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Preface

At the beginning of year 2020, the wrath of the COVID-19 pandemic urged the 
scientific community to develop more advanced drug delivery approaches for bio-
medical applications, endowing conventional drugs with additional therapeutic ben-
efits and minimum side effects. Although significant advancements have been done 
in the field of drug delivery, there is a need to focus towards strategizing novel and 
improved drug delivery systems that should be convenient and cost-effective to the 
patients, and simultaneously they should also provide financial benefits to pharma-
ceutical companies. Controlled drug delivery technology offers ample opportunities 
and scope for improvising the therapeutic efficacy of drugs via optimizing the drug 
release rate and time. For this endeavor, smart nanomaterials have served as remark-
able candidates in the biomedical applications, owing to their groundbreaking prop-
erties and design. The development of such nanomaterials requires a broad 
knowledge related to their physio-chemical properties, molecular structure, mecha-
nisms by which the nanomaterials interact with the cells, and methods by which 
drugs are released at the site of action. This knowledge must also be allied with the 
knowledge of signaling crosstalk mechanisms that are modulated by the 
nanomaterial- drugs composite. It can be anticipated that these emerging drug deliv-
ery technologies can facilitate the world to successfully encounter such pandemic 
outbursts in the future in a cost-effective and time-effective manner. This book con-
sists of 19 chapters dealing with the advanced strategies to synthesize active smart 
nanoparticles for biomedical application.

Since the last few decades, there have been numerous developments in 
nanomaterials- based cancer therapy. Metallic nanoparticles have been applied for 
the treatment of cancer due to their diverse physical and chemical properties. Gold 
nanoparticles are among such metallic nanoparticles that are used for various thera-
peutic purposes, such as in cancer therapy. Understanding the mechanism of action 
of gold nanoparticles can enhance their therapeutic versatility. A brief introduction 
on the biomedical applications of gold nanoparticles for cancer therapy is discussed 
in Chaps. 1 and 2. Since decades, natural compounds and their synthetic derivatives 
are well-known for their immense therapeutic benefits. Phytochemicals, such as 
flavonoids, are known to prevent, or even cure, various forms of cancers via acting 
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through multi-targeted approach, such as modulation of genes and cell signaling 
pathways responsible for initiation, progression, and metastasis of cancer. Chapter 
3 accumulates the recent developments of commonly used flavonoids as chemo-
therapeutic and/or chemopreventive agents.

The carbon-based smart nanomaterials have their unique chemical and physical 
properties that enable them to gain special attention for various biomedical applica-
tions, including drug delivery, tissue engineering, biosensing, diagnosis, imaging, 
and cancer therapy. Carbon dots are novel type of carbon-based nanomaterials that 
have fascinated scientists for years, because of their varied biological and physico-
chemical attributes. Metal ion doping of carbon dots has enhanced their intrinsic 
properties and has received a great interest in the field of bioimaging and cancer 
therapy, which is discussed in Chap. 4. The therapeutic aspects of other carbon- 
based smart nanomaterials, such as graphene and carbon nanotubes, for cancer 
treatment are discussed in Chaps. 5 and 6.

Hydrogel-based drug delivery systems have already shown enormous therapeu-
tic benefits in clinics. Hydrogels are impregnated with drugs before their applica-
tion, followed by sustained release of drugs at the site of application. The recent 
developments addressing the use of hydrogels for drug delivery is discussed in 
Chap. 7.

Recent advances in the vast use of polymeric nanomaterials in biomedical appli-
cations have suggested the use of natural polymers in replacement of synthetic poly-
mers due to their low toxicity, excellent biological properties, biodegradability, and 
biocompatibility. As witnessed, cellulose has emerged as one of the widely used 
biopolymers in the field of drug delivery. It is important to understand the properties 
of cellulose so at to explore the possible functional modifications of nanocellulose to 
enhance their drug loading and therapeutic potential. In Chap. 8, an overview about 
the advances of nanocellulose-based materials in the biomedical field is discussed.

One of the extensively explored applications is microneedle-based prolonged 
drug delivery through skin. Microneedles array patches have been investigated to 
deliver various therapeutic molecules and vaccines, including influenza vaccine, 
chemotherapeutics, antibiotics, and vitamins, among others, which is discussed in 
Chap. 9.

Over the years, the site-specific controlled drug release has shown significant 
potential as it helped in boosting therapeutic efficacy and minimized undesired 
adverse effects. The “stimuli-responsive” or smart nanomaterials have been designed 
to target compromised cells via exploiting the differences in the intrinsic properties 
between pathologically challenged and normal cells. Such polymeric materials 
release the guest molecule or loading drug at the required site under a given envi-
ronmental stimulus. Chapters 10 and 11 focus on the biomedical application of 
pH- responsive, ion-sensitive, and thermos-responsive materials.

Various drugs and therapeutically active molecules are not soluble in aqueous 
phase, leading to increase their dose regime causing possible toxic side effects upon 
oral administration. To increase the loading efficiency of hydrophobic drugs, poly-
meric micelles have occupied a colossal position owing to the presence of block 
copolymers in their composition. The drug delivery aspect of polymeric micelles is 
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described in Chap. 12. Dendrimers are also unimolecular micelles with engineer-
able structure. Dendrimers are branched polymers that differ in physical properties 
than those of linear polymers. Thus, opening new opportunities for featured modifi-
cations enabling controlled drug delivery, as discussed in Chap. 13.

Lipid-based nanoparticles have been developed as promising colloidal carriers 
for these kinds of drugs or biologically active therapeutic molecules. The chemical 
modification of lipid-based nanoparticles can allow the nanoparticle-drug compos-
ite to increase the water solubility of drug and also avoid detection by immune cells. 
The application of lipid-based nanoparticles, such as solid lipid nanoparticles, in the 
improvement of oral bioavailability of drugs is summarized in Chap. 14. The appli-
cations of other lipid-based nanoparticles, such as liposomes in drug delivery, are 
illustrated in Chap. 15. Similar to liposomes, niosomes are also vesicular structures. 
However, they are composed of non-ionic surfactants and are highly stable than 
liposomes, increasing the bioavailability of the loaded drug and reducing its clear-
ance from body fluids. The niosomes have gained a huge interest as drug carriers as 
they can improve the therapeutic efficacy of drug by increasing their circulation 
time in the body fluid. The concept and biomedical application of niosomes are 
discussed in Chap. 16.

In the past few years, non-invasive drug delivery carriers have gained consider-
able attention for transdermal drug delivery. Ethosomes are ethanol-based specifi-
cally designed vesicular carriers that can efficiently deliver therapeutic molecules 
into deep skin layers and across the skin. However, to ensure the safety of etho-
somes, it is utmost important to understand their chemical composition and behav-
ior. Chapter 17 deals with the transdermal drug delivery application of ethosomes. 
Drug delivery can be enhanced using natural polysaccharide-based devices, as dis-
cussed in Chap. 18. Nanoparticles can also be used as nanosensors to detect the 
toxic chemicals and microorganisms with high sensitivity. These novel applications 
of nanosensors are discussed in Chap. 19.

This book provides a comprehensive summary of smart novel drug delivery strat-
egies for various biomedical applications. This book covers the fundamentals, 
applications, and future possibilities to modify nanomaterials for developing more 
advanced nanomaterials. The chapters in this book deal with the advanced technolo-
gies and approaches that can benefit the readers in developing smart and intelligent 
nanomaterials for future biomedical applications. We hope that this book will help 
advance drug delivery and promote human health.

We express our sincere thanks to our family and parents for their overall support. 
We also deeply appreciate the distinguished authors who have shared their knowl-
edge and contributed chapters for this book. We feel indebted to Dr. Eric Stannard 
at Springer and all his associates for their sustained cooperation. We shall be happy 
receiving comments and criticism, if any, from subject experts and general readers 
of this book.

Chuncheon, Republic of Korea  Jin-Chul Kim
Chuncheon, Republic of Korea Madhusudhan Alle  
Wolaita, Ethiopia  Azamal Husen
June 2021
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Chapter 1
Current Trends in Engineered Gold 
Nanoparticles for Cancer Therapy

Madhusudhan Alle, Rajkumar Bandi, Garima Sharma, 
Ramakrishna Dadigala, Azamal Husen, and Jin-Chul Kim

1.1  Introduction

Cancer continues to be one of the most common causes of death for people all over 
the world (Wen et al. 2020). Since the last two decades, many advances in conven-
tional chemotherapy, radiation therapy, and surgery have been approved in the clin-
ics (Bosset et al. 2006). Although scientists have made enormous efforts to enhance 
these traditional regimens, these selective methods still possess several constraints 
such as low efficacy, serious side effects, and high-risk cancer recurrence (Kim and 
Tomé 2006). Thus, it is necessary to develop approaches with fewer adverse impacts 
and enhance therapeutic performance. Currently, the development of nanomedicine 
has simplified our ability to develop various new nanomaterials (NMs) for simulta-
neous diagnosis and treatment (Jorfi and Foster 2015).

A series of new NMs have been widely used for cancer therapy, i.e., quantum dots, 
polymers, liposomes, dendrimers, nanotubes, inorganic nanoparticles, and so on (Yao 
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et  al. 2016). Of these, nanoparticles with inorganic core have been thoroughly 
explored for several applications, including neurological disease management, bio-
imaging, cancer diagnosis, and treatment (Husen and Siddiqi 2014; Madhusudhan 
et al. 2014; Husen 2017, 2019, 2020; Siddiqi and Husen 2017; Siddiqi et al. 2018; 
Yang et al. 2019; Husen and Iqbal 2019; Alle et al. 2021; Bachheti et al. 2021). For 
example, iron oxide nanoparticles can be used as magnetic resonance imaging (MRI) 
contrast agents and magnetic hyperthermia agent owing to their remarkable magnetic 
properties (Lee and Hyeon 2012; Siddiqi et al. 2016). Due to the excellent tunable 
fluorescent emission, photostability, carbon dots (CDs) have shown great potential in 
labelling the target (Liu et al. 2018a). Besides, gold nanoparticles (AuNPs) have been 
extensively used for biosensing, computed tomography (CT) imaging, and photother-
mal therapy (PTT) because of their high X-ray absorption efficiency, size, and shape-
dependent optical properties (Liu et al. 2018b).

AuNPs have the ability to be used in biomedical applications, according to new 
research. AuNPs have been shown to be easy to synthesize with various shapes and 
sizes and to have several advantages, including unique tunable optical and electrical 
properties, a high X-ray absorption coefficient, the ability to be functionalized by a 
variety of biomolecules (e.g., drugs, genes, and targeting ligands), nontoxicity, bio-
compatibility, and a distinct surface effect. In view of all these unique features, AuNPs 
can be considered the more sensitive material for various biomedical applications.

AuNPs are well known for their photothermal therapy (PTT), which has emerged 
as an important therapeutic section for cancer treatment due to its noninvasive 
nature, low cost, large surface to volume ratio, simple synthesis, and negligible side 
effects or high biocompatibility (Fratoddi et al. 2015). Upon irradiation with near- 
infrared region (NIR), the surface electrons of AuNPs are excited and resonate, 
converting NIR light into heat within picoseconds, and finally increased the tem-
perature of the cancer cell to about 41–47 °C due to SPR resonant peaks, which 
causes irreversible cell damage, such as denaturation of protein and cell membrane 
destruction (Yuan et al. 2014; Kim et al. 2021a, b). AuNPs used in PTT have various 
advantages, including ease of administration to the local tumor area while minimiz-
ing nonspecific dissemination (Alle et  al. 2020). They can be made to penetrate 
biological tissues with NIR laser light and modulated to create a multifaceted cancer 
PTT and drug delivery system.

Another therapeutic advantage of AuNPs is the treatment of cancer via photody-
namic therapy (PDT). Whenever the surgery is not possible, PDT has been consid-
ered a promising early-stage tumor and helps prolonged survival of cancer patients 
(García Calavia et al. 2018). The PDT is cost-effective and is a repeatable process that 
supports the long-term management of the tumor (Agostinis et al. 2011). In PDT, the 
hydrophobic light-sensitive molecules, known as photosensitizers (PS), generate sin-
glet oxygen species (1O2) or reactive oxygen species (ROS) that kills cancer cells (Li 
et al. 2013). AuNPs are known to enhance the photosensitizing properties of PSs, 
possibly due to localized surface plasmon resonance (LSPR) of the metal. Thus, 
AuNPs can increase the PDT efficiency of the PSs (Hone et al. 2002). Studies showed 
that AuNPs could induce a synergistic PDT and PTT effect against cancer cells.

Cancer cells become more radiosensitive in the presence of AuNPs. The radiosen-
sitivity is dependent on the type, size, concentration, and degree of internal 
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localization of AuNPs (Mesbahi 2010). It also depends on the type of cancer cells 
involved and the type of energy source for the radio waves. In addition, the surface of 
AuNPs can be conjugated with a variety of moieties like peptides, folate, ligands, 
antibodies, etc. (Huang et al. 2010c). Hence, AuNPs can be used as biocompatible 
carriers for delivering a variety of drugs and genes for cancer therapy (Mieszawska 
et al. 2013). The high drug delivery efficiency of AuNPs will ensure the better accu-
mulation of the payload at the target. Moreover, by activating the PTT effect of AuNPs, 
the drug release can also be regulated. The functionalization of AuNPs by thiolated 
polymers has also shown to regulate intracellular release (Amina and Guo 2020).

Advance researches on cancer therapy PTT, PDT, radiotherapy, and glucose star-
vation have increased in the last few years (Fig. 1.1). The main aim of the book 
chapter is to elucidate the usage of AuNPs in cancer therapy. Thus, in this book 
chapter, we focused on the cancer therapy strategies rather than synthesis and sur-
face modification of various shapes of AuNPs (nanospheres, nanorods, nanoflowers, 
nanostars) used for cancer therapy (Table 1.1). These strategies will be mainly cat-
egorized by different mechanisms, including PTT, PDT, and synergistic administra-
tion of PTT along with chemotherapy and starvation therapy.

Fig. 1.1 Schematic representation of different AuNPs in various types of cancer therapies

1 Current Trends in Engineered Gold Nanoparticles for Cancer Therapy
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Table 1.1 Properties and biomedical application of gold nanoparticles

Size 
(nm)

SPR peak 
(nm)

Surface 
molecules Target Cell line

Biomedical 
applications Reference

AuNSs
65 820 PEG – SKBR3 cells/

CB17- 
prkdcscid/
Jmice bearing 
canine TVT

PTT Hirsch et al. 
(2003)

130 800 Anti-HER-2 
antibody- 
conjugated 
PEG

HER-2 SKBR3 cells PTT Loo et al. 
(2005)

110 820 PEG, 
anti-HER-2 
nanobodies

HER-2 KB cells PTT Sheikholeslami 
et al. (2011)

160 800 Cystine- 
conjugated 
A54 peptides

BEL-7404 BEL-7404 cells PTT Liu et al. 
(2010)

240 810 DOX – SMM-7721 
cells

Drug 
delivery, 
PTT

Chu and Wu 
(2011)

37 800 PEG c(TNYL- 
RAW) 
peptide- 
conjugated 
SH-PEG/DOX

EphB4 Hey cells/Swiss 
mice bearing 
Hey tumors

Drug 
delivery, 
PTT

You et al. 
(2012)

90 800 PEG,C225 
antibodies/
SPIO NPs

EGFR A431 cells/
nude mice 
bearing A431 
tumors

PTT, MRI Melancon et al. 
(2011)

279 400 ∼ 900 PEG/DOX, 
SPIO NPs

– HeLa cells Drug 
delivery, 
PTT, MRI

Ma et al. 
(2013)

370 400 ∼ 900 PEG/PFOB, 
SPIO NPs

– HT-1080 cells/
Balb/c nude 
mouse 
implanted with 
HT-1080

PTT, MRI, 
US imaging

Ke et al. (2014)

AuNRs
12/50 
(width/ 
length)

800 PSS, 
anti-EGFR 
antibodies

EGFR HOC 313, 
HSC-3 cells

PTT Huang et (al. 
2006)

12/50 800 PEG – Nu/nu mice 
implanted with 
HSC-3 tumors

PTT Dickerson 
et al. (2008)

23/45 708 CTAB, CD11b 
antibodies

Leukocyte 
integrin Mac-1

Raw 264,7 
murine 
macrophage 
cells

PTT Pissuwan et al. 
(2007a, b)

(continued)

M. Alle et al.
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Table 1.1 (continued)

Size 
(nm)

SPR peak 
(nm)

Surface 
molecules Target Cell line

Biomedical 
applications Reference

20/40 692 CTAB, 
anti- 
Toxoplasma 
gondii 
antibodies

T. gondii T. gondii 
tachyzoite

PTT Pissuwan et al. 
(2007a, b)

10/40 800 CTAB, 
chitosan- 
conjugated, 
pluronic-based 
nanocarriers

– SCC7 cells/
athymic nude 
mice bearing 
SSC7 tumors

PTT Choi et al. 
(2011)

14/53 760 Hyaluronic 
acid- 
conjugated 
nanographene 
oxide/DOX

Hyaluronan 
receptor, 
cluster 
determinant 44

Huh-7 cells Drug 
delivery, 
PTT

Xu et al. 
(2013)

13/47 810 PEG – Nude mice 
bearing 
MDA-MB-435 
tumors

PTT, CT 
imaging

von Maltzahn 
et al. (2009)

12/38 735 Poly-l-lysine, 
silica shells

– Atherosclerotic 
human right 
coronary artery 
sections

US 
imaging, 
PA 
imaging, 
PTT

Yeager et al. 
(2014)

17/62 783 Polydopamine, 
anti-EGFR 
antibodies

EGFR OSCC15, 
MDA-MB-231, 
MCF7 cells

OCT, PT Black et al. 
(2013)

AuNSTs
60 635 Anti-HER-2 

antibodies
HER-2 SKOV3 cells PTT Van de Broek 

et al. (2011)
35 810 PEG – SKBR3 cells PTT Yuan et al. 

(2012b)
50 800 PEG,TAT 

peptides
– BT549 cells PTT Yuan et al. 

(2012a)
58 780 Cyclic RGD 

peptides, DOX
∼ Integrin αv 
β3

MDA-MB-231 
cells

Drug 
delivery, PT

Chen et al. 
(2013)

Reprint with permission from Hwang et al. (2014). Copyright (2014) Future Medicine
CT Computed tomography, CTAB Cetyltrimethylammonium bromide, DOX Doxorubicin, EGFR 
EGF receptor, AuNC Gold nanocage, AuNP Gold nanopopcorn, AuNR Gold nanorod, AuNS Gold 
nanoshell, AuNST Gold nanostar, AuV Gold vesicle, HB Hypocrellin B, NP Nanoparticle, OCT 
Optical coherence tomography, PA Photoacoustic, PFOB Perfluorooctyl bromide, PNIPAM 
Poly(N-isopropylacrylamide), PSMA Prostate-specific membrane antigen, PSS Poly(sodium-p- 
styrenesulfonate), PT-OCT Photothermal optical coherence tomography, PTT Photothermal ther-
apy, SAN “Smart” gold nanoparticle, SPIO Superparamagnetic iron oxide, SPR Surface plasmon 
resonance, SWCNT Single-wall carbon nanotube, TCaP Calcium phosphate, TVT Transmissible 
venereal tumor, US Ultrasound

1 Current Trends in Engineered Gold Nanoparticles for Cancer Therapy



6

1.2  Key Properties of AuNPs Important for Cancer Therapy

1.2.1  Importance of NIR in Biological Applications

In the cancer cells, AuNPs show significant light absorption at the wavelength of the 
NIR region, ranging between 650 and 1350  nm (Vijayaraghavan et  al. 2014). 
However, healthy tissues do not absorb light at this spectral region (Riley and Day 
2017). Furthermore, light scattering is reduced at longer wavelengths. As a result of 
the limited scattering and NIR absorption, deep tissue penetration is possible (Dang 
et al. 2019). Depending on the tissue type, the penetration depth will range from 1 
to 10 cm (Zhang et al. 2016a).

1.2.2  The Influence of SPR on AuNP-Based 
Cancer Application

The oscillating electric field of light causes the conduction band electrons on the 
surface of AuNPs to polarize, and the polarized electrons undergo mutual coherent 
oscillations with respect to the positive ions in the metallic lattice; these oscillations 
are known as surface plasmon oscillations (Fig.  1.2). Since it has the same fre-
quency as the incident light, it is also known as surface plasmon resonance (SPR) 
(Huang et al. 2010b).

The frequency of SPR is strongly dependent on the size and shape of the nanopar-
ticles. There is only one SPR frequency for spherical AuNPs, i.e., about 520 nm in 
the visible region, responsible for the spherical AuNPs’ intense red color. Two SPR 
frequencies, defined as the longitudinal and transverse bands, occur for gold 
nanorods (AuNRs) (Fig. 1.2). Similar to the SPR frequency of the spherical AuNPs, 
the transverse band is a weak absorption band in the visible field for electron oscil-
lations, which occur in the transverse direction (Fig. 1.2). The longitudinal band is 
aligned with the longitudinal path of electron oscillations and has a heavy absorp-
tion band in the vis-NIR region (Madhusudhan et al. 2019).

As the excited surface plasmon electrons relax, they may either emit light with 
the same energy as the incident light (SPR dispersion) or transfer the absorbed 
energy to the metallic lattice in the form of thermal energy. The hot lattice is then 
cooled by phonon-phonon interactions, and the heat is transferred to the surround-
ing medium (Sperling et al. 2008). This is the basis for all applications of plasmonic 
nanoparticle-based PPT. Because both scattering and absorption components are 
included in the SPR band of NPs, tuning the NP shapes and sizes will significantly 
change their dispersion and absorption properties (Hu et al. 2006). It is known that 
with an increase in the aspect ratio of the AuNRs, the longitudinal band undergoes 
a redshift, and the absorption portion of the longitudinal band decreases while the 
scattering component increases (Lee and El-Sayed 2005). As a result, for NIR imag-
ing applications, larger AuNRs with high scattering efficiency are preferred, whereas 
smaller AuNRs with high absorption efficiency are preferred for photothermal 
applications.

M. Alle et al.
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1.2.3  Comparison of the NIR-Absorbing AuNPs

For cancer cell sensing and therapies, some commonly used AuNPs in NIR absorp-
tion are gold nanoshells (AuNSs), gold nanocages (AuCNs), and AuNRs. Since this 
wavelength range of light can safely and deeply penetrate normal tissue to reach 
AuNPs embedded inside tumors, the AuNPs used in PTT may be engineered based 
on absorbing light within the first (650–850 nm) or second (950–1350 nm) NIR 
windows. The efficacy of AuNPs in cancer treatment is determined by using light 
scattering and absorption within one of these two regions of light. The common 
AuNPs have been designed to maximally absorb within 800 nm, which can safely 
penetrate 2–3 cm of tissue. The discrete dipole approximation (DDA) method is 
used to compare these properties after adjusting their structure to tune their SPR 
band to 800  nm. To obtain the SPR peak at 800  nm, AuNRs’ width and length 
should have an aspect ratio of 3.6 and 20 nm, respectively. AuNSs’ shell thickness 
and silica core diameter are 3.2 nm and 50 nm, respectively. AuNCs’ inner edge 
length and wall thickness are 50 nm and 6 nm, respectively. As per DDA results, the 
absorption and scattering section of AuNRs and AuNCs are similar, and they are 
also more significant than that of AuNRs (Li and Chen 2015). The higher absorption 
section of AuNRs and AuNCs is considered ideal candidates for the PTT agents (Hu 
et al. 2006). For instance, per gram of gold producing heat of AuNRs is six times 
faster higher than AuNCs (Von Maltzahn et al. 2009). However, structural modifica-
tion of the Au nanostructures during synthesis provides a shift of the absorption 
band to the desirable therapeutic window (650–950 nm).

Fig. 1.2 Surface plasmon resonances of spherical gold nanoparticles (AuNPs) and gold 
nanorods (AuNRs)

1 Current Trends in Engineered Gold Nanoparticles for Cancer Therapy
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1.3  Photothermal Therapy (PTT)

Hyperthermia is a type of medical treatment in which body tissues are exposed to a 
slightly higher temperature in the range of 41–47 °C than normal conditions to dam-
age and destroy the tumor tissues (D’Acunto et  al. 2021). This therapy might 
increase therapeutic efficacy and reduce the undesired side effects. The excision of 
cancer cells at the temperature of 41–47 °C is possibly due to irreversible DNA 
damage and protein distortion in the cellular membrane due to their poor blood sup-
ply. To deliver heat to tumors, various sources are used, including hot water, ultra-
sound, microwave, and radiofrequency radiation, and have been studied (Zhu et al. 
2019). Although these methods effectively heat the cancer cells, unfortunately, they 
lack the specificity for the cancer cells, which results in systemic toxicity. This 
results in whole-body hyperthermia exposure which can cause cardiovascular side 
effect and gastrointestinal symptoms (Robins et al. 1985). In this regard, another 
alternative therapy needs to solve these problems.

PTT is non-invasive hyperthermia related emerging cancer treatment method. 
This method aims to destroy cancer cells while preventing damage to the healthy 
cells (Ma et al. 2016). In PTT, the absorbed light turns into heat or thermal energy, 
and tumor cells induce necrosis or apoptosis due to higher temperature. Heat can be 
selectively oriented to cancer cells by directed and directionally controlling incident 
radiation and by region-specific administration of photosensitizers, resulting 
in localized heat transfer to the surrounding area, making PTT more effective than 
other hyperthermia. The use of laser wavelength and the tissue penetration of light 
are the major concerns for the efficacy of PTT. The NIR light is believed to have a 
maximum ability to penetrate tissues because the majority constituents of biotis-
sues, including water, skin, hemoglobin, and other pigments, have shown negligible 
absorption and scattering of light in this region (Zhang et al. 2016c). Hyperthermia 
is possible in the presence of a photo-absorbing agent and NIR light; however, PTT 
itself causes significantly less damage to normal cells. Recently, PTT has been the 
focus as compared to chemotherapy, radiotherapy, and surgery for tumor treatment 
because of its low invasive risk and high specificity.

The natural chromophores in the tissue or externally added dye molecules such 
as indocyanine green, naphthalocyanines, and porphyrins coordinated with transi-
tion metals have been explored as the photo-absorbing agents. Normal chromo-
phores, on the other hand, have a very low absorption rate. The best photothermal 
agents were chosen based on their large absorption cross sections and high light-to- 
heat conversion efficiency. This reduces the amount of laser energy needed to kill 
diseased cells locally, making the therapy process less invasive. Nevertheless, these 
PSs have specific limitations such as vulnerability to photobleaching, low absorp-
tion cross section, and poor specificity for cancer cells. As a result, incorporating 
nanomaterials into PTT could be advantageous (Huang et al. 2008). PTT or their 
combination therapy has been tested in animal models of the lung and bone, includ-
ing lymph metastasis from various cancers, and has shown to be successful.

M. Alle et al.
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1.3.1  AuNPs for PTT

To date, various NMs are used in PTT. All AuNPs have been considered the most 
important inorganic NMs for cancer treatment by PTT due to their plasmon reso-
nance tunability, simple surface functionalization, and high photothermal conver-
sion efficiency. Additionally, AuNPs have higher photostability, and they do not 
suffer from photobleaching (Hwang et al. 2014). Other advantage to use AuNPs in 
PTT is that the optical properties of AuNPs can be tuned by controlling their struc-
ture dimension so that they adsorb NIR light (650–1350 nm), which is suitable for 
PTT because it can safely penetrate deeply through normal tissue to reach AuNPs 
embedded within tumor. The absorbed NIR light by AuNPs is then converted as 
heat which is effectively used for PTT. Besides, such plasmonic AuNPs have not 
been found with a severe side effect, thermal instability, and preclinical intolerance; 
hence, they can quickly enter into the cancer cells due to strong enhanced permea-
bility and retention (EPR) effect (Her et al. 2017). Importantly, tumor blood vessels 
contain a high number of pores; thus, injected AuNPs may leak out, resulting in 
aggregation of AuNPs around the tumor interstitial fluid (Baeza et al. 2016). Due to 
this phenomenon, AuNPs can stay long within the tumor cells, which stimulates 
high radiation absorption and provides effective treatment without serious side 
effects (Abadeer and Murphy 2016).

Since the early twentieth centuries, various type of AuNPs, i.e., Au nanospheres, 
AuNRs, AuNCs, AuNSs, and Au nanocage, have been used in PTT owing to their 
strongly enhanced absorption in the NIR regions on account of their SPR oscilla-
tions (Table 1.2). Out of these first three have a great deal of scientific attention in 
PTT, because of their easy synthesis process and functionalization and adjustable 
optical properties. The tumor treatment efficiency mainly depends on the light scat-
tering and absorption properties of the AuNPs, which can be compared by the DDA 
method after tuning the SPR peak at 800 nm with adjusting structure (Yasun et al. 
2013). The gold nanoparticles’ SPR peak is 800 nm, and if AuNRs may have width 

Table 1.2 Shows the characteristics of AuNPs. A description of the properties of different AuNPs

Particles Sketch Size λspr (nm) Cabs ηabs Cabs/Cext

Au sphere r = 20 nm 528 2827 2.3 0.94
Si core/Au shell r1 = 20 nm r2 = 75 nm 800 45,769 2.6 0.53
Au2S core/Au shell r1 = 21 nm r2 = 25 nm ~780 2750 1.4 ˃0.9

Au roda r1 = 13 nm r2 = 49 nm 797 5674 13.8 0.93
Au cageb r1 = 36.7 nm r2 = 3.3 nm 800 7260 5.4 0.90

Note: The terms in the table are SPR wavelength (λspr), absorption cross section (Cabs), absorption 
efficiency (ηabs = Cabs/A), and the ratio of absorption over extinction (Cabs/Cext)
Adopted from Stabile et al. (2020)
aL1 and L2 are the width and length of the rod. Effective radius (sphere with the same volume reff 

=11.43 nm) is used to calculate the geometric cross section
bL is the outer length of the cubic and t is the thickness of the cage. The geometric cross section 
used is L2

1 Current Trends in Engineered Gold Nanoparticles for Cancer Therapy
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and length aspect ratio of 30.6 and 20 nm, AuNSs may have gold shell thickness, 
and silica core diameter is 3.2 nm and 50 nm, and AuNCs may have an inner edge 
length and wall thickness of 50  nm and 6  nm, respectively. According to DDA 
results, the absorption and scattering cross sections of AuNRs and AuNCs are simi-
lar, and they are considerably larger than those of AuNSs (Hu et al. 2006). AuNRs 
and AuNCs have extinction cross-sectional coefficients that are more than twice as 
high as AuNSs. AuNRs and AuNCs are ideal candidates for PTT because of their 
broad absorption cross section (Hu et  al. 2006). Heating per gram of gold for 
AuNRs, for example, is at least six times faster than for AuNSs (von Maltzahn 
et al. 2009).

AuNPs in the PTT treatment process involve the collision of laser radiation into 
AuNPs and the electron excitation of NPs; then, the electrons achieve new equilib-
rium Fermi electron distribution during energy redistribution (Qin and Bischof 
2012). Hot electrons send their energy to the lattice, and heat is transmitted to the 
atmosphere in picoseconds by phonon-phonon dispersion, and AuNPs cool rapidly 
(Huang et al. 2008). Thus, fast local heat is produced due to excitation; the tempera-
ture of hot electrons rises to thousands of degrees Kelvin, and the lattice tempera-
ture exceeds 10 °C when AuNPs are irradiated by NIR (Mocan et al. 2013). This 
makes AuNPs ideal for the treatment of cancer using PTT.  In particular, a low- 
power laser can be used in AuNP-mediated PTT in which damage to normal tissue 
surrounding it and consequent side effects decrease in normal cells while cancer cell 
death increases (Rau et al. 2016). Due to temperature variations, various physical 
and biological responses occur based on the laser intensity, including phase modifi-
cation of the lipid membrane, accompanied by nanoscale membrane melting, dena-
turation of the proteins surrounding AuNPs, rapid melting of DNA, the release of 
surface AuNP molecules, and water evaporation around the nanoparticles (Qin and 
Bischof 2012). The combination of the special properties of AuNPs with PTT that 
leads to cancer cell death is seen in Fig. 1.3.

The photothermal conversion efficacy of AuNPs in PTT is dependent on many 
factors, among which the structural dimension is one of the key factors. In general, 
the AuNPs’ size reduces the ability to convert light into heat increase; thus, PTT’s 
efficiency is enhanced (Du et al. 2017). Other studies reported that in gold silica 
nanoshells, the thickness of gold in nanoshells increases with the absorption of 
light; however, the therapeutic heat effect was reduced (Park et al. 2015). Laser flux 
distribution is the second aspect that affects cell death based on the duration and 
strength of laser influence. Lasers in pulsed mode (and especially with high pulse 
energy) are associated with powerful heating effects that can have many implica-
tions. Compared to continuous-wave lasers (CW), the pulsed laser with a brief pulse 
length provides a larger amount of energy to tissue. Pulsed lasers often induce a 
phase shift in the water due to heat transfer to water, and hence bubbles are formed 
in the biological system (Rau et al. 2016). Bubbles have been reported to be sub-
stantially created by AuNPs irradiated by pulsed lasers in the cytoplasm. Therefore, 
the gain is the use of pulsed lasers in the presence of AuNPs, so that the pulse laser 
intensity can be decreased while having the same effects (Qin and Bischof 2012).

M. Alle et al.
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It has been seen that the laser power density directly influences cellular disrup-
tion, where the cell death rate increases with an increase in the laser power density 
(Zhang et al. 2016a). In addition to the high PPT effect, high-energy laser irradia-
tion also causes nonspecific damage to cells (Park et al. 2015). These results show 
the significance of the suitable selecting power to reduce the harmful effect in the 
healthy tissues near cancer. The laser power in the wavelength range 808–980 nm, 
which has about 330–350 mW/cm2 with a radiation time of 10 to 100 s, has shown 
skin tolerance threshold (Vankayala et al. 2014b). The threshold level of cell dam-
age occurs when optimized laser power is used in PTT. In addition, the laser irradia-
tion time increases when the temperature is enhanced; this simultaneously increased 
cell destruction.

The efficacy of AuNP-mediated PTT depends on the amount of AuNPs accumu-
lated within the tumor cells (Wang et al. 2016). In addition to this, size, shape, sur-
face modification and incubation time may also affect the efficacy of PTT (Liu et al. 
2015b). For example, the incubation time of AuNPs with cancer cells increases, the 
amount of AuNPs’ internalization into cancer cells increases, and hence, the PTT 
efficiency is also increased (Yang et al. 2015). Various parameters used in AuNP- 
mediated PTT and also their results are shown in Table 1.3.

1.3.2  Surface Modification of AuNPs for PPT

AuNPs used in PTT mainly depend on two parts, i.e., core and peripheral part. The 
core part is responsible for converting the absorbed light into heat, which is utilized 
for hyperthermia treatment. The peripheral part acts in stabilizing AuNPs to the 
physiological environments and is also used as loading of targeting agents. It can 

Fig. 1.3 Illustration of various forms of gold nanoparticles used in PTT

1 Current Trends in Engineered Gold Nanoparticles for Cancer Therapy
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enhance cancer cell identification and subsequently increase their uptake by tumor 
cells (Du et al. 2017). Even though AuNPs can enter tumor cells without targeting 
agent on their surface, they cannot accurately determine the location to kill tumor 
cells (Liu et al. 2010). If non-targeted AuNPs enter the normal cells, unwanted side 
effects occur in the normal cells. Therefore, the effective treatment of cancer is not 
possible using PTT without the differential cellular uptake of the AuNPs between 
normal and tumor cells. Thus, the attachment of AuNPs to effective targeting ligand 
is the best strategy for the treatment of cancer with minimal side effect and reducing 
laser power which consequently enhances the safety of AuNP-mediated PPT (Park 
et al. 2015).

Here, we focus on how AuNPs can be surface modified with thiol (-SH) and 
amine (-NH2) groups in order to actively target the cancer sites (Mendoza-Nava 
et al. 2013). The tagging ligands may be proteins, antibodies (Abs), aptamers, pep-
tides, folic acid, and small molecules, which improve the stability and facilitate the 
identification and attachment of specific receptors present on the tumors (Zhang 
et al. 2016a). The tagged molecules are biocompatible and sustained their biological 
activity after binding to the surface of the AuNPs (Liu et al. 2015b). Due to the tar-
geting functionalization, the selective delivery of AuNPs to the tumors offers local-
ized heating at the tumors sites. In this way, the unwanted side effects associated 
with conventional tumor treatment are averted. Once AuNPs accumulate into 
tumors, NIR irradiation can trigger photothermal heating. For instance, tagged 
AuNPs selectively bonded to the CD-44 cells, and after NIR light irradiation, it has 
shown a significant therapeutic effect compared to untagged AuNPs (Zhang et al. 
2016a). These results indicated that after functionalizing AuNPs with appropriate 
targeting molecules, the therapeutic efficacy of the AuNPs in PTT had been 
increased five times compared to without tagged one (Du et al. 2017). Other recent 
studies have also shown that PTT’s efficiency is increased after attaching targeting 
molecules on AuNPs’ surface.

The recognition and attachment of the AuNPs to the tumor-targeting molecule is 
responsible for their particular PTT activity. For this purpose, the various surface 
modifying strategies for AuNPs have been adopted. One of the strategies is coating 
AuNPs with polyethylene glycol (PEG). The PEGylation is used to increase the 
hydrophilicity, passive targeting ability, and blood retention time of AuNPs (Ma 
et  al. 2016). The citrate and cetyltrimethylammonium bromide (CTAB) covered 
AuNPs, AuNRs, and AuNSs and have inadequate stability when they are dispersed 
in buffer solution due to the aggregation effect of the salt ion. By covering AuNPs 
with PEG, the biocompatibility is greatly enhanced and also prevents the aggrega-
tion of AuNPs. The PEGylation occurs via thiol functionalization between PEG and 
AuNPs. In addition, folic acid (folate) can also be used as an active tumor-targeting 
agent due to the folate receptor on the tumor cells. Folic acid is immunogenic, a 
water-soluble vitamin. Foliated AuNPs are widely used to detect various types of 
tumor cells (ovarian, kidney, lung, and thyroid cancerous tissues). Foliation may 
occur through either esterification or ammoniation between folic acid and capped 
AuNPs (Khoshgard et al. 2014). For example, Wei and coworkers showed that foli-
ated AuNRs can be used for the specific targeting of the surface of the KB tumor 
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cells. The tagged AuNPs preferentially enter into tumor sites through the EPR effect 
(Hirsch et al. 2003).

The aptamer-based targeting is more active, specific, and efficient. Aptamers are 
oligonucleotides of DNA or RNA, binding to specific proteins of cell membrane 
with a three-dimensional structure (Sun et al. 2013). It can be tagged to the surface 
of the AuNPs by the thiol functional group. Aptamer used as a targeting agent has 
many advantages such as simple synthesis, smaller size, easy surface modification 
procedure, and storage. Recently, aptamer is replaced by other targeting agents such 
as antibodies due to its advantages (Azhdarzadeh et al. 2016). These aptamers can 
also detect lower-density tumor cells with a higher sensitivity and higher affinity for 
binding to the AuNPs’ surface. Due to the higher affinity, the concentration of 
AuNPs in tumor cells increases, and PTT’s efficacy is also increased simultaneously 
(Du et al. 2017).

The Abs-conjugated AuNPs provide an effective and selective tumor targeting 
method. The Abs is selected to target a specific tumor marker. For example, AuNPs 
with anti-VEGF Abs absorbed on the surface provided to be more efficient for the 
induction of apoptosis in β-chronic lymphocytic leukemia cells as compared to 
AuNPs without Abs. AuNPs immobilized Abs should retain their optimal activities, 
which is vital to the active targeted imaging and therapy where the conjugated 
AuNPs can target specific cells (Huang et al. 2008). The conjugation of the Abs 
depends upon several factors, including particle shape, protein structure, and conju-
gation strategies. The commonly accepted strategies are physical absorption (hydro-
phobic or electrostatic interaction) and chemical binding between the functional 
group on the Abs and the metal surface of NPs (Jazayeri et al. 2016). Accumulation 
of the Ab-conjugated AuNPs in tumor cells is selective to PPT. In addition to spe-
cific binding to the tumor cells, Abs also damages the tumor cells by blocking the 
signal pathway.

Polymeric peptide amino acid sequences also have good targeting properties. 
Therefore, it may be possible to achieve innovations in targeted PTT applications. 
Compared with a monoclonal antibody, the peptides are applied as targeting agents 
in PTT because they have some advantages: less immunogenicity, highly biocom-
patibility, and better pharmacokinetic properties (Heidari et al. 2015). The peptide- 
tagged AuNPs can have higher internalization into cells as compared to Abs-tagged 
AuNPs. AuNRs conjugated with peptides significantly minimize cancer cell sur-
vival in PTT with minimal damage to surrounding cells, according to a report (Sun 
et al. 2013).

1.3.3  Cellular Uptake of AuNPs for PTT

In addition to developments in the production of suitable AuNPs, it is important to 
examine their destination for treatment as a deciding factor in the efficiency of light 
to heat conversion (Espinosa et al. 2016). AuNPs have a therapeutic effect based on 
their location within or outside the cells (Zhang et al. 2016b). AuNPs may either 
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stay on the cell surface or may cause biological responses via various cellular 
absorption pathways. The biggest barrier to entering AuNPs into the cell is the cell 
membrane (Qin and Bischof 2012). A non-invasive and permanent approach for the 
death of tumor cells is causing damage to the cell membrane by PTT. It has also 
been shown that AuNPs attached to the cell membrane require lower laser power 
than the internalized AuNPs in the cells for photo-thermolysis induction (Sun 
et al. 2013).

On the other hand, tumor cells are weakened merely because of the presence of 
AuNPs in the membrane of the cells, through which AuNPs are unable to reach the 
cells through endocytosis; whereas the necrotic phase happens through their intro-
duction into the cells during PTT (Rau et al. 2016). Another gain of incorporating 
AuNPs into PTT cancer cells is the elimination of side effects, as it eliminates the 
need for elevated doses of AuNPs. The investigation of intracellular events will also 
help to better understand the PTT process mediated by AuNP (Kodiha et al. 2015).

