Dental Materials and Device

The benefits of nanotechnology are widely publicized. However, the discussion of 
the potential effects of their widespread use in consumer and industrial products is 
just beginning. And the knowledge on potential harmful effects of nanomaterials 
lags their increased usage in consumer products. Particularly, the toxicity data in the 
public domain on nanomaterials toward dental applications are sparse, with no 
information on oral toxicity from dental materials, e.g., biomaterials or implants 
containing nanomaterials, in animal models or patients. Therefore, the safety data 
on various nanomaterials applicable for risk assessment are urgently needed.

In principle, dental materials used in the oral environment must be chemically 
stable and inert. However, leaching of toxic compounds has always been a major 
concern, occurring as a result of either material instability or degradation, or clini-
cian error due to inappropriate preparation or plication of the material [372].

Metal release such as amalgams and metal alloys from dental materials is com-
mon. Comparable to food or drink intake, reported elemental release from dental 
materials is usually similar or considered negligible. However, the leaching of 
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chemical substances released from endodontic sealers and resin composites has also 
been confirmed. This raises the concern that potentially toxic chemicals might be 
exposed to patients during and after treatment. Nanomaterials used in other fields 
can be discharged into the environment, which are then modified by pollutants, pH, 
temperature, and different biological conditions. In turn, nanomaterials also alter 
the atmosphere, water, and soil. These transformations and interactions can be det-
rimental to the environment and deleterious to human health [373, 374]. However, 
similar information for dental materials containing nanomaterials is lacking.

There is also a concern of toxicity to the cells and tissues of human body from 
the dental nanomaterials used in oral cavity. Some nanoparticles are not toxic but 
exhibit lack of activity. This lack of activity is presumably associated with an inabil-
ity to modify the pharmacokinetics of the encapsulated drugs, as well as the rapid 
clearance of nanoparticles by the liver, spleen, and other organs [375]. Moreover, 
some nanoparticles have limited toxicity, such cationic nanoparticles. However, 
these nanoparticles can rapidly biodegrade, with both products and parents being 
able to deeply penetrate into cells and tissues, partly because of their small size, 
which finally results in the destabilization of the plasma membrane, cell death, tis-
sue damage, and organ dysfunction [376].

The potential toxicities of nanomaterials on variety of target organs are attributed 
to various mechanisms, including oxidative stress, ROS generation, inflammatory 
reactions, DNA damage, protein structure alteration, and membrane integrity dis-
ruption [377]. Research has shown that several nanoparticles induce ROS and 
inhibit antioxidant function. Moreover, metal or metal oxide nanoparticles have 
consistently been revealed to induce oxidative stress in the liver, spleen, and kid-
neys. This can be attributed to the activation of specific stress-related cell signaling 
pathways, mitochondrial dysfunction, and DNA damage leading to cell cycle arrest 
and apoptosis [378].

Silver has raised the interest of many investigators because of its good antimicro-
bial activity and low toxicity. There are concerns regarding the possible toxicity of 
silver-related nanomedical devices. Research showed that free silver ions could 
affect the therapeutic and toxic properties. A study showed that impairment of 
hMSC vitality was detected at AgNP concentrations of 10 μg/mL and showed an 
inhibitory effect on tissue regeneration by repressing stem cell migration. These 
effects only occur at high concentrations. The migration is not influenced by AgNPs 
at concentrations of 0.01, 0.1, and 1 μg/mL [379]. There are also reports describing 
an inhibition of fibroblasts by silver-releasing wound dressings, the toxicity of 
AgNP-induced differentially expressed miRNAs regulated the expression of target 
genes and proteins, leading to fibroblasts toxicity through the destruction of cyto-
skeleton, reduction of intracellular ATP content, and induction of apoptosis [380]. 
The cytotoxic effects to cells seem to depend on dose. As reported by Tweden et al. 
[381], silver concentrations up to 1200 ppb showed no cytotoxic effect on fibro-
blasts in vitro. However, in vivo studies have not established a threshold concentra-
tion for silver that can lead to deterioration of the fibroblast. Furthermore, someone 
found that of 20 nm was more toxic than the larger nanoparticles in L929 fibro-
blasts. Altogether, these results suggest that AgNP effects on different toxic 
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endpoints may be due to its aptitude for inflicting cell damage. Additionally, the 
potency of nanoparticle-sized silver for inducing cell damage as compared to silver 
ions depends on both cell type and size [382].

Various works have shown that AgNPs have toxicological properties with a con-
sensus on increased oxidative stress as the main mechanism of toxicity, but many 
focuses on acute, supernormal doses. Some researchers studied the toxicity of 
AgNPs (two different sizes 10 or 75 nm) with low dose (250 μM/kg) to key organs 
of rats for 4 weeks. The result showed that AgNPs were capable of entering mito-
chondria, which gives further strength to the fact that oxidative stress is most impor-
tant in the toxicity of AgNPs. AgNPs diminished mitochondrial respiratory complex 
activities and affected the calcium-loading capacity of mitochondria. But the effects 
of AgNP exposure to cardiac and renal mitochondrial activity were hardly found. 
No evident changes in the typical hepatic injury serum markers were displayed, 
which might suggest that AgNP toxicity is a “silent” event, emphasizing that great 
care is required when using AgNPs for humans. Also, they found that from the two 
sizes of AgNPs utilized (10 and 75 nm), the smaller 10-nm ones were apparently 
more [383]. That was because the size of the nanoparticles determines the extent of 
endocytosis: internalization of smaller nanoparticles is more likely than larger ones. 
Also, smaller nanoparticles have a greater likelihood to produce cellular toxicities. 
After entering the cells, nanoparticles flow through the endosomal/lysosomal path-
ways and different cytoplasmic networks [383].

Studies have also found that nanoparticles can boost the quantity of several 
inflammatory cytokines. The intake of nanoparticles is usually performed by the 
macrophages in macrophage-rich organs, such as the spleen and liver, which induces 
the macrophages to release cytokines. The binding of nanoparticles can also be 
performed by specific macrophage receptors having collagenous structure. After 
binding, NPs are internalized and translocated inside the macrophages thru micropi-
nocytosis or endocytosis [377].

TNF-α is known to stimulate several signaling pathways leading to inflamma-
tion, apoptosis, and tissue degradation: most importantly, AgNP phagocytosis stim-
ulates the inflammatory signaling by generating ROS in macrophages cells, 
succeeded by induced secretion of TNF-α by activated macrophages cells, and 
resulting damage of the cell membrane ultimately leading to apoptosis [384].

To obtain information concerning the pathophysiologic effects of nanoparticles 
through systemic migration, acute pulmonary responses were examined after intra-
peritoneal administration of TiO2 NPs (40 mg/kg) in mice, the exposure of TiO2 NPs 
increased neutrophil influx, protein levels in bronchoalveolar lavage fluid, and reac-
tive oxygen species (ROS) activity of bronchoalveolar lavage cells in 4  h. They 
could also activate inflammatory signaling pathways including the c-Src, p38 MAP 
kinase, and NF-κB pathways [385].

Iron oxide NPs (IONPs) has been widely used in the biomedical application, 
namely in magnetic resonance imaging, tissue repair, drug delivery, hyperthermia, 
transfection, and tissue soldering. However, the safety issues are still a matter of 
debate. Polyacrylic acid (PAA)-coated IONs and non-coated IONs were evaluated 
on the production of six cytokines (interleukin (IL)-6, IL-8, IL-10, IL-1β, tumor 
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necrosis factor (TNF)-α, and interferon (IFN)-γ) in human peripheral blood cells to 
establish the inflammatory pathways involved. The result indicated that PAA-coated 
and -uncoated IONPs induced all the evaluated cytokines and involved the activa-
tion of transforming growth factor beta (TGF-β)-activated kinase (TAK1), c-Jun 
N-terminal kinases, and p38 mitogen-activated protein kinases [386].

In summary, nanotechnology is one of the fastest growing fields of the last 
decade, with applications in the prevention, diagnosis, and treatment of oral disease. 
However, although there has been rapid development in the engineering and use of 
nanoparticles, the knowledge about its toxicity is still lacking. Therefore, further 
toxicological studies on nanoparticles is urgently required, especially prior clinical 
use. Particularly, the relationship between the structural and physio-chemical prop-
erties of nanoparticles as well as how it reacts within cells of various organs and 
tissues must be further explored.

Daily exposure must also be considered in the occupational health of the practi-
tioner. For the health and safety in the workplace, safe systems should be applied 
with the aim to prevent the exposure, so that there is negligible risk. Potential expo-
sure of the practitioner could arise from incidental ingestion or dermal contact. 
However, the clinical practice with protective device such as overalls, surgical 
gloves, and masks could minimize these exposure routes.

Exposure to aerosols of dental materials containing nanomaterials has not been 
quantified. There is an exposure from drilling or filing with nanomaterials [372]. In 
UK, there are limits for the exposure (10 mg m−3 for an 8 h exposure to dusts) to 
aerosol in the workplace. According to the reports from various health and safety 
agencies, the workers in nanomaterials manufacturing plants undergo an exposure 
of a few mg m−3 or less [387]. Most likely, by reducing the amount of dental mate-
rial used at a time, the risk of aerosol exposure also reduces substantially. Intriguingly, 
findings on the abrasion/sanding of composites report releases of free nanomaterials 
that range from low to negligible; implying that the risk to the dentist by abrading/
shaping a dental composite might also be low. However, distance from the exposure 
source is critical to the victim. In dentistry, the practitioner is inevitably very close 
to the patient. Therefore, further research is needed on workplace exposure to 
nanomaterials.
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Chapter 4
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Immunotherapy: Targeting the Cancer- 
Immunity Cycle with Nanotechnology
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Abstract Although cancer immunotherapy has made great progress in treating a 
variety of malignances, its clinical efficacy is often dampened by tumor heterogene-
ity, tumor microenvironment, and immune cell dysfunction. An effective antitumor 
immune response involves a series of immunological events called the “cancer- 
immunity cycle,” which provides the rationale for designing new therapeutic 
approaches. Nanotechnology demonstrates great potentials of immunomodulation, 
offering new opportunities to accelerate the development of next generation of can-
cer immunotherapy. We herein review current applications of nanotechnology, which 
effectively boost anticancer immune responses through targeting each step of the 
cancer-immunity cycle, thereby enhancing the potency and minimizing the toxicity 
of cancer immunotherapy.
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4.1  Antitumor Immune Responses 
and Cancer Immunotherapy

In 1891, immunotherapy was first applied to treat a sarcoma patient using intratu-
moral injection of streptococcal organisms (so-called Coley toxin). Since then, can-
cer immunotherapy has emerged as a plausible therapeutic strategy and attracted a 
lot of attention, Compared with conventional chemotherapy and radiotherapy, 
which directly kill cancer cells, immunotherapy eliminates cancer cells through 
activating adaptive and innate immunity of patients with higher specificity and less 
toxicity, thereby being considered as the new generation of cancer therapy.

An effective antitumor immune response involves a series of immunological 
events called the “cancer-immunity cycle” initiated by tumor antigen releasing from 
dead tumor cells (step 1, Fig. 4.1). The released tumor antigens are captured and 
processed into antigenic epitopes by antigen presenting cells (APCs), such as den-
dritic cells (DCs) and macrophages, and then presented by MHC class I (MHC I) 
and MHC class II (MHC II) molecules onto cell surface (step 2). MHC-presented 
antigenic epitopes are recognized by T cell receptors (TCRs) on T cells in lymphoid 
tissues, triggering the proliferation and activation of tumor-specific CD4+ and CD8+ 
T cells (step 3). The tumor-specific T cells can infiltrate into tumor microenviron-
ment through the blood circulation (steps 4, 5) and recognize tumor cells through 
the interaction of TCR-antigen-MHC I (step 6), which subsequently leads to antitu-
mor cytotoxic killing (step 7) and tumor antigen releasing (step 1 again), thereby 
initiating the next round of cancer-immunity cycle for broader and stronger antitu-
mor immunity [1]. Unfortunately, the cancer-immunity cycle is often inactivated in 
cancer patients due to dysfunctional immune cells and immune escape of tumor 
cells. Moreover, the tumor microenvironment contains a variety of immunosuppres-
sive molecules, such as IL-10, TGF-β, VEGF, PGE2, and different types of immuno-
suppressive cells, such as regulatory T (Treg) cells, myeloid-derived suppressor 
cells (MDSCs), and tumor-associated macrophages (TAMs), which directly inhibit 
the cancer-immunity cycle. Hence, the goal of cancer immunotherapies is to gener-
ate effective and sustained antitumor immunity through re-activating the cancer- 
immunity cycle, which could not only ablate primary tumors but also prevent tumor 
recurrence and metastasis [1].

Cancer immunotherapy includes cancer vaccines, adoptive T cell therapy (ACT), 
checkpoint inhibitors, oncolytic viruses, etc. Immune checkpoint-blocking antibod-
ies, such as anti-CTLA-4, anti-PD-1, and anti-PD-L1, are the most successful 
immuno-oncology (IO) therapies, which block either inhibitory molecules on tumor-
infiltrating T cells or their ligands expressed on tumor cells, thereby re- activating T 
cell-mediated cytotoxicity against cancer. To date, several monoclonal antibodies 
targeting cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed cell death pro-
tein 1 (PD-1), and the PD-1 ligand (PD-L1) have obtained regulatory approvals for 
treating a variety of malignancies. However, their clinical efficacy is often damp-
ened by a series of immunotoxic effects and drug resistance [2]. Cancer vaccines are 
another therapeutic approach that is aimed to deliver tumor antigens to APCs and 
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evoke antitumor immune responses. Despite the great safety of cancer vaccines, 
their therapeutic efficacy remains unsatisfied due to the poor immunogenicity of 
tumor antigens and failure of overcoming tumor-derived immunosuppression [3]. In 
contrast to cancer vaccines, adoptive cell therapy (ACT) is designed to eliminate 
tumors through directly infusing antitumor effector cells, such as tumor- specific 
cytotoxic T cells (CTLs), NK cells, NK T cells, and γδT cells [4]. More recently, 
genetically engineered effector T cells with chimeric antibody receptors (CAR) or 
with T cell receptors (TCR) have demonstrated a great potential for cancer treat-
ment. In 2017, the US FDA approved two chimeric antigen receptor T (CAR-T) cell 
products to treat lymphoblastic leukemia and B cell lymphoma, further highlighting 
the promising future of genetically engineered T cells [5]. With the first oncolytic 
virus (OV) approved by US FDA in 2017, OV therapy has become another impor-
tant tool for cancer therapy. OA can not only directly infect and lysis tumor cells but 
also trigger tumor antigen release, eliciting systemic anticancer immunity [6].

Despite the promising results in cancer patients, cancer immunotherapies still face 
many challenges, especially for treating solid tumors, which could be primarily attrib-
utable to tumor heterogeneity, immune cell dysfunction, tumor microenvironment, 
acquired resistance to immunotherapy, and immune toxicity [7]. Hence, new technolo-
gies are highly desirable to improve the potency and safety of cancer immunotherapy.

4.2  Nanomaterials for Immunomodulation 
and Cancer Immunotherapy

Nanomaterials are well recognized as a potent and versatile tool for disease diagno-
sis, molecular imaging, as well as drug and gene delivery. In the meantime, a variety 
of nanomaterials, including synthetic and biological-derived nanomaterials, also 
demonstrate great potential of immunomodulation, thereby offering new opportuni-
ties to cancer immunotherapy. The immunomodulatory effects of nanomaterials 
primarily include several aspects: (1) to form a depot of antigens, immunoadju-
vants, and cytokines to generate persistent stimulation to the immune system; (2) to 
stimulate a variety of signaling pathways due to the intrinsic immunogenicity; (3) to 
facilitate immune cell-targeted vaccine and drug delivery; (4) promoting antigen 
cross-presentation for CD8+ T cell activation; (5) to increase the accumulation of 
immunomodulatory molecules in tumors and lymphoid organs [8].

4.2.1  Synthetic Nanomaterials

Synthetic nanomaterials, including organic nanoparticles, inorganic nanoparticles, 
and organic-inorganic hybrid nanoparticles, have been developed to modulate the 
immune system and enhance antitumor immunity (Table 4.1).
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4.2.1.1  Organic Nanoparticles

Organic nanoparticles (NPs), such as lipid-based NPs [17], polymeric NPs [23, 25], 
polymeric micelles [26–33], lipid-enveloped polymeric NPs [54, 56–58] dendrimers 
[37, 42–44, 90], and hydrogel NPs [48–50, 53], are well-known delivery systems 
for cancer immunotherapy due to their biocompatibility, biodegradability, high 
loading capacity of hydrophilic or hydrophobic molecules, tunable size and charge, 
as well as easy surface functionalization. The organic nanoparticle-based delivery 
system can not only deliver their payloads to certain immune cells and regulate their 
functions but also ameliorate immunosuppression in tumor microenvironment, 
thereby enhancing immunotherapeutic efficacy [17, 23, 25, 27, 44, 45, 48, 49, 53].

4.2.1.2  Inorganic Nanoparticles

Some of inorganic NPs, such as gold nanoparticles (Au NPs) [59–61], silica NPs 
[63–65, 91], and carbon nanotubes [69, 76, 77], have been applied for cancer immu-
notherapy due to their biocompatibility and easy surface functionalization. These 
inorganic NPs can load antigens and immunoregulatory molecules through physical 
absorption or chemical conjugation and deliver them to immune cells to boost can-
cer immunotherapy. Moreover, some inorganic NPs also demonstrate intrinsic 
immunoregulatory effects [61, 62, 70, 71, 77], which could further enhance antitu-
mor immune responses.

4.2.1.3  Organic-Inorganic Hybrid Nanoparticles

Organic-inorganic hybrid nanoparticles, which integrate advantages of organic and 
inorganic counterparts, are multifunctional platforms for cancer theranostics. 
Typically, the organic-inorganic hybrid nanoparticles consist of inorganic nanopar-
ticles (e.g., gold, magnetic iron oxide, carbon nanotubes, mesoporous silica) as the 
core, and organic materials (e.g., polymers, lipids, dendrimers, peptides, and cell 
membranes) as the shell, which allow to simultaneously achieve cancer therapy and 
cancer diagnosis [92].

Lipid-calcium-phosphate (LCP) nanoparticle is a versatile delivery system with 
great biocompatibility and high loading capacity of encapsulating different thera-
peutic agents, such as siRNA, DNA, antigen peptides, chemotherapeutic agents, 
and radionuclides, therefore being applied for anticancer gene therapy, immuno-
therapy, chemotherapy, radiation therapy, and cancer imaging [79–83]. Lipid-coated 
silica particles (e.g., silica microparticles and mesoporous silica micro-rods) were 
developed as artificial antigen presenting cell (aAPC) systems, which presented T 
cell-stimulating antibodies on their surface, thereby effectively stimulating CD4+ 
and CD8+ T cell expansion as well as antitumor CTL responses [84, 85]. Iron oxide 
nanoparticles (IONPs) coated with self-assembled lipid shells not only demon-
strated much higher loading capacity of bio-macromolecules, such as antigen pep-
tides and immunoadjuvants, than non-coated IONPs, but also demonstrated superior 
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LN-targeting ability for boosted cancer immunotherapy and imaging monitoring 
[86]. Polyelectrolyte multilayer (PEM)-gold nanoparticles were successfully loaded 
with antigen peptides and Poly I:C (a TLR3 agonist) through stepwise electrostatic 
interactions, which effectively induced DC maturation and robustly elicited CD8+ T 
cell responses in vivo [89].

Metal-organic frameworks (MOFs) are emerging as a new type of porous crystal-
line materials assembled from metal ions and organic linkers via coordination chem-
istry. Because of the tunable pore size and high surface area, MOFs have high loading 
capacity of both small molecules and bio-macromolecules, thereby being considered 
as a potent multifunctional platform for cancer theranostics [93]. A pH- responsive 
MOF utilizing lanthanide ions (Eu3+) and guanine monophosphate (GMP) as coor-
dinating partners was developed for vaccine delivery. In the acidic endo/lysosomes, 
the coordination of Eu3+ and GMP was dissociated, which promoted antigen releas-
ing and cross-presentation. Immunization of OVA-loaded GMP/Eu MOFs induced 
antitumor immune responses and effectively inhibited tumor growth [87]. Zeolitic 
imidazole frameworks (ZIF-8) containing zinc ions and 2-methylimidazole (MeIM) 
were incorporated with aluminum ions to generate aluminum- nanoZIF-8 nanoparti-
cles (ZANPs) for cancer vaccine delivery. The results showed that ZANPs were an 
effective platform, which not only effectively codelivered OVA antigens and CpG (a 
TLR9 agonist), but also released their payload in a pH-dependent manner due to 
protonation. The immunization of CpG/ZANPs robustly elicited antigen-specific 
humoral and T cell responses, thereby inhibiting tumor growth [88].

4.2.2  Biologically Derived Nanomaterials

In addition to the synthetic nanomaterials, the biomimetic drug delivery system 
using biologically derived materials, such as caged protein NPs, cell membrane- 
based NPs, and live cells, also holds great potential for boosting cancer immuno-
therapy (Table 4.2).

4.2.2.1  Caged Protein-Based Nanoparticles

Caged protein nanoparticles, such as virus-like particles (VLPs), enzymes, the fer-
ritin superfamily, and heat shock proteins, are self-assembling natural nanocapsules 
with great biocompatibility and biodegradability. A previous study showed that pro-
tein nanoparticles effectively targeted LNs due to slightly negative charge and 
appropriate hydrodynamic sizes, thereby eliciting robust CTL responses against 
tumors [94]. Moreover, caged protein nanoparticles can be easily modified through 
protein engineering for vaccine delivery [97, 98]. Molino et al. conjugated Pyruvate 
dehydrogenase-derived protein nanoparticles (E2 nanoparticles) with CpG and anti-
gen peptides to obtain pH-sensitive CpG-E2 nanovaccines. Compared with free 
CpG, CpG-E2 more effectively targeted DC and induced DC maturation, robustly 
enhancing MHC I antigen presentation and CD8+ T cell activation. Moreover, 
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CpG- E2 prolonged LN retention time of nanovaccine, which could potentially pro-
mote the anticancer efficacy of nanovaccines [95, 96]. Choi et al. reported Encapsulin 
(Encap), another self-assembled protein nanoparticle, as a vaccine delivery system, 
which could be loaded with protein or peptide antigens through genetic modifica-
tion, thereby enhancing antigen presentation and CTL response against tumors [97].

4.2.2.2  Cell Membrane-Based Nanoparticles

Cell membrane-cloaked nanoparticles are emerging as a novel delivery system inte-
grated with certain advantages of live cells. For example, red blood cells (RBC) are 
the most abundant blood cell population with long circulation time due to their abil-
ity to avoid reticuloendothelial system. Surface coating with RBC membranes has 
been shown as a plausible strategy to prolong the blood circulation and enhance 
targeting ability of nanoparticles. Zhang’s group loaded RBC membrane-coated 

Table 4.2 Biologically derived nanomaterials for cancer immunotherapy

Delivery 
system Materials Payload

Major immunomodulatory 
effects

Caged 
protein-based 
NPs

• Virus-like particles 
(VLPs) [94]
• Pyruvate 
dehydrogenase-
derived caged protein 
[95, 96]
• Encapsulin [97]
• Ferritin [94]

• Peptide antigen [94, 
97]
• Immunoadjuvants 
(CpG) [96]

• Enhance antigen and 
adjuvant uptake by APCs 
(DC and macrophage)[95, 
96, 98]
• Enhance antigen 
presentation [95, 97]
• LN targeting and prolong 
LN retention [94]

Cell 
membrane- 
coated NPs

• RBC membrane 
[99, 100]
• Platelet membrane 
[101]
• Cancer cell 
membrane [102, 103]
• NK cell membrane 
[104, 105]
• Azide- modified T 
cells [106]

• Bacterial toxoid [99]
• Peptide antigen [100]
• Immunoadjuvants 
(MPLA, CpG) [100, 102]
• Anti-PD-L1 [101]
• Photosensitizer [105]

• Biocompatibility and 
non-immunogenic
• Prolonged circulation and 
LN targeting [103, 107]
• Enhance the uptake by 
DCs and macrophages [102]
• Tumor-targeting ability 
[104, 105]
• Induce the polarization of 
TAM to M1 type [105]

Immune 
cell-based 
drug delivery

• Antigen- specific 
CTLs [108–110]
• CAR-T cells [111]
• CIK cells [111]
[112]

• siRNA [108]
• Cytokine (IL-15) 
[110, 111]
• Prussian blue NPs 
(PBNPs) [109]
• Photosensitizer [112]

• Intrinsic tumor- targeting 
ability [112]
• Specifically enhanced 
antitumor effect of T cell 
therapy [108–110]
• Boost combinational 
therapy [112]

Live 
attenuated 
bacteria

• Salmonella [113] • DNA vaccine [113] • Colonize the gut-
associated lymphoid tissue
• Induce tumor- specific 
CD8+ T cell activation
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PLGA nanoparticles with Staphylococcal α hemolysin (Hla) to obtain nanotoxoid, 
which elicited roust and sustained Hla-specific antibody responses due to enhanced 
LN-targeting ability and prolonged circulation time [99]. Another study coated anti-
gen peptide-loaded PLGA with RBC membrane to obtain nanovaccine. The results 
showed that coating with RBC membrane, especially mannosylated RBC mem-
brane, significantly enhanced DC capture and LN-targeting ability of nanovaccines. 
The incorporation of monophosphoryl lipid (MPLA), a TLR4 agonist, into the 
PLGA core of nanovaccines further promoted DC maturation and proinflammatory 
cytokine production, thereby effectively inhibited tumor growth and tumor metasta-
sis [100].

Platelets have been reported as another biological delivery system due to their 
long circulation time and ability of targeting wound sites and recognizing CTCs. 
Anti-PD-L1-functionalized platelets (P–aPDL1) not only demonstrated longer 
blood circulating time than anti-PD-L1 antibody but also enhanced antibody accu-
mulation in residual tumors after surgical resection, which subsequently decreased 
tumor-infiltrating Treg cells and robustly induced CD8+ T cell responses, thereby 
preventing cancer recurrence and metastasis after surgery [101].

Cancer cell membranes carry on a lot of tumor antigens and have been utilized 
for cancer vaccine development. Two studies loaded PLGA nanoparticles with TLR 
agonists (NP-TLR) followed by cancer cell membrane coating to generate biomi-
metic nanovaccine (NP-TLR@M). The results showed that cancer cell membrane 
not only enhanced vaccine uptake and TLR-induced DC maturation but also aug-
mented vaccine-elicited T cell responses and tumor regression [102, 103]. Surface 
modification of NP-TLR@M with PEG or mannose further improved LN targeting 
of nanovaccines, which consequently boosted antitumor immune responses and led 
to tumor regression [103, 107].

More recent studies utilized cell membranes of antitumor effector cells, such as 
NK cells and T cells, to achieve tumor-targeted drug delivery and cancer immuno-
therapy. NK cells, as cytolytic effector cells of the innate immunity, can recognize 
and kill tumor cells through a variety of surface active receptor, such as natural 
cytotoxicity receptors, Fc receptor, and NKG2D and SLAM family. Pitchaimani 
et al. isolated activated NK-92 cell membranes line and fused them with liposome- 
encapsulated DOX to generate NK cell membrane-infused liposome (NKsome). 
The NKsomes preserved surface receptors of NK cell, such as NKG-2D, NKp30, 
and CD56, which not only facilitated the cellular uptake of DOX by MCF-7 cells 
in vitro but also enhanced tumor-targeted DOX delivery in vivo, thereby leading to 
dramatic tumor regression [104]. Our group developed photosensitizer TCPP- 
loaded nanoparticles (T-NPs) and cloaked them with NK cell membranes to obtain 
NK-NPs for anticancer photodynamic therapy. Compared with T-NPs, NK-NPs not 
only demonstrated superior tumor-targeting ability but also significantly induced 
M1 macrophages polarization, which should be attributable to the presence of NK 
cell membrane proteins. With NIR laser radiation, NK-NPs robustly induced tumor 
cell apoptosis and antitumor immune responses, thereby effectively suppressing 
both primary and distal tumor growth [105]. In another study, PLGA-encapsulated 
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ICG nanoparticles (INP) were wrapped with T cell membrane to generate TINPs for 
antitumor PTT.  Compared with INP, TINP significantly enhanced the cellular 
uptake and tumor accumulation of ICG, which could be partially due to TCR- 
mediated tumor cell recognition. The tumor-targeting ability of TINPs was further 
enhanced by in vivo bioorthogonal reaction between N3 groups on T cell mem-
branes and BCN group on tumor cell surfaces, which consequently led to superior 
PTT effect for tumor ablation [106].

4.2.2.3  Immune Cell-Based Drug Delivery for Cancer Immunotherapy

A group of immune cells, such as cytotoxic T cells (CTLs), NK cells, and macro-
phages, have been recently applied as a “live” delivery system for cancer immuno-
therapy due to their tumor-infiltrating ability and intrinsic oncolytic machinery. To 
improve antitumor efficacy of adoptive T cell therapy, drug (e.g., cytokine, siRNA)-
loaded nanoparticles were successfully conjugated onto the surface of antigen- 
specific CTLs, which did not interfere with T cell proliferation or antitumor 
cytotoxicity [108–110]. Interbilayer-crosslinked multilamellar vesicles (ICMVs) 
were developed to release their payload in response to perforin, a membrane pore- 
forming protein. Jones et  al. conjugated IL15-loaded ICMVs onto CTLs and 
observed significant enrichment of ICMVs in the immunological synapse of CTLs 
and tumor cells, where CTL-released perforin ruptured ICMVs and triggered the 
release of IL-15, thereby boosting antiviral effect of CTLs in vivo [110]. A recent 
study reported significantly elevated reduction activity on cell surface upon T cell 
activation. Therefore, bioreducible protein drug nanogels (NG) functionalized with 
anti-CD45 were developed, which not only effectively bound to CD45 on T cell 
surface but also selectively released their payloads upon T cell activation. Compared 
with soluble IL-15, T cell-conjugated IL15-NGs more effectively promoted tumor- 
specific T cell expansion and activation without causing systemic immunotoxicity, 
thereby robustly enhancing the antitumor effect of CTL and CAR-T therapy 
in vivo [111].

T cells can also serve as a promising delivery system for boosted antitumor PTT 
and PDT. With NIR laser radiation, Prussian blue nanoparticle (PBNP)-conjugated 
CTLs more potently induced cancer cell death than either CTL or PBNP alone, 
indicating a synergistic anticancer effect of PTT and T cell immunotherapy [109]. 
Cytokine-induced killer (CIK) cells, another type of tumor-killing cells, were 
loaded with Ce6 gold nanoclusters (Ce6-GNCs) through anti-CD3 antibodies, 
which was shown to effectively enhance tumor-targeted Ce6 delivery. Compared 
with Ce6+laser  or CIK cells alone, CIK-loaded Ce6-GNCs with laser radiation 
more robustly inhibited tumor growth, indicating synergistic effect of CIK-mediated 
immunotherapy and Ce6-GNC-based PDT [112].
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4.3  Next Generation of Cancer Immunotherapy: Targeting 
the Cancer-Immunity Cycle with Nanotechnology

Immunomodulatory nanomaterials hold great potentials to accelerate the develop-
ment of next generation of cancer immunotherapy. However, to achieve more potent 
and safe immunotherapy, nanomaterials must be further optimized in order to target 
each single step or multiple steps of cancer-immunity cycle, thereby enabling 
broader and more sustained antitumor immune responses.

4.3.1  Enhancing Immunogenic Antigen Release 
with Nanomaterials (Step 1)

Immunogenic cell death (ICD) is a mode of tumor cell death triggering both innate 
and adaptive immune responses against tumors. Tumor cell ICD can be induced by 
photodynamic therapy (PDT), hyperthermia (HT) and photothermal therapy (PTT), 
radiotherapy (RT), and certain chemotherapeutics [114]. Tumor cells undergoing 
ICD expose danger molecules, such as calreticulin (CRT) and heat shock proteins 
(Hsp90 and Hsp70), on pre-apoptotic cell surfaces, which are essential for dying 
cell engulfment and antigen uptake by APCs. Moreover, ICD of tumor cells also 
results in the release of intracellular danger signals, such as high-mobility group 
protein B1 (HMBG1), ATP, DNA, and RNA, which consequently induce DC matu-
ration through activating NF-κB, MAPK, and IFN-regulatory factor (IRF) path-
ways, thereby evoking antitumor immune responses [115, 116]. Hence, promoting 
immunogenic antigen release is an important strategy to activate the cancer- 
immunity cycle.

4.3.1.1  PDT-Triggered Immunogenic Antigen Release

Photodynamic therapy (PDT) is a therapeutic strategy using photosensitizer and a 
particular type of light for cancer therapy. Upon exposed to the light, the photosen-
sitizer generates reactive oxygen species (ROS), which not only directly disrupt 
tumor cells but also cause microvasculature damage, vessel constriction, and 
thrombus formation, leading to tumor regression. In addition, PDT can induce 
tumor cell ICD and subsequently elicit antitumor immune responses to prevent 
tumor metastasis and reoccurrence [117]. However, the therapeutic efficacy of PDT 
is often dampened due to inefficient tumor-target ability and hypoxia in tumor 
microenvironment.

Nanoparticle-based delivery systems have been reported as an effective tool to 
improve the therapeutic efficacy of PDT through increasing tumor-targeting ability 
of photosensitizers. More recent studies have shown that nanoparticle-based PDT 
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systems can also be equipped with the ability of oxygen supply to overcome hypoxia 
in tumor microenvironment. Fe-TBP is a nanoscale metal-organic framework con-
taining porphyrin, a photosensitizer, and Fe3O clusters, an inorganic catalase 
decomposing H2O2 to generate O2 with the laser radiation. Upon laser radiation, 
Fe-TBP rather than the nano-frameworks without Fe3O effectively ameliorated 
tumor hypoxia and significantly inhibited primary tumor growth. Moreover, 
Fe-TBP-based PDT significantly induced tumor ICD, thereby eliciting systemic 
antitumor immune responses and significant abscopal anticancer effects [118]. 
Hollow silica nanoparticles were loaded with catalase (CAT), a H2O2-decomposing 
enzyme and a photosensitizer chlorine e6 (Ce6) to obtain CAT@S/Ce6 nanoparti-
cles, followed by modification with mitochondria-targeted (3-carboxypropyl) tri-
phenylphosphonium bromide (CTPP) and surface coating with pH-responsive 
charge reversible polymers to generate multi-responsive CAT@S/Ce6-CTPP/DPEG 
nanoparticles for boosted PDT. Catalase could convert tumor endogenous H2O2 to 
O2 to overcome tumor hypoxia. CTPP on nanoparticles could enhance drug delivery 
to mitochondria, the organelle most sensitive to ROS stress, which would further 
enhance the anticancer effect of PDT. The in vitro study showed that CAT@S/Ce6- 
CTPP/DPEG effectively delivered Ce6 into the mitochondria through 
CTPP. Moreover, CAT@S/Ce6-CTPP/DPEG effectively ameliorated tumor hypoxia 
and robustly inhibited tumor growth, confirming the crucial role of oxygen supply 
for effective anticancer PDT [119].

4.3.1.2  PTT-Triggered Immunogenic Antigen Release

Photothermal therapy (PTT) is an anticancer strategy that utilizes photo-absorbing 
agent to produce hyperthermia for tumor killing. Compared with conventional can-
cer treatments, PTT is more attractive because of its tumor specificity, safety, non-
invasiveness, and remote-controllable properties. Moreover, PTT could induce ICD 
and evoke systemic anticancer immune responses for preventing tumor metastasis 
and reoccurrence [120, 121]. For example, gold nanoshell-enabled photothermal 
therapy (NEPTT) dose-dependently induced tumor cell ICD through inducing the 
release of adenosine triphosphate (ATP), adenosine diphosphate (ADP), and uric 
acid [122]. Intratumoral injection of SWNTs with NIR laser radiation significantly 
induced DC maturation and proinflammatory cytokine production in tumor draining 
lymph nodes (DLNs), which subsequently led to robust antitumor immune 
responses, thereby inhibiting the growth of distant tumors (so-called abscopal 
effect) [72]. Gd:CuS@BSA hybrid theranostic nanoparticles not only demonstrated 
potent PTT effect against tumors but also slightly increased tumor-infiltrating CD8+ 
T cell, indicating the mild immune responses induced by PTT [123].

The immunostimulatory effect of PTT appeared to be related with tumor tem-
peratures. Although PTT-induced tumor cell death is directly correlated with the 
local temperature, only medium PTT (tumor temperature 50–60 °C) rather than low 
PTT (<40 °C) or high PTT (>80 °C) effectively elicited ICD of tumor cells, as indi-
cated with decreased intracellular ATP and HMGB1 and increased surface 
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calreticulin. [124]. In vivo immunization of tumor cells treated with medium PPT 
more effectively inhibited tumor growth than the cells treated with low or high PPT, 
consistent with the results of PPT-induced ICD. These results indicate a thermal 
dose window of PPT, which is crucial for effectively triggering robust anticancer 
immune response to prevent tumor recurrence and metastasis [124].

In addition to inducing tumor cell ICD, PPT-induced local heating was shown to 
enhance macrophage-targeted immunoadjuvant delivery. Cationic graphene oxide 
was functionalized with PEG and PEI to obtain GO-PEG-PEI nanovector for CpG 
delivery as well as the combination of  PTT and immunotherapy. Interestingly, 
GO-PEG-PEI-CpG-mediated PTT enhanced cellular uptake of CpG by macro-
phages and promoted CpG-induced cytokine production by 2–3-folds through ele-
vating the temperature of culture medium [75]. Similar results were observed in 
MoS2 nanosheet-based PTT. MoS2 single layer was conjugated with PEG and CpG 
to obtain MoS2-PEG-CpG nanosheets. Although MoS2-PEG-CpG effectively 
enhanced cellular uptake of CpG by macrophages, MoS2-PEG-CpG with NIR laser 
radiation further enhanced the internalization of CpG by macrophages, which might 
be due to heat-induced cell membrane permeability [125].

4.3.1.3  Chemotherapy-Triggered Immunogenic Antigen Release

Although conventional chemotherapy is often associated with immunosuppression, 
some of chemotherapeutic drugs, such as doxorubicin (DOX), mitoxantrone (MIT), 
cyclophosphamide(CSA), oxaliplatin (OXA), shikonin, and the proteasome inhibi-
tor, have been reported to induce tumor cell ICD  and stimulate both innate and 
adaptive immune responses against tumor. Moreover, chemotherapy can overcome 
tumor-derived immunosuppression through inducing lymphopenia or depleting 
immunosuppressive cells, such as Treg cells and MDSCs, further enhancing antitu-
mor immunity [126, 127].

Nanotechnology is an important strategy to improve the therapeutic efficacy and 
safety of chemotherapy through facilitating tumor-targeted drug delivery. Increasing 
evidence showed that nanoparticles also enhanced the immunoregulatory effects of 
cytotoxic agents, which could be a novel mechanism improving the therapeutic effi-
cacy of chemotherapy. OXA was encapsulated with mPEG-PLGA to obtain 
NP-OXA nanoparticles. Compared with free OXA, NP-OXA not only more signifi-
cantly inhibited tumor cell growth but also more potently induced tumor cell ICD, 
which consequently elicited more robust DC maturation and anticancer CTL 
responses. Notably, the antitumor effect of NP-OXA was significantly diminished 
in immunodeficient nude mice, confirming the involvement of anticancer immune 
responses in tumor regression [88]. Similar results were observed in a study of 
DOX-conjugated chimeric polypeptides nanoparticles (CP-DOX), which more 
potently increased tumor-infiltrating T cells and inhibited tumor growth in BALB/c 
mice than free DOX did. However, CD8+ T cell depletion dramatically attenuated 
antitumor effect of CP-DOX nanoparticles, further confirming the contribution of 
tumor-specific CD8+ T cell responses in the anticancer effect of CP-Dox [128]. 
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Zheng et al. load DOX into integrated mesoporous silica nanoparticles (IMSN) to 
generate DOX@HIMSNs theranostic system for imaging-guided therapy. Compared 
with free DOX and DOX@IMSN, DOX@HIMSN demonstrated superior antican-
cer effect due to its superior tumor-targeting ability. Moreover, DOX@HIMSN sig-
nificantly induced DC maturation and proinflammatory cytokine release (TNF, IFN, 
IL-6), evoking robust antitumor CTL responses in tumors [129].

4.3.1.4  Radiotherapy-Triggered Immunogenic Antigen Release

Radiotherapy was initially designed to selectively kill tumor cells in the irradiated 
field. However, emerging evidence indicates that radiotherapy can also activate 
immune system to eliminate tumor cells through inducing tumor cell ICD [130]. 
Unfortunately, the efficacy of radiotherapy is often limited by tumor radiation resis-
tance. Nanotechnology holds a great potential to sensitize tumor cells to radiotherapy. 
Core–shell PLGA nanoparticles were loaded with catalase (Cat) in the core and R837 
(a TLR 7/8 agonist) in the shell to obtain PLGA-R837@Cat nanoparticles. Cat can 
degrade H2O2 to generate O2, which significantly alleviated hypoxia in tumor micro-
environment, whereas R837 was incorporated to overcome tumor- derived immuno-
suppression. The administration of PLGA-R837@Cat nanoparticles significantly 
enhanced radiotherapy-induced tumor ICD, thereby effectively improving the antitu-
mor efficacy of radiotherapy [131]. Lu et al. developed a hybrid nanoscale metal-
organic framework (nMOF) using Hf clusters, an X-ray scintillator, and porphyrin 
photosensitizer, which would enable radiotherapy–radiodynamic therapy (RT–RDT) 
with low-dose X-rays. The results showed that low-dose X-ray irradiation did not 
inhibit tumor growth, while the combination of low-dose X-rays with nMOF not only 
completely eliminated tumors but also triggered tumor cell ICD and systemic antitu-
mor immune responses, thereby leading to effective tumor ablation [132].

4.3.1.5  Oncolytic Virus-Triggered Immunogenic Antigen Release

Oncolytic virus (OV) therapy is another promising approach that not only directly 
destroys tumor cells but also triggers immunogenic tumor antigen release, eliciting 
systemic antitumor immunity. However, the therapeutic efficacy of OV is still lim-
ited due to in vivo antiviral immune responses and poor tumor penetration [6]. To 
avoid the recognition and rapid clearance by the immune system, OV has to be 
administrated through intratumoral injection, which is not feasible for metastatic 
cancer patients. Moreover, the therapeutic efficacy of OVA could also be dampened 
by its poor tumor retention, impersistent viral infectivity in situ, and nonspecific 
virion shedding into normal tissue, and so on [133].

Nanotechnology has been reported to enhance the potency of OV through 
enhancing tumor-specific virus infection and cytotoxicity, blocking neutralizing 
antibody binding [134], prolonging circulation time, and reducing potential toxicity 
in livers and other normal tissues [38, 135]. For example, virus coating with cationic 
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nanomaterials (e.g., PEI and PEI-based copolymers) effectively enhances the inter-
nalization, transduction efficacy, and tumor lysis effect of oncolytic adenovirus 
(Ad) [133]. Coating Ad with poly(amidoamine) (PAMAM) dendrimers not only 
protected virus from neutralizing antibodies but also enhanced viral transduction 
efficacy in hepatoma cells both in vitro and vivo, improving the survival of tumor- 
bearing mice [135]. PEGylated PAMAM dendrimers with EGFR-specific antibody 
conjugation further enhanced Ad infection in EGFR-positive cancer cells (A549) 
rather than in EGFR-negative cancer cells (MCF-7) with more potent anticancer 
killing effect than naked Ad did. Furthermore, anti-EGFR antibody-conjugated den-
drimers enhanced Ad virus accumulation in tumors, prolonged viral circulation 
time, while reducing the immunogenicity and toxicity of virus, thereby robustly 
inhibiting EGFR-positive orthotopic lung tumors [38].

Nanotechnology-based imaging guiding is another effective strategy to enhance 
the potency of OV. Oncolytic Ad virus was coated with PEGylated and crosslinked 
iron oxide nanoparticles (PCION) to generate Ad-PCION complexes. Upon expo-
sure to a magnetic field, PCION dramatically enhanced viral transduction efficacy 
and anticancer killing in multiple cancer cell lines. Administration of Ad-PCION 
complexes selectively facilitated virus accumulation and replication in tumors and 
reduced virus burden in the liver, thereby effectively inhibiting tumor growth [136]. 
Another study conjugated PEGylated gold nanoparticles onto Ad virus to obtain 
Ad–gold–PEG complexes, which aimed to explore the effect of ultrasound-guided 
OV therapy. Compared with naked Ad virus, Ad–gold–PEG showed significantly 
reduced antibody binding and attenuated infectivity. However, the presence of ultra-
sound increased virus accumulation in tumors over 100-folds compared with naked 
Ad did, thereby leading to robust tumor regression [137].

4.3.2  Promoting Dendritic Cell-Targeted Immunotherapy 
with Nanomaterials (Step 2)

Dendritic cells (DCs) are the most potent APCs playing a central role in initiating 
and regulating antitumor immunity. DCs capture and process tumor antigens into 
short peptides, and then present them through MHC class I or II molecules to CD8+ 
and CD4+ T cells, eliciting anticancer adaptive immunity. In the meantime, DCs 
also secrete a variety of cytokines and chemokines to modulate T cell activation, 
CTL response, and memory cell differentiation. Hence, DCs are certainly the major 
target cell of cancer immunotherapy. DC-targeted immunotherapy includes in vitro 
DC targeting (so-called DC vaccines) and in vivo DC targeting using cancer vac-
cines. Increasing evidences have demonstrated nanotechnology as an effective strat-
egy to boost DC-targeted immunotherapy through several aspects: (1) to enhance 
antigen uptake by DCs; (2) to enhance antigen presentation through MHC I mole-
cule; (3) to directly stimulate DC maturation through a variety of receptors and 
downstream signaling pathways; (4) to improve the potency and safety of immuno-
adjuvants (Fig. 4.2).
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4.3.2.1  Nanomaterial-Based Cancer Vaccines

Nanomaterials for peptide vaccine delivery. Synthetic peptide vaccines containing 
single or multiple small fragments of tumor-derived antigen proteins are the major 
type of cancer vaccines; however their therapeutic efficacy is often limited due to 
the poor immunogenicity and rapid clearance.

Organic nanoparticles have been reported to improve the efficacy of peptide vac-
cines through controlling antigen releasing, facilitating antigen uptake and antigen 
presentation by DCs. For example, PLGA nanoparticles can effectively encapsulate 
both hydrophilic and hydrophobic antigen peptides and facilitate their uptake by 
DCs, thereby eliciting robust T cell responses and tumor regression [54, 138]. 
Liposomes can effectively load antigen peptides through encapsulation or chemical 
conjugation, enhancing the immunogenicity of peptide vaccines [9, 139, 140]. In 
addition to the organic nanovectors, inorganic nanoparticles are also developed for 

Fig. 4.2 Dendritic cell-targeted cancer immunotherapy with nanotechnology. Nanoparticles can 
boost DC-targeted immunotherapy through several aspects: (1) enhancing antigen uptake by DCs 
via surface receptors, such as C-type lectin receptors (CLR), Toll-like receptors (TLRs), scavenger 
receptors (SRs), etc.; (2) inducing DC maturation through stimulating multiple intracellular signal-
ing pathways; (3) enhancing MHC class I antigen presentation through facilitating lysosomal 
escape; (4) enhancing the potency of immunoadjuvants through promoting their binding with cor-
responding receptors, such as TLRs, RIG-I-like receptors (RLRs), NOD-like receptors (NLRs); (5) 
silencing immunosuppressive factors (STAT3, SOCS1) through codelivering siRNA or miRNA
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peptide vaccine delivery. OVA peptide-conjugated Au NP (Au NP-OVA) robustly 
evoked OVA-specific T cell activation and tumor regression in mice [59]. The pep-
tide loading capacity of hollow mesoporous silica nanoparticles (HMSNs) with 
large pore size could be significantly improved by NH2 modification on the inner 
hollow core and COOH modification in the porous channels [141]. Phospholipid- 
enveloped zinc phosphate hybrid (LZnP NPs) demonstrated superior loading capac-
ity of antigen peptides over 60–70% due to the specific interaction between Zn2+ 
and protein molecules, which robustly facilitated the antigen uptake by DC both 
in vitro and in vivo [66].

Nanomaterials for nucleotide vaccine delivery. In addition to peptide vaccines, 
DNA and RNA vaccines have emerged as a practical and attractive approach for 
cancer immunotherapy. Compared with peptide vaccines, DNA and RNA vaccines 
are more easily engineered and produced in a large scale. However, the poor immu-
nogenicity is a major hurdle limiting their clinical benefits, which could be attribut-
able to inefficient uptake and presentation by APCs. Although RNA vaccines do not 
require genomic integration, which could be a benefit compared with DNA vaccine, 
their half-life is short due to the rapid degradation by ubiquitous RNAases [36, 142].

Synthetic nanoparticles, such as cationic liposomes, cationic polymers (e.g., PEI, 
PEI/PGA, chitosan), graphene and carbon nanotubes, as well as hybrid particles, are 
promising delivery platforms of nucleotide vaccines due to their ability of condens-
ing DNA/RNA, preventing nuclease degradation, and promoting the cellular uptake 
and endosomal escape of nucleotides [76]. Cationic Branched Amphiphilic Peptide 
Capsules (BAPCs) were shown to effectively condense DNA plasmid and facilitate 
gene expression in vitro. Moreover, BAPC-formulated DNA vaccine significantly 
induced DC maturation and tumor-specific CD8+ T cell response, effectively inhib-
iting tumor growth [143]. Cationic DOTMA/DOPE liposome-encapsulated RNA 
vaccine (RNA-LPX) not only protected RNA from ribonuclease degradation but 
also effectively delivered RNA into splenic APCs (DC and macrophages) simply by 
adjusting net charge RNA-LPX around −30 mV. The immunization of RNA-LPX 
robustly induced tumor-specific T cell responses both in mice and in melanoma 
patients, indicating its great potential for boosting cancer immunotherapy [11]. 
Lipid nanoparticles (LNPs) consisting of an ionizable lipid, a PEGylated lipid, 
phospholipid, and cholesterol were developed for mRNA vaccine delivery. In an 
acidic condition, the ionizable lipid could be converted to be positively charged, 
which was not only essential for mRNA condensation but also could promote the 
cellular uptake and endosomal escape of mRNA vaccine. The s.c. injection of LNP- 
formulated mRNA vaccines successfully led to gene transfection in multiple 
immune cells, such as macrophages, dendritic cells, and neutrophils. A single dose 
of LNP/mRNA vaccines robustly evoked CD8+ T cell activation and tumor regres-
sion with prolonged overall survival in mice [12].

In addition to synthetic nanoparticles, live attenuated bacteria are emerging as 
a novel vector to facilitate APC-targeted vaccine delivery due to their ability to 
colonize the gut-associated lymphoid tissue. However, the acidic environment in 
stomach often dampens bacteria colonization and vaccination efficacy. To over-
come the acidic condition, salmonella (SAL) was coated with crosslinked 
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β-cyclodextrin-PEI600 encapsulated DNA nanocomplexes (NP) to generate NP/
SAL, which aimed to improve the bacterial tolerance to acidic condition and 
enhanced bacterial infection of peritoneal macrophage. The results showed that 
the blood bacterial level of NP/SAL group was about 2–20-fold higher than that 
of SAL group 1–2 h after oral administration, indicating enhanced bacteria dis-
semination into blood circulation. Oral delivery of VEGFR2 DNA vaccines using 
NP/SAL elicited remarkable CD8+ T cell activation and consequently inhibited 
tumor growth by angiogenesis suppression in tumor neovasculature. Hence coat-
ing live bacterial cells with synthetic nanoparticles represents a promising strat-
egy to engineer efficient and versatile DNA vaccines for the era of 
immunotherapy [113].

4.3.2.2  Facilitating APC-Targeted Vaccine Delivery with Nanomaterials

To generate potent anticancer immune responses, tumor antigens must be effec-
tively delivered to APCs (DCs and macrophages) for antigen process and presenta-
tion, which subsequently triggers downstream antitumor CD4+ and CD8+ T cell 
responses. The poor immunogenicity of vaccines is often due to the insufficient 
antigen uptake by APCs, thereby dampening the therapeutic efficacy of cancer vac-
cines. Hence, it is very necessary to enhance APC-targeted vaccine delivery in order 
to improve vaccination efficacy.

A variety of surface receptors on APCs, such as C-type lectin receptors (CLR), 
Toll-like receptors (TLRs), Fc receptors (FcR), and scavenger receptors (SRs), have 
been discovered to be responsible for antigen recognition, internalization, and APC 
activation [144]. Therefore, targeting these surface receptors could be a plausible 
strategy to enhance APC-targeted vaccine delivery. The family of CLRs, including 
mannose receptor (CD206), DEC-205(CD205), DC-SIGN (CD209), langerin 
(CD207), macrophage galactose-type C-type lectin (MGL, CD301), DCIR, and 
dectin-1/2, are the major endocytic receptors that can effectively bind to carbohy-
drates and facilitate antigen uptake [145]. DC-SIGN antibody-functionalized Au 
NPs not only effectively enhanced the cellular uptake by DCs but also induced DC 
activation through targeting DC-SIGN [146]. PLGA NPs were loaded with OVA 
and MPLA (a TLR4 agonist), and then functionalized with anti-CD205 to obtain 
DC-targeted nanovaccines. The results showed that the presence of anti-CD205 sig-
nificantly enhanced vaccine uptake by DCs. Moreover, the functionalization of 
PLGA nanovaccines with anti-DCIR, anti-DEC205, anti-BDCA-2, anti-CD32 
(FcR), or anti-DC-SIGN not only effectively facilitated vaccine uptake by myeloid 
DC and plasmacytoid DC (pDC) but also promoted DC maturation, thereby enhanc-
ing MHC I/II antigen presentation to CD4+ and CD8+ T cells [147, 148]. Chitosan- 
encapsulated tumor cell lysate nanoparticles (CTS-TCL NPs) were coated with 
mannose-modified alginate to obtain Man-CTS-TCL nanovaccines. The in  vitro 
study showed that mannose moieties effectively promoted antigen uptake and pre-
sentation as well as DC maturation. Moreover, Man-CTS-TCL nanovaccines also 
demonstrated lymphatic-targeting ability through targeting mannose receptors, 
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thereby eliciting robust tumor-specific T cell responses and tumor regression [20]. 
Curdlan (Curd) and mannan (Man) are polysaccharides that can be recognized by 
Dectin-1 and 2 on DC and macrophages. Functionalization of liposomal vaccines 
with pH-sensitive Curd or Man not only significantly enhanced vaccine uptake by 
DCs via dectin-1 and scavenger receptors but also enhanced DC maturation. In vivo 
immunization of MGlu-Curd or MGlu-Man liposomal vaccines effectively induced 
tumor-specific T cell activation and CTL responses, thereby inhibiting tumor 
growth [149].

In addition to CLRs, other receptors are also involved in antigen capture and 
processing. Scavenger receptor class B1(SR-B1) is a natural HDL receptor selec-
tively expressing on mature DCs but not on immature DCs. Alpha-helical peptide, a 
HDL-mimicking peptide, was linked to tumor antigen peptides to obtain α-Ap 
fusion protein, which were incorporated into ultra-small (~20 nm) core-shell lipid 
nanoparticles to generate DC-targeted nanovaccine (α-Ap-FNP). Upon injection, 
α-Ap-FNP effectively accumulated in LNs and enhanced the uptake of antigen pep-
tide by DCs, especially mature DCs. Mature DC pulsed with α-Ap-FNP effectively 
induced T cell proliferation and tumor-specific CTL responses in vitro. Although 
the immunization of α-Ap-FNP moderately inhibited tumor growth in mice, further 
incorporation of CpG into α-Ap-FNP robustly inhibited tumor growth and pro-
longed the overall survival [150]. HSP70 is a protein chaperone that can bind and 
deliver unfolded protein or peptides into APCs. Hsp70-coated SPIONs effectively 
delivered antigen peptides into DCs through the endo/lysosomal pathway. Moreover, 
DCs co-treated with Hsp70-SPIONs and tumor cell lysates effectively induced 
tumor-specific T cell activation and CTL response, confirming the ability of Hsp70- 
SPIONs to chaperone tumor antigens into DCs [151].

The antigen uptake by DCs and macrophages can also be enhanced by fine tun-
ing the surface chemistry (e.g., surface charge and hydrophobicity) of vaccine deliv-
ery systems. Positively charged nanoparticles were reported to more effectively 
enhance antigen uptake by DCs and macrophages than those with neutral or nega-
tive charge did [76], and could be positively correlated with their surface charge 
density [152]. Cationic liposome-formulated RNA vaccine complexes (RNA-LPX) 
were reported to primarily deliver RNA vaccine into the lung, whereas anionic 
RNA-LPX was primarily captured by splenic DC and macrophages after i.v. injec-
tion [11]. Fromen et  al. observed that alveolar macrophages preferably captured 
anionic nanovaccines after pulmonary instillation. On the other hand, although lung 
DCs significantly captured both anionic and cationic nanovaccines, the cellular 
uptake of cationic nanovaccines was higher than that of anionic vaccines [153].

The hydrophobicity is another important factor affecting vaccine internalization 
by APCs. Compared with less hydrophobic polymeric microparticles (MPs), the 
MPs with higher hydrophobicity more effectively promoted antigen uptake by DCs 
[154]. Similarly, the uptake of amphiphilic γ-PGA-Phe formulated nanovaccines by 
DCs effect was positively correlated with their hydrophobicity [155]. Min et  al. 
reported an improved cancer immunotherapy approach, which utilized antigen- 
capturing nanoparticles (AC-NPs) to capture and present in vivo tumor antigens to 
APCs. Herein, a series of PLGA AC-NPs with different physiochemical properties 
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were prepared in order to acquire tumor antigen capture ability. Among different 
AC-NPs, the unmodified PLGA AC-NPs most effectively bound to tumor proteins 
(e.g., neoantigens and DAMPs) through hydrophobic-hydrophobic interactions, 
whereas methoxy-PEG-coated PLGA AC-NPs showed minimal ability to bind pro-
teins. Maleimide-modified AC-NPs (Mal AC-NPs) were observed to moderately 
bind to proteins through stable thioether bonds. Although AC-NPs coated with cat-
ionic phospholipid DOTAP (DOTAP AC-NPs) or amine PEG (NH2 AC-NPs) both 
effectively bound to tumor proteins via electrostatic interactions, DOTAP AC-NP 
demonstrated more potent protein capture ability than NH2 AC-NPs did. These 
results indicated that the protein capture ability of AC-NPs relied on their surface 
properties. The in vivo study showed that the unmodified PLGA AC-NPs and Mal 
AC-NPs both effectively delivered tumor proteins to DCs and macrophages in 
TDLNs, which subsequently improved the therapeutic efficacy of local radiother-
apy combined with anti-PD-1 treatment [156].

Wrapping nanoparticles with cell membranes has been recently reported as a 
novel strategy for DC-targeted vaccine delivery. PLGA-encapsulated Staphylococcal 
toxoid wrapped with RBC membrane not only demonstrated superior LN-targeting 
ability but also effectively facilitated toxoid uptake by DCs [99]. In another study, 
antigen peptide (hgp10025–33) conjugated-PLGA nanoparticles were coated with 
mannosylated RBC membrane to obtain Man-RBC-NPhpg nanovaccine. Compared 
with naked PLGA NPs, Man-RBC-NPhpg more effectively accumulated in draining 
LNs and facilitated antigen capture by DCs [100]. Tumor cell membranes, as a good 
source of tumor antigens, have been reported to facilitate DC-targeted vaccine 
delivery. Two studies generated cancer cell membrane-coated nanovaccines 
(NP@M), which consisted a core of PLGA nanoparticles loaded with TLR agonists 
(R837 or CpG) and a shell of tumor cell membrane. Compared with PLGA- 
encapsulated TLR nanoparticles (NP), NP@M more effectively facilitated vaccine 
uptake by DCs and induced DC maturation as well as proinflammatory cytokine 
production. More importantly, NP@M rather than NP alone robustly induced anti-
cancer T cell responses, thereby leading to tumor regression [102, 103]. These data 
suggest the codelivery of antigen and immunoadjuvant using cancer cell membrane- 
coated NP can be a promising strategy for enhancing cancer vaccine efficacy.

4.3.2.3  Promoting Antigen Cross-Presentation with Nanomaterials

Tumor antigen presentation by MHC class I molecules on APCs and tumor cells is 
the most critical step to trigger CD8+ T cell activation and elicit anticancer cytotoxic 
T lymphocyte (CTL) responses. Typically, MHC I is responsible for presenting 
endogenous antigens to CD8+ T cells, whereas extracellular antigens (protein and 
peptide antigens) are primarily presented by MHC class II for CD4+ T cell activa-
tion. To enhance the anticancer effect of vaccines, protein and peptides must be 
transported from endo/lysosomes into the cytosol, enabling proteasome-mediated 
degradation into short peptides. The resulted peptides are then transported into ERs 
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or early endosomes for MHC class I presentation (so-called cross-presentation) 
[157, 158].

Nanomaterials have been demonstrated as a promising strategy to enhance the 
cross-presentation of protein and peptide antigens through multiple mechanisms. 
For example, Poly (γ-glutamic acid)-based nanoparticles (γ-PGA NPs) enhanced 
antigen cross-presentation and evoked robust antitumor immunity, which involved 
the participant of cytoplasmic proteasomes and TAP. γ-PGA also triggers 
ER-endosome fusion, facilitating antigen transportation into the cytoplasm [159]. 
Cationic liposome-induced cross-presentation was related with elevated lysosomal 
pH, which subsequently limited lysosomal degradation of antigen, thereby enhanc-
ing cross-presentation and CD8+ T cell responses [16].

Stimuli-responsive nanoparticles can be designed to facilitate the lysosome 
escape of antigens, thereby being considered as an effective approach to enhance 
MHC I antigen presentation. The pH-responsive nanoparticles can be dissociated in 
the acidic endo/lysosome compartment, which subsequently caused lysosome rup-
ture and induced antigen escape from lysosomes [19, 49, 87, 160]. The pH-sensitive 
OVA-alginate (ALG) conjugates (ALG = OVA) and mannosylated alginate (MAN- 
ALG) were crosslinked to generate DC-targeted pH-sensitive nanovaccines, which 
effectively promoted cytosolic release of OVA and augmented MCH class I antigen 
presentation, evoking robust CD8+ T cell responses against tumor [160]. The pH- 
responsive PLGA NPs containing ammonium bicarbonate (NH4HCO3) were devel-
oped for OVA vaccine delivery. In acidic endo/lysosomes, NH4HCO3 reacted with 
H+ to generate NH3 and CO2, which effectively facilitated lysosome escape and 
cross-presentation of OVA [19]. A pH-responsive endosomolytic metal-organic 
framework (MOF) consisting of lanthanide ions (Eu3+) and guanine monophosphate 
(GMP) was developed for vaccine delivery. In the acidic endo/lysosome, the Eu3+ 
and GMP were dissociated, which promoted antigen releasing from MOFs and anti-
gen transportation into the cytosol, thereby enhancing the cross-presentation [87]. 
Our group developed bioreducible alginate-polyethylenimine nanogels (AP-SS) for 
vaccine delivery. Upon internalization, AP-SS nanogels were quickly disassembled, 
which accelerated cytosolic antigen releasing and degradation, and enhanced both 
MHC class I and II antigen presentation, thereby leading to robust antitumor CTL 
responses [48]. A recent study conjugated Au NPs with hyaluronic acid (HA) and 
OVA to generate NIR-responsive nanovaccines. The results showed that PTT-caused 
local heat triggered endo/lysosome disruption and cytosolic antigen release, which 
consequently enhanced cross-presentation and evoked anticancer CTL upon laser 
irradiation [161].

Reactive oxygen species (ROS), the by-products of intracellular oxidative phos-
phorylation, not only act as a “danger” signal to induce DC maturation but also play 
a critical role in antigen cross-presentation. ROS-caused oxidative damage could 
induce ubiquitination and degradation of antigen peptides by immunoproteasomes, 
providing sufficient peptide supply for MHC class I antigen presentation [162]. 
Hence, elevating ROS could be a potential strategy to enhance antigen cross- 
presentation. Our group developed a pH-responsive galactosyl dextran-retinal 
(GDR) nanogel for cancer vaccine delivery. The results showed that GDR nanogel 
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effectively triggered lysosomal rupture and promoted cytosolic antigen release, sig-
nificantly enhancing MHC I antigen presentation. More interestingly, GDR- 
triggered lysosomal rupture also induced ROS production, which was shown to 
contribute to enhanced proteasome activity and downstream MHC I antigen presen-
tation [49]. Biodegradable glutathione (GSH)-depletion dendritic mesoporous 
organosilica nanoparticles (GDMON) incorporated with tetra-sulfide bonds were 
generated for cancer vaccine delivery. The results showed that GDMON effectively 
codelivered OVA and CpG into draining LNs. More importantly, GDMON depleted 
intracellular GSH through the -S-S-/GSH redox chemistry and significantly ele-
vated ROS in LNs, resulting in robust antitumor CTL responses and tumor regres-
sion [163].

Modification with membrane-fusogenic peptides, such as octaarginine (R8) and 
KALA peptide, is another effective strategy to facilitate lysosome escape and cross- 
presentation of antigens. Octaarginine-modified liposome (R8-Lip) significantly 
enhanced cellular uptake, endosomal escape, and cross-presentation of 
OVA. Moreover, R8-Lip enhanced the C-terminal cleavage of antigen-derived pep-
tides essential for MHC class I antigen presentation [36]. KALA peptide is an 
amphiphilic peptide that has an α-helical structure at physiological pH, but converts 
to random coil for membrane destabilization. A recent study reported that KALA- 
modified liposomes (KALA-LPs) also significantly enhanced MHC class I antigen 
presentation in DCs. The in vivo study showed that OVA-loaded KALA-LPs elic-
ited OVA-specific CTL response and antitumor effect more potently R8-LPs 
did [10].

Targeting different receptors on APCs could trigger different antigen internaliza-
tion routes, and direct antigens into different endo-lysosomal compartments for 
antigen processing and presentation. For example, the pinocytosis or scavenger 
receptor-mediated endocytosis were reported to rapidly direct antigens towards 
lysosomal compartments, leading to poor cross-presentation. In contrast, antigen 
internalization through MR and CD40 could direct antigens into early endosomes 
and avoided rapid lysosome degradation, thereby enhancing cross-presentation 
[157]. Liposomes were modified with DC-SIGN-binding glycans Lewis (Le)(B) or 
Le(X) for DC-targeted vaccine delivery. The results showed that glycan modifica-
tion effectively increased liposomes binding and uptake by BMDCs expressing 
human DC-SIGN. Moreover, glycan-liposomes rather than unmodified liposomes 
significantly enhanced the cross-presentation of OVA and MART-1 antigen presen-
tation, eliciting antigen-specific CD8+ T cell response [164].

Autophagy is a self-degradative process involving lysosomal degradation of 
damaged cellular components and recycling of different cytoplasmic components. 
Increasing evidences have revealed the crucial role of autophagy in MCH I/II anti-
gen presenting machinery. In APCs, the autophagosome-lysosome fusion allows the 
access of endogenous antigens to the MHC II molecules, triggering CD4+ T cell 
activation. On the other hand, autophagy also contributes to the cross-presentation 
of soluble antigen. An α-Al2O3 nanoparticle was conjugated with OVA protein to 
generate α-Al2O3-OVA nanovaccines. The in vitro study showed that α-Al2O3-OVA 
effectively enhanced cross-presentation of OVA by DCs, which consequently 
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triggered OVA-specific CD8+ T cell activation and effectively inhibited tumor 
growth in mice. More interestingly, upon internalization by DCs, α-Al2O3-OVA 
were primarily localized in autophagosomes rather than in the endo/lysosome com-
partment, indicating nanovaccine-induced autophagy in DCs. Blocking autophagy 
of DCs significantly abolished the cross-presentation of α-Al2O3-OVA but not solu-
ble OVA. These results demonstrated the essential role of autophagy in the enhanced 
cross-presentation of OVA by α-Al2O3-OVA nanovaccines [165]. Wang et al. pre-
pared OVA-doped hierarchical CaCO3 nanoparticles (OVA@NP) for vaccine deliv-
ery. In the lysosomes, CaCO3 reacted with acid and generated large amounts of CO2 
to disrupt lysosomes, facilitating OVA release and lysosomal escape into the cytosol 
for MCH I presentation. In the meantime, the lysosome rupture and CO2 release 
triggered autophagosome formation through the LC3/Beclin-1 pathways, which 
also contributed to MCH I antigen presentation. Immunization of OVA@NP effec-
tively elicited CD8+ T cell proliferation, antitumor CTL responses, and tumor 
regression [166]. Umlauf et al. developed PEGylated stealth liposome vaccine with 
a MHC I epitope from measles (H250) encapsulated inside and a cancer-specific 
targeting peptide (H1299.3) displayed on its surface. The goal of this design was to 
enhance MHC I presentation of H250  in tumor cells in order to facilitate tumor 
recognition and killing by T cells. The results showed that liposomes vaccines suc-
cessfully enhanced the MHC I presentation of H250 antigen in lung cancer cells, 
which consequently induced CD8+ T cell activation and resulting tumor regression. 
The enhanced MHC I presentation required the presence of H1299.3 peptide and 
relied on autophagy. The perturbation of autophagy significantly dampened H1299.3 
facilitated MHC I presentation of H250 [167].

4.3.2.4  Intrinsic Immunostimulatory Effect of Nanomaterials

A variety of organic nanomaterials, such as liposomes [152], chitosan [24], 
poly(beta-amino esters)(PBAE) [168], polypeptide micelles [32], and inorganic 
nanoparticles, such as gold nanoparticle (Au NPs) [169], carbon nanotubes [78], 
and silica NPs [63, 170], have been reported to stimulate innate and adaptive immu-
nity directly. The intrinsic immunogenicity of nanomaterials is primarily related 
with their morphology (size, shape) and surface features (charge, hydrophobicity, 
surface functionality).

The size and shape of nanoparticles not only affect their cellular uptake, traffick-
ing, in  vitro bio-distribution, and targeting ability but also affect their intrinsic 
immunogenicity [171]. The cellular uptake of gold nanoclusters (Au NCs) with 
smaller size (<3 nm) by DCs was 300–400-folds higher than that of Au NPs with 
larger size (>12 nm) [169]. The intermediate chitin (IC, 40–70 μm) and small chitin 
(SC, 2–10 μm) rather than the big chitin (BC, 70–100 μm) or super small chitin 
(SSC, <2 μm) significantly induced TNF production by mouse macrophages through 
activating NF-κB and tyrosine kinase (syk) signaling pathways [172]. Spherical and 
rod-shaped polystyrene particles were conjugated with OVA antigen for vaccine 
delivery. Despite different shapes, the smaller particles more effectively enhanced 
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the production of OVA-specific antibodies and IFN γ, a Th1 signature cytokine, than 
the larger particles did. For smaller particles, the spheres induced higher OVA- 
specific IgG, IgG1, and IgG2a than the rods did. However, for larger particles, the 
rods induced higher levels of IgG and IgG1 than spheres did [173]. Hence, the size 
and shape could modulate the immunogenicity of nanoparticles.