The endocytosis of NPs is primarily achieved by the phagocyte system, an ener-
getic operation, and by non-phagocytic processes (pinocytosis), including multiple 
mechanisms like endocytosis mediated by caveolae (Stern et al. 2012). Therefore, 
in various cells, the function of the NPs’ entry into cells may be different. Often, 
because of their high metabolic activity, tumor cells have a greater potential for 
endocytosis relative to normal cells (Aşık et al. 2016). The internalization of NPs 
into cells plays a significant role in causing permanent damage and cytotoxicity. The 
internalization ability of AuNPs into a cell depends on many factors, including the 
size morphology, surface charge, and concentration of AuNPs, length of exposure 
of AuNPs to tumor cells, as well as the type of cell and type of ligand (Wang et al. 
2011). A significant factor affecting their cellular uptake, intracellular dissemina-
tion, and cytotoxicity is the scale of the AuNPs. Cellular responses to PTT are also 
dependent on the size of AuNPs; a study of different sizes of spherical AuNPs has 
shown that the size of 50 nm has the greatest efficiency in accessing the cell (Aşık 
et al. 2016). AuNPs of different sizes show various degrees of contact with the cells’ 
membrane, and hence a different cellular uptake occurs. Owing to electrostatic 
interactions with the cell membrane, the positive charge on the surface of the AuNPs 
increases cellular absorption (Du et al. 2017). The addition of ligands can increase 
the positive charge on the AuNP surface to the AuNP surface (Sun et al. 2013). So 
the internalization of the AuNPs into the cells increases.

Moreover, PEGylation also increases cellular absorption to improve the stability 
of AuNPs. Functionalized AuNPs can also bind to receptors on the surface of the 
membrane and normally reach the cells through receptor-mediated endocytosis 
(Lee et al. 2015). Cellular uptake therefore relies on both the incubation time of the 
AuNP cells and the type of cell. The longer the AuNPs are incubated, the probabil-
ity of more AuNPs entering the cell increases (Zhang et al. 2016b). These properties 
also influence the intracellular position of AuNPs (Alfranca et al. 2016). The use of 
high-intensity lasers will improve the membrane cells’ permeability so that more 
AuNPs can reach the cells.

For AuNP-mediated PTT using NIR light, cellular absorption of AuNPs is essen-
tial, and targeting particular intracellular organelles may also enhance PTT efficacy. 
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The mechanical damage and consequent effectiveness of PTT will increase if 
AuNPs accumulate in the subcellular components (Kodiha et al. 2015). In cell apop-
tosis activation, attacking lysosomes and mitochondria as two intracellular organ-
elles plays a crucial role (Zhang et al. 2016b). Functionalized AuNPs can bind to the 
cells’ surface receptors, as stated, and the endocytosis process mediated by the 
receptor occurs (Wang and Thanou 2010). The endosome that has been formed will 
ultimately be paired with lysosomes (Lee et al. 2015). There are acidic pH and sepa-
rate hydrolytic enzymes in the lysosome, a stable condition for AuNPs. In general 
experience, in the presence or absence of AuNPs, equilibrium in normal cells’ lyso-
some membrane avoids lysosomal damage. Although the lysosomal membrane of 
tumor cells is relatively vulnerable, hydrolytic materials are released and can be 
transferred to other organelles, such as mitochondria, due to their degradation by 
AuNPs (Zhang et  al. 2016b). The development of hydrolytic enzymes increases 
through the aggregation of AuNPs in lysosomes, contributing to an increase in lyso-
somal activity and ultimately leading to a breach of the lysosomal membrane 
(Mkandawire et al. 2015).

As the main site of energy production, mitochondria are an effective focus for the 
treatment of tumors (Kodiha et al. 2015). Tumor cells have displayed substantial 
metabolic activity in contrast to normal cells, resulting in mitochondrial damage 
(Mkandawire et al. 2015). NIR excites AuNP electrons, and, as a result, the phono-
phonic process interfaces with the electron transport chain of mitochondria. The 
mitochondria have also undergone oxygen deficiency (Mocan et  al. 2013). This 
decrease in the amount of oxygen and the other effects of AuNPs on mitochondria, 
including the activation of cytochrome c enzymes and active oxygen species, trig-
gers cell apoptosis (Zhang et al. 2016b). In other words, through local accumulation 
in mitochondria, AuNPs can cause heat oxidation during PTT. Cavities greater than 
2 nm in the mitochondrial internal membrane that inhibit the cellular uptake of the 
AuNPs to the mitochondrial matrix are the remaining problems in mitochondrial 
therapy (Mkandawire et al. 2015). The research investigated the apoptosis process 
in tumor cells in the presence of AuNPs and found that only a small number of 
AuNPs were involved in mitochondrial disruption, unlike lysosomes. This non- 
selective accumulation revealed that AuNPs could not be directly involved in mito-
chondrial damage; thus, lysosomal protease could be the source of the damage 
(Zhang et al. 2016b). It has been documented that AuNPs migrate toward lysosomes 
with certain particular ligands, and other ligands move AuNPs toward the mitochon-
dria; in other words, AuNP surface ligands play a significant role in the movement 
of NPs within cells (Mkandawire et al. 2015).

Since the cell nucleus is such an important organelle for survival and prolifera-
tion in comparison to other organelles within the cell, considering AuNPs’ impact 
on the nucleus is critical (Kodiha et al. 2014), and the nucleus can be chosen as a 
suitable target for AuNP-mediated PTT. AuNPs are present in other organelles such 
as endosomes and lysosomes before being internalized into cells, as previously 
mentioned. As a consequence, in order to enter the nucleus, they must escape these 
organelles via the cytoplasm (Yang et al. 2014). If AuNPs are to be delivered to the 
nucleus, the size of the nuclear pore complex (NPC) transport channels must also be 
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considered. Since the number of NPCs differs depending on a cell’s activity level 
and the nuclear transport machinery is often altered in different cancer cells, there 
is no specific procedure for NP internalization into the nucleus in various tumoral 
cells (Kodiha et al. 2015). AuNPs can alter nuclear morphology, reorganize nuclear 
laminae, and ultimately inhibit nuclear functions, reducing the subnuclear compart-
ments that produce ribosomes in particular. PTT has been shown to improve some 
of these effects, resulting in an increase in cancer cell proliferation (Kodiha 
et al. 2014).

1.4  Photodynamic Therapy (PDT)

Both PTT and PDT are examples of light-triggered non-invasive tumor treatments 
against several types of cancers and non-oncology diseases (Vijayaraghavan et al. 
2014). The US Food and Drug Administration approved the PDT as a promising 
medically recognized treatment method with a selective cytotoxic activity to malig-
nant cells (Konan et al. 2002). In this method, non-toxic PS are irradiated with a 
specific wavelength of light that leads to the destruction of the target cell via oxida-
tive damage (Murphy et al. 2010). In PDT light source, PS and oxygen are the key 
components that act simultaneously; none of this is individually toxic to the target 
cells. However, when the PS are excited with a certain wavelength of light and gen-
erate ROS, they cause significant toxicity to the targeting cells through which cell 
apoptosis and necrosis occur (Lucky et al. 2015). PS are initially transferred to the 
target cells to be treated, subsequently photoactivated by illumination of light at 
specific wavelength. The activated PS energy is transited to oxygen molecules, 
which releases reactive oxygen species (ROS) or singlet oxygen (1O2), which initi-
ates a series of biochemical events that cause cytotoxicity of neoplastic cells and the 
regression of tumor (Wang and Lu 2018).

1.4.1  Mechanism of the PS in PDT

Figure 1.4 depicts the exact process of PDT using PS in a simplified Jablonski dia-
gram. A PS receives a photon of light and transitions to the excited singlet state 
(1PS*). The excited PS can either decay to the ground state, releasing fluorescence 
for clinical imaging and photodetection, or undergo intersystem crossing (ISC), in 
which the spin of its exciting electron inverts to form a relatively long-lived triplet 
state (3PS*) (Castano et al. 2004). The triplet-excited PS can then interact directly 
with a substrate, such as a cell membrane or a molecule, and transfer a proton or an 
electron to form a radical anion or cation, which then interacts with oxygen to form 
oxygenated products such as superoxide anion radicals, hydroxyl radicals, and 
hydrogen peroxides (type I reaction). Alternatively, the energy of the excited PS can 
be transferred directly to molecular oxygen (a triplet in the ground state) to form 1O2 
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(type II reaction). The transition of oxygen from the triplet ground state to the 
excited singlet state requires 22 kcal mol−1, which corresponds to a wavelength of 
1274 nm (Yamaguchi et al. 1981). As a result, only a small amount of energy is 
needed to generate 1O2 (MACDONALD and DOUGHERTY 2001). The cell-killing 
and therapeutic effects of PDT are due to the byproducts produced as a result of the 
type I and type II reactions. It’s worth noting that both type I and type II reactions 
can occur at the same time, and the ratio between them is determined by the PS type, 
as well as the molecular oxygen and substrate concentrations present. However, 
most studies show type II reactions, implying that 1O2 plays a significant role in 
PDT (Ding et al. 2011).

By transferring an electron from the triplet PS to the oxygen molecule, the type 
I reaction produces a superoxide anion. While superoxide does not cause oxidative 
damage in and of itself, it can react with itself to produce H2O2 and oxygen. The 
superoxide dismutase enzyme will catalyze this reaction, which is now known as 
“dismutation.” In this case, superoxide serves as a reducing agent rather than an 
oxidizing agent. This is because superoxide donates an electron to reduce metal ions 
(such as Fe3+) that serve as catalysts in the conversion of H2O2 to hydroxyl radicals 
(OH‧). The reduced metal (Fe2+) or MNPs (AuNPs) act as a catalyst to break the 
oxygen-oxygen bond of H2O2 to produce a hydroxyl radical (OH•) and a hydroxide 
ion (OH−) (Alle et al. 2021). The highly reactive oxygen species of 1O2 and per-
oxynitrite (OONO-) may form when superoxide reacts with the OH• and nitric oxide 
(NO−). This oxidizing agent directly reacts with tumor tissue and irreversible dam-
age to tumor cells.

The classical approach for the destruction of tumor cells is when PS utilize light 
energy to produce cytotoxic oxygen-based species, such as 1O2, free radical, and 
peroxides, leading to tumor cell death. The generated cytotoxic oxygen-based spe-
cies react with DNA, protein, or other cellular compartments, which results in the 
irreversible damage of the cell structure and function (Zhou et al. 2016). Besides 

Fig. 1.4 Schematic illustration of a typical photodynamic reaction
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this, PDT itself destroys malignant microvessels, resulting in the scarcity of the 
oxygen and nutrition supply to the tumor tissues. Unfortunately, most available PSs, 
such as hematoporphyrin and phthalocyanine, absorb light energy only over wave-
lengths shorter than 600 nm, a severe drawback for PDT.  In addition, they have 
another drawback: poor solubility in water, nonspecific targeting, and low chemical 
stability. As a result, they quickly accumulate under physiological conditions, low-
ering the quantum yields of ROS output dramatically (Dolmans et al. 2003). Even 
with the modified PS for increased solubility, their selective aggregation at target 
cells is inadequate for clinical effectiveness. As a result, much work has gone into 
designing new PSs or chemically modifying existing ones with high absorption 
cross sections in the NIR region.

1.4.2  AuNPs for PDT

Engineered AuNPs have been used successfully as a PS in PDT treatment. As 
AuNPs are photoexcited with a specific wavelength of light, the exciting light 
energy may be passed to neighboring molecular oxygen (O2) or organic PS, generat-
ing 1O2 (Lucky et al. 2015). In terms of their active roles in PDT, AuNPs could act 
as catalysts for the production of free radicals from dissolved oxygen, as well as 
ROS modulators and light sources for photosensitizer activation. It is known that the 
PS activity of AuNPs can occur in two ways, such as AuNPs encouraging the pho-
tosensitization of PS to produce 1O2 and AuNPs themselves sensitizing 1O2 forma-
tion (Bai et  al. 2020). Due to NIR lights’ absorption by the LSPR AuNPs, it is 
passed to a PS or oxygen molecule, which addresses typical disadvantages of 
organic PS, such as less photo-stability, fast enzyme oxidation, and less effective 
conversion of light energy (Vijayaraghavan et  al. 2014). Furthermore, AuNP- 
mediated PS delivery systems have a high surface-to-volume ratio, resulting in high 
PS loading capacity and reduced transition into normal tissues. This is accomplished 
either by adding ligands such as tumor-specific antibodies or proteins or by an EPR 
effect, preventing unwanted nonspecific distribution. AuNPs can be used as photo-
sensitive enhancers, passing absorbed light energy to organic PS and increasing 1O2 
sensitization (Jang et al. 2011). In another scenario, AuNPs themselves act as a PS; 
here, AuNPs absorb light energy directly transferred to oxygen molecules in the 
local environment to generate 1O2. The two reactions can occur simultaneously and 
rely on the tissue’s oxygenation, killing the cancer cells (Vankayala et al. 2011).

Vankayala and colleagues were the first to show that 1O2 can be formed by direct 
sensitization by AuNPs under visible light exposure in 2011 (Vankayala et al. 2011); 
they were also the first to show that this sensitization can be implemented under 
NIR (915 nm) light excitation and can exert dramatic PDT effects on the destruction 
of solid tumors in mice and that 1O2 yield is related to its shape (Vankayala et al. 
2014a). Recently, various research groups are exploring that the efficacy of 1O2 
generation is increased by placing various PSs (phthalocyanines, toluidine blue O, 
indocyanine green, etc.) on AuNPs’ surface (Gamaleia et al. 2010). For instance, 
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AuNP-capped phthalocyanine may produce cytotoxic 1O2 (Hone et  al. 2002). In 
another study, PS functionalized with AuNPs and TOCAB (phase transfer reagent), 
phthalocyanine was used during preparation. The combination of PS/AuNPs/phase 
transfer reagent has shown higher production of 1O2 compared with single PS. They 
suggested that AuNPs efficiently deliver the PS in PDT and enhance the PS’s cyto-
toxicity (Wieder et al. 2006). In another study, PEG-capped AuNPs conjugated with 
silicon and phthalocyanine-4 (Pc-4) were used for the hydrophobic drug delivery to 
its site of action of PDT due to its water-soluble and biocompatibility properties. 
The in vitro and in vivo drug released study indicates that the Pc-4 is efficiently 
delivered and passively accumulated at the malignant site. PEG-capped AuNPs 
have shown two times higher efficiency than conventional PDT delivery of the drug 
in vivo methods. The in vivo findings showed that there were no obvious side effects 
and that Pc-4 was distributed across the mouse body, including the lungs and kid-
neys. Hence, the hybrid PSs had shown enhanced generation of the 1O2 and PDT 
efficacy against tumors (Yao et al. 2016).

The PDT activity of the AuNPs may depend on size; targeting ability and surface 
charge are the key factors. In general, AuNPs enter the cell membrane through dif-
fusion and alter the endocytotic process of NPs (Dhanalekshmi et al. 2020). As the 
size range between 40 and 50 nm, the internalization of AuNPs is increased into the 
cells (Asharani et al. 2011). The production of the 1O2 or ROS with AuNPs is size- 
dependent; AuNPs with bigger size have a greater tendency to 1O2 PS, which is 
produced as a result of a stronger scattering EM field around the particles as com-
pared to smaller particles. For example, it has been reported that AuNPs’ mean size 
of 40 nm could produce 1O2 upon either pulse or CW laser irradiation. Although 
these reports demonstrated that less than 50 nm size AuNPs are potentially used as 
PS in the future, the wavelength used in these experiments is 514 and 532 nm. In 
another study, it has been demonstrated that generation of ROS depends on the size 
of the AuNPs in protoporphyrin IX (PpIX) (Khaing Oo et al. 2012). Because of the 
stronger scattering EM field around the particles, larger AuNPs have a greater abil-
ity to increase PS ROS generation than smaller AuNPs. Surface charge is another 
crucial factor influencing cellular uptake AuNPs that allows either specific or non-
specific interactions within the cellular lipid bilayer. The positively charged AuNPs 
enter the cell membrane through electrostatic interaction (Verma and Stellacci 
2010). The negatively charged AuNPs inertly reach the cytosol by targeting the 
lipophilic domains. In addition, these conjugated AuNPs enable intercellular pene-
tration owing to their tendency to bind with thiols, disulfides, and amines.

The PDT efficiency depends on the wavelength of the light used to activate the 
PS. Generally, the light’s wavelength up to 600–700 nm has higher activation of the 
PS than the light above 800 nm wavelength. The wavelength of light up to 800 nm 
is sufficient to activate the PS and produce 1O2 due to the triplet state of the PS, 
which is above the energy level of the 1O2 (Allison and Sibata 2010). Previously, 
discharge lamps, metal halogen lamps, and short-arc xenon lamps were used to 
enable the PS, but these lamps have a shallow penetration depth and are only useful 
for superficial tumors (Nitzan et al. 2004). However, in the last 20 years, X-ray and 
self-luminescence have been used as a light source because these lamps have a 
greater ability to penetrate deep tissues and treat tumors.
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1.4.3  Surface Modification of AuNPs for PDT

The primary aim of PDT is to cause efficient destruction of malignant cells while 
minimizing PS side effects on healthy cells. Surface modification of AuNPs to bind 
active targeting molecules such as ligands, aptamers, peptides, and antibodies, 
which improve PDT efficiency, can significantly increase the PS’s selective thera-
peutic effect. For example, Russell et al. first reported that anti-HER2 monoclonal 
antibody attached to PEGylated AuNP-phthalocyanine (C11Pc) conjugates was tar-
geted to breast cancer cells. When tumor-associated antigens are present on the 
cytoplasmic membrane of malignant cells, in vitro cellular experiments showed that 
the targeting capability of the four-component NP (antibody-C11Pc-PEGAuNPs) 
conjugates increases the efficacy of PDT cell death (Stuchinskaya et al. 2011). As a 
result, in another study, they used jacalin to target cancer cells. They observed that 
the two biofunctionalized C11Pc-PEG AuNPs (jacalin and anti-HER2 antibody) 
had equal targeted PDT efficacies in both tests (Obaid et al. 2015). To target tumor 
cells, Savarimuthu et  al. used folic acid attached to protoporphyrin (PpIX)-
conjugated AuNPs. This study’s in vitro results revealed that foliated PpIX-NP 
complex is more phototoxic than the free PpIX and PpIX-NP complex (Savarimuthu 
et al. 2015).

Meyers et al. devised a new targeted PDT approach on the basis of epidermal 
growth factor peptide-targeted AuNPs (EGFpep-AuNPs). After increasing localiza-
tion in early endosomes, in vitro studies of PDT showed that EGFpep- AuNP- Pc4 
kills tumor cells twofold better than pure Pc4. In vivo studies show that EGFpep-
AuNP-Pc4 causes a threefold increase in fluorescence Pc4 accumulation in the sub-
cutaneous relative to untagged AuNPs. The EGFpep-AuNP-Pc4 fluorescence test in 
vivo revealed that after intravenous injection, EGFpep-AuNP-Pc4 could reduce the 
initial uptake by the reticuloendothelial system (RES) and increase the amount of 
AuNP circulation in the blood, which impacts biodistribution AuNPs (Meyers 
et al. 2015).

Cheng et al. compared in vitro drug release study with HeLa cancer cells through 
covalent and non-covalent attached silicon phthalocyanine 4 (SiPc4) with PEGylated 
AuNPs. It was found that non-covalently attached SiPc4 with AuNPs showed effi-
cient PDT activity compared to covalent thiol-bonded AuNPs due to the slow intra-
cellular release of the drug (Cheng et al. 2010). Later they investigated the drug 
delivery and pharmacokinetic mechanisms after 7 days of intravenous administra-
tion of non-covalently bound PEG-SiPc4-AuNP conjugates. Non-covalent attach-
ment of PS to AuNP resulted in efficient release and penetration of the 
PEGSiPc4-AuNP conjugate deep into tumor in vivo experiments. Even though 
AuNPs have a relatively long retention period in the body, especially in the liver and 
spleen, it is discovered that renal clearance and the hepatobiliary system excrete the 
drug and AuNPs quickly from the body (Cheng et al. 2011).
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1.4.4  Combined PTT/PDT Therapy

Due to the combination of different light-triggered cell killing mechanisms that may 
resolve the challenges of single model therapies, combined PTT/PDT is often an 
excellent therapeutic outcome for all cancer treatments. PDT uses light irradiation 
to excite the PS, resulting in the production of reactive oxygen species (ROS) or 1O2, 
which causes cellular toxicity, while AuNPs can convert light to heat, resulting in a 
synergistic effect with PDT treatment. Currently, several research groups are work-
ing on combining gold-mediated PTT and PDT for cancer treatment. Examples of 
this approach include AuNR-PS complex (AuNR-A1PcS4) for the combination of 
PDT/PTT therapy. The AuNR-A1PcS4 complex is excited by 810 and 610  nm 
lasers. In vitro results revealed that AuNR-A1PcS4-treated cells showed four times 
higher intracellular uptake and enhanced therapeutic efficiency compared to pure 
A1PcS4-treated cells. After intravenous injection of AuNR-A1PcS4, both PTT and 
PDT effect can be induced by irradiation of 670 and 810  nm lasers separately. 
Compared to PDT alone, the combination of PDT/PTT enhanced the tumor’s inhi-
bition growth from 79 to 95% (Jang et al. 2011). Kuo et al. used AuNRs simultane-
ously as imaging and killing A-549 tumor cells. Here, AuNRs are used not only as 
PDT and PTT therapy but also as optical contrast agents. In their work, AuNRs 
conjugated indocyanine green (ICG) as PS treated with A549 cancer cells followed 
by IR laser light irradiated at 808 nm to implement PDT and hyperthermia. The 
results showed that the combined PDT and PTT abolish tumor cells more effec-
tively than PDT or PTT alone and improved photodestruction efficiency (Kuo et al. 
2010). The same group demonstrated that both AuNPs and AuNRs conjugated with 
ICG simultaneously sever dual mediated PDT and PTT to destroy tumor cells (Kuo 
et al. 2012).

Many studies also use AuNSs to achieve combined PTT/PDT performance. For 
example, Kah et  al. used anti-EGFR-conjugated AuNSs for combined PTT and 
PDT.  The AuNSs’ absorption spectrum reveals a strong extinction band (wave-
length  >  580  nm) and hypericin (peak absorbance at 595  nm) excited by a 
100 × 50 cm light with a wide band illumination above 585 nm. In vitro findings 
revealed that combining PTT and PDT treatment was a more successful treatment 
technique than PDT or PTT treatment alone (Kah et al. 2008). In another study, 
chlorin e6-conjugated AuNSs are used to operate simultaneous PDT/PTT upon 
single laser irradiation. For this purpose, AuNSs’ LSPR peak was tuned to match 
the absorbance of chlorin e6. The experimental results showed that the difference in 
photostability between PS and AuNSs is different, and thus the ratio between PDT 
and PTT can be modulated by adjusting irradiation time. The combined PDT/PTT 
has shown a synergetic effect, significantly enhanced anticancer efficacy, and inhib-
ited breast cancer growth in animal models (Wang et al. 2013).

Recently, many research groups worked in PTT’s synergistic influence on PDT 
with various lights, various PS, various Au nanostructures, and various cell lines. 
Gao et al. developed a new nanocomplex by coating AuNCs with lipid-loaded PS 
and hypocrellin B (HB). The nanocomplex has tunable heavy scattering and 
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absorption in the NIR transparent window (790 nm), allowing it to be used as a pos-
sible contrast agent and photothermal converter for cancer diagnosis and treatment. 
They showed that when the nanocomplex is internalized by tumor cells, the PTT 
effect significantly increases PDT under two-photon illumination (Gao et al. 2012). 
Wang et  al. developed an aptamer switch probe (ASP)-chlorin e6 (Ce6)-AuNR 
complex for combined PDT/PTT targeting cancer cells. As the composite comes in 
contact with target tumor cells, the ASP changes conformation to drive Ce6 away 
from the Au surface, producing 1O2 for PDT under light irradiation. Furthermore, 
because of their high absorption efficiencies, AuNRs can kill tumor cells using the 
PTT process. Wang et al. created a Ce6-pHLIPss-AuNR conjugate with pH-driven 
targeting capacity for synergistic PDT/PTT. AuNRs are used as a PTT agent, as well 
as a carrier and quencher of Ce6 for PDT therapy, in this design, preventing nonspe-
cific activation and self-destruction of PSs (Wang et al. 2014a).

1.4.4.1  In Vivo Studies for Combined PDT/PTT Therapy

For in vivo PDT studies, Khlebtsov et al. developed a novel nanocomposite with a 
gold-silver nanocage core and a mesoporous SiO2 shell-modified Yb-2,4- 
dimethoxyhematoporphyrin (Yb-Hp) as a PS. Under 630 nm excitation, the fabri-
cated nanocomposite provided 1O2 and created heat when irradiated with laser light 
at the plasmon resonance wavelength (750–800 nm). Multifunctional nanocompos-
ites tend to be a smart theranostic platform for synchronized IR-luminescence diag-
nostic and PDT due to Yb-Hp and plasmonic PDT due to Au-Ag nanocages in this 
design (Khlebtsov et  al. 2011). Wang et  al. conducted another in  vivo analysis. 
AuNRs conjugated with rose bengal (RB) were used in the PDT/PTT of oral cancer 
in vitro and in vivo. When irradiated with 532  nm green light, the fabricated 
RB-AuNRs provided 1O2 and produced high heat upon irradiation with 810 nm NIR 
light. Tumor cell death is caused by these two distinct mechanisms (Wang 
et al. 2014a).

Lin et  al. created a multifunctional theranostic platform for successful tumor 
imaging and therapy, in which a monolayer of assembled AuNPs was used as vesi-
cles to be filled with Ce6 as PS, as part of his ongoing study. The Au vesicles have 
high absorption in the near-infrared range (650–800  nm), allowing neighboring 
AuNPs in the vesicular membranes to plasmonically couple. This helps the 671 nm 
laser to excite both Au vesicles and Ce6 to produce heat and 1O2 for tumor cell kill-
ing. The therapeutic efficiency of GV-Ce6 was increased in vitro and in vivo as a 
result of the synergetic effect of PTT/PDT treatment with single wavelength CW 
laser irradiation (Lin et  al. 2013). In vitro and in vivo, Wang et  al. used gold 
nanostars-PEG-Ce6 for combined PDT/PTT therapy with a single CW laser (Wang 
et al. 2013). Terentyuk et al. investigated in vivo tumor treatment using the AuNRs/
SiO2-HP (hematoporphyrin) complex for the first time in order to increase the effi-
ciency of tumor treatment by combining PDT/PTT treatment of massive (about 
3 cm3) solid tumors in a xenografted tumor rat model (Terentyuk et al. 2014). As 
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compared to alone PDT treatment, combined PDT/PTT treatment showed a large- 
area tumor necrosis and led to tumor volume decreasing dramatically.

Vankayala et al. showed that AuNSs could mediate the bimodal PDT/PTT effect 
in vivo at ultralow doses of NIR light (28–150  mW/cm2). Following that, much 
work was done to boost the PDT’s in vitro and in vivo efficacy (Vankayala et al. 
2014b). Vijayaraghavan et al. were the first to show that dual-modal multibranched 
gold nanoechinus-mediated PDT/PTT would fully kill cancer in the NIR window II 
(1000–1350  nm) (Wang et  al. 2013). Yu et  al. recently published a HAuNS- 
pHLIP- Ce6 antitumor platform in which hollow gold nanospheres (HAuNs) were 
prepared to move the LSPR peak and then the pH (low) insertion peptide (pHLIP) 
and chlorin e6 (Ce6) were adhered to HAuNs through absorption. Because of 
pHLIP’s pH-directed capacity, the antitumor complex will enter the tumor site. 
Following irradiation, the HAuNs were heated, resulting in PTT, while Ce6 was 
released from the gold sphere, generating ROS. PTT/PDT is performed synchro-
nously by HAuNs in this study (Terentyuk et al. 2014).

Despite the PTT effect, increased electromagnetic (EM) field at the surface of 
AuNPs can be achieved with SPR resonant excitation (Schwartzberg et al. 2004). 
Currently, some reports claim that AuNPs can increase 1O2 species, especially ROS, 
by the excited PS, which improves EM and PDT treatment efficacy (Geng et al. 
2014). When Oo and his colleagues used AuNPs as carriers to transport PpIX as a 
PS, they discovered this (Khaing Oo et  al. 2008). Similar experimental findings 
were observed when AuNPs were used to deliver 5-aminolevulinic acid (Xu et al. 
2012). The size of AuNPs that increased the output of ROS from PpIX was demon-
strated by Wang et al. Since bigger-size AuNPs have a large scattering EM field 
around particles, they developed more ROS from PS than smaller-size AuNPs 
(Khaing Oo et al. 2012). As a result, using AuNPs as a carrier will boost cellular 
uptake and increase the output of ROS from PS, thereby increasing the PDT’s treat-
ment efficacy (Zhang et al. 2015).

It was also discovered that when AuNPs were irradiated at LSPR, they could 
generate 1O2, in addition to increasing the ROS output of PS (Vankayala et al. 2011). 
Pasparakis demonstrated the development of 1O2 by irradiating bare AuNPs with a 
CW or pulsed laser. The development of 1O2 is mediated by two separate mecha-
nisms. One is a plasmon-activated pathway, which is activated when plasmons and 
hot electrons interact with molecular oxygen. The second is the indirect photother-
mal pathway, which occurs when AuNPs are exposed to intense heat from a pulsed 
laser, causing fragmentation and increased thermionic electron emission (Pasparakis 
2013). Vankayal’s team also investigated photosensitization and 1O2 production by 
Au and Ag nanoparticles and discovered that it was highly morphology-dependent. 
They demonstrated that instead of Au (111) and Au (100), 1O2 could be photosensi-
tized and produced by irradiating Au nanostructures with an Au (110) surface. 
AuNPs made specifically for PDT could serve as a photosensitizer (Vankayala 
et al. 2013).

AuNPs as a PS have a 4–6 order higher extinction coefficient than traditional 
organic dyes and are much more resistant to enzymatic and photochemical degrada-
tion (Jain et al. 2006). It means that a much smaller volume of AuNPs as a PS must 
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be taken up by cancer cells in order to reach the PDT treatment threshold concentra-
tion. Furthermore, Xu’s team discovered that AuNRs have a high 1O2 efficacy under 
two-photon excitation, implying that AuNPs can be used as the PS in two-photon 
photodynamic therapy (TP PDT). As a result of the PTT effect, AuNPs can be used 
not only as a drug delivery vector but also as a promising dual-functional photome 
(Zhao et al. 2012).

1.5  Radiotherapy

The ultimate aim of radiotherapy is to destroy cancer cells by using high-energy 
rays such as X-rays, γ-rays, electron beams, and protons to prevent tumor develop-
ment. X-ray radiotherapy, like PTT and PDT, only affects clear irradiated areas and 
penetrates much deeper than NIR rays used in PTT and PDT treatment.

It has been observed that ionizing radiation does not differentiate between can-
cerous and normal cells, thus causing damage to normal cells along with cancerous 
ones during radiation therapy. To overcome this, tumor-specific nanoparticles have 
been used in radiation therapy to cause more toxicity in tumors and fewer in normal 
tissues (Dorsey et al. 2013). For this purpose, various forms of radiosensitizers have 
been designed. In fact, AuNPs have been shown to act as radiosensitizers for X-ray 
radiotherapy due to their high density, high coefficient of energy absorption, and 
low toxicity (Kobayashi et al. 2010). Hainfeld et al. showed the increased therapeu-
tic effect of X-ray radiotherapy when treated along with an intravenously injected 
high dose of 1.9 nm Au clusters (2.7 g of Au/kg of mice body weight) into tumor- 
bearing mice (Hainfeld et al. 2004). The experimental findings show that AuNPs 
and X-ray irradiation-treated mice contribute to a 1-year survival of 86% compared 
to 20% with either X-rays or AuNPs alone. Moreover, the small AuNPs could be 
quickly cleared via the kidney after therapy, reducing the possibility of Au-related 
side effects.

1.5.1  Surface Modification of AuNPs for Radiotherapy

The attachment of a cell targeting ligand to the surfaces of AuNP-based radiosensi-
tizers would significantly boost cellular uptake and thus treatment efficiency. Xing 
et  al. functionalized the surface of 10.8  nm AuNPs with thioglucose (Glu) to 
improve absorption by a breast cancer cell line (MCF-7). They used a benign breast 
cancer cell line (MCF-10A) as a control in their study. The absorption of functional 
Glu-AuNPs by tumor cells is much greater than that of pure AuNPs, as shown by 
transmission electron microscopy (TEM) imaging. Furthermore, radiotherapy find-
ings showed that MCF-7 cells were killed faster than MCF-10A cells in the pres-
ence of Glu-conjugated AuNPs. This result indicates that the Glu-AuNPs only 
entered malignant cancer cells and improved their radiation sensitivity, rather than 
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benign cells, which may be useful for cancer treatment (Kong et al. 2008). Geng 
et  al. found similarly targeted radio enhancement in ovarian cancer and cervical 
cancer (Geng et al. 2011). Despite the fact that glioma cells and brain tumors are 
kept out of circulation by the blood-brain barrier, PEGylated AuNPs may be used to 
attack them and radiosensitize them, causing DNA damage enhancement, cancer 
cell eradication, and enhanced survival (Dorsey et al. 2013). Thus, modified AuNPs 
that target molecules like glucose, folate, cisplatin, peptides, anti-EGFR, and thio-
glucose in conjunction with imaging and other therapies are becoming more popu-
lar (Khoshgard et al. 2014; Geng et al. 2014).

Furthermore, Polf et al. discovered that proton beam radiotherapy increased the 
killing of AuNP-laden prostate cancer cells by 15–20 percent relative to cancer cells 
alone (Polf et al. 2011). Khoshgard et al. subjected HeLa tumor cells to various low 
energy levels of orthovoltage X-rays and megavoltage gamma-rays to examine cell 
killing efficacy in the presence of folate-modified AuNPs and non-functionalized 
AuNPs (Co-60). When using the same dose enhancement factor, there was a sub-
stantial difference between experimental groups with and without folate modifica-
tion from their study. Researchers were able to obtain the highest-dose enhancement 
factor for both AuNPs using the 180 kVp X-ray laser. Since several cancer cells 
express the folate receptor, folate-modified AuNPs may be used to improve the kill-
ing of cancerous cells using orthovoltage X-ray energies in superficial radiotherapy 
techniques (Khoshgard et al. 2014).

As previously mentioned, several groups have studied AuNP-aided radiosensiti-
zation (AuNP-RS), but most of the work has been based on experimental phenom-
ena rather than sensitization mechanisms, so the mechanism is still unknown. It was 
previously thought that AuNP-RS could improve photoelectric photon absorption 
by high-Z materials at kilovoltage photon energies. However, in clinical practice, 
megavoltage energies are used, and this physical process did not predict the thera-
peutic effect (Safaee et al. 2015). It will be necessary to understand the effect of 
AuNPs’ concentration, scale, distance from the target, and surface coating on 
AuNP-aided radiosensitization in order to incorporate this new technology into the 
clinic and maximize the effect. Normally, the arguments were predicted using 
Monte Carlo simulations. Geng et al. discovered that AuNP-mediated radiotherapy 
would improve ovarian cancer therapeutic performance, with levels of ROS output 
enhancement observed when X-ray radiation was combined with AuNPs (Geng 
et al. 2011). Some researchers went into great detail about the physics and possible 
biological pathways involved in AuNP-mediated radiotherapy (Butterworth 
et al. 2012).

1.6  Glucose-Starvation Cancer Therapy

Cancer-starvation therapy, especially glucose-starvation therapy, is now widely 
regarded as an effective treatment method by blocking nutrient supply to suppress-
ing cancer cell growth while causing minimal side effects. Glucose is one of the 
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most essential nutrients for both tumor and normal cells (Wang et al. 2014b). Due 
to the Warburg effect, tumor cells consume ten times more glucose than normal 
cells, making them more vulnerable to glucose deficiency. As a result, depleting 
intracellular glucose through a glucose-metabolic reaction can turn a healthy tumor 
cell into a starving cell, resulting in cancer cell death (Wang et al. 2020). This is an 
alternative method of preventing tumor proliferation. Glucose oxidase (GOx), an 
oxidoreductase enzyme, uses molecular oxygen to oxidize glucose to gluconic acid, 
leading to H2O2-mediated ROS formation, causing cancer cell death (Fu et al. 2018). 
In addition, the GOx enzyme also enhances hypoxia for hypoxia-activated chemo-
therapy, amplifies acidity for enhanced meta-based chemodynamic therapy, and 
increases the content of H2O2 for oxidation therapy. Thus, the transfer of GOx 
enzyme within cancer cells may expect to kill tumor cells through multiple 
approaches.

Furthermore, the overexpressed superoxide dismutase produces a large amount 
of H2O2 through a catalytic process involving superoxide ions released by mito-
chondria (López-Lázaro 2007). Using a nanocatalytic process, the synergistically 
derived H2O2 from glucose oxidation and intra-tumor process is converted into more 
toxic ROS under mild acid conditions (Lin et al. 2018). However, natural GOx has 
a number of drawbacks, including a high cost of preparation and purification, as 
well as poor operational reliability, which will limit its functional biomedical appli-
cation in complex and harsh physiological environments (Kotov 2010). As a result, 
it is critical to look into alternative nanozymes that can improve stability while also 
lowering costs. Artificial enzymes, also known as nanozymes, are nanomaterials 
used in catalytic processes that have many advantages over natural enzymes, includ-
ing facial fabrication, low cost, and robust stability under extreme conditions (Lin 
et al. 2014). Currently, carbon-based NPs, metal NPs, and metal oxide NPs are used 
as enzyme-mimic catalytic processes in a variety of fields, including biosensors, 
cancer diagnosis and treatment, immunoassays, and biomolecular detection, among 
others (Song et al. 2010; Fan et al. 2011; Liu et al. 2015a).

AuNPs are a common form of nanozyme with GOx activity among all metal NPs 
and are frequently used to catalyze the oxidation of glucose. Rossi and his col-
leagues recently demonstrated that, in the presence of dissolved oxygen, AuNPs 
could catalyze the oxidation of glucose to glucono delta-lactone (GDL) and H2O2. 
This reaction is quite similar to the one catalyzed by GOx, implying that AuNPs 
could function as a GOx mimic (Comotti et al. 2004). Because of their unusual GOx 
mimic operation, AuNPs have been studied for a variety of applications since then. 
Liebana et al. discovered that an Au-silica nanohybrid could be used as a nanozyme 
replacement with a GOx-like response. It was also demonstrated that dendritic mes-
oporous silica (DMSN) to construct the composite nanoplatforms (DMSN-Au- 
Fe3O4) with multi-enzyme mimicking catalytic activities could be used to treat 
tumors (Gao et al. 2019a, b). Here in situ grown AuNPs within the large mesopores 
of DMSN NPs as a GOx-mimic nanozyme specifically catalyze β-D-glucose oxida-
tion into gluconic acid and H2O2 under aerobic conditions, while the produced H2O2 
can subsequently be catalyzed by the co-loaded Fe3O4-based Fenton nanocatalysts 
to produce high-toxic hydroxyl radicals, which substantially induce tumor cell 
death (Fig. 1.5).

M. Alle et al.



29

1.7  Conclusion

Latest systematic studies show that gold nanoparticle (AuNP)-mediated cancer 
therapies have gained much attention in recent years due to their high selectivity and 
low side effects. In addition, AuNPs have shown many groundbreaking properties 
such a light-to-heat converter, local field enhancement, and radiation sensitizer for 
cancer treatment to effective damage cancerous cell lines both in vitro and in vivo. 
AuNPs are small in size and can penetrate widely throughout the body due to the 
EPR effect, preferentially accumulating at tumor sites. They can bind various pro-
teins and drugs, and they can be used to actively target cancer cells with overex-
pressed cell surface receptors. Thanks to the fast-growing technology, different 
types of AuNPs are applied to various types of cancer therapies such as photother-
mal therapy, photodynamic therapy, radiotherapy, and glucose-starvation therapy. 
Furthermore, significant progress has been made in developing AuNP-mediated 
multifunctional nanoparticle systems, suggesting that a combination therapy strat-
egy for improving cancer therapeutic efficiency may be introduced in the near 

Fig. 1.5 Schematic illustration of a biomimetic inorganic nanomedicine-triggered amplification 
catalytic reaction, which is used to create a “toxic drug-free” nanocatalytic tumor therapy. (Adopted 
from Gao et al. 2019a, b)
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future. Overall, as science and technology advance, AuNP-mediated therapies are 
more likely to be used for cancer therapy with a minimally invasive nature.
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Chapter 2
Biomedical Applications of Gold 
Nanoparticles

Mallikarjun Vasam, Raja Abhilash Punagoti, and Rita Mourya

Abbreviations

Ab Antibodies
AuNPs Gold nanoparticles
EGFR Epidermal growth factor receptor
EMS Electron microscope
MTX Methotrexate
NP Nanoparticles
PEG Polyethylene glycol

2.1  Introduction

Nanotechnology is a field of science used nowadays to increase bioavailability and 
therapeutic action for a longer period and site-specific action. Nanoparticles are 
those which are in the size range of 1–10 nm (Khan et al. 2014). Owing to their 
nanosize and large surface area, a plethora of applications in biomedical field can be 
found. A unique group of nanoparticles in recent years are applied for various fields. 
Recently, the advances in the synthesis of nanoparticles enabled the treatment of 
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cancer and other applications in the drug delivery field (Pal et al. 2013; Khan et al. 
2014). Among the various kinds of nanomaterials, gold nanoparticles (AuNPs) are 
playing a promising role in various categories of drug delivery due to their unique 
physicochemical properties (Alle et al. 2021).