The surface charge of nanoparticles is an important physiochemical property not 
only contributing to the stability, the cellular uptake, cytotoxicity, and bio- 
distribution of nanoparticles but also contributing to their intrinsic immunogenicity 
[17]. The positive charge rather than negative charge has been reported to signifi-
cantly enhance the intrinsic immunogenicity of nanoparticles. The i.v. injection of 
cationic liposomes robustly elevated mRNA expression of proinflammatory cyto-
kines, such as IL-2, IL-6, IL-17, IFN, TNF, as well as IFN responsive genes about 
15–75-fold higher than neutral and anionic liposomes did, which involved TLR4 
signaling [174]. Moreover, the cationic liposomes with higher charge density more 
effectively enhanced DC maturation, OVA-specific antibody response, and IFN-γ 
production than those with lower charge density did [152]. Although anionic and 
cationic charged nanoparticles both entered into the draining lymph nodes and were 
captured by alveolar macrophages and lung DCs after pulmonary instillation, only 
cationic nanoparticles significantly induced CCL2 and CXC10, thereby recruiting 
CD11b DCs to lung tissues [153]. In addition to direct stimulation of the immune 
system, the positive surface charge also prolonged the retention of nanovaccine at 
the site of injection, which subsequently promoted monocyte infiltration into the 
vaccination site and enhanced vaccine-induced Th1 immune response [175].

The hydrophobic moieties may serve as danger signals stimulating innate and 
adaptive immunity. Moyano et al. modified gold nanoparticles (Au NP) with differ-
ent functional groups to obtain a series of Au NPs with uniform structure but differ-
ent hydrophobicity. The in vitro study showed a positive correlation between the 
hydrophobicity of Au NP and TNF production in splenocytes [176]. Another study 
investigated the relationship between hydrophobicity and intrinsic immunostimula-
tory effects using three types of PLA microparticles (MPs), which had similar size 
and structure but different hydrophobicity. Compared with MPs with lower hydro-
phobicity, MPs with higher hydrophobicity more potently enhanced antigen uptake 
and promoted DC maturation, which could be attributable to MP hydrophobicity- 
caused stronger interaction force between MPs and cell membranes. The in vivo 
study showed that increased MP hydrophobicity significantly enhanced LN-targeting 
ability of MP vaccines and augmented MP vaccine-induced T cell responses but not 
antibody responses [154]. Shima et al. showed that the hydrophobicity of γ-PGA- 
Phe nanoparticles was positively correlated with their ability of facilitating 
DC-targeted antigen, promoting DC maturation, and eliciting T cell responses 
[155]. Kakizawa et al. coated monodisperse silica NPs with different poly(amino 
acid)s (PAAs) to obtain delivery platform for vaccine and immunoadjuvants. 
Regarding the anionic PAA-Si NPs, the induction of IL-1β in vitro and OVA-specific 
IFN-γ in vivo was both positively correlated with the hydrophobicity of NPs [177]. 
These results suggest that increasing the hydrophobicity of nanoparticles could be 
an effective strategy to augment their immunogenicity.
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Surface chemical moieties have been reported to participate in the cellular uptake 
and immunomodulatory effect of nanoparticles. Gold nanoclusters (Au NCs) func-
tionalized with zwitterionic ligands robustly induced DC maturation and cytokine 
production, whereas the PEGylation dramatically attenuated Au NC-triggered DC 
maturation and T cell activation [169]. Our group investigated the effect of 
PEGylation and its terminal functional groups (–COOH, –NH2, –OH, and –OCH3) 
on the proinflammatory property of polymer-coated CdSe/ZnS QDs (pQDs). 
Among four PEGylated pQDs, COOH-PEG-pQDs elicited highest levels of proin-
flammatory cytokines in macrophages through activating scavenger receptor/lipid 
raft/NF-kB pathway, whereas NH2-PEG-pQDs and HO-PEG-pQDs moderately 
induced cytokine production through MAPK/p38 signaling cascades [178]. 
Thermally oxidized porous silicon (PSi) (TOPSi) and thermally hydrocarbonized 
PSi (THCPSi) NPs were reported to induce DC maturation and enhance Th1/Th2 
cytokines. However, thermally carbonized PSi (TCPSi) and (3-aminopropyl) 
triethoxysilane-functionalized TCPSi (APSTCPSi) NPs failed to activate DC and T 
cells [170]. Lee et al. prepared radionuclide-embedded gold nanoparticles (Poly-Y- 
RIe-AuNPs) using oligotyrosine-modified AuNPs with additional Au shell for 
in vivo monitoring of DC migration. The in vitro results showed that Poly-Y-RIe- 
AuNPs significantly induced DC Maturation. Moreover, the immunization of Poly- 
Y- RIe-AuNPs-labeled DCs without antigen pulsing effectively elevated TNF and 
IL-6 both in the spleen and TDLNs and elicited antitumor CTL responses, thereby 
inhibiting tumor growth [179].

Although the molecular mechanism remains unclear, the immunogenicity of 
nanomaterials appears to involve the participant of multiple surface receptors and 
signaling pathways. TLR4 was involved in DC maturation induced by cationic 
lipid-like material (lipidoids) and DiC14-amidine cationic liposomes [180, 181]. 
Cationic DOTAP liposome-induced DC maturation was mediated by ERK and p38 
signaling pathways and required optimal amount of ROS production [152, 182]. 
Chitosan-induced DC maturation and type I IFN productions relied on the cyto-
plasmic DNA sensor cGAS and STING [24]. Poly(beta-amino esters)-induced 
macrophage activation relied on IRF signaling rather than NF-κB or TLR3/7/9 
signaling pathways [168]. Single-walled CNTs (SWCNTs) induced chemokine 
productions in human monocyte-derived macrophages through targeting activating 
the TLR4/MyD88/NF-κB pathway [78]. The varied proinflammatory effects of 
PEG-pQDs relied on lipid raft- and/or SRA-mediated endocytosis, which sequen-
tially triggered downstream NF-kB and MAPK signaling cascades for proinflam-
matory cytokine production [178]. Gadolinium endohedral metallofullerenols 
(Gd@C82(OH)22) significantly induced IL-1β in mouse macrophages through acti-
vating NLRP3 inflammasomes, P2X7 receptor activation and potassium efflux. 
Moreover, the TLR4/MyD88 pathway rather than TLR2 also mediated Gd@
C82(OH)22-induced IL-1β secretion [183]. Cationic and anionic cellulose nanocrys-
tals (CNCs) both induced IL-1β secretion in macrophages through activating 
NLRP3 inflammasomes [184]. Recent studies have revealed the critical role of 
autophagy in the immunogenicity of nanoparticles. Superparamagnetic iron oxide 
nanoparticles (SPIONs) interacted with TLR4 on macrophages, which 
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subsequently induced proinflammatory cytokine production and autophagy in mac-
rophages [185]. Another study demonstrated an essential role of autophagy in DC 
maturation induced by lactosylated N-Alkyl polyethylenimine-coated SPIO 
(N-Alkyl-PEI2k-LAC/SPIO) [186].

4.3.2.5  Enhancing the Potency of Immunoadjuvants with Nanomaterials

Immunoadjuvants are the key component of cancer vaccines and responsible for 
enhancing the magnitude, breadth, and longevity of antitumor immune responses. 
Although oil in water emulsions and alum have successfully improved the effective-
ness of prophylactic vaccines against certain pathogens, their effect on cancer vac-
cines remains unsatisfied. In the past decades, a variety of immunostimulatory 
compounds targeting pattern recognition receptors (PRRs) of the innate immunity, 
such as Toll-like receptors (TLRs), NOD-Like receptors (NLRs), RIG-I-Like recep-
tors (RLRs), and the stimulator of IFN genes (STING), have been reported as prom-
ising adjuvant candidates for cancer vaccine development due to their superior 
ability to induce cellular immune responses. However, these PRR ligands may trig-
ger multiple signaling pathways and influence various cell types, leading to sys-
temic immunotoxicity [158]. Nanomaterial-based delivery system has been 
demonstrated as a promising approach that could not only facilitate DC-targeted 
immunoadjuvant delivery and strengthen their downstream signaling transduction 
but also reduce the systemic immunotoxicity, thereby improving the potency and 
safety of immunoadjuvant.

TLR3. Poly I:C, a synthetic double strand RNA and agonist of endosomal TLR3, 
is a potent immunoadjuvant to induce tumor-specific CTL and NK/NKT cell 
responses against tumors [187]. Poly I:C can be effectively encapsulated or absorbed 
by cationic nanoparticles through the electrostatic interaction, which subsequently 
facilitate the cellular uptake by DCs. Poly I:C-loaded DOTAP liposomes not only 
enhanced the cellular uptake of Poly I:C by BMDCs but also promoted the co- 
localization of Poly I:C with TLR3, thereby robustly eliciting CTL response and 
NK cell activation to inhibit tumor growth [188]. OVA and Poly I:C were co- 
encapsulated with cationic PEG-PLL-PLLeu polypeptide micelles to generate poly-
peptide micelle-Poly I:C (PMP) nanovaccines, which induced OVA-specific CTL 
response more potently than soluble Poly I:C + OVA did [32]. Antigen peptide and 
Poly I:C can also be layer-by-layer (LbL) assembled on gold nanoparticles through 
electrostatic interactions to generate immune-polyelectrolyte multilayer (iPEM) for 
vaccine delivery. The iPEM-coated gold nanoparticles (iPEM-AuNPs) were effec-
tively captured by dendritic cells (DCs) and robustly induced DC maturation 
through TLR3 signaling, and promoted MHC I antigen presentation. Immunization 
of iPEM-AuNP not only effectively induced antigen-specific CD8+ T activation but 
also evoked a more potent recall response with antigen-specific CD8+ T cells than 
soluble peptide+PIC did [89].

TLR4. Monophosphoryl lipid A (MPLA), a nontoxic derivative of LPS, is the 
only TLR4 agonist approved for human application [187]. Due to the amphiphilic 

Y. Ma and L. Cai



219

structure, MPLA can be incorporated into the hydrophobic compartment of nanopar-
ticles. For example, phospholipid-enveloped ZnP hybrid nanoparticles (LZnP NPs) 
were loaded with multiple antigen peptides and MPLA to generate LZnP/HTM 
nanovaccines. Compared with LZnP vaccine, LZnP/HTM with MPLA incorpora-
tion more effectively induced DC maturation and cytokine production, robustly 
evoking T cell responses against tumors [66]. Antigen peptide-loaded hollow meso-
porous silica nanoparticles (HMSNs) were coated with MPLA-entrapped lipid 
bilayer to obtain HTM@HMLB nanovaccines, which effectively induced DC matu-
ration and tumor-specific CD8+ and CD4+ T cell activation, inhibiting tumor growth 
and metastasis with good safety profiles [141].

TLR7/8. Imidazoquinoline derivatives, such as resiquimod (R848), imiquimod 
(R837), and CL075, are synthetic agonist of endosomal TLR7 [187]. R837-loaded 
PLGA nanoparticles were coated by mannosylated cancer cell membranes to obtain 
NP-R@M-M nanovaccines, which were effectively internalized by DCs and stimu-
lated DC maturation, thereby eliciting antitumor immune responses and inhibiting 
tumor growth [103]. Peritumoral administration of nanoparticle-conjugated R837 
induced DC activation in draining LNs and evoked antigen-specific CD8+ T cell 
proliferation without inducing systemic type I IFN production, indicating great effi-
cacy and biosafety of nanoparticle-based localized immunotherapy [189]. Gold 
nanoparticles were coated with the mixture of 1-octanethiol and 
11- mercaptoundecane sulfonic acid to obtain pH-sensitive amphiphilic nanoparti-
cles (AmpNPs) for R848 delivery. The results showed that R848 could be effec-
tively loaded in the hydrophobic pockets of AmpNPs without further chemical 
modification. Moreover R848-AmpNPs could quickly release R848 at an acidic 
condition (pH 5.5) due to the protonation of amine groups, while retaining particle 
stability and minimal drug release at pH 7.2 despite the presence of serum. Compared 
with R848 alone, R848-AmpNPs elicited more robust antitumor T cell responses, 
leading to more significant tumor regression [190].

TLR9. CpG oligonucleotides (ODNs), the agonist of endosomal TLR9, are syn-
thetic short single-stranded DNA molecules containing unmethylated CpG motifs 
[187]. Multi-walled carbon nanotubes (MWNTs) were loaded with the conjugation 
of OVA and CpG (OVA-CpG) to obtain OVA-CpG/MWNT vaccines. Compared 
with soluble OVA+CpG, OVA-CpG/MWNT more effectively induced BMDC mat-
uration and MHC class I/II antigen presentation, robustly evoking OVA-specific 
antibody production and CTL responses [77]. Concatemer CpG analogs and mag-
nesium pyrophosphate (Mg2PPi) were co-precipitated to form DNA-inorganic 
hybrid nanovaccines (hNVs). Although hNVs and free CpG both effectively induced 
DC maturation and macrophage activation, hNVs significantly prolonged tumor 
retention of CpG analogs, thereby leading to robust tumor regression and reduced 
systemic immunotoxicity of CpG [191]. Magnetite-filled PEGylated phospholipid 
micelles (IONP micelles) loaded with OVA antigen or CpG ODNs not only facili-
tated the co-localization of the endo/lysosomal compartment with CpG and OVA 
but also enhanced CpG-induced DC maturation and IL-6/TNF production. 
Compared with free CpG ODNs, CpG-IONP more effectively induced DC matura-
tion and NK cell activation in the spleen and LNs without eliciting systemic IL-6 
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production. These results indicated enhanced immunogenicity and diminished sys-
temic immunotoxicity of CpG, which should be due to the LN-targeted delivery by 
IONP micelles [192]. A recent study conjugated immunogenically dying tumor 
cells with CpG-loaded multilamellar lipid-polymer nanodepots (CpG-NPs) to 
obtain CpG-loaded whole tumor cell vaccines, which elicited robust antigen- specific 
CD8+ T cells and tumor regression [193].

STING. The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon gene 
(STING) pathway has been recently identified as an important PRR for sensing 
cytosolic dsDNA. First, cGAS binds to cytosolic dsDNA and catalyzes the forma-
tion of cyclic GMP-AMP (cGAMP), a cyclic dinucleotide (CDN). Next, cGAMP 
activates STING, an endoplasmic reticulum-resident adaptor molecule, triggering 
the TBK1–IRF3 and NF-κB pathways to induce type I IFN production. Hence, the 
cGAS-STING pathway can be an ideal target for boosting cancer immunotherapy 
[194]. However, it remains a challenge to effectively deliver cGAS-STING agonist 
into the cytosol. Wilson et al. mixed anionic cGAMP, a STING agonist, with cat-
ionic poly(beta-amino ester) (PBAE) polymers to generate PBAE/CDN nanoparti-
cles, which not only facilitated the internalization of CNDs by macrophages but 
also enhanced CND-triggered IRF3 activation with the dosage of 100-fold less than 
that of free CNDs did [195]. More recent study encapsulated cGAMP with endoso-
molytic polymersomes with pH-responsive and membrane-destabilizing activity, 
which aimed to facilitate intracellular release and endosomal escape of cGAMP. The 
results showed that polymersomes-encapsulated cGAMP (STING-NPs) signifi-
cantly enhanced cellular uptake and immunopotency of cGAMP. Compared with 
free cGAMP, the injection of STING-NPs more effectively ameliorated immuno-
suppressive TME and enhanced T cell tumor infiltration and activation, thereby 
robustly inhibiting tumor growth and metastasis [196].

RIG-I. Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are a class 
of cytosolic PRRs that detect double-stranded RNA (dsRNA) and single-stranded 
RNA (ssRNA) with a triphosphate group at the 5′ end, triggering downstream pro-
duction of type I interferons and other proinflammatory cytokines. Despite the 
potent immunostimulatory potential, RLR-targeted therapy could be a challenge 
due to RNA degradation, poor cellular uptake, and minimal access to cytosolic 
RLRs as well as potential immunotoxicity. A pH-responsive, endosomolytic poly-
mer nanoparticle was developed to deliver short double-stranded RNA with 5′ tri-
phosphate (NP/3pRNA), a ligand of RLR. These nanoparticles were composed of 
amphiphilic diblock copolymers with dimethylaminoethyl methacrylate 
(DMAEMA), a cationic segment for RNA condensation, and terpolymer block of 
DMAEMA, butyl methacrylate (BMA), and propylacrylic acid (PAA), an endosome- 
destabilizing segment to enhance the cytosolic delivery of RNA with a cationic first 
block for facile electrostatic complexation and protection of nucleic acid cargo, and 
an endosome-destabilizing terpolymer block comprising DMAEMA, butyl methac-
rylate (BMA), and propylacrylic acid (PAA) act cooperatively to mediate efficient 
cytosolic delivery. The in vitro study showed that NP/3pRNA significantly induced 
the activation of APCs (DC and macrophages) and triggered the production of type 
I IFNs and proinflammatory cytokines/chemokines, both of which were essential 
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for eliciting antitumor immune responses. On the other hand, NP/3pRNA also 
effectively upregulated RIG-I expression, induced production of type I IFNs, and 
activated downstream STAT1 and IRF3 signaling pathways in multiple tumor cell 
lines. The activation of RIG-I pathway in tumor cells subsequently led to tumor cell 
ICD, thereby enhancing CD8+ T cell activation and tumoral infiltration. The intratu-
moral (IT) injection of NP/3pRNA not only inhibited tumor growth but also signifi-
cantly enhanced the therapeutic efficacy of anti-PD-1 [197]. Das et al. designed a 
dual-functional ppp dsRNA, which could not only silence Bcl-2 gene to induce 
tumor apoptosis but also activate RLRs to evoke antitumor immune responses. After 
i.v. injection, lipid calcium phosphate nanoparticles (LCP-AEAA)–encapsulated 
ppp dsRNA rather than free ppp dsRNA significantly decreased Bcl-2 expression 
and suppressed tumor growth through inducing cell apoptosis. More importantly, 
LCP-AEAA–encapsulated ppp dsRNA effectively induced tumor-specific T cell 
activation and ameliorated immunosuppression through decreasing M2 macro-
phages, B regulatory cells, and plasma cells in tumor microenvironment, both of 
which further contributed to tumor regression [198].

4.3.3  Lymph Node-Targeted Cancer Immunotherapy 
with Nanomaterials (Step 3)

The lymphatic system consists of lymphatic organs (e.g., spleens, lymph nodes, 
tonsils, Peyer’s patches) and lymphatic vessel network, playing a central role in 
transporting exogenous/endogenous antigens and immune cells from peripheral tis-
sues into lymphoid organs [199, 200]. Lymph nodes (LNs)  are major lymphoid 
organs for trapping lymph-borne antigens from peripheral tissues and generating 
adaptive immunity, thereby being considered as a critical target organ for cancer 
immunotherapy. Compared with peripheral DC-targeted vaccine, LN-targeted vac-
cine delivery can accelerate the generation of antigen-specific immune responses, 
which could be due to the quick LN drainage and cellular uptake of antigens by 
APCs [199–201]. Moreover, the lymphatic targeted delivery of immunostimulators, 
such as TLR agonists and cytokines, also effectively enhances antitumor immune 
responses through selectively modulating the microenvironment in LNs without 
causing systemic immunotoxicity [192, 202], thereby enhancing the potency and 
biosafety of immunostimulatory compounds.

Appropriate particle size is critical for LN-targeted drug delivery. Particle sizes 
between 10 and 100 nm are more effective than the larger size (>100 nm) for lym-
phatic transfer due to the size limitation of the lymphatic interstitium (~100 nm). On 
the other hand, the smaller particles (<10 nm) are primarily absorbed via the blood 
capillaries [203]. Amine group-modified poly(γ-glutamic acid) (γ-PGA-CH-NH2) 
were mixed with OVA antigen or poly I:C to obtain SVNP-OVA nanovaccine and 
SVNP-IC nanoadjuvant, respectively. The sizes of SVNP-OVA and SVNP-IC were 
around 20–70 nm, which allowed them to effectively drain into LNs and be captured 
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by lymphatic APCs (macrophages and DCs), thereby leading to robust antitumor T 
cell responses and tumor regression [202]. Phospholipid-enveloped zinc phosphate 
hybrid nanoparticles (LZnP NPs) were loaded with multiple antigen peptides and 
MPLA to generate LZnP/HTM nanovaccines, which demonstrated superior 
LN-targeting ability due to their appropriate particle size (~30 nm) [66]. PEGylated 
phospholipid-coated magnetite micelles (IONP micelles) were loaded with CpG to 
generate CpG-IONP with the size around 40 nm. Compared with free CpG, CpG- 
IONP more effectively accumulated in LNs, thereby inducing DC maturation and 
NK cell activation in spleens and LNs without eliciting systemic cytokine storm 
[192]. Amphiphilic polymer-coated gold nanoparticles were loaded with R848, a 
TLR7 ligand to generate R848-AmpNPs, which were negatively charged with the 
hydrodynamic size around 5  nm. Upon s.c. injection, R848-AmpNPs primarily 
accumulated in ipsilateral draining LNs but were barely detected in contralateral 
LNs and in the spleen. Moreover, R848-AmpNPs selectively induced cytokine pro-
duction in ipsilateral draining LNs, whereas free R848 significantly induced cyto-
kine production in both ipsilateral and contralateral LNs. Although R848 and 
R848-AmpNPs equally induced DC maturation and cytokine production in vitro, 
R848-AmpNPs inhibited tumor growth more effectively than free R848 did. These 
results showed that the LN-targeted delivery of vaccines and immunoadjuvants with 
nanoparticles not only avoided severe systemic immunotoxicity but also signifi-
cantly enhanced their antitumor effect [190].

Surface charge certainly plays a critical role in modulating LN-targeting ability 
of nanoparticles [204]. Positive charge was previously considered as a negative fac-
tor to diminish LN-targeting ability of nanoparticles. Cationic nanoparticles were 
shown to be trapped by negatively charged extracellular matrix around the injection 
sites, whereas the anionic and neutral NPs drain into LNs from injection sites more 
effectively [205]. However, a recent study showed positive charge as a double- 
edged sword for LN-targeted drug delivery. Polymeric hybrid micelles (PHMs) with 
varied proportions of polycaprolactone-polyethylenimine (PCL-PEI) and 
polycaprolactone- polyethyleneglycol (PCL-PEG) were prepared for LN-targeted 
codelivery of tumor antigen and vaccine adjuvant (CpG). The results showed that 
the appropriate amount of cationic PCL-PEI (10%) was essential for vaccine accu-
mulation in LNs. When PCL-PEI was less than 10%, PHM/CpG nanovaccines 
quickly dispersed throughout the body, which could potentially cause systemic 
immunotoxicity. On the other hand, high proportions of cationic PCL-PEI (25–50%) 
caused nanovaccine entrapment at the injection site, thereby dampening their anti-
tumor effect [26]. PEGylation was reported as another strategy to enhance LN tar-
geting of cationic liposomes through reducing nonspecific binding by extracellular 
matrix. Incorporating 1 mol% of DSPE-PEG2000 into OVA-loaded DOTAP vaccines 
(DOTAP-1%PEG) not only accelerated liposomal drainage into draining LNs with 
a few minutes but also enhanced liposome uptake by APCs, thereby accelerating 
primary OVA-specific antibody production [201].

Surface functionalization of nanoparticles with APC-targeted molecules is 
another effective strategy to facilitate LN-targeted drug delivery. Mannosylated 
DSPE-PEG2000 was incorporated into DOTAP to generate mannosylated DOTAP 
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(LP-Man), which not only significantly accumulated in LNs with prolonged LN 
retention time but also was effectively captured by APCs in LNs, thereby leading to 
robust antigen-specific IFN production and long-term immunological memory 
[206]. Mannosylated lipid/calcium/phosphate (Man-LCP) NPs was loaded with 
MUC1 mRNA to obtain Man-LCP-MUC1 nanovaccines with the size around 
50 nm. The injection of Man-LCP-MUC1 nanovaccine significantly induced MUC1 
expression in mouse draining LNs, thereby inducing robust tumor-specific CTL 
responses and tumor regression [81]. Incorporation of monosialoldihexosyl- 
ganglioside (GM3), a ligand of CD169 expressed on DCs and macrophages, effec-
tively facilitated the enrichment of lipid membrane-wrapped NPs in LNs [207].

Natural cell membrane coating is emerging as a promising strategy to facilitate 
LN-targeted cancer immunotherapy. For example, RBC membrane-coated PLGA 
nanoparticles not only demonstrated prolonged circulation time but also showed 
superior lymphatic-targeting ability, which enabled their payload to be enriched in 
the spleen and LNs within 1 h after s.c. injection [99]. Surface coating with man-
nosylated RBC membranes effectively enhanced LN-targeted delivery of MPLA- 
adjuvanted nanovaccines, which consequently elicited robust antitumor immune 
responses and tumor regression with minimal systemic immunotoxicity [100]. 
Cancer cell membrane, as a good source of cancer antigens, has been recently 
applied for cancer vaccine development. Cancer cell membrane-coated PLGA 
nanoparticles (CM-PLGA NPs) not only demonstrated LN-targeting ability, which 
directly contributed to enhanced antitumor CD8+ T cell responses, but also were 
capable of inhibiting cancer cell migration towards fibroblasts due to the presence 
of membrane-associated proteins (e.g., CXCR4 and CD44), thereby effectively pre-
venting tumor metastasis [208]. Further modification of CM with PEG or mannose 
more significantly improved LN targeting of nanovaccines, which consequently led 
to boosted antitumor immune responses and tumor regression [103, 107].

Tumor draining LNs (TDLNs) are special LNs with immunosuppressive micro-
environment but high levels of tumor-associated antigens due to the direct connec-
tion with tumor tissues. TDLNs not only play a role in tumor metastasis but also are 
important anatomic sites for initiating antitumor immune responses [200]. Several 
studies investigated whether TDLN-targeted cancer immunotherapy would be more 
effective than those targeting non-tumor-associated LNs. After intradermal  injec-
tion, CpG-loaded poly(propylene sulfide) (PPS) nanoparticles (CpG-NPs) with the 
size around 30 nm were effectively captured by DCs in DTLNs or non-tumor LNs, 
depending on the injection sites. Compared with non-tumor LN-targeted CpG deliv-
ery, TDLN-targeted CpG delivery more effectively induced DC maturation and 
reversed immunosuppression in TDLNs, leading to more robust tumor-specific T 
cell responses and tumor regression [209]. The same group also codelivered CpG- 
NPs and tumor antigen-conjugated NPs into TDLNs or non-tumor LNs using simi-
lar strategy. Compared with non-tumor LN-targeted vaccination, TDLN-targeted 
vaccination induced much stronger CTL responses both locally and systemically, 
leading to robust tumor regression and host survival [210]. These data implicate 
TDLNs of solid tumor as a potential target organ for cancer immunotherapy.
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Direct intra-lymph node (iLN) injection offers a new opportunity for modulating 
the microenvironment on LNs. Upon iLN injection, TLR agonists and tumor anti-
gen peptide-loaded PLGA microparticles (MPs) served as a vaccine depot in LNs, 
which not only induced DC maturation and macrophage activation but also recruited 
CD4+ T cells, CD8+ T cells, DCs, and macrophages into LNs, thereby robustly elic-
iting T cells responses and tumor regression [211].

4.3.4  Reprogramming the Tumor Microenvironment 
with Nanomaterials (Steps 5 and 7)

The tumor microenvironment is a network of cells and tumor-surrounded structures, 
including blood vessels, stromal cells, fibroblast cells, immune cells, the extracel-
lular matrix, and signaling molecules. Immunosuppressive cells (e.g., TAMs, 
TIDCs, MDSCs, Tregs, and CAFs) and tumor-derived immunosuppressive mole-
cules (e.g., TGF-β, IL-10, IDO, Arg1, ROS, and NO) in tumor microenvironment 
directly contribute to immune evasion and immunosuppression of antitumor 
response [212, 213]. Moreover, dysfunctional tumor vasculature and aberrant meta-
bolic activity of tumor cells, such as high glucose consumption and lactate secre-
tion, lead to hypoxic and acidic tumor microenvironment, which not only enhances 
the accumulation of TAMs, MDSCs and Treg cells but also inhibits antitumor T cell 
activities [214]. Hence, overcoming the immunosuppression in tumor microenvi-
ronment is an important strategy to improve the clinical efficacy of cancer 
immunotherapy.

4.3.4.1  Repolarizing Tumor-Associated Dendritic Cells 
with Nanomaterials

Tumor-associated DC dysfunction plays an important role in tumor-derived immu-
nosuppression. Compared with normal DCs, tumor-associated dendritic cells 
(TADCs) demonstrate less mature but more immunosuppressive phenotype with 
reduced costimulatory signals (such as CD40 and CD86) and elevated immune 
inhibitory molecules (PD-L1), which directly inhibit antitumor T cell responses. 
Moreover, TADCs are resistant to immunoadjuvant stimulation, which is a major 
obstacle for cancer vaccine-based immunotherapy [215].

Immunosuppressive effect of TADCs is associated with aberrantly overexpressed 
immunosuppressive genes, such as STAT3, FOXO3, and suppressor of cytokine 
signaling 1 (SOCS1), and can be regulated by multiple microRNAs from tumor 
cells [215]. To sensitize TADCs to TLR stimulation, a multifunctional envelope- 
type nano device (MEND) containing YSK12-C4, an ionizable-cationic lipid, was 
developed for DC-targeted SOCS-1 siRNA delivery. The delivery of SOCS-1 
siRNA into DCs using YSK12-MEND reduced the expression of 
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immunosuppressive SOCS-1 about 80%, which was accompanied with enhanced 
TNF and IL-6 production. Furthermore, the immunization with YSK12-MEND/
SOCS1 siRNA- treated BMDCs resulted in more significant tumor regression than 
untreated BMDCs [216]. Our group co-encapsulated Poly I:C and OVA antigen 
with STAT3 siRNA by cationic polypeptide micelles (PMP) to generate PMP/OVA/
siRNA nanovaccines, which aimed to simultaneously activate TLR3 and block 
immunosuppressive STAT3 signal. The results showed that PMP/OVA/siRNA not 
only decreased STAT3 expression in TADCs but also effectively induced TADC 
maturation by elevating CD86 and CD40 expression as well as IL-12 production. 
Vaccination of PMP/OVA/siRNA effectively evoked robust tumor-specific CTL 
responses and ameliorated tumor-derived immunosuppression by decreasing immu-
nosuppressive Treg cells and MDSCs in tumor draining LNs, thereby leading to 
dramatic tumor regression [33]. Another study reported a dysregulated miR-148a/
DNA methyltransferase (DNMT)1/SOCS 1 axis contributing to the poor respon-
siveness of TADCs to TLR stimulation. Therefore, miR-148a inhibitor (miR-148ai) 
was co- encapsulated with PMP/OVA to generate PMP/OVA/148ai nanovaccines, 
which were shown to effectively rescue the responsiveness of TADCs to TLR3 and 
TLR4 agonists through elevating DNMT1 and decreasing SOCS1, thereby repro-
gramming immunosuppressive TADCs into immunogenic DCs. Moreover, PMP/
OVA/148ai nanovaccine effectively reversed tumor-derived immunosuppression, 
leading to robust anticancer immune responses and tumor regression [31].

4.3.4.2  Targeting Tumor-Associated Macrophages with Nanomaterials

Tumor-associated macrophages (TAMs), the dominant inflammatory cell popula-
tion in tumor microenvironment, primarily polarize the “alternatively activated” 
M2-like macrophages and play an important role in promoting tumor growth, 
metastasis, angiogenesis, and immunosuppression. Removing or depleting TAMs 
is considered as a promising strategy to overcome tumor-derived immunosuppres-
sion and enhance antitumor immune responses. To effectively remove TAMs, ther-
apeutic agents must be specifically delivered into TAMs in tumor tissues. 
Nanovectors have been reported to specifically deliver their cargo into TAMs 
through actively targeting a variety of surface receptors on TAMs, such as macro-
phage galactose- type C-type lectin (MGL) receptor [30], mannose receptor 
(CD206), folate receptor beta (FRβ), transferrin receptor [217], and scavenger 
receptors (SR) [60, 218]. M2 macrophage-targeting peptide (M2pep) is a peptide 
that preferentially binds to M2 macrophages and M2-like TAMs. Gold nanoparti-
cles (Au NPs) functionalized with M2pep effectively delivered VEGF siRNA into 
TAMs and significantly decreased VEGF expression. Intratracheal administration 
of VEGF siRNA-loaded M2pep- AuNPs selectively delivered siRNA into TAMs of 
lung cancers, which consequently reduced VEGF expression and TAM number in 
lungs, inhibiting lung cancer progression [60]. To further enhance TAM-targeting 
ability, M2pep was conjugated with α-peptide (a scavenger receptor B type 1 (SR-
B1)) to generate a fusion peptide α-M2pep with dual TAM-targeting ability. The 
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in  vivo study showed that α-M2pep- functionalized lipid nanoparticles (M2NPs) 
specifically delivered siRNA of CSF-1R(CD115) to M2-like TAMs and reduced 
M2-like TAMs in mouse tumors over 50%, which subsequently increased tumor-
infiltrated CD8+ T cells and IFN-γ production, leading to robust tumor regres-
sion [218].

In addition to TAM depletion, reprogramming pro-tumoral M2-like TAMs to 
antitumor M1 macrophages is another plausible strategy of cancer immunotherapy. 
R848 is a potent immunoadjuvant to promote the differentiation of M1 macro-
phages. Rodell et  al. developed R848-loaded β-cyclodextrin nanoparticles 
(CDNP-R848) for TAM-targeted immunotherapy. The in vivo results showed that 
CDNP-R848 not only accumulated in tumors and tumor draining LNs after i.v. 
injection but also was effectively captured by TAMs, which consequently promoted 
TAM differentiation towards M1 phenotype, inhibiting tumor growth [219]. 
Overexpression of certain microRNA (miR), such as miR-125b and miR-155, is 
another strategy to reprogram TAMs into M1 macrophages. However, it remains a 
challenge to selectively deliver miR into TAMs without affecting the macrophages 
in normal tissues. Our group reported redox/pH dual-responsive polypeptide nano-
vectors consisting of self-crosslinked galactose functionalized polypeptides (GLC) 
coated with sheddable PEG-PLL (sPEG) copolymers. The charge reversible sPEG 
covered cationic GLC core at physiological pH to avoid nonspecific binding by 
normal macrophages, but quickly shed off at pH 6.5 to re-expose GLC for TAM 
targeting. The injection of miR155-loaded sPEG/GLC robustly elevated miR155 
expression in TAMs and repolarized them to antitumor M1 macrophages, which 
were accompanied with increased tumor infiltration of T cells and NK cells, thereby 
leading to robust tumor regression [220]. Parayath et al. encapsulated miR-125b 
with hyaluronic acid-poly(ethylenimine) (HA-PEI), which was expected to target 
CD44+ macrophages. The i.p. injection of HA-PEI/miR-125b selectively elevated 
miR-125b in peritoneal macrophages over 100-folds and repolarized them from 
M2 to antitumor M1 phenotype. More interestingly, activated peritoneal macro-
phages effectively migrated into mouse lung cancer and significantly elevated lung 
M1 macrophages, suggesting its potential to boost cancer immunotherapy [221].

In recent studies, nanovectors with intrinsic ability of repolarizing TAMs have 
been developed for TAM-targeted cancer immunotherapy. Polyhydroxylated fullere-
nols (C60(OH)22 and Gd@C82(OH)22) were reported to directly induce macrophage 
activation and enhance their cytotoxic effect against tumor cells through activating 
NF-kB signaling pathway [222]. Reactive oxygen species (ROS) play an important 
role in promoting M1 macrophage differentiation through activating MAPK and 
NF-κB signal pathways. Hence, elevating intracellular ROS appears to be a plausible 
strategy to repolarize TAM to M1 macrophages. Our groups reported TAM-targeted 
polypeptide micelles grafted with Zinc protoporphyrin IX (ZnPP), an ROS inducer, 
to obtain ZnPP PM nanoparticles. The results showed that ZnPP PM significantly 
elevated ROS production and attenuated immunosuppressive STAT3 signaling in 
TAMs, which consequently re-sensitized TAMs to TLR stimulation. Poly I:C-loaded 
ZnPP PM (ZnPP PM/PIC) effectively repolarized TAMs to M1 macrophages and 
elevated tumor-infiltrating NK cells and T lymphocytes, thereby leading to robust 

Y. Ma and L. Cai



227

tumor regression [30]. Another study developed TAM-targeted nanoparticles loaded 
with photosensitizers (e.g., ICG, titanium dioxide), which significantly elevated 
ROS in TAMs through PDT effect, thereby promoting M1 macrophage repolariza-
tion and enhancing their antitumor effects [223]. M1 macrophages can induce tumor 
cell death through NO production using l-arginine as a substrate. Based on this 
mechanism, Kudo et  al. developed poly(l-arginine)-based micelles ((PEG-b-P(l-
Arg)/m) for NO induction and anticancer immunotherapy. The results showed that 
PEG-b-P(l-Arg) but not PEG-b-P(D-Arg) or PEG-b-poly(l-ε- guanidium lysine) 
robustly induced NO production in macrophages. The systemic administration of 
PEG-b-P(l-Arg)/m dose dependently suppressed the tumor growth in vivo [28].

4.3.4.3  Targeting Myeloid-Derived Suppressor Cells with Nanomaterials

Myeloid-derived suppressor cells (MDSCs), including myeloid MDSCs (M-MDSCs) 
and granulocytic MDSCs (PMN-MDSCs), are major immunosuppressive cell popu-
lation in tumor microenvironment [224]. Therefore, depleting MDSCs could be a 
promising strategy to overcome tumor-derived immunosuppression and restore anti-
cancer immunity. Gemcitabine (Gem), a nucleoside analog of chemotherapy, has 
been shown to reduce MDSCs in  vivo at a low dose. The s.c. injection of lipid 
nanocapsule-formulated gemcitabine (GemC12) led to significant drug accumula-
tion in the spleen and effectively reduced splenic and tumor-infiltrating M-MDSCs 
in mice. The pretreatment with GemC12-LNCs a day before adoptive T cell therapy 
effectively increased the number and activity of tumor-infiltrating CD8+ T cells, 
which should be attributed to decreased M-MDSCs in tumor microenvironment 
[225]. Another study encapsulated Gem with lipid-coated calcium phosphate (LCP) 
nanoparticles for cancer therapy. Compared with free Gem, LCP-Gem more effec-
tively induced tumor cell apoptosis, but also more significantly attenuated tumor-
derived immunosuppression through depleting MDSCs, promoting M1 macrophage 
differentiation, and attenuating PD-L1 expression in tumor tissues, which conse-
quently led to boosted antitumor CD8+ T cell responses and robust tumor regression 
[226]. The purine analog 6-thioguanine (TG), a cytotoxic drug for myeloid leukemia 
treatment, is another reagent for MDSC depletion. Herein, TG was conjugated to 
PEG–PPS chain via a disulfide bond to generate ultra-small micelles (MC-TG) 
(~25 nm). MC-TG micelles were effectively captured by MDSC in both tumors and 
lymphatic systems after i.d. injection, which subsequently depleted M-MDSCs and 
G-MDSCs in the spleen and LNs and selectively depleted M-MDSCs in tumors. 
Although MC-TG alone did not inhibit tumor growth, the administration of MC-TG 
prior to adoptive CD8+ T cell transfer more effectively inhibited tumor growth than 
T cell transfer alone, which could be attributable to ameliorated immunosuppression 
through MDSC depletion in tumors. Moreover, the pretreatment of MC-TG also 
elevated tumor infiltration of endogenous T cells and increased the proportion of 
effector memory cells in transferred T cells, thereby leading to more effective tumor 
inhibition [227]. These results suggest that MDSC depletion could be a promising 
strategy to improve the therapeutic efficacy of T cell therapy.
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4.3.4.4  Targeting Regulatory T Cells with Nanomaterials

FOXP3+CD25+CD4+ regulatory T (Treg) cells, as the major immunosuppressive 
cell population in tumor microenvironment, have a broad range of immunosuppres-
sive activities, such as  inhibiting tumor-specific T cell activation and expansion, 
dampening APC function, ect. Targeting Treg cells has been considered as a plau-
sible immunotherapeutic strategy to rescue antitumor immunity [228]. Currently, 
Treg-targeted therapy can be achieved by Treg depletion using anti-CD25 or che-
motherapeutic drugs (cyclophosphamide and fludarabine). Since CTLA-4 and PD-1 
are highly expressed on Treg cells, immune checkpoint blockade with anti-CTLA4 
and anti-PD1 is also an effective strategy to attenuate Treg cell activity [177]. 
Nanotechnology offers great opportunities for Treg-targeted immunotherapy [229]. 
Li et al. encapsulated CTLA-4 siRNA with PEG-PLA and cationic lipid BHEM- 
Chol to obtain NPsiCTLA-4 nanocomplexes, which effectively decreased CTLA-4 
expression in active T cells about 60–70%. The i.v. injection of NPsiCTLA-4 not 
only reduced CTLA-4 expression over 60% in CD4+ and CD8+ TILs but also signifi-
cantly decreased Treg cells in tumors, which consequently enhanced frequency and 
CTL activity of tumor-infiltrating T cells, leading to robust tumor regression [230]. 
Imatinib (IMT) is a tyrosine kinase inhibitor that has been reported to decrease Treg 
cell viability and activity through blocking STAT3 and STAT5 signaling. Ou et al. 
developed IMT-loaded lipid-PLGA hybrid nanoparticles functionalized with a 
tLyp1 peptide (IMT/tLyp1-NP) to achieve Treg cell-targeting through Neuropilin-1 
(Nrp1) receptor. The results showed that IMT-loaded tLyp1 nanoparticles (IMT/
tLyp1-NP) not only suppressed Treg cell differentiation and expansion in vitro but 
also decreased tumor-infiltrating Treg cells over 30% in mice [231]. The functional-
ization of PLGA NPs with glucocorticoid-induced TNF receptor family-related pro-
tein (GITR) antibody was reported as another effective strategy to enhance the 
inhibitory effect of IMT on Treg cells [232]. The combination of IMT/tLyp1-NP 
and anti-CTLA-4 further decreased Treg cells in tumors over 50%, while increasing 
tumor-infiltrating CD8+ T cells, thereby synergistically inhibiting tumor growth 
[231]. These studies demonstrate the great potential of nanoparticle-based drug 
delivery system for modulating Treg cells in tumor microenvironment and improv-
ing antitumor immunotherapy.

4.3.4.5  Targeting Immunosuppressive Factors with Nanomaterials

In addition to immunosuppressive cells, a variety of immunosuppressive factors in 
tumor microenvironment play an important role in attenuating antitumor immune 
responses, thereby acting as promising targets of cancer immunotherapy. For exam-
ple, programmed death-ligand 1 (PD-L1), a surface molecule on tumor cells and 
APCs, inhibits the antitumor immune responses through binding to PD-1 on T cells 
and NK cells. Hence, PD-1/PD-L1 blockade is emerging as the most potent immu-
notherapeutic strategy to treat a variety of cancers. Folic acid (FA)-functionalized 
polyethylenimine (PEI) was reported to effectively deliver PD-L1 siRNA into FA 
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receptor-positive tumor cells and decreased PD-L1 protein expression about 
40–50%, thereby sensitizing the tumor cells to T cell killing [233]. Hyaluronic acid 
(HA), as the major component of extracellular matrix, is a major barrier dampening 
drug penetration into tumors. Hyaluronidase (HAase) is the enzyme to degrade the 
overexpressed HA in tumor tissues. The in vivo study showed that the pretreatment 
of HAase significantly increased tumor accumulation and tissue penetration of 
NP-encapsulated PD-L1 shRNA, which consequently improved gene silencing effi-
cacy of PD-L1 shRNA, leading to robust tumor regression [234]. Wang et al. conju-
gated anti-PD-L1 antibody onto the platelet surface to obtain anti-PD-L1-conjugated 
platelets (P–aPDL1). Compared with anti-PD-L1, P-aPDL1 not only demonstrated 
longer blood circulating time but also more significantly accumulated in residual 
tumors after surgical resection. Moreover, P-aPDL1 significantly decreased tumor- 
infiltrating Treg cells but robustly boosted antitumor CD8+ T cell responses, thereby 
preventing cancer recurrence and metastasis after surgery [101]. A recent study gen-
erated PD-1+ cell membrane-derived nanovesicles (PD-1 NVs) for tumor-targeted 
drug delivery. As expected, PD-1 NVs effectively bond to PD-L1 on melanoma 
cancer cells, which not only facilitated tumor-targeted drug delivery but also blocked 
PD1/PD-L1 axis to rescue T cell exhaustion, thereby effectively inhibiting tumor 
growth. Moreover, PD-1 NVs were further loaded with 1-methyl-tryptophan 
(1-MT), an indoleamine 2,3-dioxygenase (IDO) inhibitor, in order to simultane-
ously block immunosuppressive PD1/PD-L1 and IDO signaling pathways in tumor 
microenvironment. Compared with PD-1 NVs and 1-MT, 1-MT-loaded PD-1 NVs 
more remarkably enhanced CD8+ activation and tumor infiltration, robustly leading 
to tumor regression [235].

Despite great success of PD1/PD-L1 blockade in a variety of cancers, patients 
with low tumor antigens often poorly respond to the therapy. Hypomethylation 
agents (HMAs), an epigenetic modulator, are able to induce the expression of tumor 
antigens, which might potentially improve the therapeutic efficacy of PD1/PD-L1 
blockade. To test this hypothesis, anti-PD1 was formulated with pH-sensitive 
CaCO3 nanoparticles to obtain aPD1-NPs. The aPD1-NPs were then co- encapsulated 
with Zebularine (Zeb), a HMA, into a pH-ROS dual-responsive gel depot, which 
was designed to utilize low pH and high ROS in tumor microenvironment to trigger 
controlled release of the payload. The peritumoral injection of Zeb-loaded gel (Zeb- 
gel) significantly elevated the immunogenicity of tumors by increasing tumor anti-
gen expression, which consequently triggered DC maturation and upregulated 
tumor PD-L1 expression but reduced immunosuppressive MDSCs in tumor micro-
environment. Although aPD1-NP loaded gel (aPD1-gel) moderately inhibited 
tumors, the codelivery of aPD1 and Zeb with aPD1-Zeb-gel significantly boosted 
antitumor T cell responses and promoted T cell infiltration into tumors, thereby 
effectively inhibiting both primary and distant tumors [236].

Indoleamine 2,3-dioxygenase (IDO) is a tryptophan catabolic enzyme that 
breakdown tryptophan (TRP) to kynurenine for tumor progression and tumor immu-
nosuppression [237]. Melanoma antigen Trp2 epitope-expressed S. cerevisiae yeast 
(yeast-Trp2) was coated with PEI25k and IDO siRNA to generate yeast-Trp2-siRNA 
nanocomplexes (YCP), which simultaneously induced DC maturation and inhibited 
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IDO expression in DCs over 60%. Immunization of YCP robustly elicited Trp2- 
specific CD8+ T cell responses but decreased Treg cells, thereby leading to dramatic 
tumor regression [238]. Dual-responsive peptide nanoparticles were developed to 
codeliver a short peptide antagonist of PD-L1 (DPPA-1) and an inhibitor of IDO 
(NLG919) for combinational cancer immunotherapy. Although DPPA-1 nanoparti-
cle alone significantly induced antitumor T cells response and inhibited tumor 
growth, the codelivery of DPPA-1 and NLG919 more effectively induced antitumor 
CTL responses and inhibited tumor regression with significantly prolonged overall 
survival [239].

In addition to PD-L1 and IDO, several immunosuppressive molecules in 
TEM were also investigated for cancer immunotherapy. CD73, a surface mole-
cule expressed on tumor and immune cells, is responsible for the production of 
adenosine, a soluble factor promoting tumor growth and immunosuppression. 
CD73 siRNA-loaded chitosan-lactate nanoparticles (ChLa NPs) significantly 
decreased CD73 expression on tumor cells and moderately reduced tumor-infil-
trating Treg and MDSCs. The combination of NP/CD73 siRNA with tumor 
lysate-loaded DC vaccines further reduced immunosuppressive Treg, MDSCs, 
and TAMs, evoking robust anticancer T cell responses and tumor regression 
[21]. Wnt family member 5A (Wnt5a) is a signaling protein in tumor microen-
vironment, inducing DC tolerance and tumor fibrosis. The expression of Wnt5a 
trap protein in tumors with cationic lipid protamine-DNA (LPD) nanoparticles 
effectively reduced Wnt5a protein level in tumors over 70%, which subsequently 
elevated tumor-infiltrating DCs but decreased immunosuppressive cells, such as 
MDSCs, M2 macrophages, and PD-L1+ cells, thereby promoting antitumor 
immunity [56].

4.3.4.6  Ameliorating Hypoxia in Tumor Microenvironment 
with Nanotechnology

Hypoxia in tumor microenvironment not only promotes tumor progression and 
metastasis but also triggers multiple signaling pathways and metabolic switch to 
aerobic glycolysis, leading to immunosuppression and resistance to cancer therapy 
[214]. Therefore, alleviating hypoxia is highly desirable to enhance the efficacy of 
cancer therapy. Nanomaterials provide great opportunities to achieve tumor-targeted 
O2 delivery and O2 supply. For example, nanoparticles incorporated with hemoglo-
bin [240] or perfluorocarbon [183, 241] have been reported as a potent O2 carrier to 
improve the therapeutic efficacy of PDT and radiotherapy through alleviating 
hypoxia in tumor microenvironment. Our group developed human serum albumin 
(HSA)-hemoglobin (Hb) hybrid protein nanocarriers, which were designed to code-
liver O2 and Ce6 (C@HPOC) for oxygen-boosted PDT. Compared with conven-
tional PDT, C@HPOC-mediated oxygen-boosted PDT more effectively induced 
tumor cell ICD, thereby leading to tumor regression and preventing tumor metasta-
sis [242].
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Nanoparticles can also be incorporated with manganese dioxide (MnO2), which 
reacts with H2O2 at acidic conditions to spontaneously generate O2, alleviating 
tumor hypoxia [243–245]. Our group developed core-shell gold nanocage@manga-
nese dioxide (AuNC@Mn O2, AM) nanoparticles for oxygen-boosted immunogenic 
PDT against triple-negative breast cancer. In this platform, MnO2 shell degraded in 
the acidic and oxidative TEM to generate O2, which subsequently boosted the PDT 
effect of AM nanoparticles for tumor ablation. More importantly, O2-boosted PDT 
elicited tumor cell ICD with damage-associated molecular patterns (DAMPs) 
release, which subsequently induced DC maturation and evoked systematic antitu-
mor immune responses, leading to tumor regression [244]. A recent study reported 
a photosynthetic leaf-inspired abiotic/biotic nano-thylakoid (PLANT) system, 
which fused natural thylakoid membrane (the site of photosynthesis) with synthetic 
nanoparticles (e.g., Ag nanoparticles, SiO2 nanoparticles, and ZnO nanoparticles) 
for efficient O2 generation in vivo. With 660 nm laser irradiation, the PLANT sys-
tem elevated intracellular O2 generation in tumor cells, which subsequently switched 
tumor cell metabolism from anaerobic respiration to mitochondrial respiration, and 
effectively normalized tumor glucose metabolism, thereby enhancing the efficacy 
of phototherapy [246]. Hence, nanoparticle-based O2 supply can not only improve 
the efficacy of conventional cancer therapy but also evoke systemic antitumor 
immunity for preventing tumor metastases and reoccurrence.

4.3.5  Targeting Antitumor Effector Cells with Nanomaterials 
(Step 6 and 7)

Antitumor effector cells, such as T cells, NK cells, and NK T cells, are cytotoxic 
lymphocytes responsible for tumor cell elimination. T cell-mediated tumor eradia-
tion is highly specific, requiring the recognition of MHC-presented tumor antigen 
with TCRs. In contrast, the antitumor cytotoxic effects of NK cells and NK T cells 
are less specific and do not rely on the recognition of MHC-presented tumor anti-
gen. Currently, adoptive cell therapy with in vitro expanded antitumor effector cells 
is an important strategy for treating both hematological and solid malignancies. 
Moreover, a variety of antibody drugs and immunostimulators are also developed to 
directly activate effector cells in vivo to eliminate tumors.

4.3.5.1  T Cell-Targeted Immunotherapy

The antitumor effect of adoptive T cell therapy can be enhanced by genetic modi-
fication of T cells with chimeric antigen receptor (CAR) or T cell receptor (TCR), 
the aim of which is to enhance tumor recognition by T cells. However, the poor 
gene transduction efficiency in primary T cells often limits the therapeutic efficacy 
of CAR-T and TCR-T cells. We recently developed a glycometabolic 
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bioorthogonal chemistry approach to facilitate viral transduction of T cells. Briefly, 
human T cells were first labeled with azide (-N3) groups on cell membrane via 
glycometabolic labeling, followed by incubation with the PEI-DBCO-coated lenti-
virus. The bioorthogonal reaction between DBCOs and azide groups strengthened 
the virus-T cell interaction, which consequently enhanced viral transduction and 
CAR expression in human T cells, thereby robustly boosting their antitumor effect 
in vivo [247]. Alternatively, Smith et al. utilized anti-CD3 modified nanovector to 
directly deliver CAR DNA into circulating T cells. The result showed that CD3-
coated DNA- carrying nanoparticles successfully introduced CAR genes into circu-
lating T cells, which effectively killed tumor cells and led to long-term disease 
remission [248]. In addition to genetic modification, we recently showed bioor-
thogonal click chemistry as a plausible strategy to facilitate tumor cell recognition 
and killing by cytotoxic T cells. Briefly, bicyclo [6.1.0] nonyne (BCN) groups and 
their complementary bioorthogonal groups (e.g., -N3 groups) were metabolically 
incorporated onto the cell membranes of tumors and cytotoxic T cells through 
intracellular glycan biosynthetic pathways. The bioorthogonal reaction between 
BNC groups on tumor cells and -N3 groups was highly efficient and specific, which 
not only promoted T cell migration towards tumor cells but also enhanced the 
interaction of T cells and tumor cells, thereby leading to robust antitumor cytotox-
icity [249].

To achieve T cell-mediated tumor eradication, effector T cells must migrate into 
tumor tissues from lymphoid tissues through the blood circulation. Unfortunately, 
tumor tissues often exclude T cell infiltration through immunosuppressive chemo-
kine signals and stromal barriers [250]. Chemokines and their cognate receptors 
play a crucial role in modulating immune cell recruitment into tumors [251]. For 
example, interferon-γ-inducible protein-10 (IP-10) is a member of CXC chemokine 
family essential for recruiting CD8+ T cells into tumors. IP-10 gene DNA was 
encapsulated with FA-modified chitosan nanoparticles to generate FA-CS-mIP-10 
nanoparticle. The combinational therapy of FA-CS-mIP-10 and TRP2-specific T 
cells dramatically increased tumor-infiltrated CD8+ T cells but reduced immunosup-
pressive MDSCs and Treg in tumor microenvironment, both of which contributed to 
boosted anticancer immune responses [252]. CXCL12 is a key chemokine in tumor 
microenvironment inhibiting tumor infiltration of effector T cells through CXCL12/
CXCR4 axis. Plasmid DNA of small trapping proteins against CXCL12 and PD-L1 
was encapsulated with liposome−protamine−DNA (LPD) NPs to obtain pPDL1- 
trap LPD and pCXCL12-trap LPD, which were shown to successfully decrease the 
expression of PDL1 and CXCL12 in tumors, respectively. Although CXCL12 trap 
alone effectively increased tumor-infiltrating CD8+ T cells and reduced Treg, the 
combination of pPDL1-trap LPD and pCXCL12-trap LPD more effectively 
increased CD8+ T cell infiltration but reduced Treg cells and MDSCs, leading to 
robust tumor regression [58].

Abnormal tumor vasculature and extracellular matrix also play a critical role in 
T cell exclusion [250, 253]. Hence, overcoming tumor stromal barriers could be 
another feasible strategy to promote T cell infiltration into tumors. Chen et  al. 
reported that mild PTT with local temperature around 45° C not only ameliorated 
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hypoxia in tumor microenvironment through destroying extracellular matrix and 
expanding tumor blood vessels but also induced local production of chemokines, 
such as CCL2, 3, 4 and CXCL13, which consequently enhanced tumor infiltration 
and antitumor cytotoxicity of CAR-T cells, thereby leading to significant tumor 
regression [254]. Recent studies revealed a crucial role of platelets in maintaining 
tumor vessel barriers to inhibit T cell infiltration. Albumin-based perfluorotributyl-
amine nanoparticles (PFTBA@Alb) were reported to dramatically inhibit platelet 
adhesion and aggregation as well as platelet granule content release in vitro. The 
injection of PFTBA@Alb effectively increased the permeability of tumor blood 
vessels without affecting normal blood vessels, which consequently increased 
tumor-infiltrating CD8+ and CD4+ T cells showing an obvious rising trend. Although 
PFTBA@Alb alone did not significantly suppress tumor growth, it sensitized mice 
to anti-PD-L1-mediated immunotherapy, leading to a high tumor inhibition rate 
around 90%. These findings suggest that enhancing T cell infiltration could be a 
plausible strategy to boost the potency of PD-1/PD-L1 immunotherapy [255].

T cells express a variety of costimulatory receptors (e.g., CD3, CD4, CD8, 
CD28, 4-1BB, and OX40) and inhibitory receptors (so-called immune checkpoints), 
such as CTLA-4 and PD-1, which can be utilized for T cell-targeted cancer immu-
notherapy [256]. Yang et  al. reported amphiphilic organic ligand-coated gold 
nanoparticles (amph-NPs) that could effectively load small molecule drugs (e.g., 
TGF-β inhibitor) within the hydrophobic pockets. The amph-NPs were functional-
ized with anti-CD8 nanobody in order to achieve CD8+ T cell-targeted drug deliv-
ery. The results showed that anti-CD8-functionalized amph-NPs were selectively 
captured by CD8+ T cells rather than by CD4+ T cells or other immune cell popula-
tions both in vitro and in vivo. Moreover, the functionalization of anti-CD8 enhanced 
the uptake of amph-NPs by CD8+ T cells over 40-folds than naked amph-NPs, 
which enabled successful delivery of TGF-β inhibitor into CD8+ T cells, thereby 
augmenting tumor-specific CD8+ T cell responses in vivo [257]. Schmid et al. gen-
erated anti-PD1-functionalized PLGA nanoparticles, which not only delivered 
TGF-β inhibitor into PD-1+ T cells to augment antitumor T cell response in vivo but 
also effectively delivered R848 (a TLR7/8 agonist) into tumors to overcome immu-
nosuppression [258]. Inflammation-responsive CpG DNA nanoparticles were 
developed to codeliver CpG (a TLR9 agonist) and anti-PD-1 (aPD1) into postsurgi-
cal tumor bed. Briefly, CpG DNA nano-cocoons, a synthetic long-chain single- 
stranded DNA (ssDNA) containing repeated CpG sequence and cutting sites of 
restriction enzyme HhaI, were loaded with anti-PD1 antibody and triglycerol mono-
stearate (TGMS) nanoparticle-caged HhaI enzyme to obtain HhaI-TGMS-DNCs- 
aPD1 nanoparticles. The enzymes in inflammatory sites, such as esterases and 
matrix metalloproteinases (MMPs), could cleave TGMS nanoparticles and release 
HhaI, which would sequentially digest DNCs to generate CpG ODNs and release 
anti-PD1. Local injection of HhaI-TGMS-DNCs-aPD1 nanoparticles at postsurgi-
cal sites not only effectively induced systemic antitumor T cell responses but also 
prevented tumor recurrence and metastasis, thereby significantly prolonging the 
overall survival [259].
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Multiple antibody-functionalized nanoparticles have been recently developed in 
order to simultaneously trigger T cell costimulatory signals and block immunosup-
pressive signals. For example, dual antibody-functionalized PLGA NPs with anti-
 PD1 and anti-OX40 synergistically induced antitumor T cell activation through 
simultaneously blocking PD1 signaling and activating OX40 signaling on T cells, 
leading to robust tumor regression [260]. Iron-dextran particles conjugated with 
anti-PD-L1 and anti-41BB antibodies (so-called immunoswitch nanoparticles) 
more significantly induced CD8+ T cell activation and anticancer CTL responses 
than the nanoparticles with single antibody did. The administration of the immuno-
switch not only induced tumor-specific CD8+ T cell activation, clone expansion, 
cytotoxicity, and tumoral infiltration but also enhanced antitumor efficacy of adop-
tive T cell therapy, thereby effectively suppressing tumor growth [261]. To further 
improve the therapeutic efficacy and safety, anti-PD-L1 and T cell activators (anti-
 CD3 and anti-CD28) were conjugated onto fucoidan (Fu)-loaded iron oxide 
nanoparticles to generate triple antibody-conjugated magnetic nanomedicine (IO@
FuDex3). The results showed that IO@FuDex3 alone not only induced tumoral T 
cell expansion and activation but also decreased immunosuppressive TAMs and 
Treg cells, inhibiting tumor growth. Notably, the magnetic navigation further 
increased tumoral accumulation of IO@FuDex3, leading to more robust antitumor T 
cell activation and tumor regression. Compared with IO@FuDex3 alone, magnetic 
navigated-IO@FuDex3 induced less systemic immunotoxicity. These data indicate 
the potential benefit of the magnetic navigation to improve the efficacy and safety 
of cancer immunotherapy [262].

4.3.5.2  NK Cell-Targeted Immunotherapy

Natural killer (NK) cells, as the antitumor effectors of innate immunity, are another 
important target cell population for cancer immunotherapy. Poly (phosphorhydra-
zone) dendrimers with amino-bis(methylene phosphonate) end groups (ABP den-
drimer) were shown to effectively induce proliferation and activation of NK cells 
in  vitro [263]. Anti-GD2-conjugated gold nanoparticles (HGNP) not only effec-
tively recognized and internalized by GD2-positive tumor cells, such as neuroblas-
toma (NB1691) and melanoma (M21) cells, but also effectively elicited NK-mediated 
antibody-dependent cellular cytotoxicity (ADCC) against tumor cells [264]. 
Nanoscale graphene oxide (NGO) was functionalized with anti-CD16 to generate 
nanoclusters of anti-CD16. Compared with soluble anti-CD16, nanoclustered anti-
 CD16 more effectively induced NK cell activation, degranulation, and IFN-γ secre-
tion [265]. Wu et al. labeled NK cells with polydopamine (PDA)-coated magnetic 
Fe3O4 nanoparticles through a simple incubation, which facilitated the internaliza-
tion of nanoparticles by NK cells. Under a magnetic field, the labeling of Fe3O4 
nanoparticles not only enhanced antitumor cytotoxicity of NK cells but also facili-
tated NK cell infiltration into tumors, thereby effectively improving the efficacy of 
NK cell therapy [266].
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4.3.6  Nanotechnology for Combinational Cancer Therapy

Despite the encouraging data from animal models and clinical trials, the therapeutic 
efficacy of cancer immunotherapy is often dampened by tumor heterogeneity, pri-
mary and acquired therapy resistance, tumor-derived immunosuppression, and 
immune evasion. Increasing evidence from clinical trials highlights the significance 
of combining immunotherapy with conventional cancer therapy, such as chemo-
therapy, radiotherapy, and phototherapy. Conventional cancer therapy has been 
reported to modulate immune systems through multiple mechanisms, such as trig-
gering tumor antigen releasing, inducing tumor ICD, increasing tumor mutation and 
neoantigen loading, enhancing tumor antigen presentation, activating immune 
effector cells against tumors, depleting immunosuppressive MDSC and Tregs, and 
blocking immunosuppressive signals [267–269]. On the other hand, immunother-
apy enables abscopal effects of local radiotherapy and thermotherapy to inhibit dis-
tal tumor growth and prevent tumor metastasis through evoking systemic antitumor 
immune responses. Moreover, the administration of immunoadjuvant or INF-γ was 
reported to reverse chemoresistance of tumors both in  vivo and in  vitro [270]. 
Hence, it is plausible to combine immunotherapy with conventional cancer therapy 
in order to improve the efficacy and safety of cancer therapy.

Nanotechnology-based chemo-immunotherapy. The combination of ICD- 
inducing chemotherapeutic agents, such as DOX and OXA, with immunotherapeu-
tic agents, such as immunoadjuvants, vaccines, and checkpoint blockade, has 
demonstrated great potential for cancer therapy. For example, Dox and R848 (a 
TLR7/8 agonist) were co-encapsulated with pH-sensitive poly(l-histidine) (PHIS) 
to obtain multifunctional nanoparticles, which not only directly killed tumor cells 
but also evoked robust antitumor immunity, effectively inhibiting tumor growth and 
metastasis in mice [271]. The codelivery of DOX, all-trans retinoic acid (ATRA), 
and interleukin-2 (IL-2) using biodegradable hollow mesoporous silica nanoparti-
cles (dHMSN) robustly inhibited tumor growth and prevented lung metastasis, 
which could be attributable to ATRA-alleviated immunosuppression in tumor 
microenvironment. Moreover. ATRA and IL-2 also synergistically elicited antitu-
mor immunity through enhancing tumor infiltration and activation of T cells and 
NK cells, thereby leading to robust tumor regression [65]. Several studies reported 
that the codelivery of oxaliplatin (OxP) with IDO inhibitor, such as indoximod 
(IND) and NLG919, using nanoparticles not only induced antitumor T cell responses 
by triggering ICD of cancer cells but also attenuated IDO-1-mediated immunosup-
pression and reduced Treg cells, thereby synergistically inhibiting tumor growth 
and preventing tumor metastasis [272, 273]. Low dosages of paclitaxel (PTX) have 
been recently reported to induce tumor ICD and selectively deplete Treg cells. Zhao 
et  al. developed thermosponge nanoparticles (TSNs) with core-shell structure, 
which encapsulated PTX in the core and entrapped IL-2  in the shell using the 
temperature- responsive swelling/deswelling feature. As compared with TSNs 
loaded with PTX or IL-2 alone, codelivery of PTX and IL-2 with TSN more effec-
tively stimulated antitumor immune responses and decreased Treg cells, thereby 
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robustly suppressing tumor growth and preventing metastasis [274]. A recent study 
reported biomimetic nanoparticles (S-CM-HPAD) consisting of DOX-loaded 
polyethyleneimine- modified (2-hydroxypropyl)-γ-cyclodextrin (HPAD) as the core, 
and cancer cell membranes assembled with lactobacilli-derived S-layer proteins as 
the shell. Cancer cell membranes not only are a good source of tumor antigens but 
also show homotypic tumor-targeting ability, whereas S-layer proteins reported an 
immunoadjuvant with the ability to protect tumor antigens from degradation. As 
expected, S-CM-HPAD NPs effectively delivered DOX to the homotypic tumors 
and effectively induced tumor cell death. More importantly, S-CM-HPAD NPs 
evoked robust antitumor T cell response and tumoral T cell infiltration, which could 
be due to the synergistic effects of codelivered DOX, cancer antigens, and S-layer 
proteins, thereby effectively inhibiting tumor growth and preventing tumor metasta-
sis [275].

Nanotechnology-based photo-immunotherapy. Local phototherapy, such as PTT 
and PDT, has demonstrated superior therapeutic effect on primary tumor; however, 
their effects on distal tumors are limited. The combination of PTT and PDT with 
immunotherapy was reported as a promising strategy to enhance the abscopal effect 
of phototherapy, inhibit distal tumors, and prevent tumor metastasis through elicit-
ing systemic antitumor immune response. A previous study showed that although 
conventional PTT using liposome-encapsulated IR-7 (IR-7-lipo), Prussian blue 
nanoparticle (PBNP), or SWNT effectively suppressed tumor growth, they failed to 
inhibit or prevent tumor reoccurrence due to PTT-elevated immunosuppressive 
MDSCs and Treg cells in tumor tissues [72, 276, 277]. The combination of PTT 
with immunoadjuvant CpG or CTLA-4 blockade not only effectively alleviated 
immunosuppression by reducing MDSCs and Treg cells but also increased tumor- 
infiltrated CD8+ T cells, thereby eliminating secondary tumors and preventing reoc-
currence [72, 276, 277]. Another study co-encapsulated ICG and TLR7 agonist 
imiquimod (R837) with PLGA to generate PLGA-ICG-R837 nanoparticles, which 
moderately suppressed primary and secondary tumor growth with laser radiation. 
The further combination of PLGA-ICG-R837 and CTLA-4 checkpoint inhibitor 
(pre/post) not only eliminated primary tumors but also effectively induced robust 
tumor-specific T cell responses and immunological memory, thereby providing a 
long-term protection against tumor reoccurrence and tumor metastasis [278]. Ou 
et  al. developed layer-by-layer pH-sensitive hybrid nanoparticles (LBL hNPs) to 
codeliver IR-780 and IMT in order to simultaneously achieve PTT and Treg cell 
inhibition. As compared with either IR-780 or IMT alone, LBL hNP-mediated pho-
toimmunotherapy much more robustly induced antitumor immune responses and 
suppressed tumor growth, indicating synergistic antitumor effect of PTT and Treg 
cell inhibition [232].

Similar to PTT, PDT can be combined with immunotherapy to boost cancer ther-
apy. Amphiphilic polymer-coated upconversion nanoparticles (UCNPs) were loaded 
with a photosensitizer chlorin e6 (Ce6) and R837 to generate multifunctional 
UCNP-Ce6-R837 nanoparticles. With laser irradiation, UCNP-Ce6-R837 nanopar-
ticles not only demonstrated potent PDT effect against tumor cells but also effec-
tively induced DC maturation and anticancer CTL responses, which consequently 
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led to robust tumor regression. However, local PDT with UCNP-Ce6-R837 failed to 
inhibit distant tumor growth, which could be related with elevated Treg cells in 
tumors. The further combination of UCNP-Ce6-R837 with CTLA-4 blockade sig-
nificantly decreased Tregs and enhanced tumor infiltration of CD8+, suppressing 
distant tumors [279]. Another study coated upconversion nanoparticles (UCNPs) 
with large-pore mesoporous silica to obtain UCMSs with the broadened pore size 
range from 3.4 to 30 nm. Compared with conventional mesoporous silica-coated 
UCNPs, UCMSs demonstrated superior loading capacity of photosensitizers 
(MC540) and tumor antigen proteins (tumor cell fragment, TF) due to their larger 
pore sizes. MC540-loaded UCMSs moderately elicited antitumor immune responses 
upon 980 nm NIR laser irradiation; the codelivery of MC540 and TF with UCMSs 
more effectively induced Th1/Th2 responses and promoted tumor infiltration of T 
cells, suggesting synergistic effect of PDT and cancer vaccines on evoking antitu-
mor immune responses. Moreover, UCMS–MC540–TF with NIR laser radiation 
more robustly inhibited tumor growth than PDT or vaccine alone, effectively pro-
longing the survival of tumor-bearing mice [280]. Song et al. developed caspase- 
responsive chimeric peptides C16-K(PpIX)-PEG 8-KDEVD-1MT (PpIX-1MT) 
containing photosensitizer PpIX and IDO inhibitor 1MT for combinational therapy. 
PpIX-1MT not only demonstrated PDT effect against tumors but also induced 
tumor-specific CD8+ T cell proliferation both in  vitro and in  vivo. PpIX-1MT- 
induced PDT also elevated caspase-3 to trigger 1MT release, which subsequently 
blocked immunosuppressive IDO and further enhanced antitumor immunity, 
thereby inhibiting tumor growth and lung metastasis [281].