Gold is one of the first metals to be found, with an important application history 
that dates back at least a thousand years. The earliest evidence of colloidal gold as a 
therapeutic agent can be found in literature written by Chinese, Arabian and Indian 
scientists around fifth and fourth centuries BC. Colloidal gold was studied and used 
in alchemist laboratories in Europe throughout the Middle Ages. The therapeutic 
properties of gold quintessence—quinta essentia auri, which were obtained by 
reducing gold chloride with vegetable extracts in alcohols or oils—were described 
by Paracelsus and were reported to be useful in the treatment of mental illnesses and 
syphilis (Dykman and Khlebtsov 2011). Despite its long history, the “revolution in 
immunochemistry” associated with the use of AuNPs in biological studies did not 
begin until 1971. Faulk and Taylor extensively reviewed on gold nanoparticles and 
concluded where conjugation of antibody with colloidal gold can visualize through 
direct electron microscopy (Faulk and Taylor 1971).

One of the unique properties of AuNP is that it shows surface plasmon resonance 
(SPR) effect which occurs due to interaction between electromagnetic waves and 
condition of electrons in metals. Due to its low or negligible toxicity, the SPR peaks 
are useful in bio-diagnosis and bio-imaging field. Moreover, AuNPs can be used in 
chemotherapy and diagnosis of cancer due to scattering of nanoparticles in the 
tumour cells. Furthermore, AuNPs have multiple surfaces for attachment of anti-
bodies, oligonucleotides, drug and protein enabling them to qualify as versatile drug 
carrier. These are synthesized using an inorganic, organic or combination of both, 
but inorganic platforms are mostly used for diagnosis and therapy due to their high 
drug loading capacity, easy modification and stability (Alle et al. 2020).

Extensive research has been conducted on AuNPs and concluded that they are 
effective in gene therapy, biosensing and photothermal therapy. Gold nanocages can 
be used as drug carrier with a temperature-sensitive polymer. Several lower and 
higher plants have been also used to produce AuNPs; and they have shown several 
applications (Chung et al. 2016 Husen and Siddiqi 2014; Siddiqi and Husen 2016a, 
b; Siddiqi et al. 2018a; Husen 2020; Husen and Iqbal 2019; Husen et al. 2019).

AuNPs can serve as drug carriers to exert desired therapeutic action on targeted 
cells and tissues due to their excellent binding properties, as it can hold biological 
and organic molecules with relatively low toxicity and high sensitivity (Siddiqi and 
Husen 2017). By modifying the upper surface of AuNPs, it can attach/combine with 
biomolecules or drugs. The attached drug release takes place by two techniques: 
external stimuli and internal stimuli operations using a biologically sustained/cata-
lyst process. There were many findings that supported this phenomenon, for 
instance, in one of the recent studies. In the reduction of dilute gold chloride solu-
tion, phosphorus is used as catalyst, where they obtained solutions of AuNPs which 
are unstable and have a colour purple red to blue (Faraday et al. 1857). The scientist 
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Faraday showed a reduction of gold can be done by heating gold chloride and stud-
ied other metals like palladium, silver, lead, tin, iron and mercury and their sedi-
mentation and aggregation. Zsigmondy began an investigation with colour to glass 
ruby by sedimentation method called a nuclear method with fruitful results 
(Zsigmondy 1909). In a similar fashion, using formaldehyde alkaline solution of 
chloride gold was reduced. Zsigmondy invented ultra-microscope for envisioning of 
colloidal aurum (Au) particles to study the diffusion behaviour of nanoparticles. 
When NaCl and the red-gold solution were combined, it produces a blue colour. 
This change of colour can be defined as the gold number (Zsigmondy 1909) of mg 
of the hydrophilic colloid per 10 cm3 of gold solution, and these studies are useful 
in characterizing different properties.

Moreover, Svedberg and Tiselius (1929)utilized hydrochloroauric acid for aurum 
(Au) particles by electrochemical technique that illustrated the change in colour for 
end product from red to blue colour dispersion. Apart from the binding property, the 
movement of particles described as Brownian motion is a diffusion process which 
is worth enough to describe molecular dispersion (Einstein 1956). Smoluchowskis’ 
theories (for diffusion and coagulation) stated collision and coalescence issues in 
colloidal solutions. If diffusing particle’s movement region was outside the sphere 
then the movement of the particles was unaffected, if it moves region outside the 
sphere and stick to each other (or) another particle by moving inside the sphere, this 
explains the phase behaviour and stability of colloids. Thus, all these research find-
ings inferred that AuNPs are efficient in terms of drug formulation and are an alter-
native to conventional drug delivery without compromising the safety.

2.2  Classification of Nanoparticles

In its natural state, gold is yellow in colour and inert, while AuNPs are red in colour 
and have antioxidant properties. The classification of nanoparticles was done 
according to their shapes: spherical, triangle, nanocluster, nanosphere, nanorods, 
nanoshells, nanostar, etc., as shown in Fig. 2.1.

2.2.1  Gold (Au) Nanospheres

Au colloids are also known as “Au nanospheres”. These are made by adding a 
reducing agent, such as citrate, to an aqueous HAuCl4 solution, resulting in mono-
dispersed Au nanospheres with sizes ranging from 2 to 100 nm (Turkevich et al. 
1951). If the amount of citrate used is reduced, a large number of nanospheres can 
be generated, and the size of the nanospheres can be regulated by changing the 
citrate-to-Au ratio.
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2.2.2  Gold (Au) Nanorods

Au nanorods were produced using the template method, based on the electrochemi-
cal deposition of Au within the pores of nanoporous polycarbonate or alumina tem-
plate membranes. The length of the nanorods depends on the Au deposition in the 
pores of the membrane.

2.2.3  Gold (Au) Nanoshells

Nanoshell is one of the spherical nanoparticles that consist of dielectric core, which 
is covered with gold shell (Loo et  al. 2004). These nanoshells are comprised of 
weakly interaction particles called plasmon, derived from quantum plasma oscilla-
tions, in which the electrons simultaneously oscillate around all ions. The shell 
thickness could be controlled by the amount of deposited Au on the core surface 
(Minakshi et al. 2011).

2.2.4  Gold (Au) Nanocages

Gold nanocages were synthesized by the galvanic replacement reaction of truncated 
gold nanocubes and aqueous HAuCl4 (Chen et al. 2006). These are primarily used 
for the loading of drugs and genes into their cavities.

Fig. 2.1 Various shapes of gold nanoparticles. (Adopted from Khan et al. 2014)
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2.3  Synthesis Methods of AuNPs

A variety of techniques available for the synthesis of AuNPs can be broadly divided 
into two methods, namely, synthetic and biological methods.

2.3.1  Synthetic Methods

Usually, the synthesis of AuNPs by the chemical reduction method involves two 
steps, namely, reduction followed by stabilization with the help of suitable agents. 
Many theories or methods are proposed by various researchers for the fabrication 
of AuNPs.

2.3.1.1  Turkevich Method

This method is also known as conventional chemical synthesis proposed by 
Turkevich in 1951. This method involves the boiling of HAuCl4 solution, and then 
trisodium citrate dihydrate is then added rapidly under vigorous stirring. After a few 
minutes, the colour of the solution changes from light yellow to wine red, which 
indicates the formation of AuNPs measuring about 20 nm in diameter. In this tech-
nique, citrate ions play a double role, as both stabilizing and reducing agents 
(Turkevich et al. 1951). The schematic route for synthesis of AuNPs is shown in 
Fig. 2.2. The reducing and stabilizing agent ratio influences the size of the nanopar-
ticles produced (Roya et al. 2016). For an instance, taking high concentrations of 
citrates leads to stabilization of AuNPs of smaller sizes and low concentration leads 
to large particles by aggregation of small particles (Kimling et al. 2006). In another 
study) have concluded that the addition of reagents in the reverse order (i.e. addition 
of HAuCl4 into a boiling sodium citrate solution) leads to the formation of AuNPs 
with small size and a narrow size distribution.

2.3.1.2  Brust Method

Thermally stable and air-stable AuNPs are produced by Brust method, where 
HAuCl4 is transformed from aqueous phase to toluene phase with the addition of 
phase-transfer agent like tetraoctylammonium bromide (TOAB) and reduced by 
NaBH4, in the presence of dodecanethiol. Colour change of orange to deep brown 
was observed upon addition of reducing agent, indicating the formation of AuNPs 
(Brust et al. 1994). The step-by-step process is illustrated in Fig. 2.3. This method 
yields AuNPs from 1.5 to 5 nm by controlling the conditions such as gold-to-thiol 
ratio, rate of reduction and temperature at which reaction takes place.

2 Biomedical Applications of Gold Nanoparticles
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Fig. 2.2 Production of AuNPs by Turkevich method. (Adopted from Zhao et al. 2013)
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2.3.1.3  Synthesis of Colloidal Gold Using Polymers

AuNP synthesis accomplished in the presence of poly-(methylphenylphosphazene) 
(PMPP). Firstly, HAuCl4 was dissolved in water and a phase-transfer reagent (tetra-
octylammonium bromide) is added to make the solution organic, then PMPP is 
added to this organic solution and stirred for 1 h, followed by addition of NaBH4 and 
stirred for 24 h, which results in the formation of dark purple polymer-Au nanopar-
ticles (Walker et al. 2001).

2.3.2  UV -Induced Photochemical Synthesis Method

The colloidal gold particles with different sizes were prepared in aqueous solution 
system containing PEG, acetone and HAuCl4 with different concentrations. To the 
solution of HAuCl4, if UV radiations of different wavelengths are induced, it 
enhances polymerization which in turn affects particle size and the dimensions of 
Au particles. Different sized gold particles with improved monodispersity and uni-
form shape were obtained by varying the concentration of surfactant/polymer (Sau 
et al. 2001). The schematic representation of this process is shown in Fig. 2.4.

2.3.2.1  Ultrasound-Assisted Synthesis of Colloidal Gold

A conventional ultrasonic bath is used for this method. It was filled with 4.5 L of 
water and maintained at temperature of 80 °C. After reaching the temperature, the 
two conical flasks containing aqueous HAuCl4 solutions were immersed in an ultra-
sonic bath for 10 min, and then sodium citrate was added to the two aqueous HAuCl4 
solutions and sonicated to produce AuNPs. The procedure was represented pictori-
ally as shown in Fig. 2.5. The extent of sonication determines the size of AuNPs, 

Fig. 2.4 UV irradiation to the polymers. (Adopted from Kim et al. 2002)
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and moreover, the stability of AuNPs was increased with various stabilizers like 
citrate and disulphide (Grzelczak and Liz-Marzán 2014).

2.3.3  Biosynthetic Methods of AuNPs

The methods described above lead to toxic by-products that may prove to have 
environmental consequences during large-scale production. In response to these 
concerns, new strategies to generate AuNPs without toxic chemicals are being 
actively developed with principles of green chemistry, like rapidly biodegradable 
reagents, limiting waste products, pressure and synthesis at ambient temperature 
and low toxicity of chemical products (Anastas and Warner 1998). In recent years, 
biological synthesis has been proposed as an alternative method for the synthesis of 
nanoparticles. Biological synthesis involves using environmentally friendly materi-
als such as bacteria, fungus and plant extract. Plant extracts have been shown to 
perform the biogenic reduction of the metal, thus capping and stabilizing the pro-
duced nanoparticles (Husen 2019a; Bachheti et al. 2019, 2021; Joshi et al. 2019; 
Siddiqi et al. 2018b; Siddiqi and Husen 2020; Alle et al. 2021). Plant extracts gener-
ally contain sugars, green terpenoids, polyphenols, alkaloids, phenolic acids and 
proteins that act as excellent reducing agents, which are useful in the fabrication of 
AuNPs (Husen 2017, 2019b). Various studies show that AuNPs can be obtained 
successfully from the different parts of the plants, viz., leaf, flower, fruit, bark, seed 

80 ~ 85 °C

+ Water
+Na

3
cit

+ Water
+Na

3
cit

HAuCl4 HAuCl4

Adding NA3 Citrate

Pulling Out One Flask

Total 90 minStep 2: Sonication 30 min

HAuCl4
+ Water

HAuCl4
+ Water

Step 1: Sonication 10 min

Step 3: Sonication 60 min

+ Water
+Na

3
cit

HAuCl4

+ Water
+Na

3
cit

HAuCl4
+ Water
+Na

3
cit

HAuCl4

Fig. 2.5 Various steps involved in the ultrasonic-mediated synthesis. (Adopted from Lee 
et al. 2012)

M. Vasam et al.



49

and gums (Madhusudhan et al. 2019; Bachheti et al. 2020a, b, c; Painuli et al. 2020; 
Beshah et al. 2020; Sharma et al. 2020).

The general procedure is quite simple, where the plant parts or plant extracts are 
added to the bulk metal solution and due to the ability of plant extracts to act both 
as reducing and stabilizing agents assist in the formation of AuNPs, which are later 
purified and then characterized (Anastas and Warner 1998). These eco-friendly syn-
thesis methods have gained more importance in the recent years because of its sim-
plicity, single-step process and low toxicity (Elavazhagan and Arunachalam 2011). 
In an interesting study, two important medicinal plants Cucurbita pepo and Malva 
crispa have been utilized in the synthesis of AuNPs and possessed antibacterial 
activity against food spoilage pathogens. Rai et  al. in 2007 proposed a novel 
approach, where Au core-Ag shell nanoparticles in triangle shape were obtained by 
the reduction of gold ions with the help of lemongrass extract as reducing agent, 
followed by reduction of the surface-bound Ag + ions by ascorbic acid, and these 
were successfully evaluated for its anticancer activity.

When the aqueous seed extract of Abelmoschus esculentus was used to synthe-
size AuNPs, its antifungal activities were improved to a greater extent and were 
effective for a broad range of spectrum (Sujitha and Kannan 2013). An Indian 
medicinal plant Dalbergia sissoo (Roy et al. 2011) and its plant bark extract were 
utilized for the reduction of gold ions and showed promising effect as antioxidants. 
The colloidal AuNPs prepared with fruit and fruit pulp is having been reported to 
play a significant role in preventing diabetes and cancer (Daisy and Saipriya 2012). 
A plethora of other plants used for the preparation of AuNPs are listed in Table 2.1.

2.3.4  Microbial Synthesis of AuNPs

Many microbes have the capability to assist in the production of inorganic nano-
structures and metal nanoparticles with properties similar to nanoparticles derived 
from chemical synthesis, with control over the size, shape and composition of the 

Table 2.1 A list of some of the different plants which have been used as whole or a part of it for 
synthesis of AuNPs

Plant
Part of the plant 
used

Size of 
AuNPs References

Sapindus mukorossi Fruit 9–19 nm Reddy et al. (2013)
Prunus domestica Fruit 14–26 nm Dauthal and Mukhopadhyay 

(2012)
Magnolia kobus Leaf 5–300 nm Song et al. (2009)
Diospyros kaki Leaf 5–300 nm Song et al. (2009)
Abelmoschus 
esculentus

Seed 45–75 nm Jayaseelan et al. (2013)
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particles. Many researchers adopted this alternative approach to chemical synthesis 
procedures for the preparation of AuNPs.

Cultures like fungi, bacteria and yeast were grown in test tubes containing 10 mL 
nutrient medium in shaker incubators at 28 °C for 24–48 h. After the specific period 
of incubation time, the biomass was separated from the medium by centrifugation 
with 7500 rpm for 10 min. The obtained biomass was washed three times in sterile 
distilled water. Then the biomass was resuspended in 10 mL distilled water and the 
pH adjusted to between 5 and 6 with 0.2 M NaOH. HAuCl4 was added to give an 
overall Au concentration of 250 mg/L. The mixture was left for a further 24–72 h in 
a shaker incubator at 28 °C. The accumulation and reduction of gold were followed 
by visual observation of the biomass turning purple, an indication of the formation 
of AuNPs.

This method is eco-friendly where hazardous chemicals and toxic substances/
derivatives are not used and antimicrobial properties can also increase using this 
method. For instance, antimicrobial properties of Klebsiella pneumoniae were 
increased with conjugation of AuNPs, which shows the synergetic effect of antimi-
crobial property. Synthesis of AuNPs from different microorganisms is illustrated in 
Table 2.2.

2.4  Applications of AuNPs

Gold nanoparticles are gaining importance progressively in medicine because of 
their potential uses in a broad variety of areas that encompass nanotechnology, bio-
medicine and electronics. More recently, the unique properties of AuNPs have been 
researched and utilized in high technology applications such as organic photovolta-
ics, sensor probes, therapeutic agents, drug delivery in biological and medical appli-
cations, electronic conductors and catalysis. In this chapter, we review vast and vital 
applications of AuNPs in medicine, and summary of its applications is pictorially 
represented in Fig. 2.6.

Table 2.2 Compilation of different microorganisms used for synthesis of AuNPs of different sizes 
and shapes

Microorganism Genus Size of AuNPs(nm) References

Pseudomonas fluorescens Bacterium 50–70 Radhika et al. (2012)
Shewanella algae Bacterium 10–20 Konishi et al. (2007)
Marinobacter pelagius Bacterium 10 Girilal et al. (2013)
Stoechospermum marginatum Algae 18.7–93.7 Arockiya et al. (2012)
Candida albicans Fungi 20–80 Chauhan et al. (2011)
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2.4.1  In Vitro Assays

The advent of AuNPs opened a plethora of opportunities for in vitro assay of pro-
teins and for the detection of cancer cells that were studied by various scientists. 
Atomic force microscopy (Han et al. 2000; Jin et al. 2007), scanometric assay (Son 
and Lee 2007) chronocoulometry, gel electrophoresis (Qin and Yung 2007), ampli-
fied voltametric detection and Raman spectroscopy methods were used to detect 
protein or polynucleotide present on oligo-nano particle-capped AuNPs (Han et al. 
2000; Jin et al. 2007). Moreover, cancer cells were also successfully detected by 
protein assay, immunoassay and capillary electrophoresis (Medley et al. 2008).

2.4.2  Gold Nanoparticles as Diagnostic Agents

Many researchers assured AuNPs as potential and safe alternative to traditional 
diagnostic tools. Drygin et al. (2009) and Naja et al. (2008) used AuNPs in the iden-
tification of chemical and biological infectious agents. These unique bio- 
macromolecules were also used in various analytic methods of clinical diagnostics 
by solution particle immunoassay (SPIA) in which solution changes from red into 
purple colour through absorption spectrum detected by spectrophotometric method 
(Khlebtsov et al. 2004). This method was subsequently used for the direct detection 
of cancer cells (Medley et al. 2008) and Leptospira cells in urine and for determin-
ing markers of Alzheimer’s disease.

Fig. 2.6 Medical applications of AuNP. (Adopted from Baek et al. 2016)
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2.4.3  AuNPs in Phototherapy

An interesting and important application of AuNPs is photothermal therapy. This 
thermal exposure therapy is used in tumour therapy where AuNPs reach their 
absorption maximum in near-IR region or visible region and become hot when irra-
diated at cells and eventually destruct the tumours (Kennedy et al. 2011).

Photodynamic therapy using AuNPs has been reported by various authors. In one 
of the study proposed by Wilson (2010), in which visible light of definite wave-
length was introduced in the organism intravenously using light-sensitive agents 
like photosensitizers, these agents were accumulated in the targeted cells or tumour 
and cause death to cells with a mechanism of surface plasma resonance (i.e. cells 
present in tumour lead to malnutrition then damage to micro vessels and death 
occurs). This method was used in dermal and oncological diseases (Baek et  al. 
2016). The only drawback of this method is photosensitizers remain in patient’s tis-
sue and tissue becomes sensitive to light.

2.4.4  AuNPs as Cell and Phantom Imaging Agents

Durr et al. (2007) utilized the versatile properties of AuNPs and optical image of 
cells. In their observation, by utilizing gold nanorods with fluorescent dyes, 3D 
fluorescent imaging of cancer cells with a depth of 75 μm deep was developed by 
two-photon luminescence. By imaging of AuNPs, its associated drawbacks such as 
photobleaching and blinking can be prevented because of the formation of fluoro-
phores with low toxicity (Yao et al. 2005). In vivo targeted cancer imaging using 
nanoparticles has been achieved, and even some studies exhibited tumour targeting 
efficacy that is sufficient for potential molecular therapy applications in the clinical 
setting. Both preclinical and clinical magnetic resonance (MR) imaging can be done 
by paramagnetic nanoparticles (Thorek et al. 2006). In MR angiography, nanopar-
ticles were used as blood-pool agents that are capable for contrast of blood vessels 
seen by in vivo imaging (Su et al. 2007).

Gold nanospheres and protease-sensitive quenched probes are used for visual 
monitoring of both proteases and protease inhibitors in vitro and in vivo (Lee et al. 
2008). Some other methods revealed that antibody-conjugated gold nanorods were 
reported to give a Raman spectrum that is greatly enhanced, sharpened and polar-
ized. In the other study, reported by Keren et al. (2008), enlargement of image and 
stabilization were done by in vivo Raman imaging with surface-enhanced Raman 
scattering (SERS) NP, where it consists of gold core, a Raman active molecular and 
silica coating. Many researchers, including Bremer et al. (2001), and Jaffer et al. 
(2007), assured that AuNPs stabilized by thiolated PEG enhance the resolution and 
optical properties of the image.

Singh et al. (2020) concluded in their study that, when conjugated to tumour- 
targeting ligands, the conjugated SERS nanoparticles were able to target tumour 
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markers such as epidermal growth factor receptor (EGFR) on human cancer cells 
and in xenograft tumour models.

2.4.5  AuNPs as Therapeutic Agents

The AuNPs are not only used in diagnostic purpose and cell photolysis experiments 
but also used as therapeutic agent. The transport of therapeutic agents to the cells by 
AuNPs is a critical process in biomedical treatment. Several research groups have 
used functionalized AuNPs to investigate the interactions with cell membrane to 
improve delivery efficiency. In the recent past, plenty of research has been con-
ducted on AuNPs as therapeutic agents. For instance, Abraham and Himmel (1997) 
used colloidal gold particle rheumatoid arthritis, and the study concluded that anti- 
angiogenic activity was increased by binding AuNPs with vascular EGF, therefore 
decreasing inflammation and macrophage infiltration.

Additionally, in cancer therapy (Amrita et  al. 2011; Renat et  al. 2006; Limei 
et  al. 2006), nanospheres/nanorods/nanoshells/nanocages were irradiated with 
focused laser pulses of suitable wavelength to kill the cancer cells. Combination of 
paclitaxel, a chemotherapeutic drug, and AuNPs has showed elevated anti- 
proliferation activity on human hepatoma cells. Moreover, AuNPs with PEG chains 
of optimized size with circulation half-life at least a few hours may be most effica-
cious for cancer therapy (Liu et al. 2007).

Methotrexate, an inhibitor of dihydrofolate, was a chemotherapeutic agent for 
treating a variety of cancer types. Huennekens (1994), in their study, conjugate of 
methotrexate with AuNPs was prepared and the cytotoxic effect was examined 
in vitro and in vivo. Administration of the conjugate prevents tumour growth in a 
mouse, whereas free methotrexate equal dose as conjugate had no antitumour effect. 
Modulated drug delivery of methylene blue, insulin and lysozyme was achieved by 
irradiation of drug-loaded nanoshell- hydrogel combination and release of drug 
depends on therapeutic weight of drug molecule (Chen 2007). In high ionic strength 
media, the nanoparticle size, PEG chain length and monolayer composition provide 
the stability of AuNPs. The PEG chains present on AuNP and half-life circulation 
are the most important in cancer therapy (Madhusudhan et al. 2014).

2.4.6  AuNPs as Drug Carriers

The targeted delivery of drugs is one of the most promising and actively developing 
commands in therapeutic use of AuNPs including, but not limited to, antibiotics and 
antitumour agents in targeted delivery (Duncan et al. 2010; Pissuwan et al. 2011). 
The antibacterial agents and antibiotics such as vancomycin and ciprofloxacin can 
be delivered in the form of AuNPs acting as carriers by forming a stable complex, 
which shows action against strains like E. coli and E. faecalis (Gu et al. 2003).

2 Biomedical Applications of Gold Nanoparticles
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Rosemary et al. (2006) showed increased antibacterial activity of ciprofloxacin 
gold nanoshells towards E. coli. Anti-leukaemia drug 5-fluorouracil, when conju-
gated with colloidal gold, illustrated a noticeable antibacterial and antifungal effect 
against P. aeruginosa, E. coli and S. aureus (Selvaraj and Alagar 2007). This effect 
was observed due to complete suppression of function of damaged or overexpressed 
gene. The ill-functioning of gene can be adjusted by delivering genetic material by 
AuNPs to the cytoplasm and cell nucleus.

2.4.7  AuNPs in Drug Delivery

The advent of various synthetic approaches for the preparation of AuNPs opened a 
myriad of opportunities for novel drug delivery and pharmaceutical applications. 
Due to the versatility and affordability of AuNPs, their use is dramatically increased 
in the recent past. AuNPs as drug delivery have been already evaluated in various 
routes of drug administration systems and yielded promising results.

2.5  Conclusions

In the field of bio-nanomedicine, gold nanoparticles (AuNPs) have made an impact 
in terms of applications in medicine and development of new methods for the func-
tionalization of AuNP with different classes of molecules providing stabilization 
in  vivo, and directed interaction with biological targets is of significance. Both 
unconventional and conventional synthesis techniques are discussed for AuNPs, 
and biological-based synthesis is promising, because of its eco-friendliness, tenabil-
ity and free from toxicity when compared with synthetic techniques.

The tremendous potential of nanotechnology-guided AuNPs represents an attrac-
tive research field for current science community, including the biomedical research. 
Depending on the versatility and physicochemical features, AuNPs possess an enor-
mous potential for copious biomedical-related applications such as controlled drug 
delivery, biomedical imaging, bio-detection platforms and gene therapy. By comb-
ing the antibiotic with AuNPs, the antibacterial efficiency was improved, and it 
became a solution to combat several dreadful diseases caused by various microor-
ganisms. In addition to its nontoxicity, use of AuNPs in humans, as an antibacterial 
agent, warrants an undisputable knowledge about the mechanisms of antibiotic 
action of AuNPs, so as to avoid any risk it may cause to normal tissue/organ.

The unique properties of AuNPs recommend its broad applications such as in 
photodynamic therapy, drug and gene delivery, photothermal therapy and imaging. 
Optical properties of AuNPs with SPR bands are used as carrier in cancer therapy. 
The cancer imaging can be done by conjugating the cancer-seeking peptide with 
AuNPs. AuNPs are without any doubt, due to its versatile attributes, potential tools 
for next-generation biomedical applications.
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Chapter 3
Nanoparticle-Mediated Delivery 
of Flavonoids for Cancer Therapy: 
Prevention and Treatment

Garima Sharma, Shalu Nim, Madhusudhan Alle, Azamal Husen, 
and Jin-Chul Kim

3.1  Introduction

Cancer is the world’s leading cause of death and remains the greatest concern of the 
twenty-first century (Bray et al. 2018). Cancer is a progressive multistage, chronic 
illness, which renders the condition nearly incurable, contributing to second most 
deaths worldwide after coronary illness (Bray et  al. 2018). Most of the cancer 
patients die in the early years after diagnosis and therapy of cancer, and about 20 
percent are treated following surgery. With the progression of cancer illness, the 
chances of cancer patient’s survival become difficult. Thus, the more serious the 
illness, the less chance of survival (Chen et al. 2015; Ganesh et al. 2008; Prat et al. 
2014; Song et al. 2015b).

Late-stage cancer may be very challenging to manage in the therapeutics, and 
several vibrant factors such as extent in severity, care modality, comorbidity, and the 
genetic profile of an individual play an important role for a final result in anticancer 
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therapy. Various genetic and epigenetic factors influence the tumor progression 
(Herbst et al. 2014). In addition, cancer growth and life expectancy of the cancer 
population are also influenced by risk factors, such as smoking, sedentary life, and 
western lifestyles (Jemal et al. 2011). Regardless of improvements in early detec-
tion approaches and available therapies, the incidences of cancer patients have risen 
in the recent years (Miller et al. 2016). The rising cancer incidences are however 
contributing to a major global decline.

Conventional cancer therapies include chemotherapy, radiation therapy, and 
immunotherapy where chemotherapy has raised issues regarding inadequate expo-
sure to tumor tissue. A variety of adverse drug reactions (ADRs) are related to the 
broad and nonselective doses of the chemotherapeutic drugs (Jain 2001; Jang et al. 
2003). Chemotherapy has proven to be a successful anticancer technique over the 
past six to seven decades. It is well-known that chemotherapeutic drugs induce can-
cer cell death via modulating various signaling pathways, such as genetic damage 
(i.e., DNA damage), cell cycle arrests, profound oxidative stress, and disruption of 
cytoskeleton (Annovazzi et  al. 2017; Belayachi et  al. 2017; Falzone et  al. 2018; 
Goldstein and Kastan 2015; Pereira et  al. 2017). The chemotherapeutic agent 
induces cell death via apoptosis or necrosis. Chemotherapy has a therapeutic func-
tion in early phases, but in late stages it may play a role as palliative or neoadjuvant 
manner (Alvarado-Miranda et al. 2009; Johnson et al. 2011; Robati et al. 2008). In 
addition to chemotherapy, radiation therapy is also given to cancer victims (Zheng 
et al. 2017). Radiation therapy is frequently paired with chemotherapy and surgery 
to optimize the improvement in cancer elimination. In addition to traditional che-
motherapeutic medications, the targeted drugs and small molecule inhibitors have 
been proposed as a potential means of treating cancer. However, these drugs and 
inhibitors are costly and can cause serious side effects to the patients (Ozdelikara 
and Tan 2017; Vyas et  al. 2010). Moreover, these drugs and inhibitors have low 
efficacy. Thus, there is demand for more innovative and reliable treatment methods 
for cancer.

Since decades, natural compounds and their synthetic derivatives are well-known 
for their various therapeutic benefits, including cancer. Natural compounds have 
been known for their immense biological and pharmacological properties. Although 
the mechanistic action of majority of natural products is not fully elucidated, they 
are used as antioxidants, anti-inflammatory, anti-mutagenic, and epigenetics modu-
lators via modulating a variety of pathways associated with apoptosis, cell growth, 
angiogenesis, and metastasis (Kuntz et  al. 2017; Rafieian-Kopaei and Movahedi 
2017; Vaishnavi et al. 2012). Recent progresses in molecular biology, target selec-
tion, biomarker identifications, and genetic approaches have facilitated the studies 
to understand the anticancer properties of phytochemicals that are obtained from 
plants (Jin et al. 2016; Tao et al. 2015). It has been suggested that phytochemicals 
can be considered as alternative therapy to chemotherapy/radiotherapy or in combi-
nation with them (Hazra et al. 2011). The in vitro and in vivo studies showed the 
chemopreventive and chemotherapeutic efficacy of both dietary and non-dietary 
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phytochemicals (Pande et al. 2017; Panjamurthy et al. 2009; Weng and Yen 2012), 
suggesting their potential as anticancer agent with reduced side effects to nor-
mal cells.

Phytochemicals, such as flavonoids, are considered to be beneficial in various 
forms of cancers (Chahar et al. 2011; Khan et al. 2019; Sak 2014; Suganuma et al. 
2011; Ullah and Khan 2018). Phytochemicals exert their pharmacological actions 
via multi-targeted approach, such as modulation of genes and cell signaling path-
ways responsible for initiation, progression, and metastasis on cell cancer. 
Flavonoids are known to inhibit the activity of pro-carcinogens (Benavente-Garcia 
and Castillo 2008; Liu-Smith and Meyskens 2016). Some of the well-known phyto-
chemicals possessing antitumor potential are shown in Fig. 3.1 (Bailon-Moscoso 
et al. 2017).

Because of their recorded antiproliferative, antiangiogenic, and antioxidant 
properties, several plant derivatives are under clinical trial. This book chapter accu-
mulates the recent developments of commonly used flavonoids as chemotherapeutic 
and/or chemopreventive agents. In addition, here we focus on the methods to 
improve the efficacy of flavonoids for chemotherapeutic gain.

Fig. 3.1 Signaling pathways modulated by flavonoids
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3.2  General Properties and Structures of Some 
Common Flavonoids

The structural components of flavonoid attributes to their anticancer/antioxidant 
properties. Here, we discuss some of the flavonoids and their structures.

3.2.1  Curcumin

Curcumin, (1E, 6E) -1,7-bis (4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5- 
dione); C21H20O6], a phenolic metabolite or flavonoid, is isolated from Curcuma 
longa (turmeric) (Golonko et al. 2019; Salehi et al. 2020; Shabaninejad et al. 2020). 
As a traditional medicine, turmeric has been well identified for its role against a 
variety of illnesses, including inflammation, infection, diabetes, cancer, etc. (Selvam 
et al. 2019). The presence of O-methoxyphenol and methylene group in the struc-
ture of curcumin attributes to its antioxidant property (Priyadarsini proposed mech-
anisms that are responsible for the antioxidant potential of curcumin (Del 
Prado-Audelo et al. 2019). Curcumin is known to modulate various signaling path-
ways and cellular process, regulating the proliferation and growth of cancer cells 
(Fig. 3.2) (Marchiani et al. 2014).

Fig. 3.2 Various cellular processes modulated by curcumin on cancer cells
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3.2.2  Quercetin

Quercetin, [3,31,41,5,7-pentahydroxyflavone], a derivative of flavone 
(2- phenylchromen-4-one), contains five hydroxyl groups. The structure of quercetin 
O-glycosides showed the presence of O-glycosidic bonds at the C-3 carbon hydroxyl 
group. Quercetin possesses antioxidant property due to the presence of hydroxyl 
group and a catechol group in the A ring and B ring, respectively (Jana et al. 2004). 
These groups facilitate the transfer of hydrogen/electron, thus eliminating free reac-
tive oxygen species (ROS) in the cells and, thereby, inhibiting enzymatic activities. 
The removal of ROS protects the cells against oxidative stress and reduces inflam-
mation. In addition, quercetin inhibits protein peroxidation and protects against 
damage to cellular lipid membrane (Liu et al. 2010) and elevates glutathione level. 
The in  vitro and in  vivo studies showed that quercetin exerts growth inhibitory 
action on various types of cancer growth, i.e., L1210 and P-388 leukemia cell lines 
(Suolinna et  al. 1975), breast cancer cells (Kim et  al. 2013), colon cancer cells 
COLO 20DM (Hosokawa et al. 1990), pancreatic cancer cells (Angst et al. 2013), 
ovarian cancer cells OVCA 433 (Scambia et al. 1990), liver cancer cells HepG2 
(Maurya and Vinayak 2015a), epidermoid cancer cells A431 (Huang et al. 1999), 
and gastric cancer cells (Yoshida et al. 1990). Moreover, quercetin also exerts anti-
neoplastic effect against Walker carcinoma 256 (Edwards et al. 1979). It is plausible 
that the interaction between cancer growth signaling molecules and quercetin might 
lead to cancer growth inhibition (Fig. 3.3) (Nam et al. 2016). Therefore, it can be 

Fig. 3.3 Various cellular processes modulated by quercetin on cancer cells
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considered that quercetin possesses free radical scavenging and antioxidant proper-
ties that might display the potential therapeutic potentials.

3.2.3  Kaempferol

Kaempferol, a tetrahydroxyflavone, contains four hydroxy groups at positions 3, 5, 
7, and 4′ (Xiao et al. 2011). Kaempferol is present in a variety of plant parts and 
possesses therapeutic values, such as neuroprotective, cardioprotective, antidia-
betic, anti-inflammatory, anticancer, antimicrobial, and antioxidant properties 
(Formica and Regelson 1995; Haddad et al. 2010; Kumar and Pandey 2013; Moon 
et al. 2001). Epidemiological studies reflected that kaempferol intake is associated 
with decreases in the occurrence of various cancer types (Bors et al. 1994; Prior 
2003), suggesting the application of kaempferol in cancer therapy (Fig. 3.4) (Bors 
et al. 1994; Prior 2003; Ren et al. 2019).

3.2.4  Epigallocatechin-3-Gallate (EGCG)

EGCG is among the maximum studied chemopreventive flavonoid due to its effec-
tiveness. EGCG is largely procured from green tea (Hayakawa et al. 2020). Besides 
chemoprevention, EGCG is also known for its activity against diabetes (Thielecke 

Fig. 3.4 Various cellular processes modulated by kaempferol on cancer cells
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and Boschmann 2009), cardiovascular (Tipoe et al. 2007), liver (Xiao et al. 2014), 
and neurodegenerative diseases (Hugel and Jackson 2012). The therapeutic benefits 
of EGCG are attributed by its structure, which is composed of three aromatic rings, 
i.e., A, B, and D, linked together by a pyran ring C.  It has been known that the 
hydroxyl groups of the B and/or D rings are responsible for the single-electron 
transfer reactions and the transfer of hydrogen, resulting in the antioxidant activity 
of EGCG (Lambert and Elias 2010). In addition, the B and D rings are also involved 
in the inhibition of proteasome activity (Landis-Piwowar et al. 2005). The inhibition 
of heat-shock protein 90 is mediated by the A ring of EGCG (Khandelwal et al. 
2013). The anticancer potential of EGCG has been attributed to its functionality to 
modulate various signaling pathways associated with the growth and proliferation 
of cancer cells (Fig. 3.5) (Singh et al. 2011).

3.3  Flavonoids as Anticancer Agent

3.3.1  Flavonoids Suppress Cancer Cell Growth via Regulating 
Cell Cycle

Genetic mutations in signaling proteins are the major cause for the formation of 
cancer cells. Therefore, modern therapies are aiming to restore the normal function-
ing of mutated genes for cancer interventions. Flavonoids offer its selective 

Fig. 3.5 Various cellular processes modulated by EGCG on cancer cells
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antitumor activity by targeting signaling mechanisms that are mostly related to cell 
proliferation and death of cancer cells, although the precise mechanism needs to be 
elucidated. It has been well-known that cancer cells are more susceptible to flavo-
noid action as compared to noncancerous cells. It is possible that this phenomenon 
is due to the activation of transcription factor, such as nuclear factor kappa B (NF-
кB), in cancer cells (Aggarwal 2004). However, it has been observed in some cases 
that curcumin may induce growth inhibitory effect in normal cells, although at 
much higher doses (Watson et al. 2008).

Curcumin was also found to regulate tumor development associated phosphatase 
and tensin homolog deleted on chromosome 10 (PTEN)/phosphatidylinositol 
3-kinase (PI3K)/protein kinase B (AKT) signaling pathway in BEAS-2B lung epi-
thelial cells and A549 lung cancer cells. In A549 cells, curcumin upregulates PTEN 
expression by downregulating DJ1, a negative regulator of PTEN, resulting in the 
inhibition of the proliferation and growth of A549 lung cancer cells. Curcumin (at 
27 μM dose) can cause sequential arrest in cell cycle in G1/S (via decrease in cyclin 
D1 level) and G2/M (via reduction in cdc2/cyclin B complex formation) phases 
leading to antiproliferative effect and inducing apoptosis in human osteosarcoma 
cell lines (Lee et al. 2009). In a different study, curcumin (at 20 μM dose) induced 
cell cycle arrest at G1 and G2/M phases in HL-60 cells and K562 myeloid leukemia 
cells, respectively (Martinez-Castillo et al. 2018). In addition to the regulation of 
cell cycle phases, curcumin is well-known to regulate various signaling pathways 
that are responsible for the growth and proliferation of cancer cells. It was found 
that curcumin arrests cell cycle in G2/M phase via regulating ataxia-telangiectasia 
mutated (ATM)/checkpoint protein 2 (CHK2)/tumor protein P53 signaling pathway 
in head and squamous cell carcinoma (HNSCC), both in vivo and in vitro. It is well- 
known that ATM acts as an indicator of DNA damage and its autophosphorylation 
at Ser-1981 reduces HNSCC proliferation (Hu et al. 2017). Various signaling path-
ways modulated by curcumin are shown in Fig 3.6 (Wang et al. 2019).

Quercetin, another flavonoid, regulates cell growth by inhibiting mammalian tar-
get of rapamycin (mTOR) activity. In addition, quercetin also regulates biosynthesis 
of proteins and autophagy. Quercetin downregulates P13K/Akt pathway in breast 
cancer cell HCC1937 (Gulati et  al. 2006), SkBr3 cells (Jeong et  al. 2008), liver 
cancer cell HepG2 (Maurya and Vinayak 2015a), and HL-60 leukemia (Yuan et al. 
2012). In Dalton’s lymphoma mice quercetin also inhibits glycolytic metabolism 
along with P13K-Akt-p53 pathway (Maurya and Vinayak 2015b). In addition, quer-
cetin can also inhibit the growth of human epidermal growth factor receptor 2 
(Her-2/neu) overexposing breast cancer cells via downregulating Her-2/neu gene 
(Jeong et al. 2008). Other signaling mechanisms observed to be modulated by quer-
cetin are epidermal growth factor receptor (EGFR) signaling pathway in Sprague- 
Dawley male rats (Firdous et al. 2014) and Wnt/β-catenin signaling pathway via 
activation of Dickkopf (DKK), a Wnt antagonist, in 4T1 murine breast cancer cells 
(Kim et al. 2013), and in SW-480 colon cancer cells (Shan et al. 2009).

Quercetin regulates cell cycle via modulating various signaling molecules which 
can lead to the suppression of cancer cell growth. In addition, quercetin regulates 
various biochemical events that can arrest cell cycle events and inhibit cancer 
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growth. It was observed that in HepG2 cells, quercetin arrests cell cycle in G1 phase 
and inhibits cell growth via regulating the expression of Cdk inhibitors, i.e., p21, 
p27, and p53 (Mu et al. 2007).Moreover, quercetin arrested cell cycle at G2/M in 
HeLa cells (Vidya Priyadarsini et  al. 2010), A549 lung cancer cells (Yeh et  al. 
2011), SK0V ovarian cancer cells, U2OS osteosarcoma cells (Catanzaro et  al. 
2015), and TW206 and HSC-3 oral cancer cells (Huang et al. 2013a). Various sig-
naling pathways modulated by quercetin are shown in Fig. 3.7 (Lai et al. 2013).

Kaempferol-induced cell cycle arrest at phase G2/M was also observed in 
SK-HEP-1 human hepatic cancer cells (Huang et al. 2013b), HT-29 human colon 
cancer cells (Cho and Park 2013), HeLa cervical cancer cells (Imran et al. 2019), 
MKN28 and SGC7901 gastric cancer cells (Song et  al. 2015a), MDA-MB-231 
breast cancer cells (Zhu and Xue 2019), and A2780/CP70 human ovarian cancer 
cells (Gao et al. 2018). Various signaling pathways modulated by kaempferol are 
shown in Fig. 3.8 (Rajendran et al. 2014).

EGCG was also found to induce cell cycle arrest and increases the percentage of 
cells in the G1 phase and reduces the percentage of cells in the S phase and G2 
phase in the SKOV-3 human ovarian cancer cells (Rao and Pagidas 2010). EGCG 
was also observed to arrest cell cycle at G2/M phase, slightly decrease G0/G1 ratio 
of cells, and significantly decrease the ratio of cell population in S phase in MCF-7 
cells. In addition, EGCG decreased mitochondrial membrane potential and pro-
moted cell cycle arrest at G0/G1 phase in human HCC metastatic cell line HCCLM6 
(Zhang et al. 2015). EGCG also promoted G1 phase arrest in mouse xenograft mod-
els of esophageal squamous cell carcinoma (Liu et  al. 2015) and oral squamous 

Fig. 3.6 Various signaling pathways regulated by curcumin for cancer growth inhibition
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Fig. 3.7 Various signaling pathways regulated by quercetin for cancer growth inhibition

Fig. 3.8 Various signaling pathways regulated by kaempferol for cancer growth inhibition
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cancer cells (Yoshimura et  al. 2019). Various signaling pathways modulated by 
EGCG are shown in Fig. 3.9 (Chen and Zhang 2007).

3.3.2  Flavonoids Inhibits Cell Proliferation via Angiogenesis

Angiogenesis is the formation of new blood vessels. In case of tumor, angiogenesis 
is responsible for the supply of nutrients and oxygen to the fast growing tumor cells 
(Jeong et al. 2020). Vascular endothelial growth factor (VEGF), angiopoietin-1 and 
angiopoietin-2, hypoxia-inducible factor-1α (HIF), and interleukin-2, interleukin-8, 
and interleukin-17 are important factors for angiogenesis (Lin et  al. 2016; 
Norooznezhad and Norooznezhad 2017). Flavonoids can modulate these factors, 
thus regulating tumor growth as a result. It is noted that curcumin can regulate of 
VEGF expression, inhibiting its downstream signaling process (Saberi-Karimian 
et al. 2019). Antiangiogenesis ability of curcumin via targeting c-Met/PI3K/Akt/
mTOR signaling pathway is reported in lung cancer cell lines (Jiao et al. 2016).

Quercetin can also possess antiangiogenic property, resulting in the inhibition of 
tumor growth. Quercetin targets VEGFR-2 and suppresses downstream signaling 
pathway via repressing AKT in prostate and breast cancers (Balakrishnan et  al. 
2016; Pratheeshkumar et al. 2012). Quercetin also increased the effect of anticancer 

Fig. 3.9 Various signaling pathways regulated by EGCG for cancer growth inhibition
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drugs, limiting the angiogenesis of drug-resistant cells (Long et  al. 2013; Oh 
et al. 2010).

Kaempferol can also inhibit angiogenesis by modulating the expression of VEGF 
through regulating both HIF-independent and HIF-dependent pathways (Luo et al. 
2009) and extracellular signal-regulated kinase (ERK)-NF-κB-cMyc-p21 signaling 
pathways (Luo et al. 2012a; Luo et al. 2012b), in human ovarian cancer cells. Under 
hypoxic condition, kaempferol treatment inhibited the expression of HIF-1α protein 
in Huh7 cells via inactivation of p44/42 mitogen-activated protein kinase (MAPK) 
pathways (Mylonis et al. 2010).

Similarly, EGCG also regulates angiogenesis via downregulating VEGF expres-
sion in HT-29 human colon cancer cells (Jung et al. 2001), human pancreatic cancer 
cells (Shankar et  al. 2013), breast cancer cells (Braicu et  al. 2013), and human 
colorectal cancer cells (Shimizu et al. 2010). EGCG also modulates platelet-derived 
growth factor receptor (PDGFR) and EGFR, which are also contributing factors in 
cancer cell growth.

3.3.3  Flavonoids Induce Apoptosis

Apoptosis is well-known as programmed cell death regulating various critical phys-
iological processes (Chong et al. 2020). Cross talk between various signaling mol-
ecules and pathways is responsible for both normal growth and apoptosis in cells. 
However, the dysregulation in pathways responsible for apoptosis might lead to the 
abnormal cell growth causing cancer progression (Lowe and Lin 2000). Apoptosis 
are of two types, mitochondria mediated and intrinsic or extrinsic (mediated by 
signals from other cells). It has been demonstrated that flavonoids regulate both 
extrinsic and intrinsic factors resulting in the cancer cell apoptosis. Indeed, caspases 
modulate both intrinsic and extrinsic apoptotic pathways. In the caspase-dependent 
apoptotic pathways, the cellular susceptibility of cancer cells against flavonoids or 
any chemotherapeutic drug is decided by the ratio between proapoptotic (Bax and 
Bak) and antiapoptotic (Bcl-2 and Bcl-xL) proteins.

3.3.3.1  EGCG

It has been reported that EGCG induces apoptosis via modulating the expression of 
the Bcl-2 family (downregulation) and Bax (upregulation) in nasopharyngeal can-
cer cells (Zhao et al. 2004), breast cancer cells (Roy et al. 2005), prostate cancer 
cells (Hastak et  al. 2005), hepatic cancer cells (Nishikawa et  al. 2006), bladder 
cancer cells (Qin et al. 2007), and ovarian cancer cells (Chen et al. 2013). Indeed, 
Bax is the downstream signaling molecule of p53 (Hastak et al. 2003). It is known 
that p53 gene plays a regulatory role in apoptosis, DNA repair, cell cycle, and 
checkpoints in the cells. Therefore, EGCG also induces cancer cell death via activa-
tion of p53 tumor suppressor protein. In addition, EGCG also induces proapoptotic 
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and antitumorigenic nonsteroidal anti-inflammatory drug-activated gene-1 expres-
sion in head and neck cancer cells via inducing p53 (Kang et al. 2013). EGCG has 
been known to phosphorylate p53 at serine residue, resulting in the expression and 
activation of p53. Acetylation of p53 via EGCG is also reported that can increase 
p53 transcriptional activity by class 1 histone deacetylase inhibition (Thakur et al. 
2012). Interestingly, p53 knockout activated alternative apoptosis pathway after 
EGCG administration in cervical cancer cells (Berindan-Neagoe et al. 2012).

In addition, EGCG upregulates a negative regulator of PI3K/Akt signaling, i.e., 
phosphatase and tensin homolog, in human pancreatic cancer cells resulting in the 
modulation of PI3K/Akt signaling pathway and apoptosis (Liu et al. 2013). EGCG 
also induces apoptosis via PI3K/Akt signaling pathway inhibition in bladder cancer 
cells (Qin et al. 2007). EGCG also induces caspase-independent apoptosis via cyto-
chrome c-mediated translocation of endonuclease G (EndoG) and apoptosis- 
inducing factor (AIF) in the nucleus in laryngeal epidermoid cancer cells (Lee et al. 
2010). It was observed that despite failure in caspase activation, cell viability is 
markedly decreased in laryngeal epidermoid cancer cells after EGCG treatment 
(Lee et al. 2010). It has been known that AIF and EndoG are involved in caspase- 
independent apoptotic pathway.

3.3.3.2  Curcumin

Curcumin can activate ATF6 transcription factor-C/EBP homologous protein 10 
(CHOP) pathways in human papillary thyroid carcinoma (Zhang et al. 2018). CHOP 
is a proapoptotic protein that acts as endoplasmic reticulum (ER)-induced apoptosis 
indicator. Curcumin-activated CHOP can suppress the expression of Bcl-2 and can 
increase the ratio of Bax/Bcl-2 resulting in the induction of apoptotic pathway. 
Curcumin can also induce apoptosis by acting as proteasome inhibitor that causes 
increase in p53 in the cells, resulting in the caspase-3 and caspase-7 activation (Jana 
et al. 2004). Kuttikrishnan et al. (2019) showed that curcumin-mediated ROS gen-
eration can activate intrinsic apoptotic pathway in B-precursor lymphoblastic leuke-
mia (ALL) (B-Pre-ALL) cell lines. Moreover, they showed that curcumin can 
potentiate the therapeutic effect of cisplatin, an anticancer drug. In addition, the 
inhibitors of apoptosis protein (IAPs) are also downregulated by curcumin in B-Pre- 
ALL cell lines. It has also been demonstrated that curcumin induces apoptosis via 
inhibition of PI3K/Akt signaling pathway (Kuttikrishnan et al. 2019).

Apoptosis is also mediated by ER stress, which is mainly related with the synthe-
sis and formation of spatial structure of proteins. ER stressors play key role in 
adjusting the balance between the survival and apoptotic signaling (Sano and Reed 
2013). Increase in ER stress can trigger mitochondrial-dependent or mitochondrial- 
independent apoptotic cell death (Wang et al. 2014b). Flavonoids have been shown 
to play a regulatory role in ER stress, although it may vary among different cell 
types (Wang et  al. 2016), while it may enhance oxidative stress in cancer cells 
(Basile et  al. 2013). It was observed that bis-hydroxy-curcumin (30 μM), a cur-
cumin derivative, induces apoptosis in HCT116 human colon cancer cells via 
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caspase- 4-mediated ER stress induction (Basile et al. 2013). In addition, caspase- 3- 
mediated apoptosis was observed in human osteosarcoma cells after curcumin treat-
ment (Lee et al. 2009). Moreover, curcumin decreases Ca2+ concentration in ER via 
decreased Ca2+-ATPase activity, resulting in the stress-induced efflux of Ca2+ from 
ER and accumulation of Ca2+ in mitochondrial matrix. In mitochondria, the accu-
mulation of Ca2+ causes alterations in transmembrane mitochondrial potential, 
resulting in the generation of ROS followed by rupture of outer mitochondrial mem-
brane and release of cytochrome C in the cytoplasm (Zhang et al. 2018).

3.3.3.3  Quercetin

Quercetin induces apoptosis by increasing the levels of proapoptotic protein, such 
as Bax, and decreasing the levels of antiapoptotic protein, such as Bcl-2, in 
MDA-MB-231 breast cancer cells (Chien et al. 2009). In HT-29 colon cancer cells, 
quercetin induced both p53-dependent apoptotic cell death (Kim et al. 2010) and 
p53-independent apoptotic pathway (Kim et al. 2014), via activating protein kinase 
(AMPK). In addition, in ER alpha-negative breast cancer cells also quercetin 
induced p53-dependent apoptotic cell death (Seo et al. 2011). Therefore, although 
quercetin showed induction of apoptosis in various cancer cells, further studies are 
needed to understand more mechanistic details.

3.3.3.4  Kaempferol

Kashafi and coworkers showed that kaempferol (12–100 μM) induces dose- 
dependent apoptotic and cell death in HeLa cervical cancer cells. In addition, 
kaempferol also reduced cell viability and downregulated PI3K/AKT and human 
telomerase reverse transcriptase (hTERT) pathways (Kashafi et al. 2017). Another 
study showed that orally administered kaempferol can induce dose-dependent apop-
tosis in cervical cancer cells and suppress its growth by disrupting mitochondrial 
membrane potential and elevating intracellular free calcium (Tu et  al. 2016). 
Kaempferol can also induce apoptosis; decrease expressions of Bcl-2, p-TIMP2, 
p-AKT, and p-MMP2; and increase expressions of Fas, Bax, cleaved caspase-3, 
caspase-8, caspase-9, and cleaved PARP, in HCCC9810 and QBC939 lung metasta-
sis model (Qin et al. 2016). Kaempferol was also observed to induce apoptosis via 
increasing expressions of p21 and Bax, decreasing expressions of cyclin E and D1 
and cathepsin D, and reducing phosphorylation of AKT, IRS-1, ERK, and MEK1/2, 
resulting in the tumor growth inhibition in MCF-7 breast cancer xenograft mouse 
model (Jo et al. 2015; Kim et al. 2016). In addition, kaempferol also showed dose- 
dependent apoptotic activity in MIA PaCa-2, Panc-1, and SNU-213 human pancre-
atic cancer cell lines via inhibition of ERK1/2, EGFR-related Src, and AKT 
pathways (Lee and Kim 2016).
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3.3.4  Flavonoids Affect Oxidative Stress

Flavonoids are known to act as scavenger of ROS, superoxide anion, hydroxyl radi-
cal, nitrogen dioxide, and reactive nitrogen species (RNS), which results in the pre-
vention of oxidative damage. ROS/RNS are normally produced during the cellular 
metabolism and play a dual role, both as protective and as damaging agents, depend-
ing upon their concentration. ROS can induce transformation of normal cells into 
malignant cells. Therefore, inhibition of ROS production can protect and even 
inhibit this transformation (Lopez-Lazaro 2010; Salehi et  al. 2018; Sharifi-Rad 
et  al. 2018). The superoxide anions are converted into H2O2 by superoxide dis-
mutase that can produce highly reactive hydroxyl radical after reacting with reduced 
metals (e.g., cuprous or ferrous ions) or produce peroxynitrite after reacting with 
nitric oxide. Both of these highly reactive species may cause damages in the bio-
molecules, such as lipids, proteins, or DNA (Wang et al. 2006). It has been observed 
that flavonoids can (i) scavenge hydroxyl radical, superoxide anion, and peroxyni-
trite (Heijnen et al. 2001; Klaunig and Kamendulis 2004; Wang et al. 2006), (ii) 
inhibit the expression of pro-oxidant enzymes (Ozyurek et al. 2009), (iii) induce the 
expression of antioxidant enzymes (Heijnen et al. 2001; Hong et al. 2009), and (iv) 
chelate ferrous or cuprous inhibiting the hydroxyl radical generation (Mira et al. 
2002; Ren et al. 2008) . In addition, flavonoids can activate antioxidant enzymatic 
system by activating genes encoding glutathione peroxidase (GPx), superoxide dis-
mutase (SOD), S-glutathione transferase (GST), etc. The imbalance between ROS/
RNS generation and antioxidant enzymatic system may cause cell damage that 
might result in the onset of critical pathological conditions.

It has been observed that ROS activates Kelch-like ECH-associated protein 1 
(KEAP1)-nuclear factor erythroid 2-related factor 2 (NRF2)-antioxidant response 
elements (AREs) antioxidant system, which initiates by conformational changes in 
KEAP1, which lead to the bond cleavage between KEAP1 and NRF2. This results 
in the release of NRF2, followed by the activation of antioxidant system. It was 
found that curcumin acts as an electrophile that binds to KEAP1 via sulfhydryl 
group (-SH) and modifies the cysteine group (Trujillo et al. 2014). Curcumin inhib-
its IKK/NF-κB pathway and inhibits serine-threonine kinase (Bharti et al. 2003). 
Curcumin also plays a role in regulating oxidative redox status in human leukemia 
(K562) cell line by binding and regulating several enzymes involved in ROS metab-
olism, such as glutathione-S-transferase phi 1 (GSTP1), glyoxalase I (GLO1), aldo- 
keto reductase family 1 member 1 (AKR1C1), NAD(P)H dehydrogenase [quinone] 
1 (NQO1), and carbonyl reductase 1 (CBR1) (Cairns et al. 2011; Gorrini et al. 2013; 
Larasati et al. 2018; Panieri and Santoro 2016).

It has been observed that quercetin activates NRF2, leading to an increase in the 
expressions of GPx and GST in liver carcinoma cells HepG2 (Granado-Serrano 
et al. 2012). In addition, quercetin also inhibited lung tumors in mouse xenograft 
model via p53-mediated ROS pathway (Xingyu et al. 2016), suggesting the possi-
bility of flavonoids to act in cancer chemoprevention and treatment via regulating 
oxidative stress pathways.
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3.3.5  Inhibition of Metastasis

Metastasis is the stage of cancer when it spreads from one organ to another and is 
perhaps the most dangerous form of cancer. Therefore, inhibition of metastasis 
could be a possible target for cancer therapy. It has been found that matrix metal-
loproteinase’s (MMPs) enzymes, such as MMP-9 and MMP-2, are involved in the 
degradation of extracellular matrix proteins in a variety of cells or tissues (Liabakk 
et al. 1996), suggesting that the suppression of MMPs can minimize the possibility 
of metastasis of cancer. It has been found that flavonoids inhibit the secretion of 
MMPs. For example, in MCF-7 breast cancer cells treated with 
12-O-tetradecanoylphorbol-13-acetate (TPA), quercetin suppresses the activation 
and migration of MMP-9, resulting in the prevention of metastasis (Lin et al. 2008). 
Moreover, in JB6 P+ mouse epidermal cells, quercetin also inhibited tumor necrosis 
factor (TNF)-α-mediated upregulation of MMP-9 (Hwang et al. 2009). Along with 
MMP-9, decrease in the secretion of MMP-2 was also observed in MIA PaCa-2 
pancreatic cancer cells (Lee et al. 2004) and A431 epidermoid cancer cells (Huang 
et al. 1999), post-quercetin treatment.

In addition to quercetin, other flavonoids also inhibited the metastasis of cancer. 
Curcumin also inhibited MMP-9 in prostate cancer (Hong et al. 2006), colon cancer 
(Su et al. 2006), human promyelocytic leukemia (Tan et al. 2006), breast cancer 
(Bachmeier et al. 2007), human laryngeal squamous carcinoma (Mitra et al. 2006), 
metastatic colorectal cancer (Kunnumakkara et  al. 2009), U373 cells (Abdullah 
Thani et al. 2012), lung cancer (Chen et al. 2014; Lin et al. 2009), nasopharyngeal 
carcinoma (Xie et al. 2014), and liver metastasis from colorectal cancer (Shen et al. 
2014). It was observed that curcumin inhibited lung metastasis in a breast cancer 
nude mouse model (Aggarwal et  al. 2005). It was found that curcumin inhibits 
human colon cancer colo205 cells migration via inhibiting NF-κB and downregula-
tion of cyclooxygenase-2 and MMP-2 expression (Su et al. 2006). Another study 
showed that curcumin attenuated Wnt/β-catenin pathway in meduloblastoma cell 
lines (He et al. 2014) and in non-small cell lung cancer (Lu et al. 2014). The migra-
tory ability of highly metastatic mouse hepatoma Hca-F cells is also modulated by 
curcumin inactivating EGFR and Cav-1 signaling pathways  (Wang et al. 2011). 
Curcumin also inhibited the metastatic potential and migration of human ovarian 
CaOV3 cancer cell line via attenuated EGF-induced aquaporin water channels in 
cells (Ji et al. 2008).

In addition, EGCG was also shown to inhibit metastasis and invasion via decreas-
ing the expression of hepatocyte growth factor (HGF)-induced MMP- 9 and activat-
ing urokinase-type plasminogen activator (uPA) in hypopharyngeal carcinoma cells 
(Lim et al. 2008). EGCG was also observed to suppress HGF-Met signaling and 
decrease uPA activation and expression of MMP-2 and MMP-9 in oral cavity cancer 
cells and melanoma cells (Koh et al. 2011; Kwak et al. 2011). EGCG also reduces 
activation of small guanosine triphosphatase proteins, i.e., Rac and Rho. Inhibiting 
the activity of Rho inhibited the invasion in three-dimensional oral squamous cell 
carcinoma models (Hwang et al. 2013), while inhibition of Rac1 activity blocked 
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cell migration and invasion via downregulating vasodilator-stimulated phosphopro-
tein expression in breast carcinoma cells (Zhang et al. 2009). In addition, EGCG 
prevents migration and inhibition in heregulin 1-induced breast carcinoma cells 
(Kushima et  al. 2009) and thrombin-induced hepatocellular carcinoma cells 
(Kaufmann et al. 2009), respectively. Therefore, it can be suggested that EGCG can 
inhibit cancer cell metastasis by inhibiting the growth and invasion of cancer cells 
(Min and Kwon 2014).

3.3.6  Induction of Autophagy

In contrast to apoptosis, autophagy is involved in the lysosomal degradation of cel-
lular organelles and macromolecules (Ma et al. 2020). Autophagy leads to degrada-
tion of cellular constituents by sequestering them into double membrane vesicles, 
i.e., autophagosomes, followed by fusion with lysosomes and degradation. 
Autophagy plays a dual role both as pro-death and pro-survival factor and is essen-
tial for cellular homeostasis (Liu et al. 2020; Unal et al. 2020). Although autophagy 
shows pro-survival effect on both cancer and normal cells, deregulation of autoph-
agy leads to the activation of cell death signals. It has been observed that in chloro-
quine (an autophagy inhibitor)-treated mesothelioma cells, EGCG enhances LC3 II 
form and degrades p62, leading to autophagy in the cells (Satoh et al. 2013).This 
suggests that flavonoids can induce autophagy in cancer cells (Min and Kwon 
2014). However, more mechanistic details on flavonoid-mediated autophagy in can-
cer cells need to be elucidated.

3.4  Enhancing the Bioavailability of Flavonoids 
in Cancer Therapeutics

Although flavonoids show various biological activities, they have poor bioavailabil-
ity. Due to the poor bioavailability, the use of flavonoids as anticancer agent is lim-
ited. Various methods have been employed to increase the bioavailability of 
flavonoids, such as chemical modifications and conjugation with nanoparticle and/
or antibodies for targeted delivery which are discussed below.

3.4.1  EGCG

Despite the various biological advantages of EGCG, it possesses several drawbacks. 
Firstly, EGCG lacks stability in both water and physiological fluids (Hong et al. 
2002). Secondly, EGCG has low oral bioavailability, reducing the absorption of 
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EGCG by humans and laboratory animals (Lambert and Yang 2003; Warden et al. 
2001). Thirdly, EGCG is rapidly metabolized and degraded by the enzymes present 
in the tissues. Fourthly, the target specificity of EGCG is low for cancer cells. 
Therefore, to overcome these vital issues, several attempts have been made to 
improve the bioavailability, stability, and target specificity of EGCG for cancer cells 
and improve its anticancer activities (Lambert and Yang 2003; Warden et al. 2001). 
As noted, the stability of EGCG can be improved by nanoliposomes (de Pace et al. 
2013; Wang et al. 2014a; Zhang et al. 2013) and can be prevented from early degra-
dation (Zhang et al. 2013). Moreover, encapsulation of EGCG in nanoparticles can 
reduce the effective dosage of EGCG. In addition, the attachment of targeting moi-
eties on EGCG-encapsulated nanoparticle surface can provide the target specificity 
toward cancer cells, resulting in enhanced delivery of EGCG (Allen and Cullis 2004).

In a study, micellar nanocomplexes carrying and supplying Herceptin to breast 
cancer cells were made from EGCG derivatives. It was observed that these nano-
complexes decreased the viability of cancer cells in vitro and in vivo (Chung et al. 
2014), suggesting the increased uptake and stability of EGCG in cancer cells. 
Moreover, EGCG-Ca/Al-NO3-layered double hydroxide nanoparticles also showed 
increased apoptosis and reduced cell viability in human PC3 prostate cancer cells 
(Shafiei et  al. 2015). Another study recorded that EGCG chitosan nanoparticles 
showed anticancer effects on Mel-928 human melanoma cells by apoptosis through 
increased level of Bax, decreased levels of caspase-3 and caspase-9 and Bcl-2, 
increased cleavage of poly(ADP ribose) polymerase (PARP), inhibition of cyclin 
D1 and D3, cell cycle arrest at G2/M phase, and increased expression in p21 
and p27.

Anticancer effect of EGCG chitosan nanoparticles via suppression of tumor 
growth and proliferation, CDK4 and CDK6 inhibitions, and an increase in apoptosis 
was observed in the xenograft athymic mouse model of melanoma (Siddiqui et al. 
2014). In combination with paclitaxel, EGCG core-shell PLGA-casein nanoparti-
cles also showed anticancer activity by increasing apoptosis and decreasing NF-κB 
activation in human MDA-MB-231 and MCF-7 breast cancer cells (Narayanan 
et al. 2015). EGCG-containing green tea polyphenols were nanoformulated by gra-
phene nanosheets as one of the major components and showed growth inhibitory 
effects on HT-29 and SW48 colon cancer cells (Abdolahad et al. 2013).

Nanoparticles may therefore increase the stability and bioavailability of EGCG, 
boost its sustained release, and deliver EGCG to cancer cells in a targeted manner, 
which could suggest a novel approach for cancer prevention and treatment 
(Davatgaran-Taghipour et al. 2017; Li et al. 2015). Some of the studies demonstrat-
ing enhanced uptake and anticancer ability of EGCG encapsulated in various 
nanoparticles are shown in Table 3.1.
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3.4.2  Quercetin

Studies have been performed to overcome the restrictions linked with the use of 
quercetin as anticancer agent. Quercetin loaded with phenylboronic acid (PBA)-
conjugated zinc oxide nanoparticles (PBA-ZnO-Q) has been synthesized that 
enhanced oxidative stress and induced mitochondrial damage in human breast can-
cer cells (MCF-7), leading to apoptotic cell death in vitro (Sadhukhan et al. 2019). 
Additionally, PBA-ZnO-Q also showed reduction in tumor growth in tumor-bearing 
mice with reduced toxicity associated with liver, kidney, and spleen (Sadhukhan 
et al. 2019). In another study, poly(lactic acid) (PLA) nanoparticle-loading querce-
tin (PLA-Q) also showed sustained release kinetics and anticancer efficacy against 
human breast cancer cells (Pandey et al. 2015). Orally administration of PLGA-NPs 
coencapsulated with quercetin and tamoxifen (PLGA-NPs-Tmx-Q) efficiently nor-
malized levels of MMP-2 and MMP-9, preventing tumor angiogenesis in DMBA- 
induced breast cancer model in female SD rats (Jain et al. 2013). In addition, no 
measurable hepatotoxicity was observed by PLGA-NPs-Tmx-Q nanoparticle (Jain 
et al. 2013). Similarly, MPEG-PLA encapsulated quercetin nanoparticle (MPEG- 
PLA- Q) efficiently induce apoptosis in triple negative breast cancer cell line 
(MDA-MB-231) and inhibited the tumor growth in xenograft model for breast can-
cer after post-tumoral injection (Sharma et  al. 2015). Liposomal quercetin also 
increased the bioavailability and solubility of quercetin, in addition to enhanced 
cellular uptake in human MCF-7 breast cancer cells (Rezaei-Sadabady et al. 2016). 
The nanoribbons of quercetin are also suggested for their antiproliferatory effects 
on cancer cell (Han et al. 2012).

The PLGA nanoparticles, encapsulating etoposide and quercetin dihydrate sepa-
rately, significantly increased the cytotoxicity in A549 (human lung adenocarci-
noma epithelial cell line) (Pimple et  al. 2012). A stable polyethylene glycol 
(PEG)-derivatized phosphatidylethanolamine (PE) (PEG-PE) nanomicellar formu-
lation of quercetin significantly improved the anticancer activity of quercetin in 
A549 cancer cell line and murine xenograft model and no apparent toxicity to the 
intestinal epithelium (Tan et al. 2012). In JR8 human melanoma cells, aminopropyl 
functionalized mesoporous silica nanoparticles (NH2-MSN) were used as a topical 
carrier system for quercetin delivery, which showed antiproliferative effect on can-
cer cells (Sapino et al. 2015). The active targeting of PEG-PLGA-quercetin nanopar-
ticles was also observed using folic acid as targeting agent in HeLa cells (El-Gogary 
et al. 2014).

Chitosan nanoparticles loaded with quercetin and 5-fluorouracil showed signifi-
cant growth inhibitory effect on pancreatic cancer cells, both in 2D and 3D cultures 
(David et al. 2015). It was observed that 5-fluorouracil was localized in the periph-
ery, while quercetin was located towardthe core of chitosan nanoparticles (David 
et al. 2015). It was also observed that quercetin-loaded liposomes showed necrosis 
without apoptosis in C6 glioma (Wang et al. 2012). Oral delivery of paclitaxel, an 
anticancer drug, was also improved by an amphiphilic carboxymethyl chitosan-
quercetin (CQ) conjugate (Wang et al. 2014c). Table 3.2 shows some of the nanopar-
ticle-based quercetin delivery against various types of cancer cells.
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3.4.3  Curcumin

Although, curcumin possesses anticancer property on several kinds of cancer cells, 
such as lung cancer, breast cancer, pancreatic cancer, etc., it is hydrophobic and has 
less bioavailability. The dispersibility and chemical stability of curcumin can be 
done by encapsulating curcumin in solid lipid nanoparticles (SLNs), prolonging its 
antitumor activity and cellular uptake, and enhancing its bioavailability (Sun et al. 
2013). It was observed that curcumin-loaded SLNs showed profound tumor inhibi-
tion on lung cancer (Wang et al. 2013). SLNs loaded with curcumin and layered 
double hydroxides loaded with 5-fluorouracil showed synergetic effect on 
SMMC-7721 liver cancer cell lines (Zhu et  al. 2013). The combination of 
curcumin/5-fluorouracil loaded thiolated chitosan nanoparticles also showed 
enhanced anticancer effects on colon cancer cells in vitro and improved the bio-
availability of the drugs in  vivo (Anitha et  al. 2014). The oral bioavailability of 
curcumin was increased using nanostructured lipid carriers, with increased cell 
growth inhibition in prostate cancer cells (Aditya et al. 2013).

The therapeutic potential of PLGA-curcumin nanoparticles against prostate can-
cer was also observed. It was observed that PLGA-curcumin nanoparticles were 
efficiently internalized in prostate cancer cells and release biologically active cur-
cumin in cytosolic compartment of cells for effective therapeutic activity (Yallapu 
et al. 2014). Similarly, nanocurcumin synthesized using PLGA showed enhanced 
aqueous solubility and higher anticancer efficacy(Nair et al. 2012). Intravenously 
injectable aqueous formulation of curcumin encapsulated into monomethoxy 
poly(ethylene glycol)-poly(ε-caprolactone) micelles showed cytotoxicity C-26 
colon carcinoma cells in vitro through inhibiting angiogenesis and directly killing 
cancer cells (Gou et al. 2011). It was suggested that nanocurcumin could limit the 
progression of the cancer and prevent metastasis by modulating vascular inflamma-
tion (Palange et al. 2014).

The antitumor study of a liposomal curcumin formulation showed reduced 
human pancreatic cancer growth against human MIA PaCa pancreatic cancer cells 
both in vitro and in xenograft studies, with no limiting side effects, suggesting that 
liposomal curcumin may be beneficial in patients with pancreatic cancer (Ranjan 
et al. 2013). Some of the studies related with nanoparticle-mediated enhanced deliv-
ery and antitumor efficacy of curcumin are shown in Table 3.3.

3.4.4  Kaempferol

Nanoparticles loaded with kaempferol have been studied for the enhanced antican-
cer activities (Luo et al. 2012a) and developed poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) and poly(DL-lactic acid-co-glycolic 
acid) (PLGA) nanoparticles loaded with kaempferol against ovarian cells. These 
nanoparticles significantly reduced cell viability of cancerous cells (Luo et  al. 
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Table 3.3 Nanoparticle-mediated delivery of curcumin

Cancer
Cancer type/ 
cells

Nanoparticle 
type/
polymer

Size 
d. 
(nm) Outcome References

Breast MDA-MB-231 Lipid-polymer 
nanoparticles

172 Decreases metastasis and 
inflammation

Palange et al. 
(2014)

MCF-7 Solid lipid 
nanoparticles

153 Increases intracellular 
uptake, bioavailability, and 
anticancer activity

Sun et al. 
(2013)

Colon HT-29 Thiolated 
chitosan 
nanoparticles

150 Increases sustained 
release, cellular uptake, 
apoptosis, anticancer 
activity, and bioavailability 
and decreases cancer cell 
viability

Anitha et al. 
(2014) and 
Anitha et al. 
(2019)

MPEG-PCL 
micelles

27 Decreases tumor 
cell-induced angiogenesis 
and cancer cell growth

Gou et al. 
(2011)

Prostate C4-2, DU-145, 
PC3

PLGA 
nanoparticles

Decreases proliferation of 
cancer cells, tumor 
growth, key oncogenic 
proteins, and oncogenic 
miR21 and increases 
apoptosis and miR-205

Yallapu et al. 
(2014)

PC3 Nanostructured 
lipid carriers

108 Increases sustained release 
and anticancer activity and 
decreases cell viability

Aditya et al. 
(2013)

Liver SMMC-7721 Solid lipid 
nanoparticles

100 Increases sustained release 
and apoptosis and 
decreases cell viability

Zhu et al. 
(2013)

HeLa PLGA 
nanoparticles

120- 
190

Increases aqueous 
solubility and sustained 
release, cellular uptake, 
and anticancer efficacy

Nair et al. 
(2012)

Lung A549 Solid lipid 
nanoparticles

20- 
80

Increases the stability of 
curcumin, apoptosis and 
concentration in plasma, 
and tumor distribution of 
curcumin and decreases 
growth of lung cancer 
cells in vivo and tumor 
volume

Wang et al. 
(2013)

Pancreatic MIA PaCa Liposomes 100 Decreases cell viability, 
tumor growth, and 
angiogenesis

Ranjan et al. 
(2013)

Cervical KB-V1 and 
KB-3-1

PLGA 
nanoparticles

130 Increase in targeting to 
cancer cells and cellular 
uptake and decrease in cell 
viability

Punfa et al. 
(2012)
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2012a). Kaempferol was found to conjugate with small-size gold nanoclusters 
(AuNCs) that may target and damage the nuclei of the A549 lung cancer cells 
(Govindaraju et al. 2019). Intranasal administration of kaempferol chitosan nano-
emulsions showed effective brain delivery and antitumor activity against glioma 
cells (Colombo et al. 2018).

3.5  Conclusion

The advancements in the nanoparticle-mediated uptake of phytochemicals indicate 
that nanoparticles loaded with phytochemicals might soon enter into the therapeutic 
regime as a sole or as an adjuvant therapy against various types of cancer. Therefore, 
we can conclude that the anticancer property of flavonoids can be enhanced using 
nanoparticle-mediated delivery approach. This is due to the increased bioavailabil-
ity, stability, and target specific delivery that enhances the uptake of flavonoids in 
the cells. However, this kind of nanoparticle-based delivery of flavonoids still 
remains to be clinically validated.
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Chapter 4
Role of Metal-Doped Carbon Dots 
in Bioimaging and Cancer Therapy

Rajkumar Bandi, Srikrishna Tummala, Ramakrishna Dadigala, 
Madhusudhan Alle, and Seung-Hwan Lee

4.1  Introduction

Optical nanotechnology has grabbed the attention in various fields especially in 
biomedical diagnosis and therapy due to its high efficiency, nondestructive nature. 
Moreover, the optical imaging technology is not only for diagnosis but also applied 
for real-time monitoring of drug delivery and phototherapy (photodynamic and 
photothermal therapy) as well (Cai et al. 2019). Photosensitizers play an active role 
in photodynamic therapy (PDT) and photothermal therapy (PTT), and these photo-
sensitizers react at certain wavelength of light producing active medium with reac-
tive oxygen species to kill cancer cells. Furthermore, when light-irradiated 
photosensitizer which generated hyperthermia-based apoptosis or necrosis for treat-
ment of cancer cells.

CDs were first discovered in 2004 by Scrivens and his group during the electro-
phoretic purification (Xu et al. 2004). The name carbon dots were firstly proposed 
by Sun et al. (2006). Carbon dots (CDs) are a fascinating class of fluorescent carbon 
nanomaterials with sizes below 10 nm, which particularly consist of sp2-hybridized 
carbon atoms and the surface contains abundant functional groups (Baker and Baker 
2010). CDs have gained stupendous attention due to their strong fluorescence, 

R. Bandi (*) · R. Dadigala · S.-H. Lee 
Institute of Forest Science, Kangwon National University, Chuncheon, Republic of Korea 

S. Tummala 
Department of Chemistry, National Dong Hwa University, Hualien, Taiwan

M. Alle
Institute of Forest Science, Kangwon National University, Chuncheon, Republic of Korea

Department of Biomedical Science & Institute of Bioscience and Biotechnology,  
Kangwon National University, Chuncheon, Republic of Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84262-8_4&domain=pdf
https://doi.org/10.1007/978-3-030-84262-8_4#DOI


102

nontoxicity, high photostability, chemical resistance, and hydrophilicity (Bandi 
et al. 2016, 2018b, a). These stunning properties were explored in various biomedi-
cal applications like bioimaging (Swathi et al. 2020), bio-labeling (Unnikrishnan 
et al. 2020), drug delivery (Lee et al. 2014), gene transfections (Dou et al. 2015), 
and photodynamic therapy (PDT) (Ge et al. 2014). Moreover CDs find wide appli-
cability in catalysis (Bhagavanth Reddy et  al. 2021; Bandi et  al. 2021), forensic 
(Bandi et  al. 2020b), sensors (Bandi et  al. 2020a; Mohammed et  al. 2021), and 
photocatalysis (Dadigala et al. 2017). In general, CDs can be obtained by methods 
such as laser ablation, electrochemical synthesis, hydrothermal/solvothermal treat-
ment, and microwave irradiation (Tummala et al. 2021).

The optical and electronic characteristics and functionalities of CDs rely on three 
key factors: size, composition, and surface chemistry (Park et al. 2016). Heteroatom 
doping has been explored to enhance quantum yields and manipulate optical proper-
ties (emission peak position and excitation-dependent nature) of CDs (Xu et al. 2016). 
In comparison with nonmetallic heteroatoms such as N, P, and S, metal ions have 
more number of electrons to share and have unoccupied orbitals and possess large 
atomic radius (Lin et  al. 2018). Particularly, metal ion-doped CDs having a great 
opportunity for charge transferring between metal ion and carbon core (graphene) are 
created to improve physicochemical properties of CDs (Tejwan et al. 2021).

4.2  Synthesis of Metal-Doped Carbon Dots

4.2.1  Hydrothermal Method

Hydrothermal method is the most efficient and extensively employed approach to 
synthesize metal-doped CDs. Hydrothermal approach has been considered environ-
mentally friendly, inexpensive, and nontoxic method in order to synthesize the 
novel carbon materials from several raw constituents. Typically in this method, an 
aqueous solution of metal precursor and carbon source was sealed in a Teflon-lined 
stainless steel autoclave and treated at high temperature and pressure. Reports on 
the metal-doped CDs using hydrothermal approach are listed in Table 4.1.

Xu et  al. prepared carbon quantum dot-stabilized gadolinium nanoprobe 
(Gd-CQDs) for dual modality imaging (Xu et al. 2014). Typical synthesis involves 
the hydrothermal reaction of citric acid (CA), ethylenediamine (EDA), and GdCl3 at 
200  °C for 4  h. Transmission electron microscope (TEM) images of Gd-CQDs 
revealed a flowerlike structure with average diameter of 47  nm. High-resolution 
TEM (HRTEM) analysis of this flowerlike structure disclosed the existence of small 
dots in the size of 2 to 8  nm. X-ray photoelectron spectroscopy (XPS) results 
revealed the presence of 33.70% Gd in Gd-CQDs. Both undoped CQDs and 
Gd-CQDs exhibited excitation-dependent emission in the range of 470 to 525 nm 
under the excitation of 340–460 nm. No apparent shift in the peak position was 
observed, but a significant decrease in the emission intensity was observed after Gd 
doping. Ren et  al. prepared Gd3+-doped CDs (Gd3+-CQDs) as MR/FL bimodal 
probes by the hydrothermal treatment of gadopentetate monomeglumine (GdPM) as 
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Table 4.1 List of reports on hydrothermal synthesis of metal-doped carbon dots

S. 
no Material Precursors Dopant Q.Y (%)

λex/λem 
(nm) References

1 Gd-CQDs Citrate acid, 
ethanediamine, and 
GdCl3

Gd 21 380/480 Xu et al. 
(2014)

2 Gd-doped 
CDs

Glycine and Gd-DTPA Gd 13.4 370/475 Du et al. 
(2017)

3 Gd3+-CQDs Gadopentetate 
monomeglumine 
(GdPM)

Gd 7.1 365/445 Ren et al. 
(2016)

4 Gd-CDs Citrate acid, 
Gd-nitrate, 
ethanediamine

Gd 43.6 350/450 Chen et al. 
(2016b)

5 C-CD and 
L-CD

Pcyclen, citric acid, 
GdCl3.6H2O
Ptaea, citric acid, 
DOTA

Gd – 380/460
360/445

He et al. 
(2019)

6 Gd-CDs Citric acid, GdCl3, 
diethylenetriamine

Gd 69.86 448 nm Yu et al. 
(2016)

7 Gd-CDs Gd-DTPA, L-arginine Gd 57.78 ± 2.14 – Zheng et al. 
(2019)

8 Gd@GCNs p-Phenylenediamine
Gd(NO3)3

Gd 10.2
(λex 550 nm)

400/550
520/570
550/580

Chen et al. 
(2018)

9 Gd-CDs Citric acid
GdCl3

Gd 4.06 430 nm Liao et al. 
(2015)

10 Gd/Yb@
CDs

Na2EDTA, L-arginine, 
GdCl3, YbCl3

Gd, 
and Yb

16.84 340/418 Zhao et al. 
(2018)

11 CQDs Citric acid, GdCl3, 
YbCl3, 
ethylenediamine

Gd and 
Yb

66 ± 7 350/440 Bouzas- 
Ramos et al. 
(2019)

12 Cu,N-CDs EDTA·2Na, CuCl2 Cu 6 376/436 Guo et al. 
(2018)

13 HoBCDs Citric acid, BPEI, 
Ho-DTPA

Ho 8.2 359/441 Fang et al. 
(2018)

14 Ce-doped 
CDs

Citric acid, Ce(NO3)3, 
glycine

Ce – 36/440 Zhang et al. 
(2019)

15 Mn-CQDs Waste green tea 
powder
MnCl2

Mn 12 360/430 Irmania 
et al. (2020)

16 Mg-EDA- 
CDs

Citric acid, mg(OH)2 
ethylenediamine

Mg 83 360/437 Li et al. 
(2014)

17 Mn-NCDs Nigrosin, manganese 
acetate

Mn 10.57 Em 580 nm Yang et al. 
(2018)

18 Ln-CQDs Citrate acid, 
ethanediamine, YbCl3, 
NdCl3

Yb or 
Nd

52.32 (Yb) 
49.06 (Nd)

360/450 Wu et al. 
(2016)

19 S, 
se-codoped 
CDs

Polythiophene, 
diphenyl diselenide

Se 18 460/731&820 Lan et al. 
(2017)
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the sole source material (Ren et al. 2016). The authors carefully studied the synthe-
sis process by varying the reaction temperature and time. They observed that the 
solution pH increased after carbonization. The optimal conditions were 4 mg/mL 
GdPM aqueous solution, 220 °C, 2.0 MPa pressure, and 8 h of reaction time. Gd3+-
CQDs exhibited smaller size of ~1.6 nm and Gd3+ ion content of 16.7 wt%. Typical 
excitation-dependent emission is observed with optimal emission at 445 nm and 
quantum yield (QY) of 7.1%. As shown in Fig. 4.1, Yu et al. prepared Gd-CDs for 
bimodal imaging probe (Yu et al. 2016). The typical synthesis involved the hydro-
thermal reaction of CA, diethylenetriamine (DETA), and GdCl3 at 180 °C for 3 h. 
The authors have optimized the synthetic conditions using fluorescence QY (FLQY) 
as a parameter and achieved a high QY of 69.86%. In TEM image, Gd-CDs appeared 
nearly spherical with sizes in the range of 2.6 to 6.5 nm. Dynamic light scattering 
revealed the average diameter as 5.5 nm. XPS analysis revealed the Gd content as 
1.54 at %. Gd-CDs exhibited bright blue fluorescence centered at 448  nm. 
Interestingly the emission peak is same with undoped CDs and emission intensity is 
improved after doping.