Nanotechnology-based multimodal cancer therapy. Recent studies explored 
therapeutic efficacy of multimodal cancer therapy. Photosensitizer Ce6 and DOX 
were codelivered with pH-sensitive hollow manganese dioxide nanoparticles 
(H-MnO2) to obtain H-MnO2-PEG/C&D nanoparticles for combinational chemo- 
phototherapy. At pH 5.5, H-MnO2-PEG/C&D could be degraded to release Ce6 and 
DOX to mediate PDT and chemotherapy, respectively. Moreover, MnO2 could trig-
ger a quick O2 generation from H2O2, thereby alleviating tumoral hypoxia. H-MnO2- 
PEG/C&D without laser radiation decreased pretumoral M2-like TAMs in tumor 
microenvironment, which could be attributed to alleviated hypoxia and DOX- 
induced tumor cell ICD. With laser radiation, H-MnO2-PEG/C&D nanoshells not 
only robustly ablated primary tumors but also significantly reprogrammed TAM to 
antitumor M1 macrophages, resulting in systemic antitumor responses for inhibit-
ing distant tumor growth and tumor metastasis [282]. A pH-sensitive DOX-copper 
complex (CuDox) was encapsulated with temperature-sensitive liposomes (TSL) to 
obtain ultrasound (US)-releasable CuDox-TSL for cancer treatment. Although the 
i.v. injection of CuDox-TSL with the US treatment (CuDox+US) caused local 
hyperthermia in tumors and effectively inhibited primary tumor growth, it failed to 
inhibit contralateral tumors. However, the combination of CuDox+US and intratu-
mor injection of CpG not only inhibited primary tumors but also induced anticancer 
effects, including enhanced T cell activation and tumor infiltration as well as 
MDSCs, which consequently prevented contralateral tumor growth [283]. Nanoscale 
coordination polymer (NCP) nanoparticles were loaded with OX in the core and 
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pyropheophorbide-lipid conjugate (pyrolipid), a photosensitizer, in the shell to gen-
erate NCP@pyrolipid nanoparticles for combinational photodynamic- chemotherapy. 
With the laser radiation, NCP@pyrolipid significantly decreased the IC50 of oxali-
platin and pyrolipid around 4–5-folds and over 2-folds, respectively, indicating syn-
ergistic antitumor effect of OX and PDT. Compared with OX-loaded NCP, NCP@
pyrolipid+laser more effectively induced antitumor immune responses and elimi-
nated primary tumors, confirming the critical role of PDT in eliciting antitumor 
immunity. Furthermore, the combination of NCP@pyrolipid+laser with anti-PD-L1 
further boosted systemic anticancer T cell response and enhanced tumor infiltration 
of CD4+ and CD8+ T cells in both primary and distant tumors, thereby leading to 
robust tumor regression [284]. Ruthenium nanoparticles (RuNPs) are multifunc-
tional nanomaterials with high photothermal conversion rate and multiple oxidation 
states. PEGylated hollow mesoporous ruthenium nanoparticles were loaded with a 
fluorescent antitumor complex ([Ru(bpy)2(tip)]2+, RBT) to generate HMRu@RBT 
nanoparticles, followed by surface functionalization with anti-CEA/anti-CD16 
bispecific antibodies (CEA-CD16-SS-Fc) for combinational immune-chemo- 
photothermal therapy. The in vitro study showed that HMRu@RBT-SS-Fc not only 
effectively delivered their payload to CEA+ tumor cells but also recruited NK cells 
towards tumor cells, which should be due to the presence of CEA-CD16-SS-Fc. 
After i.v. injection, HMRu@RBT-SS-Fc more significantly accumulated in tumor 
tissues and enhanced NK cell infiltration than HMRu@RBT did. With NIR laser 
radiation, HMRu@RBT-SS-Fc completely ablated primary tumors and effectively 
inhibited distant tumors, indicating superior and systemic antitumor effects of the 
multimodality cancer therapy [285].

4.4  Perspectives

Immune checkpoint blockades have made great progress in treating a variety of 
malignances. Unfortunately, only a small subset of the patients respond to the treat-
ment due to multiple mechanisms, such as immune cell dysfunction, immunosup-
pressive cells and soluble factors, development of cancer resistance to 
immunotherapy, distinct metabolic pathways, and secretion of metabolites in tumor 
microenvironment [286]. The combinational therapy has been reported as an effec-
tive strategy to improve the therapeutic efficacy of immune checkpoint blockades. 
For example, the combination of anti-PD1/PD-L1 and anti-CTLA4 has demon-
strated synergistic antitumor effect through targeting different inhibitory signals on 
T cells and has been approved to treat advanced renal cell carcinoma and metastatic 
colorectal cancer. The combination of immune checkpoint blockades can also be 
combined with conventional cancer therapies (e.g., chemotherapy and radiotherapy) 
or with other immunotherapies (e.g., cancer vaccines, immunoadjuvants, and onco-
lytic viruses), and some of them have been approved for clinical application [286, 
287]. Nanomaterials hold a great potential to enhance the potency and safety of 
combinational therapies; however, they still need to be further optimized in terms of 
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the codelivery and programmed release of different agents, tumor-targeting and 
retention ability, immune cell-targeting ability, intrinsic immunogenicity, and toxic-
ity of component compounds in order to improve the clinical benefit and safety.

Adoptive cell therapy with genetically engineered T cells, such as CAR-T and 
TCR-T cells, has been considered as an important strategy to treat a variety of 
malignances. Despite the encouraging results, insufficient gene transfection effi-
cacy can directly limit their clinical outcome. Although viral vector (e.g., lentivirus 
and retrovirus) systems have been widely applied to facilitate gene editing in T 
cells, the potential insertional oncogenesis of viral vectors also raises a safety con-
cern [288]. Several recent studies have shown the potential of nanomaterials to 
enhance T cell-targeted gene editing; therefore, it would be necessary to further 
explore the application of nanomaterials for T cell gene editing. In addition, the 
therapeutic efficacy of CAR-T and TCR-T cells in solid tumors is often dampened 
by poor tumor infiltration and on-target off-tumor toxicity. Moreover, a variety of 
immunosuppressive factors in tumor microenvironment, such as immunosuppres-
sive cells and cytokines, immune checkpoints, as well as hypoxia and acidic envi-
ronment, could lead to T cell exhaustion and dysfunction, dampening their 
therapeutic efficacy [289]. Although nanotechnology has demonstrated the ability 
of enhancing tumor specificity of cancer therapy and overcoming tumor-derived 
immune suppression, how to improve the potency and safety of CAR-T and TCR-T 
therapy using nanotechnology is still in infancy.

Antitumor immune responses are controlled by multiple metabolic pathways in 
immune cells (so-called immunometabolism). For example, naïve and memory T 
cells primarily utilize oxidative phosphorylation to generate ATP because of low 
metabolic demands. Upon activation, T cells increase nutrient uptake and switch to 
glycolysis for rapid energy production in order to support clonal expansion and 
effector functions. Compared with effector T cells, memory T cells also maintain 
substantial mitochondrial spare respiratory capacity (SRC) for long-term survival 
and rapid recall upon antigen challenge [290]. On the other hand, the altered meta-
bolic status in tumor microenvironment, such as glucose and amino acids depriva-
tion, suppresses T cell glycolysis, which subsequently leads to T cell dysfunction and 
dampens antitumor immune responses. Additionally, immune checkpoint receptors 
(e.g., PD-1 and CTLA-4) and cell signaling pathways (e.g., Akt/mTORC1) can 
inhibit antitumor T cell responses through manipulating T cell metabolism [291–
293]. Based on these observations, reprogramming immunometabolic pathways 
appears to be a plausible approach to enhance the potency of cancer immunother-
apy. A variety of organic nanoparticles (e.g., PAMAM dendrimer, polystyrene 
nanoparticles) and inorganic nanoparticles (e.g., iron oxide, gold nanoparticles, 
SWNCT, selenium nanoparticles) have been shown to regulate Akt/mTORC1 sig-
naling pathway [294, 295], implying their potential capability of regulating meta-
bolic pathways. Therefore, understanding the regulatory effect of different 
nanomaterials on metabolic pathways would allow us to integrate metabolic regula-
tion into immunotherapy or combinational therapy for boosted anticancer effect.

Increasing evidences have revealed the association between gut microbiota and 
clinical responses to chemotherapy and immunotherapy. Using prebiotics is an 
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effective approach to modulate intestinal microbiota through increasing beneficial 
bacteria (e.g., Lactobacilli and Bifidobacteria) and decreasing pathogenic bacteria 
(e.g., Clostridia and Enterobacteriaceae), which are not only essential for improving 
bowel function but also beneficial for chemotherapy and immunotherapy [296]. 
Previous studies showed that gut microbiota may be altered by the exposure of NPs, 
such as silver NPs, gold nanoclusters, and metal oxide NPs (e.g., ZnONPs, TiO2NPs, 
CeO2NPs) [297, 298]. A latest research reported a phage-guided biotic–abiotic 
hybrid nanosystem, in which a strain of phage against pro-tumoral Fusobacterium 
was conjugated with dextran nanoparticles (DNPs)-encapsulated irinotecan (IRT) 
for colorectal cancer (CRC) treatment. The results showed that the phage-guided 
nanosystem not only increased IRT accumulation in tumors but also rebalanced 
intestinal microbiota, thereby augmenting the effects of chemotherapy against CRC 
[299]. The potential of nanotechnology to simultaneously rebalance gut microbiota 
and achieve cancer immunotherapy needs to be further explored in future studies.

4.5  Conclusions

Nanotechnology holds great potentials to boost cancer immunotherapy through tar-
geting each step of the cancer-immunity cycle (Fig. 4.1). To accelerate the clinical 
application, nanomaterials must be further optimized to enhance the potency and 
minimize potential toxicity of cancer immunotherapy. The future application of 
nanotechnology should be able to target multiple steps of the cancer-immunity 
cycle with the integration of multiple therapeutic components to achieve synergistic 
multimodal cancer therapy.
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Chapter 5
Molecular Studies of Peptide Assemblies 
and Related Applications in Tumor 
Therapy and Diagnosis

Huayi Wang, Xiaocui Fang, Yanlian Yang, and Chen Wang

Abstract Peptides and proteins are known to form a variety of aggregate forms via 
assembling processes with significant dependence on sequences, which is charac-
teristic for amyloid-like structures. Such peptides could be explored as diagnostic 
probes targeting tumor antigens. Nanostructured peptide aggregates have been 
shown to improve the binding affinity and selectivity to the tumor-associated anti-
gens, and can also enhance the antitumor efficacy. The insight of the aggregation 
and assembly propensities of peptide and protein structures could provide a basis 
for developing diagnosis and therapeutics for a variety of diseases. An important 
subject under study is the formation mechanism of peptide assemblies at the level of 
individual amino acids. This effort could lead to the insight of assembly propensity 
of peptide molecules. In this chapter, we will review the representative progress on 
studying aggregation propensity of peptides based on the high-resolution structural 
analysis of peptide assemblies. It will be presented that these efforts could advance 
our insight into the peptide assembly mechanisms, as well as provide potential ven-
ues for developing peptide-aggregate-based tumor therapeutic strategies.
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5.1  Structures and Formation of Amyloid-Like Fibrils

The tendency for proteins to form various aggregate forms was predicted in a num-
ber of pioneering studies [1, 2]. About 50 proteins and peptides have been reported 
to be associated with human diseases [3, 4]. These natural peptides or proteins have 
the ability to self-assemble into fibrils under specific conditions, and may accumu-
late into plaques and deposit in different organs like brain or kidney with aging, and 
related with the progression of lots of different diseases [3–6]. It has been widely 
demonstrated that proteins with amyloid-like segments are capable of triggering 
amyloid formation [7]. The revelation of the formation of amyloid fibrils, including 
the structure and kinetic process, could promote the understanding of the toxicity 
mechanism of these amyloid peptides, which benefits the design and utilization of 
amyloid peptide assemblies.

In a very closely related research field, nanostructured peptide aggregates have 
been shown to improve the binding affinity and selectivity to the tumor-associated 
antigens, and can also enhance the antitumor efficacy. The insight of the aggregation 
and assembly propensities of peptide and protein structures could provide a basis for 
developing diagnosis and therapeutics for a variety of diseases. An important sub-
ject under study is the formation mechanism of peptide assemblies at the level of 
individual amino acids. This effort could lead to the insight of assembly propensity 
of peptide molecules. In this chapter, we will review the representative progress on 
studying aggregation propensity of peptides based on the high- resolution structural 
analysis of peptide assemblies. The presented efforts could serve to advance our 
insight into the peptide assembly mechanisms, as well as provide potential venues 
for developing peptide-aggregate-based tumor therapeutic strategies.

5.1.1  Structures of Amyloid-Like Fibrils

The fibrillar structures are representative of amyloid aggregates and have been the 
focus of extensive investigations. With tremendous breakthroughs in the micro- and 
nano-characterization technologies, such as cryo-electron microscope (cryo-EM), 
scanning tunneling microscopy (STM), and solid-state nuclear magnetic resonance 
(NMR), the structural analytical capabilities have been greatly enhanced to gain 
molecular level insight of fibrillar structures of amyloids. The progression of amy-
loid structure studies over the 400 years and highlighted recent breakthroughs have 
been comprehensively summarized in literatures [4]. The development of cryo-EM 
promotes amyloid fibrils analysis into atomic resolution [8–10]. Gremer et  al. 
achieved a 4.0  Å resolution of the structure of an Aβ1-42 fibril composed of two 
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intertwined proto-filaments, and the backbone of all 42 residues and nearly all side 
chains are well resolved in the EM density map (Fig. 5.1a) [10]. Besides cryo-EM, 
due to the submolecular structural resolution, STM has also been widely exploited 
to probe the assembly behavior and single-molecular structure of small molecules 
on surfaces. Compared to the complicated sample preparation, the micro- 
technologies of cryo-EM and STM show their advantages of easy sample prepara-
tion, easy-analysis, and visualized single-molecule resolution. Ma et al. demonstrated 
the molecular observation of core regions of Aβ42 hairpins and unfolded peptide and 
confirmed the parallel assembling characteristics of Aβ42 hairpins (Fig. 5.1b) [11]. 
STM has been utilized for investigating peptide assemblies ranging from complex 
disease-related peptides to model peptide for better understanding of peptide–pep-
tide interactions [11–14].

The reported structural analyses reveal that amyloid fibrils share a common 
underlying structure: β-strand align into parallel or antiparallel β-sheet, and thus 
form proto-filament with the β-strand perpendicular to the axis of the fibril and 
about ~4.7–4.8 Å distance between each β-strands repeating running down the fibril 
axis (Fig. 5.1c, d) [4]. Understanding the structures and formation of amyloid fibrils 

Fig. 5.1 (a) Three-dimensional (3D) reconstruction from cryo-EM images showing the density of 
two proto-filaments (brown and blue) and the clear separation of the β strands [10]. Copyright 
2017, AAAS. (b) 3D high-resolution STM image of Aβ42 assemblies, and proposed structural 
model of a folded single Aβ42 molecule [11]. Copyright 2009, Elsevier. (c) A ten-residue peptide 
from transthyretin (TTR), showing β-sheet stacking in which each β-strand “rung” is stabilized by 
hydrogen bonds (denoted by fine black dotted lines) between the polypeptide backbones of precur-
sors, which are separated by the canonical 4.7–4.8 Å repeat of the cross-β amyloid fold. Further 
stabilization is provided by a steric zipper between the β-sheets, which stabilizes the fibril core [4]. 
(d) Multiple secondary structural units organizing to form cross-β and stacking of β-sheets
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can not only help us discover the reason for the toxicity of amyloid fibrils, but also 
provide molecular information for predictive design of self-assembled peptides. 
Rational design of β-sheet peptide assemblies relies on the deep understanding of 
the structure and formation of natural amyloid fibrils, digging the regularities of 
amyloid molecular and interactions between strand to strand, and sheet to sheet.

5.1.2  Formation of Amyloid-Like Aggregates

The formation of amyloid fibrils involves three phases: nucleation phase, elongation 
phase, and stationary phase, as shown in Fig. 5.2a. The first step of amyloid fibrils 
formation is nucleation. Monomeric molecules aggregate into oligomers, which is a 
complicated process with varied structures of the nucleation. Models proposed to 
describe the nucleation process mainly include “classical nucleation” characterized 
by an one-step nucleation and “non-classical nucleation” characterized by a two- 
step nucleation [15]. In the formation of the amyloid fibril, a β-strand rich secondary 
structure was formed and the cross β-structure will recruit the monomers and pro-
long the amyloid fibril. The kinetic process is commonly measured by thioflavin T 
(ThT), a dye that is able to emit fluorescence when it binds to amyloid fibril and was 
widely used for the investigation of the influencing factors in amyloid fibril forma-
tion processes [5, 16].

Additionally, atomic force microscopy (AFM) has also been used to track the 
formation kinetics of oligomers and fibrils of amyloid peptides [17–19]. Yang’s 
group recently observed the amyloid aggregation dynamics of amylin1-37-nucleation 
to fibrillation under real liquid condition using Fast scan AFM and proposed a tenta-
tive model (Fig.  5.2b) [19]. They found that in the initial phase of aggregation, 
amylin1-37 monomers developed into the oligomeric nucleus, then, the active region 
of amyloid oligomers began to recruit monomers and formed β-structures, but the 
opposite ends of amyloid oligomers were passivated due to the low β-sheet content.

In general, understanding of dynamic progress of amyloid aggregation is essen-
tial in investigating how the peptide monomers assemble into amyloid fibrils. On 
the other hand, the structure analysis of amyloid fibrils can illustrate why the pep-
tide monomers aggregate into amyloid fibrils.

5.2  Structural Perspectives of Peptide-Based Aggregates

Peptides are short chains of amino acid linked by amide bonds and show high bio-
compatibility and bioactivity due to these amino acids are widely existed through-
out the human body. Rational design of self-assembled peptide is based on the deep 
understanding of the interactions between peptides, along with the ability to scaf-
fold multiple interactions with precise location. Some common interaction motifs 
utilized in the biomolecular assembly include hydrophobic interaction, π–π 
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Fig. 5.2 (a) Schematic of amyloid formation [4]. (b) In situ AFM imaging of amylin1-37 fibrilla-
tion. AFM imaging was performed immediately after sample deposition. Time lapsed images were 
captured at 0 s, 20 s, 60 s, 100 s, 190 s, and 300 s after AFM imaging, respectively. Z scale: 15 nm. 
Inset: zoomed-in AFM images of the blue squares marked in the panels. Scale bar: 50 nm [19]. 
Copyright 2019, ACS
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stacking, hydrogen bonding, and cation–π interaction. Many efforts have been made 
available for investigating the interactions between amino acid sequence and pep-
tide structures. Examples of widely explored strategies of peptide-based nanomate-
rials based on self-assembled β-sheet may include designing the amino acid 
sequence in the formation of β-strand, controlling the interactions between β-strand 
with β-sheet, or controlling the β-sheet assembly with β-sheet.

5.2.1  Primary Peptide Structures with Aggregation Propensity

Peptide assemblies are predominantly influenced by the interactions between side 
chains of the amino acids, especially the hydrophobic, charged, and polar residues. 
For example, Zhang et  al. found residue repeats with (HP)n (hydrophilic-polar/
charged) side chains in a yeast protein zuotin that can self-assemble into β-strand 
in vitro [20, 21]. Some similar patterns have been found in different peptide/protein 
with the self-assembled ability (Table  5.1) [15]. Many designed peptides were 
inspired by this discovery especially in designing nanofibrils (NFs) [22–27], includ-
ing the famous peptide RADA16-I (RADARADARADARADA) which have been 
widely used in 3D cell culture, slow drug release and tissue engineering (Fig. 5.3a) 
[26]. Besides NFs, nanosheets can also be well designed utilizing the electrostatic 
interactions, which leads to the design of two-dimension peptide assemblies 
(Fig. 5.3b) [28]. Furthermore, this design strategy was also used for peptoid-based 
self-assembly nanomaterials [29, 30]. Nam et al. demonstrated growing extremely 
thin peptoid self-assembly nanosheets by periodic amphiphilicity, electrostatic rec-
ognition, and aromatic interactions of peptoid molecules (Fig. 5.3c, d) [29].

The usage and modification of natural β-strand amino acid sequences was also an 
efficient method to form β-strand. Table 5.1 listed some key sequences of β-strand 
protein or peptides segment [15]. Among them, KLVFFAE, a hydrophobic central 
domain (HCD) of Aβ42, is widely studied and plays a key role in the formation of 

Peptide or Protein 
Segment

Amino Acid Sequence

zuotin (306-339) EGARAEAEAKAKAEAEAKAKAESEAKANASAKAD
RADA16-I CH3CO-RADARADARADARADA-NH2

DN1 QQRFQWQFEQQ
Q11 CH3CO-QQKFQFQFEQQ-NH2

MAX1 VKVKVKVKVDPPTKVEVKVKV-NH2
p1/p2 EEFKWKFKEE / KKFEWEFEKK

CATCH+/CATCH- CH3CO-QQKFKFKFKQQ-NH2

CH3CO-QQEFEFEFEQE-NH2
amyloid-β KLVFFAE

Table 5.1 Key sequences of some amyloid peptides or proteins [15] Copyright 2018, ACS 

Note: black, green, blue, and red letters indicated amino acids having hydrophobic, polar, posi-
tively charged, and negatively charged side chains, respectively
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amyloid fibrils as mentioned above. Candreva et al. achieved hetero-assembly using 
two peptides of KLVFWAK and ELVFWAE, derived from KLVFFAE [31]. These 
peptides of KLVFWAK and ELVFWAE do not self-assemble but form flat nano-
tapes upon mixing and incubating for 24 h. The growth of the amyloid fibrils is 
stationary until the addition of the partners (Fig. 5.3e) [31]. Another congener of 
KLVFFAE, KLVFFAL can self-assembly as bilayer membranes, and formed nano-
tubes with (4 ± 1) nm wall thickness and (45 ± 10) nm diameter (Fig. 5.3f) [32].

Fig. 5.3 (a) AFM image of RADA16-I nanofiber scaffold (0.5 × 0.5 μm) [26]. Copyright 2005, 
National Academy of Sciences, U.S.A. (b) TEM image of an individual NSI nanosheet (scale bar: 
1 μm), and the amino acid sequence of NSI is (Pro-Amp-Gly)4-(Pro-Hyp-Gly)4-(Glu-Hyp-Gly)4 
[28]. Copyright 2014, ACS. (c) 2D crystalline sheets formed from two oppositely charged peptoid 
polymers (carbon, yellow; nitrogen, blue; oxygen, red). The modeled conformation shows that 
hydrophobic groups face each other in the interior of the sheet and oppositely charged hydrophilic 
groups are alternating and surface-exposed [29]. (d) Height-mode AFM image of a peptoid 
nanosheet (Z range: 20  nm) [29]. (e) TEM images of peptides mixtures (KLVFWAK and 
ELVFWAE, scale bar: 200 nm) [31]. Copyright 2018, RSC. (f) Cross-section of dried and flattened 
KLVFFAL nanotubes (scale bar: 100 nm) [32]. Copyright 2010, John Wiley and Sons
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The extensive analysis of aggregation propensity of amyloidal peptides may pro-
vide supportive evidences of the self-complementary interactions between amino 
acids at the level of individual residues [33–35]. In the parallel β structure, the side 
chains of individual amino acid interact with the identical ones in their vicinity. Thus 
one could qualitatively correlate the contributions to aggregation propensity from 
individual amino acid with the self-similar binding affinity of self-similar amino 
acids presented above. For example, phenylalanine (F) in Aβ and IAPP, and alanine 
(A) in myoglobin are identified to induce high aggregation propensity [35].

The full-fledged analysis of affinity would need to take into account contribu-
tions from all types of interactions that have been acknowledged in previous litera-
tures. Rigorous consideration of the interaction characteristics will need systematic 
analysis of cooperativity in heterogeneous sequence peptides. Furthermore, binding 
kinetics should be considered to clarify the origins of such interaction characteris-
tics. It should be noted that binding kinetics are depend on the chemical structures 
of side chains associated with varied types of interactions. For example, simulation 
analysis of association kinetics of polar peptide GNNQQNY (a N-terminal segment 
from the yeast prion Sup35) and hydrophobic peptide GGVVIA (a C-terminal seg-
ment of Aβ42) revealed that the hydrophobic peptides form fibrils at a rate 1000 
times faster than the polar peptide [36]. It is plausible to believe that inter-peptide 
binding kinetics will be keen to reveal the multiplicity of interactions in binding 
affinity.

As part of the endeavor to pursue the impacts of interactions between different 
amino acids to the overall inter-peptide interactions, a microbead-based flow cytom-
etry method was used to determine the inter-amino acid interaction with homoge-
neous oligopeptides. Utilizing this method, a complete binding affinity matrix of 
20 × 20 pairs of homo-octapeptides consisting of the 20 common amino acids can 
be obtained [37]. The results manifested that the side–side chain interaction and 
side–main chain interaction dominated the recognition of amino acid interaction, 
and provided a foundation for the study of amino acid specificity and selectivity of 
amino acids and the basis for peptide design of hydrophobic, charged, and polar 
side chains with specific secondary structures. This effort could provide a basis for 
analyzing specificity, polymorphisms, and selectivity of inter-amino-acid interac-
tions, and understanding of binding interactions between the amino acids which are 
keen for peptide designs.

5.2.2  Nanostructures of Peptide Aggregates

Regulating the inter-amino-acid interactions is essential for designing strategy for 
peptide assemblies designing. Amyloid fibrils can be formed in either parallel 
β-sheet or antiparallel β-sheet as mentioned above [6]. Regulating the cross-strand 
pairing interaction can influence the arrangement of β-strand within β-sheet and 
achieve parallel or antiparallel β-sheet assembly. Researchers designed the 
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complementary peptides p1 (EEFKWKFKEE) and p2 (KKFEWEFEKK) with 
markedly different isoelectric point (pI) values based on a simple “hphphp” repeat-
ing pattern (h  =  hydrophobic residue, p  =  polar residue) that is known to favor 
β-sheet formation [38, 39]. With different placements of lysine (K) and glutamic 
acid (E) in two peptide segments, p1 and p2 can each solve in water but co-assemble 
into fibrils composed of antiparallel β-sheet structures (Fig. 5.4a) [39]. Under physi-
ological conditions (pH 7.4), the termini of p1 and p2 should carry opposite charges, 
and the edges of fibrils will be patterned, which facilitates higher-order assembly 
into thicker fibrils, such as self-supporting hydrogels (Fig. 5.4b) [39]. In addition, 
utilizing the β-turn or a double proline hinge-VDPPT is another strategy to achieve 
antiparallel β-sheet assembly [40, 41].

Changing the interaction of β-sheet to control the assembly of amyloid fibrils is 
another peptide design strategy in higher order. Achievement of designing the 
β-sheet into different specific morphologies like nanotubes or nanosheets should be 

Fig. 5.4 (a) Schematic representation showing the proposed assembly of peptides of p1 (pI = 4.7) 
and p2 (pI = 9.7) into β-sheet structures, including an expanded view of each peptide showing their 
one-letter amino acid sequences [39]. Copyright 2016, RSC. (b) TEM image of fibrils observed in 
p1 and p2 self-supporting hydrogels [39]. Copyright 2016, RSC. (c) Model of (K16pY)(E22L) 
bilayer nanotubes, in which the N-terminal phosphotyrosine (pY) repeats every nanometer along 
each row [42]. Copyright 2014, ACS. (d) TEM image of (K16pY)(E22L) nanotubes without addi-
tional salts [42]. Copyright 2014, ACS
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a challenge of such strategies. For example, Li et  al. demonstrated that Aβ(16-22), 
Ac-KLVFFAE-NH2, and Ac-KLVFFAL-NH2 (E22L), can assemble into peptide 
bilayer nanotubes with diameters of 54 ± 3 nm and 32 ± 5 nm, respectively [42]. In 
this study, the authors synthesized the phosphotyrosine Ac-(pY) LVFFAL-NH2 pep-
tide (K16pY)(E22L), and found that this kind of peptide can form bilayer nanotubes 
with a diameter of 32 ± 3 nm (Fig. 5.4c, d) [42].

5.3  Self-Assembled Peptide-Based Biomaterials

Peptide-based fibrous structures, such as amyloid fibrils, have been developed as 
potential biomaterials with broad applications including 3D cell culture, tissue regen-
eration, and controlled-release [43, 44]. The amyloid-based biomaterials are distin-
guished from other synthetic polymeric materials due to their assumed biodegradability 
and biocompatibility. Also, rational design of the peptide sequence can be used to 
regulate folding patterns of amyloid peptide assemblies, while chemical modifica-
tion of peptides can confer their structural diversity and functionality. Therefore, in 
some respects, amyloid-inspired bioactive materials usually may have higher effi-
cacy in disease diagnosis and therapeutics than synthetic polymeric materials. For 
instance, the documented experimental results have revealed that amyloid peptides 
have been explored as important probes targeting tumor antigens and showed the 
improved binding affinity and selectivity to the tumor-associated antigens [45].

According to different applications in disease treatment, many efforts for con-
structing various amyloid-based nanostructures have been reported over the past 
30 years. We will summarize some of the self-assembled peptide-inspired bioactive 
materials and their related applications. It should be noted that because this field is 
advancing rapidly, it is nearly unlikely to cover the entire field within this limited 
space. We therefore only outline the most talented approaches in the elaborate 
designs of amyloid peptide assemblies and related applications in tumor diagnosis 
and therapeutics. In order to have a comprehensive view, interested readers are 
encouraged to consult other related reviews and articles in this issue.

5.3.1  In Vitro Self-Assembled Peptide-Based Nanomaterials

In the closely related studies, self-assembled peptide-based nanomaterials have 
great advantages of higher stability and better performance than peptide monomers, 
which has widely been used in different kinds of fields. For instance, amyloid-based 
nanomaterials have been widely studied in vaccine development for epithelial 
tumors. In vaccine engineering, a major obstacle is low immunogenicity of the short 
peptides. To overcome this obstacle, researchers designed an amyloid-based vac-
cine strategy for tumor therapy [46, 47]. MUC1 proteins, which have a variable 
number of tandem repeats (VNTR) that bearing tumor-associated carbohydrate 
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antigens, normally overexpressed on almost all types of epithelial tumors [48]. 
Researchers therefore have a great interest in the development of antitumor vaccines 
based on MUC1 proteins. However, the VNTR sequence of MUC1 proteins, 
HGVTSAPDTRPAPGSTAPPA, has several potential glycosylation sites at Ser/Thr 
residues, but has low immunogenicity for vaccine development [48].

To solve this problem, a number of research groups synthesized MUC1 glyco-
peptides bearing T and Tn antigens conjugated to bovine serum albumin (BSA) at 
threonine 9 (T9) and/or serine 15 (S15) of the VNTR sequence [49, 50]. Immunization 
of Balb/c mice with these vaccines candidates indicated that the glycosylation of the 
VNTR sequence successfully enhanced the immune response. In 2012, Li’s group 
constructed a totally synthetic, self-assembling, adjuvant-free MUC1 glycopeptide 
vaccine for tumor therapy [51]. Specifically, for this case, they designed four vac-
cine candidates H1, H2, H3, and H4, and these vaccine candidates contained full- 
length MUC1 VNTR domains (M1, M2, M3, and M4, respectively) conjugated to a 
Q11 domain (Ac-QQKFQFQFEQQ-Am) (Fig. 5.5a). The Q11 domain worked as 
both an adjuvant and a vaccine carrier because it can assemble into fibrils under 
mild condition (Fig. 5.5b). Immunization of mice with these self-assembly vaccine 
candidates revealed that, H3 and H4 elicited a higher immune response than H1 and 
H2. Compared to H4, H3 elicited the highest immune response, and the highest IgG 
titer was about 6400 (Fig. 5.5c). This study indicated that glycosylation of Tn anti-
gen at threonine 9 (T9) residue in MUC1 VNTR was necessary for an effective 
immune response, which was agreement with the previous findings [48, 50]. 
Moreover, the self-assembling, glutamine-rich H3 and H4 showed more biocompat-
ible and biodegradable than other vaccine carriers and delivery systems [51]. 
Consequently, these synthetic MUC1 glycopeptide-Q11 conjugates may represent 
novel vaccine candidates with well-defined formulation.

Also, researchers are interested in the development of antitumor self-assembly 
vaccine candidates based on chemical intramolecular reactions. For example, 
Mariusz et al. initiated an isopeptide strategy to obtain a variety of vaccine carrier 
systems based on “parent” peptides via the pH-triggered O-N acyl migration reac-
tion (Fig. 5.5d) [52]. These “parent” peptides aggregated into the active form in a 
pH-controlled manner, which induced desired conformation structures of antigens 
(peptide epitopes) with reduced vaccine-associated side effects.

5.3.2  In Vivo Peptide Assemblies for Tumor Diagnosis 
and Therapeutics

From the above studies, we could identify that the assembly processes of amyloid- 
inspired bioactive materials for tumor-associated vaccine development were 
occurred under “in tube” and “in vitro” conditions. Recently, an “in vivo” self- 
assembly strategies have emerged, which displayed that peptides can self-assemble 
“in vivo” into bioinspired nanostructures for biomedical application [53–55]. 
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Self- assembly of peptides can be modulated by pre-designed building blocks. In 
order to monitor the self-assembly process of peptides in vivo, researchers proposed 
a bispyrene (BP) molecule as a multifunctional building block (Fig. 5.6a, b). BP 
molecules show non-fluorescence in the monomeric state, but can self-assemble 
into nanoaggregates with the fluorescence emission (Fig. 5.6c, d) [56, 57]. BP and 
its derivatives can self-assemble in the physiological environment into various 
nanostructures arise from the hydrophobic and π–π interactions [57], which are suc-
cessfully employed as ideal fluorescence nanoprobes [58]. Based on this optical 
property, the self-assembly process of peptide aggregates can be observed by BP 
nanoaggregates.

Natural peptides in biological systems support precision control with ordered 
secondary structures through hydrophobic and π–π interactions to form amyloid 

Fig. 5.5 (a) Schematic of designed vaccine candidates (H1, H2, H3, and H4) that can aggregate 
into fibrils and elicit activation of B cells [51]. Copyright 2012, ACS. (b) Four vaccine candidates 
aggregated into fibrils. Briefly, H1, H2, H3, and H4 (400 μM) samples were incubated at room 
temperature for 8 h, and imaged with a transmission electron microscope [51]. Copyright 2012, 
ACS. (c) ELISA results of anti-MUC1 IgG titers elicited by H1, H2, H3, and H4. Each black spot 
represented the titer value of serum of one mouse after the fifth immunization, and each black line 
represented the average value in each group [51]. Copyright 2012, ACS. (d) The pH-triggered O-N 
acyl migration reaction for “parent” peptide-vaccine design
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oligomers and fibrils. This prompted the researchers to create and modify self- 
assembled peptide-based bioactive materials with a variety of biological applica-
tions. Unlike natural self-assembly process of peptides and proteins to form fibrils, 
the designed artificial amyloid-based materials display more abundant structures 
and morphologies, which determine their broad bio-applications. These peptide- 
based self-assemblies show the structure transformation under appropriate stimuli, 
such as photo-irradiation [59], pH [60], enzyme [61], and so on. This kind of mor-
phologies transformation can be utilized to exhibit the advantages of each structure 
to realize ideal biological applications. However, due to the fact that in  vivo 

Fig. 5.6 (a) The structure of a BP molecule [57]. Copyright 2013, ACS. (b) The TEM image of 
the self-assembled BP nanoaggregates in mixed solvent of DMSO and H2O [57]. Copyright 2013, 
ACS. (c) The fluorescence spectra of BP (25 μM) in the mixed DMSO/H2O solution with different 
volume fractions of H2O. The excitation wavelength is 340 nm [57]. Copyright 2013, ACS. (d) 
Time courses of fluorescence intensity change of BP (BP1 and BP2) nanoaggregates during 
14 days, and fluorescence intensity change of FITC was shown for comparison [57]. Copyright 
2013, ACS. (e) Schematic illustration of the self-assembled morphological transformation pro-
cesses of BKP [62]. Copyright 2016, RSC. (f) The morphological transformation of BKP2 (25 μM) 
from NPs into NFs, which was monitored by TEM with time, scale bar: 100 nm [62]. Copyright 
2016, RSC. (g) Schematic models (left) and SEM images (right) of BKR transformation from NPs 
into NFs over U87 tumor cell surfaces with different incubation times (left to right: 0 h, 1 h, and 
3 h). Yellow arrows: irregular protrusions of U87 cell membranes, red arrows: BKR NPs, and blue 
arrows: BKR NFs [65]. Copyright 2016, RSC
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physiological conditions are very complicated, the precise transformation control 
by internal stimuli is difficult.

To solve this problem, researchers applied many methods to modulate the pep-
tide structure transformation by molecular design. For instance, Wang et al. chose 
BP molecules functionalized with active moieties such carboxylic acid, amide, and 
bromide to modulate the self-assembly peptides [62]. The conjunction of BPs with 
KLVFF and PEG (BP-KLVFFG-PEG, BKP) can lead to transformation of NFs 
(Fig. 5.6e, f) [62]. The transformation into NFs in situ was faster with the increasing 
hydrophilic chain length [62], which meant that hydrophilic-lipophilic balance 
(HLB) played a central role in the morphology transformation of BKP [63, 64].

Additionally, researchers have found that ligand–receptor interactions could 
induce the further morphology transformation of peptide-based nanomaterials [65]. 
Wang et al. reported metal ion induced structural evolution of peptide-based nano-
structures on specific tumor cell surfaces for inhibiting cellular viability [65]. 
Briefly, RGD has a high binding activity to integrin αvβ3, which is contributed by the 
interactions between RGD and the metal ions (Mg2+ and Ca2+) at “metal ion- 
dependent adhesion site” (MIDAS) [66]. Due to the reason that BPs could form 
J-type aggregates in water and show strong fluorescence emission, BPs therefore 
were chosen as hydrophobic cores to not only induce self-assembly process but also 
monitor the aggregation by fluorescence. Also, The KLVFF sequence was chosen as 
a building block to induce fibrils formation [67]. As a result, the BP-KLVFF-RGD 
(BKR) self-assembled into NPs and further transformed into NFs in situ in the pres-
ence of Ca2+ metal ions, which could light up integrin αvβ3 overexpressed U87 tumor 
cells and inhibit their viabilities (Fig. 5.6g) [65]. This phenomenon is named as a 
transformation-enhanced accumulation and retention (TEAR) effect. It has been 
demonstrated that the transformation of NPs into NFs can be induced by different 
stimuli, such as pH, ligand, redox, and so on. Usually, NFs show better biological 
effects than NPs, including improved blood circulation, targeting, and accumulation 
behaviors [55].

In conclusion, a variety of physiological-stimuli-mediated regulations of self- 
assembled peptides on specific cell surfaces have been reported. These studies pro-
vide the insight how intermolecular interactions effect on the peptide-based 
superstructures in solutions and living cells, and show the potential how to utilize 
structural evolutions of peptides under specific physiological and pathological con-
ditions for tumor diagnosis and therapeutics.

5.3.3  De Novo Design of Biologically Active Amyloid

“Almost every human protein has segments that can form amyloids, and the sticky 
aggregates known for their roles in diseases,” says Jim Schnabel [7]. There are 
about 50 human proteins that known to be involved in the amyloid-associated 
pathologies [3, 4, 68]. More and more evidences indicate that amyloid aggregation 
of peptides and proteins are driven by short amyloidogenic sequence segments that 
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have the potential to self-assemble into amyloid structures [69–71]. In order to 
investigate whether endogenously expressed proteins that possess amyloidogenic 
potential but aggregate under specific physiological and pathological conditions 
could be induced to do so by seeding with a peptide consisting amyloidogenic frag-
ments of their own sequences. Generally, compared to cross-seeding, it has been 
reported that amyloidogenic peptides and proteins are much more efficient at seed-
ing aggregation of homotypic sequences [72]. This seeding concept is suitable for 
both in vitro and in vivo, even for these non-prion aggregation-associated peptides 
and proteins, which have since been termed as “prionoids” [73].

In 2016, Gallardo and collaborators chose vascular endothelial growth factor 
receptor 2 (VEGFR2) as a target protein due to the function of this protein is well 
characterized. We have known that VEGFR2 protein is not associated with amyloi-
dosis. In order to ensure efficient seeding, Gallardo et al. designed and synthesized 
a synthetic amyloid peptide called vascin consisting of a tandem repeat of an amy-
loidogenic fragment of VEGFR2 signal peptide [45]. As shown in Fig. 5.7a, the 
amyloidogenic nature of the vascin peptide was observed by TEM, which revealed 
that vascin is a bona fide amyloidogenic peptide that forms typical amyloid fibrils 
of ~10 nm in width after 24 h of incubation time. Vascin fibrils can bind amyloid 
sensor dyes, including the amyloid-specific oligothiophene h-HTAA and ThT 
(Fig. 5.7b), which also confirmed that vascin is an amyloidogenic peptide that read-
ily forms β-structured oligomeric aggregates that mature into amyloid fibrils. 
Co-immunoprecipitation of VEGFR2 protein from lysates of vascin- and scrambled 
vascin-treated HUVECs, and the data demonstrated that vascin could directly inter-
act with VEGFR2 (Fig. 5.7c).

In order to confirm that vascin-mediated aggregation of VEGFR2 leads to dys-
function in HUVECs, authors determined the dose–response curve of vascin on 
ERK phosphorylation and VEGFR2 autophosphorylation after stimulating HUVECs 
with VEGF. As shown in Fig. 5.7d, e, HUVECs displayed a distinct dose-dependent 
inhibition with a median inhibitory concentration (IC50) of 8.3 μM for ERK phos-
phorylation and 6.8 μM for VEGFR2 autophosphorylation. These data showed that 
vascin was internalized by HUVECs and directly bound to VEGFR2, resulting in 
the functional inactivation through VEGFR2 aggregation.

Also, to test the inhibitory effect of vascin on tumor growth, B16 melanoma cells 
were injected subcutaneously in the right dorsal flank of C57BL/6 mice. From the 
4th day after tumor injection, mice were treated daily with vascin, scrambled vascin, 
vehicle (Tris-HCl) and kinase inhibitor PTK787. As shown in Fig. 5.7f, the curves 
of tumor growth volume were similar in C57BL/6 mice treated with scrambled 
vascin and Tris-HCl. However, the tumor growth was markedly reduced in mice that 
received the kinase inhibitor PTK787 orally. Specifically, compared with the 
PTK787-treated group, vascin-treated group showed comparable inhibition effect 
on tumor growth. The artificial amyloid model in this work provided an opportunity 
to discuss the relationship between the specific protein loss of function and amyloid 
toxicity. Although the mechanism of the tumor antigen recognition effect of amy-
loids is still not very clear, it is also attractive to develop amyloid-inspired bioactive 
materials for diseases treatment through improving the affinity and selectivity of 
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peptides to tumor antigens with molecular modulation and ration peptide design 
technologies.

Generally, in this chapter, starting from literatures related peptide-based fibrous 
structures via assembling processes and rational peptide design technologies devel-
oped for overcoming the intrinsic weaknesses of peptide-based amyloid, we also 
give a concise description of the recent advances of amyloid-inspired bioactive 
materials for tumor therapy based on in vivo self-assembly peptides, and de novo 
design of biologically active amyloid.

5.4  Peptide-Based Drug Delivery Systems

Therapeutic peptides have significantly impacted the development of the modern 
pharmaceutical industry and have contributed profoundly to the advancement of 
biological and chemical science. Over the past years, peptides are recognized for 
being highly selective and efficacious, and also relatively safe and well tolerated. 
Since peptide therapeutics are typically associated with lower production complex-
ity and immunogenicity compared with protein-based pharmaceuticals, together 
with the possible higher selectivity and activity compared with small molecule- 
based drugs, peptides have gained a wide range of applications in disease diagnosis 
and therapies [74]. There is an increased interest in peptides in pharmaceutical 
research and development in recent 20  years [74]. According to the statistics, 
approximately 70 peptide drugs have been approved by Food and Drug 
Administration (FDA), and >170 peptide candidates are currently being evaluated 
in various stages of clinical development by 2017 [75].

However, even if many peptides have been widely investigated as potential drug 
candidates, both with in vitro and in vivo experiments, frequently they showed unfa-
vorable physicochemical properties for clinical administration (such as low solubil-
ity and stability, nonspecific toxicity, and short circulating plasma half-life, etc.) 
[76]. In order to overcome these obstacles, peptide-based drug delivery systems 
(such as polymeric nanoparticles, micelles, liposomes, dendrimers, etc.) have been 
explored and shown to stabilize and modulate the transport and release of peptide 
monomers and assemblies. Such strategy was applied to emphasize the biological 
effects of these peptide monomers and assemblies, by means of encapsulating or 
even chemically conjugating these molecules over their surface with proper ligands, 
thus exhibiting targeting molecules with significant gain.

5.4.1  De Novo Designed Peptides for Drug Delivery Systems

In addition to the rational design techniques to improve the physicochemical stabil-
ity in vitro and bioavailability in vivo of peptide therapeutics, the intrinsic weak-
nesses of conventional tumor therapies prompted the development and application 

5 Molecular Studies of Peptide Assemblies and Related Applications in Tumor…



272

of a series of nanotechnologies for more effective and safer tumor therapies. Such 
therapeutic strategy is aimed to overcome the pharmacokinetic limitations of con-
ventional drugs due to their ability to preferentially accumulate into tumor tissues 
through tumors’ enhanced permeability and retention (EPR) effect as the result of 
their poor lymphatic drainage and pathologically leaky vasculature [77]. Literature 
survey revealed that, until now, more than 200,000 scientific research articles had 
been published on the theme of nanomedicines [78]. Several examples of nano-
medicines that have been commercialized for tumor treatment, such as liposomal 
doxorubicin (Doxil®) and albumin-bound paclitaxel (Abraxane®) [79], and a large 
amount of nanomedicines are currently being evaluated in various stages of clinical 
development.

However, current nanomedicines could only mitigate adverse side effects but fail 
to enhance therapeutic efficacies of conventional drugs. Peptide-based molecular 
design and targeted therapy are attracting more and more attention due to their 
receptor selectivity and specificity. In recent years, therapeutic peptides have been 
utilized as targeting moieties of nanocarriers for the delivery of cargos (e.g., antitu-
mor and anti-inflammatory) to specific organs, tissues, and cells with limited toxic-
ity and unexpected biomedical effects. Herein, in this part, we will provide a brief 
introduction of nanomedicines by using targeted nanocarriers modified in composi-
tion and/or on surface with different kinds of peptides. Generally, possible strategies 
for peptide-based nanomedicine approaches that aim to enhance their therapeutic 
efficacies could be obtained:

 1. by developing physical strategies capable of regulating the conformations and 
assembly structures of peptides for modulating their biological activity by intro-
duction of nanostructures.

 2. by developing active-targeting drug delivery strategies through peptide modifi-
cation over nanocarrier surfaces, which is capable of binding specifically to the 
surfaces of target cells both in vitro and in vivo.

 3. by developing effective prodrug strategies based on peptide-drug conjugates 
(PDCs) or nanostructures of self-assembling PDCs for targeted drug delivery.

Molecular chaperones, as an important part of the cellular quality control system 
in vivo, play pivotal roles in controlling undesired proteins (or peptides) misfolding 
and maintaining intricate proteostasis [80]. Inspired by nature, it is very compelling 
and promising to develop nanoparticles that represent molecular chaperones ana-
logs to sequester the peptides and to prevent the formation of aggregates. Peptide 
molecules are incorporated into nanoparticles in a separate way, which can over-
come formulation difficulties such as poor solubility and bioavailability.

Sterically stabilized micelle (SSM) is a self-assembled nanostructure of about 
15–20 nm in diameter composed of PEGylated phospholipids [81]. The most fre-
quently used phospholipid is the1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2000, also termed as PEG-PE in 
this chapter), a biocompatible stealth material present in an already FDA-approved 
marketed product, Doxil® [82]. Liang’s group found that PEG-PE micelle has a 
hydrophilic nano-cage with a negative charge layer in physiological environment, 
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which is similar to the 3D structure of GroEL [80, 83, 84]. GroEL-GroES has an 
ability to control undesired protein misfolding and aggregation, and promote effi-
cient protein folding in vivo [80, 85]. Based on the perspective that similar struc-
tural characteristics may share general effects, PEG-PE micelle may have a potential 
to assist non-native protein (or peptide) refolding and avoid its aggregation.

To illustrate the refolding effects of micelle structures, Fang et al. investigated 
the renaturation effect of PEG-PE micelle on dithiothreitol (DTT)-denatured insulin 
[83]. As shown in Fig. 5.8a, when PEG-PE micelle and DTT were simultaneously 
added into insulin solution, the solution gradually became transparent with the 
increased molar ratios of PEG-PE micelle: insulin. Circular dichroism (CD) spectra 
results indicated that PEG-PE micelle could hinder the secondary structures transi-
tion of DTT-denatured insulin from α-helix to β-sheet, thus facilitating the forma-
tion of native insulin conformation in the presence of PEG-PE micelle (Fig. 5.8b). 
Mass spectrometric analysis exhibited that the peak of DTT-denatured insulin 
aggregates transformed into several peaks (Fig. 5.8c), including a peak of double A 
chains (MW: 4781 D), a peak of double B chains (MW: 6813 D) and a peak of mis- 
matched A/B chains (MW: 5797 D). However, a distinct peak of native insulin was 
detected (MW: 5775 D, Fig. 5.8d) in the presence of PEG-PE micelle. Compared to 
DTT-induced insulin aggregates, the reduced insulin A and B chains in the presence 
of PEG-PE micelles are capable of recognizing each other and form native insulin 
molecules with yields of ~30% as measured by hypoglycemic activity analysis in 
mice (Fig. 5.8e). In another work, Fang and coworkers demonstrated that PEG-PE 
micelles-based molecular chaperones were also applicable for amyloid polypep-
tides, such as human islet amyloid polypeptide (hIAPP) [84].

The introduction of PEG-PE micelles was able to decrease the monomeric pep-
tide concentration in solution, which disturbed the dynamic equilibrium between 
monomeric and oligomeric species and shifted the aggregation pathway from an 
“on-pathway” to an “off-pathway” mechanism. In another word, the ability to orga-
nize and encapsulate multiple active peptides into defined objects and spaces at the 
nanoscale has potential applications in biotechnology and nanotechnology.

Nanoparticle-based targeted delivery systems mainly include passive targeting 
such as EPR effect and active targeting such as specific-receptor-mediated target-
ing. Actually, nanomedicine delivery based on EPR has limitations due to EPR var-
ies not only across different tumor types but also within different subregions of a 
single tumor tissue [79, 86]. Moreover, a dense fibrotic microenvironment may hin-
der the deep penetration of nanomedicines. Thus, depending on their size and sur-
face properties, many peptide-encapsulated nanoparticles tend to accumulate in the 
perivascular space of target tissues trough EPR effect, but fail to reach the target 
cells. Therefore, this is only possible if the size of nanomedicines allows for deep 
tissue penetration and if the target is accessible. To solve it, active targeting is neces-
sary to improve the permeation behavior of nanomedicines based on specific cellu-
lar uptake.

To achieve active targeting of nanomedicines, many approaches have been devel-
oped for conjugating targeting moieties onto nanoparticles, including antibodies, 
aptamers, and ligands [87]. Among them, peptide-conjugation is advantageous 
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compared to other bioconjugation-based strategies because peptides have a higher 
or equal binding affinity and specificity to receptors than small molecules and pro-
teins [88]. Compared with proteins, it is much easier to optimize peptide amino acid 
sequences to obtain an ideal targeting ligand. Importantly, peptides are readily made 
by good manufacturing practice because they do not require humanization. 

Fig. 5.8 (a) A photograph of the mixed solution of insulin (100 mM) and DTT (15 mM) in the 
absence and presence of PEG-PE micelles at different molar ratios of PEG-PE: insulin (varies 
from 0:1 to 10:1), after incubation at 37 °C for 24 h. (b) CD spectroscopy of insulin solutions in 
the absence and presence of DTT and PEG-PE micelles. (c) MALDI-TOF mass spectra of DTT- 
induced insulin aggregates. (d) MALDI-TOF mass spectra of DTT-induced insulin aggregates 
after PEG-PE treatment. (e) Hypoglycemic activity of insulin in BALB/c mice (5  U/kg body 
weight) with different treatments ( ∗∗p < 0.01 by two-tailed Student’s T-test) [83]. Copyright 2016, 
Elsevier
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Therefore, peptide-modified nanoparticles have been widely investigated for 
improving their active-targeting abilities.

As an example, vemurafenib is a chemotherapeutic drug approved by FDA to 
treat melanoma [89], but the oral administration of this drug readily causes severe 
side effects with limited therapeutic efficacy. Although liposomes were supposed to 
enhance the solubility in vitro and bioavailability in vivo of vemurafenib [90, 91], 
however, the low skin permeability of liposome formulation limits its widespread 
application through transdermal administration [92]. Zou et al. developed a peptide- 
modified vemurafenib-loaded liposome (Vem-TD-Lip) for the targeted inhibition of 
subcutaneous melanoma via the skin (Fig.  5.9a) [93]. The peptide of TD 
(ACSSSPSKHCG) has an advantage to open the paracellular pathway temporarily, 
which facilitates vemurafenib penetrate the skin and reduces undesired damages to 
normal organs [94]. As shown in Fig. 5.9b, c, the antitumor efficiency of Vem-TD- 
Lip delivered through the skin was significantly much better than through intrave-
nous injection and oral administration. This work provided a strategy to achieve 
targeted delivery of nanoparticles by modifying liposomes with biologically inspired 
peptides.

In another work, Wei et al. used a new tumor-penetrating peptide, CRGDK, to 
conjugate onto the surface of doxorubicin-encapsulated nanomicelles (TPFM-Dox, 
Fig. 5.9d) [95]. As shown in Fig. 5.9e, f, the peptide-conjugated nanomicelles can 
effectively target MDA-MB-231 tumor cells that overexpressing neuropilin-1 
(Nrp-1) receptors associated with tumor angiogenesis and tumor growth [96, 97]. 
Compared with doxorubicin-encapsulated nanomicelles (M-Dox) without CRGDK 
peptide, TPFM-Dox can specifically bind to MDA-MB-231 cells, which leads to the 
enhanced cellular uptake and cytotoxicity in vitro (Fig. 5.9g). Also, as shown in 
Fig.  5.9h, TPFM-DiR showed higher tumor targeting and penetrating efficiency 
than M-DiR in vivo with the assistance of tumor-penetrating peptide. The primary 
goal of effective drug delivery in tumor therapy is to transport sufficient drugs to 
target disease sites while minimizing their exposure to healthy tissues. The above 
results demonstrated that peptide-modified nanoparticles could improve the pene-
tration and biological effects of encapsulated-drugs both in vitro and in vivo.

Compared with the active-targeting delivery vehicle strategy, the prodrug method 
features minimized premature drug liberation and fewer amounts of inert materials, 
both of which can lighten the metabolic burden of the patients and in turn enhance 
their therapeutic efficacy [98–100]. PDCs are an emerging class of prodrugs, formed 
through the conjugation of a specific peptide to a drug via a chemical linker. The 
utilization of peptides allows for the incorporation of great degree of functionality 
into PDCs, as the amino acid sequence can be chosen both to control the physico-
chemical properties, and also to achieve active targeting with particular receptors on 
tumor cells. The diversity of amino acid combinations enables the facile preparation 
of different PDCs, and the control over the amino acid sequence allows tuning of the 
overall conjugate hydrophobicity and ionization, both of which increases solubility 
and improves selectivity to target tumor cells [101, 102]. More significantly, an 
emerging subset of PDCs seeks to combine the advantages of peptide-based pro-
drugs with delivery vehicle strategy, giving rise to self-assembling PDCs in which 
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the individual conjugates possess the ability to form nanostructures with physico-
chemical properties unique to those of the components.

Typically an amphiphilic PDC contains three essential components: the thera-
peutic agent, the rationally designed or chosen peptide, and the chemical linker that 
bridges the two. Figure 5.10a represents PDC bearing one drug (1) or two different 
types of drugs (2), and the amphiphilic PDCs (APDCs) are designed to spontane-
ously associate in aqueous solutions into a variety of stable nanostructures (such as 
NFs) (3) [103]. As an example, Liang and coworkers synthesized four amphiphilic 
PDCs using maytansinoid (DM1) as a cytotoxic drug, cRGDfK as a homing pep-
tide, and disulfide (SS) or thioether (SMCC) as a chemical linker [104]. Owing to 
their amphiphilicity, the amphiphilic PDCs could self-assemble into nanoparticles 
(APDC@NPs) (Fig. 5.10b). The authors evaluated the antitumor effects of different 
kinds of APDC@NPs by different cell lines (in vitro) and in tumor-bearing C57BL/6 
mice (in vivo). Lots of evidences confirmed that cRGDfK is able to specifically 
target αvβ3 integrin-overexpressing tumor cells and display excellent therapeutic 
efficacy. As indicated in Fig. 5.10c, in αvβ3-positive melanoma B16 tumor cells and 
tissues, APDC@NPs were effectively accumulated at the tumor sites by EPR effect, 
and their uptakes by B16 tumor cells were significantly improved via αvβ3 receptor- 
mediated endocytosis. Thanks to the dual targeting strategies that contributed by 
cRGDfK-mediated active targeting and nanoparticles-mediated passive targeting, 
APDC@NPs did significantly decrease the toxicity of free DM1 and greatly improve 
their therapeutic outcome (Fig.  5.10d, e). Specifically, the active APDC@NPs 
(RCCD@NPs & RSSD@NPs) showed better antitumor effects than the passive 
ones (QCCD@NPs & QSSD@NPs), which implied that peptide-mediated active 
targeting played a central role in the improvement of antitumor effect. Although 
their formulation remains challenging, PDCs and APDC-based self-assembled 
nanomaterials provide an insight for the design and development of active-targeting 
nanomedicines to treat tumor conditions in the future.

5.4.2  Peptide-Aggregate-Based Drug Delivery Systems

Atomic and molecular level studies have showed that, amyloid formation is driven 
by short amyloidogenic fragments within a protein that have the potential to self- 
assemble into β-sheet ribbons to form the characteristic cross-β-structured spine of 
amyloid structures [7, 69–71]. Compared with single peptide molecule, amyloid 
have a higher binding affinity to tumor-associated antigens due to their molecule 
cluster effects. However, frequently they displayed unfavorable chemical and physi-
cal properties as medicine candidates for diseases treatment, such as poor solubility, 
low bioavailability, uncontrollable toxicity, and so on. Nanomedicine strategy may 
have the ability to stabilize spatial conformation and improve biological effects of 
amyloid. Literatures have reported that the nanoparticles can enhance the local top-
ographic interactions between the nanostructures and nanoscaled components of the 
cellular surface, such as folopodia and lamellipodia [105–107].
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As an example, an isolation method was developed for circulating tumor cells 
(CTCs) with high efficiency by using the EpCAM recognition peptide functional-
ized iron oxide magnetic nanoparticles (MNPs) (Pep@MNPs) (Fig. 5.11a) [108]. 
The de novo designed peptide (VRRDAPRFSMQGLDACGGNNCNN) was modi-
fied on the surfaces of MNPs via biotin–avidin interaction. The kinetic parameters 
of the peptide binding to EpCAM were investigated with anti-EpCAM as a positive 
control, using the surface plasma resonance (SPR) technique. As shown in 
Fig. 5.11b, Pep@MNPs exhibited comparable binding affinity KD (1.98 × 10−9 mol/L) 
to that of the anti-EpCAM (2.69 × 10−10 mol/L). To further determine the interac-
tions between tumor cells and Pep@MNPs, many Pep@MNPs (as shown in red 
rings) can still be observed to attach on the surface of MCF-7 cells (Fig. 5.11c). 
Interestingly, MCF-7 cells captured by the Pep@MNPs exhibited more filopodia 
(Fig. 5.11c, below) than cells without Pep@MNP treatment. Authors deduce that, in 
addition of the high binding ability of peptide aggregates to EpCAM, MNPs- 
induced nanoscaled components of folopodia and lamellipodia also contribute to an 
improved interaction between tumor cells and Pep@MNPs.

In another work, the layer-by-layer (LbL) approach for multilayer assembly pro-
vides an excellent way to build up desired films using a range of functional materi-
als, including DNA, proteins, nanoparticles, and nanowires [109–111]. In order to 
effectively control glycemic stability in patients with type 2 diabetes, Lin and col-
laborators developed multilayer nano-films incorporating insulin nanoparticles 
through pH-shift precipitation and crystal disassembly at room temperature [112]. 
As shown in Fig.  5.11d, LbL multilayer film incorporating insulin nanoparticles 
was fabricated with poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) 
(PAA), which was indicated herein as Si/(PAH/PAA)5(PAH/PAA-insulin NPs)n. At 
a pH of 4.5, the positively charged insulin NPs were encapsulated into the LbL film 
to form PAA-insulin NP aggregates and were released in PBS buffer (pH  7.4) 
through electrostatic interactions. Additionally, the insulin-incorporated multilayer 
was swollen due to different ionic environments, which led to insulin release. To 
determine insulin release behaviors from LbL multilayer films, about 80% of the 
insulin was released from the LBL film in PBS buffer solution in the first stage of 
3 h, and the sustained long-term release could be observed to last for up to approxi-
mate 7 days (Fig. 5.11e). These findings could provide novel directions in establish-
ing insulin-based amyloid delivery systems for type 2 diabetes treatment.

Although most neurodegenerative diseases are related to the deposition in tissues 
of pathogenic aggregates that are composed of misfolded proteins in the form of 
amyloid fibrils and plaques [68, 113–115], numerous hormones, such as prolactin, 
growth hormone, and chromogranin, are stored in self-assembled aggregates (e.g., 
hydrogels) and released slowly into the systemic circulation in  vivo [116, 117]. 
Inspired by nature, with tunable numbers and sequences of amino acids, peptides 
show significant importance in self-assembly materials due to their designability 
and biocompatibility [118]. The defining feature of amyloid peptide assemblies is 
the utilization of synthetic chemistry to make nanoscale peptide building blocks of 
different shape and size, composition and surface charge, structure, and functional-
ity. This effort is also representative of the advances in nanoscience which is 
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concerned with making, manipulating, and imaging materials having at least one 
spatial dimension in the size range of 1–1000 nm [119]. Assembly of such architec-
tures may be achieved through spontaneous or templated self-assembly, or may be 
obtained by lithographically or chemically directed.

5.5  Conclusions

Many peptides and proteins have been demonstrated to form amyloids via assembly. 
This chapter highlighted the remarkable progresses in structure analysis and assem-
bly mechanisms of amyloid peptides at the level of individual amino acids. With the 
stable nanostructures formed by conjugation-induced assembly and self-assembly, 
amyloid peptide assemblies are able to achieve a long circulation time with high 
selectivity and specificity for tumor-associated antigens, which can enhance the 
antitumor effect both in vivo and in vitro.
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Chapter 6
Rationally Designed DNA Assemblies 
for Biomedical Application

Qiao Jiang, Qing Liu, Zhaoran Wang, and Baoquan Ding

Abstract Based on Watson–Crick base pairing rules, DNA molecules can work as 
building blocks to fabricate programmable and functional nanostructures. In recent 
decades, DNA nanotechnology has been developed to construct sophisticated struc-
tures and artificial mechanical devices, giving rise to a variety of desired functions 
and fascinating applications. Featured with rationally designed geometries, precise 
spatial addressability, as well as marked biocompatibility, DNA-based nanostruc-
tures provide promising candidates for drug delivery. In this chapter, we summarize 
the recent advances of self-assembled DNA-base nanomaterials for the biomedical 
applications, including molecular imaging and drug delivery both in  vitro and 
in vivo. The remaining challenges and open opportunities are also discussed.

Keywords Self-assembly · DNA nanomaterials · Drug delivery · Cancer treatment

6.1  Introduction

Deoxyribonucleic acid (DNA) molecules work as genetic information carriers and 
play a central role in expressing and regulating the biological functions of most living 
organisms. In 1982, Seeman proposed structural DNA nanotechnology that changed 
the genetic roles of DNA molecules [1]. The specific Watson–Crick base pairing 
between multiple DNA strands allows the design and fabrication of geometrically 
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defined objects, as well as the arrangement of components and functions at the 
nanoscale with high programmability. After decades of development, a variety of 
sophisticated self-assemblies have been designed and constructed, including various 
DNA polyhedral wireframe cages [2–4], rolling circle application (RCA)-derived 
materials [5], single-stranded tiles (SST)-based structures [6–9], DNA origami archi-
tectures [10], etc. DNA nanotechnology is now being utilized to develop nanomateri-
als with various functionalities [11–13]. These successful efforts have triggered the 
biological application of DNA nanostructures, most notably employing them as imag-
ing probes or drug delivery nanovehicles in vitro and in vivo.

6.2  Self-Assembled DNA Nanostructures

For their wide application prospect, nanoscale engineering of DNA structures has 
attracted great interest. Taking advantage of the self-recognition properties of 
appropriate oligonucleotides (ODNs), DNA molecules serving as stick and glue 
spontaneously assemble into predesigned 2D or 3D objects with nanoscale features 
(Fig. 6.1). Tile-based DNA nanostructures such as multi-arm junctions [1], cross-
overs (double-crossover [14], DX; triple-crossover [15, 16], TX), lattices [1, 17], 
hydrogels [9, 18], dendrimers [8, 19], and wire-framed polyhedra [2–4] with vari-
ous geometries (~10–100 nm) were fabricated by hybridization of multiple DNA 
strands containing carefully designed sequences. With high yields and uniform 
sizes, these assemblies can be reliably constructed by enzyme-free annealing pro-
cesses involving DNA strands with exact stoichiometric and purity control. 
Alternatively, rolling circle amplification (RCA) as an isothermal enzymatic 
strategy [5] can be used to create larger DNA-based structures (>200  nm  nm) 

Fig. 6.1 Various self-assembled DNA nanostructures. Three-arm junction [1]. Double-crossover 
[14]. Tetrahedron [3]. Octahedron [4]. DNA hydrogels [18]. DNA dendrimer [19]. DNA micro-
sponge [20]. DNA-RNA nanocapsule [24]. Triangular origami [12]. 3D curvature [12]
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including microsponges [20], nanoflowers [21, 22], nanoclews [23], nanocapsules 
[24], etc. Easy to large-scale production by enzymatic-based processes, those RCA- 
derived self-assemblies displayed optimal stability under physiological environ-
ments, making it a highly desirable and scalable strategy for biomedical applications. 
In 2006, DNA origami technique was introduced by Rothemund [10]. This revolu-
tionary breakthrough of DNA nanotechnology can fold a long single-stranded DNA 
(ssDNA) scaffold into a predesigned architecture using hundreds of staple strands 
that fix the scaffold’s conformation. Until now, the origami approach has provided 
various well-formed uniform nanostructures, such as 2D origami, [10] multilayer 
3D origami [25], 3D curvature [26, 27], single-stranded origami [28], and DNA- 
protein hybrid origami [29]. Another important strategy in fabrication of DNA 
nanostructures is single-stranded tile (SST) assembly [30, 31]. Each DNA “brick” 
as a molecular Lego comprises an ssDNA with four short binding domains only 
hybridizing with specific and predefined partners, enabling individual brick to 
assemble through the formation of DNA duplexes at the tile/tile interface.

These self-assembly processes enable rational design and construction of various 
DNA nanostructures with well-defined homogenous geometries ranging from 10 to 
400 nm, which are appropriate for drug delivery to malignant tumors displaying 
enhanced permeability and retention (EPR) effects [32, 33]. DNA nanostructure can 
work as a molecular pegboard, on which one can precisely organize desired func-
tional elements (including targeting aptamers, anticancer drug molecules, gene 
sequences, protein payloads, etc.) with designed numbers and patterns anywhere on 
the entire addressable nanostructure. Dynamic nanostructures can be easily fabri-
cated through those assembly approaches [34–40], enabling controllable therapeu-
tics release or fluorescence turn-on imaging at desired sites. Composed by biological 
molecules, DNA nanostructures show marked biocompatibility. All these unique 
advantages of DNA nanostructures have conferred them various biomedical 
applications.

6.3  DNA-Based Nanovehicles for Biomedical Application 
In Vitro and In Vivo

A variety of moieties can be integrated into DNA architectures to realize the par-
ticular biomedical functionalities, including specific tumor targeting, efficient deliv-
ery of therapeutic agents, and controllable drug release. Functional elements (such 
as several chemotherapeutic drugs or imaging agents) can be directly loaded into 
DNA nanovehicles via intercalation or covalent linkage. Hybridization between 
ssDNA strands attached with payloads and capture strands of DNA nanostructures 
offers a vital approach for site-selective arrangement of a collection of cargos (such 
as functional nucleic acids and DNA-modified biomolecules or nanoparticles). 
Aptamer sequence-targeted binding and biotin–streptavidin interaction provide 
alternative ways for cargo loading by specific recognition and anchoring. The sub-
sequent sections will focus on the recent advances of self-assembled DNA 

6 Rationally Designed DNA Assemblies for Biomedical Application



290

nanovehicles for delivery various types of cargos, including small molecular drugs, 
functional nucleic acid, metal nanoparticles, proteins, and peptides. Dynamic DNA 
nanodevices and DNA machines for stimuli-triggered structural reconfiguration and 
controlled drug release are summarized.

6.3.1  Chemotherapeutic Drugs

Doxorubicin and daunorubicin are broad-spectrum chemotherapeutic drugs that kill 
malignant cells through DNA intercalation and macromolecular biosynthesis inhi-
bition. Ding and colleagues exploited the potency of the drug molecules by loading 
them into triangular and tubular DNA origami delivery systems [41]. After doxoru-
bicin non-covalently attachment to DNA origami nanostructures via intercalation, 
drug-loaded DNA architectures were administrated to drug-sensitive or -resistant 
human breast cancer cell lines (regular MCF-7 or drug-resistant MCF-7). Working 
as “Trojan horses,” DNA origami nanovehicles enhanced doxorubicin accumulation 
in the diseased cells and exhibited marked cytotoxicity not only to regular MCF-7 
but importantly to drug-resistant cancer cells, inducing a remarkable reversal of 
resistance phenotype (Fig.  6.2a). In a similar fashion, Castro and his colleagues 
fabricated rod-like DNA origami nanoarchitectures for daunorubicin incorporation 
and cancer therapy [42]. As another type of DNA “Trojan horse,” the DNA nanocar-
rier enhanced drug efficacy in leukemia cells displaying multidrug resistance 
(MDR), providing a rationale for exploring DNA origami as a drug delivery vehicle 
in leukemia and other hematologic malignancies. Hogberg and his colleagues intro-
duced another doxorubicin-loaded DNA nanotube delivery system for cancer cell 
killing [43]. They designed several types of DNA tubes with varying degrees of 
global twist. Encapsulation efficiency and the release rate of doxorubicin were con-
trolled by tuning the DNA nanostructure design. Compared to free drug molecules, 
doxorubicin-loaded DNA tubes showed enhanced cytotoxicity and lowered the 
intracellular elimination rate in several breast cancer cell lines (MDA-MB-231, 
MDA-MB-468, and MCF-7, Fig. 6.2b).