Liao et al. produced Gd-CDs via hydrothermal treatment of CA and GdCl3 at 
200 °C for 8 h (Liao et al. 2015). Gd-CDs were purified by gel chromatography to 
remove toxic Gd3+ ions and other impurities. Eriochrome Black T indicator was 
used to probe the free Gd3+ ions in Gd-CDs. Compared to undoped CDs, the TEM 
image of Gd-CDs exhibited irregular particles with much larger size. XPS analysis 
revealed the doping ratio of approximately 0.5%. Gd-CDs exhibited excitation tun-
able emission with optimal emission at 446 nm and QY of 4.06%. Zhao et al. pre-
pared double rare earth-doped CDs, i.e., Gd and Yb-doped CDs (Gd/Yb@CDs) 
(Zhao et al. 2018). The typical experiment involved the hydrothermal treatment of 
Na2EDTA, GdCl3, YbCl3, and L-arginine at 200 °C for 10 h. TEM revealed the aver-
age particle size of Gd/Yb@CDs as 5.26 ± 0.93 nm, and elemental analysis revealed 
the contents of Gd and Yb as 7.40% and 21.38%. Excitation-dependent emission 
with maximum emission at 418 nm and QY of 16.84% was observed. Wu et al. 
reported the doping of CDs with NIR emissive lanthanide ions (Yb and Nd) and 
applied for bioimaging (Wu et al. 2016). The synthesis involves the dissolution of 
CA, EDA, and LnCl3 in deionized water followed by its hydrothermal treatment at 

Fig. 4.1 Schematic illustration of one-step hydrothermal synthesis of Gd-CDs as a bimodal imag-
ing probe. (Adopted from Yu et al. 2016)
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200 °C for 4 h. Both Yb-CQDs and Nd-CQDs exhibited sizes in the range of 2–5 nm 
with average size of 3.3 nm and 3.4 nm, respectively. Both exhibited excitation- 
dependent emission with maximum emission peak located at 450 nm (λex 360 nm). 
The FLQY of Yb-CQDs and Nd-CQDs was 52.32% and 49.06%, respectively, and 
it was lower than that of CQDs (65.53%). There is some overlap between the emis-
sion of Yb-CQDs and Nd-CQDs with the excitation of both Yb3+ (464 nm) and Nd3+ 
(432 nm) ions which leads to their NIR emission. Hence, Yb-CQDs and Nd-CQDs 
exhibited additional NIR emissions at 998 and 1068 nm, respectively.

Fang et al. prepared holmium(III)-doped CDs for fluorescence/magnetic dual- 
modal bioimaging (Fang et al. 2018). Hydrothermal treatment of CA, BPEI, and 
diethylenetriamine pentaacetic acid hydrate holmium (III) dihydrogen salt 
(Ho-DTPA) at 180 °C for 2 h produced Ho3+-doped CDs (HoBCDs) with a mean 
diameter of 4.3 ± 1.0 nm. Interestingly, Ho doping has no significant influence on 
the optical properties. Both HoBCDs and undoped blue CDs (BCDs) exhibited 
excitation-dependent emission with optimal emission at 441 nm and at λex 359 nm. 
There is no big difference in the FLQY of HoBCDs (8.2%) and BCDs (8.15%). Lan 
et al. reported the Se-doped CDs with NIR emission. The synthetic method involved 
the hydrothermal treatment of polythiophene (PT2) and diphenyl diselenide in an 
alkaline solution at 180 °C for 24 h (Lan et al. 2017). As obtained CDs have mean 
diameter of 20 nm and Se content of 1.13% from XPS analysis. The CDs presented 
excitation-independent emission nature and presented two peaks at 731 and 820 nm 
under the excitation of 430 nm. NIR emission is attributed to Se doping. The FLQY 
of Se-doped CDs is 0.2%, which is significantly less than undoped CDs (10%) and 
N,S-codoped CDs (17.5%). Du et  al. prepared Gd-doped CDs by hydrothermal 
treatment of glycine and Gd-DTPA solution at 180 °C for 6 h (Du et al. 2017). As 
obtained Gd-CDs were quasi-spherical and exhibited narrow size distribution with 
average diameter of 18 nm. Gd-CDs exhibited excitation-dependent emission with 
maximum emission at 475 nm and QY of 13.4%. Chen et al. used Gd-functionalized 
CDs for FL/MR dual modality imaging of mesenchymal stem cells. Gd-CDs were 
obtained by the hydrothermal treatment of citric acid monohydrate, gadolinium 
nitrate hexahydrate, and EDA at 200 °C for 5 h (Chen et al. 2016b). Gd-CDs were 
spherical with diameter distribution of 2.3 to 4.5 nm and average diameter of 2.9 nm. 
The Gd3+ content in Gd-CDs was found to be 18.2% (w/w) using inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES). Study of optical properties 
revealed their excitation-independent nature with emission at 450 nm and QY of 
43.6%. Zheng et al. prepared Gd-doped CDs (Gd-CDs) for enhanced MR imaging 
and cell fluorescence labeling (Zheng et al. 2019). Gd-CDs were produced by one- 
step hydrothermal treatment of Gd-DTPA and L-arginine at 200 °C for 1.5 h. As 
obtained Gd-CDs possess average diameter of 5.38  nm and 12% (wt%) Gd 
(ICP-MS). Gd-CDs exhibited typical excitation-dependent nature and FLQY as 
high as 57.78%. Zhang et al. reported the hydrothermal preparation of Ce-doped 
CQDs (Zhang et al. 2019). Typical synthesis involved the hydrothermal treatment of 
aqueous dispersion of CA, cerium nitrate, and glycine at 200 °C for 4 h. As obtained 
CQDs exhibited the average size of 2.5 nm and excitation tunable emission with 
optimal emission located at 440 nm (λex 360 nm).
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4.2.2  Solvothermal Method

Solvothermal approach is similar to hydrothermal; the only difference is that in 
solvothermal method, water is replaced with some other organic solvent. Fang et al. 
reported the preparation of red fluorescent Gd-doped CDs using solvothermal 
approach (Fang et al. 2020). They have taken CA, urea, and GdCl3 in dimethylfor-
mamide (DMF) solvent and treated in an autoclave at 160 °C for 6 h. As obtained 
CDs have the average size of 2.0 ± 1.0 nm and possess 32.6% (w/w) Gd according 
to ICPMS analysis. Further they exhibited pH-dependent, excitation-independent 
emission with peak centered at 620 nm and FLQY of 2.3%. Gd doping caused a 
redshift in the emission peak position (580 nm for undoped) and an obvious decline 
in the FLQY. As illustrated in Fig. 4.2, Liu et al. prepared Cu- and N-doped CDs by 
solvothermal carbonization of folic acid and CuCl2 in ethanol at 180 °C for 6 h (Liu 
et al. 2020). As obtained CDs have the average size of 3.57 nm and 1.35% of Cu 
according to XPS elemental content analysis. Interestingly they exhibited dual 
emission with peaks centered at 410 and 470 nm under the excitation of 340 nm, 
whereas the only N-doped CDs exhibited a single emission peak at 450 nm. The 
emission was excitation independent and pH dependent. In another work, Gao et al. 
prepared Si-doped CDs by one-pot solvothermal treatment of a silane molecule 
N-[3-(trimethoxysilyl)propyl]ethylenediamine (DAMO) in glycerol solvent at 
260 °C for 12 h (Gao et al. 2018). These CDs possess an average size of 6.1 ± 1.4 nm, 
exhibited excitation-independent emission with optimal emission peak centered at 
445 nm, and a high fluorescence QY of 45%. Han et al. described the preparation of 
highly fluorescent Mn-doped CDs (Mn-CDs) with QY as high as 90.79% and 
excitation- dependent blue emission (Han et al. 2016). These Mn-CDs were achieved 
by the solvothermal treatment of EDTA, triethylenetetramine, and MnCl2 in ethyl-
ene glycol at 150 °C for 10 h and possess mean size of 4.6 + 0.9 nm. From XPS 
analysis the Mn content was found to be 1.17%. Interestingly, with increasing the 
amount of Mn, the authors observed an increase in the FL intensity with no change 
in the peak position. Sun et al. prepared gadolinium-rose Bengal coordination poly-
mer nanodots (GRDs) by using solvothermal approach (Sun et al. 2020). They have 
taken Gd nitrate and rose Bengal in equimolar ratio in ethanol and treated in an 
autoclave at 180 °C for 12 h. The nanodots have the average hydrodynamic size of 
7.7 ± 1.4 nm, and Gd doping ratio could be as high as 30% from ICP-MS analysis. 
Optimal λex and λem of GRDs were 530/560 nm and exhibited 7.7-fold higher FLQY 

Fig. 4.2 Schematic diagram for the preparation of Cu-NCDs using solvothermal method. 
(Adopted from Liu et al. 2020) 
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than rose Bengal. In another study, Chen et al. prepared Gd-encapsulated CDs using 
solvothermal method (Chen et al. 2018). In the typical synthesis, p- phenylenediamine 
(pPD) and Gd(NO3)3 were taken in ethanol and treated at 180  °C for 12  h. As 
obtained Gd@GCNs exhibited average diameter of 5 nm in TEM. Energy disper-
sive X-ray analysis (EDX) shows the Gd content as 37.6 wt% and from ICP-MS it 
was found to be 30.8 wt%. Gd@GCNs exhibited red emission with multiple peaks 
centered at 550, 570, and 580 nm corresponding to the excitations of 400, 520, and 
550 nm. The highest QY was 10.2% at the λex of 550 nm.

4.2.3  Microwave Irradiation Method

Microwave-assisted methods have the advantages of rapid reaction times and eco- 
friendly nature. In this method, the precursors dissolved in either water or other 
solvent will be irradiated with microwaves which leads to the rapid and localized 
superheating and results in carbonization.

It has been reported S, N, and Gd tri-element-doped CDs (GdNS@CDs) use 
microwave method (Chiu et  al. 2016). Sodium citrate, GdCl3, and N-acetyl-L- 
cysteine were dissolved in distilled water by sonication and heated in a microwave 
oven at 220  °C for 10  min. The GdNS@CDs exhibited the average size of 
4.3 ± 0.9 nm and excitation-dependent blue emission with QY of 12.8%. No shift in 
the emission peak position is observed with incorporation of Gd. However, the 
emission intensity is slightly quenched due to the disruption of radiative recombina-
tion of CDs by Gd3+ ions. Gong et  al. reported the microwave-assisted polyol 
method for the synthesis of Gd-doped CDs (Gd-CDs) (Gong et  al. 2014). Here, 
GdCl3 obtained by dissolving Gd2O3 in HCl is used as Gd source, and it was mixed 
with sucrose solution and concentrated H2SO4 in diethylene glycol (DEG) and sub-
jected to microwave irradiation in a domestic microwave oven operating at 700 W 
for 50 s. Gd-CDs had a mean diameter of 5 nm and the Gd content was found to be 
18.2% (w/w) by ICP-OES. Gd-CDs exhibited excitation-independent bright green 
emission with peak at 521 nm and QY of 5.4%. Interestingly an unexpected weak 
blue emission peak was also observed indicating the formation of secondary CDs by 
the carbonization of DEG alone. Lin et al. reported the preparation of red emitting 
P3+- and Mn2+-doped CDs (PMn@CDs) using microwave-assisted pyrolysis method 
(Lin et al. 2019). In the typical synthesis, pPD, phosphoric acid, and Mn(OAc)n 
were dissolved in deionized water and heated to 220 °C for 10 min in a microwave 
reactor. Purification of PMn@CDs can be easily achieved by the addition of isopro-
panol as anti-solvent. PMn@CDs with the size of 6.47 nm exhibited optimal emis-
sion at 600 nm with corresponding excitation spectrum showing two peaks at 530 
and 570 nm. FLQY of PMn@CDs was found to be 23% at optimal excitation of 
530 nm using rhodamine 6G as reference. The authors further study the influence of 
dopants on the optical properties. The FLQY increased with increase in the P con-
tent, but decreased with increase in Mn content. Decrease in the QY with transition 
metal doping is likely due to the transfer of photoexcited electrons in the CDs to the 
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d orbitals of the metal atoms resulting in nonradiative recombination pathways. Ji 
et al. reported the synthesis of Mn-doped CDs. CA, urea, and MnCl2 were dissolved 
in distilled water and placed in a domestic microwave oven operating at 750 W and 
treated for 3.5 min (Ji et al. 2018). Mn-doped CDs exhibited narrow size distribu-
tion of 3–5 nm and excitation tunable emission. Changing λex resulted in two promi-
nent emissions (blue and green). The absolute QY of green emission measured 
using integrated sphere was about 10%. Rub Pakkath et al. reported a simple green 
method for the preparation of transition metal ion (Mn2+, Fe2+, Co2+, and Ni2+)-doped 
CDs (TMCDs) (Rub Pakkath et al. 2018). In this method, the metal precursor is 
mixed with filtered lemon juice and EDA and subjected to microwave irradiation at 
800 W for 6 min (Fig. 4.3). TMCDs possess a size of 3.2 ± 0.485 nm and exhibited 
excitation-dependent emission with optimal emission peak at 460 nm. In compari-
son to undoped C-dots (QY 48.31%), as synthesized Mn/CDs, Fe/CDs, Co/CDs, 
and Ni/CDs exhibited FLQY of 35.71%, 41.72%, 75.07%, and 50.84%, respec-
tively. EDX analysis revealed the wt% of 0.16% Mn in Mn/CDs, 0.56% Fe in Fe/
CDs, 0.38% Co in Co/CDs, and 0.13% Ni in Ni/CDs. Another green method for the 
preparation of transition metal ion (Gd3+, Mn2+, and Eu3+)-doped CDs was reported 
by Yao et al. Chitin from crab shell waste was dissolved in 1% acetic acid for 12 h 
at room temperature (Yao et al. 2017). Then the soluble fraction was mixed with 
transition metal chloride precursor and heated in a microwave reactor at 220 °C for 
10 min. From TEM, the average sizes of Gd@CQDs, Mn@CQDs, and Eu@CQDs 
were 4.0 ± 0.7, 4.5 ± 1.0, and 4.2 ± 0.6 nm, respectively. All displayed excitation 
tunable fluorescence with optimal emission peak at 425 nm. However, the FLQY 
were 19.84%, 12.86%, and 14.97% for Gd-doped, Mn-doped, and Eu-doped, 
respectively.

Fig. 4.3 Schematic illustration of microwave-assisted synthesis of TMCDs as potential nanoprobe 
for magneto-fluorescent bioimaging. (Adopted from Rub Pakkath et al. 2018) 
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4.2.4  Thermal Pyrolysis

Thermal carbonization or thermal pyrolysis involves the high temperature heating 
of precursors. Wang et al. reported the synthesis of Cu-doped CDs by the pyrolysis 
of Cu complex of poly(acrylic acid) at 400 °C for 1.5 h (Wang et al. 2019). Cu-CDs 
exhibited the mean size of 2.8 nm and 0.65% atomic percentage of copper from 
XPS. Cu-CDs displayed bright FL at 410 nm (λex 280 nm) with excitation depen-
dence nature. The absolute QY was 24.4% and is less than undoped CDs (32.78%). 
Pan et al. described the preparation of Gd-doped CDs (GCDs) by one-pot pyrolysis 
for high-performance multimodal bioimaging (Pan et al. 2017). In the typical syn-
thesis, freshly prepared gadopentetic acid (Gd-DTPA) solution was added to an 
aqueous solution of CA and BPEI (Fig. 4.4). The homogeneous solution was heated 
at ~180 °C (by oil heating) until a pale-yellow gel was obtained and then 1.0 mL of 
cold water was added. Under continuous heating, this process was repeated for ten 
times until the gel color turned to orange. Then the product was dissolved in ultra-
pure water and purified. TEM analysis of as obtained GCDs revealed the diameter 
of 15.0 ± 5.0 nm and Gd content was 0.58% from XPS and 1 wt% by ICPMS. GCDs 
presented excitation-independent emission at 445 nm (λex 354 nm) with an absolute 
QY of 40%.

In another study, Bourlinos et al. prepared Gd-doped quaternized CDs (Gd-QCDs) 
by mixing Gd-DTPA into Tris base and betaine hydrochloride followed by pyrolysis 
in air at 250 °C for 2 h (Bourlinos et al. 2012). Gd-QCDs with approximate size of 
~3 nm exhibited excitation tunable emission with maximum emission at 445 nm. 
Gd-QDs contain 6.85% (w/w) of Gd based on elemental analysis. Chen et al. pre-
pared Gd-encapsulated CDs with effective renal clearance for MRI (Chen et  al. 
2014). Gd@C-dots were obtained upon the calcination of Gd-DTPA solution at 
300 °C for 2 h. The average particle size was 11 nm and contains 6.7 wt% of Gd 
(EDX). Gd@C-dots exhibited excitation-dependent emission with optimal emis-
sion peak at 425 nm (λex 360 nm) and FLQY of 19.7%. The same author group came 
up with a size-controlled synthesis of Gd-encapsulated carbonaceous dots (Gd@C- -
dots) using mesoporous silica as nanoreactors (MSN) (Chen et al. 2016a). MSN 
with different pore sizes was first incubated in precursor solution (100 mM Gd(NO3)3 

Fig. 4.4 Schematic illustration of the synthesis and dual modality imaging of GCDs. (Adopted 
from Pan et al. 2017) 
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and 10 mM Gd-DTPA) and subjected to calcination at 200 °C in air for 2 h. Then 
the silica framework was degraded by treating with 6 M NaOH. Gd@C-dots with 
mean diameters of 3.0 ± 0.5, 7.4 ± 1.2, and 9.6 ± 2.0 were successfully prepared 
using MSN with pore sizes of 3, 7, and 11 nm, respectively. All the three Gd@C- -
dots exhibited bright blue emission with excitation-dependent nature. The FLQY 
was decreased with increased particle size, and it was found to be 30.2%, 12.3%, 
and 1.6% for 3.0, 7.4, and 9.6 nm Gd@C-dots, respectively.

4.3  Metal-Doped Carbon Dots in Bioimaging

4.3.1  Fluorescence Imaging

Metal doping strategy is used to tune the optical properties such as shifting the 
emission peak position to longer wavelength and improving the FLQY.  In these 
cases, the obtained MCDs were applied for only FL bioimaging. The use of 
Eu-doped CDs as FL cell imaging probe was reported by Chen et al. (Chen et al. 
2016c). S180 sarcoma cells were employed to study the in vitro cellular uptake of 
Eu-CDs. Doping of Eu tuned the optical properties and resulted in red fluorescence. 
The cells incubated with Eu-CDs exhibited bright red emission, whereas the 
undoped CDs showed blue emission. Wu et al. prepared NIR emissive Yb3+ or Nd3+ 
ion-doped CDs (Wu et al. 2016). The obtained Yb-CQDs and Nd-CQDs were found 
less toxic and exhibited cell viabilities over 85% and 80% even at a concentration of 
1 mg/mL. With this high biocompatibility, their cell imaging potential was evalu-
ated by treating HeLa cells at a concentration of 0.2 mg/mL. The cells exhibited 
blue, green, and red emissions under 405  nm, 458  nm, and 514  nm excitations. 
However, the emission is mainly confined to cytoplasm leaving the nucleus dark. 
The use of Mn(II)-coordinated functional knots (MCDs) as FL imaging agents is 
reported by Wang et al. (Wang et al. 2015). HeLa cells incubated with MCDs were 
clearly observed with good morphologies indicating their good biocompatibility. 
The cytosol of cells exhibited bright blue, green, and red emissions under three laser 
excitations. Li et al. prepared Mg/N-doped CDs with high QY of 83% (Li et al. 
2014). These CDs did not exhibit any cytotoxic effects, and the viabilities of L929 
cell remained over 90% upon treating with 250 μg/mL CDs for 24 h. L929 cells 
incubated with 100 μg/mL CDs were brightly illuminated with blue, green, and red 
colors under the three excitation channels of laser scanning confocal microscopy 
(LSCM) (Fig. 4.5). Interestingly, the emission is mainly located at cell membrane 
and cytoplasm only, leaving the nucleus weakly stained.

Multicolor cellular imaging potential of Cu- and N-codoped CDs (Cu-NCDs) 
was evaluated by Liu et al. (Liu et al. 2020). Cu-NCDs exhibited low cytotoxicity 
with a high IC50 value of 812.96 μg/mL. The cells were illuminated with bright blue, 
cyan, and green colors under the excitations of 300, 360, and 440 nm, respectively. 
Cellular uptake and bioimaging potential of Ce-doped CQDs was studied by Zhang 
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et  al. (Zhang et  al. 2019). The authors first evaluated the biocompatibility using 
CCK-8 assay with MEF and NIH-3 T3 cells where no toxic effects were observed 
even at high dose of 800 μg/mL and for incubation of 24 h. Further in cell imaging 
experiments, the 3  T3 cells maintained their morphological features. The cells 
exhibited bright green emission under blue excitation and the emission was mainly 
located at cytoplasmic region and the nucleus shown weak emission. The authors 
assumed that the cell uptake of Ce-doped CQDs may occur via clathrin-mediated 
endocytosis and low permeability of the nucleus might be the reason for the weak 
emission.

4.3.2  Multimodal Imaging

Compared to simple FL imaging, multifunctional imaging is more efficient and 
attracting recent attention. With their inherent FL property, CDs can serve as FL 
imaging probe, and when CDs doped with magnetically active metal ions, they can 
serve as a magnetic resonance imaging probes. Furthermore, metal ion doping can 
also provide X-ray computed tomography (CT) imaging ability. As this doping pro-
cess covers the metal ions inside the carbon lattice, it reduces the possible toxicity 
of metal ions. Literature reports on the usage of metal-doped CDs in bioimaging are 
listed in Table 4.2.

Han et al. used Mn-doped CDs for the imaging of ovarian cancer cells (Han et al. 
2016). They first studied the in vitro toxicity of Mn-CDs on two cell lines and with 
the impressive results they studied the in vivo toxicity. There was no evidence of 
toxicity, and histological examinations also showed no negative effects on the major 
organs comprising the kidneys, liver, heart, and spleen. Anti-HE4 mAb as a target-
ing agent was covalently attached to Mn-CD surface to improve delivery efficiency 
and ovarian cancer cell specificity. In vitro and in vivo experiments revealed the 
good biocompatibility, admirable tumor targeting performance, and greater MR and 
FL imaging effects (Fig. 4.6). In another study, Ji et al. used Mn-doped CDs for MR/
optical dual-mode imaging (Ji et al. 2018). In vivo MR imaging and ex vivo optical 

Fig. 4.5 LSCM images of L929 cells labeled with CDs excited using (a) 405 nm, (b) 488 nm, and 
(c) 543 nm laser. (Adopted from Li et al. 2014)
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Table 4.2 Metal-doped CDs in bioimaging

S. 
no. Material Precursor

Type of 
imaging In vitro In vivo References

1 PMn@Cdots 1,4-phenylenediamine, 
Mn(OAc)2

FL and 
MRI

B16F1 
cancer 
cells and 
HeLa cells

Danio 
rerio AB 
line 
(zebrafish 
line)

Lin et al. 
(2019)

2 Gd-CQDs Citric acid, ethanediamine,
GdCl3

FL and 
MRI

U87 
cancer 
cells, 
HepG2 
cell line

Zebrafish 
embryos

Xu et al. 
(2014)

3 N, Gd, and Yb 
CDs

Citric acid, ethanediamine,
Gd3

+ complex, YbCl3

FL, 
MRI, 
and CT

NIH-3 T3, 
HeLa 
cells, 
CHO cells

Mice Bouzas- 
Ramos 
et al. 
(2019)

4 Gd-doped CDs Glycine,
Gd-DTPA

FL and 
MRI

HepG2 
cells

BALB/c 
mice 
MRI, 
tumor 
imaging

Du et al. 
(2017)

5 Europium 
(Eu)-doped 
carbon dots 
(CDs)

PEG-2000, glucose, and 
Eu(NO3)3

FL 
imaging

S180 
sarcoma

– Chen et al. 
(2016c)

6 Gd/Yb@CDs Na2EDTA, L-arginine,
GdCl3, YbCl3

FL, 
MRI, 
and CT

HeLa cells ICR 
female 
mice

Zhao et al. 
(2018)

7 Gd(III)/CQDs Gadopentetate 
monomeglumine (GdPM)

FL and 
MRI

HeLa cells – Ren et al. 
(2014)

8 HoBCDs Citric acid, BPEI and 
Ho-DTPA

FL and 
MRI

HeLa cells – Fang et al. 
(2018)

9 Ce-doped CDs Citric acid, glycine, and Ce 
(NO3)3.6H2O

FL MEF and 
NIH-3 T3 
cells

– Zhang 
et al. 
(2019)

10 MnII
-functionalized 
CDs

1-(2-pyridylazo)-2-
naphthol, MnCl2

FL HeLa cells – Wang et al. 
(2015)

11 Gd-CDs Citrate acid, 
ethanediamine, and 
Gd(NO3)3.6H2O

FL and 
MRI

HeLa, 
A549, 
293 T, and 
murine 
breast 
cancer cell 
line 4 T1

– Chen et al. 
(2016b)

12 Gd-CDs Pcyclen, citric acid, and 
GdCl3·6H2O

FL and 
MRI

HeLa cells BALB/c 
mice 
MRI

He et al. 
(2019)

(continued)
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Table 4.2 (continued)

S. 
no. Material Precursor

Type of 
imaging In vitro In vivo References

13 Gd-CDs Citric acid, 
diethylenetriamine, and 
GdCl3

FL and 
MRI

HeLa cells – Yu et al. 
(2016)

14 Gd@C-dots Gd-DTPA FL and 
MRI

U87MG 
cells.

U87MG 
tumor- 
bearing 
mice

Chen et al. 
(2014)

15 Gd@CQDs, 
Mn@CQDs, 
and Eu@
CQDs,

Crab shells, GdCl3, MnCl2, 
EuCl3

FL and 
MRI

HeLa cells – Yao et al. 
(2017)

16 Mn-doped 
CDs

Citric acid, urea, and 
MnCl2

FL and 
MRI

C6 cell Mouse 
brain 
with tiny 
glioma

Ji et al. 
(2018)

17 Gd@C-dots Gd(NO3)3, Gd-DTPA FL and 
MRI

U87MG 
(human 
glioma) 
cells

U87MG 
tumor- 
bearing 
mice

Chen et al. 
(2016a)

18 Mg-EDA-CDs Citric acid, 
ethylenediamine, mg(OH)2

FL L929 cells – Li et al. 
(2014)

19 Gd-CDs Sucrose solution, H2SO4 
and GdCl3

FL and 
MRI

C6 glioma 
cells

– Gong et al. 
(2014)

20 Ln-CQDs Citric acid, ethanediamine, 
and LnCl3

FL HeLa cells – Wu et al. 
(2016)

21 Cu-NCDs Folic acid and CuCl2 FL HepG2 
cells.

– Liu et al. 
(2020)

22 Gd-CDs Citric acid, GdCl3 FL and 
MRI

NCI- H446 Kunming 
mice

Liao et al. 
(2015)

23 GCDs CA, BPEI, and Gd-DTPA FL and 
MRI

HeLa cells C57BL 
mice

Pan et al. 
(2017)

24 Gd-CDs Gd-DTPA, L-arginine FL and 
MRI

786-O 
human 
renal 
cancer 
cells, 
HK-2 
tubular 
epithelial 
cells, and 
HO-8910 
human 
ovarian 
cancer 
cells

Kunming 
mice

Zheng 
et al. 
(2019)

(continued)
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Table 4.2 (continued)

S. 
no. Material Precursor

Type of 
imaging In vitro In vivo References

25 FA-GdNS@
CQDs

Sodium citrate acid, 
N-acetyl- L-cysteine, Na2S, 
and GdCl3

FL and 
MRI

HeLa and 
HepG2

Zebrafish 
embryos

Chiu et al. 
(2016)

26 Mn-CDs EDTA, 
triethylenetetramine, and 
MnCl2

FL and 
MRI

HE4- 
positive 
HO-8910 
cells and 
HE4- 
negative 
EA.hy926 
cells

Kunming 
mice

Han et al. 
(2016)

27 TMCDs Lemon juice, EDA, and 
Mn(OAc)2· 4H2O, 
co(OAc)2· 2H2O, Ni(OAc)2 
.2H2O, (NH4)2 
Fe(SO4)2·6H2O

FL and 
MRI

SW480 
cells

Wild- type 
zebrafish

Rub 
Pakkath 
et al. 
(2018)

Note: FL fluorescence, MRI magnetic resonance imaging, CT computed tomography

Fig. 4.6 (a) Axial T1-MRI of HO-8910 tumor-bearing nude mice before and after the administra-
tion of Mn-CDs recorded at different time intervals. (b) Biodistribution of Mn-CDs by MRI in 
tumor and major organs compared with muscle, including the lung, liver, kidney, heart, and brain. 
(c) Signal changes in bladder. (d) In vivo fluorescence images. (Adopted from Han et al. 2016)
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imaging of a mouse brain with tiny glioma show that Mn-CDs can enhance MR T1 
contrast in the tiny brain glioma region, revealing the Mn-CDs have great promise 
as MR/optical dual-modal imaging nanoprobe for recognition and intraoperative 
position of tiny brain gliomas. Zhao et al. explored double rare earth-doped CDs for 
MR/CT/FL multimodal imaging (Zhao et  al. 2018). Along with the excitation- 
dependent emission and superhigh photostability, the Gd/Yb@CDs also exhibited 
high longitudinal relaxivity (r1 = 6.65 mM−1 s−1) and admirable X-ray absorption 
efficiency (45.43 HU L g−1). Superior biocompatibility of Gd/Yb@CDs was 
revealed by MTT assay, tissue section analysis, and body weight investigations. On 
the xenografted tumor model, MRI/CT imaging revealed that Gd/Yb@CDs could 
produce a clearly enhanced contrast effect. Additionally, biodistribution studies 
revealed that they were easily excreted from mice via the kidney elimination path-
way. In a similar study by Bouzas-Ramos et al., CQDs codoped with N and lan-
thanides (i.e., Gd and Yb) were used as multimodal imaging probes (Bouzas-Ramos 
et al. 2019). These doped CQDs exhibited exceptional magnetic resonance (MR) 
and computed tomography (CT) characters along with bright fluorescence emission 
with FLQY of 66 ± 7%. Furthermore, no appreciable cytotoxicity was observed 
even after the exposure to three cell lines for 24 and 72 h. At first these doped CQDs 
were successfully used in in vitro FL as well as MR and CT cell imaging. Then their 
accumulation in the urinary organs after intravenous injection was monitored by 
in  vivo MR and CT bimodal imaging. Both these imaging techniques showed a 
great loading of CQDs in the kidneys, ureters, and bladder.

For the first time, Bourlinos et  al. reported the preparation of ultrafine-sized 
Gd(III)-doped CDs with dual fluorescence/MRI character (Bourlinos et al. 2012). 
The dots exhibited good water dispersibility, bright fluorescence, strong T1-weighted 
MRI contrast comparable to commercial Gadovist, and low toxicity. With these 
characters, Gd-doped CDs could be used in biomedical research for multimodal 
imaging where the fluorescence and MRI modalities can be sued in combination to 
enhance image processing. Ren et al. reported the synthesis of a new kind of CQDs 
functionalized by Gd(III) chelates termed as Gd(III)/CQDs via a one-step pyrolysis 
of gadopentetate monomeglumine (Ren et al. 2014). With good longitudinal relax-
ation rate (5.5–6.4 mM L−1S−1) and FLQY (2.6–8.9%), low cytotoxicity, and small 
size, the Gd(III)/CQDs bestow a great potential for use as an MRI/FL contrast 
agent. Han Liao et al. used Gd-CDs for both cellular imaging and in vivo MR imag-
ing agent (Liao et  al. 2015). With great biocompatibility Gd-CDs were directly 
applied for in vivo MRI in mice. It was observed that these Gd-CDs were quickly 
excreted by kidney and accumulated in bladder of 30 min of intravenous injection. 
Strong contrast enhancement in the kidney and urinary bladder suggested that the 
Gd-CD agent could be easily excreted through renal filtration.
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4.4  Metal-Doped Carbon Dots in Cancer Therapy

4.4.1  Photodynamic Therapy (PDT)

Wang et al. prepared Cu-doped CDs (Cu-CDs), with their strong emission and less 
toxicity. Cu-CDs were applied for the FL imaging of HeLa cells and SH-SY5Y 
multicellular spheroids (3DMCs) (Wang et al. 2019). Furthermore, Cu-CDs exhib-
ited a high singlet oxygen (1O2) QY (36%), strong light-induced cytotoxicity, and 
efficient suppression of 3DMCs’ growth. Under the same irradiation, Cu-CDs 
exhibited concentration-dependent cytotoxicity, as well as the irradiation time-
dependent cytotoxicity. The authors feel that the Cu-CDs are encouraging for imag-
ing-guided PDT for future cancer therapy. Sun et  al. prepared Gd-rose Bengal 
coordination polymer nanodots (GRDs) (Sun et al. 2020). Compared to free rose 
Bengal, these GRDs presented a 7.7-fold improvement in FL and 1.9-fold rise in 1O2 
production ability. Furthermore, they demonstrated a twofold rise in r1 relaxivity 
over Gd-DTPA and greater X-ray absorption than rose Bengal. These admirable 
features of GRDs are substantiated both in vitro and in vivo. The in vivo studies 
revealed that GRDs can amass in tumors via the EPR effect, as real time observed 
by MR/FL imaging. Compounding of PDT and radiation therapy (RT) suppresses 
tumor growth efficiently than monotherapies (PDT and RT). The GRDs presented 
greater antitumor efficiency devoid of systemic toxicity and long-term side effects 
(Fig. 4.7). In an interesting study, Jia et al. used Mn-doped CDs (Mn-CDs) to regu-
late tumor hypoxia and enhance PDT (Jia et al. 2018). Both NIR FL (λem 745 nm) 

Fig. 4.7 Schematic illustration of preparation of GRDs and the in vivo fluorescence/MR imaging- 
guided PDT and radiotherapy for 4 T1 tumor cells using GRDs. (Adopted from Sun et al. 2020)
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and T1-weighted magnetic resonance (MR) (relaxivity of 6.97 mM−1 s−1) imaging 
will benefit from Mn-CD assembly. More intriguingly, the Mn-CDs not only pro-
duce singlet oxygen (QY 40%) but also catalyze H2O2 to produce oxygen, demon-
strating their ability to alleviate tumor hypoxia and improve tumor PDT. All these 
properties enable Mn-CD assembly to be used as an acidic H2O2-driven oxygenator 
to rise oxygen concentration in hypoxic solid tumors for simultaneous bimodal FL/
MR imaging and enhanced PDT. Furthermore, the Mn-CD assembly was able to be 
excreted from the body, suggesting low biotoxicity. Irmania et al. conjugated FA 
and chlorin e6 (Ce6) to Mn-doped CDs (MnCQDs) to produce a magnetofluores-
cent PDT agent (MnCQDs@FA/Ce6) (Irmania et al. 2020). The specific targeting 
effect of the hybrid (MnCQDs@FA/Ce6) toward the folate receptor was evaluated 
by in vitro experiments on three cell lines. MnCQDs@FA/Ce6 exhibited good MRI 
signal with r2/r1 ratio of 5.77. PDT using 5 minutes of radiation (671 nm, 1 W cm−2) 
killed >90% of the cells. The light-activated MnCQDs@FA/Ce6 can be used as a 
dual-modal FL/MRI probe as well as an effective PDT agent for remotely detecting 
and eradicating cancer cells. Chen et al. reported a nanoparticle-based photosensi-
tizer with a high 1O2 QY made of Gd-encapsulated graphene carbon nanoparticles 
(Gd@GCNs) (Chen et al. 2018). Gd@GCNs exhibited bright FL and high T1 relax-
ivity (16.0 mM−1 s−1, 7 T) making them an intrinsically dual-modal imaging agent. 
With their small size of 5 nm, Gd@GCNs can amass in tumors via EPR effect. 
Since the Gd is securely embedded inside an inert carbon shell and the dots are 
effectively excreted by renal clearance, no toxicity is expected from the unbound 
Gd@GCNs. Further, the ability of Gd@GCNs to facilitate image-guided PDT for 
cancer treatment has been demonstrated in rodent tumor models.

4.4.2  Photothermal Therapy (PTT)

As a new therapeutic strategy, photothermal therapy (PTT) gained tremendous 
attention in nanomaterial-mediated cancer therapy. PTT mainly involves the NIR 
light-absorbing material that converts the photoenergy into heat to kill cancer cells, 
resulting in irreversible cellular damage and tumor disruption. In comparison with 
chemotherapy, PTT has the advantages of less side effects, higher specificity, and 
minimal invasiveness. However, for efficient PTT the material must possess high 
NIR absorption and photothermal conversion along with minimal systemic toxicity. 
Currently, noble metal-based nanostructures and organic NIR chromophores are 
employed as PTT agents. However, the noble metal nanostructures suffer from 
potential metal toxicity and nondegradable nature with high cost, whereas the pho-
tobleaching and less hydrophilicity are the limitations of NIR dyes. In this context, 
with high tolerance to photobleaching, excellent biocompatibility CDs are prefera-
ble. Furthermore with the ultra-small size, CDs can be excreted from the body 
through renal clearance.

Minhuan et al. reported the hydrothermal preparation of S,Se-codoped CDs (Lan 
et al. 2017). Doping resulted in excitation-dependent NIR emission property with 

4 Role of Metal-Doped Carbon Dots in Bioimaging and Cancer Therapy



118

peaks at 731 and 820 nm. Importantly, the CDs presented a high photothermal con-
version of ~58.2% that is almost near to Au nanostructures. Further, the CDs exhib-
ited large two-photon absorption cross section of ~30,045 GM that permitted NIR 
emission and photothermal conversion via two-photon excitation mechanism. The 
cellular toxicity of CDs was studied on HeLa, A549, and KB cells under dark under 
irradiation. The viabilities of all three cell lines were decreased with increasing the 
irradiation time and CD concentration which indicate the photothermal efficiency of 
CDs. Simultaneous two-photon emission FL imaging and PTT of CDs were studied 
in vitro on HeLa cells using two-photon LSCM. Further, the in vivo studies were 
also performed on Balb/c nude mice with subcutaneous 4 T1 murine breast cancer 
cells by intravenous tail injection of CDs.

4.4.3  Other Therapies

Lin et al. used magnetofluorescent red-emitting P3+- and Mn2+-doped CDs (PMnCDs) 
in dual-modal imaging and free radical scavenging (Lin et al. 2019). To target the 
CD44 receptor-overexpressing cells, PMnCDs were conjugated with HA. The bio-
compatibility of PMnCDs/HA was assessed both in vitro (cell viability and blood 
compatibility) and in vivo (zebrafish embryos). B16F1 and HeLa cells treated using 
PMnCDs/HA were then analyzed by means of T2-weighted images to check the 
in vitro MR capability PMnCDs/HA. In vitro studies on B16F1, HeLa, and HEL 
cells confirmed that the PMnCDs/HA scavenged excess intercellular ROS and thus 
provided cytoprotection against H2O2-induced oxidative stress. Furthermore, 
PMnCDs/HA exhibited a concentration-dependent cytoprotective potential against 
hydrogen peroxide-induced oxidative stress in B16F1, HeLa, and HEL cells.