The in  vitro endeavors described above have yielded new DNA nanovehicle 
designs with different biologically active payloads and for further in vivo applica-
tion. Ding and colleagues first investigated the shape-dependent tumor accumula-
tion by testing different DNA origami nanostructures and DNA controls (mixture of 
the p7249 scaffold and the biotin-containing staple strands) in tumor xenografted 
mice [44]. After intravenous injection, all the DNA nanostructures (tubes, triangles, 
rectangles) displayed enhanced passive targeting efficacy in tumor region, and the 
triangular DNA origami exhibited optimal tumor accumulation. Compared to free 
drug molecules, doxorubicin-loaded DNA origami showed more specific antitumor 
efficacy without any observable systemic side effects in nude mice bearing human 
MDA-MB-231 orthotopic breast tumors (Fig. 6.2c).

Besides anthracyclines (doxorubicin and daunorubicin), other types of chemo-
therapeutic drugs have been considered to load in DNA nanovehicles for cancer 
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therapy both in vitro and in vivo. Floxuridine is a pyrimidine analogue that is most 
often used in cancer therapy. Zhang and his colleagues synthesized floxuridine- 
integrated DNA strands and constructed DNA polyhedra (tetrahedra, dodecahedra, 
and buckyballs) with definite drug-loading ratios as well as varied sizes and mor-
phologies [45]. In their work, floxuridine-containing DNA polyhedra exhibited 
robust anticancer capability. Floxuridine-DNA buckyball architecture showed supe-
rior tumor inhibition over the free drug and other formulations. Camptothecin is an 
inhibitor DNA topoisomerase I that has been widely applied in the treatment of 
cancer. Zhang and his colleagues applied carbonethyl bromide-modified camptoth-
ecin to react with phosphorothioate-modified DNA strands and produced 

Fig. 6.2 Examples of DNA nanostructures for anthracyclines delivery. (a) Triangular and tubu-
lar DNA origami structures used as doxorubicin carriers for efficient inhibition of drug-resistant 
MCF-7 cell proliferation [41]. (b) Twisted doxorubicin-loaded DNA nanotubes with tunable 
drug release properties [43]. (c) Triangular DNA origami as an in vivo doxorubicin delivery 
nanovehicle [44]

6 Rationally Designed DNA Assemblies for Biomedical Application



292

drug- integrated DNA with a GSH-responsive disulfide linkage [46]. They next used 
these drug-modified ssDNA to fold camptothecin-containing DNA tetrahedra. In 
contrast to free drugs, these camptothecin-containing DNA tetrahedra exhibited 
higher cytotoxicity to tumor cells and better suppression of tumor growth. Cisplatin 
and related platinum-based drugs have been widely employed in the clinic as first-
line chemotherapeutic drugs for the various type of cancer. Ding and colleagues 
utilized double- bundle DNA tetrahedron as a nanovehicle to load platinum-based 
DNA intercalator (56MESS) via intercalation with the DNA duplex [47]. 
Integrated with nanobodies that targeted and blocked epidermal growth factor 
receptor (EGFR), the dual-functional DNA tetrahedral vehicles showed targeted 
platinum-drug delivery and combined tumor therapy without obvious systemic tox-
icity (Fig. 6.3).

6.3.2  Functional Nucleic Acids

Functional oligodeoxynucleotides (ODNs) and large nucleic acids are able to be 
integrated with the DNA nanovehicles by direct extension or hybridization. 
Unmethylated cytosine-phosphate-guanine (CpG) ODNs can specifically be recog-
nized by endosomal toll-like receptor 9 (TLR 9) and induce an immune response, 
which has been actively explored in both basic research and clinical trials as a type 
of potent vaccine adjuvant in immunotherapy for cancer [48]. Fan and colleagues 
described an approach to develop CpG-containing DNA tetrahedra for efficient 
CpG ONDs delivery and immunostimulation [49]. Through a simple annealing 
procedure, CpG-decorating DNA tetrahedra with a different valence number of 
functional ODNs were assembled. Compared to free CpG ODNs, the tetrahedron 
loading CpG ODNs showed improved stability and can efficiently produce the 

Fig. 6.3 Nanobody-conjugated double-bundle DNA tetrahedra for platinum-based DNA interca-
lator (56MESS) delivery [47]
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pro- inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, and IL-12 (Fig. 6.4a). In another example, Liedl and colleagues provided a 
DNA origami nanocarrier for CpG delivery and immune stimulation [50]. They 
constructed 30-helix DNA nanotube that hybridized with 62 CpG payloads at pre-
designed binding sites. The DNA constructs served as efficient vehicles to enhance 
internalization in splenic macrophages of CpG payloads. These CpG-loaded nano-
tubes were observed in the endosome of immune cells, stimulating effective produc-
tion of cytokines (Fig.  6.4b).  Ding and colleagues used a self-assembled DNA 
dendrimer to delivery CpG payloads [51]. TAT peptides and loop-structured-CpG 
motifs were incorporated into DNA dendrimers at various binding sites, and the 
CpG delivery was analyzed in  vitro. In contrast to free CpG-containing hairpin 
loops, DNA nanovehicles led more functional payloads into raw264.7 macrophages. 
Moreover, DNA dendrimers decorated with CpG loops and TAT peptides triggered 
stronger pro-inflammatory cytokine production compared to DNA constructs with-
out peptide modification, indicating that the TAT-DNA dendrimers could serve as 
efficient vehicles for delivery of CpG motifs (Fig. 6.4c).

Besides those in  vitro investigations of CpG decorating DNA nanovehicles, 
Rehberg and colleagues utilized DNA nanotubes as CpG delivery systems and 
investigated their effects on immune cells in  vivo and in real time [52]. They 
designed and fabricated an 8-helix DNA nanotube using the SST methods and the 
24 tiles in tubes were extended by CpG motifs. After incubation with raw 264.7 
macrophages, the CpG-loading DNA tubes showed enhanced cellular internaliza-
tion and TNF-α response. In a mouse model, CpG-DNA tubes were observed to be 
internalized by tissue-resident macrophages and localized in their endosomes utiliz-
ing in vivo microscopy. Through microinjection into skeletal muscle of anesthetized 
mice, CpG-DNA tubes induced a significant recruitment of leukocytes into the 
muscle tissue as well as activation of the NF-κB pathway in surrounding cells in 
contrast to naked DNA nanotubes or unloaded CpG ODNs. The above examples 
nicely demonstrate how the defined DNA nanostructures can be used advanta-
geously to deliver CpG ODNs to stimulate immune responses (Fig. 6.4d).

Antisense oligonucleotides (ASOs) are synthetic DNA/RNA-like ODNs that can 
be used for regulating gene expression. Typically, ASOs comprise 16–21 nucleo-
tides, which bind to mRNA through sequence-specific interactions and disrupt tar-
get gene expression [53]. A series of ASO delivery application of DNA nanomaterials 
were investigated. Sleiman and colleagues used DNA cage vehicles for ASO deliv-
ery and investigated target gene knockdown [54]. Phosphorothioated firefly lucifer-
ase ASO (PS-TOP4005) was chosen to represent in their model system. They 
constructed 3D DNA nanocages that were elongated with 1, 2, 4, and 6 ASOs. After 
incubation with mammalian cells by these ASO-DNA cages, significant and robust 
gene knockdown was observed. Compared to single- and double-stranded controls, 
the ASO-DNA cages displayed much higher gene knockdown level according to 
their increased stability of bound antisense units. Tan and colleagues introduced a 
size-controllable and stimuli-responsive DNA nanohydrogel as a vehicle for effi-
cient ASO delivery and gene therapy [55]. These DNA hydrogel particles were syn-
thesized by three types of Y-shaped DNA building blocks, incorporating targeting 
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Fig. 6.4 DNA nanostructures for CpG delivery and immunostimulation. (a) DNA tetrahedra for 
CpG delivery to raw264.7 macrophage cell line [49]. (b) CpG-coated DNA origami for cellular 
delivery and immunostimulation of isolated splenic macrophages [50]. (c) TAT peptide-conjugated 
DNA dendrimer for efficient CpG delivery to raw264.7 cells [51]. (d) DNA nanotube folded by the 
SST methods for CpG delivery in vivo and in real time [52]
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aptamers S6, disulfide linkages, and therapeutic ASO (ISIS5132) silencing proto-
oncogene c-raf. After incubation with S6 targeted human lung adenocarcinoma epi-
thelial A549 cells, DNA nanohydrogels resulted in targeted tumor cell uptake, 
efficient inhibition of cell growth, and stimuli-responsive gene therapy (Fig. 6.5a). 
For another example, Ding and colleagues constructed a double-bundle DNA tetra-
hedron consisting of nuclear localization signal (NLS) peptide and therapeutic 
ISIS5132 ASO and studied the delivery system in A549 cells [56]. They found that 
functionalized DNA tetrahedron assisted the delivery of ISIS5132 into the cells and 

Fig. 6.5 Examples of DNA nanovehicles for therapeutic ASOs, RNAi, and genes. (a) DNA nano-
hydrogels incorporated with aptamers S6, disulfide linkage, and therapeutic ASO (ISIS5132) [55]. 
(b) MUC-1 modified DNA origami for doxorubicin and p53 gene co-delivery [61]. (c) DNA ori-
gami decorated with two type of linear small hairpin RNA (shRNA) transcription templates for 
cancer therapy [62]
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increased the chance to downregulate target mRNA in nucleus and cytoplasm. In 
response to the intracellular reducing environment, therapeutic ASOs were released 
from DNA vehicles, triggering efficient knockdown of c-raf gene and malignant 
cells inhibition.

RNA interference (RNAi) that induces target gene silencing is a powerful and 
selective gene therapeutic strategy. Small interference RNAs (siRNAs) are synthetic 
mediators of RNAi, which are dsRNA molecules (21–23 base pairs in length) used 
to silence the expression of genes. Sleiman and colleagues developed another DNA 
cage structure to carry siRNA payloads and facilitate controllable release upon spe-
cific ODN triggers [57]. After recognizing the trigger strand (usually was mRNA or 
miRNA in malignant cells), siRNA-containing DNA cage unwind by strand dis-
placement and releasing the corresponded siRNA cargo. This DNA cage delivery 
system showed a high production yield (~100%) and can sustain biological condi-
tions and remain responsive at the molecular level in a complex cellular environ-
ment. Anderson and colleagues developed multifunctional DNA tetrahedron that 
decorated with siRNAs and tumor targeting moieties for in vivo gene therapy [58]. 
By designing the overhang of the DNA vehicle, the spatial orientation and density 
of cancer-targeting ligands on the tetrahedron surface can be controlled. Integrated 
with folic acid molecules for KB tumor cell targeting, the FA-DNA tetrahedral con-
structs displayed longer blood circulation time (t1/2 ≈ 24.2 min) compared to the 
unloaded siRNA (t1/2 ≈  6 min) and enhanced tumor accumulation in vivo. After 
systemic injection of a tetrahedron with FA-conjugated anti-luciferase siRNAs in 
KB tumor xenograft mice, robust gene silencing efficacy was observed without 
detectable immune response. Ju and colleagues present a “dual lock-and-key” sys-
tem to achieve cell-subtype-specific siRNA delivery [59]. They fabricated siRNA- 
containing triangular ring units and subsequently RCA-derived oligonucleotide 
vehicle (siRNA-ONV), which is modified with a hairpin structure to act as both the 
“smart key.” The auto-cleavable hairpin structure used in the siRNA-ONV was acti-
vated when reacting with two aptamers (sgc8c and sgc4f) appearing at target cell 
membrane as “dual locks.” The sequential recognition led to cell-subtype discrimi-
nation and precise siRNA delivery for efficient gene silencing in vitro and in vivo. 
Next, siRNAs decorating SST-based DNA nanovehicles for in vivo use were also 
described recently. Ke and colleagues arranged siRNAs that targeted anti-apoptotic 
protein Bcl2 (siBcl2) on the surface of a variety of SST-DNA nanostructures 
(20–100 nm) [60]. Both in vitro and in vivo evaluation confirmed the optimal tumor 
inhibition of the siBcl2-DNA nanovehicles. The suppressed tumor growth in xeno-
graft mice was specifically correlated with bcl2 downregulation.

Recently, a series of gene delivery by DNA origami nanostructures was reported 
by Ding and colleagues. They constructed a triangular origami platform to carry 
liner tumor therapeutic gene sequences (p53) and chemotherapeutic drug (doxoru-
bicin) molecules for combined therapy of multidrug-resistant (MDR) tumors [61]. 
Utilizing the gene/drug-coloaded DNA vehicles, potent tumor inhibition in drug- 
resistant tumor xenografts was observed (Fig. 6.5b). They next fabricated another 
type of codelivery vector of RNAi and drugs for MDR cancer therapy [62]. 
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Two types of linear small hairpin RNA (shRNA) transcription templates targeting 
MDR- associated genes (genes of P-glycoprotein and survivin) were hybridized 
with doxorubicin loaded-triangular DNA origami template. Integrating with tumor-
targeting MUC1 aptamer and GSH-responsive disulfide linkage, these multifunc-
tional DNA vehicles were observed to enter MDR-MCF-7 cells and synergistically 
inhibit tumor growth without apparent systemic toxicity (Fig. 6.5c).

6.3.3  Nanoparticle

Krishnan and colleagues designed a fluorescein isothiocyanate (FITC)-dextran 
(FD) encapsulated DNA icosahedral structure for in vivo imaging in Caenorhabditis 
elegans (C. elegans), which was the first report of in vivo study by using DNA nano-
structures [63]. Integrating with quantum dot in the core and functionalized with 
endocytic ligands on the DNA shell, a similar DNA icosahedron was fabricated 
[64]. They next deployed the multifunctional DNA particles for monitoring com-
partmental dynamics and endocytic pathways, resulting in a new class of molecular 
probes for quantitative functional imaging. Another example of nanoparticle deco-
ration was reported by Ke and colleagues for the study of cellular uptake and traf-
ficking process of DNA origami [65]. They provided a general method by locating 
gold nanoparticles (GNPs) onto the DNA origami nanostructures via hybridization 
for tracking origami in vitro. GNP attachment on the origami nanostructures enabled 
high-resolution cellular imaging at a single particle level by transmission electron 
microscopy (TEM), which led Ke and colleagues to assess cellular uptake efficiency 
of origami nanostructures influenced by sizes, shapes, and cell lines (Fig. 6.6a).

Gold nanorods (GNRs) have attracted significant research interest in cancer 
imaging and therapy, owing to their unique optical absorption properties and pho-
tothermal effects. Ding and colleagues represent several examples of GNRs loaded 
with DNA origami [66–68]. They constructed DNA origami templates with extend-
ing capture strands, which were used to anchor GNRs to pre-designed binding sites 
via their modified complementary DNA handles. The GNR-containing DNA ori-
gami nanostructures were applied in tumor cells and tumor-bearing animals to test 
their efficacy as dual-functional nanotheranostics. In contrast to bare GNRs, DNA 
origami loading GNR complexes showed increased tumor cell uptake and enhanced 
photothermal ablation [66]. As an efficient optoacoustic imaging (OAI) probe, 
both improved imaging quality and decreased necessary dose of GNR-DNA ori-
gami assemblies were achieved when the complex was administrated to tumor-
bearing mice [67]. Besides imaging functions, GNR-DNA origami assemblies 
responded to external NIR irradiation (for the photothermal therapy) and effec-
tively inhibited tumor growth, prolonging the survival of xenograft mice (Fig. 6.6b). 
Based on those studies, Ding and colleagues generated a DNA origami capable of 
assembling GNRs, doxorubicin, and MUC1 aptamers, introducing a universal 
strategy for origami vehicle-based co-delivery platform [68]. Rationally fabricated 
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to GNRs and drug molecules, the co-delivery DNA origami triangles were used in 
cancer therapy. The GNR-dox-DNA origami systems displayed increased delivery 
of drugs and nanoparticles in MDR-MCF-7 cell after combining tumor-cell target-
ing aptamers. Upon near-infrared (NIR) laser irradiation, GNR-dox-DNA origami 
co-delivery platforms showed downregulated expression of P-glycoprotein, a mul-
tidrug resistance pump on the cell surface of MDR-MCF-7 cells, eliciting synergis-
tic tumor cells inhibition by chemotherapeutic drugs and photothermal agents 
(Fig. 6.6c).

Fig. 6.6 DNA vehicles for nanoparticle delivery. (a) GNP-DNA origami nanostructures for 
in vitro tracking [65]. (b) GNR-containing DNA triangular origami for in vivo OAI imaging [67]. 
(c) GNR-dox-DNA origami systems for synergistic tumor cell inhibition [68]
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6.3.4  Proteins and Peptides

Delivery of proteins and peptides that carry out desired biological functions is a 
direct approach for disease treatment. Highly programmable DNA structures have 
been used to engineer nanoscaled vehicles for these biological macromolecules. As 
demonstrated by Chang and colleagues, a double-bundle DNA tetrahedron can be 
assembled as a platform to hold streptavidin molecules (STVs, model antigens) and 
CpG ODNs (adjuvants) at the same time [69]. In contrast to a simple mixture of 
antigen and adjuvants (STV + CpG), the co-assembled STV-CpG-DNA tetrahedron 
elicited stronger and long-term immune responses in mouse models without unde-
sirable effects against the DNA scaffold itself (Fig. 6.7a). A different approach of 
peptide-integrated vehicles as a nanovaccine was introduced by Chen and col-
leagues [24]. They utilized RCA-derived DNA-RNA nanocapsules to incorporate 
CpG, Stat3 short hairpin RNA adjuvants, and tumor-specific peptide for synergistic 
cancer vaccination. In this work, the RCA process produced tandem CpG and 
shRNA that were folded into DNA-RNA hybridized spheres. Then the DNA-RNA 
spheres were wrapped tightly by PPT-g-PEG (a PEGylated cationic polypeptide) to 
shrink the sizes and further loaded neoantigen peptide via hydrophobic interactions. 
As synergistic nanovaccine, these nanocapsules were used to co-deliver large 
amount of neoantigen and adjuvant into antigen-presenting cells (APCs) in draining 
lymph nodes (LNs), triggering durable neoantigen-specific T-cell responses and 
robust tumor growth inhibition (Fig. 6.7b).

Besides the nanovaccines mentioned above, anti-programmed cell death protein 
1 antibodies (aPD1) were also used as a functional protein for cancer immunother-
apy. Gu and colleagues designed an RCA-derived DNA particle that co- encapsulated 
aPD1 and CpG ODNs for synergistic induction of cytotoxic T-cell responses in a 
melanoma model [70]. Through RCA reaction specifically based on a template 
encoded with the CpG ODNs, CpG-containing nanoclews were fabricated, and 
aPD1 antibodies were co-loaded in DNA particles by ultrasonication. The DNA 
nanoclews were self-assembled by long-chain ssDNA repeatedly containing inter-
val CpG ODNs and cutting sites of restriction enzyme HhaI. For conditional release 
of functional payloads, the corresponding enzymes were coated by triglycerol 
monostearate [TGMS that can be cleavage by esterases and matrix metalloprotein-
ases (MMPs)] to form nanoparticles (TGMS-HhaI NPs) and attach to CpG/aPD1- 
containing nanovehicles. After local injection into incompletely removed tumors, 
the whole constructs were triggered by upregulated MMPs that cleaved TGMS. The 
uncovered HhaI further digested DNA particles and released CpG ODNs and aPD1. 
In contrast to a free aPD1/free CpG ODNs treatment, this microenvironment- 
responsive formulation of the DNA nanoclews displayed more effective tumor inhi-
bition, preventing the potential risk of toxic peak dosage of aPD1 in the body. Using 
a similar assembling approach, Gu and colleagues constructed another RCA-derived 
DNA nanoclews for co-delivery of Cas9 nuclease and single-guide RNA (sgRNA) 
[71]. The DNA nanoclew structure was synthesized by RCA reaction with sequences 
partially complementary to the sgRNA. Cas9/sgRNA complexes were loaded via 
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hybridization. As a result of the coating by cationic polymer polyethylenimine 
(PEI) for stabilization and enhanced endosomal escape, the Cas9/sgRNA co-loaded 
DNA nanoclews showed enhanced delivery to the nuclei of human cells, enabling 
targeted gene editing in vitro and in vivo.

Fig. 6.7 Examples of DNA nanostructures for protein or peptide delivery. (a) DNA tetrahedron 
for co-delivery STV and CpG to elicit stronger and long-term immune responses in vivo [69]. (b) 
RCA-derived DNA-RNA nanocapsule for incorporating CpG, Stat3 short hairpin RNA adjuvants 
and tumor-specific peptide as a nanovaccine [24]. (c) DNA rectangular origami for RNase A deliv-
ery and cancer therapy [73]
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Cytotoxic proteins ribonuclease (RNase) A can be utilized for cancer therapy. 
Stevens and colleagues developed multiple protein-encapsulated DNA nanoflowers 
derived by RCA approach [72]. They used RNase A as a model protein cargo to be 
delivered by nanoflower to cells without a loss in its biological function and struc-
tural integrity. The RNase A containing nanoflowers achieved protein delivery effi-
ciency, thereby inducing significant cytotoxic effects compared to the free enzyme. 
Ding and colleagues utilized DNA origami nanostructures as containers for protein 
delivery [73]. They arranged RNase A molecules on rectangular DNA origami 
nanosheets, which served as nanovehicles to carry RNase A to the cytoplasm and 
execute their cell-killing function inside the tumor cells. Tumor-specific MUC1 
aptamers were also integrated onto the DNA origami-based nanoplatform to 
enhance its targeting effect. Compared to free RNase A molecules, the DNA 
origami- protein co-assembling vehicles showed their prominent anti-tumor perfor-
mance in MCF-7 cells (Fig. 6.7c).

Transferrin (Tf) is a key protein of iron transportation and delivery to cells, which 
is usually used as a ligand for targeting drug delivery [74]. Kjem and colleagues 
constructed a rectangular DNA origami functionalized with transferrin- 
oligodeoxynucleotide conjugates (Tf-ODN) for efficient cellular uptake. Tf-ODN 
was synthesized by DNA-templated protein conjugation, which kept biological 
activity of the conjugated Tf molecules. Tf-ODNs were then incubated with rectan-
gular origami structures at room temperature overnight for efficient incorporation. 
The in vitro assessment of Tf-loaded DNA rectangles showed that Tf modification 
significantly enhanced the internalization of DNA origami into KB carcinoma cell 
line (possessing highly expressed Tf receptor) in a ligand dose-dependent manner.

6.3.5  Dynamic DNA Nanodevices and Machines 
for Biomedical Application

Natural macromolecular systems with stimuli-responsive properties have evolved to 
play various essential roles in biological systems. Inspired by natural macromolecu-
lar systems such as molecular motor proteins found in living cells, people commit-
ted in developing the artificial devices and machines. The bottom-up design, 
construction, and operation of these devices and machines on the molecular scale 
are popular topics in nanoscience and technology [75].

As excellent building blocks for design and construction of molecular devices, 
DNA molecules can be fabricated into various artificial, machine-like nanostruc-
ture, including tweezers, walkers, nanorobots, etc., to sense, actuate, and exert criti-
cal functions [38–40]. Besides those developments, DNA-based devices and 
machines as imaging probes and cargo delivery vehicles have been constructed and 
applied in vitro and in vivo.

Krishnan and colleagues provided a series of interesting applications for quanti-
tative imaging and cargo delivery based on DNA nanodevices. In the first example, 
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they constructed a DNA nanomachine named I-switch to map pH gradients within 
subcellular environments [76]. Consisting cytosine-rich oligonucleotides for sens-
ing protons and reporter molecules for fluorescence resonance energy transfer 
(FRET), the nanomachine was a robust pH-triggered nanoswitch, which was in 
“open” state (low FRET) at pH 7.3 and in “closed” state (high FRET) at pH 5.0. 
They tested the DNA nanomachine inside living cells and mapped spatial/temporal 
pH changes associated with endosome maturation. Further, they utilized two DNA 
nanomachines to simultaneously monitor intracellular pH changes via different 
pathways (the furin for retrograde endocytic pathway and the transferrin for endo-
cytic/recycling pathway) [77]. To track the furin pathway, they fabricated type 1 
DNA machine named IFu. With a similar working principle as I-switch, IFu also con-
sisted of a dsDNA domain to specifically recognize a recombinant antibody along 
the furin pathway. They engineered a duplex DNA nanomachine (ITf) that contained 
a pH-sensitive element (forming an intramolecular i-motif at low pH) and conju-
gated transferrin along the transferrin receptor pathway. They demonstrated that 
each DNA nanomachine can localize into organelle and track pH of its targeted 
pathway; two nanomachines can be applied in a same cell to map pH changes along 
both pathways. Next, Krishnan and colleagues designed a pH-independent DNA 
nanomachine for detection of chloride ions in the cytoplasm and subcellular organ-
elles [78]. In this work, the DNA nanodevice as chloride sensor was composed by 
sensing module (peptide nucleic acid conjugated with Cl−-sensitive fluorophore), 
normalizing module (DNA sequence bearing Cl−-insensitive Alexa 647) and target-
ing module (DNA sequence expending with Tf-targeting RNA aptamer). Through 
targeting delivery to organelles along the transferrin pathway, this chloride sensor 
enabled a precise measurement of the activity and location of subcellular chloride 
channels and transporters in living cells. Consisting of normalizing and sensing 
moieties in one DNA device, the sensor was successfully applied in quantitating the 
resting chloride concentration in the lumen of acidic organelles in Drosophila 
melanogaster.

In their follow-up work, they used a single DNA nanomachine integrated with 
quantitative pH and chloride reporting functions to investigate lysosome subpopula-
tions [79]. Following the similar design principle to their previous work, the dual- 
functional nanomachine was constructed with pH-reporter containing i-motif 
sequence, Cl−-sensitive moiety, and normalizing fluorophore. Consequently, the 
measurement of two types of ions within single endosome was achieved by the 
combination nanomachine, enabling chemical resolving lysosome populations and 
evaluation of therapeutic efficacy. In their recent work, they also used the modular 
design of DNA nanomachine to quantitatively monitor intra-endosomal disulfide 
reduction in situ in coelomocytes C. elegans [80].

Besides those nanodevices for intracellular imaging, Krishnan and colleagues 
introduced encapsulating strategy of molecular cargos within DNA polyhedral vehi-
cles [63, 64] that were mentioned above. Next, they composed conditional release 
moieties into their DNA polyhedral for spatiotemporal release of caged bioactive 
small molecules [81]. Photoactivated polymers bearing the small-molecule payload 
were synthesized and constructed into DNA icosahedra. Once receiving photo 
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irradiation, chemically modified dextrans entrapped in icosahedral nanocapsule- 
released fluorophores that diffused out of the nanocapsule, or released a non- 
fluorescent protecting group leaving behind a fluorescent cargo within the 
nanocapsules. DNA icosahedra as imaging agents showed cytosolic delivery with 
the spatial resolution of single endosomes within a single cell in C. elegans. Similar 
DNA nanocapsules were also applied to the photo-responsive release of dehydro-
epiandrosterone (DHEA, a neurosteroid that promotes neurogenesis and neuron 
survival) and determined the timescale of neuronal activation.

The DNA nanodevices and machines working in cells and C. elegans were all 
small assemblies (<20 nm) consisting of several DNA strands. Based on DNA ori-
gami techniques, several large and dynamic DNA assemblies with sophisticated 
functions have been fabricated and utilized in vitro and in vivo.

Douglas and colleagues described a DNA nanorobot that can transport molecular 
payloads to specific cells, sense cell surface inputs, and trigger activation in a pro-
grammed fashion [82]. They engineered a hexagonal DNA origami barrel (~40 nm) 
that was fastened by two DNA aptamer-based “locks.” Inspired by structure- 
switching aptamer beacons, these two DNA “locks” were designed to open once 
binding with their corresponded antigen “keys.” Molecular payloads (including 
DNA-modified gold nanoparticles or antibody Fab’ fragments) were loaded in the 
cavities of nanorobots via hybridization. When confronted to human leukocytes 
with antigens (cell surface inputs), the DNA nanorobots were capable to open and 
expose the inside payloads. Subsequently, the antibody Fab’ fragments were allowed 
to bind to cell surface receptors, inhibiting the growth of the target cells or inducing 
cell signaling. Moreover, the two aptamer locks could also be programmed to rec-
ognize two different inputs (thus equivalent to a logical AND gate), and both keys 
were needed to activate the DNA nanorobot. Andersen and colleagues employed a 
dynamic DNA origami nanovault to cage enzyme and control over reaction [83]. A 
single enzyme with an azide handle was loaded at the alkyne-exposing cargo- 
anchoring site (CAS) of the open DNA nanovault via click chemistry. After enzyme 
loading, the open DNA vault was then closed by adding sequence-specific closing 
strands. Once receiving a specific DNA signal (8-nt hinge) in solution, closed DNA 
vaults converted to fully opened structures, exposing the encapsulated enzyme mol-
ecules. The enzyme-substrate interaction and enzyme activity were controlled by 
the dynamic DNA nanovault with the unique properties of reversible opening/clos-
ing, cargo loading, and wall porosity (Fig. 6.8a).

The DNA robotic strategy inspired new designs with different biologically active 
payloads and applications. Bachelet and colleagues studied aptamer-controlled 
barrel- shaped DNA nanorobots and exploited a bio-computing application in living 
cockroaches (Blaberus discoidalis) [84]. They utilized the aptamers (recognized 
platelet-derived growth factor, PDGF; and vascular endothelial growth factor, 
VEGF) conjugated nanorobots to create various logic gates (AND, OR, XOR, 
NAND, NOT, CNOT and a half adder). When specific inputs (PDGF and VEGF) 
were present, Boolean computations by these logic gated DNA robots were success-
fully performed in living insects. In their further study, Bachelet and colleagues 
showed that DNA robots inside cockroaches were temporally controlled by human 
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thoughts [85]. They recorded cognitive states associated with EEG patterns and 
utilized them to control states of an electromagnetic field, which was generating 
local thermal effects to unlock the metal nanoparticle-conjugated DNA nanorobots.

Besides applications in cells and insects, Zhao and colleagues recently used 
tumor-bearing mice as model animals to investigate an engineered DNA nanorobot 
and its therapeutic efficacy [86]. They fabricated a tube-shaped DNA nanorobot that 
was customized to position blood coagulation protease thrombin molecules in its 
cavity as payloads and nucleolin-specific DNA aptamers as locking moieties. Once 
confronted to tumor vascular endothelial cells highly expressing nucleolin, the 
mechanical opening of the DNA nanorobot was triggered. The exposed thrombin 
molecules in the unrolled DNA nanorobots activated localized coagulation in tumor 
blood vessels, inducing the tumor to “starve to death.” In several tumor-bearing 
mouse models (breast cancer, ovarian cancer, melanoma, and lung cancer), the 
thrombin-loaded DNA nanorobot initiated tumor-specific thrombosis and vessel 
occlusion, eliciting robust tumor growth inhibition. The nanorobots were safe and 
immunologically inert in normal mice and Bama miniature pigs, without detectable 
changes in blood coagulation indices or histological morphology in either model 
(Fig. 6.8b).

Fig. 6.8 Examples of DNA-based nanodevices for biological applications. (a) Reconfigurable 
DNA nanovault for controlling enzyme reactions [83]. (b) Thrombin-loaded DNA nanorobot for 
tumor vessel-specific coagulation and in vivo cancer therapy [86]
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6.4  Summary and Outlook

DNA nanotechnology enables design and fabrication of versatile drug vehicles with 
arbitrary structures and controllable functions. In this chapter, we have summarized 
recent advances of DNA-based nanomaterials according to their structural proper-
ties and functionalities. DNA assemblies can be engineered with a variety of func-
tional payloads, enabling predesigned imaging or therapeutic applications. In recent 
years, DNA-based nanomachines and nanorobots with biological functions have 
also been introduced. These intelligent DNA nanodevices enable the targeted deliv-
ery and controllable release of bioactive payloads at the desired sites in various 
cellular and animal models. In contrast to nanocarriers (including liposomal or 
polymeric nanoparticles) composed by traditional well-defined materials, DNA- 
based nanomaterials are featured with predesigned sizes and shapes, addressable 
and programmable structures, as well as marked biocompatibility, offering an alter-
native promising candidate for precise and on-demand drug delivery.

Although several DNA-based nanomaterials clearly demonstrated the in  vitro 
and in vivo therapeutic potentials, further advances of biomedical applications of 
DNA nanotechnology still face several roadblocks. The size- and shape-dependent 
properties of DNA nanostructures need to be investigated when they interact with 
(diseased and healthy) cells and traffic through systematic circulation. Shih and col-
leagues showed that large and compact origami structures were preferentially inter-
nalized by cells in contrast to elongated, high-aspect-ratio structures [87]. Ke and 
his colleagues published results that geometries of DNA origami assemblies affect 
their cellular uptake [65]. Cell types also influence the internalization of DNA ori-
gami. Recently, Fan and colleagues reported a “like-charge attraction” mechanism 
of DNA nanostructure at the interface of cytoplasmic membranes, providing new 
clues for rational design of nanovehicles for therapeutics [88].

Additionally, detailed in  vivo characteristics of DNA-based nanomaterials 
including their circulating half-life, pharmacokinetics and clearance mechanisms 
must be elucidated. In a recent study, Cai and colleagues evaluated the biodistribu-
tion of 64Cu-DNA origami nanostructures via positron emission tomography (PET) 
and discovered predominant renal uptake of origami in healthy mice [89]. They 
hypothesized that active kidney accumulation of origami structures might be attrib-
uted to their compact structures, negatively charged surfaces, morphologies, and 
sizes. Several studies from Shih and colleagues revealed PEGylated lipid bilayer 
enveloping of DNA octahedron [90] or oligolysine polyethylene glycol coating of 
DNA origami nanostructures [91] exhibited modest increase in pharmacokinetic 
bioavailability. Schmidt and colleagues confirmed that the PEGylated protection 
strategy of DNA nanostructures did not hamper the hybridization with DNA- 
modified gold nanoparticles or the interaction with streptavidin-modified quantum 
dots [92]. However, this strategy was based on electrostatic interaction, which 
changed the hydrodynamic radius and surface charge of DNA origami, leading to a 
different biodistribution pattern and altering the renal accumulation [89]. More 
investigation and experiments are still needed to determine the impact of 
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geometries, morphologies and surface charges on the in vivo behaviors of DNA 
nanostructures. How the DNA nanostructures and coating strategies interact with 
the corona proteins in the circulation should be carefully studied.

Further understanding of potential immune response of DNA nanostructures is 
also needed. Most biological studies need the immunogenic inert nanomaterials, 
which indicate their safety for in  vivo application. Currently, M13mp18 phage 
genome DNA strands are used as scaffolds for assembling DNA origami structures 
in more than 90% of studies. This particular sequence may elicit weak immune 
responses [50]. The mentioned PEGylated strategies showed attenuated immune 
stimulation of DNA nanostructures [90]. On the other hand, immunotherapy needs 
materials to manipulate the immune system to efficiently eradicate malignant cells. 
Arrangement of immunostimulatory moieties (antigens and adjuvants) onto the 
DNA template has been used to tune the immunogenicity of DNA nanostructures, 
which can work as nanovaccines [24]. DNA nanomaterials generating custom- 
designed immune responses can be further fabricated for different applications.

Mass production (milligram-scale and even gram-scale amounts) of DNA nano-
structure is another concern. Dietz and colleagues recently introduced a biotechno-
logical method for highly efficient production of DNA origami nanostructures [93]. 
Growing such phages in the fermenters to produce DNA strands rather than chemi-
cal synthesis makes it much easier to pursue really large-scale production of medici-
nal and industrial DNA nanostructures. They also estimate production costs of 
folded DNA structures around €0.18/mg, which has been greatly reduced, com-
pared to solid-phase chemical synthesis.

Though DNA nanotechnology has not yet been translated into the clinic, clear 
demonstrations of the targeting delivery and diseases therapy by various DNA 
nanomaterials have shown great potential in biological applications. We envision 
that the sophisticated and programmable DNA assemblies will play an increasingly 
important role in biomedical field, especially for intelligent drug delivery, 
nanomedicine- tumor interaction studies and possible clinical applications in 
the future.
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Chapter 7
Intermolecular Interactions and Self- 
Assembly of Peptide-Based Nanomaterials 
Against Human Pathogenic Bacteria

Wenbo Zhang, Lanlan Yu, and Chenxuan Wang

Abstract Nanomaterial systems composed of polypeptides are inherently hierar-
chical in their organization: non-covalent interactions displayed by peptide building 
blocks engender well-ordered structures with broad applications. This chapter is 
intended to reflect on the recent progress made in the development of functionalized 
peptide self-assembling nanomaterials and their therapeutic applications against 
pathogenic bacteria. We review recent efforts directed to the creation of structurally 
defined supramolecular assemblies derived from either peptides or synthetic oligo-
mers mimicking the folding and organization of polypeptides. We elucidate the 
roles of non-covalent interactions, which are encoded by peptide primary amino 
acid sequence, on the folding and self-assembly of peptides, which in turn gives rise 
to biological function (e.g., antibacterial activity). Overall, the capability to build 
peptide-based nanomaterials and tune their functional properties presents exciting 
opportunities for future research and applications.

Keywords Protein folding · Self-assembled nanostructures · Antimicrobial · 
Intermolecular interaction · β-peptide

7.1  Introduction

A delicate balance between the host innate immune system and microbes is required 
to maintain human health. Perturbation of this balance can cause various microbial 
infectious diseases. Multicellular organisms have evolved immune response mecha-
nisms to defend against the invasion of microorganisms. Host defense peptides are 
a diverse group of peptides with broad-spectrum activity against gram-positive 
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bacteria, gram-negative bacteria, and fungi, serving as an evolutionarily conserved 
mechanism against the infection of microbes [1].

Most host defense peptides adopt one of the following conformations: α-helix 
(magainin, LL-37, melittin, cecropin), β-sheet (arenicin, PMAP-23, lacidophilin, 
human β-defensin-2), extended (indolicidin, Bac-5, PR-39, omiganan) [2]. Upon 
contact with cell membranes, host defense peptides fold and spatially segregate 
cationic and hydrophobic amino acid residues on opposite faces of the molecule, 
resulting in amphiphilicity [1, 2]. The amphiphilic nature of host defense peptides 
thereby allows them to partition into bacterial cell membranes and disintegrate the 
lipid bilayer structure [3]. Several distinguishable hypotheses have been proposed to 
interpret the action mechanisms of membrane permeabilization by host defense 
peptides: barrel-stave, toroidal pore, and carpet [1, 4–6]. In the barrel-stave model, 
peptides reach the membrane as monomers or oligomers and assemble on the sur-
face of the membrane. In the next step, they insert perpendicularly into the plane of 
the membrane bilayer and then recruit more peptide monomers to form a transmem-
brane pore of bundled peptides [1, 5, 6]. In the toroidal pore model, host defense 
peptides are oriented parallel to the bilayer plane at low peptide concentration. 
When peptides reach a critical concentration, they co-assemble with lipid molecules 
and translocate into the membrane. This action disintegrates the membrane and 
releases micelles composed of a peptide-lipid supramolecular dynamic complex [1, 
4]. In the carpet mode, amphiphilic peptides cover the surface of lipid membrane at 
a high density. When the concentration of host defense peptide is high enough, the 
membrane curvature of bacterial cell is changed. It leads to the collapse of the struc-
ture of the plasma membrane and the formation of peptide-lipid micelles [1, 6].

In view of the prevalence of microbial resistance to commonly used antibiotics, 
there is a growing interest to develop peptide antibiotics as potential therapeutic 
applications. Due to their membrane-lytic activity against bacteria, host defense 
peptides have a low propensity to induce microbial resistance [1, 2, 4]. However, 
several factors prevent the clinical application of host defense peptides. One of the 
major limitations of peptides is their high susceptibility to proteolytic degradation 
and elimination by the reticuloendothelial system and renal filtration [7, 8]. The 
rapid metabolism and elimination of host defense peptides results in an insufficient 
lifetime in vivo to reach their therapeutic targets. Another limitation is that high 
concentrations of defense peptides produce cytotoxicity to host cells. Some host 
defense peptides are capable of disrupting mammalian membranes and causing 
mammalian cell lysis. To overcome problems associated with the failure of host 
defense peptide in application, substantial efforts have been made to improve the 
bioavailability of peptide drugs by creating nanostructured materials derived from 
peptides or peptide synthetic analogs [9, 10]. The strategies that develop nanostruc-
tured peptide materials, which include building self-assembled peptide-based nano-
structures, encapsulating peptides in a delivery system, and chemical modification, 
have been shown to improve the peptide stability and delivery to the target [9, 10]. 
This chapter reviews the recent approaches on the development of new self- 
assembled peptide-based materials that may challenge the medical fight against 
pathogenic bacteria.
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7.2  Development of Peptide-Based Materials 
with Antibacterial Activity

Peptide-based building blocks serve as applicable platforms to construct supramo-
lecular nanostructures with high order and complexity. Peptide nanostructures 
exhibit promising features for broad therapeutic applications, such as nanofiber 
scaffolds, regenerative medicine and tissue engineering, scaffolds for three- 
dimensional (3D) cell cultures and 3D cell migration, and to stabilize diverse mem-
brane proteins [11–14]. Herein, we focus on the discussion of peptide-based 
supramolecular assemblies from the perspective of their designs, characterizations, 
and potential medical applications against pathogenic bacteria.

7.2.1  Peptide Structures

Prior to the introduction of polypeptide self-assembly-based nanomaterials, it is 
necessary to give a brief introduction to the basic components of polypeptide struc-
tures. Polypeptide chains are formed by linearly linked amino acids in a definite 
sequence. The amino acid sequence determines protein secondary structure, which 
reflects the 3D arrangement of protein local segments. The two most common poly-
peptide secondary structures are α-helices and β structures, though coils and tight 
turns occur as well. Physicochemical properties of residues determine the character-
istics of a protein, including, but not limited to, its 3D structure and its biological 
function. For example, proline has only one rather than two variable backbone 
angles and lacks the normal backbone NH.  It has stronger stereo chemical con-
straints to disrupt the regular secondary structures that cause a turn along a protein 
chain relative to other types of amino acids. Thus, proline is usually located at the 
edges of a protein although it has hydrophobic properties to some extent. As for 
glycine, which has the smallest side group that puts little stereochemical constraints 
on the flexibility of backbone conformation, it is frequently found in a region where 
main chains are packed close to each other and have a potential to switch backbone 
conformation. As for other residues, the hydrophobic residues provide relatively 
strong driving forces for protein folding and are usually buried in the protein interi-
ors, whereas residues with charged side chains (e.g., arginine, lysine, aspartic acid, 
and glutamic acid) are relatively hydrophilic and are often exposed on the surface of 
a protein.

7.2.1.1  Helices

α-Helix is a classic element of protein structure. It was first described by Pauling in 
1951 as 3.613-helix in which every backbone NH group donates a hydrogen bond to 
the backbone CO group of an amino acid located four residues earlier along the 
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protein sequence [15]. Including the hydrogen, the average atomic number per turn 
is 13 atoms, constructing a closed loop formed by the hydrogen bond. With 3.6 resi-
dues per turn, the side chains protrude from the α-helix at about every 100° in azi-
muth, and the rise per residue along the helix axis is 1.5 Å (Fig. 7.1) [15].

Based on the statistical results from a protein structural databank, α-helices are 
the most abundant form of secondary structure in globular proteins and are widely 
distributed on the surface of a protein [15]. Figure 7.2 shows the structure of an 
arsenate reductase which contains several α-helices [16]. Seven helices and four- 
stranded β-sheet (see below) are packed into an α/β-domain containing a central 
twisted β-sheet flanked by four α-helices. It is noteworthy that the axis of a helix 
may be slightly bent. The most common cause of such a bend is the presence of 
proline. 310-Helices are also found at either N- or C-terminal motifs of arsenate 
reductase. 310-Helix is a right-handed helical structure with a three-residue repeated 
segment and a hydrogen bond between the NH group of residue n and the CO group 
of residue n-3, instead of n-4. The average atomic number per turn is 10 atoms, 
which are involved in the closed loop formed by the hydrogen bond. With only 3 
residues per turn, the side chains protrude from the α-helix at about every 120° in 
azimuth and a translation of 2 Å along the axis (Fig. 7.2). Long 310-helices are rare, 
but short segments of 310-helices are frequently found in globular proteins and poly-
peptides. However, the 310-helix is considerably less favorable than the 3.613-helix 
for a long periodic structure, in connection with the hydrogen bond configuration 
energy and local conformational energy.

Fig. 7.1 A typical α-helix, residues 114–126 of the arsenate reductase from Bacillus subtilis 
(B. subtilis) [16]. The hydrogen bonds between the NH group of residue n and the CO group of 
residue n-4 are shown as dotted lines in orange. The N- and C-termini of the peptide segment are 
labeled in the diagram. The direction of view is from the solvent. The front face of the helix con-
tains hydrophilic residues whereas the back side is predominant by hydrophobic residues

W. Zhang et al.



315

7.2.1.2  β Structure

β-Sheet is another representative structural element that is commonly found in glob-
ular proteins. In 1933, β structures were first described by William Astbury as 
straight, extended chains with alternating side chain directions and hydrogen bonds 
between the adjacent antiparallel chains. However, Astbury did not have enough data 
to build a correct model, since whether the peptide bond was planar or not is unclear. 
In 1951, Linus Pauling and Robert Corey proposed a revised model which described 
the distinctive patterns of the hydrogen bonding for both antiparallel and parallel 
β-sheet. This model described the planarity of the peptide bond and revealed that the 
β-sheets are pleated. β-Sheets consist of several β-strands connected by two or three 
backbone hydrogen bonds, forming a generally pleated sheet. In the antiparallel 
β-sheet arrangement, hydrogen bonds are perpendicular to the strands. Successive 
β-strands alternate directions, and thus the inter-strand hydrogen bonds between the 
CO groups and NH groups are in a plane, which is their preferred orientation and 
contributes to the strongest inter-strand stability. This model suggests that the nar-
rowly spaced bond pairs alternate with widely spaced pairs. In the parallel β-sheet 

Fig. 7.2 Schematic illustration of the reduced state of arsenate reductase from B. subtilis. The 
seven α-helices and four-stranded β-sheet are colored red and green, respectively. The 310-helix 
formed by Cys82-Cys89 are emphasized. Hydrogen bonds between the NH group of residue n and 
the CO group of residue n-3 are shown as dotted lines in orange
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arrangement, successive β-strands are oriented in the same direction and generate 
nonplanarity in the inter-strand hydrogen-bonding networks. Figure 7.3 is a sche-
matic illustration of the antiparallel and parallel β-sheets from real proteins.

β-Strands can form a pure antiparallel sheet, a pure parallel sheet, or a mixed 
sheet composed of both antiparallel and parallel strand pairs. Mixed sheets are rela-
tively instable because the formation of two types of hydrogen bonds requires dif-
ferent backbone orientations, and the standard free energy of formation is relatively 
unfavorable. In general, a parallel β-sheet is more regular than an antiparallel sheet. 
It is difficult to find a β-sheet consisting of less than five strands, suggesting that a 
planar sheet composed of smaller number of strands is unfavorable in energy. 
However, there are some exceptions. For example, in the structure of arsenate 
reductase in Fig. 7.2, four β-strands form a parallel sheet exhibiting a twist confor-
mation. Parallel β-sheets and the parallel portions of mixed sheets are always com-
pletely buried, with two surfaces of a sheet protected by other main chains (often 
α-helices). In contrast, an antiparallel β-sheet usually possesses an alternative pat-
tern of hydrophobic/hydrophilic residues in sequence, and thus it exposes one sur-
face to the solvent and keeps one surface in contact with another protein motif. It is 
notable that large antiparallel sheets can roll up partially or even form a cylinder or 
a barrel. For example, 5 to 13 β-strands can make up a β barrel, which consists of 
tandem β-strands twists and coils composed of hydrogen bonds between the first 
strand and the last strand. Within a β barrel, hydrophobic side chains are pointed 
toward the interior of barrel, and the barrel can be stabilized by hydrophobic forces. 
The side chains of hydrophilic residues are always oriented toward the outside of 
barrel and interact with solvent.

7.2.1.3  Other Nonrepetitive Structures

Helix, β structure, and coil are regular classifications used to describe protein struc-
tures. The main feature of coil structure is its nonrepetition in backbone conforma-
tion. Coil, commonly referred to as random coil, is a class of conformations without 

Fig. 7.3 Representative antiparallel and parallel β-sheets. (a) An example of antiparallel β-sheet 
from arsenate reductase (PDB code: 1Z2D) (residues 5–10, 33–37, and 77–80). (b) An example of 
parallel β-sheet from Cu/Zn superoxide dismutase (PDB code: 1DSW) (residues 3–9, 15–22, and 
29–36). The directions of each strand are shown by arrows. The hydrogen bonds are shown by 
dotted lines and the atoms involved are shown as spheres
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regular secondary structure. We comment that peptide segments folded to ordered 
but irregular structures should be distinguished from random coil. For example, β 
turn, β bend, reverse turn, hairpin bend, kink, and widget are prevalent in protein’s 
non-regular secondary structures. A β turn usually consists of 4 residues (n, n + 1, 
n + 2, and n + 3) and possesses an intra-backbone hydrogen bond between the CO 
of residue n and the NH of residue n + 3. The role of β turn is to connect successive 
β-strands, but sometimes it also appears at the ends of α-helices [15]. Relative to β 
turn, random coil is a kind of simple unfolded polypeptide chain conformation with-
out any 3D structure.

7.2.2  Self-Assembly of Peptides to Nanostructures

This section focuses on introducing the formation of different self-assembled nano-
structures, including their 3D structures, the driving force of the self-assembly, and 
some manually designed assembly materials. Self-assembly is a process in which 
the disordered pre-existing components form highly ordered structures controlled 
by the local interactions among the components’ molecules. In aqueous environ-
ments, the self-assembly process is mediated through non-covalent forces, includ-
ing van der Waals interactions, hydrophobic interactions, electrostatic interactions, 
and hydrogen bonds. Temperature, pH, and solute concentration also influence the 
self-assembly processes [17].

Many self-assembled molecules possess both hydrophobic and hydrophilic moi-
eties and display amphiphilicity. In a biological system, the most well-known self- 
assembly structure is the lipid bilayer structure composed of amphiphilic 
phospholipids which have a hydrophilic phosphate head and a hydrophobic fatty 
acid tail. In aqueous solution, the nonpolar domains presented by the fatty acid 
chains engage in hydrophobic interactions to drive self-assembly. The phosphate 
head groups are largely deprotonated under physiological conditions and thus pro-
vide charge-related repulsions. As a result, phospholipids assemble into a two- 
layered sheet in which the hydrophobic tails point toward the center of the sheet and 
phosphate head exposed to water. The self-assembly of polypeptides or proteins is 
more complicated due to their complex amphiphilicity. For example, the side chains 
exposed on two faces of a β-pleated sheets can be either hydrophilic or hydropho-
bic. The folding and assembly of polypeptides is governed by the non-covalent net-
works that arise from side chain properties, such as charge, hydrophobicity, size, 
and polarity. Therefore, the chemical and structural principles encoded by amino 
acid identity provide an invaluable handle for manipulating and designing self- 
assembled polypeptide structures and peptide-peptide interactions. Here, we dis-
cuss a few representative supramolecular arrays by using peptides or proteins and 
unveil the principles of designing polypeptide building blocks (Fig. 7.4).
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7.2.2.1  Tubular Nanostructures

Nanotubes are elongated tube-like structures and have a defined inner hole. The 
driving forces of nanotube growth originate from hydrogen bonds and π–π stacking 
of aromatic residues (cyclic peptides), as well as hydrophobic interactions (peptide 
amphiphiles).

Ghadiri and coworkers demonstrated a strategy to rationally design hollow 
nanotubes by using heterochiral cyclic peptides [18]. They used d- and l-amino 
acids to synthesize a cyclic heterochiral octapeptide cyclo[-(d-Ala-Glu-d-Ala-
Gln)2-] that self-assembled through hydrogen bonds. When the side chain of E is 
protonated, cyclic peptides are stacked into an antiparallel β-sheet like conforma-
tion, via hydrogen bonds between peptide backbones, and crystallize into tubular 
structures about hundreds of nanometers long with a 0.7–0.8 nm pore size. The 
hollow nanotubes made up of cyclic peptides adopt a specific orientation where 

Fig. 7.4 Representative self-assembled structures, including spherical micelle, vesicle, worm-like 
micelle, nanotube, sheet, and fibril. The hydrophilic head and hydrophobic tail are represented as 
red spheres and yellow sticks, respectively
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side chains are pointed outward from the nanotube surface, and intermolecular 
hydrogen bonds are parallel to the long-axis of the tube (Fig. 7.5) [18]. The bio-
logical functions of cyclic peptide hollow nanotubes were exploited by Fernandez-
Lopez and coworkers [19]. The cyclic peptide family was found to potentially 
self-assemble in bacterial membranes and increase the membrane permeability. As 
a result, this kind of β-sheet-like tubular architecture exhibits promising antibacte-
rial activity against gram-positive bacteria (Bacillus subtilis, Bacillus cereus, 
Staphylococcus aureus, Listeria monocytogenes) and gram-negative bacteria 
(Enterococcus faecalis, Streptococcus pneumoniae) [19].

Nanotubular structures can also be achieved by using peptide amphiphiles which 
have a hydrophobic tail and a hydrophilic head. Usually a bioactive peptide amphi-
phile also has a section of charged amino acids to promote solubility and bioactive 
functional peptide epitope (Fig. 7.6) [20]. The hydrophobic tails can be oligomers 

Fig. 7.5 (a) The chemical structure of cyclo[-(d-Ala-Glu-d-Ala-Gln)2-]. The “d” or “l” represents 
the amino acid chirality. (b) Peptide subunits are shown as self-assembled tubular structures. The 
antiparallel stacking and the hydrogen-bonding interactions network are emphasized [18]

Fig. 7.6 A typical structure of peptide amphiphile. The four domains incorporate into the bioac-
tive β-sheet peptide amphiphile [20]
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of nonpolar amino acids (G, A, V, I, L, P, and F), while the heads are normally com-
posed of positively charged amino acids (H, K and R) or negatively charged amino 
acids (D and E). Both the hydrophobic interactions generated by nonpolar tails as 
well as the hydrogen bonds between peptides provide attractive interactions for the 
assembly of peptide amphiphiles. For example, AmK (where m = 3, 6, and 9) is a 
typical kind of peptide amphiphile. A3K forms β-pleated sheet structure via hydro-
gen bonds, whereas A6K forms long nanotubes and A9K forms short nanorods which 
are driven by hydrophobic interactions [21, 22].

7.2.2.2  Nanofibers

Fibers with a diameter size of less than 100 nm are called nanofibers. The main dif-
ference between the nanofibers and nanotubes is that nanotubes include hollow 
structures while nanofibers do not. Under some specific solution conditions (tem-
perature, pH, and ionic strength), peptides assemble into nanofibers via interpeptide 
hydrogen bonds and hydrophobic interactions. Stupp and coworkers created a broad 
class of 3D networks composed of nanofibers by using amphiphilic peptides, such 
as IKVAV [23]. Hamley and coworkers found that an alanine-rich peptide A12R2 can 
form twisted nanofibrils by stacking polyalanine domains [24]. Peptides in β-sheet 
conformation with alternating hydrophobic and hydrophilic residues can also form 
nanofibers. For example, alkylated peptide amphiphiles C16H31OVEVE, consisting 
of hydrophobic and negatively charged residues and an alkyl chain, can self- 
assemble into flat nanobelt structures (Fig. 7.7) [20].

Fig. 7.7 Nanobelts assembled from a peptide amphiphile C16H31OVEVE. (a) Chemical structure 
of the peptide amphiphile. (b) AFM images of peptide nanobelts. Reprinted with permission from 
[20]. Copyright 2009 American Chemical Society
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7.2.2.3  Spherical/Vesicle Structures

In aqueous solution at neutral pH, amphiphilic oligopeptides consisting of different 
proportions of hydrophilic to hydrophobic block length can self-assemble into 
spherical or vesicular structures. The peptides that self-assembled into vesicles were 
proline-rich peptides, copolypeptides, and cyclic peptides. Deming and coworkers 
showed that the poly(l-lysine)-b-poly(l-leucine), poly(l-glutamic acid)-b-poly(l- 
leucine), and poly(l-arginine)-b-poly(l-leucine) diblock polypeptides (where “b” 
refers to block) exhibit self-assembly behaviors, and stable vesicles and micelles are 
formed by the charged amphiphilic block copolypeptides [25]. The α-helical hydro-
phobic rod formation of the poly(l-leucine) block contributes to the formation of 
diblock polypeptides. Dreher and coworkers reported that self-assembly of elastin- 
like polypeptides, which were temperature triggered, can form spherical micelle 
architecture. Elastin-like polypeptides (ELPs) in a linear AB diblock architecture 
exhibit temperature-triggered self-assembly through a small increase in temperature 
between 37 and 42 °C [26]. While 37–42 °C is commonly used for clinical applica-
tion of hyperthermia, spherical micelles formed by ELPs are used in drug therapy. 
Besides, both the length of the copolymer and the hydrophilic/hydrophobic block 
ratio control the size of the micelle. Lee and coworkers designed a block polypep-
tide of polyproline and an arginine oligomer, P10R3, which can form vesicles rather 
than micelles [26].

7.2.3  Structural Characterization of Self-Assembled Peptides

A series of experimental approaches, such as X-ray diffraction, nuclear magnetic 
resonance (NMR) spectroscopy, and cryo-electron microscopy (Cryo-EM), have 
been used to characterize polypeptide self-assembly structures under various condi-
tions and study the interactions among peptides and proteins.

7.2.3.1  X-Ray Diffraction

Single crystal X-ray diffraction is the most unambiguous method for determining 
the arrays of atoms and molecules within a protein, which is based on the scattering 
of X-ray waves by electrons in the crystal. X-rays are electromagnetic waves with a 
wavelength of only around 1 Å. In 1895, Wilhelm Conrad Röntgen developed the 
method of protein crystallography inspired by the discovery of X-ray. In 1912, Max 
von Laue observed the diffraction of X-rays by a crystal and demonstrated that the 
scattering pattern would mark out the symmetrical arrangements of atoms in the 
crystal. These discoveries were followed by William and Lawrence Bragg, father 
and son, who invented the X-ray spectrometer and founded X-ray crystallography 
for the analysis of crystal structure. After 45 years of hard work, John Cowdery 
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Kendrew and Max Perutz solved the first crystal structure of a protein (the sperm 
whale myoglobin). They shared the Nobel Prize in Chemistry in 1962. So far, over 
150,000 protein crystal structures have been deposited in the PDB databank, as well 
as the nucleic acids and other biological molecules. Several protein crystallographic 
structure studies have been awarded the Nobel Prize, illustrating the high level of 
recognition these outstanding works hold in the academic world. Some examples 
include the prize awarded to Dorothy Hodgkin (Chemistry Prize of 1964) for the 
determination of the structures of vitamin B12 and insulin; Johann Deisenhofer, 
Robert Huber, and Hartmut Michel (Chemistry Prize of 1988) for their efforts in 
solving the structure of the photosynthetic reaction center (first membrane protein); 
John E Walker (Chemistry Prize of 1997) for the structure of ATP synthase; Peter 
Agre and Roderick MacKinnon (Chemistry Prize of 2003) for their research on ion 
channels in cell membranes; Roger Kornberg (Chemistry Prize of 2006) for his 
protein crystallography-related study of molecular basis or RNA transcription 
machinery; Venki Ramakrishnan, Thomas A.  Steitz, and Ada Yonath (Chemistry 
Prize of 2009) for the determination of the structure of the ribosome; and Brian 
Kobilka and Robert Lefkowitz (Chemistry Prize, 2012) for revealing the function 
and structures of GPCR proteins.

Figure 7.8 illustrates the workflow of protein crystallography. When using X-rays 
to detect the structures of proteins, the protein or polypeptides need to be first puri-
fied and crystallized. The preparation of well-diffracting single crystals is a time- 
limiting step. Hundreds to thousands of conditions need to be screened to optimize 
the expression, purification, and crystallization conditions of a specific polypeptide. 
Once appropriate protein crystals are obtained, it is necessary to submit them to the 
diffraction data collection process. The crystal is repeatedly exposed to X-ray beams 
in different orientations. Depending on the type of protein or polypeptide crystal 
(the cell size and symmetry), different strategies are employed for data collection, 
and different amounts of scattered X-rays are collected. When an X-ray beam hit a 
crystal, the X-ray diffraction occurs. All of the electrons in a crystal are hit with an 
X-ray and all of these electrons then diffract X-ray waves in all directions. Each 
electron in the sample can also become a small X-ray source. When the scattered 
waves from all electrons of each atom are added, they can either interfere construc-
tively or destructively. The diffracted waves which get stronger are recorded by 
X-ray detectors. Finally, by measuring the angles and intensities of these diffracted 
beams, a 3D image of the density of electrons within the crystal is produced by a 
crystallographer, with each compound having a unique diffraction pattern. Flexible 
portions of a protein are often invisible in crystallographic electron density maps, 
because their electron density is smeared out over a large volume, which is known 
as a truncated error. The diffraction data is processed by using specialized computer 
programs, which provide the phase information of the X-ray wave in each spot and 
the electrons distribution in protein. The processed electron density map is informa-
tive, demonstrating positions of atoms, chemical bonds, and other valuable informa-
tion in a crystal. Finally, one can reconstruct the position of each atom in a crystal 
by observing the diffraction pattern and build the 3D map of macromolecule. The 
protein or polypeptide structures are available to all scientists in a public database 
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called the “Protein Data Bank” (PDB) with detailed coordinate information and 
research methods.

Using X-ray crystallography, Eisenberg and coworkers studied the molecular 
mechanism of insulin amyloid fibrosis. A variety of amyloid fibrils are proteins that 
are misfolded into β-sheet conformation and form aggregated filaments 6–12 nm in 
diameter with variable lengths. Researchers obtained the fibril-like microcrystalline 
aggregates of the segment from insulin B-chain (LVEALYL) and determined the 
atomic arrays within the LVEALYL microcrystals. X-Ray crystallography yielded a 
resolution of about 1 Å, which provides information about the peptide structure and 
the fibrillization process of amyloidal peptide (Fig.  7.9). The peptide adopts a 
hydrogen-bonded cross-β-conformation, like a continuous stack of β-sheet ladders. 
Segments LVEALYL with extended strands conformation pack into parallel 
β-sheets, and each pair shows the dry steric zipper interface typical of amyloid-like 
fibrils [27].

Fig. 7.8 The workflow of protein crystallography
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By using similar methodology, Eisenberg and coworkers revealed two potential 
mechanisms for prion strain propagation based on the structure determination of the 
segments from prion and other amyloid proteins [28]. Prions are a kind of infectious 
proteins that can cause transmissible neurodegenerative diseases in mammals and 
produce heritable and sometimes beneficial phenotypes in fungi. In the inheritance 
and transmission of prions, strains are phenotypic variants encoded by protein con-
formations. Structural conversion from soluble to amyloid-like structure rich in 
β-sheets (aggregated) is involved in the process of prion formation. The aggregated 
prion accelerates the conversion of identical soluble protein molecules to the status 
of aggregation. However, the mechanism of maintaining protein structure stability 
in enduring transmission between cells or organisms is still unclear. Conformational 
differences that give rise to polymorphic amyloid fibrils and prion strains at atomic 
level are poorly understood. Researchers have determined that the steric zipper 
structures of fibril-like amyloidal protein segments are polymorphous (Fig. 7.10a). 
The different phenotypes of prion strains reflect changes in the conformations of 
steric zippers (Fig.  7.10b). Prion strains can be encoded by alternative packing 
arrangements of β-sheets, which are formed by the same segment. At the same time, 
prion strains can also be encoded by distinct β-sheets of different segments. The 
above two forms of polymorphism produce combinatorial conformations and trans-
fer protein-encoded information into prion strains.

The X-ray crystallography progress to explore polypeptide assembly structures 
is evident, while challenges still remain relating to the flexible portions of protein. 
A polypeptide that is highly dynamic in solution with a nearly free rotation and tilt 
angle is difficult to be studied by X-ray crystallography, since the electron density 
in highly flexible regions is largely weakened in X-ray diffraction. To gain informa-
tion with such a system, NMR spectroscopy can be used as a suitable characteriza-
tion technology.

7.2.3.2  NMR Spectroscopy

NMR spectroscopy is the second method for determining protein structures with 
atomic resolution and has led to a substantial increase in the number of known pro-
tein structures. NMR is a nuclei-specific spectroscopy that measures the energy gap 

Fig. 7.9 Atomic structure 
of the insulin dimer (PDB 
code: 1GUJ) [27]
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Fig. 7.10 Polymorphism in islet amyloid polypeptide (a) and the schematic diagram of steric zip-
per mechanisms for amyloid and prion polymorphism (b). (a) Peptide segments were detected to 
form fibrils, as shown in the electron micrographs above (scale bars are 100 nm). The segments 
also form microcrystals, as shown in the center (scale bars are 50 μm) of light micrographs. Crystal 
structures of the segments were also determined, and the resolutions and R factors are represented 
below. (b) Two segments in an amyloid-forming protein are respectively depicted in blue and yel-
low. Reproduced from [28]
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between spin-up and spin-down states of nuclei in an external magnetic field. NMR 
techniques can provide many complementary information to those obtained from 
X-ray crystallography, including the atomic local structures of highly flexible 
regions and protein dynamic properties. Thus, NMR techniques broaden our view 
of molecules and give us a profound insight into the relation between structure, 
dynamics, and biological function. In the late 1960s and the early 1970s, with the 
rapid development of modern NMR techniques, including Fourier transform spec-
troscopy, superconducting magnets, new pulse programs, and computer control of 
the instrumentation, NMR spectroscopy has emerged as a powerful technique to 
characterize protein structures in solution. NMR has been used to study protein 
internal mobility, conformational changes, folding processes, pH titration of indi-
vidual amino acids in protein-protein or protein-ligand interactions, and the atomic 
resolution structure of proteins.

Figure 7.11 presents an outline of the NMR method, including protein sample 
preparation, NMR experiment data collection, atom assignment, and structure cal-
culation. The protein of interest is usually dissolved in aqueous solution (0.4–0.5 mL) 
under near-physiological conditions. The appropriate protein concentration is 
higher than 0.3 mM, ideally around 1 mM. For proteins larger than 12 kDa, samples 
should be 15N and/or 13C labeled. To collect NMR spectra of proteins, two- 
dimensional (2D), three-dimensional (3D), or even four-dimensional (4D) experi-
ments are used to avoid extremely crowded and overlapped regions within the 
one-dimensional 1H NMR spectrum generated by the larger number of hydrogen 
atoms in a protein. As shown in Fig. 7.11, the cross-peaks, which indicate couplings 
between nuclei pairs, have been further spread out along the third frequency axis, 
corresponding to the NMR frequencies of labeled spins. Routine experiments 
include 2D 1H-15N, 1H-13C HSQC, 3D HNCA, HNCO, HN(CA)CO, HN(CO)CA, 
HNCACB, CBCA(CO)NH, HBHA(CO)NH, (H)CCH-COSY, HCCH-COSY, and 
15N-edited TOCSY-HSQC spectra. Using these spectra, one can assign the frequen-
cies at which energy absorption occurs for each of the specific NMR active nuclei 
in the sample. For a de novo structure determination, NMR distance constraints are 
obtained from nuclear Overhauser enhancement (NOE) spectroscopy, called 
NOESY. In the NOESY experiment, a cross-peak between two hydrogen atoms is 
observed only if the distance between the two protons is shorter than 6 Å. As the 
NOE depends on distance, one can use these distance constraints to build protein 
structure. Other NMR experiments can also provide distance or angle constraints, 
such as residual dipolar couplings (RDCs) and paramagnetic resonance enhance-
ment (PRE) experiments. A RDCs experiment measures weakly aligned macromol-
ecules dissolved in dilute liquid crystalline media and provides long-range 
orientational information that leads to significant increases in coordinate accuracy 
[29, 30]. The PRE effect, arising from unpaired electrons with an isotropic g-tenser 
(such as EDTA-Mn2+/EDTA-Cu2+ or a nitroxide spin label), provides long distance 
(10–35 Å) restraints according to the PRE between the paramagnetic center and the 
nucleus [31]. PRE structures are calculated using specific computational programs. 
Dihedral angles (φ and ψ) can be predicted from chemical shifts using the program 
TALOS. The CANDID module of CYANA was used to generate the initial struc-
ture. About 20 structures with the lowest target functions are selected as models for 
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the program SANE to extend the NOE assignments. 200 structures are first calcu-
lated by CYANA interactively, and the 100 lowest energy structures then selected 
for further refinement by AMBER.  Finally, 10–20 conformers with the lowest 
energy are selected to represent the solution structure. The quality of calculated 
conformers can be checked by analyzing the violations using PROCHECK software 
programs.

Fig. 7.11 The workflow of using the solution NMR to detect proteins structures
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1H, 13C, 15N triple resonance 3D and 4D spectroscopy have extended the size 
limit of protein NMR to 25 kDa. However, compared with other techniques, the 
molecular size of proteins that can be studied by NMR is relatively small. The main 
reasons are as follows: (1) NMR signals rapidly decay during the multitude of trans-
fer steps in an NMR experiment; (2) The spectra become too crowded as protein 
molecular weight increases; (3) Cross-peaks in NOE-type spectra increase rapidly 
with size. These problems can be generally eliminated by employing novel tech-
niques, such as the transverse relaxation-optimized spectroscopy (TROSY), PRE, 
RDCs, and pseudo-contact shifts (PCS). Labeling strategies involving perdeutera-
tion and methyl-specific labeling of ILVs also allow researchers to obtain key struc-
tural restraints for larger proteins.

The methods mentioned above are NMR methodologies working in solution. 
Another type of NMR technique is solid-state NMR (ssNMR). The principle of 
ssNMR is the same as that of solution NMR. The ssNMR is widely used in analyz-
ing membrane proteins inserted into lipid bilayers, which provides crucial structural 
and functional information of the membrane proteins. The orientation dependence 
of NMR interactions under non-spinning condition is exploited. The rigid-body 
structure of a peptide nanotube adopts a unique orientation when it is supported on 
glass slides. Thus, it is feasible to probe the orientation of peptides within a nano-
tube framework. Hamley and coworkers provided structural insights into the con-
formation of nanotube forming peptide H2N-AAAAAAK-COOH (A6K) via 
ssNMR. By using the unoriented A6K nanotubes sample labeled with 1-13C Ala at 
residue 2 and 2-13C Ala at residue 6, they found that A6K peptides are arranged in an 
antiparallel β-sheet within the nanotubes. Their results demonstrated that A6K nano-
tubes are 20 nm in diameter and consist of β-strands with a 4.7 Å spacing in the 
hydrogen-bonding direction. By combining the results from ssNMR experiments 
and simulations, a series of structural models was proposed to be that A6K β-strands 
are packed perpendicular to the nanotube axis to form a belt with a twisted angle θ 
in the range of 65–70° (Fig. 7.12) [32].