Yao et al. prepared three types of magnetofluorescent CDs (Gd@CQDs, Mn@
CQDs, and Eu@CQDs) and explored the dual modality imaging and drug delivery 
applications (Yao et al. 2017). Gd@CQDs had a high r1 relaxivity of 4.78 mM−1 s−1 
and a low r2/r1 ratio of 1.33, designating their ability as exceptional T1 contrast 
agent. The r2 relaxivity values of Mn@CQDs and Eu@CQDs were 140.7 and 
28.32  mM−1  s−1, respectively, indicating that they could be used as T2 contrast 
agents. In vitro MR and FL imaging verified that additional attachment of Gd@
CQDs with FA allowed the targeting of folate receptor-positive HeLa cells. 
Furthermore, a model drug doxorubicin (DOX) was loaded on FAGd@CQDs. 
Compared to free DOX, DOX-loaded nanocomposites exhibited substantial toxicity 
on HeLa cells. Toxicity was not detected for all three CQDs in in vivo (zebrafish 
embryos) and in vitro (cell viability) experiments, implying their potential as diag-
nostic probes or theranostic agents. Guo et al. prepared Cu,N-doped CDs (Cu,N- 
CDs) that upon NIR absorption generated reactive oxygen species and produced 
heat that enabled both PDT and PTT cancer therapy, respectively (Guo et al. 2018) 
(Fig. 4.8). Synergistic PDT/PTT growth inhibition of melanoma tumors was sup-
ported by in vitro and in vivo results. Furthermore, Cu,N-CDs can be applied for FL 
cell imaging and IR thermal imaging to illustrate the in vitro and in vivo therapeutic 
progression, respectively.
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4.5  Conclusions

CDs are a new class of fluorescent carbon nanomaterials that sparked a lot of inter-
est among scientists because of their ease of synthesis, better aqueous solubility, 
higher biocompatibility, and excellent optical properties including excitation tun-
able emission, tolerance to photobleaching, and NIR absorption capacity. Moreover, 
these physicochemical properties can be strengthened further by metal or nonmetal 
doping. CDs not only possess high biocompatibility, but they can also be quickly 
excreted from the body, primarily by urine. In this book chapter, we have summa-
rized the advancement of research in the field of metal-doped CDs. Various methods 
of metal-doped CD synthesis, effect of synthetic conditions and doping, and physi-
cochemical properties are discussed first. Further the applications of metal-doped 
CDs in bioimaging and cancer therapy were also discussed in detail. While signifi-
cant improvement in physicochemical properties and biomedical applications was 
achieved by metal doping, there are still few challenges that remained. For instance, 
even though metal ions were embedded in nontoxic carbon core, possible metal ion 
leaching and metal-induced toxicity cannot be ignored. Though metal-doped CDs 
exhibited promise in both PTT and PDT therapies, PDT is less explored. As a whole, 
with the promising future potential, metal doping into CDs opens new avenues in 
CD research as well as cancer therapy.
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Chapter 5
Graphene-Based Smart Nanomaterials 
for Photothermal Therapy

Ramakrishna Dadigala, Rajkumar Bandi, Madhusudhan Alle, 
Bhagavanth Reddy Gangapuram, and Seung-Hwan Lee

5.1  Introduction

Cancer is one of the leading foremost public health complications and widely rec-
ognized as one of the most destructive diseases impacting people. According to 
estimates, almost 18 million new cancer cases and 10 million cancer deaths occur 
each year (Eskiizmir et al. 2018; Rahman et al. 2019; Wei et al. 2019). As a result, 
early cancer detection is becoming increasingly relevant. From the past few years, 
traditional therapies, such as surgery, chemotherapy and radiotherapy, have been 
developed to treat various cancers (Gai et al. 2018; Estelrich and Busquets 2018), 
although they are ineffective in completely destroying the cancer cells, they still 
have several drawbacks, such as cancer cell resistance, immune system depletion, 
poor water soluble efficiency, poor patient adherence and destroying healthy tissue 
(Tew et al. 2014). As a result, novel cancer therapy approaches must be developed 
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to solve these drawbacks. To combat this issue, researchers have been developing 
new cancer diagnostic and therapeutic methods like microwave therapy, ultrasound 
therapy, radio-frequency therapy and phototherapy (Min et  al. 2012; Mura et  al. 
2013; Zhang et al. 2013). Because of their high performance, spatial precision and 
remote control capacity, phototherapy methodologies have drawn the most interest, 
due to their more stability and little toxicity under several circumstances (Montazeri 
2008; Fan et al. 2017). PTT is an effective novel method for treating diseases, espe-
cially cancers, in clinical practice (Khot et al. 2019; Zhi et al. 2020).

In PTT, hyperthermia was induced at the cancer site by irradiating with a particu-
lar wavelength (NIR) light, which ablates cancer cells in a localized area while 
reducing the death of neighbouring cells. Because of its specific wavelengths 
(650–900 nm), the NIR laser directly transmitted into the tissues without causing 
harm to normal cells (Khot et al. 2019; Wang and Cheng 2019; Zhi et al. 2020). For 
cancer PTT, PTAs in the nanosize are needed, since they capture NIR light to destroy 
cancer cells. Till now many investigators have produced a variety of PTAs (Bao 
et al. 2016; Hu et al. 2018; Wei et al. 2019). Among several nanomaterials, graphene 
and its derivatives have been thoroughly researched as PTAs in recent years, like 
graphene oxide (GO), reduced graphene oxide (rGO), graphene quantum dots and 
its composites, due to its extraordinary photothermal conversion efficacy, huge sur-
face area, abundance of oxygen-containing functional units and unique optical char-
acteristics (Dinadayalane et  al. 2012; Chen et  al. 2016b; Mohamadi and Hamidi 
2017; Eskiizmir et  al. 2018; Ghosal and Sarkar 2018; Lin et  al. 2018; Saba and 
Jawaid 2018; Samantara et al. 2018; Lahir 2019; Nafiujjaman and Nurunnabi 2019; 
Wang and Cheng 2019; Xie et al. 2019; Barua et al. 2020; Li et al. 2021). In this 
chapter, we discussed how GO PTAs have been used for thermal ablation of can-
cer cells.

5.2  Photothermal Therapy

The ability of a material to absorb light or radio-frequency energy and transform it 
into heat for the purpose of enabling hyperthermia in pernicious cells is known as 
photothermal therapy. When cancer cells are subjected to NIR light over many min-
utes, permanent damage to protein and membrane structures occurs, leading to cell 
death (Fig.  5.1) (Estelrich and Busquets 2018; Fernandes et  al. 2020). PTT has 
several benefits over traditional treatments, including capability to penetrate deep 
tissue, high sensitivity, low severity and limited nonspecific cell death on surround-
ing healthy tissue (Khot et al. 2019; Wang and Cheng 2019; Yu et al. 2020; Zhi et al. 
2020). The kinetic energy of the PTAs inside the cell raises as the duration of NIR 
light irradiation improves, as a result of the accumulation of NIR light energy by 
PTAs and the cell atmosphere heating up causing obstruction of the cytoplasm as 
well as destroying the cancer cell proteins (Bao et al. 2016; Hu et al. 2018; Wei et al. 
2019). PTAs used in PTT will have a high NIR absorbance, high photothermal con-
version performance, excellent optical consistency, cancer detection, high 
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photostability, appropriate height, consistent shape, good miscibility, good biocom-
patibility and lower toxicity. Furthermore, ideal PTAs should have broad optical 
wavelength absorption cross sections, low toxicity, ease of surface modification and 
complete solubility in biocompatible solutions (Hernández and Galarreta 2019; 
Wang and Cheng 2019; Fernandes et al. 2020; Yu et al. 2020).

Several PTAs have been increasingly improved by several researchers for possi-
ble use in PTT (Bao et al. 2016; Hu et al. 2018; Wei et al. 2019). PTAs are classified 
into two groups based on their chemical characteristics: inorganic and organic 
PTAs. Inorganic PTAs include metal-based nanomaterials, coated transition metal 
di-chalcogenides, carbon materials, quantum dots and black phosphorous quantum 
dots, while organic PTAs like small dyes, polymer nanoparticles and covalently 
linked polymer nanoparticles with strong absorption in NIR region (Chen et  al. 
2016b; Ghosal and Sarkar 2018; Saba and Jawaid 2018; Samantara et  al. 2018; 
Nafiujjaman and Nurunnabi 2019; Rahman et al. 2019). Carbon-based nanomateri-
als, in particular, have been extensively studied due to its higher NIR absorbance, 
biologically inertness and low price (Dinadayalane et  al. 2012; Shi et  al. 2014; 
Eskiizmir et al. 2018; Lin et al. 2018; Lahir 2019; Barua et al. 2020). Among differ-
ent carbon-based nanomaterials, graphene-based nanomaterials have been consid-
ered as promising PTAs in treatment of cancer (Shi et al. 2014; Chen et al. 2015; 
Mohamadi and Hamidi 2017; Wang and Cheng 2019; Xie et  al. 2019; Li et  al. 
2021). In recent years, graphene-based nanostructures have been thoroughly anal-
ysed for PTT (Dinadayalane et al. 2012; Shi et al. 2014; Shi et al. 2017; Eskiizmir 
et  al. 2018; Saba and Jawaid 2018; Nafiujjaman and Nurunnabi 2019; Xie et  al. 
2019) Therefore, it has been recognized as an effective therapeutic technique for 
thermal ablation of cancer cells, and efficient PTAs are important for achieving a 
sufficient therapeutic impact in cancer PTT.

Fig.  5.1 Photothermal therapy process. (Adopted from Estelrich and Busquets 2018)
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5.2.1  Mechanism of Photothermal Therapy

PTT has arisen as a recent trend in cancer treatment because of its more effective-
ness for killing cancer cells and relatively less risk to healthy tissues. It uses PTAs 
that assemble in the cancer cells to produce heat form NIR irradiation for killing 
cancer cells (Hernández and Galarreta 2019; Khot et al. 2019; Wang and Cheng 
2019; Fernandes et al. 2020; Yu et al. 2020; Zhi et al. 2020). Type of PTAs, NIR 
laser strength and NIR contact time are all important aspects that influence PTT 
efficiency (Bao et al. 2016; Wei et al. 2019; Fernandes et al. 2020). Necrosis over 
more frequency irradiation and apoptosis over less frequency irradiation are two 
potential routes of cancer cell damage in PTT, which could be regulated by chang-
ing the treatment parameters (Martin et al. 2012). Necrosis will cause loss of plasma 
membrane reliability and subsequent discharge of intracellular substances, which is 
the way for death of cancer cells. Apoptosis, like chemotherapy or radiotherapy, can 
reduce unwanted provocative reactions but also generate resistance to PTT. When 
used under the right irrigation conditions, PTT will cause apoptosis instead of 
necrosis (Nafiujjaman and Nurunnabi 2019). PTT’s ability to persuade apoptosis 
begs the intriguing query of how much external or inherent mitochondrial apoptosis 
path is the primary route to cancer cell damage (Mocan et al. 2014). Because the 
factors which influence the mode of cancer cell damage are unknown, more research 
is needed to elaborate the mechanism of PTT-induced cancer cell death.

5.3  Graphene-Based Materials in Photothermal Therapy

Recently, graphene-based nanomaterials have gained extensive consideration from 
researchers due to their potential use in cancer PTT (Dinadayalane et al. 2012; Chen 
et  al. 2016b; Georgakilas et  al. 2016; Ghosal and Sarkar 2018; Lin et  al. 2018; 
Samantara et al. 2018; Bai and Husseini 2019; Nafiujjaman and Nurunnabi 2019; 
Rahman et  al. 2019; Ramezani et  al. 2019; Yu et  al. 2020). In graphene, carbon 
atoms form hexagonal honeycomb structure, and it appeared as a sheetlike structure 
and these sheets are closely bound by Van der Waals interactions. It’s a carbon allo-
trope with a molecular bond length of 0.142  nm and sp2-bonded carbon atoms. 
Graphene layers on top of each other from graphite with a 0.335 nm inter-planar 
gap. Van der Waals interactions hold each sheet of graphene in graphite together, 
which can be resolved with graphene exfoliation (Dinadayalane et  al. 2012; Lin 
et al. 2018; Saba and Jawaid 2018; Bai and Husseini 2019; Lahir 2019; Ramezani 
et al. 2019; Barua et al. 2020). It serves as a foundation for other graphitic materials. 
Graphene nanosheets and its substitutes like GO, rGO and GQDs have been used in 
PTT as PTAs for thermal ablation of cancer cells from the past few decades (Fig. 5.2) 
(Shi et al. 2014; Chen et al. 2015; Chen et al. 2016a; Shi et al. 2017; Eskiizmir et al. 
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2018; Ghosal and Sarkar 2018; Bai and Husseini 2019; Nafiujjaman and Nurunnabi 
2019; Rahman et al. 2019; Ramezani et al. 2019; Barua et al. 2020; Li et al. 2021).

5.3.1  Graphene Nanosheets in Photothermal Therapy

Liu and his colleagues were the first to use nanographene sheets for PTT (Yang 
et al. 2010). First, they investigated the in vivo behaviour of nanographene sheets 
(NGS) coated with polyethylene glycol (PEG) using a fluorescent labelling Cy7 
(NGS-PEG). After 24 h of NGS-PEG injection, each mouse’s cancer was treated 
with NIR (808 nm) laser. The outside temperature of the cancer in the NGS-PEG- 
inserted community approached 50 °C, and the cancer was completely eliminated 
(Fig. 5.3). However, no findings were obtained without introducing NGS-PEG into 
mouse. Further, Yijuan wang et al. developed a Monte Carlo technique to display a 
mesoscale model of cancer PTT using NIR and graphene nanosheets (Wang et al. 
2020). A cancer cell was embedded within a cube of healthy tissue in a three- 
dimensional (3D) model. On the surface of a cancer cell, graphene nanosheets were 
uniformly dispersed (Fig. 5.4). The thermal behaviour of the device was studied 
quantitatively in relation to the concentration and morphology of graphene 
nanosheets. To investigate their effect on temperature increase, the interfacial ther-
mal resistance (ITR) around the graphene sheets is measured. It was discovered that 
a higher concentration of graphene nanosheets resulted in a faster rate of tempera-
ture rise and shorter graphene sheets with a larger width/thickness could cause a 
faster rate of temperature increase in cancer cells. Reducing the ITR between the 
cancer cell and graphene is another way to get the cancer cell to raise its temperature 
faster, which can be done by properly functionalizing the graphene.

Fig.  5.2 Graphene-based nanomaterials for photothermal therapy
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5.3.2  Graphene Oxide and Its Composites 
in Photothermal Therapy

Graphene oxide is an oxidized form of graphene that has several exceptional physi-
cal, chemical, optical, electrical and mechanical properties as well as it contains 
several oxygen-containing functional groups like epoxy, hydroxyl, carbonyl and 
carboxylic groups (Mohamadi and Hamidi 2017; Singh et al. 2018; Ghorai 2019; 
Nizami et al. 2020). Many scientific areas, including biomedical applications, have 
shown great promise for GO and its composites because of its exceptional proper-
ties like large surface area, high water solubility, the presence of oxygen-containing 
groups, high adsorption ability, good biocompatibility, mechanical strength, low 

Fig. 5.3 In vivo photothermal therapy using intravenously injected NGS-PEG. (a) Cancer growth 
curves of different groups after treatment. (b) Survical curves of mice bearing 4T1 cancer after 
various treatments indicated. NGS-PEG-injected mice after photothermal therapy survived over 40 
days without any single death. (c) Reprehensive photos of cancers on mice after various treat-
ments. The laser-irradiated cancer on NGS-injected mouse was completely destructed (Adopted 
from Yang et al. 2010)
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price and easy functionalization (Mohamadi and Hamidi 2017; Singh et al. 2018; 
Ghorai 2019; Nizami et al. 2020). Since GO absorbance ranges from UV to NIR, 
numerous interesting studies have looked at using it for PTT in recent years. Besides 
that, GO is an appealing nanocarrier for drug delivery because of its fast and effi-
cient cell penetration as well as its ability to shield DNA and peptides from enzy-
matic cleavage (Georgakilas et al. 2016; Lim et al. 2018; Xie et al. 2019). Table 5.1 
shows recent research and key findings of GO and its composites used as 
PTAs in PTT.

Anticancer agents that react to stimuli are of special importance in the field of 
cancer therapy. Huabing Chen et  al. (Guo et  al. 2015) created a pH-responsive 
GO-cypate nanoplatform with improved photothermal effect in the lysosomal envi-
ronment. Cypate molecules clumped together on the surface of GO in aqueous solu-
tion, generating additional photothermal energy from near-infrared fluorescence 
(NIRF) via the pH-dependent fluorescence resonance energy transfer (FRET) effect, 
cause greater photothermal cytotoxicity. Due to this, GO-cypate causes significant 
cell death, resulting in complementary PTT efficiency with cancer killing after 
intramuscular injection. As an efficient FRET receptor, the photothermal nanoad-
duct with broad NIR absorbance will wisely transform transmitted NIRF energy 
from the donor to cyanine dye with improved PTT. Sei Kwang Hahn et al. (Jung 
et al. 2014) established a conjugate with nanographene oxide and hyaluronic acid 
(NGOHA) for photothermal melanoma skin cancer using NIR irradiation. Melanoma 
skin cancer is among the utmost severe types of skin cancer and leading reason of 
death. HA is generally used as a transdermal delivery vehicle for chemical and bio-
pharmaceutical products. The extraordinary transdermal distribution of NGOHA in 
cancer tissues of mice skin was clearly visible using confocal microscopy and 

Fig. 5.4 Schematic plot of 
the photothermal therapy 
using NIR irradiation and 
graphene nanosheets 
(Adopted from Wang et al. 
2020)
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ex vivo bioimaging (Fig. 5.5), which could be attributed to extremely express HA 
receptors and comparatively permeable structures across tissues, allowing for better 
nanoparticle penetration and persistence. ELISA for caspase-3 activity and immune 
histochemical analysis by TUNEL assay for cancer apoptosis reported the antican-
cer effect. This method can be used for transdermal treatment of melanoma skin 
cancer by loading drug with NGO in NGOHA.

5.3.3  Graphene Quantum Dots in Photothermal Therapy

Graphene quantum dots are nanoscale graphene structures with solid quantum prop-
erties and edge effects, resulting in extraordinary photoluminescence properties 
(Bandi et al. 2016; Bandi et al. 2020a; Bandi et al. 2021; Mohammed et al. 2021). 
GQDs’ optical properties are highly dependent on their structure size due to the 
quantum confinement effect and the varying type and distribution of sp2 sites in the 

Table 5.1 Recent graphene oxide and its composites used as photothermal agents in 
photothermal therapy

Sample Therapeutic remarks References

GO In vitro photothermal killing of U251 human glioma 
cells

Markovic et al. 
(2011)

GO-PEG In vitro photoablation and selective cellular uptake in 
U87MG tumour cells

Robinson et al. 
(2011)

Glucose-rGO In vitro PTT for prostate cancer cells Akhavan et al. (2012)
GO-PEG In vivo cancer ablation Yang et al. (2012b)
Thioflavin- 
s- GO

PTT for Alzheimer’s disease Li et al. (2012b)

GT-rGO More efficacy of PTT on HT29 and SW48 colon cancer 
cells

Abdolahad et al. 
(2013)

rGO-Cu2O Under visible light irradiation in vitro selective 
photocatalytic killing of cancer cells

Hou et al. (2013)

rGO-Au Gold-coated graphene material for enhanced PTT Lim et al. (2013)
rGO Nanomesh structures for ultra-efficient PTT Akhavan and Ghaderi 

(2013)
ZnFe2O4-rGO Graphene composites with magnetic materials for 

highly efficient PTT
Akhavan et al. (2014)

HA-rGO Photothermal killing of transdermal melanoma skin 
cancer

Jung et al. (2014)

rGO-GO PTT for cancer under femtosecond laser beam 
irradiation

Li et al. (2014a)

GO-PEG- 
AnNR

Enhanced PTT by nanocomposites Dembereldorj et al. 
(2014)

Cyanine-GO Stimuli-mediated PTT for cancer therapy Guo et al. (2015)
Apt-Au-GO For breast cancer combining of thermal therapy and 

inhibitor producing cancericidal effects
Yang et al. (2015)
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structure. As a result, manipulating the size and surface chemistry properties of 
GQDs will alter their energy bandgap. GQDs have exciting biomedical uses, includ-
ing diagnostics, drug delivery, PTT using NIR laser and in vitro and in vivo bioim-
aging (Dadigala et  al. 2017; Bandi et  al. 2018a; Bandi et  al. 2018b; Bandi 
et al. 2020b).

Justin et al. have prepared chitosan-conjugated GQDs with biodegradable lido-
caine hydrochloride (CS-GQD-LH) and iontophoresis therapy and then monitored 
the delivery of both high and small molecular mass drugs into the human skin 
(Fig. 5.6) (Justin et  al. 2015). They discovered that the CS-GQD-LH could pas-
sively diffuse low molecular weight drugs into the body and iontophoresis large 
molecular weight drugs into the body. Tayyebi et al. have stated the synthesis of 
GQDs under supercritical conditions, which resulted in improved thermal connec-
tivity and photothermal properties (Tayyebi et al. 2018). After 460 s NIR irradiation, 
the phantoms reached 450C for GQDs and 400C for GO, respectively. Ding et al. 
also published a GQD-based marked anticancer nanocarrier that generates multiple 
fluorescence signals to monitor DOX transmission, release and response (Ding 
et al. 2017).

5.3.4  Reduced Graphene Oxide and Its Composites 
in Photothermal Therapy

Reduced graphene oxide can be made from GO through electrochemical reduction, 
chemical reduction and thermal reduction. Following the development of rGO, the 
substance can be functionalized for various applications. By reacting rGO with dif-
ferent chemicals or mixing with other material to make new compounds is a poten-
tial way to improve the properties of the compound to fit for biological applications 
(Hashemi et  al. 2017; Liu et  al. 2018; Chen et  al. 2019). It exhibits high 

Fig. 5.5 Schematic illustration for the transdermal delivery of NGO-HA conjugates into mela-
noma skin cancer cells and following photothermal ablation therapy using a NIR irradiation 
(adopted from Jung et al. 2014)
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nanostructured aromatic lattice and have greater π-π and hydrophobic associations 
with drugs (Darabdhara et al. 2015; Gai et al. 2019). Furthermore, rGO-based nano-
materials have a much greater NIR absorption than GO, resulting in higher photo-
thermal conversion efficiency. The rGO structure’s high inclination will contribute 
to minimal dispersibility and irreversible accumulation (Darabdhara et al. 2015; Liu 
et al. 2020). To date, an increasing number of studies have concentrated on rGO’s 
biomedical applications. For example, Lima-Sousa et al. synthesized novel hyal-
uronic acid (HA) functionalized rGO for cancer PTT (Lima-Sousa et  al. 2018). 
Initially, the NIR absorption was used to optimize the green reduction of GO with 
L-ascorbic acid. Then, rGO was functionalized with a novel HA-dependent amphi-
philic polymer, formed by attaching HA onto poly(maleic anhydride-alt-1- 
octadecene) (PMAO) for enhanced stability and cyto-compatibility, feasible of 
executing a targeted cancer PTT (Fig. 5.7). The formed HA-rGO shows a superior 
internalization of cancer cells which overexpressed CD44 receptors, causing low 
cell sustainability (6%) with rGO dosage (75 μg/mL), NIR laser intensity (1.7 W/
cm2) and irradiation duration (5 min). Overall, HA-rGO seems to be a viable nano-
material for cancer PTT targeting CD44.

RGD-PEG-rGO nanosheets were created (Robinson et al. 2011) with more NIR 
light absorption and biocompatibility for efficient PTT to research the impact of 
PTT with GO-based nanocarriers. The nanosheets were then attached 

Fig. 5.6 The synthesis procedure of CS-GQD-LH nanocomposite. (a) LH to bond to the GQDs 
via π-π stacking of aromatic rings and hydrogen bonding. (b) CS to bond to GQD-LH through 
hydrogen bonding between the amino groups of CS and carboxyl groups of GQD-LH. (Adopted 
from Justin et al. 2015)
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non-covalently by amphiphilic PEGylated polymer chains to improve its stability in 
biological solutions, resulting in a six-time increase in NIR absorption over cova-
lently and nonreduced PEGylated nano-GO.  In addition, adding of Arg-Gly-Asp 
(RGD) peptide-like substance to nano-rGO allowed for selective cellular absorption 
and extremely successful photoablation of U87MG cancer cells in vitro. Dai et al. 
have produced nanosized rGO with noncovalent PEGylation (PEG-rGO) and also, 
with remaining PEG chains bound to GO, further hydrophobicity of the nano-rGO 
sheets enhanced after reduction, causing accumulation (Ma et al. 2017). To recover 
the dispersion, the formed PEG-rGO was again bound with existing PEG using 
sonication to form a polymer-coated PEG-rGO (2PEG-rGO). The 2PEG-rGO poly-
mers retained equilibrium in biological solutions and buffers without aggregation. 
Furthermore, the 2-PEG-rGO polymer shows six-time increase in NIR absorption 
compared to nano-GO and PEGylation nano-GO. This improvement was attributed 
to the degree of π conjugation promotion in GO after chemical reduction. As a 
result, the 2PEG-rGO polymer shows great NIR absorbance, which was acceptable 
for successful photothermal heating of solutions at low 2PEG-rGO polymer 
concentrations.

It has been noticed that the newly invented rGONM-PEG-Cy7-RGD using r-GO 
nanomesh grafted with PEG, cyanine-7 and RGD peptide (arginine-glycine-aspartic 
acid) for in  vivo cancer targeting and fluorescence imaging in mouse models 
(Akhavan and Ghaderi 2013). In vivo fluorescence imaging shows more selective 
cancer absorption of composite in mice carrying U87MG cancer cells. The ultra- 
efficient PTT of this material is due to its cancer targeting and tremendous NIR 
absorption and all mice lived for more than 100 days. Another article by Omid 

Fig. 5.7 Preparation of HA-rGO and schematic representation of the reduction and functionaliza-
tion of rGO with HA-g-PMAO and its application in photothermal therapy. (Adopted from Lima- 
Sousa et al. 2018)
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Akhavan et. al. manufactured superparamagnetic ZnFe2O4-rGO composites with 
different amounts of graphene by hydrothermal process and then applied for effec-
tive PTT of prostate cancer cells (in vitro) and human glioblastoma cancer cells (in 
vivo) (Akhavan et al. 2014). About the fact that a low concentration of ZnFe2O4- 
rGO composite resulted in 50% of in vitro cancer cell damage within 1 min of NIR 
irradiation under ideal circumstances and the composite ability to turn into magneti-
cally localized at light irradiated place then made admirable photothermal perfor-
mance under the same circumstances. Besides that, with and without applied 
magnetic field, the localization of magnetic nanomaterials inserted into the cancer 
was investigated. These findings would encourage more magnetic graphene- 
containing composites to be used in high-efficiency PTT. Green tea-reduced gra-
phene oxide (GT-rGO) sheets were prepared by Abdolahad et al. for high-quality 
NIR PTT of HT29 (lower metastatic) and SW48 (greater metastatic) colon cancer 
cells (Abdolahad et al. 2013). SW48 cancer cells photothermally died more than 
20% compared to HT29 cancer cells.

5.4  GO PTT with Combination Treatments

Graphene oxide PTT with various cancer treatment methods is a viable area for 
NIR-based PTT. Moreover, several studies using these products as PTT agents have 
shown efficacy in in vivo and in vitro cancer treatment. Further, the combination of 
these treatments such as chemotherapy, photodynamic therapy, gene therapy, fluo-
rescent agent decorated, imaging regulated, low power efficient and bio-functional-
ized materials was enhanced the therapeutic efficiency (Fig. 5.8) (Chen et al. 2016a). 
The photothermal cancer therapy using nanosized graphene-based materials is sum-
marized in Table 5.2.

5.4.1  GO PTT with Chemotherapy

Nanosized GO and rGO have a superior drug loading efficacy than other materials 
due to its large surface area and containing of more functional groups (Cheon et al. 
2016). Because of its pH-sensitive release, the anticancer medication DOX (doxo-
rubicin) has been widely used as a basis for treatment of cancer. The release of DOX 
is increased in acidic environments, as the case in the intracellular environment, 
owing to its higher water solubility. DOX is mainly loaded into GO or rGO due to 
molecular piling. For example, Wang et al. have prepared GO coated with mesopo-
rous silica, PEG and IL 31 peptides (GSPI) for chemo-PTT and then GSPI loaded 
with DOX (Wang et  al. 2013b). Under NIR irradiation the interactions between 
DOX and GSPI were destroyed and then it accelerated the exponential release of 
DOX at various times and pH values. As a result GSPI shows tremendous therapeu-
tic activity on agonist glioma (Fig. 5.9).
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Zhang et al. used PEGylated GO in both in vitro and in vivo synergistic therapy 
(Zhang et al. 2011b); chemo-PTT was more successful than single photothermal 
treatment, and synergistic treatment was achieved at high laser strength and very 
low drug concentration. The photothermal effect takes place when the laser strength 
is greater. High laser power, on the other hand, is not recommended for in vivo treat-
ment because it may cause safety issues. The combination therapy demonstrated the 
highest efficacy when the laser strength was set at 2 W/cm2 and the DOX concentra-
tion was increased. This suggests a synergistic effect between DOX and the heat 
generated by GO. In vivo studies have shown that the combination treatment will 
totally eliminate cancers in mice. Cheon et al. established rGO amended with serum 
albumin and DOX for the chemo-PTT of brain cancers (Cheon et al. 2016). In com-
parison to non-rGO, the receiving nanomaterials showed increased absorption in the 
NIR region, and the serum albumin-coated rGO caused a temperature rise up to 60 
0C after NIR irradiation. Furthermore, an increase in temperature can be used to 
activate drug release and cause U87MG cancer cells to die, with 21.8% and 1.76% 
of sustainable cells in the photothermal and chemo-PTT, respectively. In another 
study, Roy and colleagues prepared poly(allylamine hydrochloride) to mediated 
rGO nanosheets for chemo-PTT of breast cancer (Roy et al. 2019). The functional-
ized rGO irradiating with an NIR laser could cause temperature above 45 0C; it can 
ablate the cancer cells. In addition, in in  vitro experiments, a computational 

Fig.  5.8 Various functions and nanostructures for enhanced photothermal therapy based on gra-
phene materials. (Adopted from Chen et al. 2016a)
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therapeutic modality induced by DOX delivery and photothermal effect caused 
superior cytotoxicity against MCF-7 cells, with 70% and 6% viable cells in the 
photothermal and chemo-PTT, respectively. DOX-loaded BSA (bovine serum 
albumin)-grafted rGO (DOX-BSA-rGO) was recently developed by Yeong Ah 
Cheon and co-workers for chemo-PTT of brain cancer cells (Cheon et al. 2016). In 
stimuli-responsive drug delivery and meticulous release applications, the protein- 
mediated rGO is of great importance. Here heat generated from NIR irradiation 
breaks the bond between DOX and BSA protein, permitting the release of DOX into 
cancers (Fig. 5.10). This finding showed that NIR irradiation increased DOX release 
from DOX-BSA-rGO nanosheets by around twofold. As a result, this DOX-loaded 
BSA-rGO nanosheet may be an effective chemo-PTT platform for brain can-
cer cells.

Table 5.2 A summary of photothermal cancer therapy using nanosized graphene-based materials

Sample
In vitro/in 
vivo Therapy References

Graphene NPs In vitro PTT Markovic et al. 
(2011)

GO NPs In vitro PTT Li et al. (2012a)
GONSs-PLA-Au composites In vitro and in 

vivo
PTT Jin et al. (2013)

rGO NSs In vitro PTT Robinson et al. 
(2011)

rGONSs/Fe3O4 magnetic 
nanoparticle composite

In vitro PTT Yang et al. (2012a)

rGONSs-CdSe/ZnSQDs composite In vitro PTT Hu et al. (2012)
GONSs In vitro and in 

vivo
Chemo-PTT Zhang et al. (2011c)

Silica-coated rGONSs In vitro Chemo-PTT Wang et al. (2013b)
rGO-PEG-DOX In vivo Chemo-PTT Zhang et al. (2011b)
GO-PEG-Ce6 In vivo PDT-PTT Tian et al. (2011)
Graphene-phthalocyanine In vivo PDT-PTT Jiang et al. (2014)
NGO-PEI-PEG conjugate In vitro and in 

vivo
Gene delivery-PTT Zhang et al. (2011a)

IO/GO-COOH In vitro and in 
vivo

Imaging-guided 
PTT

Huang et al. (2015)

rGO-AuNR composites In vitro and in 
vivo

Imaging-guided 
PTT

Moon et al. (2015)

Apt-AuNPs-GO In vitro and in 
vivo

Low-power 
efficient PTT

Yang et al. (2015)

AuNR-PEG-GO In vitro and in 
vivo

Low-power 
efficient PTT

Dembereldorj et al. 
(2014)

QD-rGO In vitro and in 
vivo

Fluorescent 
agent-PTT

Hu et al. (2012)
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5.4.2  GO PTT with PDT

Photodynamic therapy generally used the reactive oxygen species (ROS) released 
by photosensitizers under laser irradiation to trigger cancer cell apoptosis, which is 
gaining popularity as cancer morbidity rises. There has been some research into the 
synergistic effects of PDT and PTT. For instance, as shown in Fig. 5.11 (Tian et al. 
2011), a PEG-modified GO is combined with a PDT agent (chlorine e6 (Ce6)), for 
PDT combined PTT to improve the cancer cell ablation. The combination of mild 
photothermal heating of graphene caused by NIR light and photodynamic treatment 
with Ce6 delivered by GO-PEG significantly improves PDT efficacy.

5.4.3  GO PTT with Gene Therapy

In gene delivery, GO surface modification may serve as a gene delivery vector for 
in vitro and in vivo treatment. GO can be effectively bonded with gene delivery 
agents like polyethylene imine and chitosan by an amide bond, electrostatic interac-
tion and stacking interactions (Zhang et al. 2011a). To facilitate gene-mediated can-
cer treatment, siRNA and DOX-loaded NGO-PEI-PEG conjugate was used to 

Fig. 5.9 Graphene nanosheet-coated mesoporous silica as a multifunctional drug delivery system 
for combined chemo-photothermal-targeted therapy of glioma. (Adopted from Wang et al. 2013b)
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reduce cytotoxicity while also enhancing DOX release and gene delivery ability 
(Shen et al. 2012). At NIR irradiation with lower energy, cellular uptake of GO was 
increased because of low photothermal heating that increased permeability of the 
cell membrane without causing significant cell harm. As a result, GO-based gene 
transfer agents are efficient under NIR laser to improve cancer therapy.

5.4.4  Fluorescent Agent Decorated GO for PTT

For fluorescent cell imaging and PTT, Liu group developed QD-tagged rGO nano-
composites (Hu et al. 2012). The toxicity of the QDs is reduced by the surface modi-
fication, and fluorescence reducing is prevented by accurate meticulous spacer 
between the QDs and rGO.  Incredibly, when QDs-rGO absorbs NIR irradiation, 
then it increases the temperature and decreases QD light, offering a potential for in 
situ heat/temperature sensing and an indication of PTT development. In the mean-
time, aggressive affecting and improved cell internalization via the combining of 
the QDs-rGO with directing/internalizing ligands have also been accomplished as 
seen in Fig. 5.12. This nanocomposite’s combination of integrations makes it an 

Fig. 5.10 Schematic illustration of synthesis of DOX-BSA-rGO nanosheets and NIR-mediated 
chemo-photothermal therapy. The graphite oxide was exfoliated to make graphene oxide, and BSA 
was used for reduction of graphene oxide at pH 12 and 60 °C. Doxorubicin was finally conjugated 
with BSA-rGO nanosheets. (Adopted from Cheon et al. 2016)
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efficient viable novel method for cancer cell detection, imaging and delivery of drug 
molecules and PTT.

5.4.5  Imagine-Guided PTT of GO

Bioimaging techniques have been extensively used in various medical remedies and 
drug delivery processes. Imaging-guided therapy using nanomaterials was in recent 
times adopted as a novel technique for cancer cure (Yang et al. 2012a; Tian et al. 
2013; Song et al. 2014), since imaging offers crucial details like cancer size, loca-
tion and optimum phototherapy time window. As a result, several studies for 
imaging- guided PTT have centred on incorporating imaging and remedy compo-
nents into graphene-based materials (Janib et al. 2010). Taratula et al. prepared a 
graphene nanoplatform deposited with phthalocyanine for imaging-guided PTT. The 
combinational therapy led to an improved killing effectiveness of 90% to 95% for 

Fig. 5.11 Schemes of the design in photothermally enhanced photodynamic therapy. To combine 
the photothermal effect, cells incubated with GO-PEG-Ce6 were first exposed to the 808 nm laser 
(20 min) before PDT treatment, resulting in significant improvement of PDT. (Adopted from Tian 
et al. 2011)
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ovarian cancer cells at low pc and low GO amount (Moon et al. 2015). Furthermore, 
Huang et al. firstly synthesized carboxylic group-functionalized GO and then iron 
oxide nanoparticles deposited on it (IONPs/GO COOH) for T2-contrast improve-
ment both in vivo and in vitro as compared to pure IONPs or GO COOH (Huang 
et al. 2015). Recently, PEG-conjugated rGO was deposited with IONPs for imaging- 
guided PTT (Ma et al. 2012).

5.4.6  Low-Power Efficient PTT of GO

So far, there has been an emphasis on nanomedicine with optimized imaging and 
therapeutic modalities for combined disease management and control as a theranos-
tic method to improve therapeutic effectiveness (Kelkar and Reineke 2011; Hu et al. 
2012; Yang et al. 2012a; Li et al. 2014b). The existing GO-based PTTs are restricted 
due to the difficult NIR perception (only several millimetres). As a result, determin-
ing how to make use of lower-energy NIR to absorb materials to attain effective 
photothermal conversion is crucial because it reduces normal tissues damage. To 
solve this problem, rGO is combined with plasmonic nanomaterials to achieve 
effective PTT at lower-energy NIR irradiation (Zedan et al. 2013; Lim et al. 2013; 

Fig. 5.12 Quantum dot-targeted rGO nanocomposites (left) internalized into targeted cancer cells 
display bright fluorescence from the QDs (right). NIR irradiation incident on the rGO is absorbed 
and converted into heat, causing cell death and fluorescence reduction (bottom). (Adopted from Hu 
et al. 2012)
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Turcheniuk et al. 2015; Stabile et al. 2020). Gold nanoparticles are the most inves-
tigated plasmonic substance in biomedical applications because of its less cytotox-
icity, more biocompatibility and exceptional photothermal conversion efficacy 
(Huang et  al. 2008; Yang et  al. 2015; Reddy et  al. 2015; Chang et  al. 2015; 
Gangapuram et  al. 2017; Aioub et  al. 2018; Gangapuram et  al. 2018; Alle et  al. 
2020a; Alle et al. 2020b; Bhagavanth et al. 2021; Alle et al. 2021; Kim et al. 2021). 
Subsequently, the size and morphology of gold nanomaterials can be regulated to 
control the strengthened photothermal effects of gold nanomaterials.

Chia-Hua Lin et al. (Yang et al. 2015) recently synthesized an aptamer-AuNPs 
hybridized GO nanocomposite (Apt-AuNPs-GO) for NIR activatable PTT treat-
ment of cancer cells (Fig.  5.13). Because of the unique association between the 
MUC1-binding aptamer and the MUC1 (type I transmembrane mucin glycoprotein) 
on cell membrane, the self-assembled Apt-AuNPs-GO nanocomposite could selec-
tively target MUC1-positive human breast cancer cells (MCF-7). Apt-AuNPs-GO 
also has a high light-to-high heat transfer capability for photoabsorption of NIR 
light, and it can exert therapeutic effects on MCF-7 cells at ultralow concentrations 
without harming healthy cells. Besides that, the absence of HSP-70 protein induced 
by Apt-AuNPs-GO with NIR irradiation can cause cell death that is irreversible. As 
a result, the degree and length of HSP-70 protein expression are linked to PTT’s 
anti-breast cancer therapeutic efficacy. Hyperthermia and HSP-70 inhibition had a 
synergistic therapeutic effect, resulting in a substantial increase in breast cancer cell 
death. Yang and colleagues created the Apt-AuNPs-GO method (Yang et al. 2015). 

Fig. 5.13 Schematic representation of the preparation of Apt-AuNPs-GO and its application with 
NIR laser irradiation for photothermal therapy. (Adopted from Yang et al. 2015)
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There, GO was fabricated using an enhanced Hummers process, and the single- 
layered GO had an average size of about 300 nm. By reducing AuCl4 with citrate 
ions, AuNPs were formed. The aptamer molecules then interacted directly with the 
AuNPs to form Apt-AuNPs (15 nm), which were used to bind oligo-S-units to the 
AuNP surfaces. Apt-AuNPs-GO was then generated by combining Apt-AuNPs with 
GO for 1 h in a buffer solution (5mM, pH 7.4). The stability of this nanostructure 
was greatly improved due to the strong interaction between gold and aptomer as 
well as stacking between the multivalent nucleobase of aptamers and GO.  Apt- 
AuNPs- GO showed a photothermal conversion efficiency of 25.4% when exposed 
to persistent agitation of NIR light at power strength of 3W.

Uuriintuya DembereldorJ et al. prepared gold nanorod-attached PEGylated GO 
(AuNR-PEG-GO) composites for PTT (Dembereldorj et al. 2014). After abstraction 
with PEG-GO and the elimination of cetyltrimethylammonium bromide (CTAB) 
from AuNR-HCl, the cytotoxicity of AuNRs was reduced. A431 epidermoid cancer 
cells were irradiated with xenon lamp (60 Wcm2) for 5 min to assess the photother-
mal effect of AuNR-PEG-GO composite. In the presence of composite and NIR 
light cell, viability decreased by 40%, but only with composite no cell death was 
observed. In vivo cancer studies have revealed that AuNR-PEG-GO treated with 
HCL could effectively reduce cancer volumes via a photothermal process (Fig. 5.14).

HCI treatment

Heat

Heat

AuNR

CTAB layer

HO

HO

O

O O
O

O

O

O
HO

HO

O
O OH

O

O O

O
HN

NH2
NH2

NH2

NH2

NH2NH2
NH2

NH2

O

HN

NH2
NH2

O

O

OO
O

O
O

n
n

n
nn

n

n

n

n

nn

n O
O

O

O

O
O

O

O

OH

O

PEG-GO
CTAB-AuNR CTAB-removed AuNR

In vitro

In vivo

Fig. 5.14 Schematic illustration of the preparation of AuNR-PEG-GO for photothermal therapy. 
(Adopted from Dembereldorj et al. 2014)

R. Dadigala et al.



145

5.4.7  Bio-functionalized PTT of GO

The fundamental problem of GO-based materials in terms of biocompatibility is 
GO amount and surface properties. PTT performance has been improved using GO 
materials modified with different conjugated molecules. For example, poly(2- 
dimethyl amino ethyl methacrylate) [poly(PDMAEMA)]-functionalized rGO and 
indocyanine green (ICG) showed a pH-sensitive release and quenching process that 
was regulated in vitro by photothermolysis (Wang et al. 2013a; Sharker et al. 2015). 
In comparison to free ICG, the composite showed significantly enhanced in vitro 
photothermal efficiency and exceptional removal of malicious cells after 18 days of 
treatment. Furthermore, PEG is often conjugated to GO for better stability in physi-
ological conditions such as serum and a more positive targeting outcome (Jastrzębska 
et  al. 2012). Biocompatible rGO sheets with appropriate water solubility were 
acquired by functionalizing reduced sheets with gluconate ions formed during glu-
cose reduction in the presence of Fe catalyst rather than PEGylation (Akhavan et al. 
2012), which is a typical method of functionalization. Then, efficiency of the 
glucose- rGO in PTT of LNCaP prostate cancer cells was studied in  vitro. The 
glucose- rGO sheets outperformed compared to single-wall and multiwall carbon 
nanotube suspensions and hydrazine-reduced GO, in terms of PTT performance, 
and also showed some toxicity. The modification of rGO sheets by gluconate ions 
also avoided their aggregation and showed high PTT efficiency and 
biocompatibility.