7.2.3.3  Cryogenic Electron Microscopy

Cryo-EM provides a feasible method to study the structures of large or heteroge-
neous proteins and biological macromolecular assemblies, which are difficult to be 
investigated by using conventional X-ray crystallography or NMR techniques. In a 

Fig. 7.12 Three perspectives of the nanotubes formed by peptide A6K. Reprinted with permission 
from [32]. Copyright 2013 Wiley Publishing Group
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cryo-EM experiment, biological specimens are frozen-hydrated at cryogenic tem-
peratures and remain in their native state without the use of dyes, fixatives, or crys-
tallization. It provides high-resolution structures of cells, viruses, and protein 
complexes. In the 1960s, scientists were faced with the problem that when using 
electron microscopy to study the structures of biomolecules, the high energy elec-
tron beams damaged the specimen. To overcome this problem, cryo-EM was 
invented, as it was expected to reduce the beam damage due to the low environment 
temperatures. In 1975, Joachim Frank proposed algorithms that can analyze 2D 
images and reconstruct them into 3D structures. In the early 1980s, Jacques 
Dubochet devoted himself to vitrify water by quickly cooling samples. This process 
allows the biomolecules to retain their shape in a vacuum. In the 1990s, Richard 
Henderson used electron microscopy to generate the first 3D image of a protein at 
atomic resolution. The Nobel Prize in Chemistry in 2017 was awarded to these three 
researchers for their efforts in developing cryo-EM.

Figure 7.13 shows the workflow of cryo-EM to detect protein structures. In the 
sample preparation step, an aqueous protein solution is dropped onto a carbon film- 
coated transmission electron microscopy (TEM) grid blotted by using a FEI 
Vitrobot, and then the grid with the sample is rapidly plunged into the mixture of 
liquid nitrogen and ethane. Frozen proteins are embedded in a thin layer of amor-
phous ice with a thickness of around 100 nm, which can preserve proteins in a near- 
native environment. The samples are quickly transferred to a TEM with cryogenic 
capability, maintaining low temperatures during experimentation (~90 K cooled by 

Fig. 7.13 The workflow of using electron cryo-microscopy to detect protein structures
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liquid nitrogen, or ~ 4 K cooled by liquid helium). Thus, the protein samples are 
fixed in a hydrated state in vacuum. Images with high noise level and low contrast 
are recorded by using electron exposures low enough at low temperature to avoid 
destroying samples. To get high-resolution structural information, multiple 2D 
images of the specimen are collected and averaged. To reconstruct the 3D structure 
of a biomolecule, the single-particle analysis (SPA) procedure was developed by 
Frank and coworkers [33]. In the SPA procedure, thousands of 2D images of a bio-
molecule in different orientations are combined to generate a 3D reconstruction. 
Software packages that are being used in the field of SPA (e.g., EMAN, IMAGIC, 
Bsoft, Frealign, and RELION) are based on the SPIDER program created by Frank 
and coworkers in 1981. Any reconstruction process by SPA is built on the assump-
tion that the imaged sample is a homogeneous population of structurally identical 
and chemically identical objects. However, not all the biological samples are truly 
homogeneous. Such instances of heterogeneity include the simultaneous presence 
of multiple biomolecule conformations and the variable nature of a bound ligand. In 
such cases, one should divide these 2D images into multiple homogeneous sets, and 
then generate multiple 3D models.

Stupp and coworkers used cryo-EM technique to investigate the structure of 
cylindrical nanofibers formed by alkylated peptide amphiphiles, C16H31OVVEE, 
which consist of hydrophobic and negatively charged residues (V and E) and a hexa-
decane tail [20]. Previous works demonstrate that the VEVE segment in a similar 
peptide C16H31OVEVE flips the hydrophilic and hydrophobic side chains to the 
opposite sides of extended peptide β-strand. The hydrophobic valine residues in the 
peptide sequence are expected to exhibit a tendency to form a dimer to limit expo-
sure to water. Thus, researchers hypothesized that the alternation of peptide sequence 
from VEVE to VVEE would lead to a more effective peptide chain packing. 
Consistent with their prediction, the replacement of the VEVE structural motif by 
VVEE converts the topology of the peptide self-assembly nanostructure from flat 
nanobelt to the cylindrical nanofiber (Fig. 7.14).

Fig. 7.14 Cylindrical 
nanofibers in cryo-EM 
image of 0.1 wt% 
C16H31OVVEE aqueous 
solution. Reprinted with 
permission from [20]. 
Copyright 2009 American 
Chemical Society
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Cryo-EM techniques are also used to characterize the nanostructures formed by 
de novo peptides. In 2018, Baker and coworkers described a general computational 
approach to design self-assembled helical filaments from monomeric proteins [34]. 
Using this approach, they designed proteins that assemble into micrometer-scale 
filaments in vivo and in vitro. A set of 15 de novo-designed helical repeat proteins 
with various geometries was selected as the monomeric building blocks. By using 
these 15 building blocks, 6 different types of supramolecular architectures with lon-
ger persistence lengths were generated (Fig. 7.15). Within these assembly architec-
tures, the overall orientations and packing modes of the monomers in filaments 
were determined by cryo-EM.

7.2.3.4  Other Methods

A series of other spectroscopic and microscopic technologies also provides us 
important information about polypeptide assembled structures, including scanning 
tunneling microscopy (STM), small-angle scattering (SAS), circular dichroism 
(CD), and multi-angle light scattering (MALS).

The STM works by scanning a surface with a very sharp metal wire tip. When a 
conducting tip is brought <1  nm to the surface to be examined, a bias applied 
between the two allows electrons to tunnel through the medium between them. As a 
result, the surface can be imaged with submolecular resolution by documenting the 
local density of states. Due to its high structural resolution and adaptability to 

Fig. 7.15 Cryo-EM structures of de novo peptide assembled structures. (a–f) Computational 
model, representative filaments in cryo-EM micrographs, cryo-EM structure, and overlay between 
the model and structure are arranged from left to right. (a) DHF58, (b) DHF119, (c) DHF91, (d) 
DHF46, (e) DHF79, and (f) DHF38 [34]. Reprinted with permission from [34]. Copyright 2018 
The American Association for the Advancement of Science
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various environments, STM has been applied to study the molecular structures of 
peptides, especially for amyloid peptides that are difficult to be crystallized. In the 
past decade, STM has provided important details to allow us to gain insights into the 
assemblies of amyloid-forming peptides, such as human islet amyloid polypeptide, 
amyloid beta 40 and 42, the key aggregation segment of prion protein, as well as the 
binding sites of single-drug molecules on peptides [35–38].

SAS, including small-angle X-ray scattering (SAXS) and small-angle neutron 
scattering (SANS), is used in the structure characterization of biological macromol-
ecules, nanocomposites, synthetic polymers, and alloys. Relative to solution NMR, 
which is limited by protein size, and X-ray crystallography, which is time- 
consuming, the SAS measurement is quick and has no significant molecular weight 
limitation. When combined with other high-resolution analysis methods, SAS pro-
vides 3D structures via ab initio reconstructions and hybrid modeling, which can be 
used in characterizing equilibrium mixtures and flexible systems.

CD is a kind of dichroism that involves circularly polarized light, such as the 
differential absorption of left- and right-handed light. CD is exhibited by biological 
molecules due to their dextrorotary and levorotary components. As a consequence, 
protein secondary structures have distinct CD spectral signatures representative of 
their structures, making CD a powerful tool in characterizing the structures of 
polypeptides.

MALS measures the hydrodynamic size of a particle or a protein assembly in 
Brownian motion from the scattered light intensity collected at multiple scattering 
angles. This measurement can be used to provide important insights into protein 
self-assembled structures, protein-protein interactions, and the aggregation status of 
proteins.

In conclusion, there are many techniques available to study the self-assembly 
structure of biomolecules. During the research process, scientists sometimes com-
bine various technologies to obtain profound structural insights.

7.2.4  The Application of Self-Assembled Peptide-Based 
Nanomaterials in the Diagnosis of Bacterial Infection

Speedy diagnosis of a bacterial infection is crucial to the treatment of infectious 
diseases. Because of the infection complications in the bloodstream, every hour of 
delay in antibiotic treatment increases mortality rates by nearly 8%. However, the 
existing physical examination methods, such as microorganism culture and histopa-
thology, and tests for antibodies, antigens, DNA, and RNA, are time-consuming, 
typically taking up to 2–5 days to obtain accurate and reliable results. Thus, new 
diagnostic methods are needed to detect the early stage of infection. Self-assembled 
peptide-based nanomaterials possess distinct biological properties, such as molecu-
lar recognition of pathogen attack, biodegradability, and biocompatibility that sug-
gest these materials may be used as sensitive and specific sensors for bacterial 
detection and infection therapy.
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Vancomycin is an antibiotic which is used to treat gram-positive bacterial infec-
tions as it can inhibit the proper cell wall synthesis. It is recommended as a first-line 
treatment for bloodstream infections, endocarditis, skin infections, and meningitis 
caused by gram-positive bacteria [39, 40]. The gram-positive bacterial cell wall, 
composed of cross-linked peptidoglycan, is constructed of a repeating disaccharide 
unit of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). The NAM 
bears a peptide moiety l-alanyl-d-isoglutaminyl-l-lysyl-d-alanyl-d-alanine. 
Vancomycin has been proved to prevent the incorporation of NAM/NAG peptide 
subunits into the peptidoglycan matrix and thereby inhibits cell wall polymerization 
by forming hydrogen bonds with the terminal d-alanyl-d-alanine moieties of NAM/
NAG peptides (Fig. 7.16).

Inspired by this observation, researchers attempted to develop biotriggered mate-
rials with responsive retention and targeting accumulation property. Vancomycin is 
covalently conjugated with self-assembled peptides or peptide mimetics to design 
various biosurface-induced supramolecular assemblies for the diagnosis and ther-
apy of bacterial infections.

In 2014, Yang and coworkers reported self-assembled vancomycin derivatives 
for simultaneous bacterial detection and inhibition [41]. They developed NBD- 
FFYEGK [Van] and NBD-FFYEEGK [Van] (NBD represents 4-nitro-2,1,3- 
benzoxadiazole and Van represents vancomycin), which can self-assemble induced 
by the bacterial surface. While the NBD exhibits the environment-sensitive fluores-
cence property, the NBD-Van conjugates can be used in bacterial detection and 
inhibition in vitro. They studied the self-assembly behaviors of these compounds by 
dynamic light scattering and transmission electron microscopy. The results showed 
that the critical micelle concentration (CMC) of NBD-FFYEGK [Van] and NBD- 
FFYEEGK [Van] was 75 and 190 μg/mL, respectively. TEM images of the com-
pound in aqueous solution at pH  7.4 showed that when their concentration was 
higher than their respective CMC value, both NBD-FFYEGK [Van] and NBD- 
FFYEEGK [Van] formed nanoparticles. To test their bacterial inhibition capacity, 
the vancomycin-sensitive strain of Bacillus subtilis (ATCC 33677, B. subtilis) and 
vancomycin-resistant enterococci of Enterococcus faecalis (VanB genotype, ATCC 

Fig. 7.16 Mechanism of vancomycin action. (a) Vancomycin is added to the bacterial environ-
ment while bacteria are metabolically active and synthesizing new cell wall. (b) Vancomycin rec-
ognizes and binds to the d-alanyl-d-alanine moieties on the end of the peptide chains. (c) 
Vancomycin interacts with the peptide chains and prevents them to bind to the cell wall cross- 
linking enzyme. (d) Cross-links cannot be formed and the bacterial cell wall is disrupted
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51299, E. faecalis) were used as model organisms. The antibacterial activity of the 
two peptide-conjugated compounds was investigated by standard broth microdilu-
tion assays. For B. subtilis, the minimum inhibitory concentration (MIC) of NBD- 
FFYEGK [Van] was 4.5  μM, while the MIC of NBD-FFYEEGK [Van] was 
22.4  μM.  NBD-FFYEGK [Van] (MIC  =  90  μM) and NBD-FFYEEGK [Van] 
(MIC = 213 μM) exhibited more effective antimicrobial activities against E. faecalis 
than the parent vancomycin molecule (MIC = 728 μM). By measuring the local 
fluorescence intensity of NBD moiety at the bacterial surface, they observed that the 
formation of NBD peptide self-assembled nanostructures around bacteria increased 
the fluorescence intensity relative to the environment. It is an interesting observa-
tion that bacterial surface functions as an active substrate to recruit free NBD pep-
tides from solution and triggered the onset of assembly of NBD peptides at the 
bacterial surface.

In 2015, Wang and his group designed a new photoacoustic contrast peptide 
agent that is capable of self-aggregation triggered by an enzyme in bioenvironments 
and can be used as a sensitive and specific image sensor for bacterial infection 
in  vivo [42]. The building block is Ppa-PLGVRG-Van 1 (Ppa stands for 
pyropheophorbide-α, Van stands for vancomycin), where Ppa is a light-sensitive 
reagent to provide photoacoustic signal and PLGVRG is an enzyme-sensitive pep-
tide linker. Ppa-PLGVRG-Van 1 binds to the gram-positive bacterial cell walls via 
the hydrogen bonds between vancomycin and d-alanyl-d-alanine moieties. 
Vancomycin leads Ppa-PLGVRG-Van to accumulate at the site of infection caused 
by bacteria in  vivo. Gelatinase secreted by gelatinase-positive bacteria cuts the 
PLGVRG peptide linker and releases Ppa to self-aggregate in situ (Fig. 7.17). The 
aggregates of Ppa are hierarchically twisted fibers with high thermal conversion 
efficiency for photoacoustic imaging. Hence, the accumulation and aggregation of 
Ppa-PLGVRG-Van induced by bacterial infection leads to an amplification of the 
Ppa signal in situ, which can be used as the basis of a highly sensitive and specific 
system for imaging the bacterial infections. In this research, the self-aggregation 
and characterization of the supramolecular aggregates were studied by UV-vis 
absorption spectra, TEM, and CD spectra. To test the function of Ppa-PLGVRG- 
Van in vivo, a dose of 103 to 108 bacterial colony-forming units was added to induce 
muscle inflammation for 24 h. Then Ppa-PLGVRG-Van was intravenously injected 
(5.0 mg/kg, 200 μL) and the photoacoustic signal was acquired after a further 24 h. 
The results showed that Ppa-PLGVRG-Van exhibited target accumulation effect in 
muscles and other organs. Finally, cell viability assays were carried out to examine 
the toxicity of Ppa-PLGVRG-Van. The experimental data showed that this photo-
acoustic contrast agent has high biocompatibility as negligible cytotoxicity toward 
the human embryonic kidney (A293) and human hepatocyte (LO2) cells was 
observed.

Inspired by the potential of constructing supramolecular self-assemblies in vivo, 
Liu and coworkers designed a dual fluorescent-radioisotope probe for imaging 
gram-positive bacterial infection [43]. A vancomycin- and rhodamine-modified 
peptide derivative (Rho-FF-Van) was synthesized as an imaging reagent and was 
bound to the d-alanyl-d-alanine motif of the methicillin-resistant Staphylococcus 
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aureus (MRSA) cell walls. The peptide self-assembled to form nanoaggregates on 
the surface of MRSA, which resulted in an increased fluorescence intensity at the 
site of MRSA infection. By measuring the radioactive signal released by the 
iodine-125 labeled peptide, 125I-Rho-FF-Van, researchers probed bacterial infection 
in MRSA-infected lung models. Their work provides a novel way to image bacterial 
infection in vivo. They also synthesized Rho-GG-Van as a control group. To evalu-
ate the self-association potency of Rho-FF-Van versus Rho-GG-Van and determine 
the appropriate concentration of peptide probes in vitro and in vivo, they compared 
the CMC values of these peptide probes in PBS buffer. The results revealed that the 
CMC value of Rho-FF-Van (about 78 μg/mL) is 2.4-fold lower than that of Rho- 
GG- Van. Similar CMC measurements were conducted with non-rhodamine control 
groups, Ac-FF-Van and Ac-FF-Van. The presence of rhodamine aromatic ring was 
observed to facilitate the self-assembly tendency of the peptide. To evaluate the 
bacterial surface-induced self-assembly of peptide probes, in situ self-assembly of 
Rho-FF-Van surrounding MRSA surface was visualized by using confocal micros-
copy and TEM. The results showed that the outer membrane of MRSA treated with 
Rho-FF-Van exhibited apparent formation of nanoaggregates. In contrast, there was 
no obvious aggregates formed at the outer membrane of MRSA treated by Rho-GG- 
Van. These results further confirm that Rho-FF-Van exhibits high sensitivity for the 
detection of gram-positive bacteria in  vitro. Finally, they used myositis-bearing 
mice that have MRSA on left hind leg and Escherichia coli (E. coli) on the right 
hind leg to investigate the ability of Rho-FF-Van for detecting gram-positive bacte-
rial infection in vivo. Rho-FF-Van was administered in the mice intravenously for 
fluorescence imaging and showed significant fluorescence only on the MRSA- 
induced infection sites, 2 h post-injection both in vivo and ex vivo.

7.2.5  Application of Self-Assembled Peptide-Based 
Nanomaterials in the Treatment of Bacterial Infection

The overuse of antibiotics have  stimulated  the emergence of antibiotic-resistant 
bacteria; thus, the conventional antibiotics that target individual intracellular pro-
cesses are facing the barrier of reduced therapeutic potential against pathogens. 
There are four important pathways leading to bacterial resistance: (1) alteration in 
the target site of antimicrobial agents to reduce binding affinity, (2) reducing drug 
accessibility via increasing efflux or decreasing influx, (3) inactivation of a drug by 
releasing enzymes, and (4) tolerance that results in the survival of bacteria [44, 45]. 
With traditional search paradigms being exhausted, novel approaches including the 
creation of antimicrobial peptides and peptide mimetics may offer promising and 
creative solutions. Naturally occurring antimicrobial peptides are evolutionarily 
conserved and found in many living organisms. They serve as defense components 
in the innate immune system against a variety of pathogens. Antimicrobial peptides 
have some common characteristics as they fold into amphipathic structures in 
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response to membrane binding. They are cationic and bind to negatively charged 
bacterial cell membranes by nonspecific physical interactions and cause disrupting 
pores, channels, or carpets in microbial phospholipid bilayers [1, 4–6]. Although 
some peptides isolated from natural sources show early success as alternatives to 
conventional antibiotics, their therapeutic applications are limited by high costs, 
their low stability to enzymatic degradation in vivo, and off-target cytotoxicity. To 
overcome these challenges, one possible solution is to use antimicrobial peptides as 
building blocks and develop three-dimensional hierarchical nanomaterials with 
wider therapeutic windows.

Webster and coworkers designed a self-assembled Cardin antimicrobial peptide 
amphiphiles (ACA-PA) with the sequence of C16-V4K4G(AKKARA)2 to combat 
bacterial drug resistance [46]. ACA-PA forms spontaneous aggregates induced by 
hydrophobic collapse when the peptide concentration is above 45 μM. Structural 
experiments revealed that the amphiphilic Cardin antimicrobial peptide can fold 
into β-sheet secondary conformation and self-assemble into cylindrical supramo-
lecular structures. TEM imaging revealed that the self-assembled structures of 
ACA-PA are nanorods with diameters in the range of 7–10 nm at the concentration 
of 1 mg/mL. 40 μM ACA-PA caused bacterial cytoplasmic leakage, local membrane 
disruption in gram-positive bacteria, and disorganization of gram-negative bacterial 
membrane. Thus, the nanoparticles formed by ACA-PA are potentially promising 
candidates to be used as antimicrobial agents [46]. To investigate the bactericidal 
effects of the ACA-PA-based nanomaterial, a viable colony count assay and the live/
dead staining assay were conducted against gram-positive and gram-negative bacte-
ria, S. aureus, MRSA, E. coli, and MDR E. coli. At concentrations higher than 
80 μM, the ACA-PA nanorods possessed significant toxicity against all the bacteria 
and decreased colony-forming units for both S. aureus and MRSA by two logs. As 
for gram-negative E. coli and MDR E. coli, ACA-PA nanorods had potent bacteri-
cidal effects. Drug-resistant bacterial strains were exposed to ACA-PA at concentra-
tions below (40 μM) and above (80 μM) the CMC, and then were visualized by 
TEM to reveal the damage in bacterial cell envelopes caused by the ACA-PA treat-
ment. After the treatment with 40 μM of ACA-PA, the peptidoglycan layer of MRSA 
was partially damaged and the cytoplasmic membrane was no longer attached to the 
outer membrane, resulting in cytoplasmic leakage. By using 80 μM of ACA-PA, the 
disintegration of the bacterial cell wall became apparent in TEM images, which is 
indicative of local disruption of the cell membrane and complete leakage of the 
cytoplasm.

Self-assembled peptide-based nanomaterials can also be used as drug delivery 
carriers against bacteria. For example, the resistance of bacteria to the relatively 
nontoxic first-line antibiotics makes it necessary to treat infections with some pow-
erful antibiotics. However, these antibiotics are kept in reserve due to their toxicity, 
which can lead to symptoms worse than the infection itself, such as fever, kidney 
damage, thrombophlebitis, and red man syndrome. Researchers are trying to find 
new and safer antibiotics, which can be delivered to the infected tissues and organs 
to increase drug potency and reduce their side effects. In order to achieve this pur-
pose, one approach is to package the drug into nanoparticles, which prolongs the 
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half-life time of the payload antibiotic. Another strategy is targeting an antibiotic to 
bacteria in an infected tissue. Nanoparticle delivery with specific targeting drugs is 
an effective means of improving drug delivery. Ruoslahti and coworkers designed 
and synthesized a kind of vancomycin-loaded nanoparticles with the cyclic 9-amino- 
acid peptide CARG peptide, cyclo(CARGGLKSC). This designed drug increases 
the antibacterial activity of nanoparticles in S. aureus-infected tissues and reduces 
the side effects (Fig. 7.18) [47]. The nanoparticles have a porous silicon core which 

Fig. 7.18 Targeted drugs delivery to S. aureus-infected lungs in vivo. (a) A schematic illustration 
of the therapeutic nanoparticle system. (b) TEM image of vancomycin-loaded pSiNP (the scale bar 
is 200  nm). (c) Time-gated luminescence images of pSiNPs in mice after 1  h of circulation 
(λe = 500 nm). Nanoparticles were intravenously injected into infected mice 24 h post intratracheal 
administration of S. aureus. White dashed line indicates the outer boundary of each organ. The 
pSiNPs grafted with polyethylene glycol only (no targeting peptide) were the control nanoparti-
cles; negative control: 50 μL corresponding volume of PBS was injected to mice intravenously. 
The inset is the white light photograph of lung tissues corresponding to the time-gated lumines-
cence image. (d) Confocal fluorescence microscope images of the infected lung tissue of mice with 
CARG-pSiNPs. Green, red, and blue represent the CARG peptide labeled with FAM, intrinsic 
photoluminescence of pSiNPs, and DAPI nuclear stain, respectively (scale bars are 20  μm). 
Reproduced from [47]
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provides high loading capacity for drugs and easily modified surface to accommo-
date targeting groups. The cyclic 9-amino-acid peptide cyclo(CARGGLKSC) that 
specifically binds to S. aureus-infected tissues was selected via a phage display 
peptide library screen in the mice with S. aureus-induced lung infections. In vivo 
and in vitro study results revealed that cyclo(CARGGLKSC) binds specifically to 
S. aureus bacteria and selectively accumulates in S. aureus-infected lungs and skin 
of mice. Thus, it significantly enhanced the local accumulation of intravenously 
injected vancomycin-loaded porous silicon nanoparticles to the infected area. 
Compared with vancomycin nanoparticles not labeled with cyclo(CARGGLKSC) 
and free vancomycin, these targeted nanoparticles more effectively suppressed 
staphylococcal infections in vivo. This development indicated a powerful and unbi-
ased way to discover peptides that specifically accumulate in diseased tissues [47].

Another application of a peptide self-assembled nanomaterial against infection is 
the incorporation into pharmaceutical formulations that can continuously release 
hydrophobic and low-soluble antibiotics and provide a means of maintaining drug 
concentrations above the minimum inhibitory concentration for the pathogen. For 
example, ciprofloxacin is a gold standard for various topical applications, such as 
eye and skin infection. However, ciprofloxacin is sparingly soluble, and it is difficult 
to maintain dosing at a certain concentration. Hartley and coworkers reported the 
self-assembly of ciprofloxacin and a tripeptide (d-Leu-Phe-Phe) into supramolecu-
lar nanostructures, which were used in solving this solubility problem [48]. The 
soluble ciprofloxacin and the hydrophobic d-Leu-Phe-Phe can form supramolecular 
nanostructures that form macroscopic hydrogels at physiological pH (Fig. 7.19). 
The presence of non-covalent interactions between ciprofloxacin and the peptide 
hydrogel was confirmed by fluorescence spectroscopy and CD spectroscopy. 
Ciprofloxacin-loaded peptide hydrogel showed an antimicrobial efficacy against 
several bacteria, including Escherichia coli, Staphylococcus aureus, and Klebsiella 
pneumonia. No obvious cytotoxicity was found in lytic assays against human red 
blood cells or mouse fibroblast cell cultures. This work demonstrates the potential 
clinical applications of a peptide hydrogel as cost-effective wound dressings and 
novel antimicrobial formulations [48].

Fig. 7.19 Structures of ciprofloxacin (CIP) and peptide d-Leu-Phe-Phe that self-assemble into a 
hydrogel after being triggered by pH.  Reprinted with permission from [48]. Copyright 2013 
Elsevier
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7.2.6  Encapsulation of Peptide by Nanomaterials 
Against Bacteria

Generation of nanomaterial delivery systems has been reported to be a promising 
strategy to improve peptide bioavailability. Nanomaterials can act as target-specific 
carriers to deliver therapeutic cargo for diagnosis and therapy, protect a peptide drug 
from proteolytic degradation, and alter the rapid peptide metabolism and elimina-
tion timescales in vivo [7–10]. Herein, we provide several recent examples demon-
strating the applications of nanomaterials with encapsulated peptides in the context 
of treating bacterial infections.

Kwon and coworkers designed a bifunctional peptide that displays a killing 
domain (d-Asp-Lys-Lys) and a microbial Pseudomonas localization domain (a 
membrane-active peptide which is Pseudomonas-specific) and kills Pseudomonas 
aeruginosa at sub-micromolar concentrations [49]. Histological examinations of 
the lungs of mice treated with free peptide revealed that treatment resulted in bron-
chitis, sloughing of the bronchial epithelium, and interstitial pneumonitis; all of 
these symptoms developed in response to the toxicity of the antimicrobial peptide. 
When the bifunctional peptide was loaded into the pores of a biocompatible porous 
silicon nanoparticle (pSiNP) by electrostatic interactions and then dosed in mice, 
the peptide-pSiNP exhibited a better biodistribution and decreased the side effects 
of antimicrobial peptide in vivo. The encapsulation of the peptide by the nanopar-
ticle significantly weakened the damage to the lung tissue. To examine the utility of 
peptide-pSiNP in vivo, this co-assembly material was delivered to the lungs of mice 
and tested for its potency against P. aeruginosa infection. The treatment of a lung 
infection model of P. aeruginosa (2 × 105 colony-forming unit (CFU) per mouse) 
with peptide-pSiNP (a mouse was given two doses of 1.5 nmol peptide and 30 μg 
porous silicon nanoparticle) resulted in an improved survival at 24-h post-infection 
from 10 to 20% (vehicle control) to 100%. To determine the effect of peptide 
nanoparticle on bacteria in vivo, mice were intratracheally instilled with 1 × 103 CFU 
P. aeruginosa per mouse to establish an infection model with near 100% 24-h sur-
vival and treated with peptide-pSiNPs. The utility of peptide-loaded nanoparticles 
markedly reduced the average bacterial number recovered from lungs from 1 × 105.2 
CFU per lung (untreated mice) to 1 × 102.7 CFU per lung.

Other nanomaterials such as gold nanoparticles [9, 50] and graphene oxide [51] 
have also been shown to be efficient platforms to conjugate with antimicrobial pep-
tides, increasing peptide proteolytic stability and decreasing peptide mammalian 
cell cytotoxicity. Rai et al. incorporated a cysteine residue to the C-terminus of an 
antimicrobial peptide, Cecropin-melittin, and covalently immobilized this peptide 
onto the surfaces of gold nanoparticles via Au-S bonds (Fig. 7.20) [50]. Cecropin- 
melittin modified gold nanoparticles at a concentration of 50 μg/mL exhibited high 
antimicrobial activity in human serum against gram-positive bacteria (S. aureus) 
and gram-negative bacteria (E. coli, K. pneumoniae, and P. aeruginosa). In addition, 
peptide-gold nanoparticles had higher resistance to enzymatic degradation than free 
peptides when they were treated with trypsin, S. aureus V8 protease, and human 
neutrophil elastase, respectively.
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Chen et al. non-covalently deposited an antimicrobial lipopeptide, surfactin, on 
the surfaces of dodecanethiol-capped gold nanodots via the hydrophobic interac-
tions formed between the nonpolar tails of surfactin and dodecanethiol [9]. The 
minimal inhibitory concentration values of surfactin/dodecanethiol/gold nanodots 
against E. coli, P. vulgaris, MRSA, S. aureus, and S. enteritidis were much lower 
(less than 25 μM) than that of free surfactin (200–250 μM). Cytotoxicity evaluation 
using MCF-10A, NIH-3T3, and HMEC-1 cells and the hemolysis analyses using 
human red blood cells revealed superior biocompatibility of surfactin/dodecaneth-
iol/gold nanodots relative to surfactin. To test the clinical applicability of this 
surfactin- gold nanodot material, histological analysis was carried out to evaluate the 
antibacterial ability in healing of skin wounds of rats exposed to MRSA.  When 
compared to the untreated group, a greater migration for keratinocytes, higher fibro-
blast formation and collagen secretion, more blood vessels, and hair follicles were 
observed in the surfactin-gold nanodot-treated wound site relative to controls. Taken 
together, encapsulating peptides by nanomaterials has been demonstrated as a pow-
erful strategy to improve the preclinical applications of antimicrobial peptides in the 
treatment of infections.

7.3  Development of Peptide Mimetic Materials 
with Antibacterial Activity

A key point that emerges from the progress described above is that diverse natural 
amino acid building blocks lie at the heart of the polypeptide assembly world. When 
appropriately coupled through amide linkages, these subunits direct folding into a 
particular type of secondary structure. The resulting structure provides a scaffold for 
the three-dimensional display of side chains. The spatial organization of side chains 
facilitates the non-covalent interactions between adjacent secondary structures to 
form both tertiary structure and quaternary structure, and then finally, a functional 
peptide assembly is achieved. In the past decade, increasing work has been devoted 
to exploring the diversity within the polypeptide backbone by using unnatural amino 
acids for molecular design. Alternative to the α-peptide scaffold, the β-peptide pro-
vides a new direction toward mimicking nature’s molecular assemblies and antibac-
terial function.

7.3.1  β-Peptide: Molecular Structure 
and Conformational Stability

β-Peptides are oligomers composed of unnatural β-amino acids that mimic various 
aspects of the folding and organization of polypeptides. β-Amino acids contain an 
extra carbon in the backbone relative to α-amino acids (Fig.  7.21a). The 
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introduction of an additional carbon atom into the peptide backbone leads to an 
increase of a peptide’s proteolytic stability [52]. Like α-peptides, hydrogen bonding 
between amino groups and carboxyl groups in neighboring regions of backbone 
folds β-peptide into specific secondary structures, including helices, sheets, and 
turns. Helices have been the most intensively studied.

The backbones of β-peptides are longer than those of peptides that consist of 
α-amino acids; thus β-peptides form different secondary structures (Fig.  7.21b) 
[52]. β-Peptides that consist exclusively of β3-, β2-, or cyclically constraint trans-
2-aminocyclohexanecarboxylic acid (ACHC) residues form a 14-helix. The struc-
ture of the 14-helix is stabilized by hydrogen bonds between amides at position n 
and a main chain carbonyl group at position n + 2. Different from an α-helix, the 
14-helix has a 3.6-residue repeat. Altering the cyclically constrained residue from 
6-membered ring, ACHC, to a 5-membered ring residue, trans-2- 
aminocyclopentanecarboxylic acid (ACPC) or trans-3-aminopyrrolidine-4-carbox-
ylic acid (APC), facilitates the formation of a 12-helix. β-Peptides composed 
entirely of a 4- membered ring constraint display a 10-helix secondary structure. 
β-Peptides composed of the repeated β2- and β3-residue units, such as poly(β2-
homoalanine- β3-homoalanine), adopt a 10/12-helix conformation.

7.3.2  Intermolecular Interactions Encoded by β-Peptides

Understanding the origins of intermolecular interactions leading to self-assembly is 
one of the key challenges underlying the rational design of novel nanostructured 
functional materials. In particular, the association of nonpolar groups in water 
through “hydrophobic interactions” has been widely recognized as a key driving 

Fig. 7.21 (a) α- and β-amino acids. (b) Hydrogen-bonding patterns of β-peptide helices are shown 
with arrows
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force for nanoscale self-assembly [53]. Hydrophobic interactions are water- 
mediated interactions between nonpolar molecules or surfaces [53]. These interac-
tions provide a principal driving force for polypeptide folding, protein assembly, 
and biomacromolecule-ligand association in aqueous solution and at aqueous inter-
faces. Hydrophobic interactions are influenced by other non-covalent interactions 
that are mediated by adjacent functional groups, engendering highly specific ter-
tiary and quaternary structures observed among proteins and other biomolecular 
structures and complexes. To date, simulations rather than experiments have been 
used to explore the ways in which nanoscale chemical heterogeneity impacts hydro-
phobic interactions [53]. Experimental strategies for addressing this challenging 
topic are necessary in order to test computationally derived predictions. 
Contemporary simulations often ignore key features of real molecules, such as the 
polarizability of atoms and dissociation of water, which sharpens the need for inci-
sive experimental approaches.

In order to study the influence of nanoscale chemical heterogeneity on hydro-
phobic interactions, Ma and coworkers reported single-molecule force measure-
ments performed using a β-peptide that adopted a rigid and predictable conformation 
[54]. Relatively short β-peptides (7–12 residues) in which at least 30% of the resi-
dues contain the cyclohexyl constraint are fully helical in aqueous solution. The 
β-peptide helical structures display well-defined nano-domains of hydrophobic and 
hydrophilic groups, allowing for precise tailoring of the three-dimensional presen-
tation of chemical groups via specification of the β-amino acid sequence. β-Peptides 
provide a rigid platform to mimic chemical heterogeneity that is more in tune with 
realistic biological systems. The experimental system was based on β-peptides that 
fold into globally amphiphilic (GA) helices (Fig. 7.22a) [54]. These helices contain 
14-atom hydrogen-bonded rings, each with about three residues per turn. One side 
of the helix displayed an array of six cyclohexyl side chains, introduced as ACHC 
residues, which constituted a nonpolar domain ~1 nm2 in size. In addition to provid-
ing a nonpolar domain, the ACHC residues strongly preorganize the β-peptide back-
bone for 14-helical folding. The opposing face of the helix presented three cationic 
side chains, from either β3-homolysine (β3-hLys) or β3-homoarginine (β3-hArg), 
~1 nm from the nonpolar domain. The sequences and the predicted globally amphi-
philic conformations, GA-KKK and GA-RRR, are shown in Fig.  7.22. Each 
β-peptide was immobilized onto a surface, and the influence of the cationic groups 
on hydrophobic adhesion was quantified between the ACHC-rich face of single oli-
gopeptides and the tip of an atomic force microscope (AFM) that was made nonpo-
lar by a coating with gold and adsorbing a monolayer of dodecanethiol (Fig. 7.22b). 
Hydrophobic interactions were quantified by comparing adhesive forces measured 
between a single surface-immobilized β-peptide molecule and a nonpolar AFM tip 
in either aqueous triethylammonium (TEA) buffer or TEA with 60 vol% MeOH 
(Fig. 7.22c). 85% of hydrophobic interactions are eliminated by 60 vol% MeOH, 
but its use does not measurably change screened Coulomb (electrical double layer) 
interactions. Accordingly, pull-off forces measured in the 60 vol% MeOH/40 vol% 
10 mM TEA buffer are identified as being van der Waals interactions and electro-
static interactions in origin. Short β-peptides containing more than 30% ACHC 
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exhibit stable 14-helical conformations in aqueous solution and aqueous methanol, 
which allows for identification of hydrophobic interactions via addition of metha-
nol. Conventional peptides, comprised of α-amino acid residues, lack sufficient 
α-helix stability to allow this experimental design. For the lysine-containing 
β-peptides (GA-KKK), adhesive interactions with the AFM tip are dependent on pH 
when measured in aqueous TEA.  The addition of 60  vol% methanol causes the 
distribution of adhesive interactions. To quantify the hydrophobic component of the 
adhesive interactions between GA-KKK and the nonpolar AFM tip, a single 

Fig. 7.22 (a) Chemical structures and helical cartoons for the β-peptides. (b) Schematic illustra-
tion of single-molecule force measurements with β-peptides. (c) Histograms of adhesion forces 
measured between an alkyl-terminated AFM tip and immobilized GA-KKK (left) or GA-RRR 
(right) peptides in either 10 mM TEA, pH 7 (red), or 60 vol% MeOH, pH 7 containing TEA solu-
tion (blue). (d) Influence of charged and polar side chains on the interfacial water structures of 
globally amphiphilic β-peptides. The solid red disk represents the side chains of β3-homolysine 
residues. The blue disk with a white “P” sign represents the side chains of β3-homoglutamine resi-
dues. Light blue spheres represent the interfacial water molecules [54, 55]. (a), (c), and (d) 
reprinted with permission from [55]. Copyright 2017 American Chemical Society
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Gaussian function was fitted to each histogram measured in the presence of metha-
nol (non-hydrophobic interactions). Two Gaussian functions were used to fit the 
histograms measured in aqueous TEA, one of which coincided with the Gaussian 
function fit in the presence of methanol (Fig. 7.22c). The forces described by the 
Gaussian function in aqueous TEA that were eliminated by the addition of methanol 
are the hydrophobic interactions between the ACHC domain of GA-KKK and the 
AFM tip. The methanol-independent forces arise from non-hydrophobic interac-
tions, such as direct interactions of the β3-hLys residues of GA-KKK with the AFM 
tip. This analysis led to the conclusion that the charge of the β3-hLys side chain 
amino groups strengthens hydrophobic interactions between the nonpolar domain 
of GA-KKK and the AFM tip. The mean pull-off forces arising from hydrophobic 
interactions between the nonpolar ACHC-rich domains of GA-KKK and the alkyl- 
terminated AFM tip were determined to be 0.61 ± 0.04 nN at pH 10.5, and increased 
to 1.07 ± 0.01 nN at pH 7. To explore the role of the cationic residues in modulating 
the hydrophobic adhesion mediated by the nonpolar domains of the β-peptide, the 
β3-hLys residues were substituted by β3-hArg residues to generate GA-RRR.  In 
striking contrast to the behavior of GA-KKK, adhesive interactions measured 
between GA-RRR and the AFM tip were largely unaffected by the addition of meth-
anol (Fig. 7.22c). These observations suggest that the adhesive interactions mea-
sured with GA-Arg are not of hydrophobic origin. As a summary, when using 
GA-KKK, protonation of the side chains of β3-hLys was measured to increase the 
strength of the hydrophobic adhesion between the AFM tip and the ACHC-rich 
domain. As a contrast, results of GA-RRR study showed that the guanidinium- 
containing β3-hArg side chains eliminated measurable hydrophobic interactions. 
This observation indicates that charged groups immobilized within ~1 nm of a non-
polar domain can modulate the strength of the hydrophobic interaction mediated by 
the domain, and that the structure of the cationic group (ammonium vs. guanidin-
ium) rather than net charge was crucial to the mode of action.

It is proposed that a possible mechanism by which proximal charged groups 
might influence hydrophobic interactions is that perturbations to the structure of 
interfacial water near charged groups on one face of the helix propagate, via water- 
water interactions (e.g., hydrogen bonding), from the site of the immobilized 
charges to the water adjacent to the nonpolar domain (Fig. 7.22d). These perturba-
tions may include local fluctuations in the density of water. If this mechanism is 
dominated by the propagation of perturbations to solvent structure, immobilized 
polar but non-ionic groups might also modulate hydrophobic interactions in a 
group-specific manner (Fig.  7.22d). To test this hypothesis, AFM measurements 
with GA-QKK and GA-QQK were carried out to monitor the influence of replacing 
β3-hLys residues in GA-KKK with β3-homoglutamine (β3-hGln or Q) residues on 
the hydrophobic interactions of globally amphiphilic β-peptides (Fig. 7.22a) [55]. 
The adhesive forces generated by GA-QKK and GA-QQK in aqueous TEA and 
then in 60 vol% MeOH in 40 vol% TEA were measured using the methodology 
described above for GA-KKK. For GA-QKK, the mean pull-off force in 60 vol% 
MeOH was 0.30 ± 0.17 nN at pH 10.5 and increased to 0.37 ± 0.01 nN at pH 7, 
whereas the hydrophobic force was 0.54 ± 0.01 nN at pH 10.5 and increased to 
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0.73 ± 0.03 nN at pH 7. When an additional β3-hLys was further substituted by β3- 
hGln, to generate GA-QQK, the adhesion forces mediated by a single GA-QQK 
molecule were measured to be the same in 60 vol% MeOH and aqueous TEA. This 
result indicates that GA-QQK does not generate a measurable hydrophobic force. 
At pH 10.5, where the degree of protonation of the K side chain is low, hydrophobic 
adhesive interactions mediated by GA-KKK were measured to be 0.61 ± 0.04 nN, 
by GA-QKK to be 0.54 ± 0.01 nN, and by GA-QQK to be 0 ± 0.01 nN. This finding 
suggests that replacing an amine group (β3-hLys side chain) with a primary amide 
group (β3-hGln side chain) weakens the hydrophobic interaction generated by the 
six cyclohexyl side chains. The differential impact of primary amine vs. primary 
amide on hydrophobic interactions of neighboring nonpolar surfaces reflects 
changes in the structure of water in the vicinity of the peptide, which in turn is influ-
enced by hydrogen bonding and van der Waals interactions between the water and 
polar groups on the peptide side chains. The permanent dipole of the amine group is 
1.31 D (methylamine in gas) and the amide group is 3.76 D (acetamide in gas). The 
geometries of the two groups are different because the amine nitrogen is sp3- 
hybridized, while the amide nitrogen atom is sp2-hybridized. Primary amine and 
primary amide groups have distinct abilities to form hydrogen bonds with the sur-
rounding water molecules. The hydration free energy of acetamide (−39.9 kJ/mol) 
is larger relative to the n-butylamine (−18.0 kJ/mol). The hydration free energies 
are different because a primary amide likely forms more hydrogen bonds than a 
primary amine to water. In particular, the primary amide N-H are better hydrogen 
bond donors than primary amine N-H. The resonance stabilization of amides results 
in a partial negative charge on O and partial positive charge on N. This interaction 
enhances the proton accepting ability of O and makes the N-H group a stronger 
hydrogen bond donor (the free energy of HCOHN-H…OH2 is −28.4 kJ/mol) than 
the N-H group of an amine (the free energy of H2N-H…OH2 is −6.3  kJ/mol). 
Overall, compared to an amine group, an amide group is expected to possess a 
stronger ability to form hydrogen bonds with nearby water, which will decrease the 
interfacial energy and perturb the structure of water adjacent to the nonpolar domain. 
It highlights the nonadditive nature of the interactions mediated by water at chemi-
cally heterogeneous surfaces.

The study mentioned above reveals the correlation between the hydration free 
energy of polar group and the impact of polar group on hydrophobic interactions of 
neighboring nonpolar surfaces. It provides a possible mechanism to interpret the 
influence of proximal cation identity on hydrophobic interactions. Specifically, the 
differential impacts of β3-hLys versus β3-hArg on peptide hydrophobicity reflect 
changes in the structure of water in the vicinity of the peptide, which is influenced 
by hydrogen bonding and van der Waals interactions between the water and charged 
groups on the peptide side chains in turn. Chemical properties of ammonium (β3- 
hLys) and guanidinium (β3-hArg) ions are distinct. The geometries of the two ions 
are distinct because the ammonium nitrogen is sp3-hybridized while the guanidin-
ium nitrogen atom is sp2-hybridized. Ammonium and guanidinium ions have differ-
ent abilities to form hydrogen bonds with surrounding water molecules. The 
hydration free energy of guanidinium (−583 kJ/mol) is larger relative to ammonium 
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(−285  kJ/mol). The hydration free energies are different because a guanidinium 
group likely forms more hydrogen bonds to water than an ammonium group because 
guanidinium contains more hydrogen bond donors than ammonium. Overall, when 
compared to ammonium (β3-hLys side chain), a guanidinium group (β3-hArg side 
chain) is expected to possess a stronger ability to form hydrogen bonds with nearby 
water, which will decrease the interfacial energy and perturb the structure of water 
adjacent to the nonpolar domain of peptide. This finding that the effective hydro-
phobicity of a nonpolar surface can be strongly influenced by the identity of proxi-
mal cationic groups, rather than simply by the presence of proximal charge, raises 
important questions about the impact of the identity of a charged group on non- 
covalent associations involving biomolecules. For example, mutation of lysine to 
arginine, or vice versa, is generally regarded as a conservative change in a protein. 
These results suggest that this assumption may require re-evaluation. If differences 
between the effects of proximal guanidinium and ammonium groups on hydropho-
bicity are mediated by cation-water hydrogen bonding, then N-methylation of lysine 
or arginine side chains, a common form of post-translational modification, may 
have previously unanticipated consequences on protein interactions. N-methylation 
of either side chain influences hydrogen bond donor capacity without altering net 
charge at neutral pH. These prospects should motivate future studies.

7.3.3  β-Peptide: Hierarchic Assemblies 
and Functional Properties

The well-defined three-dimensional structure of the robust β-peptide helix provides 
a platform to display a wide array of functional properties. Past studies have dem-
onstrated that two- and three-dimensional hierarchical self-assembly and function-
alities can be accessed through subtle changes in the presentation of chemical 
groups on the periphery of the β-peptide 14-helix, which is controlled by the 
β-peptide linear sequence.

To create unnatural β-peptides that adopt discrete quaternary structures, Raguse 
and coworkers designed a series of amphiphilic β-peptides containing ACHC and 
β3-hLys residues [56]. Cyclic constraints in sequence promote the formation of 
14-helix. Thus, the β-peptide helix has all three β3-hLys side chains aligned on one 
side of the helix and the six cyclohexyl rings defining a hydrophobic helical face 
(Fig.  7.23a). The hydrophobic interactions displayed by the hydrophobic helical 
face drive self-assembly of β-peptides in bulk solution. A β3-homotyrosine (β3-hTyr) 
was put at the N-terminus to facilitate peptide concentration determination. NMR 
was used to interrogate β-peptide aggregation status in solution. At a concentration 
below 1.4  mM in 100  mM CD3CO2H/CD3CO2Na, 9:1 H2O:D2O at pH  3.8, the 
β-peptide displayed sharp NMR lines, indicating that the β-peptides remained in 
monomeric form at low concentration. As peptide concentrations in aqueous solu-
tions were increased, the NMR peaks of the β-peptide solution broadened and 
coalesced due to the formation of peptide aggregates. The presence of β-peptide 
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aggregates in solution was confirmed by using analytical ultracentrifugation (AUC) 
measurement. AUC studies were performed with the β-peptides at different concen-
trations in aqueous 10 mM Tris, pH 8.0, at several rotor speeds ranging from 35 to 
60  krpm. Through AUC analysis, the amphiphilic β-peptide was observed to be 
monomeric at concentrations of 0.3 and 0.6 mM in 10 mM Tris, pH 8.0, but the 
radial distance spectra indicated that at least one aggregated state coexisted with the 
monomer when concentration was above 0.6 mM. To understand the aggregation 
states of the β-peptide in solution, the aggregation number of the peptide assemblies 
was calculated. According to the monomer/n-mer equilibrium model, 30–40% of 
the β-peptide was estimated to be hexameric at 1.7 mM. This finding led to the dis-
covery that the β-peptides self-associated into a helix bundle quaternary structure, 
in which multiple helices associate with their long axes approximately aligned. 
Later, Pomerantz and coworkers identified a distinctive CD signature for self- 
assembled 14-helical β-peptides [57]. They found that the self-assembly of 
14- helical β-peptides induces a diagnostic change in CD signature relative to mono-
meric 14-helices. Specifically, monomeric β-peptide 14-helices displayed a distinct 
CD minimum at 214 nm. Self-assembly of 14-helices leads to a shift in CD mini-
mum from 214  nm to 205  nm. The onset of assembly is indicated by [θ]205/
[θ]214 > 0.7.

To investigate the structure of a β-peptide bundle, Daniels and coworkers 
designed a β-dodecapeptide (Zwit-1F) that self-assembles into a highly thermosta-
ble β-peptide octamer in aqueous solution and determined its structure by using 
X-ray crystallography (Fig. 7.23b) [58, 59]. Zwit-1F, composed of β3-amino acids, 
favors a 14-helix secondary structure. Residues along one helical face are exclu-
sively nonpolar residues (β3-homoleucine, β3-hLeu), providing a source of hydro-
phobic attractions for the self-association of β-peptides. This hydrophobic core is 
flanked by positively charged residues (β3-homoornithine, β3-hO) and negatively 
charged residues (β3-homoaspartic acid, β3-hD; β3-homoglutamic acid, β3-hE). 
Coulombic interactions generated by the complementary charges across the inter-
face formed between different Zwit-1F helices can modulate assembly stability, 

Fig. 7.23 (a) Chemical structure and helical cartoon for globally amphiphilic β-peptide. (b) 
Helical presentation for β-peptide Zwit-1F. (c) Ribbon diagram of the Zwit-1F octamer (top). 
Space-filling rendering of β3-homoleucine side chains in green illustrates the well-packed hydro-
phobic core (bottom). (d) Interior (top) and exterior (bottom) views of each half show the hydro-
phobic and electrostatic interactions of the Zwit-1F assembly. (c) and (d) reprinted with permission 
from [58]. Copyright 2007 American Chemical Society
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pairing preference, and helix orientation. At a concentration higher than 50 μM in 
phosphate buffer at pH 7.1, Zwit-1F peptide displayed a CD minimum at 205 nm, 
which indicates adoption of 14-helix bundle structure. To define the assembly state 
of Zwit-1F and detail the interactions within the assembly, its structure was deter-
mined by X-ray crystallography. Crystallographic analysis revealed that the Zwit-1F 
peptides assembled into what was defined as a β-peptide octamer model. The 
Zwit-1F octamer contains two pairs of tetrameric peptides, each composed of four 
14 helices cupped at approximately a 90° angle to each other. The two halves of 
each tetramer are composed of symmetry-equivalent parallel dimers oriented in an 
antiparallel way. The 14-helical interfaces display association of β3-hLeu faces, 
generating a solvent-excluded hydrophobic core in the octameric structure of 
Zwit-1F.  Additionally, extensive inter-helical electrostatic interactions define the 
homo-oligomerization of Zwit-1F.

Supramolecular quaternary structures achieved by β-peptides encompass a set of 
novel three-dimensional hierarchical self-assembly materials with operational func-
tionality. Pomerantz and coworkers found that globally amphiphilic β-peptides form 
liquid crystalline (LC) phases in water at β-peptide concentrations in the tens of mM 
range [60]. Polarized optical microscopy was used to monitor the formation of LC 
phases based on the observation of birefringence. To characterize the nanostructures 
of β-peptides that form in aqueous solutions, Cryo-EM was used to identify two 
different types of nanostructures, nanofibers, and globular aggregates. The nanofi-
bers formed from the amphiphilic β-peptides were at least hundreds of nanometers 
in length and 10 nm in diameter. The high aspect ratio of nanofibers seems to be 
consistent with the length of mesogen required for LC phase formation. In contrast, 
globular aggregates were in the tens of nm in diameter and incapable of forming LC 
phases in water. Pomerantz and coworkers suggested that there is a concentration-
dependent equilibrium between the two distinct types of nanostructures. At low 
β-peptide concentrations, the equilibrium favored formation of globular aggregates. 
Increasing the concentration of the β-peptide led to the coexistence of globular 
aggregates and nanofibers. At sufficiently high concentrations, nanofibers were the 
dominant aggregate form. Small bundles of β-peptides were expected to stack end-
to-end forming micrometer-long nanofibers, and β-peptides were shown to form a 
dense, ordered nanofiber network in solution. Together, this study demonstrated that 
β-peptide hierarchical self-assembly can generate many types of aggregation.

Great progress has been made in the last decade toward the generation of protein- 
like architectures, including both secondary and quaternary structures with unnatu-
ral backbones. Biological activity has been achieved based on the formation of 
specific foldamer secondary structure. For example, inspired by the amphiphilic, 
helical, and cationic properties of α-helical host defense α-peptides, important prog-
ress has been made toward finding therapeutic use of 14-helix β-peptides against 
bacteria that are resistant to conventional antibiotics. Raguse and coworkers 
designed two series of cationic 9- and 10-residue β-peptides which form flexible 
amphiphilic 14-helices with analogs that have been rigidified by incorporation of 
the cyclohexyl-constrained ACHC residues [61]. By measuring the minimal 
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inhibitory concentration against gram-positive (Bacillus subtilis, Staphylococcus 
aureus, and Enterococcus faecium) and gram-negative (E. coli) bacteria, these 
β-peptides were found to possess antimicrobial activity comparable to or more 
potent than that of the conventional host defense α-peptides, melittin and magainin 
II amide [61]. Of particular significance, the biological activity of the β-peptides 
was specific for bacteria relative to mammalian cells. This selectivity profile was 
hypothesized to be dependent on the amphiphilic nature of the β-peptides, as glob-
ally amphiphilic β-peptides displayed low hemolytic activity at the corresponding 
bacterial minimum inhibitory concentrations, while non-globally amphiphilic 
β-peptides possessed antimicrobial activity at high concentrations also associated 
with high hemolytic activity. The mechanism of β-peptide antimicrobial activity is 
hypothesized to involve cell membrane disruption: cationic charge directs the pep-
tides to anionic bacterial membranes, and hydrophobic side chains interact with the 
core of the lipid bilayer, ultimately destroying the barrier function of the membrane. 
Different from α-helical host defense peptides whose antibacterial activity decreases 
with increased α-helical stabilization, the antimicrobial activity of β-peptides is pro-
posed to be independent of 14-helix propensity. ACHC-rich β-peptides were also 
reported to function as antifungal agents under conditions that render host defense 
α-peptides inactive against fungal pathogens. Karlsson and coworkers found that 
the β-peptide (ACHC-β3-hVal-β3-hLys)3 displays antifungal activity against Candida 
albicans with a MIC at 17 μg/mL, which is significantly lower than that of conven-
tional host defense peptide magainin (>128 μg/mL) [62].

β-Peptides bearing guanidinium groups in their side chains have been shown to 
mimic the cell penetration behavior of arginine-rich peptides, such as TAT peptides. 
TAT peptides are a set of peptides derived from the anti-human immunodeficiency 
virus (HIV) tat protein and possesses the ability to inhibit virus entry. For instance, 
one TAT peptide, GRKKRRQRRR, blocks HSV-1 infection at the entry step in cell 
culture with a 50% effective concentration (EC50) of 1 μM. These findings indicated 
that β-peptides could be engineered to display antiviral activity against herpes sim-
plex virus type 1 (HSV-1) infection. Akkarawongsa and coworkers designed a 
14-helix β-peptide, β3-hTyr-(ACHC-β3-hArg-β3-hArg)3, and determined the inhibi-
tion of virus infection by the β-peptide [63]. Recombinant HSV-1 KOS mutant hrR3 
virus was employed as a model system. HSV-1 hrR3 virus expresses a reporter 
β-galactosidase after the virus has entered the cell and released its genome to the 
nucleus, where transcription is activated. Thus, it allows the determination of virus 
infectivity by measuring the expression of β-galactosidase in cell. To determine 
whether the β-peptide was efficient at preventing HSV-1 infection, the β-peptide 
was added into Vero and HK320 mammalian cells before, during, and after HSV 
infection. The result demonstrates that β-peptide β3-hTyr-(ACHC-β3-hArg-β3-
hArg)3 blocked HSV-1 infection at the postattachment entry step in cell culture 
(EC50 = 3 μM). This result suggests the potential use of cationic β-peptides as anti-
viral agents. To test whether the β-peptide inactivates virus, recombinant hrR3 virus 
was incubated with the β-peptides for a time course of 1 h and diluted 1000-fold into 
cell culture medium supplemented with β-peptide-free serum. To quantify the 
remaining infectious virus in cell cultures, the expression of β-galactosidase was 
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measured. The β-peptide was found to be incapable of inactivating virions in solu-
tion. Previous studies with TAT peptides revealed that they bind to sialic acids of 
HSV-1 glycoproteins, which in turn results in the disability of HSV-1 entry. Thus, 
as a mimic of TAT peptides, the underlying mechanism of these β-peptides at pre-
venting virus infection might be related to its interactions with sialic acids [63].

7.3.4  Nylon-3 Polymers Against Pathogens

We have reviewed the structures and biological activities of β-peptides, which are 
oligomers composed of β-amino acids that mimic polypeptides. Next, we turn to 
introduce the progress of developing nylon-3 polymers. Nylon-3 polymers are poly-
disperse polymers whose subunit is a β-amino acid; the backbone of nylon-3 poly-
mers thereby features periodic secondary amide groups [64]. These polymers 
resemble natural peptides and proteins, which are sequence-specific polymers com-
posed of α-amino acid subunits. In comparison to natural peptides and proteins, 
nylon-3 polymers are faster and cheaper to synthesize and stable to hydrolysis by 
natural protease enzymes. The ability of nylon-3 polymers to form globally amphi-
philic structures when in contact with biomembranes is believed to underlie their 
ability to compromise bacterial membrane barrier function and thus kill or inhibit 
the growth of prokaryotes. The remainder of this chapter will focus on the use of 
these polymers against human pathogenic bacteria.

For instance, Mowery and coworkers synthesized nylon-3 copolymers composed 
of cationic and hydrophobic subunits and tested their antibacterial activity [64]. 
Specifically, the nylon-3 copolymer, MM60CH40, which was composed of nonpolar 
six-membered ring side chains and positively charged ammonium-terminated side 
chains, was synthesized via the ring-opening copolymerization of two racemic 
β-lactams: 60% cationic subunits (monomethyl β-lactam, MM) and 40% hydropho-
bic subunits (cis-cyclohexyl β-lactam, CH) (Fig.  7.24a). The average molecular 
weight of MM60CH40 was determined by gel permeation chromatography (GPC) to 
be between 3000 and 3800 g/mol, which corresponds to an average polymer chain 
length of 16–20 subunits. The dispersity index of the copolymer was measured to be 
in the range of 1.3 to 1.7. The antibacterial activity of MM60CH40 was tested using 
standard broth dilution methods. The MIC  of the MM60CH40 copolymer was 
12.5 μg/mL (E. faecium), whereas the minimum hemolytic concentration (MHC) of 
MM60CH40 toward human red blood cells was measured to be 100 μg/mL. Parallel 
measurements were conducted with antimicrobial α-peptides, magainin 2 and 
cecropin A. For magainin 2, the MIC for E. coli was determined to be 100 μg/mL, 
and the MHC was higher than 400 μg/mL. For cecropin A, the MIC for E. coli was 
0.78 μg/mL, and the MHC was higher than 400 μg/mL. Taken together, relative to 
the conventional antibacterial peptides, MM60CH40 possessed antimicrobial activity 
against a panel of bacteria at concentrations that were nontoxic to mammalian cells.

To understand the antibacterial mechanism of nylon-3 polymers, Lee and 
coworkers examined how nylon-3 copolymers induced membrane deformation on 
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synthetic vesicles and bacteria cell membranes [65]. They synthesized a nylon-3 
copolymer, DM50CH50, by polymerizing cationic subunits (dimethyl β-lactam, DM) 
and hydrophobic CH subunits in a 1:1 molar ratio (Fig. 7.24b). The average molecu-
lar weight of DM50CH50 was determined to be 5129 g/mol, equivalent to 27 sub-
units. To test the impact of DM50CH50 on lipid membranes, vesicle dye leakage 
experiments were carried out. Unilamellar vesicles composed of DOPS/DOPE/
DOPC = 20/60/20 were encapsulated with calcein dye in aqueous solution. Upon 
cleavage, calcein is released into solution, producing an increase in the fluorescence 
intensity at 510 nm. In the experiment, DM50CH50 was exposed to synthesized ves-
icles and observed to induce vesicle leakage. In parallel, a membrane permeability 
assay was performed with E. coli ML-35 strain to investigate the impact of 
DM50CH50 on a bacterial membrane. E. coli ML-35 strain possesses β-galactosidase 
activity but is lactose permease deficient. Hence, it is unable to uptake the lactose 
analog o-nitrophenyl-β-d-galactopyranoside (ONPG) unless it is permeabilized by 
membrane-disruptive agents. Upon membrane permeation, ONPG diffuses into the 
bacterial cell cytoplasm and is hydrolyzed by β-galactosidase to yield o-nitrophenol 
(ONP), which can be measured by absorbance at 405 nm. Increased absorbance was 
immediately observed after addition of a culture of E. coli ML-35, which suggests 
that DM50CH50 is a potent bacterial membrane permeabilization agent. The results 
from these two sets of independent systems, synthetic vesicles and E. coli ML-35 
strain, demonstrate that the antibacterial mechanism of nylon-3 copolymer is cor-
related with its biomembrane disruption potency.

Fig. 7.24 Chemical structures for the nylon-3 polymers
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The studies mentioned above suggest that nylon-3 polymers represent a new 
class of promising antimicrobial agents that mimic the bacterial membrane disrup-
tion activity of natural host defense peptides. The general mechanism by which 
nylon-3 polymers lyse bacterial membranes first involves the coulombic attraction 
of the cationic side chains of nylon-3 polymers and the anionic surfaces of the bac-
terial cell, followed by the insertion of hydrophobic side chains of polymers into the 
nonpolar interior of the lipid membrane bilayer. The negative charge density of the 
external eukaryotic cell surfaces is lower than that of prokaryotic cell surfaces, 
which underlies the selectivity of nylon-3 polymer for targeting prokaryotic cells. 
The activity of conventional antimicrobial α-peptides is proposed to be that 
α-peptide forms a globally amphiphilic helical conformation upon the interactions 
with a biomembrane surface. In contrast, nylon-3 polymers are hypothesized to 
adopt specific but irregular conformations when in a micellar environment that 
results in global segregation of hydrophilic and lipophilic side chains. This hypoth-
esis suggests that random sequences of cationic and nonpolar residues might be able 
to mimic host defense peptides [66].

To develop nylon-3 copolymers analogs with improved therapeutic properties, 
substantial efforts have been made to understand the structure-activity relationships 
in this polymer family. Several studies have focused on how varying structural 
parameters of nylon-3 polymers affects their minimum inhibitory concentrations 
against bacterial species and their hemolytic activity. Structural parameters such as 
nonpolar/cationic proportion, nonpolar subunit identity, length, cationic subunit 
identity, and end group on the antibacterial and hemolytic activities of nylon-3 
copolymers have been evaluated for their impact on biological activity.

To explore the effects of nonpolar/cationic proportion on nylon-3 polymer activ-
ity, variations in the polymer composition were synthesized to include exclusively 
cationic MM subunits (MM100), and cationic MM/nonpolar CH mixtures from 
MM30CH70 to MM90CH10. Homopolymer MM100 shows weak antibacterial activity 
toward E. coli, S. aureus, and E. faecium (MIC >50 μg/mL) and low hemolytic 
activity (MHC >1000 μg/mL) [66]. An increase in the proportion of nonpolar resi-
due CH leads to improvement in antibacterial activity (MIC <50 μg/mL), until the 
nonpolar/cationic proportion reaches 50/50 (MM50CH50). Hemolytic activity 
remains very weak (MHC >800  μg/mL) until the nonpolar/cationic proportion 
reaches 40/60 (MM60CH40). A further decrease in the proportion of cationic residue 
MM results in an increase in hemolytic activity. Nylon-3 polymers composed of 
less than 50% cationic residues are hemolytic [66].

To explore the effects of nylon-3 polymer length on biological activity, a set of 
MM63CH37 copolymers with different chain lengths (10 to 60 subunits) were synthe-
sized [66]. The MICs of MM63CH37 against E. coli, B. subtilis, S. aureus, and E. fae-
cium are independent of the number of subunits in polymer chain, which reveals 
that nylon-3 antibacterial activity is not strongly affected by polymer chain length. 
In contrast to the trends in antibacterial activity, nylon-3 hemolytic activity is depen-
dent on polymer chain length. Polymers containing an average of 10–30 subunits 
exhibit a very weak tendency to induce hemolysis, with MHC values in the vicinity 
of 1000 μg/mL.  MM63CH37 copolymers with average chain lengths less than 30 
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subunits inhibited the growth of bacteria at much lower concentrations (1–100 μg/
mL) than that required for human red blood cells (1000 μg/mL). The MHCs of 
polymers containing more than 30 subunits decreased to 1–10 μg/mL. MM63CH37 
copolymers composed of more than 30 subunits were more hemolytic than their 
shorter analogs, with bacterial growth inhibitory concentration roughly equivalent 
to concentrations that induce hemolysis [66].

Substantial structure-activity relationship studies with nylon-3 polymers have 
been performed to evaluate the effects of residue side chain identity on the biologi-
cal activity of these materials. The impact of primary amine versus secondary amine 
on the antibacterial activity has been examined via the direct comparison of the 
effects of two copolymers, MM50CH50 (number of subunits = 18) versus Methyl- 
MM50CH50 (number of subunits = 20) (Fig. 7.24c) [67]. MM50CH50 is cationic/non-
polar polymer presenting primary amine side chains, whereas Methyl-MM50CH50 
incorporates N-methylated secondary amines. Relative to the nylon-3 polymer com-
posed of primary amines, the addition of a methyl group to the side chain amines led 
to a decrease in antibacterial activity against a panel of bacteria (E. coli, B. subtilis, 
S. aureus), as well as a decrease in hemolytic activity. Charkraborty and coworkers 
demonstrated that differences in the antibacterial activities of nylon-3 polymers 
with cyclic versus acyclic side chains are correlated with their local backbone flex-
ibilities [67]. The effects of cyclic versus acyclic nonpolar subunits were examined 
by comparing MM60CH40 (number of subunits = 15) versus MM60HE40 (number of 
subunits = 16) (Fig. 7.24d). Flexible polymer MM60HE40 containing acyclic nonpo-
lar side chains displayed weak antibacterial property toward E. coli (MIC >200 μg/
mL), relative to rigid polymer MM60CH40 containing the analogous cyclic subunit 
(MIC  =  50 μg/mL). The impact of cyclic nonpolar side chain on the biological 
activities of nylon-3 polymers was further evaluated by varying the substitution pat-
tern of the hydrophobic subunit. Mowery and coworkers synthesized copolymers 
containing cyclic nonpolar side chains of different ring sizes by copolymerizing CP 
(5-membered ring), CH (6-membered ring), CHp (7-membered ring), or CO 
(8-membered ring) to copolymerize with MM [66]. Comparison of these copoly-
mers probed how variations in side chain size affected biological properties. They 
found that the hemolytic propensity of copolymer generally increases as the cycloal-
kyl ring size increases, but the correlation between cycloalkyl ring size and antibac-
terial activity is not clear.

The impact of end-group identity was explored by using a series of polymers 
containing N-terminal linear acyl units from acetyl (C2) to octadecanoyl (C18) [66]. 
These polymers contained 27–35 subunits and were prepared from a β-lactam mix-
ture containing 63% MM and 37% CH. An increased terminal chain length from C2 
to C12 moderately decreased the MICs of copolymers against E. coli, B. subtilis, 
S. aureus, and E. faecium. Further increases in tail length from C12 to C18 signifi-
cantly increased MIC values. This decrease in antibacterial efficacy is likely due to 
the increased aggregation tendency of polymers with the elongated nonpolar alkyl 
chain lengths. The hemolytic trends imply the N-terminal carbon tail enhances the 
ability of these polymers to lyse human red blood cells.
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More recently, Liu and coworkers found that nylon-3 polymers displayed potent 
antifungal activity against Candida albicans, beyond strains E. coli, B. subtilis, and 
S. aureus [68]. C. albicans is part of our natural microflora and is the most common 
cause of fungal urinary tract infections. Cationic NM (no methyl β-lactam) was 
copolymerized with CH to obtain the nylon-3 polymers CH-NM (Fig. 7.24e). The 
antifungal activity against C. albicans increased as the proportion of CH decreased, 
and no detectable hemolytic activity. Cationic homopolymer displayed antifungal 
activity comparable to that of the most active CH-NM copolymers. Currently, thera-
peutic agents available to treat fungi are very limited and are plagued with rising 
levels of resistance. Thus, the discovery of new antifungal agents is a significant 
concern to clinicians responsible for treating invasive fungal infections. The finding 
that nylon-3 polymers are active against C. albicans represents an important prelude 
to new antifungal therapeutic strategy. To improve antifungal activity among 
nylon-3 materials, Rank and coworkers examined nylon-3 copolymers containing 
the nonpolar TM (tetramethyl β-lactam) subunit paired with either the MM or DM 
cationic unit with an average chain length of 20 subunits [69]. The MM-TM copo-
lymer (Fig. 7.24f) showed activity against multiple species of Cryptococcus (C. neo-
formans, C. gattii) and Candida (C. albicans, C. lusitaniae) comparable to or more 
potent than clinically relevant drugs, amphotericin B and fluconazole. This polymer 
acted synergistically with azoles against different species of Aspergillus (A. fumiga-
tus, A. terreus), including some azole-resistant strains. The activity of nylon-3 poly-
mers against fungi from 18 pathogenic genera composed of 41 species and 72 
isolates was further characterized [70]. Three types of nylon-3 polymers, DM-TM, 
MM-TM, and NM, show high efficacy against diverse fungi, including yeasts, der-
matophytes, dimorphic fungi, molds, and even fungi that are intrinsically resistant 
to current antifungal drugs.

7.4  Conclusions

Self-assembly is an important process in nature. This chapter presents a brief over-
view of the diverse methods available to study self-assembled peptides, including 
the peptide amphiphiles and peptide mimetics that self-assemble into complex sta-
ble nanostructures. The examples introduced above include materials that elicit an 
array of biological activities in  vitro and in  vivo, and in this chapter, particular 
emphasis is placed on systems with antimicrobial activity. Despite promising activ-
ity, however, many hurdles still exist that limit the application of peptide-based 
nanomaterials in the fight against human pathogenic bacteria. The first is the safety 
of these nanomaterials. Toxic effects due to administration of these materials have 
been documented at the pulmonary, reproductive, cardiac, cutaneous, renal, and cel-
lular levels. It is yet to be proven scientifically that the toxicity of nanomaterials was 
regulated by shape, size, area, and surface chemistry. Increased production and 
intentional or unintentional exposure to nanomaterials is likely to increase the prob-
ability of uncovering their adverse health effects. It is crucial that novel 
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nanomaterials be biologically characterized for their health hazards to ensure risk-
free and sustainable implementation of nanotechnology. The second limitation is 
the controllability of the nanomaterial assembly. Relative to peptide-based self-
assembled nanomaterials, DNA and RNA origami are more controllable in that 
individual molecules inherently assemble into intricate shapes and structures at the 
nanoscale. Improving the design method to build a well-ordered peptide self-assem-
bled nanomaterial remains an important challenge at present. The clinical applica-
tion of peptide self-assembled nanomaterials is also hindered by the poor druggability 
of peptides. Improvement of the oral availability and stability of peptide continues 
to be an area of future research.
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Chapter 8
Nanomaterials and Reactive Oxygen 
Species (ROS)

Tao Wen, Jianbo Liu, Weiwei He, and Aiyun Yang

Abstract One fundamental mechanism widely described for nanotoxicity from 
nanomaterials involves oxidative damage due to generation of free radicals and 
other reactive oxygen species (ROSs). Indeed, the ability of nanoscale materials 
to facilitate the transfer of electrons, and thereby promote oxidative damage or 
in some instances provide antioxidant protection, may be a fundamental prop-
erty of nanomaterials. Effective methods are needed to assess oxidative damage 
elicited by nanoscale materials. The production of ROSs induced by nanomate-
rials is a double- edged sword, bringing not only the benefits of efficient nano-
materials for therapeutic treatment of diseases, but also possible health and 
environmental risks associated with them. Therefore, it is important to give a 
brief review on ROSs of nanomaterials and their relation in various biomedical 
applications.
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8.1  ROS in Biology System

Reactive oxygen species (ROSs) are a group of chemical species that are continu-
ously generated, transformed, and consumed in all living organisms, which are 
regarded as unavoidable by-products of aerobic metabolism [1–4]. As a family of 
molecules that include at least one oxygen atom in each molecule but display higher 
reactivities relative to molecular O2, ROSs comprise free radicals, including singlet 
oxygen (1O2), hydroxyl radical (OH•), and superoxide radical (O2

•–), as well as non-
radical species such as hydrogen peroxide (H2O2) partially reduced from atmo-
spheric oxygen (Fig. 8.1a) [5, 6]. The appearance of ROS is hypothesized to have 
taken place at the same time as atmospheric oxygen molecules about 2.4–3.8 billion 
years ago and has been paramount to the survival of all aerobic life ever since [7].

Fig. 8.1 Properties and reactivity of ROS [5]. (a) Formation of different ROS and reactive nitro-
gen species from atmospheric oxygen. (b) Properties (t1/2, migration distance), reactivity (mode of 
action), formation (typical production systems), and scavenging (typical scavenging systems) of 
ROS in plant and animal cells. APX ascorbate peroxidase, CAT catalase, GPX glutathione peroxi-
dase, PER peroxidase, PRX peroxiredoxin, RBOH respiratory burst oxidase homolog, SOD super-
oxide dismutase. (Reproduced with permission from [5])
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Oxygen free radicals have inherent chemical properties that confer reactivity to 
different biological targets with stronger reactivity. ROSs are often associated with 
the principle of oxidative stress, which suggests ROSs cause oxidative damage to 
lipids, DNA, and proteins [8]. However, there is also the growing recognition that 
ROSs also serve as important physiological regulators of biological and physiologi-
cal processes [9–11]. As signaling molecules, ROSs stimulate distinct cell signaling 
pathways and lead to diverse outcomes depending on their sites of production, lev-
els of reactivities, and potentials to cross biological membranes (Fig. 8.1b) [6, 12]. 
They were most likely first used by cells as signaling molecules to monitor different 
metabolic reactions, or to sense unsafe levels of atmospheric oxygen, but have since 
evolved to regulate almost all aspects of aerobic life in animals, plants, and most 
eukaryotic organisms. For example, in plants, ROSs were found to regulate devel-
opment, differentiation, stress signaling, redox levels, systemic responses, cell 
death, and interactions with other organisms [13–15]. As highly toxic by-products 
of oxygen metabolism, ROSs are primarily formed in mitochondria, peroxisomes, 
and chloroplasts, but also at any other cellular compartment that includes molecule 
or proteins with a sufficiently high redox potential to donate or excite an electron to 
molecular O2. They are then detoxified or removed by a wide variety antioxidants 
and antioxidative enzymes (Fig. 8.1b) [6, 16]. This process of ROS production as 
harmful metabolic by-products, coupled with ROS removal by cellular antioxida-
tive defense system, occurs constantly in cells to prevent some of the potential cel-
lular damage of ROS that could include protein, RNA, DNA, and membrane 
oxidation and damage. The cellular antioxidative mechanisms of the cell therefore 
keep ROS at a basal nontoxic level, and the imbalance between ROS production and 
ROS scavenging could be used for ROS signaling reactions [17].

8.1.1  The Source of ROSs in Biology: Where 
the ROSs Produced?

The ROSs are generated exogenously or produced intracellularly either by the mito-
chondrial respiratory chain (cytochrome-oxidase complex containing NADH- 
dehydrogenase and ubiquinone) or by metabolism of arachidonic acid, xanthine 
oxidase, phospholipases, and membrane-bound oxidases [18]. This means that 
essentially any cell could produce ROSs, provided it contains mitochondria or 
enzymes involved in redox system [19]. An important consideration for ROS chem-
istry and biological processes is the specific cellular location where a particular 
metabolite is generated, because microenvironments can determine what targets 
these ROSs will potentially encounter in a temporal and spatial manner. The classic 
subcellular location with localized ROS generation includes mitochondria, endo-
plasmic reticulum, and the cell membranes [20].

There are two important sources of ROSs, consisting of mitochondria and a 
family of NADPH oxidases (NOXs). The first major source of ROS is the 

8 Nanomaterials and Reactive Oxygen Species (ROS)



364

mitochondria, which are within most cells and tissues. Recent studies revealed that 
there are eight sites in mitochondria that produce ROS. The three best character-
ized subcellular locations are complex I, II, and III. They are all in the mitochon-
drial respiratory chain, and localized to the inner mitochondrial membrane. 
Superoxide (O2

•–) is the proximal mitochondrial ROS generated by the one-elec-
tron reduction of O2. Complex I, II, and III release superoxide into the matrix of 
mammalian mitochondria where superoxide dismutase (SOD) rapidly catalyzes 
dismutation of superoxide to H2O2. Moreover, complex III can also release super-
oxide into the intermembrane space. Superoxide traverses through voltage-depen-
dent anion channels from mitochondria to cytosol and is converted into H2O2 by 
SOD1 [21]. The other key source of ROS, in the form of either O2

•– or H2O2, is 
NOXs and their dual oxidase relatives, which are primarily localized to various 
plasma membranes [12]. NOX proteins are classically known as important ROS 
sources of most growth factor- and/or cytokine-stimulated oxidant production. The 
NOX catalyzes the one- electron reduction of O2 to O2

•–, with NADPH as the elec-
tron donor [22, 23].

8.1.2  The Regulation of ROS Production in Biology

Low levels of ROS can activate signaling pathways to initiate biological processes, 
while high levels of ROS would incur damage to proteins, DNA, or lipids. It means 
that spatial and temporal regulatory mechanisms must exist to modulate ROS levels 
in response to oxidative stress [12, 24–28].

Generally, antioxidative enzymes can eliminate ROS. Superoxide is rapidly con-
verted by SOD 1, 2, and 3 into H2O2. SODs are mainly located in the mitochondrial 
intermembrane space (SOD1), the matrix of mitochondria (SOD2), and the extra-
cellular matrix (SOD3). SODs protect aerobic organisms from toxical superoxide 
that can damage and inactivate proteins.

As H2O2 is the by-product of superoxide scavenging by the SOD, there are a 
wide variety of enzymes that remove H2O2, including peroxiredoxins, glutathione 
peroxidases, and catalase (CAT). The function of these antioxidant enzymes is 
dependent on the concentration of H2O2, their reactivity with H2O2, and enzyme 
in vivo. The regulation of activity and expression levels of these antioxidants occurs 
by multiple functions and mechanisms in part to modulate ROS levels [29, 30].

Another reactive and damaging ROS is hydroxyl radical (OH•), which indis-
criminately oxidizes DNA, proteins, and lipids, resulting in genomic instability or 
irreversible damage of cellular macromolecules. Typically, hydroxyl radicals are 
formed through reactions with ferrous ions (Fenton-like reaction). Therefore, cells 
have multiple strategies to maintain homeostasis to prevent the formation of 
extremely reactive hydroxyl radicals [31–33].
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8.2  Biological Effects Induced by Oxidative Stress 
from Nanoparticles

With the spread and development of nanotechnology and nanoscience, nanomateri-
als have dramatically increased in biomedical and industrial applications. However, 
the scientific basis for the cytotoxicity and genotoxicity of most nanomaterials is not 
comprehensively understood. The influences on ROS are regarded as one main 
source of toxicity of nanomaterials. The ROSs from nanomaterials have lots of criti-
cal determinants, including size, shape, surface charges, surface-containing groups, 
dissolution, ions release from nanomaterials, light activation, aggregation, mode of 
interaction with cells, and pH of the medium. Nanomaterials can disturb the balance 
of ROS, leading to oxidative stress, resulting in cells failing to maintain normal 
physiological environment and related functions. This may lead to DNA damage, 
regulate cell signaling, and change in cell motility, cytotoxicity, apoptosis, and can-
cer initiation.

ROSs played a vital role in all living organism. The cellular signaling pathways, 
antioxidant defense, and oxidative stress-induced diseases are all known to be associ-
ated with the level of ROSs (Fig. 8.2). As mentioned above, there are a variety of 
ROS-producing pathways by nanoparticles in cells and tissues, including the NADPH 
oxidase, the mitochondrial, the xanthine oxidase, the cyclooxygenase, and the dioxy-
genase system. In most of the eukaryotic cells, mitochondria are the major sites for 
ROS production [16] and a synthetic site of adenosine triphosphate (ATP). During 
the synthesis of ATP, molecular oxygen is finally reduced to water molecules through 
a series of redox processes under the action of mitochondrial electron transport 

Fig. 8.2 Cellular antioxidant machinery and oxidative stress [8]. (Reproduced with permission 
from [8])
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chain; however, a small portion of oxygen molecules is not reduced. The remaining 
part of the oxygen molecule is ROS, so ROS is also considered to be a by-product of 
cellular oxidative metabolism [34]. Generally, oxidative stress with excess ROS is 
viewed as a dominant mechanism of pathological changes induced by nanoparticles 
(NPs). Here, we talk about only the nanotoxicology caused by ROS.

Nel proposed a three-layer oxidative stress model of cellular oxidative stress in 
nanoparticles to explain the toxicity of nanoparticles, as shown in Fig. 8.3, that is, 
low levels of ROSs induce enhanced antioxidant defense of cells and higher levels 
of ROSs cause cellular inflammatory responses and ultimately induce cell death at 
very high levels of oxidative stress [35].

8.2.1  Antioxidant Defense

The production and elimination of active oxygen is maintained at a steady-state 
level in physiological conditions. In the body, the elimination of oxygen includes 
the enzymatic antioxidant defense system and the nonenzymatic antioxidant defense 
system, which is an effective protection mechanism for potential oxidative damage 
formed by nanoparticle.

In the defense systems, enzymatic antioxidants include superoxide dismutase, 
catalase, peroxidase, heme oxygenase, glutathione reductase, glucose-6-phosphate 
dehydrogenation, etc., which are mentioned in the previous chapter. Although these 
enzymes have different molecular weights, structures, and reaction rates, they all 
undergo disproportionation reactions to catalyze reactive oxygen radicals. In addi-
tion, there are nonenzymatic antioxidant defense systems. It mainly includes vita-
min C, vitamin E, lipoic acid, carotenoids, uric acid, flavonoids, and coenzyme 
Q. These antioxidants are both synthesized in the body and absorbed from natural 
substances. These antioxidants react directly with free radicals by giving them elec-
trons. The result of the reaction is that these small molecular antioxidants become 

Fig. 8.3 Stratified oxidative stress model [35]. At a lower amount of oxidative stress (tier 1), anti-
oxidant enzymes are induced via transcriptional activation of the antioxidant response element to 
restore cellular redox homeostasis. As ROS levels increase, this protective response is overtaken by 
inflammation (tier 2) and cytotoxicity (tier 3)
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new free radical carriers, which are reduced by other substances (such as NADH) 
and return to a reduced state [36].

In addition, cells have evolved appropriate antioxidant signaling pathways for 
timely scavenging of excessive ROSs, such as Nrf2/keap1-ARE, PPAR gamma, 
FOXO, and SIRT [37–40]. For example, Nrf2/keap1-ARE signaling pathway is the 
most powerful endogenous antioxidant signaling pathway known at present. When 
exposed to oxidants, Nrf2 dissociates from Kelch-like ECH-related protein 1 
(Keap1) and translocates to the nucleus, where it binds to promoter regions of anti-
oxidant enzymes containing antioxidant response elements (ARE) such as Gpx2, 
NQO1, and GCLC. The mechanism of Nrf2-dependent effect involves the reduction 
of antioxidant enzyme transcription and damage-related genes, providing protection 
against oxidation-induced acute tissue injury [41]. Moreover, these pathways can 
synergistically resist oxidative stress damage and promote cell survival.

With low levels of oxidative stress, cells can start to initiate their own antioxidant 
reactions. The antioxidant enzymes firstly changed and then the transcription factor 
Nrf2 activated by the antioxidant response [42], causing a series of changes in anti-
oxidant signaling pathways to regulate the oxidative stress response in cells. In con-
trast, high levels of ROS production resulting from Nrf2 deletion lead to elevated 
proinflammatory cytokine levels [43]. Nrf2-deficient mice exacerbate the innate 
immune-inflammatory response to pathogens, resulting in increased pneumonia and 
sepsis [11]. Antioxidants increase the survival rate of Nrf2-deficient mice in these 
sepsis models. Thus, while slightly elevated ROS levels may enhance immune sys-
tem function, high levels of ROS may promote pathological inflammatory responses.

8.2.2  Inflammation

Inflammation is the defense response of the body to external stimuli. Nanoparticles 
may cause the release of a variety of inflammatory factors. As gene transcription 
plays an important role in regulating cells, nanoparticles are involved in the regula-
tion of the expression of many genes, especially those related to the body’s defense 
functions, including adhesion molecules and proinflammatory cytokines. For exam-
ples, NF-κB is often involved in cell proliferation and differentiation, as well as 
inflammation and immune response. Studies have shown that inhibition of NF-κB 
can alleviate the inflammatory response and fibrosis caused by nanomaterials [44]. 
There is ample evidence that ROSs are essential second messengers in innate and 
adaptive immune cells [45]. However, elevated levels of ROS in immune cells can 
lead to overactivation of the inflammatory response leading to tissue damage and 
pathology [41]. ROS messengers are needed to maintain the innate immune system. 
For example, pathogen-associated molecular patterns (PAMPs) and damage- 
associated molecular patterns (DAMPs) molecules are produced by pathogens, 
which can induce body injury activating the monitoring receptors (Toll-like recep-
tors (TLR), RIG-I-like receptors (RLRs), and NOD-like receptors (NLRs)) and pro-
duce ROS through NADPH oxidase and mitochondria. There are lots of 

8 Nanomaterials and Reactive Oxygen Species (ROS)



368

proinflammatory cytokines, including IL-1β, TNF-α, and IFN-β, which are closely 
related with ROS.  ROSs regulate their release and maintain the innate immune 
response (Fig.  8.4a). Low levels of ROSs maintain a healthy immune system. 
Lowering ROS level will inhibit the activation of normal immune response, leading 
to immune suppression. Increased ROS levels can promote autoimmunity by 
increasing the release of inflammatory cytokines and the proliferation of specific 
subsets of adaptive immune cells (Fig. 8.4b).

Fig. 8.4 Examples of ROS regulation of inflammation [12, 46]. (a) Activation of the innate 
immune system requires ROS signaling. (b) Low levels of ROS maintain a healthy immune sys-
tem. (c) Effects of LPS and hypoxic activation of NF-κB and TNF-ɑ mRNA. (Reproduced with 
permission from [12, 46])
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The earliest studies of ROS in the innate immune system were found by produc-
ing NADPH oxidase and mitochondria to produce ROS-activated cellular inflam-
matory factors in the presence of lipopolysaccharide (LPS). The LPS activates 
NF-κB and the expression of TNF-ɑ mRNA, and TNF-ɑ increases mitochondrial 
ROS through an autocrine effect of TNF-ɑ on a cell membrane receptor. Hypoxia 
induces mitochondrial ROS directly, which subsequently activates NF-κB and 
TNF-ɑ mRNA expression (Fig. 8.4c) [46]. Studies have found that single-walled 
carbon nanotubes can activate NF-κB and promote the transfer of NF-κB from cyto-
plasm to intracellular binding with DNA, starting transcription, resulting in the 
release of ROSs, oxidative damage to cells, and apoptosis pathway, and leading to 
cell death [47].

Existing studies have found that NP can increase the levels of some inflamma-
tory cytokines. For example, silica NP has been shown to significantly increase the 
release of some proinflammatory cytokines. These increases are organ-dependent, 
which means that systemic administration of NP causes inflammation [48]. It has 
been reported that the cytotoxicity of three metal oxides (ZnO, CeO2, TiO2) has 
been compared and based on the release of zinc ions, ZnO is the most toxic in bron-
chial epithelial and macrophage cell lines. Furthermore, ZnO NPs not only generate 
hydrogen peroxide and superoxide radical, but also cause the formation of IL-8 and 
tumor necrosis factor-α (TNF-α) in bronchial epithelial cells and macrophages [49]. 
The same cytokines were also found in the bronchoalveolar lavage fluid of welders 
exposed to some metal oxide nanoparticles (including ZnO NPs) [50]. This expo-
sure can cause an acute inflammatory response in the lung called metal smog [51].

8.2.3  Cytotoxicity

The toxicity of nanomaterials that damage cells is called cytotoxicity, which is one 
of the most important toxic effects observed in  vitro. Exposure of cells to toxic 
amounts of nanomaterials can cause a series of changes within the cell, such as cell 
membrane contraction, rupture, or destruction of intracellular components, leading 
to apoptosis or necrosis, which can affect cell growth rates. In vitro cytotoxicity 
assays are commonly used to elucidate acute and chronic toxicity caused by nano-
materials. The benefits of using cultured cell lines are numerous, including repro-
ducibility and ease of handling with test materials. Cultured cells have been shown 
to have significantly higher sensitivity to nanomaterials [35].

In vitro cytotoxicity assessment involves measuring the proliferation and cellular 
metabolism of cells exposed to nanomaterials using different assays (such as 
3-(4,5-diethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-etrazolium (MTS)). The purpose of these methods is to mimic cellular responses 
in vitro after exposure to any toxic dose of nanomaterials. However, the in vitro 
simulated cytotoxicity tests are usually different from the real body; thus it is still 
necessary to pay attention to more detailed studies. There are publications to dem-
onstrate how the topic of toxicity needs to be discussed [52]. In addition, they 
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observed that the doses used to obtain in vitro data often lacked relevance with that 
in vivo. In vivo effects such as dilution, surface changes, and biological interactions 
are particularly important [53].

The physicochemical properties of nanomaterials are key factors affecting cyto-
toxicity through ROS, such as the shape, size, surface charge, and chemical modifi-
cation. The effects of these factors on cytotoxicity of nanomaterials have been 
systemically reviewed [54].

Small size is a unique property of nanomaterials, which can affect the level of 
ROSs in cells or tissues. Mirshafa et al. reported that oxidative stress in rat brain 
tissue induced by alumina nanoparticles (Al2O3-NPs) is much larger than that of 
alumina particles (Al2O3-MPs), and Al2O3-NPs can significantly induce ROS pro-
duction in rat brain tissue, what is more, glutathione and potential of mitochondrial 
membrane decreased. Smaller-sized Al2O3-NPs have greater oxidative damage to 
the brain than Al2O3-MPs [55]. Neubauer et al. showed that the ability of Pd-NPs 
and Ni-NPs to induce ROS production in THP1 cells is significantly dependent on 
the particle size of nanoparticles. In the range of 4–27 nm, nanoparticles induce 
strong ROS production, of which 12  nm particle size-induced cells produce the 
highest level of ROS [56]. Conversely, a report suggested that distribution and tox-
icity appear to be independent of particle size within the test range [57], but surface 
charge rather than particle size closely regulates the pharmacokinetics of NPs [58]. 
This shows the toxic effects of NPs are complex.

Surface cationized nanoparticles are likely to interact with negatively charged 
cell membranes or nucleic acid species, thereby induce a higher oxidative stress 
response [59]. Platel et  al. have studied the effects of negatively and positively 
charged polylactic acid-glycolic acid copolymer (PLGA) nanoparticles on the lev-
els of ROSs in different cell lines. Studies have shown that the ROS levels of murine 
lymphoma cells (L5178Y), human lymphoblasts (TK6), and human bronchial epi-
thelial cells (16HBE) can be significantly increased by positively charged PLGA 
nanoparticles. However, negatively charged PLGA nanoparticles have less effect on 
the ROS levels of the above three cells [60]. The result on PLGA nanoparticles is 
similar with gold nanoparticles, which show that positively charged gold nanopar-
ticles are incorporated more by human umbilical vein endothelial cells (HUVECs) 
than negatively charged gold NPs, indicating stronger cytotoxicity and oxidation 
stress reaction [61]. With different surface chemical modifications, the toxicities of 
NPs are often different even with the same NPs. For example, to employ the poly-
ethylene glycol (PEG) as coating material, the potential toxicity of NPs can signifi-
cantly decrease by reducing intracellular ingestion and binding interactions with 
proteins [62]. Taking antibodies as the biomolecules on the surface of NPs, the 
toxicity of antibody-conjugated quantum dot is much lower than that of unconju-
gated quantum dot on male Wistar rats [63].

Among the studies on cytotoxicity of nanomaterials, a majority of existing 
researches focus on the study of endothelial cells. The vascular endothelium cell is 
the first tissue to contact the nanoparticles before the nanoparticles are delivered to 
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the target via the blood circulation. The effect of nanoparticles on blood vessels is 
an important issue that needs to be studied and elucidated. For example, silver (Ag) 
NPs were found to be taken up by vascular endothelial cells and induce intracel-
lular ROS elevation, which is closely related to the integrity of endothelial cells. 
Endothelial cell leakage induced by intravenous administration of Ag NPs medi-
ates inflammation of the liver, kidneys, and lungs [64]. Based on this, it was also 
found that even at noncytotoxic concentrations, an increase in intracellular ROS 
and CAT activity is a common effect of NPs, depending on the size distribution, 
composition, and surface chemistry of the NP. This action results in a gap between 
the endothelial cells that can be rescued by the use of antioxidant [65]. Iron oxide 
nanoparticles were reported to influence the phenotype and be able to induce 
endothelial-to- mesenchymal transition in endothelial cells at an acute noncyto-
toxic dose, although they were rarely taken up by endothelial cells. ROS scaven-
gers can rescue the effect of endothelial-to-mesenchymal transition on HUVEC 
in vitro and in vivo [66].

With the rapid development of the production and application of nanomaterials, 
the evaluation of the safety and toxicity of nanomaterials-induced ROS has become 
a public concern; thus the detection of ROS in nanomaterials is urgently needed.

8.3  Methods of Detecting ROS in Nanomaterials

Because ROSs are easy to produce and may produce toxic effects to biological cells, 
it is particularly important to accurately detect ROSs. The measurement of ROSs is 
dependent on the analytic target along with the ROS in question. At the cellular 
level, specific ROS can be individually assessed from tissue culture, while at the 
animal level typically the effects of oxidative stress are measured from blood prod-
uct (e.g., serum or plasma) or from urine samples. Methods for ROS detection can 
be broadly classified as either direct or indirect. Due to the short lifetimes and typi-
cally low concentrations of ROS in aquatic systems, their direct observation is only 
possible on the sub-millisecond timescale (Fig.  8.1b), with the relatively stable 
H2O2 being an exception. Indirect methods typically involve probes that very rap-
idly react with ROS to compete with antioxidants and produce stable products, 
which can be quantified [67–71]. By virtue of introducing additional chemical reac-
tions, all indirect techniques risk perturbing the observed system. Some important 
aspects to consider when choosing an ROS analysis method include: (1) the sensi-
tivity of the method; (2) the selectivity and specificity of the method for the analyte 
of interest; and (3) the ability of the method to allow measurements with sufficiently 
fast time resolution [72]. Additional analytical considerations are availability, 
robustness, portability (for field studies), the cost of the necessary instrumentation, 
and in some cases, the cost of the probe molecules. All these methods are mainly 
divided into three categories.
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8.3.1  ESR Technique

Electron spin resonance and paramagnetic resonance (ESR or EPR) are unique 
techniques that specifically and directly “see” unpaired spins of free radicals. ESR 
spectroscopy is the most used method for the detection of paramagnetic species. 
This involves absorption of microwave energy by paramagnetic species in the pres-
ence of an external magnetic field resulting in the transition of spin states. ESR 
spectroscopy is a useful method for studying any materials with unpaired electrons. 
EPR allows researchers to detect ROS directly and it can also be used to monitor 
changes in the chemical forms of the oxidizable transition metal ions implicated in 
ROS generation. ESR spectroscopy stands out from other methods because of its 
unique ability to detect either short- or long-lived radicals with specificity and sen-
sitivity [73, 74]. For short-lived ROS, the spin-trapping technique involves the reac-
tion with the addition of the free radical to the double bond of a diamagnetic “spin 
trap”. Spin traps are stable, diamagnetic compounds that form longer-lived radi-
cal species with transient, very reactive radicals with low half-lives of only 10−9 
to 10−1 s. The paramagnetic spin adducts are stable for minutes or even hours, 
accumulate in the tissue, and reach a sufficient concentration for detection by 
ESR. The ESR spectra of the spin adducts are unique and provide a fingerprint 
for the presence of ROS. Two classes of spin traps are commonly used: the linear 
nitrones, N-tert-butyl-a-phenyl nitrone (PBN) and a-(4-pyridyl-1-oxide)-N-tert-
butyl nitrone (4-PyOBN); and the pyrroline-based cyclic nitrones, 5,5,-dimethyl-
pyrroline N-oxide (DMPO), 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline 
N-oxide (BMPO), 5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide 
(DEPMPO), and 5- ethoxycarbonyl- 5-methyl-1-pyrroline N-oxide (EMPO). It is 
important to distinct spin traps and spin probes. Spin traps form covalent bond 
with the radical by addition reaction, while spin probes are stable nitroxide free 
radicals. Spin probes have an unpaired electron, which is able to bind to another 
molecule. The commonly used spin labels include 2,2,6,6-tetramethyl-1-piperidi-
nyloxy, 2,2,6,6- tetramethylpiperidine 1-oxyl (TEMPO), 2,2,6,6,-tetramethyl-4- 
piperidone- 1-oxyl (TEMPON), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl 
(TEMPOL), 4-amino-2,2,6,6-tetramethyl piperidine-1-oxyl (4-amino-TEMPO), 
3-carbamoyl-2,2,5,5-tetra-methyl-3-pyrroline-1-yloxyl (CTPO), and 4-oxo-2,2,6,6- 
tetramethyl piperidine-d16-1-15N-oxyl (15N-PDT). This technique is not only much 
more sensitive than other direct detection, but it also allows better identification of 
the primary radical [75, 76]. The resulting ESR spectrum often exhibits a hyperfine 
splitting pattern that is characteristic of the trapped radical, and therefore transient 
radicals that are otherwise undetectable under normal conditions can now be 
observed [77, 78].

Generally, OH• and O2
•– can react with diamagnetic nitrone spin traps and form a 

stable free radical (spin adduct). A commonly used spin trap for these two radicals 
is BMPO. The ESR spectrum of the spin adduct BMPO/OH• shows four lines with 
relative intensities of 1 : 2 : 2 : 1 and hyperfine splitting parameters of aN = 13.56, 
aH
β  = 12.30, and aH

γ  = 0.66 (Fig. 8.5a). The ESR spectral characteristics of BMPO/
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O2
•– show four lines with relative equal intensities (1 : 1 : 1 : 1), and two hyperfine 

splitting parameters of aN = 13.4 and aH
β  = 12.1 (Fig. 8.5b) [79]. Singlet oxygen 

(1O2) is another important ROS, and 2,2,6,6-tetramethyl-4-piperidine (TEMP) can 
be used as a spin trap to specifically capture 1O2 to yield a nitroxide radical 
(4-oxo- 2,2,6,6-tetramethylpiperidine-N-oxyl, TEMPONE) with a stable ESR sig-
nal. ESR spectra of TEMPONE characteristically have three lines with equal inten-
sities, with a hyperfine splitting parameter of aN = 16.0 (Fig. 8.5c) [79].

However, there are some limitations for ESR spin trapping during ROS determi-
nation in vivo or/and in vitro. The technique requires spin traps that reduce specific-
ity and stability for the measurement. Another major drawback of the method is that 
spin adducts are only relatively persistent, and their lifetimes, especially in biologi-
cal environments where they are subject to degradation by several enzymatic sys-
tems, are usually too short to allow reliable quantitative measurements. Of course, 
apart from these chemical limitations of the method, one of the biggest drawbacks 
is the cost of EPR instrumentation, which is often much greater than typical absor-
bance or fluorescence spectrometers [80].

8.3.2  Optical Absorption

Some ROSs (such as hydrogen peroxide, superoxide, and hydroxyl radical) absorb 
in the 230–350 nm region of the UV/Vis spectrum and can be quantified directly 
at micromolar concentrations by measuring their absorbance [67, 72]. The molar 
absorption coefficient of H2O2 is 0.01 M−1 cm−1 at 360 nm and gradually increases 
up to 13  M−1  cm−1 with decrease in wavelength to 260  nm. However, such a 

Fig. 8.5 Typical ESR spectra of adducts for (a) BMPO/OH•, (b) BMPO/O2
•–, (c) TEMP/1O2 

(TEMPONE)
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method is not typically possible because of its limited lifetime, small absorption 
coefficient, and the presence of other chromophores absorbing in a similar wave-
length region [67].

8.3.3  Spectroscopic Probe Technique

Because the ESR technique requires a specialized and relatively expensive ESR 
spectrometer, alternative methods have been developed for ROS detection with 
more readily available equipment. The spectroscopic probe methods make use of 
readily available probe molecules, do not require specialized equipment, and gener-
ally afford greater specificity, sensitivity, and lower limits of detection compared to 
ESR and absorbance-based methods. Spectroscopic detection strategies, including 
absorbance (UV/Vis), fluorescence (FL), and chemiluminescence (CL), share a 
common approach with several other techniques for measuring rates of ROS forma-
tion and decay in laboratory experiments. These strategies are also compatible with 
methods such as steady-state kinetic analyses, stopped flow methods, time-resolved 
laser spectroscopy, flash photolysis, and pulse radiolysis. A spectroscopic probe is a 
substance that changes its spectroscopic properties (light absorption or emission) 
upon reaction with ROS. An ideal spectroscopic probe should be highly specific for 
one kind of ROS form and react with it efficiently, so that it can be used at low con-
centration without perturbing the studied system [70, 71].

The best and simplest ROS detectors are substances with optical properties that 
change in reaction with ROS and show some specificity for different ROS species. 
However, their principal disadvantage is relatively low sensitivity compared to other 
probes [81, 82]. Ferricytochrome c reduction is a time-honored and accurate method 
for detecting large amounts of O2

•– released by cells into the extracellular space, 
which is based on the reduction of ferricytochrome c by O2

•– to ferrocytochrome c. 
This reaction can be followed by the spectrophotometric absorbance at 550 nm [70]. 
Nitro blue tetrazorium (NBT, 2,2′-di-p-nitrophenyl-5,5′-diphenyl-(3,3′-
dimethoxy)-4,4′-bisphenyleneditetrazolium chloride) has also been widely used for 
the detection of superoxide radical. The product of univalent reduction of NBT is 
tetrazoinyl radical in which its dismutation generates a stable formazan. A number 
of colorimetric substrates such as tetramethylbenzidine (TMB) and phenol red have 
also been used in conjunction with horseradish peroxidase (HRP) to measure hydro-
gen peroxide concentrations. In general, colorimetric means are less sensitive than 
fluorescent detection methods, but instrumentation costs are significantly lower 
than those required for fluorescence-based measurements when using tube-based or 
microplate-based detection methodologies [81].

The fluorescence methodology, associated with the use of suitable probes, is an 
excellent approach to measure ROS because of its high sensitivity, high spatial reso-
lution, and simplicity in data collection [83–85]. Fluorescence may be measured or 
observed with a microtiter plate reader, microscope, fluorimeter, or cytometer. 
Confocal microscopes offer the possibility of additionally observing cellular 
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topography of ROS production and can provide some degree of specificity through 
use of various fluorescent probes [84]. A variety of fluorescent probes have been 
developed recently to detect ROS in order to uncover their unique functions in 
biological systems. The most widely used fluorescent indicator for superoxide 
radical is hydroethidium (HE), a two-electron reduced form of the nucleic acid 
stain ethidium. HE has been employed to detect ROS production during phagocytic 
respiratory bursts and intracellular oxidative stress. The oxidation of 2,7-dichloro-
dihydrofluorescein (DCFH) originates 2,7-dichlorofluorescein (DCF), a fluorescent 
compound (λexcitation = 498 nm, λemission = 522 nm) initially thought to be useful as a 
specific indicator for H2O2. However, measurements based on redox- sensitive dyes 
such as DCFH can be problematic because they depend on dye uptake and lack any 
specificity toward a particular type of ROS. The advent of protein- based redox sen-
sors like redox-sensitive green fluorescent protein (roGFP) have improved specific-
ity to particular ROS and can be targeted to different compartments within the cells 
to gather spatial resolution of ROS levels [83]. Fluorescent protein-based biosensors 
have been developed for the investigation of the ROS in situ in real time. This new 
generation of live cell fluorescent sensors produces changes in fluorescence in 
response to alteration in the redox state or with fluctuations in specific target ana-
lyte. These sensors are genetically encoded, based on a single fluorescent protein 
and do not require the addition of any other reagents or cell lysis, making them very 
amenable to multiplexing.

Chemiluminescent (CL) reactions have been used for their potential increase in 
sensitivity over absorbance-based detection methods [85–88]. Chemiluminescence 
(CL) is observed when the electronically excited product of an exoergic reaction 
relaxes to its ground state with emission of photons, and it can be defined in simplis-
tic terms: chemical reactions that emit light (ultraviolet, visible, or infrared radia-
tion). CL applications in analytical chemistry have obvious potential advantages, 
such as high sensitivity, wide linear range, simple and inexpensive instrumentation, 
considerable reduction of background noise, safety, controllable emission rate, and 
easy computer control. ROSs can generate electronically excited products, which 
emit the weak CL during their decay to the ground state. Although it is not easy to 
detect the light emission directly by CL techniques, it can be enhanced by CL sub-
strates. Due to superoxide’s brief lifetime and low steady-state concentrations, it is 
typically measured using highly sensitive CL probe molecules. Successful probes 
for decay or steady-state measurements must react at rates of at least ten times 
greater than that of natural superoxide disproportionation. The most widely used 
chemiluminescent substrate is Luminol and lucigenin. Luminol is the most widely 
used CL probe for chemical analysis. In the presence of a peroxidase (such as HRP), 
luminol-derived chemiluminescence has been used to detect cellular superoxide 
or H2O2 production under various experimental conditions. Unfortunately, 
because lots of species can promote the CL of luminol, this reagent is problem-
atic for the selective analysis [87]. Among the most widely used compounds with 
higher specificity in their light emission with superoxide is bis-N-methylacridin-
ium nitrate (i.e., lucigenin), which could be used at moderate pH [88]. Other 
compounds used are cypridina luciferin analogues, such as 
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2-methyl-6-(p-methoxyphenyl)-3,7- dihydroimidazo (1,2-α)pyrazin-3-one 
(MCLA), 2- methyl-6-phenyl-3,7- dihydroimidazo (1,2-α)-pyrazin-3-one (CLA), 
and 2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl) 8-benzyl-3,7-dihydroximidazole 
[1,2- α] pyrazin-3-one (i.e., coelenterazine).

Although the use of spectroscopic probes appears to be a simple and easy means 
for the detection and quantification of ROS production in cellular systems, it should 
be noted that the techniques of fluorescence, spectrophotometry, and luminometry 
are less direct and less specific for the detection of free radicals versus ESR [81].

8.3.4  Nanoprobes for ROS Detection

Some drawbacks of spectroscopic probes can be overcome or ameliorated using a 
method of encapsulating the dye in nanoparticle delivery systems. Encapsulation of 
these probes by inert nanoparticles, which protect them from nonspecific interac-
tions, provides an elegant solution for delivery into cells. Chemically inert nanopar-
ticle delivery systems are sufficiently small (1–1000 nm) so as to be introducible 
into cells by standard mechanisms (microinjection, lipofection, and TAT-protein 
delivery). They are however large enough to encapsulate perfectly relatively large 
volumes of one or multiple probes, which facilitates a ratiometric measurement of 
the optical response [69].

Warner et al. reported the ratiometric coumarin-neutral red nanoprobe that can 
be utilized for detection of the hydroxyl radical. The nanoprobe was prepared by 
mixing poly lactide-co-glycolide (PLGA) nanoparticles, containing encapsulated 
Neutral Red, and a coumarin 3-carboxylic acid conjugated poly(sodium 
N-undecylenyl-N-e-lysinate) that serves as a moiety that is reactive with the 
hydroxyl radical. The probe was selective for hydroxyl radicals as compared to 
other ROS including O2

•–, H2O2, 1O2, and OCl−1 [89].
Recent advances in the design and synthesis of carbon nanostructures have pro-

vided a novel route for optical biosensor development. Carbon nanotubes generally 
display semiconductive properties and are therefore photo-luminescent, absorbing 
radiation and emitting photons at specific wavelengths. One recent study highlights 
the potential of single-walled carbon nanotubes in the multimodal analysis of intra-
cellular ROS by reporting detection of H2O2, singlet oxygen, and OH• [90]. Wu and 
Zeng et al. developed the multifunctional fluorescent nanoprobe, which is prepared 
by covalently linking the mitochondria-targeting ligand (triphenylphosphonium, 
TPP) and boronated fluorescein (PF3) to carbon dots (CDs). In the presence of 
H2O2, the arylboronate moiety in PF3 is converted to a phenol, which triggers FRET 
from the CDs to fluorescein PF4. The results of a cell imaging study indicate that 
the nanoprobe can be applied for detecting endogenously produced mitochondrial 
H2O2 in RAW264.7 cells [91].

Alternatively, the detection and quantitation of ROS reaction products can also 
be accomplished with detector molecules using high performance liquid 
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chromatography (HPLC), mass spectrometry, and immunochemistry. Other meth-
ods of detecting ROS reactions include monitoring lipid peroxidation and oxidative 
damage to proteins as well as DNA.

8.4  Biomedical Applications of Nanomaterials by 
ROS Regulation

At present, ROS detection technologies have tended to be diversified. The vigorous 
research on ROS is not only for avoiding ROS, but also for making use of them in 
the treatment of human diseases.

8.4.1  Cancer Therapy

Cancer is one of the leading causes of death. From the statistical data [92], there 
were more than 18 million new cancer cases and 9.5 million deaths worldwide in 
2018. Globally, the number of new cases is expected to rise to ~23.6 million per 
year by 2030. More and more people’s life and health are severely threatened by this 
devastating disease. At present, the conventional ways commonly used in clinical 
treatment of cancers include chemotherapy, radiation therapy, and surgery. However, 
such methods bear low cure rates and adverse side effects on patients’ physical and 
mental health. Therefore, the development of new therapeutic strategies with high 
efficacy and largely diminished side effects in combating cancer is urgently needed 
for public health. At the cutting-edge field, nanomaterials with unique physico-
chemical characteristics have received increasing interest for biomedical applica-
tions, especially cancer therapy [93]. ROSs have been well recognized as one of the 
important players, which can be beneficial to kill cancer cells [94]. Recently, many 
nanomaterials have been reported to generate ROS intrinsically in biologically rel-
evant environments. Nanomedicines based on mediating ROS for cancer treatment 
caught enormous attention currently. As ROSs are associated with most of the stages 
of cancer, the therapeutic strategy based on ROS concludes two main categories: 
drug delivery enhancers and cell death inducers [94]. Nanomaterials triggered the 
production of ROS mainly through two ways: (1) the photo-irradiation excited the 
nanomaterials to produce ROS, and (2) the intrinsic ability of nanomaterials to facil-
itate electron transfer catalytically activated the generation of ROS. Such abilities 
have been subtly used to develop novel cancer treating modalities, such as photo-
thermal therapy (PTT), photodynamic therapy (PDT), and catalytic reaction therapy 
(CRT) [95–98].

Photodynamic therapy (PDT) is a promising technique for treating various can-
cers. The main elements include light, photosensitizers, and oxygen. The funda-
mental principle of PDT is using light to activate a photosensitizer, leading to the 
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generation and release of ROSs at the local site of cancerous body (Fig. 8.6). Though 
there have been developed several organic photosensitizers (e.g., porphyrins, chlo-
rins, porphyrinoids, and biomolecule conjugates) as candidates for PDT, NPs offer 
several advantages over traditional treatment options, typically including low toxic-
ity of the NPs in the absence of light irradiation, high efficacy, optimal response to 
light with varying wavelength, selective and specific accumulation, and deep pene-
tration into the tumors [95]. Various nanomaterials have been prepared and employed 
as novel photosensitizers, including noble metal NPs, semiconductor NPs, carbon 
NPs and their derivate, metal organic frames, and others. Noble metal nanoparticles 
(Au, Ag, Pd, Ti) hold great promise as PDT agents because of their surface plasmon 
resonance (SPR) enhancing effect on generation of ROS [99–101]. Typically, the 
gold nanoparticles with tunable SPR from visible to NIR have been demonstrated as 
PDT agents can selectively kill cancerous cells at varying laser frequency ranges. 
For example, 15 nm Au nanospheres with citrate coating were reported to destroy 
the malignant cells upon exposure to laser light, which induced the production of 
ROSs [101]. The shape and structure of gold NPs can affect greatly the SPR, and 
consequently the PDT therapeutic efficiency [102]. Semiconductor nanostructures, 
such as TiO2 and ZnO, can also produce ROS under irradiation that can be used for 
reducing tumor growth [103]. Another example is copper sulfide (CuS) NPs, which 

Fig. 8.6 Schematic illustration of a typical photodynamic reaction. (a) Two typical ways for pho-
todynamic reaction upon light irradiation on (b) fullerene and (c) semiconductor nanoparticle [95]. 
(Reproduced with permission from [8])
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is found to induce ROS production by NIR laser irradiation, showing photodynamic 
effects under laser irradiation and synergistically killing cells [104]. Carbon nano-
materials and their derivatives also have been revealed as PDT agents to produce 
ROS under irradiation in cancer therapy [105, 106]. PEG-functionalized graphene 
oxide was as well employed as substrate to load the photosensitizer molecule 
Chlorin e6, and the product is able to generate singlet oxygen under light excitation 
and exhibits enhanced PDT efficacy against cancer cells [107]. In addition to the 
single component structure, hybrid nanostructures consist of different nanocompo-
nents, which provide an effective way to improve PDT cancer therapy [108]. For 
example, the nanocomposites consisting of NaYF4:Yb/Er upconversion NPs embed-
ded with methylene blue in SiO2 and conjugated with Au nanorods, and that the 
integrated structure was confirmed by significantly improving ROS production 
under NIR irradiation and undergoing efficiency PDT both in  vitro and in  vivo 
[109]. The highly toxic ROS damaged the mitochondrial membrane, which could be 
induced by the cell apoptosis pathway. Note that the photothermal effect coincided 
with PDT when plasmonic gold NPs are irradiated. Photothermal therapy is an 
emerging, noninvasive, and effective treatment for cancers; the combination of PDT 
and PTT has been often designed for a higher efficiency of cancer therapy [110–112].

Without the assistance of light, some nanomaterials can catalyze/trigger specific 
chemical reactions that can generate abundant ROS in the local biological system 
and subsequently enable to combat cancers. Based on these findings, versatile cata-
lytic chemical reactions (e.g., Fenton reaction) have been developed as a new strat-
egy for cancer therapy [113]. Such therapeutic modality has higher efficacy and 
selectivity, as well as low side effects on normal tissues. There are reviews to sum-
marize the very recent studies on nanostructures-triggered in situ catalytic reac-
tions for tumor-specific therapy [96, 113]. For example, iron oxide nanoparticles 
have been demonstrated to mimic the peroxidase activity and activate the genera-
tion of hydroxyl radicals in the presence of hydrogen peroxide through Fenton-like 
reactions [114]. The highly oxidative hydroxyl radicals can be used for killing 
cancer cells. One case was reported by fabricated FeOx-loaded mesoporous silica 
nanoparticles, which can catalyze the decomposition of H2O2 to generate ROS in 
the acidic microenvironment of lysosomes, thus causing cancer cell death [115]. In 
another example, by integrating Fe3O4 NPs and glucose oxidase into biodegradable 
dendritic silica nanoparticles, a concept of sequential catalytic nanomedicine for 
efficient tumor therapy was introduced. The authors found that highly toxic 
hydroxyl radicals are generated through sequential catalytic reactions to trigger the 
apoptosis and death of tumor cells [100]. The redox enzyme-like activity of nano-
materials could also be deployed for catalytic therapy of cancers. Nitrogen-doped 
porous carbon nanospheres were employed as nanozymes that catalyzed ROS gen-
eration in a tumor-specific manner, resulting in significant tumor regression in 
human tumor xenograft mice models [98]. A flower-like MnO2@PtCo nanozyme 
was also reported to catalyze a cascade of intracellular biochemical reactions to 
produce ROS in both normoxic and hypoxic conditions without any external stim-
uli, resulting in remarkable and specific inhibition of tumor growth [116]. With the 
fast development of chemistry, materials, and nanotechnology, it offers great 
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opportunity to fabricate superstructures by assembly of different nanocomponents, 
which would exhibit integrational functions (e.g., PTT, PDT, CRT) for improving 
cancer therapy.

8.4.2  Antibacteria

When the nanostructures exposed with microbial (e.g. bacterial, fungal and bio-
films), the generated ROS could induce the death of microbial. There are two preva-
lent mechanisms for ROS-facilitated antibacterial applications.

One is based on the enzyme-like activity, in which nanozymes accelerated the 
production of ROS in the presence of oxygen or hydrogen peroxides to inactivate 
bacterial growth. A variety of nanomaterials with peroxidase-like characteristic are 
listed as promising antibacterial agents. For example, a trace amount of iron oxide 
NPs could trigger the ROS production and completely kill E. coli in a low concen-
tration of hydrogen peroxide. In contrast, the control experiment without NPs only 
shows a 15% antibacterial efficacy, indicating the important role of iron oxide in 
triggering ROS-killing strategy [117]. Pd-NPs is found to exhibit facet-dependent 
oxidase and peroxidase-like activities via generation of ROSs, which endow them 
excellent antibacterial properties against Gram-positive bacteria. The {100}-faceted 
Pd cubes are reported to own higher activities to kill bacteria more effectively than 
{111}-faceted Pd octahedrons. However, the antibacterial activity is reversed in 
Gram-negative bacteria [118]. Pt hollow nanostructures also exhibit high peroxidase- 
like activity to catalyze the decomposition of H2O2 to hydroxyl radicals. It is dem-
onstrated that Pt nanostructures show excellent bactericidal activity against both 
Gram-negative and Gram-positive bacteria in the presence of low concentrations of 
H2O2 [119]. This antibacterial activity can be applied to treat wound infections.

Photocatalytic inactivation of bacteria is the other mechanism [120]. Upon irra-
diation, typically the semiconductor nanomaterials could absorb the light and be 
excited to create a hole or electron pairs. The separated holes in valence band and 
electrons in conduction band are highly oxidative and reductive, respectively, which 
was determined by their energy band positions. The highly active hole and electrons 
can in turn react with surrounding oxygen-containing molecules or ions to generate 
ROS, the dominant intermediates for killing bacteria. The photocatalytic properties 
of titanium dioxide are well known and the earliest example for use in disinfection 
[121]. The photoexcited TiO2 was capable of killing a wide range of Gram-negative 
and Gram-positive bacteria, algae, protozoa, filamentous and unicellular fungi, 
mammalian viruses, and bacteriophage. The killing mechanism involves degrada-
tion of the cell wall and cytoplasmic membrane due to the production of ROSs 
(including hydroxyl radicals, superoxide, and singlet oxygen) caused by the irradia-
tion of TiO2 [122]. The antibacterial activity could be enhanced by improving the 
photocatalytic activity through increasing the charge carrier separation efficiency 
and production of ROS. It was demonstrated that the formation of ZnO/Au hybrid 
nanostructures could greatly enhance the photocatalytic and antibacterial activity 
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toward killing S. aureus and E. coli under sunlight [123]. Using ESR technique, it is 
found that the deposition of Au and other metal NPs resulted in a dramatic increase 
in light-induced generation of ROSs and production of holes and electrons. It has 
unraveled the important roles of metal type, particle size, and compositions on anti-
bacterial activity of ZnO NPs [124]. Photocatalytic inactivation of bacteria has been 
one of hot research directions in nanomaterials because of its high antibacterial 
efficacy and cost-effectiveness. Since 2010, there are more than 2700 research 
papers found in Web of Science (“photocatalytic + antibacterial”), and more than 
100 kinds of nanostructures were tested for their ability to kill bacteria in these stud-
ies. Many pathogenic pathogens develop anti-resistance nanomaterials, and the 
most common of which is for bacteria. The drug resistance of bacteria is a big prob-
lem that threatens human health. Owning to the different antibacterial mechanism 
from conventional antibiotics, the nanomaterials that kill the bacteria through trig-
gering the production of highly toxic ROS may provide the best solution to bacterial 
resistance.

8.4.3  Prevention of ROS-Related Diseases

Neurodegenerative diseases, include Huntington’s disease, Parkinson’s disease, 
Alzheimer’s disease, and amyotrophic lateral sclerosis, are a heterogeneous group 
of disorders, which can be characterized by the progressive degeneration of the 
structure and function of the central nervous system or peripheral nervous system. 
As chemically reactive molecules, ROSs have been implicated in the pathogenesis 
of neurodegenerative diseases. Although ROS may not be the immediate cause for 
neurodegenerative diseases, many evidences suggest that they are likely to exacer-
bate disease progression through oxidative stress-related processes [125, 126]. 
Therefore, the regulation of ROS levels may represent a promising treatment option 
to slow down neurodegeneration and alleviate associated symptoms. It was reported 
that Mn3O4 nanoparticle owns multi-enzyme-like activities, such as glutathione per-
oxidase, SOD, and CAT. Based on the ROS scavenging activity, Mn3O4 NPs exhibit 
an active role in protecting the cells from 1-methyl-4-phenylpyridinium (MPP+) 
induced cytotoxicity in a Parkinson disease-like cellular model, suggestive of a new 
strategy to rescue the biological structures from oxidative damage and thereby pos-
sess therapeutic potential to prevent ROS-mediated neurological disorders [127]. 
After this pioneered work, CuO NPs were prepared with an average size of ~65 nm 
and with good biocompatibility and multiple enzyme-like activities, which could 
inhibit neurotoxicity in a cellular model of Parkinson’s disease and rescued the 
memory loss of mice with Parkinson’s disease because of the activity of CuO NPs 
to eliminate ROS [128]. Recently, trimetallic nanozymes possessing multi-enzyme- 
mimetic activity for clearance of ROS and reactive nitrogen species (RNS) were 
reported, which can improve the viability of injured neural cell and significantly 
improve the survival rate, neuroinflammation, and reference memory of injured 
mice in vitro and in vivo [129]. Benefited by the intrinsic activity of scavenging 
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ROS, the potential application of hollow Prussian blue nanoparticles in neuropro-
tection against ischemic stroke primarily by scavenging ROS and RNS was demon-
strated. Prussian blue NPs were also reported to not only attenuate oxidative stress, 
but also suppress apoptosis and counteract inflammation both in vitro and in vivo. 
This contributed to increased brain tolerance of ischemic injury with minimal side 
effects [130]. Ceria NPs have also been demonstrated to protect against ischemic 
stroke by scavenging ROSs and reducing apoptosis [131]. Apart from these neuro- 
related diseases, the nanomaterials scavenging ROS have also attempted to protect 
biomolecules or living body against ROS-induced protein oxidation, lipid peroxida-
tion and DNA damages, and inflammations [8, 132, 133].

8.5  Outlook

With the low cost, easy preparation, good physiological stability, high catalytic effi-
ciency, robust antioxidative activity, and biocompatibility, the ROS-producing and 
scavenging nanomaterials caught special attention, which may represent a novel 
class of nanomedicine for the treatment of ROS-related diseases and damages with 
promoting therapeutic outcomes.
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Chapter 9
Protein Corona of Nanoparticles and Its 
Application in Drug Delivery

Weiqi Zhang

Abstract The nanoparticles (NP) as a drug delivery system have demonstrated tre-
mendous benefits including improved drug solubility, enhanced pharmacodynamics, 
targeted drug delivery, and potential of theranostics. Understanding of how NP 
behaves under the biological settings will provide insights to optimize the drug deliv-
ery performance. Up to now, large efforts have been focused on unveiling the NP-cell 
interaction, especially the NP-protein interactions. In biological fluid either in vitro 
or in vivo, the adsorption of proteins on NP is inevitable due to the reactive surface 
of NP. In fact, the NP together with its adsorbed proteins (protein corona) is what the 
cell really “sees” during drug delivery. For the last decade, the composition, evolu-
tion, and biological impact of protein corona on NP have attracted intensive research 
interests. The protein corona altered the physiochemical identity, cytotoxic profile as 
well as drug delivery efficiency of NP. Thus, a comprehensive understanding of pro-
tein corona will help guide the design and optimization of NP-mediated drug deliv-
ery. This chapter will introduce the current progress of protein corona researches and 
the challenges of modulating protein corona to improve the drug delivery of NP.

Keywords Nanoparticles · Protein corona · Drug delivery · Nanomedicine

9.1  Introduction

With the rapid expansion of nanoparticles (NP) application in drug delivery, various 
NPs have been fabricated and engineered to realize the controlled release, prolonged 
circulation, targeted delivery, and improved safety profile [1–3]. The NPs in the 
field of healthcare nanotechnology are routinely at the scale of several nanometers 
to 200 nm, or extended to sub-micrometers in some cases [2]. Due to the unique 

W. Zhang (*) 
State Key Laboratory of Medical Molecular Biology, Institute of Basic Medical Sciences, 
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing,  
P. R. China
e-mail: zwq@ibms.pumc.edu.cn

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5386-8_9&domain=pdf
https://doi.org/10.1007/978-981-15-5386-8_9#DOI
mailto:zwq@ibms.pumc.edu.cn


390

physicochemical properties of the NPs size, surface, and composition, there are 
multiple interactions between the interface of NP and its contacted environments, 
e.g., biological buffer, culture medium, and body fluid. One typical phenomenon is 
the adsorption of biological components such as proteins and lipids onto the NP, 
which may influence the NP stability, drug release, targeting efficiency, and toxicity 
[4–6]. In cell culture or upon administration in vivo, what the cell encounters is the 
NP plus its bioactive interface [7]. For the past decade, intensive research efforts 
have focused on the interactions between NPs and proteins, one of the most abun-
dant components in biological environment [8]. This includes the efforts to probe 
the protein types adsorbed on the NP, the influence on proteins upon the NP-protein 
interaction, the toxicity profile of NP and its associated protein layers, and the 
effects of NP-protein interaction on drug delivery. With the understanding of 
NP-protein interaction evolving, tuning the NP-protein interaction to benefit drug 
delivery could be realized. Consequently, a thorough understanding of NP and its 
interaction with biological cues will be critical to optimize the drug delivery perfor-
mance and further accelerate its translation towards clinic.

9.2  Overview of Protein Corona

When the NP was introduced into the biological system, there is a rapid adsorption 
of proteins on the NP surface [9]. Compared with the commonly used NP, the dimen-
sion of most proteins is located within several nanometers to few tens of nanometer 
(Fig. 9.1). Proteins contain different domains and amino acid residues that typically 
favor its interaction with NPs through multiple noncovalent interactions such as the 
electrostatic adsorption, hydrogen bonding, hydrophobic interaction, and metal 
coordination [10, 11]. The adsorption of protein onto the solid surface was well 
known since the 1962 [12, 13]. The term protein corona was firstly described by 
K. A. Dawson in 2007, which represents the protein layers that adsorbed on the 
engineered NPs [14]. Although the following studies revealed that there are other 
biomolecules such as lipids and cholesterol involved in NP’s biological interface 
because of the complexity of the contacted environments [15, 16], the protein corona 
is still commonly used instead of “biomolecular corona.” Almost all the engineered 
NPs have demonstrated a protein corona after its contact with the biological milieus. 
These include the clinically used liposomes [17–19], the hydrophobic nanomaterials 
[14, 20], the hydrophilic PEGylated NP [21–23], or even the protein NPs itself [24].

Compared with the pristine NP, the protein corona redefined the biological iden-
tity of the NP (Fig. 9.2), thus more or less modulating its biological fate or health-
care application both in vitro and in vivo [26]. The existence of protein corona is 
universal, while its compositions, dynamics, and biological outcomes varied dra-
matically according to the NP properties, biological fluids, environmental condi-
tions, and so on [27–30]. The composition of protein corona is largely determined 
by the protein profile in buffer which the NP is in contact with. Additionally, it is 
also partly influenced by interaction conditions such as the temperature [31], pH 
[32], ionic strength [33], and exposure time [34]. There are nearly 300 kinds of 
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Fig. 9.1 The size of typical proteins in comparison to the phospholipid bilayer and NPs. Reprinted 
with permission from [25]. Copyright 2017 by American Chemical Society

Fig. 9.2 The structure of NP plus protein corona. (a) What the cell really “sees” is NP together 
with its protein corona. (b) The protein corona is highly dynamic [26]
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proteins present in the protein corona, which could be established in the plasma 
within 30 s [9]. Abundant proteins in serum or blood, such as albumin, immunoglo-
bins, and complement proteins, are the most common components that were found 
in different NP’s protein corona [9, 29, 35], but the total quantity of proteins and 
their ratio are varied case by case. The composition of the protein corona evolves 
following the NP’s environment varied such as from extracellular medium to intra-
cellular space in vitro and moving from the injection sites to organs in vivo [36, 37]. 
Thus, the fingerprint of protein corona was proposed to be able to map its trafficking 
in biological system [36]. However, it is still difficult to correlate the protein corona 
from in vitro to the performance in vivo due to the complexity of the body fluids and 
the dynamic property of protein corona.

The interaction of proteins with NP is highly dynamic given the dominating inter-
actions between them are physical interactions, which are reversible [38, 39]. The 
adsorbed protein could be desorbed, re-adsorbed, and replaced by free proteins in a 
medium [40], the process of which could be largely influenced by the protein- binding 
affinity and concentrations. According to the binding strength, the protein corona 
could be clarified as “hard corona” and “soft corona,” respectively [38, 41]. The hard 
corona corresponds to those proteins tightly bound to NP surface and is relatively 
stable and consistent with the exposure time elongated as well as the biological envi-
ronment evolved (Fig. 9.3). The soft corona is loosely bound to NP and experiencing 
desorption and re-adsorption more frequently. The dynamic features and weak inter-
action of soft protein corona on NP make it difficult to isolate. It has been reported 
that the protein corona could be easily disturbed during the commonly used centrifu-
gation [42]. Up to now the differentiation of these two corona portions is still ambig-
uous. However, it is generally accepted that the hard corona directly interacts with 
NP, while the soft corona is more likely to interact with hard corona [43]. The orga-
nized but dynamic feature of protein corona confers the biological identity to NPs, 
which differs in varied biological milieu, yet contributing to the NP-cell interactions 
including cellular uptake [44, 45], NP trafficking [46], and toxicity profile [47], all of 
which are highly critical in determining the drug delivery outcome.

Fig. 9.3 The proposed structure of hard and soft corona. In a long-term contact, the loosely bound 
proteins could be replaced by proteins with stronger affinity. Reprinted with permission from [48]. 
Copyright 2020 by American Chemical Society

W. Zhang



393

The formation of protein corona largely determines the NP’s cellular uptake. In 
a simplified model, the protein layer could shield the NP surface including the 
charges and attached targeting ligand, which were highly correlated to its cellular 
uptake [49, 50]. In some cases the protein corona also modulate the dispersion sta-
tus of the NP, which also interfere with the cellular uptake [51–53]. The PEGylation 
was widely used to reduce the protein absorption on NP, yet it cannot fully block the 
formation of protein corona [13, 19]. NP of either a charging status could have a 
protein corona that commonly makes the NP negatively charged [54]. For example, 
in serum-free medium, the positively charged NP could be easily internalized by the 
cell due to the electrostatic interaction, since the cell membrane was slightly nega-
tive. The adsorption of proteins reversed the NP charge status and subsequently 
compromised the cellular interaction and its resultant cell uptake [52]. The reduced 
direct interaction between NP and cell membrane also minimized the cell mem-
brane damage, thus contributing a decreased cytotoxicity. This phenomenon was 
clearly observed in the case of polyplexes transfection, which has been investigated 
for decades [55, 56]. In addition, specific protein such as vitronectin in protein 
corona could mediate a selective uptake of NP by the cells with overexpression of 
vitronectin receptor [45]. Due to the enzymes present in cellular environment, the 
protein coronas could also be degraded both outside and inside cells. The protein 
corona is internalized together with NPs and trafficked to lysosomes in cells, while 
in this process the hard corona could be kept intact [57]. Several types of NPs were 
found to induce lysosome permeabilization (LMP), while the formation of protein 
corona could largely delay the LMP process [58, 59]. Thus the protein corona not 
only provides a physically buffering zone between NPs, but also functions as bio-
logically capping agents for NP in cells. In the serum or blood in vivo, the NPs could 
be interacting with immune ingredients such as complement, immunoglobulin, and 
so on, which possibly induce complement activation and immunogenicity, thus 
affecting the clearance of NPs [40].

9.3  Characterization Techniques for Protein Corona

The characterization of protein corona is critical to help understand the protein 
corona including the NP status, protein composition, and corona thickness [60, 61]. 
According to the characterization strategy, the analytic techniques for protein 
corona could be differentiated to isolation-based methodology, in situ measure-
ments, direct imaging, and other characterization routes.

9.3.1  Isolation-Based Methodology

Isolation-based methodology is straightforward and useful to gain in-depth infor-
mation about protein corona, in which NP plus protein corona was firstly separated 
and then subjected to various protein analyses. The high-speed centrifugation, 
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magnetic separation, size exclusion chromatography (SEC), etc. were the mostly 
used tools to collect the NP and protein corona [60]. After the protein detachment, 
the protein corona information could be decoded using the routine protein analysis 
techniques including protein quantification (bicinchoninic acid (BCA) assay, etc.) 
[62], gel electrophoresis (sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), two-dimensional gel electrophoresis (2-DE), etc.) [44], and pro-
teomics analysis (mass spectrometry (MS), etc.) [41]. These strategies could provide 
a full map of the protein types in the NP corona in a quantitative and qualitative 
manner. However, the separation process takes time while the protein corona could 
be formed within half minute [9]. The protein corona separation provided a power-
ful tool to unveil the information of protein corona, yet each isolation technique 
may have its own limitations. For example, high-speed centrifugation may interfere 
with protein corona, while the magnetic separation tool can only be applied on NPs 
that are responsive to magnetic fields. Recently, asymmetrical flow field-flow frac-
tionation (AF4) was utilized to isolate the NP-protein complex [42], providing a 
new strategy to preserve both the soft and hard corona during the separation, which 
may help gain a deeper understanding of the full protein corona. Features of repre-
sentative characterizations for isolated proteins are listed as below.

• BCA assay: The assay is based on the reduction of Cu2+ to Cu+ by the peptide 
bonds in alkaline pH; then the BCA reagent reacts with Cu+ to generate colori-
metric products with an absorption peak around 562  nm. The BCA assay is 
highly sensitive, so that it is routinely used to quantify proteins in biochemistry. 
To analyze the total protein amount, after the formation of protein corona on NP 
in a serum-containing environment, the protein corona ether isolated or together 
with its NP was subjected to the BCA assay [30, 39, 63]. This method is facile to 
compare the protein quantity of corona between different NPs or NP in varied 
incubation conditions with minimal amount of sample. It should be noted that 
some NPs might interfere with the BCA reagents or absorption; thus the protein 
corona is suggested to be isolated first before the BCA assay in this case.

• SDS-PAGE: A commonly used protein electrophoresis with capability to sepa-
rate the protein based on their molecular weight. During electrophoresis, the 
SDS denatures the protein and the protein band in the polyacrylamide gel could 
be simply correlated to the protein with specific molecular weight. Due to the 
above features, the SDS-PAGE could provide a map of different protein mass 
(pattern) in a protein corona [64–66]. The protein bands from SDS-PAGE could 
be further transferred to membranes and subjected to western blot analysis, 
which is able to verify the specific protein present in protein corona [67]. In addi-
tion, the protein band of interest could be cut from gel, recovered, and analyzed 
further by MS [65]. Generally, other than its own role to characterize protein 
corona, SDS-PAGE is a flexible platform for further protein analysis.

• 2-DE: It is also named as 2D-PAGE and is designed to separate proteins based on 
both their isoelectric focusing (IEF) and molecular weight. Specifically, the sam-
ple was separated first in one dimension with pH gradient, and then it is sepa-
rated in the second dimension similar to SDS-PAGE. 2-DE offers more 
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information about proteins when compared to SDS-PAGE, since it can separate 
up to 10,000 proteins in a single gel. Consequently, 2-DE is able to provide a 2D 
map of protein pattern with details in protein corona [68–70] and has been widely 
used to probe protein-NP interactions.

• MS: Unlike the above techniques, MS is able to confirm the protein identity and 
has been mostly used to identify the protein composition in the protein corona. 
The protein sample either desorbed from protein corona or from the gel electro-
phoresis is digested to fragments. Then the peptide fragments are detected and 
identified based on their mass-to-charge (m/z) ratio using the matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 
MS), tandem mass spectrometry (MS/MS), or electrospray ionization mass spec-
trometry (ESI-MS) [61]. The acquired mass spectra are further decoded based on 
the established database to obtain the protein information. Other than its role to 
map protein files in sample, MS also provides quantitative information; thus it is 
frequently used to characterize protein corona [65, 71, 72].

9.3.2  In Situ Measurements

In situ measurements provided a noninvasive way to probe the protein corona infor-
mation, and thus was also widely used. The in situ measurements mostly relied on 
the physicochemical signals collected by the equipment, which were further trans-
lated to the protein information that interacted with NP. This includes dynamic light 
scattering (DLS), ultraviolet–visible spectroscopy (UV-Vis), thermogravimetric 
analysis (TGA), quartz crystal microbalance (QCM), isothermal titration calorimetry 
(ITC), surface plasmon resonance (SPR), circular dichroism (CD), nuclear magnetic 
resonance (NMR) spectroscopy, etc. [60]. The in situ measurements can provide 
intact information of protein corona including the hydrodynamic size, surface 
charges, protein quantification, confirmation, and so on. Additionally, the character-
ization process could be done in solution and even provide the dynamic information 
of protein corona. Features of representative in situ analysis are listed as below.

• DLS: This technique measures the hydrodynamic size of NPs based on their 
scattering light signals [73]. Coating of protein corona on NP alters its size or 
induces NP agglomeration in some cases. DLS is the most facile technique to 
monitor the NP size variation upon its interaction with protein [74]. For example, 
DLS has been used to determine the protein corona thickness [35]. However the 
related data need to be carefully explained; since the DLS acquires the average 
size from a population of NP, even a small fraction of NP agglomeration will lead 
to artifact of NP size increase. Another concern is the inference from the extra 
protein that is not adsorbed on protein, especially when the NP size is similar or 
smaller than the protein [61]. When DLS is used to analyze NP, it is highly rec-
ommended to combine with other characterizing (e.g., NP imaging) techniques 
to comprehensively understand the size effects that the protein corona 
exerted on NP.
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• UV-Vis: The absorption spectrum could be adopted to probe the NP-protein 
interaction in the cases of plasmonic NPs. Because of the ease of synthesis and 
characterization, plasmonic NPs, e.g., gold NP, have been widely used as an NP 
model to study the protein corona. Due to the plasmonic features of the noble 
metal NP, the environmental change of NP surface greatly influences its absorp-
tion. The UV-Vis spectroscopy provides a “noninvasive” way to probe the inter-
action between proteins and NPs. For example, the protein coating induced a 
redshift of absorption peak of gold and silver NP, while the protein-induced NP 
aggregation led to a broadened absorption spectrum of gold nanorods [28, 75, 76].

• CD: This spectrum offers an excellent and sensitive method to probe the second-
ary structure of proteins in solution. In the context of NP-protein interaction, CD 
is mostly used to verify the conformation change of protein induced by NP 
adsorption [77–79]. In general, CD is a useful tool to analyze the protein confor-
mation change even in the presence of NP, but it requires relatively more samples 
and cannot be used for the complex protein mixtures. Consequently, the CD was 
mostly used in the condition of NP interacting with a single protein type.

• TGA: This technique is typically a thermal analysis technique to determine mass 
variation following the temperature rising or time elongation. TGA is able to 
detect the overall mass of proteins adsorbed on the NP [80–82]. Unlike the BCA 
assay, which determines the relative amount of protein according to the protein 
standard curve, TGA provides a strategy to directly quantify protein corona.

• QCM: Similar to TGA, this method provides a highly sensitive analysis to deter-
mine the protein mass adsorbed on NP based on the frequency variation of a 
quartz crystal resonator. QCM requires the attachments of NP on the oscillating 
quartz surface. The adsorption of protein on NP could be reflected by the reso-
nant frequency shift, which is correlated to the mass change. Besides its role to 
quantify the mass of protein corona [83–85], QCM can also be applied to moni-
tor the real-time interaction between NP and protein.

• ITC: This methodology can characterize the thermodynamic interactions 
between NP and proteins, providing information of interaction affinity, stoichi-
ometry, and enthalpy change [14, 86, 87]. Specifically, ITC measures the heat 
generated by the NP-protein interaction with the ambient temperature kept con-
stant; thus it is able to monitor the interaction over time. Similar to QCM it can 
also provide real-time insights of NP-protein interaction; however it also requires 
a high concentration of sample.

• SPR: The SPR device detects the binding events of biomolecules based on the 
refractive index changes close to metal surface. To determine the NP-protein 
interaction, NP needs to be immobilized on the gold surface of the chip. When 
the proteins of interests in solution flow across the chip, the NP adsorbs proteins, 
which can be detected by SPR analysis [88–90]. Consequently, the SPR is also 
able to provide detail formation during the protein corona formation process.