5.5  Conclusions

The heart of the cancer therapy is being able to target and destroy locally diseased 
cells while causing minimal damage to healthy cells. A feasible approach to solve 
this issue is PTT with graphene-based materials, which can be used to absorb the 
irradiated NIR light to convert it into heat to ablate the cancer cells. The key 
graphene- based nanomaterials produced for cancer PTT were defined in this chap-
ter, including graphene oxide, reduced graphene oxide, graphene quantum dots and 
their composites, as well as PTT with hybrid therapies. In general, evidence in the 
literature shows that GO nanosheets as photothermal transfer agents in PTT have 
drawn a lot of research interest in the last few years, because of their high surface 
area, strong biocompatibility, ample oxygen supplying functional units, outstanding 
stability and unique optical properties. In PTT, the GO nanosheets can absorb 
energy from NIR irradiation and convert it into heat in microenvironment of cancer 
cells. Then the local hyperthermia will alter the roles of certain structural proteins 
and enzymes in cancer cells, thus leading to death of cancer cells. Furthermore, 
other environmental parameters such as cancer localization, NIR laser conditions 
and aggregation within the cancer cells all influence the therapeutic effectiveness of 
graphene-mediated PTT.  Additionally, combining PTT with other therapies will 
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boost graphene materials’ therapeutic potential, lowering the dosage required to 
eradicate cancer cells and reducing treatment side effects. This chapter briefly pres-
ents the graphene-based materials for PTT approaches and addresses current and 
potential problems in this area.

The PTT controlled by nanomaterials has the ability to improve cancer therapy 
outcomes. Nonetheless, the majority of these nanomaterials are still in the preclini-
cal stage, and further research is needed to define their short- and long-term fate in 
the body, biodegradation and protection in order to accelerate their transmission 
from the lab to the clinic. Furthermore, the invention of simple processing methods 
and their scaling-up would improve nanomaterials’ reproducibility and therapeu-
tic effect.
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Chapter 6
A New Era of Cancer Treatment: Carbon 
Nanotubes as Drug Delivery Tools

Sayan Deb Dutta, Keya Ganguly, Rajkumar Bandi, and Madhusudhan Alle

6.1  Introduction

Life-threatening diseases like cancer continue to increase despite substantial prog-
ress in modern medicine. Cancer treatment is limited to surgery, chemotherapy, 
hormone therapy, immune therapy, and radiation therapy (Faubert et  al. 2020). 
These conventional treatment methods’ significant drawbacks are their inability to 
distinguish normal cells from the tumor cells, leading to multiple side effects 
(Kilgallen et al. 2020). Exploring the efficient ways of targeted drug delivery and 
early detection of cancer cells is of utmost importance to revolutionize the existing 
cancer treatment (Ingle et al. 2020). The use of carbon-based nanomaterials in the 
range of 5–200 nm has emerged as a potential medical weapon for cancer therapy 
(Adrita et  al. 2020). The commonly used carbon nanomaterials include carbon 
nanotubes (CNTs), nanodiamonds (ND), and graphene-based materials like gra-
phene oxide (GO), reduced graphene oxide (rGO), and few-layer graphene (FLG), 
among others (Simon et al. 2019). Several recognized advantages of nanomaterial- 
based cancer treatment are increased systemic circulation lifetime, enhanced serum 
solubility, sustained drug release, and multiple drug molecules’ codelivery (Kaur 
et  al. 2019). Remarkably, the fabrication of CNT-based nanocarrier has shown 
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tremendous promising results to overcome cancer treatment challenges, especially 
drug delivery.

CNTs consist primarily of a series of condensed benzene rings rolled up into a 
tubular structure and belong to fullerenes’ family, the third allotropic form of car-
bon. CNTs exhibit a unique combination of desired properties such as biocompati-
bility and excellent mechanical properties (Yadav and Mohite 2020). However, the 
insolubility of CNTs in the aqueous medium was a significant challenge for its 
utility in biomedical applications (Naqvi et al. 2020). Nevertheless, a wide range of 
applications of CNTs emerged, including the delivery of drugs after the functional-
ization of the CNTs was reported to increase its solubility drastically. Moreover, the 
solubility of CNTs in different solvents can be modulated depending on the type of 
its surface functionalization (covalent or non-covalent) (Panigrahi and Nayak 2020). 
The various applications of CNTs as a drug delivery tool are depicted in Fig. 6.1. 
This chapter discusses the structure, synthesis, functionalization, and potential 
applications of CNTs in cancer theranostics.

6.2  Classification and Structure of CNTs

As mentioned earlier, CNTs are allotropes of carbon, comprising graphite sheets 
rolled into a tube of either single or multiple layers (Tiwari et al. 2016). The surface 
of the layers displays a honeycomb lattice structure originating from the sp2 
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Fig. 6.1 Schematic presentation for the application of carbon-based nanomaterials for cancer 
theranostics
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hybridization of graphite, where each atom is connected uniformly to three carbons 
(120°) in the XY plane. Additionally, the Z-axis harbors a weak π bond. Based on the 
number of layers, CNTs are classified into two major types: single-walled carbon 
nanotubes (SWCNTs) and multiple-walled carbon nanotubes (MWCNTs) (Wang 
et al. 2007; Li et al. 2002; Takamori et al. 2007).

6.2.1  Classification of CNTs

6.2.1.1  Single-Walled Carbon Nanotubes

SWCNTs are a single roll of a graphene sheet with a length to diameter ratio of 
~1000, making them almost one dimensional in structure. Generally, SWCNTs 
have a diameter of ~1 nm; however, nanotubes with a diameter of 0.4 nm have also 
been synthesized successfully (Wang et al. 2000). Nanotubes wider than 2.5 nm are 
rarely reported. Contrary, there is no such restriction on the nanotube length, which 
usually depends upon the adopted preparation method. Generally, the reported 
lengths of SWCNTs are in the range of micrometer to the millimeter. The structural 
feature of these nanotubes is extremely valuable in rendering the unique functions 
of these nanotubes. As reported, all the carbon atoms in SWCNTs are arranged in 
hexagonal rings except for the nanotube tips, where the carbon atoms are most 
likely placed in the pentagonal rings. Therefore, the nanotubes’ chemical reactivity 
is thermodynamically favored at the ends of the nanotubes stretched with the pen-
tagonal rings. Moreover, despite the involvement of the carbon atoms to form aro-
matic rings, the C=C bond angles are not always planar. Indicating the involvement 
of a certain degree of sp3 character, which is inversely proportional to the tubes’ 
radius of curvature, giving them overlapping energy bands and versatile electronic 
behavior. This feature of SWCNTs is believed to make the surface more reactive 
than planar graphene. There is potentially more than one way to roll a graphene 
sheet into a single-walled nanotube. These include rolling the sheet onto perpen-
dicular, parallel, or helical symmetry planes to the nanotube axis, making SWCNTs 
zigzag type (angle of helicity = 0°), armchair-type (angle of helicity = 30°), and 
helical type, respectively (Rao et al. 2003; Hussain et al. 2020).

6.2.1.2  Multi-walled Carbon Nanotubes

Multi-walled carbon nanotubes involve numerous ways to fold and arrange gra-
phene sheets into filamentary morphology and have diameters of up to 100  nm. 
Concentric- type MWCNTs (c-MWCNTs) are relatively simple to synthesize, where 
SWCNTs with increasing diameter are coaxially arranged. MWCNTs can also be 
synthesized by rolling a graphene sheet onto itself, resembling a scroll of paper. The 
interactions between adjacent walls of MWCNTs are primarily caused by weak van 
der Waals forces resulting in a dynamic shear property of MWCNTs (Filleter et al. 
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2014). Notable differences have been recognized between SWCNTs and MWCNTs 
in cancer therapy. MWCNTs are more useful for the thermal treatment of cancer 
than SWCNTs due to their higher vibrational energy dissipation capacity upon near-
infrared light exposure (Hirsch et al. 2003). However, the efficiency of SWCNTs in 
drug delivery is more profound than MWCNTs owing to SWCNTs’ unique fea-
tures, including their one-dimensional structure and higher surface area (Feazell 
et al. 2007). Additionally, longer blood circulation time of anticancer drug conju-
gated to SWCNTs was also reported. Figure 6.2 represents the different structures 
of CNTs and their corresponding AFM images.

6.3  Synthesis of CNTs

Numerous methods are used for the synthesis of CNTs from different carbon 
sources. Synthesis methods include arc discharge, laser ablation, sonochemical 
techniques, hydrothermal techniques, chemical vapor deposition, and electrolysis. 
A few of the commonly used synthesis processes are described here.

6.3.1  Arc Discharge

Arc discharge method utilizes temperature above 1700 °C for CNT synthesis. This 
method uses a DC arc discharge between two graphite electrodes with diameters 
between 6 and 12 mm in a chamber filled with either helium, hydrogen, or methane 
at subatmospheric pressure to synthesize CNTs, with certain differences in the syn-
thesis of SWCNTs and MWCNTs (Fig. 6.3a). A catalyst precursor such as a transi-
tion metal catalyst is often used for the synthesis of SWCNTs. A composite anode 
facilitates SWCNTs’ growth in the presence of hydrogen or argon atmosphere. The 
anode comprises graphite and a metal such as Ni, Co, Fe, Ag, Pd, Pt, Fe-No, Ni-Cu, 
Co-Cu, Ni-Ti, etc. Contrary, MWCNTs are produced in the absence of a catalyst 
precursor. The yield and purity of the synthesized product largely depend upon the 
gas pressure in the reaction vessel. Besides, a higher yield of MWCNTs can be 
obtained by arc discharges in an organic atmosphere of ethanol, acetone, or hexane. 
Pulsed currents are also efficient in the production of vertically oriented MWCNTs. 
Synthesis of MWCNTs by arc discharge in liquid nitrogen shows promising results 
for their large-scale production (Prasek et al. 2011). This technique is reported to 
cause the least structural defects compared to other methods.
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Fig. 6.2 Structure of various carbon nanotubes (CNTs). (a and b) FE-SEM morphology of 
MWCNTs with corresponding low and high magnification, (c and d) morphology of SWCNTs 
with corresponding low and high magnification, (e and f) FE-TEM morphology of the cross sec-
tion of a bundle of SWCNTs, (g) an individual tube of SWCNTs, (h and i) morphology of the 
DWCNTs, (j-k) AFM surface topology of MWCNTs, (l) AFM morphology of the SWCNTs with 
corresponding high (m) magnification image, (n) STM photograph of the MWCNTs with corre-
sponding high magnification images indicating the line of growth (o, p, and q). (Adopted from 
Dutta et al. 2020)
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6.3.2  Laser Ablation

In the laser ablation process, a pulsed laser vaporizes a graphite target in a high- 
temperature reactor (Fig. 6.3b). The principles and mechanisms are similar to the 
arc discharge; however, the energy is provided by a laser hitting a graphite pellet. 
The laser ablation method yields around 70% and produces SWCNTs primarily 
with controllable diameter, highly determined by the reaction temperature. Uniform 
SWCNTs can be made in the presence of transition metal catalysts like Co, Ni, and 
Fe. The diameter distribution can be tuned by altering the chemical composition of 
the target and the gaseous atmosphere. The properties of the CNTs prepared by the 
laser deposition process strongly depend on the laser properties like energy fluence, 
peak power, repetition rate, and oscillation wavelength. Additionally, the structural 
and chemical composition of the target material, the chemical composition and 
chamber pressure, the flow and pressure of the buffer, the substrate and the ambient 
temperature, and the distance between the target and the substrate also contribute to 
the property of the CNTs produced. Besides, the relationship between the excitation 
wavelength and the growth mechanism of CNTs is recently being studied extensively.

6.3.3  Chemical Vapor Deposition

The chemical vapor deposition (CVD) technique is the most standard method used 
to produce CNTs. In this method, CNTs are generated onto the surface of a catalyst 
by cleaving a carbon atom-containing gas that flows continuously through the cata-
lyst nanoparticle (Fig. 6.3c). Usually, a mixture of hydrocarbon as the carbon source 
(methane, ethane, ethylene, xylene, acetylene, isobutene, ethanol), a metal catalyst, 
and an inert gas is introduced into the reaction chamber at a temperature of 700–900 

Fig. 6.3 Synthesis of CNTs. (a) Arc discharge process, (b) laser ablation method, and (c) chemi-
cal vapor deposition method (adopted from Dutta et al. 2020)
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°C and atmospheric pressure. CNTs are formed on the substrate by the decomposi-
tion of hydrocarbon. The catalyst used in the CVD process helps in the decomposi-
tion of the carbon source. The frequently used catalysts are the transition metals like 
Fe, Co, and N. Alternatively, gaseous carbon sources are also utilized. Other CVD 
techniques are water-assisted CVD, oxygen-assisted CVD, hot-flame CVD, micro-
wave plasma CVD, or radiofrequency CVD. CVD is considered to be an economi-
cally viable process for large-scale and pure CNT production. The main advantage 
of CVD is the easy to control of the reaction course and the high purity of the 
obtained material.

6.3.4  Vapor Phase Growth

In this method, CNT synthesis is aided by a reaction gas and an organometallic cata-
lyst in a reaction furnace without the involvement of a substrate. This is typically a 
four-step method, involving the use of a laser or arc discharge source, hydrocarbon 
gas, catalyst, and deposition of carbon nanotubes in the reaction chamber. Figure 6.4 
indicates the vapor phase growth mechanism of CNTs’ formation. The vapor phase 
growth is mostly used commercially for bulk manufacturing of CNTs.

6.4  Functionalization of CNTs

The pristine CNT is mostly hydrophobic due to the presence of sp2 carbon nano-
structure. Therefore proper functionalization is required to make it water-soluble for 
biomedical applications. There are two main strategies for CNTs’ functionalization, 
namely, covalent and non-covalent type. Table 6.1 depicts an overview of the vari-
ous functionalization techniques of CNTs for cancer theranostics. Generally, 

Fig. 6.4 FE-SEM images of CNTs indicating the (a) tube growth and (b) tip growth during vapor 
phase growth (adopted from Dutta et al. 2020)
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covalent modification at the surface of CNTs involves the introduction of hydro-
philic functional moieties, such as hydroxyl groups (-OH), carboxylic groups 
(-COOH), and amino groups (-NH2) along with some biocompatible polymers, such 
as polyethylene glycols (PEG), ethylene glycols (EG), polyethylenemine (PEI), or 
drug/gene cargos (Yang et al. 2014). The covalently functionalized CNTs are struc-
turally stable and can be easily dispersed in any polar solvents. However, problems 
regarding covalent modification are the rapid change of functional properties of 
CNTs, such as photothermal properties. Thus, non-covalent modification is com-
paratively mild and retains the original structural properties of CNTs, therefore 
making it more suitable for drug delivery applications. Non-covalent interaction can 
be achieved by electrostatic interactions, π–π stacking, and hydrogen bonding, 
among others. A lot of knowledge and expertise should be needed before choosing 
the appropriate functionalization method for CNt-based materials. CNT-based 
nanohybrids are the most effective cancer theranostics if chosen as the proper func-
tionalization strategy (Chen et al. 2015).

Table 6.1 An overview of functionalization strategies for CNTs as drug delivery vehicle for 
cancer therapy

Type of 
interactions

Functionalization 
molecules Purpose(s) Toxicity

Covalent Polyethylenimine (PEI) Stabilization and 
gene delivery

Mild toxicity and immune 
response

Radioisotopes and 
chelators

Imaging label Radiation exposure

Gadolinium (Gd) Imaging label Toxicity from premature 
release

Chemo drugs Tumor therapy Toxicity from premature 
release

Antibodies, proteins, or 
peptides

Tumor targeting Potential immune response

Non-covalent Polyethylenimine (PEI) Stabilization and 
gene delivery

Mild toxicity and immune 
response

M13 phage Stabilization and 
tumor targeting

Potential immune response

DNA Stabilization Potential immune response
DNA/siRNA Cancer therapy Gene inhibition in normal 

tissues
Nanostructures (IONP, 
QDs, gold NPs, etc.)

Imaging label, 
PDT, and PTT

MPS capture and potential 
metal contamination and 
serious toxicity

Gadolinium (Gd) Imaging label Toxicity from premature 
release

Photosensitizers PDT Damage to normal tissues by 
ROS

Adopted from Chen et al. (2015)

S. D. Dutta et al.



163

6.5  Applications

A wide variety of drug delivery system are currently available that promotes the 
pharmacological profile and therapeutic properties of drugs. Functionalized CNTs 
(fCNTs) are highly emerging nanovectors for the delivery of cancer therapeutic 
drug owing to their capacity to penetrate into the cells via two established mecha-
nisms, via passive diffusion across the lipid bilayer without causing membrane 
damage or via the process of endocytosis (Pantarotto et al. 2004; Cai et al. 2005; 
Kam and Dai 2005; Shi Kam et al. 2004). The conjugation of drugs to CNTs is 
achieved through several ways of surface functionalization which includes covalent 
linkages, hydrophobic interactions, π-stacking interaction, and capillary-induced 
filling, among others (Lay et al. 2011). This section discusses a few selected CNT- 
loaded drug as a nanocarrier.

6.5.1  CNTs-Paclitaxel Conjugates

One of the initial studies of CNTs-based in vivo tumor treatment in mice came up 
with the use of CNT-paclitaxel complex. Paclitaxel (PTX) conjugated to the 
branched polyethylene glycol (PEG) chains via ester bonding on the surface of 
SWCNTs has been used in the synthesis of water-soluble SWCNTs-PTX conju-
gates to suppress tumor growth in murine 4T1 breast cancer model. Moreover, the 
SWCNT-PTX complex was found to have tenfold higher uptake rate by the targeted 
tumor, much likely due to enhanced cell permeability and retention. Additionally, 
this SWCNT-PTX formulation was much safer compared to Cremophor containing 
Taxol owing to the higher efficiency of SWCNTs as the drug carrier. The reported 
amount of SWCNTs required to deliver 5mg/kg PTX is ~4 g/kg, contrary to ~420 
mg/kg Cremophor in the case of Taxol for the same PTX dose (Liu et al. 2008). 
Dual-functionalized MWCNTs with ethylenediamine and phenylboronic acid 
groups showed promising results of PTX loading through non-covalent π-π stacking 
within the CNTs interior to target colon cancer cells. Higher water dispersity and 
biocompatibility were noted as a result of the dual functionalization and drug load-
ing of 30.85% achieved (Rathod et al. 2019). CNT-PTX conjugates can also be used 
for ultrasound imaging of certain tumors. Due to low xenotoxicity, PTX is com-
monly used in clinical and preclinical application for ovarian and breast cancer 
(Högberg et al. 2001). A study conducted by Zhang et al. reported that PEGylated 
folic acid (FA)-CNT conjugates have superior potential for in vivo high-resolution 
ultrasound imaging of breast cancers on live Kunming mice (Fig. 6.5). Therefore, 
functionalized CNTs in combination of PTX can be used as multifunctional toolkit 
for anticancer therapy as well as bioimaging applications (Zhang et al. 2019).
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6.5.2  CNT-Doxorubicin Conjugates

Folic-acid (FA)-modified MWCNTs have shown promising results in the develop-
ment of pH-responsive Dox delivery system, including exceptional colloidal stabil-
ity and biocompatibility. The FA-CNTs often exhibited a substantially high drug 
loading and encapsulation efficiency of 70.4% besides drug release in an acidic 
environment. Moreover, FA-CNTs loaded with Dox have been shown to inhibit the 
tumor cells overexpressing FA receptors (Yan et al. 2018). Non-covalent MWCNT- 
Dox supramolecular complex is also a promising candidate to kill breast cancer 
cells. In this regard, MWCNTs coated with tri-block copolymer (Pluronic F127) 
were found to possess notably higher cytotoxic activity in comparison to Dox alone 
and Dox-pluronic complexes (Ali-Boucetta et al. 2008). DOX-loaded CNTs incor-
porated into the poly(lactic-co-glycolic acid) (PLGA) electrospun nanofibers have 
high antitumor efficiency against HeLa cells. Such electrospun mats render a uni-
form distribution and trigger sustained and prolonged release of the drug, making 
PLGA/Dox-CNTs’ electrospun mats a long-term drug-releasing platform for poten-
tial chemotherapy (Yu et  al. 2015). CNTs can also be used for encapsulating 
nanoparticle-DOX conjugates for effective delivery in tumor cells. Seyfoori et al. 
reported a pH-responsive chitosan nanogel coated with MnFe2O4 nanoparticles and 
grafted it on the surface of MWCNTs to enhance the delivery of Dox in U-87 glio-
blastoma cells (Seyfoori et  al. 2019). The chitosan/MnFe2O4-grafted MWCNT 
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Fig. 6.5 (a–b) Tumor volume and weight measurements after administration of the Span-PEG 
(a1), Span-PEG-FA-CNTs (b1), Span-PEG-CNT@PTX (c1), and Span-PEG/FA-CNT@PTX, 
respectively, (c) in vivo apoptosis study in different formulations, and (d) in vivo ultrasound imag-
ing of tumor after administration of formulated drugs. (Adopted from Zhang et al. 2019)
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exhibited greater pH responsiveness in acidic environment compared to MWCNTs 
alone (Fig. 6.6). CNTs can also be used as strong photothermal agent owing to its 
strong absorption at near-infrared region-I (NIR-1). A study conducted by Oh et al. 
showed NIR-I responsive SWCNT-Dox conjugates as promising treatment strategy 
for breast cancers. Therefore, the CNT-based nanomaterials could be used to encap-
sulate Dox for minimizing the high cytotoxic effect of Dox.

Fig. 6.6 (a) Schematic illustration of chitosan/MnFe2O4 (Chi-MnFe2O4) nanoparticle synthesis 
and grafting onto the surface of CNTs, (b-c) cumulative release profile of Chi-MnFe2O4 and Chi- 
MnFe2O4/CNT at different pH, and (d) cytotoxicity evaluation of Chi-MnFe2O4/CNTs on U-87 
glioblastoma cells. (Adopted from Seyfoori et al. 2019)
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6.5.3  CNT-Methotrexate Conjugates

A comparative study of drug release between carboxylated MWCNTs conjugated 
with methotrexate (MTX) and free MTX was reported to favor slow release of the 
drug in the conjugated form (Karimi et al. 2018). Furthermore, covalently attached 
MTX onto MWCNTs through cleavable linkers has been reported to increase its 
cellular uptake and cytotoxic efficiency to the target cells. The design of such link-
ers is the critical factor determining the efficiency of such conjugate systems 
(Samorì et al. 2010). Controlled delivery of MTX against MCF-7 breast cancer cells 
was achieved by CNT-loaded MTX-injected hydrogel of chitosan and 
β-glycerophosphate (Saeednia et  al. 2019). Besides, hybrid system of MWCNTs 
coated with chitosan was fabricated as a pH-responsive carrier for MTX delivery to 
lung cancer cells. The MTX release from such hybrid system is favored at an acidic 
pH of H1299 cancer cells (5.0), as compared to the neutral pH of the noncancerous 
cells (7.4) (Cirillo et al. 2019). CNTs functionalized with interpolymer complexes 
of polyethylene glycol (PEG) and polyacrylic acid (PAA) have also been used for 
the delivery of MTX to increase the biocompatibility of CNTs itself (Azqhandi 
et al. 2017). Moreover, CNTs functionalized with both folic acid and MTX showed 
enhanced anticancer activity against folate receptor-positive (FR) lung epithelial 
carcinoma (A549) and breast cancer cells (MCF-7) (Das et al. 2013). The endolyso-
somal trafficking in the presence of folate-modified MWCNT-MTX conjugates was 
found significantly higher than MWCNTs alone (Fig. 6.7). In another study, the 
amine-modified MWCNTs were conjugated with MTX via esterification reaction 
which favors the controlled delivery of MWCNT-MTX conjugates inside cells as 
well as high cytotoxicity in cancer cells (Joshi et al. 2017). Therefore, functional-
ized CNTs have several merits over pure CNTs and could be used as a potential 
delivery vehicle for MTX.

Fig. 6.7 (a) Schematic illustration for the synthesis of MTX-loaded folic acid-modified MWCNTs 
with enhanced anticancer properties (Das et al. 2013), (b–c) synthesis of esterified MTX and its 
loading onto aminated MWCNTs. (Adopted from Joshi et al. 2017)
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6.5.4  Biomolecule-Functionalized CNTs

Targeted delivery of doxorubicin to HeLa cancer cells is often enhanced by the 
synthesis of programmable drug delivery system, DNA-functionalized CNTs. For 
instance, the incorporation of GC/CG-rich stem loop DNA and specific aptamer 
facilitates selective binding of the intercalating drug and the cell surface receptors, 
respectively (Hu and Niemeyer 2020). CNT-DNA conjugates are structurally stable. 
The DNA helix can bind tightly with SWCNTs either by covalently or non- 
covalently. An overview of various functionalization strategies of CNTs by using 
different biomolecules is shown in Fig. 6.8.

Fig. 6.8 Schematic illustration for functionalized CNTs using various biomolecules. (Adopted 
from Maheshwari et al. 2019)
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6.5.5  Molecular Dynamic Simulation Studies

Simulation studies related to the interaction of drugs or a combination of drugs with 
functionalized CNTs have tremendously improved the selection of potential CNT- 
drug complexes. CNTs as a promising anticancer drug carrier are successfully 
determined through many computer simulations. A simulation study addressing the 
DOX adsorption efficiency on SWCNTs and MWCNTs at physiological pH of 7.0 
revealed stronger adsorption of the drug than it is in acidic pH. This shows the suit-
ability of CNTs as nanovehicles to target acidic cancerous tissues (Maleki et  al. 
2020). In a similar study, the adsorption of DOX onto covalently functionalized 
CNTs was studied by MD simulation and quantum mechanics calculations. The 
outcome of the simulations indicated carboxyl and amine-f-CNTs should primarily 
be the choice as a pH-sensitive drug carrier favored by the electrostatic interactions 
by the chemical moieties (Kordzadeh et al. 2019). Moreover, molecular dynamic 
(MD) simulation studies of DOX and PTX co-loading onto SWCNTs have shown 
favorable π-π stacking of DOX through conjugated aromatic rings, whereas PTX 
interacts with SWCNTs through x-π (x = C-H, N-H, and C=O) interactions along 
with π-π stacking. Upon functionalization of the SWCNTs with chitosan, the affin-
ity of these drugs for the surface of SWCNTs was measured to decrease indicating 
a desired drug release strategy (Karnati and Wang 2018).

6.6  Conclusion

CNTs are invaluable nanomaterials for the targeted delivery of anticancer drugs. 
The exceptional physicochemical properties of CNTs based on their type, synthesis 
process, and numerous covalent and non-covalent functionalizations render them 
their unique cargo loading capacity. Functionalized CNTs have been used in the 
delivery of the commonly used drugs like paclitaxel, doxorubicin, methotrexate, 
DNA conjugates, peptide conjugates, and even small molecules. Several attempts 
have been made to improve the drug loading capacity of CNTs by enhancing their 
aqueous solubility and cell penetration ability. Despite such advantages of CNTs as 
nanocarriers, certain limitations prevail to be addressed which includes eliminating 
their limited biocompatibility, potential to trigger oxidative stress at higher concen-
trations, improved real-time imaging techniques, and biodegradability, which can 
help in the fabrication of smart CNT-based materials with improved pharmacoki-
netic behavior.
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Chapter 7
Hydrogels as Smart Drug Delivery 
Systems: Recent Advances

R. Jalababu, M. Kiranmai Reddy, K. V. N. Suresh Reddy, 
and Kummari S. V. Krishna Rao

Abbreviations

IPN Interpenetrating polymeric network
CST Critical solution temperature
NiPAAm N-isopropylacrylamide
PBA Phenylboronic acid

7.1  Introduction

Compounds having three-dimensional interpenetrated networks of physical or 
chemical cross-linked polymers are known as hydrogels. Initially, synthetic poly-
mers were used to prepare the hydrogels, and now it is extended to natural polymers 
as they contain various functional groups to react with free radicals of another poly-
meric group. Hydrogels resemble natural tissues and have numerous additional fea-
tures like biocompatibility, nontoxicity, and biodegradability and absorb a large 
amount of water and other biological fluids due to their hydrophilic nature (Sharpe 
et al. 2014). Hydrogels have been using as therapeutic drug delivery systems for the 

R. Jalababu 
Department of Chemistry, S.C.I.M. Government College, Tanuku, Andhra Pradesh, India 

M. K. Reddy 
Department of Environmental Science, GITAM Institute of Science, GITAM (Deemed to be 
University), Visakhapatnam, Andhra Pradesh, India 

K. V. N. S. Reddy (*) 
Department of Chemistry, GITAM Institute of Science, GITAM (Deemed to be University), 
Visakhapatnam, Andhra Pradesh, India 

K. S. V. K. Rao 
Department of Chemistry, Yogi Vamana University, Kadapa, Andhra Pradesh, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84262-8_7&domain=pdf
https://doi.org/10.1007/978-3-030-84262-8_7#DOI


174

past few decades. Especially in the late twentieth century and early twenty-first 
century, many hydrogel fabrication methods were developed for drug delivery as 
conventional administration of oral drugs caused side effects due to high-level drug 
concentrations in the bloodstream within a short period. The benefits of the hydro-
gel are releasing the drug at a predetermined rate and enhancing drug bioavailabil-
ity. One more attractive hydrogel feature is its spongelike structure, which is 
regulated by a cross-linked gel matrix. At present, hydrogels are prepared by cou-
pling the stimuli-responsive polymers with nanoparticles and nanorods and making 
them dual and multi-responsive hydrogels.

7.2  Types of Hydrogels

Hydrogels are self-regulating controlled drug delivery systems and release the drug 
at a controlled rate and maintain the blood’s optimum drug for an extended period. 
These hydrogels respond to external stimuli like temperature, magnetic field, light, 
pH, electric field, biological conditions, and ionic power (Fig. 7.1). It forms the 
basis for the usage of hydrogels in a wide range of applications. Mostly, great 
importance has been given to design stimuli-responsive hydrogels during the past 
few decades. The stimuli-responsive hydrogels change their behavior with respect 
to external stimuli and find their importance in drug release applications (Almeida 
et al. 2012). Here in this chapter, we explore the basic principles and applications of 
the following stimuli-responsive hydrogels:

• pH-responsive hydrogels
• Temperature-responsive hydrogels

Fig. 7.1 Stimuli responsiveness of hydrogels at various conditions
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• Electrical field–responsive hydrogels
• Enzyme-responsive hydrogels
• Light-responsive hydrogels
• Magnetic-responsive hydrogel
• Glucose-responsive hydrogels
• Dual-responsive hydrogels
• Multi-responsive hydrogels

7.2.1  pH-Responsive Hydrogels

Researchers pay much attention to the pH-responsive hydrogels; these are impor-
tant drug delivery systems because of their distinctive properties and useful drug 
delivery applications. Every part of the human body shows variation in pH. The 
pH-responsive hydrogels could be constructed to self-control and target drug deliv-
ery to a specific site varying in the body’s range of pH areas. The researchers have 
designed various advanced pH-responsive hydrogels using different natural and 
synthetic polymers. The pH-responsive hydrogels mainly contain acidic and basic 
groups for stimuli responsiveness in different pH conditions (El-Sawy et al. 2020). 
Different acidic and basic polymers and their responsive, functional groups are 
listed in Table 7.1 (Das and Pal 2015, Qiu and Park 2001, Liu et al. 2008).

Because of their acidic or basic structures, hydrogels accept or release protons 
concerning the surrounding pH, as shown in Fig. 7.2. The volume of the polymer in 
solution changes as per the pKa values of the ionizable polymers. When hydrogel 
has acidic groups (-COOH, -SO3H) in its structure, at pH 7.40, deprotonation of 
acidic groups results in anions’ formation. The repulsions between this anion–anion 
increase the pore size by enlarging polymer chains, resulting in more drug mole-
cules being delivered from hydrogels at pH 7.40. Whereas at pH 1.20, acidic groups 
involved in forming hydrogen bonds between the polymer chains strictly obstructed 
the release of drug molecules from the hydrogel network, and less % drug release is 
observed at pH 1.20 in Fig. 7.2a. When hydrogel contains alkaline functional groups 
(-NH2) at lower pH, protonation of these groups leads to electrostatic repulsion 
between the chains and releases more drugs. At alkaline pH, hydrogen bonds are 
formed, which strictly restrict the release of drug particles and show a slow-release 
rate, as shown in Fig. 7.2b.

The hydrogels bear acidic or basic structures that accept or release protons in 
response to the surrounding pH, which becomes the cause for the hydrogel’s pH- 
sensitive behavior. The hydrodynamic volume of the polymer changes according to 
the difference in pKa values of the ionizable polymers. Apart from the ionizable 
values, the ratio of cross-linking concentration, hydrophobicity, and polymer com-
position also affects the hydrogels’ pH-sensitive behavior (Aguila et  al. 2007). 
Using various carbohydrate polymers, researchers have synthesized advanced pH- 
responsive hydrogels to be used with assurance in drug delivery and other biomedi-
cal applications.

7 Hydrogels as Smart Drug Delivery Systems: Recent Advances



Table 7.1 Different acidic and basic polymers and their responsive functional groups

S. 
no Name of the polymer

Polymer 
type

Polymer 
nature

Responsive functional 
group

1 Alginic acid Natural Acidic Carboxylic group
2 Hyaluronic acid Natural Acidic Carboxylic group
3 Pectin Natural Acidic Carboxylic group
4 Xanthan gum Natural Acidic Carboxylic group
5 Carboxymethyl cellulose Natural Acidic Carboxylic group
6 Carrageenan Natural Acidic Sulfate group
7 Dextran sulfate Natural Acidic Sulfate group
8 Chondroitin sulfate Natural Acidic Sulfonic/carboxylic 

group
9 Heparin Natural Acidic Sulfonic/carboxylic 

group
10 Poly(Methacrylic acid) Synthetic Acidic Carboxylic group
11 Poly(L-glutamic acid) Synthetic Acidic Carboxylic group
12 Poly(Acrylic acid) Synthetic Acidic Carboxylic group
13 Poly(Lactic acid) Synthetic Acidic Carboxylic group
14 2-Acrylamido-2-methyl propane 

sulfonic acid
Synthetic Acidic Sulfonic acid group

15 Chitosan Natural Basic Amine group
16 Poly(L-lysine) Natural Basic Amine group
17 Poly(Ethylene imine) Synthetic Basic Amine group
18 Poly(N,N′-diethylamino) ethyl 

methacrylate)
Synthetic Basic Tertiary amine group

19 Poly(N,N′-dimethylamino) ethyl 
methacrylate)

Synthetic Basic Tertiary amine group

20 Poly(2-Vinylpyridine) Synthetic Basic Tertiary amine group

Fig. 7.2 Swelling and drug release pattern of pH-responsive hydrogels. (a) Acidic hydrogels. (b) 
Basic hydrogels
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Suhail et al. (2021) have developed chondroitin sulfate-co-poly(acrylic acid) pH- 
responsive hydrogels ((CSPAA-hydrogels) for sustained release of diclofenac 
sodium. The CSPAA-hydrogels were synthesized from chondroitin sulfate (CS) 
polymer, acrylic acid (AA) monomer, and ethylene glycol dimethyl acrylate 
(EGDMA) cross linker by free radical polymerization method. For all CSPAA 
hydrogels’ formulations, in vitro drug release studies were done at pH 1.20 and pH 
7.40. The more significant amount of diclofenac sodium was released at pH 7.40 
when compared with pH 1.20. At alkaline pH conditions, deprotonation of -COOH 
groups of chondroitin sulfate and acrylic acid causing anion-anion inter-ionic repul-
sions leads to more significant swelling and more release drug. In this study, the 
maximum release of diclofenac sodium from CSPAA pH-sensitive hydrogels is 
observed at pH 7.4 up to 72 h.

Krishna Rao et al. (2006) reported a novel pH-responsive interpenetrating poly-
meric network (IPN) microgels (MGs) using chitosan, acrylamide-g-poly(vinyl 
alcohol), and hydrolyzed acrylamide-g-poly(vinyl alcohol), which are cross-linked 
with glutaraldehyde for sustained release of cefadroxil antibiotic. The drug release 
studies of chitosan with all other formulation in both pH 1.20 and pH 7.4 media 
were carried out. Almost 100% release of cefadroxil occurred at 10 h for CS-25 
formulation in pH 1.20 media, whereas only 60% cefadroxil release was detected at 
10 h in pH 7.4 media. At pH 1.2 protonation of the amino group of chitosan is 
involved, due to inter-ionic repulsions between cation and cation leading to an 
increase in pore size by the enlargement of polymer chains and showing higher drug 
release. Whereas at pH 7.40, alkaline groups (-NH2) involved in forming hydrogen 
bonds between the chitosan polymer chains strictly hindered the release of drug 
molecules from CS microgels, hence, a lower degree of cefadroxil drug molecule 
delivery from CS microgels at pH 1.20.

7.2.2  Temperature-Responsive Hydrogels

Temperature is vital in controlling the drug release from the polymer network. The 
specific temperature at which the thermoresponsive hydrogels display transitional 
properties in the aqua solutions is critical solution temperature (CST). These hydro-
gels are temperature sensitive with solution-to-gel phase transitions at a specific 
temperature and can swell and deswell by varying the fluid temperature. 
Thermosensitive hydrogels are mainly divided into negative thermoresponsive 
hydrogels and positive thermoresponsive hydrogels.

The negative thermoresponsive hydrogel has a lower critical solution tempera-
ture (LCST). The LCST-type hydrogels exist in one phase (miscible) when the tem-
perature is less than CST and present in two phases (gel) above the CST. The 
swelling nature of hydrogels is tuned by changing the temperature. When the tem-
perature is less than the LCST, the water interacts with the polymer chain’s hydro-
philic portion, and swelling occurs (Ullah et al. 2015).
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When the temperature is raised above the LCST, hydrophobic interaction among 
the polymer chains predominates, and the shrinking of the hydrogel occurs. 
Hydrophobic interactions lead to the transition of polymer chains from coiled form 
to the dehydrated globular state. Besides intra- and intermolecular hydrophobic 
interactions between the existing hydrogel networks, the polymer’s water molecules 
participate in salvation and hydrogen bonding and lead to the hydrophilicity change 
(Qureshi et al. 2019).

The positive thermoresponsive hydrogel has an upper critical solution tempera-
ture (UCST). The UCST-type hydrogels exist in two phases when the temperature 
is lower than CST and present in one phase (miscible) at a temperature higher than 
CST. When below the UCST, the hydrogels shrink and release the drug from the 
hydrogel network. At a temperature above UCST, swelling occurs due to the forma-
tion of hydrogen bonding (Ward and Georgiou 2011). Schematic presentation of 
temperature-responsive hydrogel swelling and drug release based on LCST and 
UCST is shown in Fig. 7.3

Hydrogel’s thermoresponsive behavior is caused by hydrophobic or a combina-
tion of hydrophilic and hydrophobic groups in them. These thermoresponsive 
hydrogel factors are easily controllable and can be used to perform both in vitro and 
in vivo calculations; they find their extensive usefulness in controlled drug delivery 
systems. The familiar thermoresponsive polymers and their phase transition tem-
peratures are shown in Table 7.2 (Qureshi et al. 2019).

Isiklan and Kucukbalci (2015) synthesized sodium alginate and poly(N- 
isopropylacrylamide/acrylic acid) [SA-g-PIPAA/PAA] temperature and 

Fig. 7.3 Swelling and drug release pattern of temperature-responsive hydrogels. (a) Lower criti-
cal solution temperature (LCST) phase transition. (b) Upper critical solution temperature (UCST) 
phase transition
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pH- responsive networks for controlled release of indomethacin (IND). To study 
temperature responsiveness of SA-g-PIPAA/PAA networks, the release of IND was 
observed higher at 37 °C than 25 °C. These findings might explain the temperature 
above LCST (> 34  °C) of poly(N-isopropylacrylamide) subsequently polymer 
chains will aggregate, will get more hydrophobic, and will collapse, which leads to 
squeezing out IND molecules from network. Drug release experiments were carried 
out at 25 °C, 37 °C, and 47 °C and the results observed that increasing IND from 
network increases temperature.

As per the study in the literature, chitosan-poly(N-vinyl pyrrolidone)-poly(N- 
isopropylacrylamide) temperature-responsive interpenetrating polymeric networks 
(IPNs) with different concentrations of glutaraldehyde cross-linker release more 
amount of amoxicillin trihydrate drug (82%) at 37 °C and 60% of the drug at 25 °C 
(Ekici and Saraydin 2017). Poly(N-vinyl pyrrolidone) and poly(N- 
isopropylacrylamide) are the LCST polymers present in interpenetrating polymeric 
networks, which are responsible for thermal responsiveness.

Hill and co-workers (2019) first developed new thermoresponsive a fibrous 
hydrogel network by self-assembly of a single α-helical coiled-coil Q protein. The 
Q gel is reversible thermoresponsiveness below and above its UCST, and it is deter-
mined to be at ∼16.2 °C. The Q gel exhibits UCST-type behavior through gel-sol 
transition above the UCST.  At physiological temperature (> UCST), curcumin- 
loaded gels showed a slow release of curcumin over 17–18 days at 37 °C.