• NMR spectroscopy: This technology has been widely used in structural biology; 
thus it can be adopted to probe structural information of adsorbed proteins on NP 
surface [61, 91]. Besides, NMR spectroscopy has also been demonstrated to 
reveal the increase of hydrodynamic radius of NP in a complex environment [92].
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9.3.3  Direct Imaging

The direct imaging of protein corona involving transmission electron microscopy 
(TEM) (Fig. 9.4), cryo-electron microscopy (Cryo-EM), atomic force microscopy 
(AFM), and super-resolution microscopy is able to provide the dimensional, 
mechanical, and dynamic information of NP and its corona [93–97]. Dawson et al. 
exploited the immunogold labeled anti-transferrin antibody and TEM to image and 
map the active epitope of transferrin that has been adsorbed on the polystyrene NP, 
which successfully provided information on how proteins were organized on the NP 
surface [93]. Unlike the routine TEM for dense materials, the Cryo-EM is suitable 
for the NP composed of soft materials such as liposomes, which provide another 
option for decoding the ultrastructure of liposome and its protein corona [95, 98].

Similar to electron microscopy, super-resolution microscopy can image the NP 
down to tens of nanometers, which is within the scale range of protein. With the 
rapid development of super-resolution microscopy, it has been used in nanomedi-
cine research more frequently [97, 100–102]. This is ascribed to its advantages to 
image NP under complex settings such as in solution and in cells, with multicolor 
labeling and at single particle or molecule level (Fig. 9.5). Albertazzi at al intro-
duced the application of super-resolution microscopy to unveil the protein corona 
structure at the single particle level [101]. They demonstrated that protein corona 
adsorption is highly heterogeneous between individual NP. More recently, Caruso 
et al. employed the common confocal fluorescent microscopy to characterize the 
NP-protein corona interaction in a microfluid device, which not only mimicked the 
flowing environment in vivo but also combined the benefits of fluorescent imaging 
and microfluids, enabling the characterization of protein corona evolution in situ 
[96]. Unlike the other analytic methods, which mainly present the protein informa-
tion from a NP population, the imaging technique could probe the NP corona at a 
single NP level. However, the aforementioned imaging methods of NP corona either 
relied on negative staining, immunogold labeling, or fluorescent dye. The AFM 
could be employed to measure the binding force between proteins and NP without 
the need of labeling. Therefore, AFM provides another option to probe the structural 

Fig. 9.4 TEM images of the protein corona on gold NPs with different diameters. The NP com-
plexes were negatively stained and scale bars are 25 nm. Reprinted with permission from [99]. 
Copyright 2019 by Elsevier Ltd
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alteration of protein in protein corona [103] and mechanical change of NP after the 
formation of protein corona [104]. Features of representative imaging techniques 
are listed as below.

• TEM: As one of the mostly used techniques to characterize NPs, TEM can image 
NP plus its protein corona [105, 106]. In most cases, protein corona was 
 negatively stained and thus presented with varied contrast from NP due to their 
different electron density. TEM provides the morphology of NP, shape, and 
thickness of protein corona. In TEM preparation, the sample was dropped on the 
grid and dried; thus the TEM image may not reflect the intact NP-protein corona 

Fig. 9.5 Super-resolution microscopic image of proteins adsorbed by mesoporous silica NPs with 
different pore sizes. Proteins were prelabeled by different fluorescent tags. Apolipoprotein A-II 
(green), Albumin (magenta), Complement C3c (yellow). Reprinted with permission from [97]. 
Copyright 2017 by American Chemical Society
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structure. In general, TEM observation is commonly used along with DLS to 
confirm the size effects of protein corona given that the influence of protein 
corona on NP dispersity could be clearly spotted by the TEM [107].

• Cryo-EM: Unlike the routine TEM, Cryo-EM is widely used for structural biol-
ogy. The Cryo-EM does not need a counterstain, while the sample is imbedded 
in vitrified water and imaged in a cryogenic temperature. Consequently, Cryo- EM 
is suitable for visualizing the organic NP (e.g., liposome and micelles) and its 
protein corona [98, 108, 109].

• AFM: As a type of scanning probe microscopy, AFM acquires images based on 
scanning the cantilever over the surface of the sample to get the topography 
information. Simply the NPs with or without protein corona need to deposit on 
an ultra-flat wafer and then could be visualized using the AFM instrument. On 
the one hand, the AFM is able to evaluate the NP dispersity, size, and height [33]. 
On the other hand, it can provide the mechanical information of NP and its pro-
tein corona [104]. Unlike the electron microscopy, AFM does not need staining 
and offers both dimensional and mechanical information of protein corona, mak-
ing itself a valuable option to characterize NP-protein interaction.

• Super-resolution microscopy: This imaging technique is able to image complex 
sample based on their fluorescence with a resolution down to nanometers or even 
at the single molecular level. Based on its principle, super-resolution microscopy 
could be divided into structured illumination microscopy (SIM), stimulated 
emission depletion (STED), single-molecule localization microscopy (SMLM), 
single-molecule control: stochastic optical reconstruction microscopy (STORM), 
photoactivated localization microscopy (PALM), point accumulation for imag-
ing nanotopography (PAINT), etc. [100]. Both the NP and protein could be fluo-
rescent or fluorescently tagged, which allow tracking the NP-protein interaction 
over time [97, 101, 110]. In addition, when the involved proteins are labeled by 
different fluorescence, the NP’s interaction with multiple proteins could be real-
ized using super solution microscopy.

9.3.4  Other Techniques

Other techniques include computer simulations, which provide information between 
NP and proteins from the atomic and molecular view by taking advantage of molec-
ular modeling [111–113]. Using dissipative particle dynamics simulations, Ma et al. 
found that protein adsorption relies on the NP surface properties as well as the 
interaction environment, which further influence the cellular uptake [114]. It should 
be noted that the clues drawn from the simulation present more details of NP-protein 
interaction; however, experimental confirmation is still preferred to confirm those 
findings from the modeling. Nandi et  al. applied both computer simulation and 
experimental studies to unveil that the surface decoration of NP is critical for 
NP-protein interaction. Typically a longer surface ligand is more difficult to adsorb 
human serum albumin [115]. Hernandez et  al. combined the molecular dynamic 
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simulation and protein footprinting strategy to confirm the critical amino acid resi-
dues that mediate the interaction with soft corona using membrane protein cyto-
chrome c, which potentially assists to understand the NP’s cytotoxicity [116]. 
Currently, most computer simulations are studying the NP interacting with a single 
protein, while the real interaction scenario of NP with proteins in body fluid would 
be far more complicated.

The above analytical techniques could provide either quantitative or qualitative 
information of protein corona; however, each single technique is not enough to 
reflect the whole NP-protein interactions. The protein corona of NP is highly 
dynamic and complicated; thus multiple techniques were adopted to comprehen-
sively characterize the protein corona, which would shed more light on the compo-
sition, structure, and dynamics of protein corona. For example, the SDS-PAGE is 
used together with MS to determine the protein composition, while the DLS and 
TEM are used to evaluate the NP dispersity and protein corona thickness. With the 
advance of new analytical techniques for protein corona and the accumulated 
research efforts to study NP-protein interactions, a full understanding of protein 
corona and its biological outcomes could be expected in future.

9.4  Influence of NP on Adsorbed Proteins

The interaction between the NP and proteins could be simply defined as two sce-
narios according to the dimension of proteins (Fig. 9.6). Considering the NP diam-
eter used in nanomedicine, the protein size could be either larger or smaller than the 
NPs [25]. When the NP was larger than the proteins, the interaction between them 
was similar to the protein interacting with a bulk surface. Usually proteins adopt its 
conformation to favor its interaction with NP, which inevitably induce the structural 

Fig. 9.6 The interaction mode between NPs and proteins. (a) The diameter of NP is larger than 
proteins. (b) The diameter of NP is smaller than proteins. Reprinted with permission from [99]. 
Copyright 2019 by Elsevier Ltd
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change of the protein. The conformational change of protein in the corona could be 
revealed using the CD spectra, and the change could be either reversible or irrevers-
ible [117–119]. It was found that the secondary and tertiary structure of BSA under-
went a conformational change during its interaction with gold NPs [118]. In the 
case of the interaction between transferrin and superparamagnetic iron oxide NPs, 
the mutual interaction induced an irreversible conformation change of the transfer-
rin [119]. In some species of proteins such as amyloid β protein, the conformational 
change induced by NP further led to the protein fibrillization [120, 121]. The protein 
conformation change may also expose the epitopes that are originally imbedded 
inside the protein, which potentially induce unintended bioactivity such as immuno-
genicity [14, 122]. It is also noticed that the conformational change of protein was 
less when it is interacting with corona-coated NP compared to those protein directly 
exposed to pristine NP [123]. The NPs used in drug delivery could be tuned to a few 
nanometers to achieve a faster clearance in vivo. When the NP size was smaller than 
the proteins, the NP-protein corona scenario could be viewed as NP’s adsorption on 
protein [25, 99]. Representative example is the NP’s modulation on enzyme activity. 
When the NPs blocked the enzyme’s active pocket, biological function of the 
enzyme could be largely disturbed [124]. Besides the NPs size effect on the adsorbed 
proteins, the NP itself could be inert or reactive in drug delivery. For example, the 
NPs having a reactive surface such as titanium dioxide (TiO2) NP can generate reac-
tive oxygen species (ROS), which further oxidizes its protein corona, causing oxi-
dative stress [125]. Generally, the NP plus its protein corona is what the cell really 
encounters. The protein’s change mediated by NP is highly important to determine 
its resultant biological outcome.

9.5  Influence of Protein Corona on NP

The as-prepared NP was once considered interacting with cells directly before the 
protein corona was proposed. The reality is the protein could rapidly coat the NP 
once it was introduced into the biofluid. The influence that the protein corona exerts 
on NP could be both at the physicochemical and biological levels [46, 126, 127]. 
Firstly, the protein corona modulates the surface charges of NP and the dispersity. 
The protein could influence the NP’s dispersion, thus modulating NP’s interaction 
with cells both in vitro and in vivo [128, 129]. For example, in ionic environment, 
the ions screen the charges of NP and subsequently destabilize the NP. The protein 
layer on the NPs renders the repulsive forces between NPs, reducing the chance of 
NP agglomeration [130, 131]. Recently, it is realized the protein concentration also 
determined the NP’s stability [52, 75, 132]. A high concentration of serum proteins 
leads to a full protein wrapping of polyplexes NP, while less proteins bridge the NP 
together and cause aggregation (Fig. 9.7). Further, the ratio between protein and NP 
in the environment was found to control the agglomeration status of the NP 
[53, 133].

9 Protein Corona of Nanoparticles and Its Application in Drug Delivery



402

The protein corona formation also altered the chemical and biological identity of 
NP. For example, the TiO2 NP was shown to oxidize its contacted components such 
as lipid membranes and subsequently cause cytotoxicity. However, the protein 
corona adsorption could passivate the surface of TiO2 NP, alleviating the corre-
sponding lipid peroxidation [102]. Another extraordinary example was the loss of 
targeting capability of those NP installed with targeting ligands (Fig. 9.8). The coat-
ing of protein corona block the accessibility of the ligand, thus compromising the 
NPs targeting effect in drug delivery [50, 134].

Fig. 9.7 Influence of proteins on NPs size or dispersity. The concentration of serum proteins dic-
tates the NPs size, which led to different uptake and delivery performance (siRNA delivery). Ps 
pullulan-spermine. Readapted with permission from [52]. Copyright 2014 by Elsevier Ltd
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9.6  Influence of Protein Corona on Drug Delivery

Compared with the free drug, the NP could provide a controlled/sustained release, 
prolonged blood circulation, targeting delivery, etc. Before the access to its molecu-
lar targets, the drug delivered by the NP needs to overcome different barriers includ-
ing avoiding the nonspecific interaction with proteins upon its injection, reducing 
the clearance by reticular epithelial (RES) system, accumulation at the disease site, 
internalization by the target cells, and avoiding the lysosome trapping [135, 136]; 
all of these processes could be modulated by the protein corona.

9.6.1  Influence of Protein Corona on Drug Release

As discussed above, the alteration on NP inevitably changes the NP properties, thus 
resulting in modulated drug delivery performance. The protein corona could also 
alter the drug release profile of the NP including liposomes [137], micelles [138], 
silica NP [139], protein NP [24], and polymeric NP [140]. The non-cross-linked 
micelles lose its integrity as well as drug payloads when it was interacting with 
lipoproteins [138]. In addition, premature release may exist when the protein 
replaced the drug that was loaded in the NP. Conversely, delayed drug release could 
happen after the formation of protein corona. Lin et al. reported that the coumarin-6 
release from the poly-3-hydroxybutyrate-co-3-hydroxyhexanoate NP was signifi-
cantly slowed because the BSA protein corona stabilized the NP [141]. In the case 
of mesoporous silica NP, it was found that the drug release from the NP was delayed 
due to the blockage of the NP pore by the protein corona. The increased drug release 
was also spotted for PEGylated NP, which was ascribed to the PEG’s function to 
reduce the protein corona content [139, 142]. Mahmoudi et al. further revealed that 
the effect of protein corona on the NPs drug release behavior was largely dependent 
on the NP-protein interaction as well as NP type [24]. Since the dynamic property 
of protein corona in the biological system, the influence of protein corona on drug 
release from NP could also be varied following the enzyme degradation of protein 
corona [143].

9.6.2  Influence of Protein Corona on Targeted Delivery

The size played a pivotal role in drug delivery, especially the blood retention time 
and accumulation at the disease sites. For example, a large amount of NPs used in 
cancer drug delivery are based on the size effect, which is the perquisite for the 
enhanced permeation and retention (EPR) effect, namely the negative targeting 
strategy [144]. When the NP stability was disturbed, the NP either in the status of 
aggregation or broken component would lead to size variance and consequently an 
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altered blood retention, organ distribution, and clearance [46, 145]. Interestingly, 
Ferrari et al. found that serum incubation shrank the liposomes [146], suggesting 
another possibility that protein adsorption would influence liposome’s drug deliv-
ery. As mentioned above, the layer of the protein corona may also block the target-
ing ligand that displayed on the NP surface, thus leading to a compromised targeting 
effect, which further hampers targeted drug delivery [50, 134].

9.6.3  Influence of Protein Corona on Intracellular Delivery

Accumulated evidences suggested that the NP and protein corona were concur-
rently internalized by the cells and trafficked to endo-lysosome [57–59, 147]. 
Dawson et al. reported that part of protein corona-like albumin and transferrin could 
be degraded in lysosomes following the lysosome trafficking of NP plus its corona 
[57]. This process may help the drug release process when the drug is carried in the 
protein corona. However, the lysosomal escape of the drug is another key factor for 
a successful drug delivery. The pH in lysosomes is acidic and there are more than 50 
enzymes located in lysosomes, which inevitably compromise the drug efficiency 
especially the protein and nucleic acid drugs. In addition, trapping of NP and drug 
in lysosomes dramatically hampers the drug to access its therapeutic targets, since 
most of the drug’s targets are located out of lysosomes [148–150]. One typical 
example of drug delivery that requires lysosomal escape is the gene (siRNA) trans-
fection. In the case of siRNA delivery, siRNA needs to bind the RNA-induced 
silencing complex (RISC), which is located in the cytoplasm. Thus, an effective 
lysosome destabilization and siRNA escape is critical for an efficient RNAi effect 
mediated by NP. Recently, it was found that protein adsorption compromised or 
delayed the lysosome disruption of the cationic NPs [52, 59]. This may partly 
explain why the gene transfection efficiency of cationic NP was compromised in the 
presence of serum proteins. Besides above influence of protein corona on lysosomes 
for drug delivery, the protein corona was also reported to increase the labeling of 
stem cells for magnetic resonance (MR) imaging [151]. This is ascribed to increased 
NP’s uptake and location in lysosomes with the assistance of protein corona. 
Undoubtedly a better understanding of the protein corona and its effect on intracel-
lular drug delivery will help improve the design of NP for drug delivery.

9.6.4  Influence of Protein Corona on NP Toxicity

One critical parameter for a successful drug delivery of NP is its safety profile. The 
protein corona has been widely known for its role in modulating NP’s cytotoxicity 
[6, 47]. In serum-free conditions, the pristine NP could interact with cell membrane 
directly as well as enter the cell efficiently, all of which potentially lead to enhanced 
cell stress and cytotoxicity [44, 152]. The formation of protein corona was reported 
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to reduce the nonspecific interaction between cells and NP [153]. Stauber et  al. 
found that the bare silica NP could induce hemolytic effect, while the formation of 
protein corona significantly protects the red blood cell from membrane damage [9]. 
The layer of protein corona can also inhibit the dissolution of the NP components 
such as ions in the case of metal NP [154], which will reduce the toxicity inherent 
to the metal ions. Chen et al. reported that coating the zinc oxide NP inhibited the 
dissolution of zinc ion and thus contributed to reduced toxicity [155]. Last but most 
importantly, protein corona can relieve the ROS and cell stress that are associated 
with NP [102, 156], thus mitigating the NP’s toxicity. For example, Vizcaya-Ruiz 
et al. revealed that the Fe3O4-PEG NP was able to induce the ROS generation and 
mitochondrial damage, while this side effect could be alleviated with the presence 
of protein corona [157]. Different from its protection role, the protein corona of NP 
may also mediate enhanced side effects. Xu et al. reported that the protein-induced 
aggregation of polyplexes NP would deposit on the cell surface, which led to severe 
membrane damage and associated cell death [52]. In another case, the conforma-
tional change of the protein induced by the NP may expose the originally imbedded 
epitopes, which may mediate unexpected immune effects such as immunogenicity 
and complement activation [47]. When the C1q protein was adsorbed on the 
hydroxyapatite NP, it could mediate the complement activation in a classical path-
way, suggesting this uncontrolled complement activation may lead to immunotoxic-
ity [158]. Generally, the altered cytotoxic profile of NP plus its protein corona could 
be varied case by case; thus it is critical to document the biocompatibility of NP 
itself when used in drug delivery.

9.7  Exploring the Protein Corona for Drug Delivery

9.7.1  Exploiting Protein Corona to Load Drugs

A full understanding of the protein corona undoubtedly will help optimize the 
NP-mediated drug delivery by tuning the protein corona. Actually the straightfor-
ward application is using the NP to deliver the therapeutics, e.g., proteins, DNA 
oligonucleotides, and drugs [159, 160]. The protein corona around the NP creates a 
local environment that could entrap the payloads through noncovalent interactions. 
Kah et al. utilized the protein corona around gold nanorods to load the hydrophobic 
chlorin e6 (Ce6) whose excitation matches the longitudinal surface plasmon reso-
nance absorption of gold nanorods; thus a combination of photodynamic and pho-
tothermal therapies could be attained with one single excitation laser [161–163]. 
Hamad-Schifferli et al. successfully exploited the protein corona to load both nega-
tively charged DNA and positively charged doxorubicin [164]. Further it has been 
suggested that tuning the ratio of serum albumin in protein corona could adjust the 
release behavior of the payload from the NP [165]. This work suggested that manip-
ulating the protein corona potentially provides another option to control the drug 
release from NP rather than focusing on NP engineering.
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9.7.2  Direct Modulation of Protein Corona to Improve 
Drug Delivery

Given that NP-protein corona is interacting with cells, directly modulating protein 
corona could be an ideal option to optimize drug delivery including drug circula-
tion, cellular uptake, and targeting effect. The representative example is PEGylation 
of NP to reduce the protein adsorption and cellular uptake [23, 166]. Wurm et al. 
found that the stealth effect of PEGylation was actually mediated by the clusterin 
proteins in hard corona, which reduced the uptake by macrophages [23]. Pre-coating 
of the NP could be another strategy to tune the protein corona composition, thus 
enabling the NP for targeted delivery [159, 167]. Lin et al. revealed that a precoated 
albumin protein corona could reduce the adsorption of other serum proteins, increas-
ing the blood circulation time as well as improving the biocompatibility of the poly-
meric NPs [168]. Furthermore, a pre-coating of liposome with plasma proteins 
significantly reduced the clearance by circulating leukocytes, which contributed to 
a prolonged circulation time [169]. Mailänder et  al. revealed that the intentional 
pre- modification of NP with apolipoproteins ApoA4 or ApoC3 attenuated its cellu-
lar uptake, while pre-coating with ApoH enhanced the cellular uptake [170]. 
Similarly, installing the lipid NP with apolipoprotein E4 has been utilized to form a 
protein corona for brain targeting (Fig.  9.9) [171]. Pre-coating the NP with 
immunoglobulin- depleted plasma could reduce the internalization by the macro-
phages, suggesting a potential strategy to tune the NP-cell interaction by tailoring 
the protein corona composition [172]. More recently, Ma et al. revealed that pre- 
coating NP with ApoE inhibited the NP’s uptake by macrophages, contributing to a 
prolonged blood circulation [113]. Conversely, the depletion of glycan from the 
protein corona formed on silica NP increased the NP-cell interaction and the resul-
tant cellular uptake, which pointed out that the protein modification in the protein 
corona also played an important role to affect the NP-cell interaction and presum-
ably the drug delivery [173]. Consequently, directly adjusting the composition of 
protein corona may also contribute to the drug’s entry into cells, as most of drug- 
loaded NP uptake was modulated.

9.7.3  Engineering NP to Tune Protein Corona 
for Drug Delivery

Other than directly manipulating the protein corona, NP could be engineered to 
influence the protein corona [66, 113], which would also benefit the drug delivery 
application. Consolidating the NP will lead to a stable NP for drug delivery even 
with the influence exerted by the protein adsorption. Li et al. found that the non- 
cross- linked micelles lost their integrity and released the encapsulated drugs upon 
the interaction with serum proteins, while the disulfide cross-linked NP retained the 
original structure and thus prevented the premature release of the payloads [138]. 
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As mentioned above, surface decoration of PEG could reduce the NP’s nonspecific 
interaction with serum component [174], thus avoiding clearance by RES system, 
modulating the biodistribution, and increasing the blood circulation time. Other 
than this application, Chan et al. found that backfilling the surface of targeted NP 
with PEG could significantly restored the targeting capability that was originally 
masked by the protein corona [22]. In addition to PEG installation, other stealth 
coating strategies were also proposed to modify the protein corona, thus tuning the 
NP’s cellular uptake and its resultant drug delivery. Poly(phosphoester)-surfactant 
has been used to functionalize NP in a noncovalent fashion, which reduced the non-
specific protein adsorption as well as the cellular uptake [66]. A combination of 
stealth NP and a carbohydrate targeting ligand has been proposed to overcome the 
blocking effect caused by protein corona [175]. Similarly the modification of both 

Fig. 9.9 Pre-formed protein corona improves the targeted delivery of NP.  Apolipoprotein E4 
(Apo-E4) adsorption on lipid NP improved the brain delivery efficiency due to the targeting effect 
of Apo-E4. Readapted with permission from [171]. Copyright 2018 by Elsevier Ltd
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zwitterionic and targeting ligand on the silica NP helps overcome the blocking 
effect from the protein corona [176]. Dong et al. labeled the polyetherimine NP with 
retinol, which recruited retinol binding protein 4 to NP’s corona and consequently 
mediated a targeting delivery of antisense oligonucleotides to the hepatic stellate 
cells [177]. More recently, the liposome was engineered with a peptide capable of 
interacting with the apolipoproteins [178], which could cross the blood-brain bar-
rier. This engineering strategy allowed the liposome to form protein corona com-
posed of apolipoproteins in vivo, thus facilitating the brain targeting. The control of 
protein corona formation could also be realized using a NP functionalization based 
on host-guest interaction. Liz-Marzán et al. demonstrated a construction of gold NP 
with anionic dye ligand, which could be specifically recognized by a positively 
charged macromolecular cage through host-guest interaction [179]. The protein 
corona formed on NP could be disrupted by adding the macromolecular cage, while 
the corona could be re-formed with addition of free anionic dye, thus providing a 
reversible strategy to control protein corona formation as well as its associated cel-
lular uptake. The orientation of the proteins in protein corona or the conjugated 
targeting protein on the NP was random, which may also compromise the targeting 
efficiency. Directly controlling the orientation of the targeting ligand on NP could 
be another strategy to improve the targeting effect of NP [4].

9.8  Challenges and Opportunities of Protein Corona 
in Drug Delivery

There are a huge amount of NPs that are used in drug delivery researches, while the 
contact of NP with proteins is unavoidable. Theoretically, the protein corona will be 
different when the administration route of NP was varied. The difference could be 
derived from the distinctive protein composition in the local environment [27]. The 
protein corona could be established within a few tens of seconds and meanwhile the 
protein quantity that the NP contacts with upon injection could be different, such as 
subcutaneous and intravenous injection. The NP-protein corona may also be affected 
due to the variation of local protein quantity. In the in vivo application, tremendous 
complexity of serum components exists and the NP is trafficked in a dynamic envi-
ronment (Fig. 9.10), which are far complicated from the static culture conditions in 
which only single protein or part of serum is supplemented [104]. The protein 
corona formed under a dynamic flow that mimic the condition in vivo suggested a 
distinctive protein corona profile in comparison to those formed in static incubation 
[96, 166, 180, 181], and this may represent a NP-protein interaction scenario that is 
more realistic.

Although multiple analytic techniques could be used to characterize the protein 
corona both ex situ and in situ, the clear time-spatial resolution of protein corona 
and its interaction with cells is still lacking. In addition, most of the analytic meth-
ods mainly give average information of protein corona that is derived from a 
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population of NP, while new reports reveal that significant heterogeneity existed in 
protein corona for the same NP type under a native condition [101, 183]. Super- 
resolution microscopy provides the opportunity to investigate the NP and protein 
corona dynamics as well as their trafficking in cells at the single molecular level. 
With the advances of the characterization techniques, new and accurate understand-
ing of protein corona could be expected.

Up to now, most of the NP corona mechanism studies are based on the model 
NPs and specific proteins. The simplified interaction model largely favors the char-
acterization process and undoubtedly provides insights into the physiology of pro-
tein corona, but it is still challenging to predict its behavior in vivo based on the in 
vitro data. Probing the protein corona with clinic-related NPs may provide more 
information about its therapeutic outcomes and thus may help develop new drug 
delivery NPs. Last but most importantly, since the physiochemical properties of NP, 
the reaction conditions including the temperature and serum conditions, all influ-
ence the protein corona [184–186], discrepancy between different researches still 
exists. Recently, administration methods of NP into the culture medium were found 
to associate with the NP-cell interaction, e.g., cellular uptake [187]. The initial for-
mation of protein corona on NP could be influenced by how the NP immediately 
contacted the proteins in the medium. The standardization of NP, clear declaration 
of the reaction information, and careful data analysis are highly recommended in 
publications [188], which definitely will advance this field.

Fig. 9.10 Comparison of protein corona formed in vitro and in vivo, respectively. Reprinted with 
permission from [182]. Copyright 2017 by Elsevier Ltd
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9.9  Conclusions

Since the term protein corona was introduced into the nanotechnology community 
over 10 years ago, there have been tremendous advances to understand the NP’s 
protein corona as well as its biomedical applications. These include the efforts to 
elucidate its composition, formation dynamics, NP interaction, biological outcome, 
healthcare application, etc. Generally, the protein corona reflects a group of compo-
nents around NP, presents a dynamic feature, and elicits distinctive biological 
effects that are both defined by NP and its environment. Nevertheless, protein 
corona is prevalent for almost all the NP in biological settings, which further influ-
ence the key processes in drug delivery such as drug loading, release behavior, tar-
geting effect, safety profile, and therapeutic efficacy. The evolving understanding of 
protein corona reminds us to consider both NP and its interacting interface in drug 
delivery. Directly tuning the protein corona or engineering the NP to modulate the 
protein corona could be exploited to realize drug loading and improve drug delivery. 
In future, an in-depth elucidation of protein corona physiology is required to opti-
mize NP’s drug delivery and advance it towards translational applications.
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Chapter 10
Development of Realgar Nanotherapeutics 
for Cancer Treatments

Tao Wang and Haiyan Xu

Abstract Realgar is a kind of mineral drug and has a long history of medical use in 
Chinese medicine. The active component of realgar is As4S4 and can be orally 
administrated. In past decades, several traditional Chinese prescriptions containing 
realgar has showed certain clinical effects in the treatment of some hematologic 
malignancies. However, realgar is poorly soluble in neutral or acidic aqueous solu-
tion due to its crystal structures, which not only leads to the problem of extremely 
low bioavailability in clinical practices but also sets up obstacles to biomedical stud-
ies to understand molecular mechanisms. Hence, there have been continuous efforts 
made to seek effective approaches for developing suitable processing techniques of 
realgar, aiming to increase the bioavailability and efficacy, and meanwhile, also to 
get insights into pharmaceutical mechanisms at molecular levels. This chapter 
briefly introduces the history of medical use of realgar in Chinese medicine pre-
scriptions, followed by a comprehensively review of the efforts for developing real-
gar nanotherapeutics by using various technologies, especially a novel one-step 
preparation approach to fabricate nanoformulation was addressed. In the last part, 
therapeutic effects of realgar nanoformulations in cells and animals of acute and 
chronic myeloid leukemia and solid tumors are demonstrated, and molecular mech-
anisms are portrayed as well.
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10.1  Introduction

The therapeutic effects of arsenical compounds in some diseases have been gradu-
ally recognized over past decades especially with the poison As2O3 being utilized 
therapeutically as a potent anticancer agent. The first clinical use of As2O3 to treat 
blood cancers was carried out in China during the 1970s. Zhang and Rong prepared 
a prescription consisting of As2O3 and HgCl, which was called Ailing #1, and 
applied it to the treatment of acute myeloid leukemia (AML) through intramuscular 
injection [1]. Promising responses were reported especially in acute promyelocytic 
leukemia (APL). More clinical trials in China systematically verified the effective-
ness of As2O3 in the treatment of APL regardless of disease stages [2, 3]. The thera-
peutic efficacy of As2O3 on APL was gradually recognized globally until its 
mechanism of the anticancer activity of As2O3 was better understood [4]. In 2000, 
the US Food and Drug Administration approved As2O3 injection, Trisenox™, as a 
first-line chemotherapeutic agent for newly diagnosed and refractory/relapsed APL 
patients. Nowadays, As2O3 in combination with all-trans retinoic acid (ATRA) is 
regarded as the most promising chemotherapeutic scheme for the treatment of 
APL. Other than APL, As2O3 is also applied to other malignancies such as myelo-
dysplastic syndrome (MDS) [5, 6] and solid tumors such as liver cancer [7] and lung 
cancer [8]. Advanced liver cancer has been approved as an indication of As2O3 in 
2004 by the Chinese Food and Drug Administration. The big success of As2O3 
encouraged the interests in other arsenical compounds.

Realgar, of which the main component is tetraarsenic tetrasulfide (As4S4), is a 
mineral arsenic abundantly distributed in the earth’s crust. The appearance of natural 
realgar is irregular block or granule with orange-red to orange-yellow color, while 
the concentrate powder is granular with orange color. In addition to realgar in nature, 
As4S4 can also be synthesized chemically. On an industrial scale As4S4 has been pre-
pared by the reaction between sulfur and an excess of elemental arsenic or As2O3, 
and in the laboratory, As4S4 can be accessed by the fusion between stoichiometric 
quantities of arsenic metal with sulfur [9]. In contemporary medicine, the application 
of realgar in the treatment of APL began even earlier than that of As2O3. Although it 
has been reported to be effective in the treatment of APL and CML, realgar agents do 
not achieve the same success as As2O3. Reasons may be that the clinical effect is not 
so potent and pharmaceutical mechanisms are not clear enough, which are attribut-
able to its poor solubility in pure water and acidic aqueous solutions.

This chapter briefly introduces the history of medical use of realgar in Chinese 
medicine prescriptions, not only in the treatment of APL but also in the treatment of 
solid tumors, which will be followed by a comprehensively review of the efforts for 
developing realgar nanotherapeutics by using various technologies, especially a 
novel one-step preparation approach to fabricate nanoformulation was addressed, 
since processing techniques are crucial for the safe and effective application of real-
gar. In the last part, therapeutic effects of the nanoformulation in cells and animals 
of acute and chronic myeloid leukemia and breast cancer are demonstrated, and the 
hidden molecular mechanisms are portrayed as well.
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10.2  History of Use of Realgar in Medical Practices

The use of realgar has a long history. Traditionally, realgar was mainly used as a pig-
ment and in internal medicines; other early applications include depilating and tan-
ning hides, pyrotechnics, controlling pests, and manufacturing shot. The medical use 
of realgar in ancient and contemporary days is described in the following sections.

10.2.1  Realgar in Traditional Chinese Medicine

The medical use of realgar could be traced back to 2000 years ago. In ancient China, 
realgar (Xiong-Huang) was utilized in the treatment of carbuncles, boils, insect bites 
and snakebites, abdominal pain due to intestinal parasitosis, infantile convulsion, 
malaria, and psoriasis and skin diseases [10]. There are also some application records 
of realgar in other civilization. In traditional medicine native to India, realgar was used 
as a major component in Bhasma, which is a unique and representative kind of prepa-
ration used against a variety of chronic ailments. In Western medicines, Paracelsus 
(1493–1541) administered realgar internally to treat cancer-like tumors [11].

Enthusiasm for the use of realgar has never subsided in China, as, for example, 
realgar has been listed in the Chinese Pharmacopoeia since 1963 and is suggested 
to be made into pills or powders for use as well as for external application. The daily 
intake of realgar is specified to not exceed 100 mg in the latest edition of the Chinese 
Pharmacopoeia (i.e., the 2015 edition), with long-term administration being 
avoided. There are totally 37 kinds of Chinese patent medicine listed in the Chinese 
Pharmacopoeia (2015), and the functions are mainly focused on detoxification, dis-
infestation, dampness, removing phlegm, and stopping malaria. The most com-
monly used ones are listed in Table 10.1.

Table 10.1 Some of the realgar containing Chinese patent medicine listed in the Chinese 
Pharmacopoeia (2015)

Medicine Indications

Niu Huang Jie Du pill/tablet/capsule/soft 
capsule

Sore throat, swollen gums, sore mouth and tongue, 
swollen eyes

Niu Huang Xiao Yan Wan Swelling, pain, furuncle, carbuncle
Fu Fang Niu Huang Xiao Yan Jiao Nang Upper respiratory tract infection, pneumonia, 

tracheitis
Zhu Huang Chui Hou San Swelling, pain, and erosion of mouth and tongue
Ya Tong Yi Li Wan Swelling and pain of gums and caries
Niu Huang Zhi Bao Wan Functional constipation
Yi Xian Wan Diarrhea, heatstroke
Yu Jin Yin Xie Pian Psoriasis
Shu Zheng Pian Heatstroke
Sha Yao Heatstroke
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10.2.2  Realgar in the Treatment of Cancer

In medical researches and clinical practices of modern medicine, anticancer activi-
ties of realgar particularly in leukemia have become the focus. Since the 1960s, 
realgar has been used in the clinical practice of leukemia treatment, mainly focused 
on myeloid leukemia, which has a history of over half century.

Realgar was first utilized for the treatment of APL. In the early 1960s, Chinese 
doctors found that a compound medicine named Qinghuang powder composed of 
realgar and indigo naturalis showed encouraging effects in many APL patients. 
Zhou et al. first reported that two newly diagnosed APL patients achieved complete 
remission (CR) and maintained continuous CR over 4 years using Qinghuang pow-
der in 1986 [12]. Lu et al. reported long-term follow-up data in patients treated with 
oral realgar in 2002; the patients were administrated with a single realgar of 50 mg/
kg/day, and the disease-free survival rates of 1 and 6 years were 96.7% and 87.4%, 
respectively [13]. All of these reports and research suggested that realgar has thera-
peutic effect on APL.

Because of the obvious effectiveness in the treatment of APL, one commercially 
available realgar agent has been developed, which is a compound medicine named 
realgar-indigo naturalis formula (RIF). One tablet of RIF weighted 270 mg, which 
contains 30 mg of realgar, 125 mg of indigo naturalis, 50 mg of radix salviae milt-
iorrhizae, 45 mg of radix pseudostellariae, and 20 mg of garment film [14]. RIF was 
first developed by Huang et  al. in 1980, and the first study of RIF for APL was 
reported in 1988 [14]. Based on the results of systematic studies by Huang et al. and 
Qian et al., this drug was approved by the Chinese Food and Drug Administration in 
2009 for the treatment of APL. In a randomized, multicenter, phase III noninferior-
ity clinical trial involving 242 patients, it was confirmed that the therapeutic effect 
of oral RIF combined with all-trans retinoic acid (ATRA) on APL is no different 
from that of intravenous As2O3 combined with ATRA [15], which has been recom-
mended as the first-line therapy for APL [16]. Another phase III clinical trial con-
firmed that for non-high-risk APL, the treatment scheme of fully oral RIF and ATRA 
has the same effect as that of intravenous As2O3 and ATRA [17]. A cohort study in 
nine pediatric patients with APL and 20 high-risk APL patients also preliminarily 
declared the effectiveness of the RIF combined with ATRA. More details of these 
clinical studies on RIF have been reviewed by Zhu et al. [14] and the effectiveness 
in APL has been verified.

Compared with the treatment of As2O3, due to the oral administration and reduc-
tion of hospitalization days, the treatment of RIF significantly reduced the median 
total cost, from about $24,000  in As2O3 group to $13,000  in RIF group, which 
largely eased the economic burden of patients [18]. Formula with realgar could 
achieve equal effectiveness to that with As2O3 while costs largely less, implying that 
realgar could be a simpler and more economical therapeutic agent.

Realgar has also been used to treat chronic myeloid leukemia (CML) in clinical 
practice. The application of realgar in the treatment of CML was first reported in 
1981. Zhou et al. treated 25 CML patients with compound Qinghuang powder and 
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obtained 21 complete remissions and 4 partial remissions [19]. From 1985 to 1999, 
86 CML patients were treated with Qinghuang powder, and 62 cases of complete 
remission 14 cases of partial remission were achieved [20]. These reports strongly 
implied that realgar could be a promising therapeutic and/or complementary option 
for CML patients.

The clinical application of realgar in cancer treatment was mostly concentrated 
in the category of leukemia, while there was no report about application in the treat-
ment of solid tumors in clinical practice. Nevertheless, some in vivo researches 
reported therapeutics effects of realgar on other malignancies. Realgar could inhibit 
tumor growth in H-22 bearing hepatocellular carcinoma mice [21] and lung cancer 
mice [22], inhibit tumor growth and invasion, and induce apoptosis of xenograft 
MGC803 gastric cancer cells [23, 24]. These in vivo studies indicating realgar could 
be potential therapeutic options for solid tumors as well.

10.3  Traditional Processing Strategy and Challenges

Realgar is naturally a mineral and needs to be pretreated before medicinal use. 
Among these traditional processing techniques, grinding directly and grinding and 
rinsing in water were most frequently used and listed in editions before 2000 in the 
Chinese Pharmacopoeia. With the development of understanding of the toxicity, it 
was gradually realized that removal of As2O3 played a crucial part in the safe appli-
cation of realgar. That is because the natural mineral of realgar mainly contains 
As4S4, and a small amount of As2O3 that is a kind of highly toxic soluble arsenic 
oxide, not allowed to be taken orally. Since grinding directly could not dislodge 
As2O3 effectively [25], the only recommended processing method for realgar in the 
Chinese Pharmacopoeia (2015) is to grind and rinse in water, so-called Shuifei in 
Chinese. The operations are as following: firstly, place the realgar in the container, 
add some water to grind them into paste, add more water and mix them, collect the 
suspension; then repeat the above steps to the residue and also collect the suspen-
sion; finally take the suspension together and, after standing, the remained sediment 
should be dried and ground for use. This traditional processing approach can pro-
duce realgar powder with a diameter of micrometer scale by grinding and removing 
As2O3 due to its solubility in water at the same time. Realgar particulates produced 
by using this processing approach are several tens of micrometers in diameter, 
which are used in at least 37 realgar-containing formulas of Chinese traditional 
medicine.

Although grinding and rinsing in water could effectively remove As2O3, there are 
still some problems to the effective application of realgar. First, due to the high lat-
tice energy, realgar is insoluble in water and hydrochloric acid, which limits the 
clinical use of realgar. Niu Huang Jie Du Pian (translated as cow bezoar detoxifying 
pills) is a very common realgar-containing patented prescribed medicine used for 
the treatment of sore throat, swollen gums, sore mouth and tongue, and swollen 
eyes. Although the total arsenic present in a single pill was as high as 28 mg, only 
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1 mg of arsenic per pill was available for absorption into the bloodstream, implying 
that the bioavailability of As4S4 in the formula was only 4% [26]. Thus, in order to 
obtain effective concentration of arsenic in the blood, patients have to be orally 
administered As4S4 at high doses for up to several years in some cases. Although the 
therapeutic effect has been well verified especially by the application of RIF in the 
treatment of APL, when administered orally at 60 mg/kg/day of RIF to a patient 
with a body weight of ∼60 kg, the daily intake of realgar would be up to 400 mg, 
which is three times higher than the superior limit specified in the Chinese 
Pharmacopoeia (2015), leading to adverse reactions and long-term exposure risks. 
In the 6-year follow-up data reported by Lu et al. [13] As4S4 caused side effects such 
as asymptomatic prolongation of corrected QT interval, transient elevation in liver 
enzyme levels, rash, and mild gastrointestinal discomfort and can cause a heavy 
burden in terms of medical care as well. Besides, long-term arsenic toxicity leads to 
multisystem disease including skin, gastrointestinal system, cardiovascular system, 
neurological system, genitourinary system, respiratory system, endocrine and 
hematological systems, and the most serious consequence is malignancy of the skin, 
lung, liver, kidney, and bladder [27, 28].

Second, the clinical effectiveness to a certain extent on leukemia is evident; how-
ever, it is still unclear whether the effectiveness is due to the sulfides or the oxides 
formed from the parent compounds [29]. To elucidate the mechanism, homoge-
neous suspension of realgar in aqueous solution is necessary for cellular and molec-
ular biological experiments; however, the extremely low solubility of realgar in 
water makes it difficult to obtain the suspension, and this also hinders further clini-
cal applications of realgar. So far, existing mechanistic studies had realgar dissolved 
in concentrate alkaline solution, usually sodium hydroxide. The realgar dissolved in 
sodium hydroxide is used for in vitro and in vivo study by intraperitoneal injection 
[21] and intravenous injection [30]. However, it should be noted that when dis-
solved in alkaline solution, realgar reacts with alkali solution to form a new arsenic 
compounds as presented in the following chemical equation, which means that the 
arsenic components in the cellular or animal experiments are not realgar (As4S4) 
anymore [31].

 3As S NaOH 3O 8Na AsO 4Na AsS H O4 4 2 3 3 3 3 236 18+ + = + +  

There is an example to describe the difference between the realgar dissolved in 
sodium hydroxide and the realgar in nanoparticulate As4S4 that forms intuitively. 
The two formulas of realgar were applied to K562 cell [32–34], which is one of the 
human CML cell lines and expresses the fusion protein BCR-ABL as the character-
istic molecule. Both formulas induced apoptosis of K562 cells and decreased the 
BCR-ABL. A molecular mechanism study revealed that realgar dissolved in sodium 
hydroxide binds to the ring finger domain of c-CBL to inhibit its own ubiquitination 
and degradation, so as to ubiquitously degrade BCR-ABL protein [35]. However, 
our recent investigation showed that realgar in the form of nanoparticulate As4S4 
degraded BCR-ABL through autophagy-associated pathways without affecting the 
expression of c-CBL [34]. To sum up, increasing the solubility without changing the 
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chemical composition of realgar is of great significance to both clinical and mecha-
nism studies.

10.4  Development of Realgar Nanotherapeutics

Currently, there are limited numbers of formulation approaches available for com-
pounds that are poorly water-soluble. The most direct approach to enhance the solu-
bility of a compound is to generate a salt. However, the poor water solubility of 
realgar is due to its high lattice energy, which leads to difficulty in breaking apart 
molecules in the solid state [36]. Since realgar is non-ionizable, other approaches 
have to be developed to improve its solubility.

Nanotechnology could be a potential approach to improve the solubility and bio-
availability of realgar. The size effect of realgar nanoparticles was described by 
Deng et al. [37]; four different suspensions of realgar nanoparticles with diameters 
in the range of 100–500 nm prepared by regulating the milling time, which con-
tained equivalent doses of As4S4, were investigated to determine their effects on the 
viability of cells. Remarkable cytotoxic effects were achieved by exposure of cells 
to realgar particles of 100 and 150 nm in diameter after incubation for 2 h at a dose 
of 0.2 μM, whereas the treatment of cells with particles of a diameter of 200 and 
500 nm for the same duration and at the same dose had only slight effects on cell 
viability, which strongly suggested that the reduction of particle size may contribute 
to the enhancement of therapeutic efficacy. As listed in Table 10.2 and detailed in 
the following text, researchers have developed different methods to generate 
nanoparticles of realgar over recent years, which are mainly divided into two cate-
gories: bottom-up and top-down.

Table 10.2 Methods and the principles to generate nanoparticles of realgar: a brief overlook

Categories Methods Principles References

Top-down Milling Mechanical force between highly kinetic colliding 
balls can trap powder particles

[33, 
37–52]

Microfluidizer Jet stream can lead to particle collision to form 
particles of nanoscale

[53]

Bottom-up Chemical 
precipitation

Realgar can react with Na2S, and addition of 
hydrochloric acid allows realgar nanoparticles to 
grow from the solution

[54, 55]

Solvent relay Realgar can be dissolved in the mixture of CS2, 
1,2-propanediol, and acetone, and the nano-realgar 
suspension dispersed in 1,2-propanediol can be 
obtained by evaporating CS2 and acetone

[56]

Quantum dots Realgar can be dissolved in ethylenediamine and 
ethanolamine, and the cluster can be transformed to 
quantum dots assisted by consumption of 
ethylenediamine and ethanolamine by heating

[57, 58]
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10.4.1  Top-Down Approaches

Top-down techniques are high energy processes, which are used to break down the 
particle size of drugs to nanoscale by mechanical force. The two main top-down 
approaches for preparing realgar nanoparticles are media milling and high-pressure 
homogenization.

10.4.1.1  Milling

Recently, mechanical milling has been proved to be an effective and simple tech-
nique without involving high temperature treatment for the production of nanocrys-
talline powders, with the possibility of obtaining large quantities of materials with 
modified properties. In this technique, starting powder particles are trapped between 
highly kinetic colliding balls and the inner surface of the vial, which causes repeated 
deformation, rewelding, and fragmentation of premixed powders resulting in the 
formation of fine, dispersed particles in the grain-refined matrix.

Mechanical milling was the most widely utilized method for preparing realgar 
nanoparticles [33, 37–52]. Water was selected as milling media at the earliest stage 
[37]. The particle size of realgar decreased to nanoscale under the effect of high 
kinetic energy colliding ball, and the size could be customized by adjusting the mill-
ing time [37]. However, this processing could only decrease the size of the realgar 
particles to nanoscale, but could not increase the solubility of the particles effec-
tively, therefore showing some weakness. At the same time, when the particle size 
is dropped down dramatically, the specific surface area would increase largely, 
which is more likely to lead to quick oxidation when exposed in air to form As2O3 
and cause toxicity. In an in vivo study, after oral administration of realgar nanopar-
ticles, a total of five mice died during the experiment, and the authors pointed out 
that the death of the mice might be attributable to the toxicity of high concentration 
of As2O3 in realgar nanoparticles prepared by milling [41]. In addition, nanoparti-
cles prepared by milling are easy to agglomerate. All these shortcomings would 
bring difficulties for its clinical application.

To prevent from oxidation and aggregation, the technique of cryo-milling [36] 
has been applied for the preparation of realgar nanoparticles as well as the introduc-
tion of polymer such as polyvinylpyrrolidone (PVP) [36, 38, 40], Poloxamer 407 
[59], and sodium dodecyl sulfate (SDS) [36, 52] as milling media. In a scheme of 
cryo-milling, in the presence of PVP and/or SDS, all of the obtained mixtures were 
vague colloidal solutions and slightly yellowish in color, while the raw realgar pow-
der and milling realgar nanoparticles without additive(s) were clear solutions after 
48 h standing at room temperature. After a single oral administration of the cryo- 
milling realgar particle suspension, a remarkable increase in urinary recovery of 
arsenic was observed in rats, ranging from 58.5 to 69.6% of the administered dose 
of arsenic recovered in urine in the first 48 h from the realgar nanoparticle suspen-
sion; while the raw realgar powder gave a urinary recovery of only 24.9% [36]. The 
introduction of a polymer could partly reduce As2O3 production compared to 
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directly milling in water. However, even under the protection of a polymer, the 
As2O3 content in the resulting nanoparticles is 9.75 mg/g, which is still higher than 
that in the raw realgar that is 2.82 mg/g [52]. Several post-milling procedures were 
also used for further application and further processing of the nanoformulation. In 
order to avoid oxidation and increase the stability at the same time, realgar nanopar-
ticles prepared by milling was mixed with polymeric materials by melting methods 
[60]. The carrier material F68 and PEG6000 were put into the evaporating dish 
heated to melting; then the realgar nanoparticles powder was added into the melting 
carrier and mixed with high shear to obtain the mixture after cooling and drying. 
The realgar nanoparticles resulting from milling was also encapsulated in 
(−)-Epigallocatechin-3-gallate (EGCG) chemical coprecipitation method, in which 
mixed solution of the nano-realgar and EGCG was lyophilized using a vacuum 
freeze dryer [39]. Realgar nanoparticle-based microcapsules were also prepared by 
solvent evaporation techniques [41]. The realgar nanoparticles were also mixed and 
emulsified with a cream including seven ingredients for transdermal drug delivery 
in a mice model of melanoma [51].

10.4.1.2  Microfluidizer

The microfluidizer technique is one of the high-pressure homogenization technique, 
which is also known as the IDD-P technique, i.e., insoluble drug delivery particle 
technology [61]. This technology is based on the jet stream that can lead to particle 
collision, shear forces, and cavitation forces, and generate particulates by a frontal col-
lision of two fluid streams in a Y-type or Z-type chamber under pressures up to 1700 
bar [62]. Zhan et al. obtained realgar nanoparticles by using microfluidizer technique 
[53]. The realgar was put in water before subjected to the microfluidizer, obtaining 
nanoparticles with average diameter of 280 nm. However, the nanoparticles were easy 
to regroup into larger particles. The dispersibility and stability of particles was further 
improved by adding dispersant such as carboxymethylcellulose (CMC) and PVP.

The top-down strategies could obtain realgar in nanoscale through mechanical 
force, and the milling technique is the most used approach for the preparation of 
realgar nanoparticles since its first application. However, the nanoparticle obtained 
from these two top-down approaches were dispersed in solution and brought incon-
venience to long-term preservation and further pharmaceutical preparations. The 
milling process also introduced impurities into the product inevitably.

10.4.2  Bottom-Up Approaches

Bottom-up techniques are also referred to as precipitation techniques as nanosized 
drug particles are formed by precipitation, which can be in a crystalline or amor-
phous form. In this method, drug is precipitated from supersaturated drug solution, 
or by evaporation of a solvent, or by mixing the drug with a non-solvent. Some 
bottom-up techniques are used for preparing realgar nanoparticles.
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10.4.2.1  Chemical Precipitation

Guo et al. developed a method of chemical precipitation [54, 55]. Realgar was pro-
cessing by acid to remove the impurity, and then added to Na2S solution and mag-
netic stirred to make full reaction. Afterwards, hydrochloric acid was added slowly 
to the solution and continuously stirred. At the same time, solutions of CMC, PVP, 
and bovine serum protein (BSA) were added to the reactive system. The polymers 
were assumed to act as a soft template in the preparation of realgar nanoparticles, 
which allowed realgar nanoparticles to grow orderly.

10.4.2.2  Solvent Relay

Ning et  al. prepared nano-realgar suspension by using the solvent relay method 
[56]. Carbon disulfide (CS2), 1, 2-propanediol, and acetone were mixed in a specific 
proportion, and then refluxed continuously in Soxhlet extractor to dissolve realgar. 
Afterwards, the carbon disulfide and acetone in the crude product were evaporated 
and concentrated under reduced pressure to obtain the nano-realgar suspension dis-
persed in 1, 2-propanediol with an average particle size of 159.0 nm.

10.4.2.3  Quantum Dots

Wang et al. fabricated quantum dots of As4S4 by a wet process from the raw realgar 
through cluster-mediated transformation [57]. The As4S4 can be easily dissolved in 
ethylenediamine to form a solution-like cluster (As4S4−NH2C2H4NH2). The cluster 
can be transformed to quantum dots assisted by consumption of ethylenediamine in 
protic polar solvents with mild thermal treatment. The resulting quantum dots show 
size-dependent fluorescence ranging from UV to blue and two-photon fluorescence. 
Ethanolamine also acts as a solvent of As4S4 to fabricate quantum dots [58].

Taken in all, according to the characterizations provided in the literatures, realgar 
nanoparticles were successfully prepared by these methods, even though only a few 
research groups made efforts to adopt the bottom-up strategy. The core step of bot-
tom- up mentality is to dissolve realgar in solvent; researchers took advantage of 
Na2S and organic solvents such as CS2, 1, 2-propanediol, ethylenediamine, and 
ethanolamine. However, the realgar did not just simply dissolve in these chosen 
agents; it may react with Na2S to form new arsenic compounds. For example, it was 
found that there was an unexpectable increase of sulfur portion in the prepared 
nanoparticles, which implied the realgar was transformed to other arsenical com-
pounds [54]. Besides, the reactions between As4S4 with solvents may introduce 
more uncertainty and risk in the application, together with more complexity of 
mechanistic studies. In the aspect of organic solvents, impurities are brought into 
the obtained-realgar nanoparticles, which count against further medical applica-
tions. In addition, by using those technologies, the resulting realgar nanoparticles 
were mostly prepared and stored in solutions. Herein it should be addressed that for 
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experimental studies in vitro, the nanoparticles can be used in their as-received 
forms such as aqueous dispersions or solutions with organic solvents; however, 
when they are intended to be clinical medicines and applied to patients, in most situ-
ation especially the orally administrated medicines they are not in the form of solu-
tion for convenience. There was a hidden issue that the realgar nanoparticles in 
solution were not friendly to the pharmaceutical preparation process, because they 
need to be further solidified to make pills or tablets.

10.5  Development of One-Step Preparation 
of Solid Dispersion

Solid dispersion is considered one of the most successful strategies to improve the 
dissolution profile of poorly soluble drugs. It refers to the technology of preparing 
drugs into a dispersion system, which is uniformly dispersed in a certain carrier 
material such as sugars, wax-based systems, and polymers in the state of molecule, 
colloid, amorphous, and microcrystalline to enhance oral bioavailability [63]. Due 
to the advantages of solid dispersion technology in improving the solubility and 
bioavailability of insoluble drugs, the technology has received more attention from 
scientific research institutions and pharmaceutical enterprises, and new preparation 
technologies have been reported constantly. Solid dispersions of realgar have also 
been prepared through hot melt extrusion (HME).

HME is one of the fast developing solid dispersion technologies, which can con-
tinuously prepare solid dispersion with less processing steps. HME was originally 
developed by the plastics industry and was mainly used in plastics, rubber, and food 
manufacturing in the early stage. Since the 1990s, HME has been widely employed 
in the field of pharmaceutical preparations and has become an innovative technology 
in the application of pharmaceutical preparations [64]. HME is a continuous melt 
manufacturing process consisting of the elementary steps of solids conveying, melt-
ing, mixing, devolatilization, pumping, and pressurization for shaping. In a typical 
twin-screw extruder, the active pharmaceutical ingredients and the polymer carrier 
and other excipients are fed to the extruder through the hopper and then conveyed by 
one or more screws down the length of the extruder barrel, followed by melting of 
the polymer carrier. The lattice energy of the drugs was overcome by heating and the 
shear force generated by the screws; consequently the crystal drugs may change into 
amorphous state and evenly disperse into the polymer carrier through the mixing 
effect of the screws. Finally, pressure is generated, and the molten blend is forced 
through the die with the desired shape. After the material exits the die, the process 
stream is then cooled and subjected to secondary processing steps [65].

The product of HME can be directly molded and processed, so it is very eco-
nomical, easy to scale, high output, and has a wide range of expansion and applica-
tion. Moreover, it does not use organic solvents, avoiding the residual problem of 
organic solvents in the preparation. Some of the applications of pharmaceutical 
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HME include products designed to promote oral absorption, sustained release 
(either for oral delivery or implants), targeted release, and prevention of substance 
abuse. Statistics show that since the 1980s, the number of patent authorizations of 
preparation process involving hot melt extrusion has exceeded 200 worldwide, and 
several drugs such as Pfizer’s ruirulin Rezulin® for diabetes and Abbott’s klika kal-
etra® for antiviral therapy (HIV) have been on the market.

HME was used to increase the bioavailability of realgar in our laboratory. Ma 
et al. reported a one-step method to prepare realgar solid dispersion by HME [66]. 
The raw realgar powder mixed with an amphiphilic polymer, namely polyvinyl 
caprolactam-polyvinyl acetate-polyethylene glycol (PVCL-PVAc-PEG, commer-
cial name: Soluplus), was subjected to the HME. Under the shear force generated by 
the screw’s rotation, realgar powders were crushed to nanoparticles and simultane-
ously wrapped with Soluplus molecules on the surface of realgar particles. The 
resulting realgar nanoformulation (named as e-As4S4) could disintegrate in water 
and acid solution, therefore forming a uniform yellow colloidal solution by dispers-
ing realgar particles in Soluplus micelles (Fig. 10.1). The average hydrated size of 
realgar particles in solution was 400–700 nm, significantly smaller than that of the 
raw realgar. Powder-XRD patterns indicated the presence of amorphous As4S4, pos-
sibly because some part of the crystal structure was destroyed during the extrusion 
process. The e-As4S4 had a much higher dissolution rate increasing over time, reach-
ing its highest value of 24.55% after 60 min of immersion, while the highest disso-
lution rate of the raw realgar was only 0.12%. Consequently, the bioavailability of 
e-As4S4 was 12.6 times that of r-As4S4 when orally administrated to rats. Due to the 

Fig. 10.1 Comparisons of 
the e-As4S4 and raw 
realgar. (a) Powder of the 
raw As4S4. (b) Powder of 
the e-As4S4. (c) The raw 
realgar dispersed in 
aqueous solution. (d) The 
e-As4S4 dispersed in 
aqueous solution
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higher bioavailability, the e-As4S4 showed stronger inhibitory effects on the cell 
viability of several cancer cell lines including AML cell line of HL-60 [66], CML 
cell line of K562 [34], murine breast cancer cell line of 4T1 [67], and better thera-
peutic efficiency in mice model of AML [66] and breast cancer [67] comparing to 
the raw realgar. Another advantage of the nanoformulation prepared by HME is that 
it is solid and do not need further solidification, making it more convenient for pres-
ervation and pharmaceutical preparations. This new preparation strategy is expected 
to provide a more economical and efficient solution for the difficulties in the medi-
cal and pharmaceutical applications for realgar.

10.6  Therapeutic Effects of Realgar Nanoformulations 
in Cancer

The in vivo and in vitro therapeutic effects of realgar nanoformulations have been 
investigated in several models of malignant diseases including myeloid leukemia 
and solid tumor and are described in the following section.

10.6.1  Therapeutics Effects of Realgar 
Nanoformulations in AML

As mentioned before, realgar has been clinically used as one main component of 
Chinese traditional compound medicine in the treatment of AML, especially APL, 
in China. APL is listed in the WHO classification of myeloid malignancies within 
the category of AML with recurrent genetic abnormalities. Most APL patients have 
a reciprocal cytogenetic translocation, t(15;17)(q24.1;q21.2), associated with rear-
rangement of the PML and RARA genes and formation of a novel fusion gene 
(PML-RARA) [68]. The combination of ATRA and As2O3 has become the first-line 
therapeutic option for APL worldwide, and RIF, of which the main functional com-
ponent was realgar, has also been approved by Chinese Food and Drug Administration 
as the first-line therapy for APL in China.

There have been literatures reporting that realgar nanoformulations were able to 
induce apoptosis of APL cells of HL-60. Ye et al. reported a realgar nanoformula-
tion prepared by milling-induced cytotoxicity in HL-60 cells [49]. Exposure to the 
realgar nanoformulation caused a time-dependent growth inhibition in HL-60 cells 
through the induction of apoptosis. When HL-60 cells were treated with this realgar 
nanoformulation for 36  h, the cells exhibited typical apoptotic morphological 
changes such as cell membrane blebbing, chromatin condensation, and formation of 
apoptotic bodies. Further confirmation for the induction effects of apoptosis was 
provided by the DNA ladders and flow cytometric analysis with large increase of 
sub-G1 cell population. The induction of apoptosis was attributed to acute toxicity 
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to cell membrane, by potentiating lipid peroxidation, increasing lactate dehydroge-
nase release, and reducing membrane fluidity [49]. Wang et al. also reported growth 
inhibition induction by realgar nanoformulation prepared by milling [43].

The realgar nanoparticles prepared by milling can be further encapsulated by 
EGCG to form a new nanoformulation named EGCG-RNPs [39]. The formulation 
also inhibited HL-60 cell growth. Other than the anti-leukemic effect in vitro, the 
EGCG-RNPs also showed antitumor effects in vivo. The animal model used in this 
investigation is that HL-60 cells were xenografted into NOD/SCID mice subcutane-
ously to establish a solid tumor. Researchers observed that intratumoral injections 
of EGCG-RNPs reduced the tumor volume, indicating the inhibitory effect of the 
nanoformulation on the tumor growth [39].

The nanoformulation of realgar prepared by HME (named as e-As4S4) in our 
group also showed cytotoxicity to HL-60 cells in a time- and dose-dependent man-
ner, while Soluplus was not toxic to cells within 72 h [66]. The e-As4S4 could be 
dissolved in water or saline quickly to form colloid solution, in which the As4S4 
particulates showed the average hydrodynamic diameter of 680 nm. With the same 
As4S4 content, e-As4S4 exhibited much higher cytotoxicity than the raw realgar at 
each time point. The 50% inhibiting concentration (IC50) on HL-60 cells of e-As4S4 
after incubation for 48  h was 22.8  mg/L, while that of the raw realgar was 
99.4 mg/L. The underlying mechanism of the inhibitory effect was apoptosis induc-
tion. When HL-60 cells incubated with e-As4S4 were stained with Hoechst 33342 
and subjected to fluorescence microscopy, strong blue fluorescence was observed in 
the cells (Fig. 10.2a). Quantification of apoptosis was also performed using annexin 
V/PI staining and flow cytometry. When treated with e-As4S4 at 40 mg/L, the HL-60 
cells underwent apoptosis in the first 6 h of incubation and after 48 h incubation the 
apoptosis rate could reach up to ~90% (Fig. 10.2b).

To be more encouraging, the e-As4S4 showed remarkable effects on a xenograft 
leukemia mice model. The leukemia mice model was established by intravenous 
injection of HL-60 cells (1 × 106) into sublethally irradiated (250 cGy) NOD/SCID 
mice. At about 20 days after transplantation, the mice showed signs of leukemia, 
including paresis in the rear limbs, ruffled fur, and a markedly hunched posture 
compared with healthy control mice. On day 20 after HL-60 cell transplantation, the 
e-As4S4 or raw realgar was intragastrically administrated to the mice twice every 
day, each time with 1.8 mg As4S4 suspended in 200 μL saline. Oral administration 
of e-As4S4 prolonged the survival of the mice significantly; the median survival of 
e-As4S4 group was 49.5 days while that of raw realgar group was 44.5 days and that 
of the saline group was 40.5 days (Fig. 10.3a). Moreover, after 3-weeks treatment, 
the body weight of mice in the e-As4S4 group did not exhibit significant loss, indi-
cating that e-As4S4 was both safe and effective. Splenomegaly is a typical symptom 
resulting from leukemia cell infiltration. This condition was relieved by the admin-
istration of e-As4S4, evidenced by the reduced spleen weight, which was similar to 
that of the healthy mice (Fig. 10.3b). Moreover, the e-As4S4 treatment also decreased 
the percentage of HL-60 cells (CD33+) significantly, from 13 to 3% in peripheral 
blood and from 65 to 30% in bone marrow (Fig. 10.3c). Furthermore, extramedul-
lary infiltration in the spleen and liver was largely reduced by e-As4S4. As shown in 
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Fig. 10.2 The e-As4S4 induced apoptosis in HL-60 cells. (a) Apoptosis of HL-60 cells incubated 
with e-As4S4 for 48 h detected by staining with Hoechst 33342. The scale bar in all images indi-
cates 100 μm. (b) The e-As4S4 induced apoptosis in HL-60 cells in a dose- and time-dependent 
manner assessed by flow cytometry after annexin V staining. ∗∗P < 0.01, ∗P < 0.05 [66]
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H&E staining and anti-CD33 antibody staining, in the spleen and liver of the control 
group, there were obvious diffuse infiltration of HL-60 cells, while the HL-60 cells 
staining weakened a lot in the e-As4S4 group after 3-weeks treatment (Fig. 10.4) 
[66]. Taken together, oral administration of e-As4S4 largely eliminated the APL cells 
in peripheral blood and bone marrow due to the apoptosis-inducing effect, which 
prolonged the survival of the mice and showed reduced extramedullary infiltration 
in spleens and livers.

Differentiation therapy is a potentially less toxic approach than apoptosis induc-
tion and provides an alternative treatment of cancer. The differentiation induction 
effect may also constitute the cellular basis of the clinical action of realgar. Other 
than the induction of apoptosis, Wang et al. reported realgar nanoformulation pared 
by milling-induced myeloid differentiation in HL-60 cells [43]. Cell morphology 
examined by staining with Hoechst 33258 showed difference in the control group 
and the realgar nanoformulation-treated cells. The realgar nanoformulation-treated 
cells were shrunken, with relatively small and deformed nuclei, which was 

Fig. 10.4 The e-As4S4 reduced extramedullary infiltration in spleens and livers after 3-weeks 
treatment. The scale bar indicates 80 μm [66]
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characteristic of mature neutrophils. In contrast, the untreated cells had relatively 
large and round nuclei. The realgar nanoformulation also increased the nitro-blue 
tetrazolium (NBT) positive portion and CD11b expression in HL-60 cells.

These in vitro and in vivo studies suggested that realgar nanoformulations showed 
more patent therapeutic efficacy than the raw realgar, which provided a promising 
strategy to decrease the total intake of As4S4 for patients. The mechanism of realgar 
nanoformulations was involved in the induction of apoptosis and differentiation.

10.6.2  Therapeutics Effects of Realgar 
Nanoformulations in CML

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm caused by the 
fusion of the human homologue of the murine Abelson (ABL) gene on chromosome 
9 with the breakpoint cluster region (BCR) gene on chromosome 22, which results 
in the expression of oncoprotein termed BCR-ABL. The BCR-ABL is a constitu-
tively active tyrosine kinase that promotes growth and replication through down-
stream pathways such as RAS, RAF, JNK, MYC, and STAT [69]. Considering the 
anti-apoptosis and differentiation retardation effect of the fusion protein, small mol-
ecule tyrosine kinase inhibitors (TKIs) were developed and have shown to potently 
interfere with the interaction between the BCR-ABL protein and adenosine triphos-
phate (ATP), blocking cellular proliferation of the malignant clone, which changed 
the landscape dramatically [70]. Nevertheless, TKIs resistance or intolerance hap-
pened sometimes, and TKIs caused side effects after a long time such as neutrope-
nia, thrombocytopenia, and anemia [71, 72]; hence it is of significance to develop 
alternative or supplementary therapeutic options for CML therapy. As described in 
Sect. 7.2.2, realgar in Chinese traditional compound medicine has showed effective-
ness in the treatment of CML. Hence, the nanoformulations of realgar have been 
investigated in CML for seeking novel therapeutic effects.

In many studies, human CML cell lines were taken as models to investigate the 
effects of realgar nanoformulation on CML. Shi et al. reported that a realgar nano-
formulation prepared by milling decreased relative survival rate of K562 cells in a 
dose- and time-dependent manner, which could be attributed to the induction of 
apoptosis and autophagy [33]. Cytometry analysis showed that the realgar nanofor-
mulation increased the portion of annexin V+ cells and increased cleaved caspase-3 
significantly, which is a molecular marker of apoptosis, whereas Bcl2/Bax, which 
indicates anti-apoptosis intensity, was significantly decreased, all of which indi-
cated apoptosis was induced. Besides, this realgar nanoformulation could also 
induce autophagy in K562 cells after 24 h incubation possibly by inhibiting PI3K/
Akt/mTOR pathway [33]. It was also reported that the realgar nanoformulation 
reduced the level of BCR-ABL in K562 cells as well as the phosphorylation level of 
CrkL, a known downstream effector of BCR-ABL after incubation for 24 h.
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In this study, the authors have also showed morphologic changes in K562 cells 
incubated with the milling-prepared realgar nanoformulation by Wright-Giemsa 
staining: the cytoplasm became more abundant, the nuclei to cytoplasm ratio 
decreased, and the nucleus became semilunar, implying a differentiation tendency 
for K562 cells. Wang et al. [34] and Jia et al. [73] unveiled the capacity and underly-
ing mechanisms of hydrophilic realgar nanoparticles in the solid dispersion pre-
pared by HME and further modification (ee-As4S4) to induce erythroid and 
megakaryocytic differentiation, which will be introduced and demonstrated in 
detail below.

The average hydrodynamic diameter of ee-As4S4 was about 470 nm that was 
significantly reduced comparing to 680 nm of ee-As4S4 showed much more potent 
cytotoxicity than that of the raw realgar, with the IC50 of ee-As4S4 being 2.4 mg/L in 
K562 cells after 72 h incubation, while that of the raw realgar being 428.1 mg/L. When 
incubated with K562 cells, the ee-As4S4 could be taken up and reached the highest 
accumulation in the cells after 12 h incubation, while the raw realgar could hardly 
be taken up (Fig. 10.5a). Apoptosis has also occurred upon the ee-As4S4 incubation. 
Besides, the ee-As4S4 also arrested cell cycle at G2/M phase, which was proved to 
be associated with the phosphorylation of ERK1/2, since the inhibition of phos-
phorylation of ERK1/2 inhibited the cell cycle arrest. The apoptosis induction and 
the arrest of cell cycle together caused cytotoxicity of the e-As4S4 towards K562 cells.

Other than the cytotoxicity effect, we also found out that the ee-As4S4 also 
showed the ability to induce erythroid differentiation at non-acute cytotoxic concen-
trations [34]. When K562 cells were incubated with ee-As4S4 72  h followed by 
benzidine staining, the number of blue-colored cells increased remarkably in the 
population compared to the untreated group, indicating the occurrence of erythroid 
differentiation in the cells under ee-As4S4 treatment (Fig. 10.5b). Flow cytometric 
analysis of CD235a, which is a typical surface marker of erythroid differentiation, 
also agreed with the result of benzidine staining (Fig. 10.5c), indicating that ee- 
As4S4 induced erythroid differentiation in K562 cells. Note that the optimal ee- 
As4S4 dose for erythroid differentiation induction was 2.0 mg/L, which was lower 
than the IC50 at 72 h, implying that the ee-As4S4 could induce erythroid differentia-
tion at a relatively less cytotoxic dose.

Importantly, the ee-As4S4-induced erythroid differentiation was also detected in 
bone marrow mononuclear cells isolated from CML patients (Fig. 10.5d). The 1# 
CML patient was newly diagnosed and had not received any treatment; the propor-
tion of erythroid cells was only about 0.43%, while that of granulocyte cells was 
97.5% under the optical microscope, which meant the situation was extremely 
severe. In this worse status, the treatment with 0.5, 1.0, and 2.0 mg/L of ee-As4S4 for 
7 days could raise the proportion of CD235a to 1.07%, 1.86%, and 2.36%, respec-
tively, which was equivalent to 2.49-folds, 4.33-folds, and 5.49-folds, respectively. 
This is a significant improvement for Patient 1#. The 2# CML patient was post- 
treated with Imatinib for 6 months; the proportion of granulocyte cells was 37.5% 
and that of erythroid cells was 31.5%. The ee-As4S4 was also capable of further 
increasing the proportion of CD235a+ cells. These results provided valuable clinical 
evidence that ee-As4S4 could induce effective erythroid differentiation.
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CML cell differentiation is largely involved with BCR-ABL blockade [74]. It 
was shown that the ee-As4S4 incubation led to a significant reduction of the total 
amount of BCR-ABL protein that stayed unchanged after the incubation of Imatinib 
(Fig.  10.6a), suggesting that ee-As4S4 interacted with BCR-ABL in a different 
mechanism from Imatinib. The mRNA of BCR-ABL was not changed after the same 
incubation (Fig. 10.6b), indicating that the ee-As4S4-induced BCR-ABL elimina-
tion did not take place at the transcriptional level but at post-translational modifica-
tion. The BCR-ABL fusion protein could be degraded in the autophagy-dependent 
pathway [75]; the expression of LC3B-II began to increase only after 1 h of ee- 
As4S4 incubation, while BCR-ABL remained unchanged at that time point 
(Fig.  10.6c), indicating ee-As4S4 triggered the autophagy prior to the BCR-ABL 
elimination, suggesting the BCR-ABL degradation was associated with the induc-
tion of autophagy. The autophagosomes accumulation was observed in the cells 
incubated with ee-As4S4 under transmission electron microscope, providing more 
direct evidence for the induction of autophagy (Fig. 10.6d). Taken together, the ee- 
As4S4 was able to induce erythroid differentiation of both K562 cells and bone mar-
row mononuclear cells due to the autophagic degradation of BCR-ABL.

Jia et al. showed that the ee-As4S4 was also able to induce megakaryocytic dif-
ferentiation in K562 cells [73]. After incubation with ee-As4S4 for 72  h, results 
obtained from DAPI and Wright-Giemsa staining showed typical morphological 
change in K562 cells, i.e., the appearance of multiple nuclei (yellow arrow) and 
giant nuclear structure (red arrow) of megakaryocytes (Fig. 10.7a), clearly indicat-
ing the ability of ee-As4S4 to induce megakaryocytic differentiation. The mega-
karyocytic differentiation was confirmed by flow cytometric analysis of CD41a, 
which is one of the surface markers of megakaryocytes (Fig. 10.7b).

RUNX1 was one of the most important transcription factors involved in mega-
karyocytic differentiation [76]. It was showed that the mRNA expression level of 
RUNX1 was largely improved by ee-As4S4 incubation (Fig. 10.7c), and knockdown 
of RUNX1 by siRNA reversed the ee-As4S4-induced megakaryocytic differentiation 
(Fig. 10.7d), and strongly confirmed that the ee-As4S4 induced megakaryocytic dif-
ferentiation in K562 cells through transcriptional activation of RUNX1. RUNX1 
expression was regulated by HDAC activity. RUNX1 was repressed by H3 deacety-
lation and can be reversed by HDAC inhibitors [75]. Chromatin immunoprecipita-
tion (ChIP) assay showed that the ee-As4S4 treatment significantly increased the 
acetylation of histone H3 at RUNX1 promoter (Fig. 10.7e), indicating that ee- As4S4 
activated RUNX1 transcription through acetylation of H3. Furthermore, it was 
proved that the HDAC activity was downregulated after incubating with ee-As4S4 
(Fig. 10.7f), therefore drawing the complete picture of the mechanism for mega-
karyocytic differentiation induction by ee-As4S4. The ee-As4S4 was able to inhibit 
HDAC activity and activate RUNX1 expression, thereby inducing significant mega-
karyocytic differentiation in CML cells. The erythroid and megakaryocytic differ-
entiation induction effects and mechanisms were illustrated in Fig. 10.8.

Although both realgar nanoformulations (prepared by milling and by HEM) led 
to the reduction of BCR-ABL, we have noted that the effects of realgar nanoformu-
lations and TKIs on BCR-ABL were largely different in mechanisms. It is well 
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Fig. 10.7 The ee-As4S4 induced megakaryocytic differentiation in K562 cells through inhibition 
of HDAC and the subsequent transcriptional activation of RUNX1. (a) Morphological changes of 
K562 cells after incubation with ee-As4S4 for 72  h determined by DAPI staining and Wright- 
Giemsa staining, multiple nuclei was pointed by yellow arrows, and giant nuclear structure was 
pointed by red arrows. (b) Overlap distribution of CD41a in K562 cells after incubation with ee- 
As4S4 for 72 h. (c) The ee-As4S4 decreased gene expression of RUNX1 in K562 cells. # P < 0.05, 
##P < 0.01, ### P < 0.001 compared to untreated group of 24 h incubation. & P < 0.05, && 
P < 0.01, &&& P < 0.001 compared to untreated group of 72 h incubation. (d) Knockdown of 
RUNX1 by siRNA decreased CD41a induced by ee-As4S4 in K562 cells. ∗ P  <  0.05. (e) 
Representative ChIP analysis of RUNX1 promoter in K562 cells after incubation with ee-As4S4 
using acetylated H3-specific antibody or control IgG. ∗ P < 0.05. (f) The ee-As4S4 inhibited HDAC 
activity in K562 cells. ∗∗ P < 0.01, ∗∗∗ P < 0.001 compared to untreated group of 6 h incubation. 
# P < 0.05, ## P < 0.01, ### P < 0.001 compared to untreated group of 24 h incubation. & P < 0.05, 
&& P < 0.01, &&& P < 0.001 compared to untreated group of 72 h incubation [73]
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known that TKIs inhibit the activity of BCR-ABL, therefore inhibiting the phos-
phorylation of the downstream molecules, while ee-As4S4 degraded BCR-ABL 
directly. The difference provided a chance for synergic administration of the realgar 
nanoformulations and Imatinib to obtain more effective regime for CML patients. It 
should be also noted that the induced differentiation on K562 cells and bone marrow 
cells of CML patients was only reported in ee-As4S4 but not As4S4 dissolved in 
sodium hydroxide, which indicated the important role of the compound As4S4 in its 
original chemical structure and in nanoscale size distribution and with 
hydrophilicity.

Differentiation therapy emerged from the fact that cancer cells may undergo dif-
ferentiation ex vivo when triggered by hormones or cytokines, resulting in irrevers-
ibly changing the phenotype of cancer cells [77]. It has gained hallmark success in 
the treatment of APL by ATRA and As2O3. Differentiation therapy is a potentially 
less toxic approach than apoptosis induction and offers benefit for the improvement 
of hematopoietic function for leukemia patients, therefore providing an alternative 
treatment option for CML. Since retarded erythroid differentiation, myeloid differ-
entiation, and megakaryocytic differentiation were largely involved in the occur-
rence of anemia, neutropenia, and thrombocytopenia, respectively, the ability of 
differentiation induction for ee-As4S4 would be beneficial for the improvement of 
hematopoietic function of leukemia patients, and dropped a hint that the realgar 
nanoformulation may also be effective to other diseases related to hematopoietic 
differentiation, such as MDS.

Fig. 10.8 Effects and mechanisms of the e-As4S4 on CML cells. The e-As4S4 could induce ery-
throid differentiation through autophagic degradation of BCR-ABL and induce megakaryocytic 
differentiation through inhibition of HDAC activity and following transcriptional activation of 
RUNX1. (Modified from ref [73])
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10.6.3  Therapeutics Effects of Realgar Nanoformulations 
in Solid Tumor

Other than leukemia, realgar nanoformulations also showed promising in vivo ther-
apeutic effects on several solid tumors including breast cancer, melanoma, and 
hepatoma.

Worldwide, breast cancer is an important cause of suffering for women and pre-
mature mortality and accounts for more cancer deaths in women than any site other 
than lung cancer. In particular, triple-negative breast cancer (TNBC), which is char-
acterized by the absence of estrogen receptors (ER), progesterone receptors (PR), 
and HER2 receptors, is one of the most aggressive types of breast cancers, marked 
by high rates of relapse, visceral metastases, and early death [78, 79]. Due to lack of 
the receptors, TNBC is associated with poor prognosis and limited treatment options 
[80]. Therefore, there is still an unmet need in the treatment of breast cancer, espe-
cially TNBC.

Encouraged by the effectiveness of e-As4S4 on mice model of AML, Wang et al. 
also investigated its therapeutic effects on TNBC [67]. Mouse model of TNBC was 
established by orthotopically injecting mouse TNBC cells 4T1 close to the nipples, 
in the mammary fat pad of the naive female BALB/c mice in the right flank. The 
dosage regime was the same as that in mice of APL [66]. As a result, the e-As4S4 
prolonged the survival of TNBC mice; specifically, the median survival was 50 days 
for mice treated with e-As4S4, while that was about 30 days for the saline group and 
38 days for the raw realgar group. The prolonged survival was attributable to the 
inhibition of metastasis. The 3-weeks treatment of e-As4S4 led to the significant 
decrease in the number of metastatic foci observed on the lung surface. The histo-
logical staining by H&E showed that large metastasis nodules were observed in the 
lung of saline and Soluplus group while no obvious metastasis nodules were 
observed in the lung of the e-As4S4 group. In addition, there were metastasis nod-
ules distributing in the liver cortex and close to the portal vein of mice in the saline 
group, while the e-As4S4 group showed less and smaller metastasis nodules 
(Fig. 10.9).

The hypoxic condition in the central area of the solid tumor because of the rapid 
growth of tumor cells may enhance abnormal angiogenesis, invasion, and metasta-
sis of tumors. Hypoxia-inducible factors (HIF) are activated upon hypoxia. The 
e-As4S4 effectively accumulated in the tumor tissues and showed remarkable effects. 
After 21 days administration, the tumor mass was collected, followed by digestion 
and analysis by atomic fluorescence spectroscopy. It was found out that a consider-
able increase of arsenic was detected in the tumor mass, about 80 ng/g in the e-As4S4 
group and 20 ng/g in the r-As4S4 group, reaching a more than fourfold increase. 
Immunohistochemical (IHC) and Western blot analysis of HIF-1α showed that the 
HIF-1α expression in tumor tissues of the TNBC mice was largely decreased in the 
e-As4S4 group (Fig. 10.10a, b). Consequently, the gene expression of VEGF, one of 
the downstream of HIF-1α, was also decreased, which caused the downregulation 
of angiogenesis, evidenced by decreased positive area in IHC staining of CD31, 
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weakened expression level in Western blot analysis, and less pericyte positive endo-
thelial structures in combined staining of CD31 and α-SMA (Fig. 10.10c, d). It has 
been well established that inflammation is involved in the metastasis of solid tumor 
[81–83]. In the TNBC mice, oral administration of e-As4S4 significantly inhibited 
the expression of NLRP3 that is constitutively activated and leads to sustained local 
and systemic inflammation mediated by IL-1β in the tumor (Fig. 10.10e).

Taken together, e-As4S4 inhibited liver and lung metastasis and prolonged the 
survival through regulating the hypoxic microenvironment, angiogenesis, and 
inflammation. In another investigation, realgar nanoformulation prepared by mill-
ing could effectively suppress the abilities of tumor growth, as well as metastasis 
and angiogenesis in the murine breast cancer metastasis model in a time- and dose- 
dependent manner through the inhibition of the expression of MMP-2 and MMP-9 
[84]. Note that the e-As4S4 did not show a significant change in the tumor size and 
weight, while the milling-prepared nanoformulation suppressed tumor growth, sug-
gesting that nanoformulations of realgar prepared by different approaches may 
address different effects.

Fig. 10.9 Therapeutic effects of the e-As4S4 on breast cancer mice. (a) Survival curve of tumor- 
bearing mice of saline, Soluplus, r-As4S4, and e-As4S4. ∗∗P < 0.01. (b) Lung metastasis nodules of 
the four groups after 21-day treatment. The insets were representative gross observation of lung 
metastasis. (c) Representative H&E staining of lung and liver tissues for saline, Soluplus, r-As4S4, 
and e-As4S4 [67]
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Zhao et al. prepared realgar nanoparticles by milling and then mixed and emulsi-
fied with cream for further transdermal drug delivery in a mice model of melanoma 
that was generated by intradermal injections of mouse melanoma cell line B16 on 
the dorsal sides of the mice [51]. Transdermal drug delivery of the realgar/cream 
formulation reduced the tumor volume and therefore improved the survival time of 
tumor-bearing mice through inhibition of angiogenesis evidenced by a drop in the 
level of VEGF protein and tumor microvessel densities. Realgar has been used in 
the treatment of skin diseases in the past. This study suggests that the nanoformula-
tion of realgar can be used as transdermal administration, which broadened the 
application scope of realgar nanoformulation. The nanoformulations of realgar 
nanoparticles prepared by milling and the subsequent microcapsules were applied 
in a mice model of hepatoma by subcutaneously inoculating mouse hepatoma cells 
H22 into the right axilla. Intragastric administration of the two nanoformulations 
inhibited the tumor growth and showed 53.14% and 48.55% reduction in tumor 
volume, respectively [41].

10.6.4  Therapeutic Mechanisms of Realgar in Different Forms

ROS is upregulated in tumor cells and plays a vital part in the survival, proliferation, 
invasion, and metastasis [85–87]. We have shown that e-As4S4 or ee-As4S4 could 
induce myeloid differentiation that has not been observed in the investigations with 
raw realgar. Existing experimental evidence has indicated the link of the novel 
effects with the ROS scavenging capacity of nanosized realgar, and the capacity 
relies on the intrinsic reducibility of As4S4. It is known that the arsenic element in 
realgar is As(II), which is in the lower valence state and can be oxidized to the 
higher valence state, i.e., As(III) or As(V), meaning realgar has intrinsic reducibil-
ity. Different from the raw realgar that has crystal size of several tens of micrometer 
and not able to be taken up by cells, ee-As4S4 could be internalized by cells due to 
the nanoscaled particle size. When As4S4 entered the cells, they could interact with 
superoxide anion and hydroxyl radicals, and they could also enter the tumor tissues 
to scavenge reactive oxygen species (ROS) (Fig. 10.11a). Moreover, the effect of 
suppressing histone deacetylase (HDAC) activity resulted in the inhibition of mito-
chondrial respiration that is the major source of intracellular ROS, leading to further 
decrease of ROS (Fig. 10.11b). Taken together, the elimination of ROS by nano-
sized As4S4 was a temporal regulation process; once taken by cells, the As4S4 
nanoparticles acted as an antioxidant nanoparticles, reacting with intracellular ROS 
and being oxidized themselves, and the follow-up inhibition of respiration kept 
ROS downregulating over time. As a result, after incubation with e-As4S4 or ee- 
As4S4, ROS in K562 cells decreased over the incubation time (Fig. 10.11c). And for 
the breast tumor-bearing mice, the oral administration of e-As4S4 accumulated in 
the tumor tissue mass and decreased the ROS in the environment (Fig. 10.11d).

Autophagy has been demonstrated to be associated with the intracellular ROS 
[88–90]; for example, an antioxidant resveratrol was reported to induce autophagy 
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by scavenging intracellular ROS [88]. The variation of intracellular ROS was also 
closely related with the activity of HDAC [45, 91–93]; for example, it was reported 
that scavenging ROS by quercetin prevented Ni2+-induced histone hypoacetylation 
[91]. In our opinion, the reduction of ROS triggered by ee-As4S4 in CML cells 
could be the cause of autophagy and the following degradation of BCR-ABL fusion 
protein and inhibition of HDAC activity, which induced the erythroid differentia-
tion and megakaryocytic differentiation, respectively [34, 73]. It is well docu-
mented that ROS can regulate HIF-1a through both transcriptional and 
post-translation level [94, 95]; therefore we inferred that the resulting downregula-
tion of HIF-1α by e-As4S4 was at least partly regulated by the reduced ROS. Oxidative 
stress was also closely associated with the formation and activation of NLPR3 
inflammasomes [96], so the eliminated NLRP3 could also be triggered by the ROS 
reduction caused by e-As4S4 exposure. Therefore, the ROS scavenging ability may 
take a crucial part as the common cause for the therapeutic effects on both leukemia 
and solid tumor.

Fig. 10.11 Temporal regulation of ROS by the e-As4S4. (a) The e-As4S4 scavenge superoxide 
anion and hydroxyl radicals measured by ESR [67]. (b) The oxygen consumption rate was weak-
ened after incubation with ee-As4S4 for 24 h [73]. (c) The ee-As4S4 diminished intracellular ROS 
in K562 cells along with incubation time [34]. (d) The e-As4S4 downregulated ROS in the tumor 
tissues of breast mice [67]

10 Development of Realgar Nanotherapeutics for Cancer Treatments



450

Except for e-As4S4 or ee-As4S4, the ROS scavenging ability of realgar has not 
been reported in any other formulations. Realgar in other different formulations has 
reported upregulatory effect of intracellular ROS. As examples, Realgar dissolved 
in sodium hydroxide, in which the arsenic was a compound of As(III) as mentioned 
before, increased ROS in HL-60 cells [97] and human osteosarcoma cells [98]. 
Besides, bioleaching preparation of realgar by Acidithiobacillus ferrooxidans [99], 
of which the product was a mixture of As(III) and As(V) compound [100], could 
also increase ROS in Caenorhabditis elegans [101] and hepatoma cell line HepG2 
[102]. All these studies implied that realgar was capable of scavenging ROS only 
when it is in the form of As4S4.

Taken together, arsenic in realgar nanoformulation is in the form of As4S4, which 
is totally different from that in any other existing formulations of realgar, thereby 
exhibiting therapeutic effects unseen before. The mechanisms may explain the exis-
tence of some confused issues for a quite long time about the role of arsenic com-
ponent in cancer treatment and make it possible to unveil the mystery of realgar.

10.7  Summary and Perspectives

The antitumor effect of realgar, especially in APL, has been fully confirmed by in 
vitro, in vivo, and clinical studies. Realgar nanotherapeutics have been developed to 
improve the bioavailability and thereby promote the wider, safer, and more eco-
nomical application of realgar. These nanotherapeutics especially the hydrophilic 
arsenic sulfide nanoparticles (e-As4S4 or ee-As4S4) prepared by HME not only 
showed much stronger cytotoxic effect than the raw realgar, but also exhibited the 
capacity of inducing differentiation at non-acute cytotoxic concentrations, therefore 
describing broad prospects of application due to the unmasking of novel effects and 
mechanisms.
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Chapter 11
Fabrication and Applications of Magnetic 
Nanoparticles-Based Drug Delivery 
System: Challenges and Perspectives

Fei Xiong and Yuxiang Sun

Abstract Engineered magnetic nanoparticles (MNPs) have aroused great interest 
due to their excellent physicochemical properties such as optic, electronic, and espe-
cially magnetics, which could be in combination with the nano-size effect favorable 
for biomedical applications. Recently, MNPs as multifunctional nanoplatforms have 
opened a new avenue for simultaneous therapeutic systems and magnetic resonance 
imaging (MRI) monitoring systems. In particular, the use of the external magnetic 
field could enhance the penetration into the hypoxic tumor regions overcoming the 
inefficiency of conventional cancer therapeutic methods. Among the versatile MNPs-
based nanocarriers, iron oxides mainly consisted of superparamagnetic maghemite 
(γ-Fe2O3) and magnetite (Fe3O4) nanoparticles with a size of 10–100 nm have been 
widely utilized owing to the good biocompatibility and feasible surface modification 
by organic and/or inorganic agents for drug loading. In this chapter, we discuss the 
role of size, surface, and shape (3S) in influencing the in vitro cellular uptake and 
in vivo biodistribution behaviors and focus on the current challenges regarding the 
translational of MNPs in clinics aiming at optimizing the system for effective drug 
transportation. New perspectives are also put forward to outline the future develop-
ment tendency of MNPs-based drug delivery system.
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11.1  Composition of MNPs Drug Carriers

The composition of MNPs drug carriers not only needs the MNPs at the core, but 
also needs proper drugs to be loaded. In general, the MNPs drug carriers have a 
core-shell structure, the MNPs act as the core and the surface modifiers and drugs 
show as the shell layer. Various kinds of MNPs have been applied to the delivery of 
drugs, including Fe3O4 NPs, γ-Fe2O3 NPs, and ferroferric oxide doped with other 
elements such as Mn, Co, and Zn [1]. For the multicomponent MNPs, the magnetic 
properties of MNPs can be controlled by changing the composition. This can be 
seen in MFe2O4 (M = Fe, Co, Ni, and Mn), a magnetic ferrite with a reverse spinel 
structure [2]. In the Fe3O4 structure, oxygen ions form a close-packed structure, and 
Fe ions are located in octahedral (O) and tetrahedral (T) gaps. Fe3O4 can be written 
as [Fe3+]T[Fe2+Fe3+]OO4. In this structure, Fe–O–Fe bond of Fe3+ in T and O position 
leads to the elimination of antiferromagnetic coupling and Fe3+ magnetic moment. 
Therefore, the total magnetic moment of Fe3O4 structure comes from the net mag-
netic moment of Fe2+. By doping Mn2+ (d 5), Co2+ (d 7), or Ni2+ (d 8) instead of Fe2+ 
(d 6), the net magnetization of MFe2O4 can be adjusted from 4 to 5, 3, and 2 μB, 
respectively (μB, Bohr magneton, natural unit of electronic magnetic moment). In 
fact, the same trend has been verified in a series of monodisperse MFe2O4 MNPs 
with the same size at 12 nm [2]. The saturation magnetic moments of MnFe2O4, 
Fe3O4, CoFe2O4, and NiFe2O4 MNPs are 110, 101, 99, and 85  EMU  g−1 metal, 
respectively. Doping Zn2+ in the structure can further improve the magnetization of 
MFe2O4 MNPs [3]. This modulation of MNPs is very important for further develop-
ment of sensitive magnetic probes for biomedical applications.

In addition, alloy NPs (e.g., Fe@Pt and Fe@Au [4, 5]) and multifunctional 
MNPs with core/shell, dumbbell, or multicomponent hybrid structures were attrac-
tive and have also been developed to deliver drugs (Fig. 11.1) [6]. Although the 
noble metal-modified MNPs un-succeeded to improve the magnetic properties, it 
increased the photothermal conversion efficiency of the nanoparticles, thereby 
increasing the sensitivity of the tumor to chemotherapy drugs and promoting tumor 
killing. Therefore, the fabrication of MMPs core is crucial for the application for 
drug delivery.

There are many kinds of surface modifiers, including small molecular com-
pounds, polymeric materials, and natural materials. And the surface modifier is usu-
ally necessary. The surface modification of MNPs can affect the cytotoxicity in vitro 
and the distribution and excretion of particles in vivo. When testing the cytotoxicity 
of Fe3O4 nanoparticles in  vitro, the untreated Fe3O4 nanoparticles are easier to 
adsorb OH−1 and CL−1 on the surface, which will be negatively charged. The electric 
field generated by the charge will attract the counterions, so it is easy to combine 
with the protein and is easily removed by the endothelial system. When the exposed 
MNPs act on living organisms, the particles are easily combined with plasma pro-
teins and quickly swallowed by macrophages. When there are inclusions on the 
particle surface, the functional groups carried by the inclusions are ionized in the 
solution to make the particles charged. For example, when the functional group is a 
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carboxyl group, the particles will be negatively charged. When the functional group 
is an amine group, the particles will be positively charged. A particle surface charge 
and the charge type both will affect the distribution of the particle in the body. 
Because the cell membrane carries a negative point charge, when the particles are 
positively charged, nonspecific binding occurs with the cells. When the particles are 
negatively charged, nonspecific binding occurs with the tissue. When the particles 
are not charged, it is not easy to bind to plasma proteins, but self-agglomeration is 
prone to reduce the blood circulation time of the particles. Regardless of whether 
the particles are positively or negatively charged, increasing the charge will make 
the particles easier to be swallowed and reduce the blood circulation time of the 
particles. Different encapsulation materials have different toxicity to cells. Some 
studies have shown that the surface containing carboxyl groups is more toxic than 
the iron oxide nanoparticles containing amine groups, which may be related to the 
type of charges on the particle surface.

Of course, a variety of different surface modifiers can be modified on the same 
MNPs surface to give full play to their own characteristics, but balance the adverse 
effects of different materials. Mn–Zn ferrite NPs rendered more excellent magnetic 
properties; Xie et al. [7] prepared the Mn–Zn ferrite NPs coated with a biocompat-
ible PEG-phospholipid (DSPE-PEG2000) and further modified by a cyclic tripep-
tide of arginine-glycine-aspartic acid (RGD). The PEG-based MNPs passive 
targeting can successfully  accumulate to the tumor due to the enhanced permeabil-
ity and  retention (EPR) effects, in which the phospholipid layer of DSPE  can 
increase the affinity between the MNPs surface and the cell membrane, meanwhile, 

Fig. 11.1 Ferroferric oxide doped with other elements such as Mn, Co, and Zn (a) [1]. Alloy NPs 
Fe@Pt and Fe@Au and their behavior of drug loading (b, c) [4, 5]
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PEG endows the nanoparticles with long-term blood circulation, and RGD peptides 
provide the properties to actively targeting to the tumor, because most tumors over-
express integrin receptors, which can actively bind to RGD peptides. However, the 
composition of MNPs drug carriers is the key to determine its drug loading char-
acteristics. In this process, not only the feasibility of particle preparation, but also 
the feasibility of combination of carrier and drugs should be considered. This will 
be described in detail in the following section.

11.2  Applications of MNPs

11.2.1  Drugs Carriers

Chemotherapy drugs generally lack specificity, and they can cause damage to the 
normal cells. The application of drug carriers theoretically provides sustained 
release of drugs and reduces the side effects of chemotherapy drugs. Nanocarriers 
have advantages in drugs targeted delivery and accumulation of synergetic agents 
into the lesions, in reducing drug dosage and adverse effects to the normal cells, and 
in controlling drug release and the prolonged blood circulating time to avoid quick 
biodegradation, as well as in overcoming drug resistance [8, 9].

In 1979, Widder et al. [10] reported the application of MNPs to treat tumors. 
Their research confirmed that SPIONs coupled with adriamycin are effective for 
tumors by intravenous injection. The application of MNPs as a drug carrier signifi-
cantly shortened the course of treatment; meanwhile, injection drug-containing 
SPIONs into the tumor site through the arteries showed a 200-fold increase in tar-
geting compared to intravenous injections. Doxorubicin (DOX) is a widely used 
antitumor drug in clinic, but its toxic and side effects limit its use. Zou et al. [11] 
reported a general approach to create polyethylenimine (PEI)-based hybrid nano-
gels (NGs) incorporated with ultrasmall Fe3O4 MNPs and DOX for T1-weighted 
MR imaging-guided chemotherapy of tumors. The formed hybrid NGs possess 
good water dispersibility and colloidal stability, excellent DOX loading efficiency 
(51.4%), and pH-dependent release profile of DOX with an accelerated release rate 
under acidic pH; in contrast to the drug-free NGs that possess good cytocompatibil-
ity, the DOX-loaded hybrid NGs display appreciable therapeutic activity and can be 
taken up by cancer cells in vitro.

DOX is the most widely investigated chemotherapeutic drug assembled with 
MNPs; in fact, various chemotherapeutic drugs have also been reportedly assembled 
such as paclitaxel, methotrexate, platinum (Pt)-based drugs, and mitoxantrone. These 
loaded drugs enhanced the therapeutic effect to a certain extent by MNPs delivery. 
Yang et al. [12] coupled paclitaxel and Fe3O4 MNPs to form a complex, which acted 
on the pathological site of mice injected with human myeloma stem cells. The results 
showed that paclitaxel nanocomposites significantly inhibited the secretion of IL-6, 
increased the expression of apoptotic protease-8, apoptotic protease- 9, and apoptotic 
protease-3, and induced the apoptosis of tumor cells. Li et  al. [13] synthesized 
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multifunctional MNPs drug carriers containing mitoxantrone; in vitro experiments 
showed that the inhibition rate of the drug carrier on 4T1 cells was 2.5 times that of 
mitoxantrone alone, and in vivo experiments also showed that the inhibition rate of 
the drug carrier on tumor tissue was as high as 83.14%, but the toxicity is signifi-
cantly reduced.

In addition, based on the excellent magnetic performance, MNPs also show great 
pre-application in magnetically targeted drug delivery, as well as in magnetic hyper-
thermia, magnetic resonance imaging (MRI), and tumor theranostics.

11.2.2  Targeted Drugs Carriers

However, the drugs released in the body will still circulate in the blood; the loading 
system of nontargeted drug delivery still faces the problems of systemic toxicity and 
low utilization. MNPs have the potential of multiple targeting; on the one hand, they 
can be passively targeted to the specific human tissue according to the size, surface, 
and shape of nanoparticles (this is described in detail below), and on the other hand, 
drugs-loaded MNPs can achieve magnetic-guided targeting under the effect of 
external magnetic field. The targeted delivery of MNPs after drug binding mainly 
depends on the strength of external magnetic field and the size of IONPs. Passive 
target delivery is mainly due to the size of IONPs that can reach the required parts 
[14]. In tumor microenvironment, small particles can penetrate tumor tissue because 
of the imperfection of tumor vasculature and the absence of the lymphatic system. 
This is the so-called enhanced penetration and retention effect, which is also consid-
ered to be an important standard for the development of antitumor drugs [15]. The 
intensity of external magnetic field can not only maintain the position of particles 
reaching the target but also maintain a certain gradient by adjusting the intensity, 
which is conducive to the release of drugs reaching the target.

Nigam et  al. [16] evaluated the magnetically guided delivery of DOX-loaded 
dendritic-Fe3O4 nanoparticles and their tumor regression efficacy in subcutaneous 
melanoma in C57BL/6 mice. They found that the NPs localized in lungs, liver, and 
spleen suggesting nonspecific uptake; however, in tumor-bearing mice, substan-
tially higher localization in magnetically targeted tumor was observed when com-
pared to passive localization in nontargeted tumor. The animals of treated group 
also showed significantly higher iron levels (161 μg of Fe/mg dry organ weight) in 
the tumor than that of the control (<25 μg of Fe/mg dry organ weight). This mag-
netically targeted localization led to high concentrations of DOX in the tumor which 
not only induced significant tumor regression but also arrested further growth. 
Interestingly, it has also been proved in vitro that magnetic guidance can promote 
tumor cells to englobe more drugs-loaded MNPs. Platinum (Pt)-based drugs are 
popular in clinics as chemotherapeutic agents to treat solid tumors, in spite of severe 
side effects such as nephrotoxicity and neurotoxicity. Quarta et al. [17] synthesized 
the complex by covalently binding Pt(ii) complexes to IONPs; the intracellular 
uptake and cell distribution studies of Pt-tethered MNPs on breast and ovarian 
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cancer cell line models indicate that Pt@MNPs facilitate cellular internalization, 
and the magnetic nanoparticles (MNPs) enhance the uptake of MNP-Pt conjugates 
if a magnet is placed beneath the culture dish of tumor cells.

IONPs MNPs can not only load drug molecules and targeted delivery but also 
protect drug molecules to a certain extent, so that they can reach the lesion site 
smoothly. Sato et al. [18] loaded paclitaxel onto Fe3O4 MNPs to act on human pros-
tate cancer cells. The results showed that Fe3O4 MNPs enhanced the killing effect of 
paclitaxel on human prostate cancer cells, and proved that Fe3O4-paclitaxel complex 
could inhibit the expression of NF-κB in human prostate cancer cell line, but not in 
Fe3O4 MNPs and paclitaxel alone.

11.2.3  Magnetic Hyperthermia

Magnetic hyperthermia is a kind of therapy that can make thermogenic materials 
gather at the tumor site by direct injection, intravenous injection, or intervention, and 
generate magnetic thermogenic effect under the action of alternating magnetic field to 
heat tumor tissue and kill cancer cells. In general, cancer cells are more sensitive to 
temperature rise than normal cells. By regulating the alternating magnetic field in the 
tumor tissue area, the heating area and temperature can be precisely controlled. In 
addition, the ability of alternating magnetic field to penetrate is strong, and it is almost 
unaffected by the biological tissue, so it can focus on the tumor inside the human 
body. Magnetic hyperthermia needs the help of materials with magnetocaloricity. 
Fe2O3 and Fe3O4 MNPs are the most widely studied magnetocaloric materials. Horst 
et al. [19] measured the superparamagnetic Fe3O4 NPs synthesized by Arabic gum by 
the magnetic method to study the potential of magnetic thermotherapy under radiofre-
quency magnetic fields. Magnetocalorimetric measurements were performed in a 
wide range of field amplitude and frequency. Specific absorption rate of 218 W/g Fe 
was determined at a field frequency of 260 kHz and amplitude of 52 kA/m. These 
results demonstrate their viability to be applied in tumor ablation treatments. Using 
the linear response theory and restricting field parameters to the accepted biomedical 
window, maximum useful value of 74 w/g Fe is predicted at 417 kHz and 12 kA/m. 
Fabio et al. [20] also evaluated the feasibility of folate-modified MNPs for intracel-
lular hyperthermia of solid tumors. It was observed that the uptake ability of ferrite 
NPs modified by folate and peg by oral epithelial cancer cells (with high expression 
of folate receptor) increased by 6.8 times, compared with HeLa cells with low expres-
sion of folate receptor and MCF7 cells had significant differences. And in three kinds 
of tumor cells, the uptake of folate-modified MNPs was significantly correlated with 
the expression of folate receptor. In order to determine whether the amount of nanopar-
ticles absorbed by the cells is enough to achieve an effective and rapid temperature 
rise, the concentration of nanoparticles in the cell structure was estimated. The results 
showed that the concentration of iron in the endocytolytic enzyme reached 3 mg/mL, 
and the high amount of iron particles in the cells could heat the local cells to 43 °C, 
causing selective cell injury and death.
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However, it is a challenge to improve the efficacy at 42 °C therapeutic tempera-
tures without resistance to induced thermal stress. Zhang et al. [21] designed a mag-
netic hydrogel MNPs utilizing inclusion complexation between PEGylated Fe3O4 
NPs and α-cyclodextrin, which can enhance tumor oxidative stress levels by gener-
ating reactive oxygen species through nanozyme-catalyzed reactions based on 
tumor magnetic hyperthermia. MNPs can be injected and diffused into the tumor 
tissue due to shear thinning as well as magnetocaloric phase transition properties, 
and magnetic heat generated by the Fe3O4 NPs first gives 42 °C of hyperthermia to 
the tumor. The nanozyme effect of Fe3O4 NPs exerts peroxidase-like properties in 
the acidic environment of tumor to generate hydroxyl radicals (•OH) by the Fenton 
reaction. The hyperthermia promotes the enzymatic activity of Fe3O4 nanozyme to 
produce more •OH. Simultaneously, •OH further damages the protective heat shock 
protein 70, which is highly expressed in hyperthermia to enhance the therapeutic 
effect of hyperthermia. This single magnetic nanoparticle exerts dual functions of 
hyperthermia and catalytic therapy to synergistically treat tumors, overcoming the 
resistance of tumor cells to induced thermal stress without causing severe side 
effects to normal tissues at 42 °C hyperthermia.

In addition to increasing the target temperature of the body to kill tumor cells, 
magnetic hyperthermia can also initiate the mechanism of adjuvant therapy. The 
heat generated above the mammalian euthermic temperature of 37 °C induces apop-
totic cell death and/or enhances the susceptibility of the target tissue to other thera-
pies such as radiation and chemotherapy. While most hyperthermia techniques 
currently in development are targeted towards cancer treatment, hyperthermia is 
also used to treat restenosis, to remove plaques, to ablate nerves, and to alleviate 
pain by increasing regional blood flow [22]. Moreover, it has been shown that mag-
netic hyperthermia can cause the increase of reactive oxygen species (ROS) and 
abnormal protein expression, such as the increase of HSP70 expression. In addition, 
magnetic hyperthermia may also activate the immune system of the body and 
improve the recognition and killing ability of immune cells to tumor cells. At pres-
ent, the damage mechanism of magnetic hyperthermia is believed to be associated 
with the change of cell membrane function, the collapse of cytoskeleton, the escape 
of lysosomal contents, the apoptotic pathway of mitochondria, the direct or indirect 
damage of DNA, and so on. For details, please refer to the relevant research, which 
will not be introduced here.

11.2.4  MRI Contrast Agents

MRI, also known as spin imaging, is a diagnostic technique that uses the nuclear 
magnetic resonance phenomenon of a certain nucleus in human tissue to reconstruct 
the image of a certain level of human body through electronic computer processing. 
This diagnostic technique has become one of the clinical conventional imaging 
diagnosis methods for solid tumors. According to an uncompleted statistic, nearly 
50% of MRI examinations have involved the use of MRI contrast agents, so as to 
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improve the imaging contrast [23]. MR contrast agents can be divided into two 
types according to the principle of their functions, i.e., longitudinal relaxation (T1) 
and transverse relaxation (T2). Gadolinium compounds are the main research object 
of T1 contrast agent, while iron and ferromagnetic materials are the core of T2 con-
trast agent. T1 contrast agent shortens the transverse relaxation time of tissue and 
increases the signal intensity of tissue on T1-weighted image, so it is also called 
positive enhancement contrast agent. On the contrary, T2 contrast agent reduces the 
signal intensity of tissue substance on T2-weighted image by shortening the longi-
tudinal relaxation time of liver tissue, so it is also called negative enhancement or 
“negativity” contrast agent.

IONPs, especially the superparamagnetic IONPs, are the most widely investi-
gated MRI T2-weighted image contrast agents for their excellent paramagnetic and 
biocompatibility. In fact, Feridex and Ferumoxytol whose main ingredient is the 
IONPs have been approved as magnetic resonance imaging (MRI) contrast agents 
(Feridex) or iron supplement for treating iron deficiency (Ferumoxytol) by the US 
FDA [24]. However, it has to be considered that the traditional MRI contrast agents 
do not have the ability of targeting, and they tend to gather to the tissues of rich 
reticuloendothelial system, such as liver, spleen, lymph nodes, bone marrow, and 
other parts, which enables this kind of contrast agents to obtain better contrast effect 
in these tissues. In 1996, Lubbe et al. [25] first used the magnetic drug microspheres 
containing epirubicin in the first phase of clinical targeted drug treatment. The 
results show that the method is less toxic and can target the lesion; however, further 
MRI tests showed that more than 50% of the microspheres were entrapped by the 
liver. Some research teams also attempted to combine targeted molecules with 
MNPs to achieve enhanced imaging of specific tissues. Chen et al. [26] developed a 
MNPs MRI contrast agent based on the 22 nm Fe3O4 nanoparticles and a novel dual- 
specific nanoprobe to target integrin and death receptor (DR4/DR5) on tumor cells 
simultaneously. The probe showed good magnetic properties, specific binding abil-
ity with target cells, and anti-nonspecific phagocytosis in vitro. As a result of these 
advantages, further MRI results of tumor in vivo showed that the mice injected with 
the dual-targeting probes obtained a more sensitive and effective contrast effect 
compared with the passive target probe group.

11.2.5  Tumor Theranostics

The diagnosis and treatment of tumor (Tumor theranostics) can be conducted by 
taking advantage of MNPs-based functions of MRI contrast and drug-targeted 
delivery. That is, enhanced MRI observation was performed simultaneously when 
drug-targeted delivery therapy was applied to the tumor. Zhang et al. [27] designed 
a novel targeted theranostic nanoplatform LDH-Fe3O4-HA/DOX for enhanced 
T1-weighted magnetic resonance (MR) imaging-guided chemotherapy by con-
structing layered double hydroxide (LDH)-stabilized ultrasmall iron oxide (Fe3O4) 
nanoparticles with hyaluronic acid (HA) modified as targeting agents and 
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anticancer drug doxorubicin (DOX) loaded with a high loading efficiency. In vitro 
experiments demonstrate that the theranostic nanoplatform is able to specifically 
target to B16 cells overexpressing CD44 receptors and effectively release DOX to 
nucleus, and in  vivo results show that the designed nanoplatforms have a better 
tumor penetration for significantly enhanced MR imaging of tumors and tumor che-
motherapy with low side effects. Sun et  al. [28] also prepared paclitaxel-loaded 
Mn–Zn ferrite MNPs coupled with RGD targeting peptide for cancer theranostic 
nanoagents. They demonstrated that the worm-like theranostic nanoagents exhib-
ited increased delivery of paclitaxel in the integrin-enriched cells than that of the 
monodisperse sphere and the cluster, and the content of PTX was far more than that 
of the wild-type Taxol control group. In vivo results demonstrated that the worm-
like theranostic nanoagents not only gained good MRI imaging in the tumor but also 
achieved longer blood circulation time and more PTX-targeted delivery to the 
tumor, as well as more efficiency in killing tumor cells, conducting the simultane-
ous diagnosis and treatment of tumors.

11.2.6  Nanozyme

In 2007, the research group of Professor Yan [29] found that IONPs can simulate 
horseradish peroxidase (HRP) activity and catalyze hydrogen peroxide (H2O2) to 
oxidize substrates (3,3,5,5-tetramethylbenzidine (TMB), diaminobenzidine (DAB), 
o-phenylenediamine (OPD)) to produce color changes. Its catalytic activity is simi-
lar to that of HRP and depends on H2O2 concentration, pH, and reaction tempera-
ture, and the catalytic process accords with Michaelis kinetics. The catalytic activity 
of IONPs is similar to that of peroxidase (POD), so scientists tend to name this kind 
of nanomaterials with simulated biological enzyme activity as nanozyme. IONPs 
are one of the most widely studied nanozymes, which were reported to exhibit the 
activity of POD and catalase (CAT) [30]. In general, they show peroxidase-like 
activity in pH < 7.0 and catalase-like activity in pH > 7.0 [30]. It is not difficult to 
find that the nanozyme activity of IONPs is more suitable for the regulation of ROS, 
which has been widely demonstrated as the key regulator for the survival of cancer 
cells and some bacteria. Therefore, some research teams combined the nanozyme 
effect and drug loading function of IONPs to build a nanoplatform for multiple 
therapeutic effects.

Huang et al. [31] reported that pH-responsive SPION-micelles can synergize with 
β-lapachone for improved cancer therapy. These SPION-micelles selectively release 
iron ions inside cancer cells and interact with H2O2 through Fenton reactions, escalat-
ing the ROS stress in β-lapachone-exposed cancer cells. The nanoplatform thereby 
greatly enhanced the therapeutic index of β-lapachone. More specifically, a tenfold 
increase in ROS stress was detected in β-lapachone-exposed cells pretreated with 
SPION-micelles over those treated with β-lapachone alone, which also correlates with 
significantly increased cell death. In addition, ROS mediated a key role in therapeutic 
effects of platinum drugs. Ma et al. [32] demonstrated tumor site-specific conversion 
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of ROS generation induced by released cisplatin and Fe2+/Fe3+ from IONPs nanocar-
riers with cisplatin(IV) prodrugs for enhanced anticancer activity but minimized sys-
temic toxicity. On the one hand, cisplatin can produce adducts with DNA and induce 
apoptosis, and on the other hand, cisplatin can activate NOx enzyme, which trans-
forms NADPH into NADP+, releases electrons, and combines with oxygen molecules 
to produce superoxide radicals, then hydrogen peroxide is produced under the action 
of SOD, and finally hydroxyl radicals are produced under the effect of iron oxide pod, 
playing a synergistic role in enhancing the efficacy.

11.2.7  Summary

Magnetic nanoparticles (MNPs) own promising features in drugs targeted delivery 
[33], coordination therapy [34], and cancer diagnosis and treatment based on its 
excellent magnetic performance [35, 36] (Fig.  11.2). MNPs, composed of metal, 
alloy metal, and ferrites doped with magnetic elements (MFe2O4, M = Fe, Co, Ni, 
Mn), have also been widely studied as drug carriers. The reactive functional groups 
on the surface and magnetic responsiveness also make MNPs more suitable as nano-
carriers because the surface modifiability facilitates the drug loading and magnetic 
responsiveness encourages it to target to the diseased tissues under magnetic field 

Fig. 11.2 The applications of magnetic nanoparticles [36]
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guidance. Therefore, the functionalization of MNPs on the surface is very significant. 
In addition, the unique magnetic properties of MNPs enable MRI, and with magnetic 
targeted drug delivery, MNPs is an ideal theranostic nanoagent for cancer synchro-
nous diagnosis and treatment, that is, MRI observation was performed simultane-
ously when drug-targeted delivery therapy was applied to tumors.

The potential toxicity and drug delivery of nanocarriers depend on the nanopar-
ticle composition, coating materials, size, shape, and surface charge (which we call 
as the 3S effects of NPs); for example, Guo et al. indicated that small MNPs exhib-
ited greater cellular internalization and deeper penetration into multicellular spher-
oids, and larger MNPs showed greater accumulation in tumors, thereby inducing 
more efficient tumor growth inhibition. And our reports also revealed that anisotro-
pic drug carriers exhibited prolonged blood circulation time, indicating the signifi-
cance of the shape effect in controlling and comparison of biological behaviors and 
properties of drug-loaded MNPs.

That is, in addition to the magnetism, the size effect also played a key role in 
affecting the application of MNPs drug carriers. Moreover, many scientists have 
attempted to ameliorate the drug loading of MNPs through controlling the shape 
and the modifications on the surface of MNPs. Multi-shaped MNPs including 
monodisperse sphere [37], cube [38], nanocluster [39], and worm-like nano-chain 
[40] were reportedly developed for drug loading, where the modifications on the 
surface of MNPs played the significant role. Polymers with amino and carboxyl 
groups are the most common materials to be utilized [41]. As a matter of fact, 
amphiphilic polymers-modified nanoparticles not only reformed the drug loading of 
MNPs but also effectively ameliorated the blood circulation time of MNPs, avoid-
ing captured by cells of reticuloendothelial systems (RES). Additionally, lipids and 
inorganic materials have been developed and serve as drug carriers to control the 
release behavior of payloads [41]. In a word, the effect of size, shape, and surface 
(3S effects) is still an important factor that should be considered when the MNPs are 
used as drug carriers. We will introduce it in detail in Sect. 11.3.

11.3  Magnetic Drug Loading System

Magnetic drug loading system (MDLS) is mainly composed of magnetic targeted 
drug carriers, drug loading methods, and candidate drugs. Because many types of 
drug candidates are involved, these will not be introduce here.

11.3.1  Magnetic Targeted Drug Carriers

Many MNPs have been reportedly developed; regretfully, not all MNPs are suitable 
for loading drugs. MNPs used in drug carriers should meet the following require-
ments. (1) The MNPs carriers should have a suitable size, so that the magnetic field 
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can generate a strong enough attraction to the MNPs, to target the carriers to the 
lesion and its surrounding tissue. (2) The skeleton material on the surface of the 
MNPs carriers can be metabolized in the body and the metabolites are nontoxic. 
And it can be metabolized or excreted after a certain period of time and will not 
cause side effects after being metabolized by human tissues. (3) The iron content 
from the MNPs drug carrier should be appropriate, generally speaking, not exceed-
ing the total amount of iron supplemented for anemia. Thus, Fe3O4 and γ-Fe2O3 
nanoparticles with good biocompatibility were generally chosen, and they are easy 
to be metabolized and eliminated from the human body through the liver, spleen, 
and bone marrow. Comparatively, Ni or Co alloy MNPs are with good magnetic 
targeting ability, but their toxic effects will lead to damage to normal cells and tis-
sues [42]. Another important reason is that the FDA of United States has approved 
intravenous Ferumoxytol as a safe and effective treatment for anemia, and 
Ferumoxytol is a superparamagnetic iron oxide nanocolloid coated by the carbohy-
drate and the size is about 6 nm [43, 44]. Therefore, IONPs are widely used in the 
study of pharmaceutical carriers.

11.3.1.1  Fabrication of Monodisperse IONPs

According to the classical explosion nucleation and growth model proposed by 
Lamar and Dinegar, the synthesis of monodisperse MNPs involves several succes-
sive stages. That is, the precursor, surfactant, and solvent are mixed at room tem-
perature, and then the mixture is heated to the required temperature to initiate the 
nucleation process and control the growth of MNPs. This method is suitable for the 
synthesis of more complex MNPs, such as core-shell and dumbbell MNPs, because 
the formation of this composite structure usually requires heterogeneous nucleation 
and second component growth on pre-planted monodisperse MNPs. This is the 
most common method to fabricate the monodisperse MNPs such as γ-Fe2O3 NPs 
and Fe3O4 NPs (Fig. 11.3). In 1999, Rockenberger et al. first employed the injection 
method of precursor N-nitrosohydroxyaniline iron to prepare the 4–10 nm γ-Fe2O3 
NPs with narrow particle size distribution, high crystallinity and dispersible in 
organic solvents [45]. Hyeon and Euliss both synthesized the monodisperse γ-Fe2O3 
NPs with the size less than 20 nm [46, 47]. Based on the same method, Sun, Yu, and 
Li fabricated the monodisperse Fe3O4 NPs with the particle size distribution from 
6 to 30 nm [48–50]. This method triggers very successful preparation of monodis-
perse MNPs, but the MNPs prepared are dispersible in organic solvents. Therefore, 
surface modification of MNPs can significantly increase the solubility in water, 
which is conducive to drug loading and escaping the RES. As it should be, other 
methods like coprecipitation method and physical method are able to prepare 
MNPs, but MNPs produced by these methods are very easily aggregated and hard 
in small size.
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11.3.1.2  Fabrication of Elements-Doping IONPs

In addition to pursuing MNPs of small size to get better magnetism according to the 
surface effect and small-size effect of nanoparticles, elements doping also endows 
MNPs with better magnetism. Reportedly, Mn, Zn, and Co were successfully doped 
into the IONPs, which exhibited better magnetism and superparamagnetism [51, 52]. 
Many other methods are able to be used to synthesize Mn–Zn ferrite MNPs including 
chemical coprecipitation method, hydrothermal method, sol-gel method, micro-
emulsion method, and so on. However, the toxic effects of Mn and Co increased 
potential risks of MNPs in the organism, and drug carriers based on Mn and Co 
doped MNPs reported relatively less.

Fig. 11.3 TEM of γ-Fe2O3 NPs in the size of (a) 10 nm [45], (b) 11 nm [46], (c) 6 nm [47] and 
Fe3O4 NPs in the size of (d) 16 nm [48], (e) 6 nm and 30 nm [49], (f) 5 nm and 16 nm [50], which 
were prepared through thermal decomposition of precursors
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11.3.1.3  Fabrication of Core/Shell IONPs

A composite material of a core-shell structure is a type of particle with a two-layer 
or multilayer structure, generally composed of a central core and a shell that coats 
the outside. Because of the type of material that changes the core and the thickness 
of the shell layer, the ideal composite MNPs with excellent properties can be 
obtained. Therefore, combination with the MNPs and the alloy or nonmetal nanopar-
ticles through the core/shell structure is able to obtain a composite nanoparticle with 
both magnetic nanoparticle and other nanoparticles’ surface characteristic. Fe3O4 is 
one of the most studied MNPs. The shell layer of core/shell magnetic composite 
nanoparticles is composed of noble metal gold nano-shells and non-metallic silica 
nano-shells, representatively (Fig. 11.4). There are various techniques to fabricate 

Fig. 11.4 Fabrication methods of core/shell IONPs including reduction method to prepare core/shell 
IONPs@ noble metal [53, 54], sol-gel and TEOS hydrolysis method to prepare core/shell IONPs@
SiO2 [55, 56], and TEOS-Stober method to prepare core/shell IONPs@ mesoporous SiO2 [59]
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the core/shell MNPs. Sun et al. synthetized the core/shell Fe3O4 MNPs surrounded 
by the Au NPs shell through the HAuCl4 reduction method [53]. Chudasama et al. 
selected the silver nitrate reduction method to directly attach the Ag NPs on the 
surface of Fe3O4 NPs [54]. Yang et al. prepared IONPs/SiO2 core/shell composite 
nanoparticles by the sol-gel method [55]. In non-metallic silica-coated IONPs, ethyl 
orthosilicate (TEOS) hydrolysis method provided a good selection. Ian J.  Bruce 
et al. and Gye Seok An et al. wrapped SiO2 multiple times on the surface of Fe3O4 
NPs by hydrolyzing a solution of ethyl silicate [56]. And N2 adsorption-desorption 
data indicated that the composite nanoparticles prepared by TEOS method had a 
larger specific surface area. Of course, as the potential drug carrier, MNPs coated 
by mesoporous SiO2 also exhibited excellent potential in loading drugs [57, 58], 
where the combination of TEOS method and Stober method was widely applied to 
synthetize the mesoporous SiO2 coated MNPs [59].

11.3.2  Drug Loading Methods

The combination of MNPs and drugs is an important technology. In general, non- 
covalent self-assembly and chemical bonding are the common drug loading meth-
ods presently. Because of the side effects of chemotherapy drugs, the application of 
magnetic targeted drug carriers can reduce the damage to normal cells. Frequently 
used chemotherapy drugs include biological agents, doxorubicin, epirubicin, dau-
norubicin, methotrexate, paclitaxel, mitoxantrone, and cisplatin. These drugs have 
different chemical structures and physical properties, thus the different connection 
modes are required when they are coupled with magnetic targeted carriers.

11.3.2.1  Non-covalent Self-Assembly

Physical package, electrostatic, dipole–dipole interactions (hydrogen bonding), van 
der Waals forces (hydrophobic), coordination, and encapsulation chemistries play 
major roles in promoting the non-covalent self-assembly between drugs and MNPs 
carriers (Fig. 11.5).

Doxorubicin (DOX) and its related anthracycline family are the most widely 
used chemotherapeutic anticancer drugs, while free DOX may potentiate the risk of 
myocardial damage and congestive heart failure [60]. Gautier et al. prepared DOX- 
loaded PEGylated SPIONs through non-covalent self-assembly, and the toxicity of 
the treatment was reduced substantially [61]. Yang et al. prepared magnetic IONPs 
conjugated with the amino-terminal fragment (ATF) peptide of uPA (urokinase 
plasminogen activator) and DOX through adsorption self-assembly. The DOX- 
ATF- IONPs functionalized NPs not only exhibited multiple targeting but also 
strongly inhibited the growth of 4T1 tumor cells [62].

The majority of protein molecular, plasmid DNA, and biological agent tend to be 
with charge, which are suitable for self-assembling with MNPs carriers through 
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electrostatic interactions. Polyethyleneimine (PEI) modified IONPs is with positive 
charge; Steitz [63], Chorny [64], Park [65], and Kim et al. [66] transferred the nega-
tively charged plasmid DNA through a PEI-modified IONPs transfection vector, 
with the help of electrostatic self-assembly.

Dipole–dipole interactions are frequently used for the self-assembly between 
drugs and MNPs. Hydrophobic/hydrophilic interactions is a typical example. 
Hydrophobic drugs are easy to be adsorbed to the MNPs engineered with hydro-
phobic layers, and then gradually release the coated drugs during the layer 
degrading. Singh et  al. prepared and characterized MNPs embedded in 
polylactide-co- glycolide matrixes (PLGA-MNPs) as a dual drug delivery and 
imaging system capable of encapsulating both hydrophilic and hydrophobic 
drugs in a 2:1 ratio [67]. Hydrogen bonding between hydroxyl and amino groups 
can also be used to assemble drugs on the surface of MNPs. Shufang Yu et al. 
successfully loaded the DOX into the MNPs via combined actions of hydropho-
bic interaction and hydrogen bonding [68].

Non-covalent self-assembly can trigger rapid bonding, high efficiency, and sim-
ple process, but meanwhile, which also make the interaction between drugs and 
carriers lack enough stability during the travelling.

Fig. 11.5 Common drug loading methods of magnetic nanocarriers
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11.3.2.2  Chemical Bonding

Chemical bonding depends on the functional groups on the surface of the drugs and 
the MNPs. Most chemotherapeutic drugs or protein molecules have one or more of 
the functional groups of amino, carboxyl, hydroxyl, etc. [41]. Thus, amide reaction 
and esterification reaction are the two common bonding methods in chemical bond-
ing. In fact, nanoscale MNPs is extremely easy to absorb the hydroxyl, which facili-
tates the ester bonding between MNPs and carboxylic drugs such as polypeptide 
(Fig. 11.5). Sousa et  al. previously succeed to synthetize a carboxylic acid ester 
through a carboxyl group (–COOH) in an amino acid molecule and a hydroxyl 
group (–OH) on the surface of γ-Fe2O3 NPs, and increased the biocompatibility of 
γ-Fe2O3 NPs [69]. Meanwhile, many chemotherapeutic drugs and biological agents 
possess the amino group and carboxyl group, which are conducive to amide group 
bonding after the MNPs modified by –COOH or –NH2. Zhang et al. modified the 
surface of Fe3O4 NPs with PEG and folic acid, which not only improved their water 
solubility and biocompatibility, but also increased the targeting of cancer cells and 
the ability to enter cancer cells [70].

In addition to amide linkages and esterification linkages, Si–O covalent bond is 
also conducive to the combination between drugs and MNPs carriers. Kohler et al. 
fabricated the monodisperse Fe3O4 NPs bonded with a –NH2 functional group via a 
Si–O covalent bond, and then bonded the methotrexate molecule via the –NH2 func-
tional group [37]. This drug loading nano-system can be applied to enhance MRI 
and magnetic targeting to cancer cells.

11.4  3S Effects of MNPs

MNPs carriers as one of the key factors in magnetism-targeted drug delivery sys-
tems, their parameters of size, surface, and shape (3S) are decisive in drugs loading 
and targeted delivery. Regrettably, there is no consistent conclusion to guide the 
researcher to choose the suitable magnetic carrier.

11.4.1  Size Effects

The magnetic properties of MNPs are one of the most important physical properties, 
which can be used in MRI and magnetism-guided drug delivery after they are 
assembled with drugs. As the size of the magnetic materials decreases to a certain 
degree, it will exhibit a single-domain structure. When the size of the magnetic 
materials is less than the critical size (generally 20 nm), the magnetic spins of mag-
netic nanomaterials will be arranged disorderly, showing superparamagnetism, 
manifested by the fact that they will be rapidly magnetized under the action of an 
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alternating magnetic field, and can be oriented to move with the magnetic field. 
Once the magnetic field is removed, its magnetization decreases to zero, that is, it 
does not show magnetism without an external magnetic field. Therefore, superpara-
magnetic MNPs have the potential advantages to deliver therapeutics onto specific 
sites in the body with the assistance of external magnetic field [71]. This requires a 
proper size of MNPs drug carriers, which means that the MNPs with smaller size 
will be more suitable for drug loading. Meanwhile, MNPs with smaller nanoscale 
have a larger specific surface area, so more drugs can be loaded per unit mass.

However, the distribution and metabolism of MNPs in the body also need an 
appropriate size. The drug-loaded nanoparticles have a natural passive targeting. 
About 60–90% are retained by a large number of reticuloendothelial cells (Kupffer 
cells) in the liver after the nanoparticles entered the circulatory system. Researches 
revealed that this passive targeting is mainly determined by the size of the particles. 
Less than 20 nm NPs tend to be excreted renally [72], 30–150 nm NPs tend to accu-
mulate in the bone marrow [73], heart, kidney, and stomach [47], and more than 
200 nm NPs were mainly targeted to the liver and spleen [74]. At the same time, the 
nanoparticles with <100 nm were easy to escape the phagocytosis of Kupffer cells, 
but to be trapped by bone marrow cells [48, 75]. Additionally, nanoparticles ranging 
from approximately 10 to 100  nm preferentially accumulate in the tumors as 
opposed to normal tissues [76, 77]. Injumpa et al. found that when the particle size 
was 20–100 nm, only a small amount of inflammatory factors were produced by 
macrophages, while when the particle size was more than 200 nm, a large number 
of inflammatory factors were produced [78]. Therefore, we think MNPs with large 
diameter or magnetic microsphere carriers are suitable for the drugs targeted deliv-
ery to the liver and spleen, while MNPs carriers with small size are more suitable 
for non-hepatic spleen targeted drug delivery (Fig. 11.6). Because of the lack of 
systematic research, there is no stronger evidence to support our views. According 
to reports available, MNPs of less than 100 nm seem to be more popular, and there 
is a tendency to pursue smaller sizes.

In addition to consideration of the passive targeting of MNPs, external magnetic 
field-mediated active targeting should be taken into consideration. The force of the 
magnetic field on the MNPs can be expressed by the following formula [79]:

 F V BBm � � �� �/ 0  

where Fm is the magnetic force, V is the volume of the magnetic particles, χ is the 
volume magnetic susceptibility of the magnetic particles, and μ0 is the magnetic 
permeability of the vacuum. B and B′ are the magnetic field and the magnetic field 
gradient of the magnet, respectively. It is not hard to find that the magnetic force is 
also controlled by the size (V) of the MNPs, that is, the larger the MNPs are, the 
easier the MNPs are affected. Accordingly, pursuing the smaller size blindly may 
not meet the requirements of drug loading of MNPs.
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Fig. 11.6 Schematic diagram of 3S effect of magnetic nanoparticles

11.4.2  Surface Effects

The charge and distribution on the surface of MNPs drug carriers play a decisive 
role in maintaining colloidal stability. The surface charge of MNPs also determines 
their reaction in cells, especially when they are endocytosis and phagocytosis. As a 
drug carrier, MNPs must be coated. The surface coating not only enables MNPs to 
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better combine with drugs or target cells, increases the histocompatibility between 
them, enhances the reaction efficiency of each other, but also avoids the aggregation 
of particles and resists oxidation reaction. Surface modification is the most critical 
factor in controlling the combination of drugs and MNPs, the release of drugs from 
MDLS in vivo, the degradation of MDLS in vivo and the cytotoxicity, etc. In gen-
eral, small molecular compounds, polymers, and natural materials are selected 
widely, although various modified materials reportedly exhibited their respective 
superiority (Fig. 11.6).

11.4.2.1  Small Molecular Compounds

Multi-amines, multi-carboxyl, and multi-hydroxyl groups can endow MNPs with 
active groups, which not only increase the water solubility and biocompatibility 
of MNPs but also make it easier for chemotherapeutic drugs to be loaded. Wang 
et al. converted the oil-soluble MNPs into water-soluble MNPs through the inter-
action between oleic acid and α-cyclodextrin and skillfully utilized multiple –
OH groups on the surface of the cyclodextrin [80]. Folic acid (FA), which 
contains dicarboxylic and amino groups, can not only provide active groups, but 
also target to folate receptors  highly expressed in various tumor cells. Bonvin 
et al. synthetized FA-modified IONPs as a platform with high potential for simul-
taneous targeting, MRI detection, and hyperthermia treatment of lymph node 
metastases of prostate cancer [81]. Gupta et  al. prepared a pH-responsive 
FA-DOX-Fe3O4 NPs used for targeted chemo-thermal therapy and MRI diagno-
sis [82]. FA-conjugated MNPs showed good colloidal stability and achieved 
~95% loading efficiency of doxorubicin (DOX), which could be due to strong 
electrostatic interaction of highly negatively charged FA-MNPs and the posi-
tively charged DOX. Other small molecular compounds such as dimercaptosuc-
cinic acid (DMSA) [83], citric acid [84], and amino acid [85] have been reported 
for the surface modification of MNPs.

11.4.2.2  Polymer

Polyhydroxy polymers, polyamino polymers, and polycarboxyl polymers have 
been widely used in the surface modification of MNPs. Polyethylene glycol (PEG) 
and functionalized PEG are one kind of polymers used mostly. Excellent water 
solubility and biocompatibility as well as low immunogenicity and antigenicity 
make it functionally avoid the RES system. Zhou et al. constructed PEG-β-Glu-
MNPs by a bonding between methoxy PEG succinimidyl carboxy-methylester 
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(SC-NHS-PEG) and β-glucosidase immobilized magnetic iron oxide-nanoparticles 
(β-Glu-MNP) [86]. Results showed that β-Glu-MNPs were cleared by 80% in vivo 
after 1 h of administration, while PEG-β-Glu-MNPs still retained 20% after 2 h of 
administration, indicating a longer blood circulation time of PEG-modified MNPs 
[86]. Many PEG-coated MNPs were applied to load the chemotherapeutic drugs 
including DOX [87] and Paclitaxel [88].

Polyethylenimine (PEI) with proton sponge mechanism can endow MNPs with 
multiple amino and positive charge, which is conducive to drugs loading of MNPs. 
Ninet Avedian prepared pH-sensitive biocompatible mesoporous MNPs through 
amide covalent conjugation by the –NH2 from PEI and the –COOH from FA [89]. 
Jingchao Li fabricated the Fe3O4@Au core/shell nanostars, where PEI and hyal-
uronic acid affords endue the nanostars MNPs with excellent colloidal stability and 
good biocompatibility [90].

Co-modification of multiple polymers functionalized the MNPs. For example, 
PEG-poly(ɛ-caprolactone)-assembled PEG–PCCL-MNPs showed good biocom-
patibility and little in vitro or in vivo cytotoxicity, as well as effective, tumor-spe-
cific cell targeting for paclitaxel delivery when an external magnetic field was 
applied [88]. Chen et al. developed triphenylamine-poly(lactide-co-glycolide)-poly 
(ethyleneglycol)-poly(lactide-co-glycolide) and folate-poly(2-ethyl- 2oxazoline)-
poly (d,l-lactide) where IONPs and PTX were co-encapsulated [91].

The polymer materials involved in the construction of numerous drug carriers 
include synthetic polymers and natural polymers, but the synthesis of co-polymers 
is a great challenge. Although some simple polymers have been commercialized, 
the fancy price also pushes up the input prices of the fabrication of MNPs carriers.

11.4.2.3  Natural Materials

Fortunately, natural materials including natural polymers provide with a good choice. 
Chitosan is a representative natural high molecular polymer, which is biodegradable 
and can be easily degraded into nontoxic glucosamine by the action of various 
enzymes in the living body and then absorbed by the organism. Kostevsek et al. modi-
fied dumbbell-shaped Au/Fe3O4 nanoparticles by a simple and novel method using 
natural chitosan as matrix [92]. Yang et al. developed a chitosan-PEI- uric acid micelle 
that exhibited dual pH/redox sensitivity and targeting effects through chitosan mate-
rial [93]. Furthermore, a large number of hydroxyl groups and amino groups present 
in the molecular chain make it easy to be chemically modified and thus are often used 
as an outer shell of MNPs in the field of enzyme immobilization.

Due to the poly-hydroxyl structure, the dextran/Fe3O4 NPs were prepared by 
coprecipitation method. Results demonstrated that the dextran not only isolated the 
interior Fe3O4 NPs from oxygen and water to enhance the photothermal stability but 
also enhanced the biocompatibility of Fe3O4 NPs [94–96]. Weihong Chen et al. 
connected dextran to Fe3O4 MNPs to prepare dextran-coated Fe3O4 NPs and gra-
phene oxide (Fe3O4-GO) complex NPs. Aminodextran-coated Fe3O4-GO possess 
good physiological stability and low cytotoxicity [97].
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Overall, the surface modification can impart more functional groups to the 
magnetic nano carrier, provide the necessary surface charge, increase the water 
solubility and biocompatibility, of course the active targeting included, etc.

11.4.3  Shape Effects

According to the research reports currently available, monodisperse MNPs are more 
popular. Generally, the shape of NPs has prominent impacts on the cell phagocyto-
sis, blood circulation time, tissue biodistribution, metabolism, and organic toxicity 
[98, 99]. Compared with the spherical particles, the torsion force of the oblate par-
ticles will cause the particles to flip and rotate, and then drift to the inner wall of the 
blood vessel. The shape of the particles also affects the contact between the particles 
and the cell surface, and the shape of the particles dominates the clearance of the 
reticuloendothelial system. Compared with spherical particles, oblate particles are 
less likely to be engulfed by macrophages and have longer blood circulation time. 
Nanoparticles entering into normal or cancer cells are also controlled by the shape 
of particles. For particles with long aspect ratio, the internalization speed of long 
axis parallel cell membrane is lower than that of short axis parallel cell membrane. 
Compared with the cubic Fe3O4 nanoparticles, the cubic particles have higher crys-
tallinity, larger single crystal, higher saturation magnetization, and T2 relaxation. 
Compared with spherical Fe3O4 nanoparticles, rod-shaped nanoparticles have stron-
ger toxicity to mouse macrophages. Yong Hu et  al. developed multifunctional 
Fe3O4 @ Au core/shell nanostars, which showed excellent colloidal stability, good 
cytocompatibility in a given concentration range, and specific recognition to cancer 
cells overexpressing FA receptors [97].

Compared to the wide research of monodisperse sphere MNPs and clustering 
shape MNPs, worm-like MNPs reported less. In our study, superparamagnetic 
anisotropic nano-assemblies (SANs) were fabricated and loaded with vincristine 
(VCR) to form VCR-SANs. SANs were found to be more promising than isotropic 
nano-assemblies via our in vivo and in vitro examinations [40]. Moreover, anisotro-
pic MNPs exhibit less mononuclear phagocytic system (MPS) uptake and longer 
blood circulating time in comparison with the spherical ones [40, 100–103]. Namely, 
worm-like MNPs probably are advantageous in enhancing MRI, delivery efficiency, 
and therapeutic effects in cancer theranostic [28].

11.5  Perspectives and Future Challenges

With the development of nano-manufacturing technology, the preparation of MNPs 
with various requirements can be realized. The development of small-sized, mono-
disperse, narrow distribution, high-saturation magnetization, superparamagnetic, 
and functionalized MNPs provides the basis for the application of MNPs drug 
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carriers. Small-sized MNPs have a similar size comparable to that of viruses 
(20–450 nm), proteins (5–50 nm), DNA, or genes (2 nm wide and 10–100 nm long). 
Thus when the MNPs are used as drug carriers, they not only can move to the target 
site of the diseased organ or tissue, but also can enter the interior of the tumor cell.

However, it is undeniable that there is currently no definite mechanism and 
method to make the preparation and functionalization of MNPs simple and inexpen-
sive. In terms of the functionalization of MNPs, the properties of the MNPs imparted 
by self-assembly are not stable in tissues or cells due to the diversity of the in vivo 
environment. Since MNPs covalently bonded with drugs is subject to high cost and  
cumbersome methods of preparation, there is an urgent need to find a simple, stable, 
and cheap preparation method to establish a drug loading system of MNPs.

Additionally, there is no systematic study currently to determine the effects of 
surface modification, size, and shape of magnetic nanoparticles on drug loading, 
drug delivery, and the effects of these factors on the biological safety and biocom-
patibility of drug loading systems. At least for now, we cannot track the specific 
biological effects of MNPs in organisms yet. Especially, the nano-enzymatic effect 
of IONPs reported in recent years brought more difficulties and uncertainties to the 
application of magnetic nano-drug carriers [29, 30], because the mimic-enzyme 
functionalization of IONPs originally has a significant effect on the cells sur-
vival [31].

Nevertheless, scientists around the world have well solved the problem of pre-
paring magnetic nanoparticles and developed many synthetic technologies in the 
field of drug assembly. With the in-depth research, we believe that magnetic nano- 
drug carriers will have great application in the fields of chemotherapeutic drug 
delivery, MRI, and photothermal coordinated therapy.
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