7.2.3  Electric-Responsive Hydrogels

Hydrogels made up of electroactive polymers (natural or synthetic polyelectrolytes) 
can change their size when an electric field is applied. Under the electric field, 
hydrogel undergoes bending or swelling (Murdan 2003). It is observed that the drug 
release is more in the presence of an electric field when compared to its passive state 
(in the absence of an electric field), and the release rate can be controlled by applied 
electric strength. There could be three mechanisms by which electric field functions:

Table 7.2 Types of temperature-responsive polymers with their CST

S. no Name of the polymer CST type Phase transition temperature

1 Poly(N, N-diethylacrylamide) LCST 25–32 °C
2 Poly(N-vinyl caprolactam) LCST 32–34 °C
3 Poly(N-isopropylacrylamide) LCST 32–34 °C
4 Poly(Methyl vinyl ether) LCST 37 °C
5 Poly(2-(Dimethylamino)ethyl methacrylate) LCST 38 °C
6 Poly(N-cyclopropylacrylamide) LCST 58 °C
7 Poly(N-ethyl acrylamide) LCST 74 °C
8 Poly(Acrylic acid) UCST 25 °C
9 Poly(Acrylamide) UCST 25 °C
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 1. The advancement of stress gradient in the hydrogel
 2. Local pH changes around the electrodes
 3. Electroosmosis of water coupled to electrophoresis

The gel’s experimental conditions and nature lead to any one of the above mech-
anisms and decide the gel swelling (Merino et al. 2015). The drug delivery took 
place by getting attracted to the oppositely charged electrode, then contraction of 
hydrogel results in the release of drug through electric stimulation. Figure  7.4 
describes the shrinkage of gel and release of the drug, which depends on the change 
of pH (increase in pH at the cathode and decreased pH at the anode) and stress gra-
dient. A change in pH due to electric current led to distort hydrogen bonds between 
polymer chains to mortify or bend the polymer to release drug (James et al. 2014). 
Application of electric field accelerates the ionization of ionizable groups (-COOH) 
present in hydrogel. As per the study in the literature, the ionizable group (-COOH) 
present in the hybrid hydrogel of cellulose and sodium alginate tends to ionize  
into -COO- and H+ ions (Shi et al. 2014). Here H+ ions present (counterions) move 
toward the cathode surface. The decrease in H+ ions leads to the greater number  
of -COO- ions in hydrogel matrix, thus enhancing the hydrogel’s swelling behavior 

Fig. 7.4 Pictorial representation of drug release mechanism of electro-responsive hydrogel. 
(Adapted from Merino et al. 2015)

R. Jalababu et al.
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under electric stimulus due to repulsive forces exerted between carboxylate anions 
and improving the electric response sensitivity. At a lower voltage, the low concen-
tration of drug release is observed, and at a higher voltage high concentration of 
release of drug is notified. Electro-stimulation of hydrogel also involves stress gra-
dient and electrophoresis (Merino et al. 2015). Recently electro-responsive method 
is widely used in biomedical applications (Mariouras and Vamvakaki 2016).

The electroactive polymers are used in many fields like artificial muscles, hands, 
or fingers for mechanical gripping, tissue engineering scaffold, actuators, etc. 
(Saikia et  al. 2015). The electro-responsive hydrogels have wide applications in 
sound dampening, artificial muscle actuators, drug delivery, and energy transduc-
tions. Polymer [poly(2-acrylamido-2-methylpropane sulfonic acid-co-n- 
butylmethacrylate)] acted as efficient electro-responsive toward drug delivery of 
edrophonium hydrochloride and hydrocortisone (Zhao et al. 2011). Similarly, appli-
cation of polymer [poly(3,4-ethylenedioxythiophene)/poly (styrenesulfonate)] in 
gelatin methacryloyl as hydrogel with electric response was used to treat skin can-
cer (Oktay and Alemdar 2018). Ibuprofen and amoxicillin exhibited “on and off” 
release phenomena when subjected to electric voltage (Qu et al. 2018); these were 
drafted with chitosan-graft-polyaniline and oxidized dextran polymer-made hydro-
gels that showed high efficiency in drug release.

7.2.4  Enzyme-Responsive Hydrogels

Enzyme acts as a catalyst in all living cells; at molecular levels, the metabolism of 
cells and tissues is regulated by enzymes, but their irregular actions lead to diseases 
such as inflammation, cancer, Alzheimer’s, cardiovascular, and osteoarthritis 
(Quershi et al. 2019, Wang et al. 2018a; Chandrawati 2016). Overexpressed enzymes 
change the biomaterial (drug-loaded) properties by their action, thereby attaining 
continuous and regulated drug release at the site of action. The materials selected 
for enzymatic response must have the following requirements:

 1. The materials are integrated with identified elements or substrates that can be 
recognized by those enzymes selectively (use of peptide chains/linkers or 
polymer- peptide by conjugation with specific amino acid sequences toward 
enzymes of interest).

 2. These integrated substrates are accessible by enzymes for successful enzyme- 
catalyzed reactions’ kinetics.

 3. These enzyme-catalyzed reactions’ kinetics must lead to changes in material 
properties. These can include degradation or morphological transformation of 
biomaterials.

Figure 7.5a describes how the overexpressed enzyme has participated in drug 
release when the enzyme-sensitive cross-linked hydrogel (loaded with the required 
drug) is injected into the body. Here the drug from hydrogel is released by breaking 
the peptide cross-linkers of polymer strands by the action of enzymes.
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In one study, a network of macromolecules of cellulose coupled with polymeric 
materials is used for enzyme-responsive hydrogels (Billah et al. 2019). Therapeutic 
molecules can be compressed through covalent attachment or physical compression 
into polymeric material delivered either by degradation or swelling of material upon 
enzyme action when it reaches the target site. Compared to physical or chemical 
conventional stimuli (pH, temperature, ligand-receptor interactions, ionic strength, 
etc.), enzymatic response to biology’s signals is highly selective and includes cata-
lytic amplification to facilitate fast response (Haija and Ulijin 2014, Spruell and 
Hawker 2011).

Many innovations were made in the field of enzyme-sensitive systems. For pul-
monary drug delivery, poly(ethylene glycol) was used to prepare enzyme-sensitive 
hydrogel microparticles (Secret et al. 2014). Solution polymerization was utilized to 
develop PEG microparticles from poly(ethylene glycol) diacrylate with the inclu-
sion of a peptide Gly-Leu-Lys for metalloproteinase enzyme. Figure 7.5b discusses 
the overexpressed enzymatic response toward drug delivery when it is injected dur-
ing arthritic flares (Joshi et al. 2018). It was observed that the development of TG-18 
hydrogel acts as a drug reservoir and releases the drug in response to overexpressed 
enzymes in inflammatory joints. The current drug delivery system suffers from low 
local concentration and short retention time at the oral disease target site. To over-
come this, Guo et al. (2019) prepared diacrylate polyethylene glycol-based scaf-
folds with a cysteine-terminated peptide cross-linker cleaved by the matrix to 
overcome this problem metalloproteinase 8 (MM8) (Guo et al. 2019). The use of 
enzyme-sensitive MMP-8 with hydrogel has good results in drug delivery at the 

Fig. 7.5 (a) Schematic representation of drug release pattern of enzyme-responsive hydrogel 
(Adapted and reproduced from reference Quershi et al. 2019 with the permission from Elsevier). 
(b) Schematic representation of drug release in response to enzyme overexpressed during arthritic 
flares. (Adapted from Joshi et al. 2018)
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target site, proven by HPLC and FTIR testing. The use of MMP-9 (matrix mettalo-
proteinase- 9) overexpression enzyme in the extracellular matrix of tumor tissues 
can trigger chemically modulating the drug delivery from the carrier (Kulkarni 
et al. 2015).

7.2.5  Photoresponsive Hydrogels

Light stimulation is a convenient drug release parameter due to its high spatial reso-
lution, non-invasive nature, comfortability, and convenience. Light can penetrate 
deep into the skin and quickly release the compounds (drug) at a specific site. 
Among different stimuli-responsive hydrogels, photoresponsive hydrogels became 
promising drug delivery systems owing to their invasive and remote control options. 
The mechanism of light-responsive hydrogel consists of a polymeric network and a 
photoreactive moiety (consists of a photochromic chromophore as a functional part).

The study of Alfimove et  al. (2003) stated that photochromic molecules first 
receive optical signals, and then the chromophores in the photoreceptor convert the 
photoirradiation to a chemical signal through a photoreaction such as a cleavage, 
thermal, and isomerization. Later the signal is transferred to the functional part of 
hydrogel and controls its properties. The change in chromophores upon photoirra-
diation strongly depends on the molecular structure. The functioning of hydrogels 
is broadly categorized into photochemical, photoisomerization, and photothermal 
methods.

7.2.5.1  Photochemical

Under this category, the drug is released by breaking the covalent bond by light 
irradiation. These hydrogels are prepared by incorporating the photoresponsive 
moieties (o-nitrobenzyl, coumarin, and pyrene derivatives) in the polymer network. 
Initially, UV light is used to irradiate; now, it extended to near IR due to its high 
penetration through tissue. The most popular photoresponsive moiety for photode-
gradable hydrogel is the o-nitrobenzyl group, in which irradiation with UV pro-
duces carboxylic acid o-nitroso benzaldehyde and releases the drug at the site of 
action. In hydrogel preparation, the o-nitrobenzyl group is used as a cross-linker 
between the polymeric chains of poly(ethylene glycol) and polyacrylamide hydro-
gels (Linsely and Wu 2017).

7.2.5.2  Photoisomerization

Here drug release is controlled by reversible conformational changes of particular 
molecules by irradiation with UV and visible light. Azobenzene is a frequently used 
chemical moiety for this kind of mechanism; upon irradiation with UV light, 
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transconfiguration converts into cis form and back to cis form by interacting in vis-
ible light, as shown in Fig. 7.6a (Timko et al. 2010). Cis form shows high polarity 
than transform, which is used to control the hydrophobic interactions. In one study, 
photoresponsive molecular etched hydrogel drug delivery systems are prepared. 
When hydrogels are prepared in the presence of paracetamol, azobenzene-based 
molecular sites were formed for the target molecule (Gong et al. 2008). While it is 
irradiated with UV/Vis light, photoisomerization of the azobenzene moieties stimu-
lates structural change as shown in Fig. 7.6a of the recognized sites, and uptake or 
release of paracetamol was controlled.

a 

b 

Fig. 7.6 (a) Schematic representation of photoregulated substrate release and uptake with molec-
ularly imprinted photoresponsive hydrogel (adapted and reproduced from reference Gong et al. 
2008 with the permission from American Chemical Society). (b) Schematic presentation of NIR- 
triggered cisplatin through chemo-photothermal therapy. (Adapted from Ruan et al. 2019)
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Chiang and Chu (2015) developed light-sensitive hybrid alginate hydrogel. The 
preparation of β-cyclodextrin-grafted alginate (β-CD-Alg) hydrogel was made pho-
tosensitive by permeating diazobenzene-modified PEGs [poly(ethylene glycol)) 
into it. The exposure of UV light on the hydrogel disrupts gel structure, resulting in 
the drug’s release. This photo-triggered structure degradation of the hybrid gel was 
used in wound healing and other biomedical applications.

7.2.5.3  Photothermal Mechanism

This hydrogel contains thermosensitive molecules and generates heat upon irradia-
tion with light, and the drug is released. It is made with two key components, i.e., 
one component converts the light energy into heat (chromophore), and the second 
molecule responds to heat released (thermo-responsive). Gold nanoparticles, carbon 
nanotubes, and graphene oxide nanoparticles absorb NIR light, and methylene blue, 
cardio green, and riboflavin absorb both visible light and NIR light. 
N-Isopropylacrylamide (NiPAAm) is a commonly used thermo-responsive mono-
mer. The functioning of NiPAAm is discussed in thermo-responsive hydrogels. 
When these hydrogels are irradiated with light, photothermal agents present in 
hydrogels mediate the photothermal conversation and accelerate the gel-sol forma-
tion of thermo-responsive monomers, and the drug is released. However, prolonged 
irradiation causes the leaching out of photothermal agents and leads to decreased 
photothermal effect and drug delivery control.

Leaching of nanoparticles from hydrogels overcome by preparing hydrogel from 
polymer poly(N-phenylglycine), poly(ethylene glycol), and α-cyclodextrin has 
been reported as photothermal hydrogel in the literature. In this study poly(N- 
phenylglycine) not only ties the poly(ethylene glycol) chains and but also serves as 
NIR-absorbing facilitators (Ruan et al. 2019). The polymer PNPG absorbs NIR-II 
light, facilitates photothermal conversion, makes prolonged retention time, and per-
mits repeatable treatment. The polymer building blocks were ruptured after treating 
with NIR-II laser, which releases the desired drug to the target site, minimizing off- 
target toxicity, as shown in Fig. 7.6b. Under NIR-II irradiation, the hydrogel is con-
verted into a sol and released the chemotherapeutic drug, cisplatin 
(cis-diamminedichloroplatinum(II)), in an easy way and treats tumor cells.

7.2.6  Magnetic-Responsive Hydrogel

Hydrogels consist of a polymer matrix made up of considerable quantities of water. 
The matrix, which is of 3D structured polymer networks, has solid and liquid char-
acteristics resembling soft tissue living entities (Li et  al. 2012, Shi et  al. 2020). 
These hydrogels have a specific property like swelling, wetting, and elastic in 
nature, due to which it has been used in many fields. The hydrogel’s primary assem-
bly is cross-linking of hydrophilic polymers with different ways with covalent 
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bonds, interaction with hydrophobic compounds, formation with crystals, etc. 
(Duan and Zang 2017). However, the major obstacle of hydrogels is their function-
ality, which needs to be improved. For many decades scientists are trying different 
methodologies to strengthen the functionality by adopting various strategies such as 
assembly of supramolecules, alteration in polymeric chains, a collaboration of other 
networks, etc. (Kowalczyk et al. 2014, Matsuda et al. 2019). Nevertheless, these 
technologies also have some pitfalls, so researchers focused on electromagnetic 
technology. The use of a magnetic field with some magnetic materials improved the 
functionality of the hydrogels.

The magnetic field-sensitive hydrogel is prepared with a combination of water 
and magnetic particles (at nano- or microscale). Most magnetic field hydrogels are 
made up of nanoparticles called superparamagnetic iron oxide nanocrystals 
(SPIONs), which act as a matrix (Li et al. 2013). When a magnetic field is combined 
with this desired material, a new magnetically induced system is developed, con-
trolled by the ON and OFF mode of the magnetic field (Liu et al. 2006), as shown 
in Fig. 7.7 (Qin et  al. 2009). When these hydrogels are subjected to an external 
magnetic field, it gets twisted, and the drug can be released, which can be identified 
easily through responsive behavior, as shown in Fig. 7.7. A unique feature of a mag-
netic field is fast response, remote operation, and highly controlled.

In the past few decades, the application of magnetic fields has gained importance 
in hydrogels’ preparation. Its quick response, remote monitoring, deep penetration, 
non-contact, and controlled magnetic-responsive hydrogels gained importance in 
biomedical applications. Compared to the conventional drug release process, mag-
netic field-sensitive hydrogels are more advantageous in triggering drug release 
with minimal side effects (Frachini and Petri 2019). In one study, the drug is admin-
istered through the magnetic hydrogels in a transdermal patch. The magnetic 
nanoparticles present in the hydrogels are suitable for the magnetic stimulating 
application. Magneto-responsive hydrogel of ethylene-vinyl acetate loaded with 

Pluronic F127 Indomethacin

Magnetic field off Magnetic field on

MF

Oleic acid coated SPION

Fig. 7.7 Illustration of magnetic field hydrogel release of the magnetic field–induced drug. 
(Adapted from Qin et al. 2009)
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insulin was successfully prepared, and insulin is easily released into the body. In the 
absence of a magnetic field (OFF), the insulin (drug) diffusion depends on drug and 
carrier interactions. If the interactions among insulin (drug) molecule and matrix are 
weak, then drug molecules tend to diffuse rapidly to the medium (burst effect). 
However, if the interactions between drug molecules and matrix are strong, the 
release tends to be slow. If the magnetic field is ON, the moments of magnetic 
nanoparticles (MNP) become aligned with the magnetic field rather than randomly 
oriented. The alternating magnetic field from ON to OFF mode accelerates MNP 
cases’ movement vibrations in the cross-linked polymer chains, stimulating the 
drug release to the medium (Finotelli et al. 2010). Magnetic responsive hydrogels 
made of polymers for different drugs are summarized in Table 7.3.

7.2.7  Glucose-Responsive Hydrogels

In healthy humans, blood glucose levels in the body are regulated by insulin secreted 
by β cells. The deficiency of insulin secretion from β cells leads to “diabetes melli-
tus” (Johan et al. 2003). Diabetes mellitus is controlled by maintaining optimum 
blood glucose concentration by administering sufficient insulin quantity at a definite 
time into the body (Sharifzadeh and Hosseinkhani 2017). Researchers have paid 
more attention to develop glucose-sensitive, self-controlled smart hydrogel systems 
to deliver insulin. These glucose-responsive hydrogels can release a required amount 
of insulin with the blood glucose level variation. These are categorized into three 
main types based on stimulation: i.e., glucose oxidase (GOS) hydrogels, phenylbo-
ronic acid (PBA) hydrogels, and glucose-binding molecule-based hydrogels (Wang 
et al. 2019a, b).

Table 7.3 Examples of different magnetic field-sensitive drug delivery systems

S.no Name of the polymer Drug Application References

1. Poly(Ɛ-carprolactone) Doxorubicin 
hydrochloride

Anticancer Wang et al. (2018)

2. Starch-g-poly 
(methylmethacrylate-co-PEG- 
acrylamide)

Doxorubicin Anticancer Zohreh et al. (2016)

3. Chitosan Paclitaxel Anticancer Mangaiyarkarasi 
et al. (2016)

4. Carboxymethyl cellulose Curcumin Reddy et al. (2011)
5. Poly(Vinyl alcohol) Theophylline Pulmonary Bertoglio et al. 

(2010)
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7.2.7.1  Glucose Oxidase (GOS)-Stimulated Systems

The glucose oxidase (GOS)-stimulated hydrogels release insulin by oxidation of 
glucose which GOS catalyzes. GOS is a flavin-containing glycoprotein that cata-
lyzes the oxidation of glucose in the presence of oxygen to produce gluconic acid 
and hydrogen peroxide (H2O2) as a by-product (Wilson and Turner 1992). GOS is 
highly selective toward catalytic oxidation of glucose into gluconic acid, thereby 
decreasing the system’s overall pH. Generally, hydrogels are classified into cationic 
hydrogels and anionic hydrogels based on pH sensitivity. The cationic hydrogels are 
ionized and swell at low pH, while anionic hydrogels are swelled at high pH condi-
tions. When glucose levels rise, the GOS oxidizes the glucose molecules by produc-
ing gluconic acid. So, gluconic acid drops the local environment’s pH, and excess 
of H+ ions accumulates more positive charge on the polymer backbone, resulting in 
swelling of hydrogel due to the expansion of polymer chains (Hassan et al. 1997). 
As hydrogel swells, it increases hydrogel’s mesh size and permits imbibed insulin 
to diffuse out the hydrogel as shown in Fig. 7.8 (Wang et al. 2019a).

When insulin is caused to decrease glucose levels, the amount of gluconic acid 
inside the hydrogel decreases and the insulin release slows down. The insulin release 
rate depends on the glucose concentrations, and the glucose-stimulated swelling 
and shrinking of the hydrogel are shown to be reversible. The enzymatic conver-
sions of glucose to gluconic acid and hydrogen peroxide to oxygen are shown below 
(Wu et al. 2011):

 

Glucose O H O Gluconic acid H O

H O O

GOS

CAT

� � � �

� �

2 2 2 2

2 2 2 2 22 2H O  

H2O2 is a by-product in the GOS-catalyzed reaction, and the inhibitory effect of 
H2O2 in the reaction was overawed by co-immobilization of catalase (CAT) with 

Fig. 7.8 Glucose-responsive mechanism of GOS-based hydrogel
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GOS to convert H2O2 into O2 and H2O, which enhanced the availability of the reac-
tants and increased the swelling rate.

Zou et  al. (2015) have prepared pH-responsive cationic chitosan hydrogel 
(HTCC) for glucose-responsive controlled drug delivery system. In a pH-responsive 
GOS immobilized HTCC hydrogel matrix, the enzymatic oxidation of GOS con-
verts the glucose into gluconic acid, and a decrease in pH of a solution from 4.7 to 
6.6 is observed. Thus, lowering pH values leads to a significant cumulative release 
of bovine serum albumin (BSA) from the HTCC hydrogel matrix. The release kinet-
ics data of BSA under different pH values and glucose concentrations is substituted 
in Korsmeyer-Peppas kinetic model, which follows a Fickian release.

Li et  al. (2017) developed glucose-responsive peptide hydrogel for controlled 
delivery of insulin. The glucose-sensitive peptide hydrogel is encapsulated with 
insulin and GOS that can oxidize glucose into gluconic acid and decrease the local 
pH. When the matrix’s pH is below the pKa of the peptide chains, there would be 
electrostatic repulsion between them and the consequent unfolding of individual 
chains. Ultimately the hydrogel disassembled and loaded insulin in the hydrogel 
matrix were diffused. The in vitro and in vivo studies illustrated that these peptide 
hydrogels are biocompatible, injectable, and active in controlling blood glucose lev-
els for a long time.

7.2.7.2  Phenylboronic Acid (PBA)-Stimulated Systems

Phenylboronic acid (PBA) is a synthetic, highly stable, and biocompatible com-
pound present in the physiological environment, which has been most extensively 
studied and used to design glucose-responsive networks to deliver insulin. PBA 
exists in equilibrium between a neutral triangle form and an anionic tetrahedral 
form. The neutral structure is hydrophobic; however, the anionic structure is hydro-
philic. While the two structures can react with 1,2-cis-diols of glucose reversibly, 
the binding of the neutral structure with glucose is unstable as it is more labile to 
hydrolysis. PBA’s anionic state can form stable complex with cis-diol of glucose, 
which can move equilibrium toward increasing hydrophilic form and lowering the 
hydrophobic form (Ma and Shi 2014). The hydrophilic state of the PBA-glucose 
complex that undergoes swelling results in the release of encapsulated drug from 
the cross-linked networks into the solution.

The PBA and its derivatives are Lewis acids with a pKa value in 8.20–8.86. Due 
to the PBA components’ high pKa value, these PBA-based glucose-responsive sys-
tems are lower ionization at physiological conditions (pH 7.4), but more ionized in 
alkaline medium only. At physiological conditions, PBA moieties are lower binding 
capacity toward glucose molecules because of poor solubility in an aqueous 
medium. Initially, two methods were proposed to drop PBA’s pKa and enhance the 
binding affinity of glucose at physiological pH. The first method was substituting 
electron-withdrawing groups, for example, fluoro, nitro, and carbonyl group at meta 
position with respect to boronic acid on PBA (Matsumoto et al. 2003). The second 
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method was the incorporation of the amino group onto PBA having polymer (Wu 
et al. 2010) or onto phenyl ring close to the boronic acid (Kim et al. 2009).

In recent times, other new methods were established to reduce the pKa of PBA 
and raise glucose binding sensitivity at physiological conditions. The first method 
was a partial modification of the PBA chain by incorporating carboxylic groups on 
a polymer backbone prominent to PBA-carboxylic interactions in the network and 
thus lowering its pKa value (Wang et al. 2009). The second method for enhancing 
glucose responsiveness and lowering the pKa was both complexation of PBA poly-
mer with glycopolymer and coordination between PBA polymer and polyol- 
containing compounds (Yang et al. 2013). The third method was synthesis of new 
type of substituted PBA benzoboroxole compounds, which influenced more water 
solubility and a low pKa value compared to that of simple PBA (Dowlut and 
Hall 2006).

Zhang et al. (2008) introduced a new type of hydrogels to enhance swelling and 
glucose response rate. They were prepared in normal type of poly(N- 
isopropylacrylamide- co-3-acrylamidophenylboronic acid) (poly(NIPAM-co- 
AAPBA)] cross-linked hydrogels and giant hydrogels, which are synthesized by 
grafting (poly(NIPAM-co-AAPBA)] side chain on normal hydrogels. The giant 
hydrogels have additional grafted side chains with PBA functional groups and can 
faster swelling and deswelling rates than normal hydrogels. The grafted giant 
hydrogels have shown faster glucose response than that of normal cross-linked 
hydrogels at physiological conditions. The rapid glucose response hydrogels are 
smart carriers for drug delivery systems.

Dong et al. (2016) developed injectable, self-healing, and glucose-responsible 
polymeric hydrogels. These hydrogels were synthesized by cross-linking glucose 
with PBA, and this PBA-glucose complex was fixed on the polymer chain. This 
glucose-responsible hydrogel is the effective release of rhodamine B model drug in 
in vitro conditions.

7.2.7.3  Glucose-Binding Molecule-Based Systems

Glucose-responsive hydrogels can be prepared from the glucose-binding proteins. 
Among glucose-binding proteins, lectins are the main kind of proteins, which can 
strongly bind with carbohydrates and act as natural receptors in glucose-responsive 
networks. Among these lectins, concanavalin A (Con A) is the most extensively 
used non-sugar protein with four binding sites, which is extracted from the jack 
bean plant Canavalia ensiformis (Michael et  al. 2019). Con A molecules show 
reversible and strong attraction with unchanged -OH groups of pyranose ring-con-
taining monosaccharides, polysaccharides, and glycopolymers (Lina et al. 2019). 
Four Con A molecules and pyranose rings were assembled to form tetramer at phys-
iological conditions. Con A can form glucose-responsive hydrogels; it has a more 
affinity for free glucose than for glycosylated polysaccharides and glycopolymers. 
In the hyperglycemia condition, glucose molecules can competitively bind to Con 
A; a gel-sol transformation occurs in presence of free glucose; this offers a switch 
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for controlling the release of the insulin from immobilized hydrogels as per Fig. 7.9 
(Michael et al. 2019). Con A’s major drawbacks are poor biocompatibility and insta-
bility, which result in less glucose sensitivity and adverse cytotoxicity and immuno-
genicity (Yin et  al. 2010). To avoid these problems, Con A has been covalently 
cross-linked with the hydrogel matrix against escape from human bodies (Miyata 
et al. 2004). Recent studies reported the glucose-binding capacities of glucose trans-
porter (Wang et al. 2017) and aptamer (Yan et al. 2013) for the glucose- responsive 
systems for insulin delivery applications.

Lina et al. (2019) prepared covalently adopted pullulan-based glucose-sensitive 
hydrogels consisting of carboxylated pullulan and Con A (Con A-CPUL) by a 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/
NHS) activation method. The Con A-CPUL hydrogels were loaded with insulin by 
absorption method. The in vitro controlled release of insulin from the glucose sen-
sitivity of Con A-CPUL hydrogels was studied. These hydrogels might be used in 
closed-loop systems and controlled release of insulin for diabetes therapy.

7.2.8  Dual-Responsive Hydrogels

Dual-responsive hydrogels respond to two different stimulus conditions and are 
demonstrated as a promising material in recent years. Recently we reported a 
designed dual-responsive NaAla-g-PAPA-cl-(PNIPAAm-co-PAAm) hydrogels 
from NaAla-g-PAPA polymer NIPAM and AAm for the releasing of anticancer drug 
(Jalababu et al. 2018). Here the mechanical strength of sodium alginate is strength-
ened by grafting the N-acryloyl-L-phenylalanine on the backbone of the sodium 
alginate and further made it dual responsive through polymerization of this grafted 
polymer with poly(N-isopropylacrylamide) [PNIPAAm] (thermosensitive poly-
mer). The -COOH groups present on sodium alginate made the hydrogel to respond 
to pH. It is observed that hydrogels released more amount of drug at pH 7.4 than pH 
1.2, and released data indicate that % cumulative release of drugs is more at 37 °C 
than 25 °C. The mechanism behind the pH and temperature responsiveness is dis-
cussed in earlier sections of this chapter.

Fig. 7.9 Concanavalin A-based cross-linked networks with response to free glucose via a com-
petitive binding equilibrium. (Adapted from Michael and Webber 2019)
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In another study, a hydrogel that can respond to both pH and NIR (near infrared) 
is designed to release adamantane-modified doxorubicin prodrug using 
N-isopropylacrylamide (NIPAm) and methacrylated β-cyclodextrin-based mac-
romer (MPCD) hydrogel in the presence of gold nanorods (Xu et al. 2017). Here, 
doxorubicin is conjugated with the adamantyl group through the hydrazone bond 
(acid-responsive), which is in acidic tumor condition, release the drug by breaking 
the hydrazone bond. Presence of gold nanorods and PNIPAm made the hydrogel to 
respond to NIR light and accelerate the drug release on demand, as shown in 
Fig. 7.10.

Wang et al. (2019a) designed magnetic-thermosensitive hydrogels by integrating 
vinyl Fe3O4@SiO2 in nanoparticles in the hydrogel made up with 
N-isopropylacrylamide-co-acrylamide copolymers for controlled release of cheler-
ythrine. Here, magnetic vinyl-Fe3O4@SiO2 shows good cross-linking ability and 
water dispersibility and accelerates the drug release in magnetic field presence. The 
drug release is controlled by applying the magnetic field every hour in 2 h through 
a switch on/switch off mode. When the magnetic field is applied, it increases the 
hydrogel’s temperature and releases more amount of the drug. The presence of 
N-isopropylacrylamide-co-acrylamide made the hydrogel thermoresponsive; drug 
release experiment was conducted at 25, 37, and 45 °C, and more amount of drug 
release is observed at 45 °C (>LCST) when compared to 25 and 37 °C (<LCST). 
Here LCST of hydrogel was found as 41 °C. When LCST is more than operating 
temperature due to the hydrogel’s shrinking, more amount of drug is released (Sun 
et al. 2021). Different dual-responsive hydrogels and their applications are pre-
sented in Table 7.4

7.2.9  Multi-responsive hydrogels

Multi-stimuli hydrogels have been created as responsive drug delivery systems in 
different environmental conditions. Various factors affect drug delivery in the 
human body due to variations in physiological or pathological conditions such as 
pH, temperature, enzymes, and glucose concentrations. Multi-stimuli polymers are 
required for the synthesis of smart multiple responsive hydrogel networks 
(Siangsanoh et al. 2018).

Fig. 7.10 Illustration of dual-responsive pH/NIR for release of drug in cancer therapy. (Adapted 
from Xu et al. 2017)
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Zhang et al. (2017) have developed novel multi-responsive (pH, glucose & tem-
perature) biocoating nanogels for specific site delivery of anticancer drug doxorubi-
cin. Biocoating nanogels were synthesized in four steps. In the first step, nanogels 
were prepared utilizing 90% N-isopropylacrylamide, 5% glycosyloxyethyl methac-
rylate, and 5% N,N′-methylenebis(acrylamide) via free radical precipitation polym-
erization method. In the second step, concanavalin A (Con A) was connected to the 
nanogel surface through its interaction with the glucosyl groups of glycosyloxy-
ethyl methacrylate. In the third step, glycogen was subjected to the nanogels, glued 
to the Con A by sugar-lectin-based biorecognition. Finally, in the fourth step, the 
Con A and glycogen coverage nanogels are coated over with transferrin, a similar 
glycoprotein−lectin binding mechanism; these coated nanogels are called 
NG-CGT.  These NG-CGT nanogels are loaded with doxorubicin, which is pH-, 
glucose-, and temperature-responsive in doxorubicin delivery. Schematic represen-
tation of the synthesis of biocoating NG-CGT nanogels and Dox loading/release 
process is shown in Fig. 7.11

7.2.9.1  pH Responsivity of NG-CGT Nanogels

Dox release studies of pH stimuli NG-CGT nanogels were studied over 4.00−7.40 
pH range. At physiological pH (7.40), 1.8 ppm after 20 h and 2.1 ppm after 2 days, 
Dox drug was released from NG-CGT nanogels. When the solution’s pH was 
reduced to 4.00, the Dox release rate intensely raised; after 20 h, 7.2 ppm of Dox 
was released, whereas 6.5 ppm of Dox was released at pH 5 in the same conditions. 
The pH-responsive behavior of NG-CGT nanogels can be attributed by the collapse 
of the biocaoting of nanogel at low pH, which results in opening of the pores of 
nanogels and release of the encapsulated Dox from endocytosed nanogels.

7.2.9.2  Glucose Responsivity of NG-CGT Nanogels

Zhang et al. (2017) evaluated glucose-responsive nature of NG-CGT nanogels for 
Dox release. When the glucose concentration rose from 400 to 1200 ppm, the Dox 
release quantity also increased from 1.8 to 7.6 ppm. The resultant drug release 

Table 7.4 Examples of various dual-responsive hydrogels

S. no Dual response Applications Authors

1 pH-magnetic Cancer therapy Zhou et al. (2018)
2 Light-reductant Drug delivery Li et al. (2015)
3 Light-magnetic Antitumor therapy Pham et al. (2020)
4 Glucose-pH Wound healing Zhao et al. (2017)
5 Light-temperature Photodynamic therapy Belali et al. (2018)
6 Enzyme-pH Drug delivery Kumar and Nayak (2019)
7 Oxidation-thermo Drug delivery Cheng et al. (2015)
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studies explained that glucose could bind to Con A via multiple hydrogen bond 
interactions. In presence of glucose, the biocoating of the nanogel becomes more 
porous, and Dox is released from the nanogel network. When the concentration of 
glucose increases, the amount of Dox also increases.

Fig. 7.11 (a) Schematic representation of synthesis of biocoating NG-CGT nanogels and Dox 
loading/release process. (b) The targeting/delivery process of Dox from nanogel. (Adapted from 
Zhang et al. 2017)
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7.2.9.3  Temperature Responsivity of NG-CGT Nanogels

The thermal responsive nature of NG-CGT nanogels is explained that lower critical 
solution temperature (LCST) of NG-CGT nanogels (36 °C) is higher than that of 
pure N-isopropylacrylamide (32 °C). The LCST of NG-CGT gels is greater than 
body temperature (37 °C), making them an ideal system for Dox delivery at physi-
ological temperature. At more than LCST, significant changes in volume and size 
due to the collapse of nanogels could squeeze out the drug from NG-CGT nanogels. 
Finally, the temperature response of NG-CGT nanogel Dox release was also deter-
mined. Doxorubicin was released to the nucleus of the human liver cancer cell line 
(HepG2) within 3 h. Doxorubicin-loaded NG-CGT nanogels exhibit a healthy 
growth inhibition ability toward HepG2 (Zhang et al. 2017).

Ding et  al. (2019) synthesized UCST-type poly(acrylic acid-co-acrylamide) 
[P(AA-co-AM)] hydrogels, which combine with SiO2 and polypyrrole (PPy) for the 
construction of smart drug delivery hydrogels [SiO2@PPy@P(AA-co-AM)] for 
light-, thermo-, and pH-responsive release of 5-fluorouracil (5-FU) anticancer drug.

7.2.9.4  Photo and Thermal Responsive Ability of SiO2@
PPy@P(AA- co-AM) Hydrogels

In SiO2@PPy@P(AA-co-AM) hydrogels, PPy acts as a photothermal transducer 
(conversion of light into heat) by the NIR irradiation and leads to the thermal swell-
ing of hydrogels and release of the drug molecules from the hydrogel. The cumula-
tive release of 5-FU from SiO2@PPy@P(AA-co-AM) is estimated only 56.6 % 
after 6 h with exposure to NIR irradiation. The cumulative release of 5-FU from the 
same hydrogels is 83.9% with the NIR irradiation after the same time (6 h). Higher 
cumulative release of 5-FU with NIR irradiation could be attributed by light to ther-
mal conversion ability of PPy present in the hydrogel and the characteristic UCST 
performance of P(AA-co-AM). The hydrogel’s thermal change leads to rise the 
temperature and rupture of the hydrogen bonds between acrylic acid and acrylamide 
units in P(AA-co-AM). Schematic representation of SiO2@PPy@P(AA-co-AM) 
hydrogel preparation and multi-responsive release of 5-FU through the action of 
light, thermo, and pH is shown in Fig. 7.12.

7.2.9.5  pH-Responsive Ability of SiO2@PPy@P(AA-co-AM) Hydrogels

SiO2@PPy@P(AA-co-AM) hydrogels’ pH-responsive performance was estimated 
by carrying the drug release experiments at 1.2, 5.8, and 7.4 pH values. The cumula-
tive release of 5-FU is computed as 17.4%, 46.3%, and 56.6% at pH 1.20, 5.80, and 
7.40, respectively, after 6 h. At pH 1.2, the formation of hydrogen bonds among  
the -COOH groups of acrylic acids in P(AA-co-AM) and the shrinkage of the 
hydrogels obstruct the release of 5-FU from the SiO2@PPy@P(AA-co-AM) hydro-
gels. At pH 7.4, ionization of -COOH groups on acrylic acid into -COO leads to 

7 Hydrogels as Smart Drug Delivery Systems: Recent Advances



196

increasing swelling ratio of hydrogels due to anion-anion repulsion. The cumulative 
release of 5-FU from SiO2@PPy@P(AA-co-AM) hydrogels is higher at pH values.

Wang et  al. (2010) designed and developed a novel pH, thermo, and glucose 
triple responsive (2-dimethylamino)ethyl methacrylate and 
3- acrylamidophenylboronic acid hydrogel by free radical polymerization method. 
Release behavior of bovine serum albumin from hydrogel matrix affected by pH, 
temperature, and glucose concentration at physiological pH was studied.

Huang et al. (2012) fabricated magnetic and triple responsive characteristics of 
Fe3O4/poly(3-acrylamidophenylboronic acid-co-(2-dimethylamino)ethyl methacry-
late) hydrogels and semi-interpenetrated by b-cyclodextrin-epichlorohydrin via 
radical polymerization. These magnetic hydrogels’ swelling behavior was affected 
by pH, glucose concentration, temperature, and magnetic field. The hydrogels effi-
ciently target the site and release quercetin in a controlled manner by adjusting 
temperature, pH value, magnetic field, and glucose concentration.

7.3  Conclusion

Researchers pitched more interest toward smart hydrogels in drug delivery and 
other biomedical applications because of altering their network structure and swell-
ing capacity in response to specific stimuli, either exogenous stimuli (temperature, 

Fig. 7.12 Schematic representation of SiO2@PPy@P(AA-co-AM) hydrogel preparation and 
multi-responsive release of 5-FU through the action of light, thermo, and pH. (Adapted from Ding 
et al. 2019)
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magnetic field, light, or electric) or endogenous stimuli (pH or enzyme). Initially, 
single responsive hydrogels were designed to release the drug at specific stimuli 
conditions using both natural and synthetic polymers, and now studies are extended 
to design dual and multi-responsive hydrogels. This chapter summarized the basic 
principle behind each various stimuli-responsive hydrogel and their drug delivery 
applications. The presence of acidic or alkaline groups in hydrogel made them pH- 
responsive. Most of the thermoresponsive hydrogels are prepared by inserting 
N-isopropylacrylamide, a thermoresponsive monomer in the hydrogel network. 
Electro-responsive hydrogels made with electroactive polymers release the drug by 
changing the pH of the hydrogel’s atmosphere. Enzyme-responsive hydrogels are 
very selective and designed by using specific cross-linkers in hydrogel networks 
and release the drug as per the enzyme action. Photoresponsive hydrogels are pre-
pared by inserting active photo moieties in hydrogel networks. Hydrogels are made 
to respond to the magnetic field by inserting the magnetic nanoparticles into the 
hydrogel networks. Glucose-responsive hydrogels control the glucose through dif-
ferent mechanisms, i.e., by oxidation of glucose, by inserting the phenylboronic 
acid (PBA) in hydrogels, and by coupling with glucose-binding materials. Upcoming 
research attempts may emphasize the advancement of rational hydrogels in tissue 
engineering and regenerative medicine.
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Chapter 8
Recent Trends in Preparation 
and Biomedical Applications 
of Nanocellulose-Based Hydrogels

Rajkumar Bandi, Ramakrishna Dadigala, Madhusudhan Alle, 
and Seung-Hwan Lee

8.1  Introduction

A hydrogel is a soft and porous 3D network substance made up of a crosslinked 
polymer chains that can grasp water up to 99.9%. They can be manufactured using 
natural or synthetic polymers and possess fascinating properties like high biocom-
patibility and outstanding mechanical properties (Miyata 2010). Hydrogels can be 
prepared in such a way to become sensitive to environmental factors such as light, 
pH, temperature, ionic strength, pressure, and electric and magnetic fields (Namdeo 
et al. 2009; Mendoza et al. 2018a). Therefore, hydrogels can be engineered for sci-
entific and industrial applications. Hydrogels hold a great promise in biomedical 
applications. This is because of their ability to mimic biological, chemical, and 
physical properties present in animal body that are required for several biotic pro-
cesses (Caliari and Burdick 2016). With this promising feature, hydrogels are find-
ing applications as hygienic products, wound treatment, contact lenses, drug 
delivery, scaffolds, and diagnostic devices (Zhong et al. 2010; Willcox et al. 2010; 
Camci-Unal et al. 2014; Jung et al. 2017). Each implementation has its own set of 
specifications. Cells and organoids culture, for instance, need a mutable 3D support 
covered by adherence proteins that has a sol-gel conversion to allow the operation 
of biological sample at altered phases (Haycock 2011). Controlling mechanical 
properties and facile processing into complex shapes are needed for engineered 
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cartilage and skin regeneration (Jayakumar et al. 2011; Fu et al. 2017). Drug deliv-
ery systems are designed to keep therapeutic agents safe until they hit their intended 
destination, triggering a regulated kinetics of drug release (Fenton et al. 2018).

Nevertheless, the widespread usage of hydrogels for biomedical industry has been 
hampered by a few key factors. When making hydrogels, eliminating the toxic poly-
functional crosslinking agents is very slow, and remnant can linger in the medium 
(Caló and Khutoryanskiy 2015). Furthermore, the polymers employed are mostly 
nonbiodegradable and nonrecyclable synthetic origins, posing a threat to the sustain-
ability of the environment (Corkhill et al. 1989; Gyles et al. 2017). As a result, natural 
materials that can be easily engineered into biocompatible hydrogels are highly needed.

For water-based gels, cellulose has arisen as a convincing natural, nontoxic, and 
green material. Although starch and dextran are engineered by nature to store and 
discharge energy slowly, cellulose is used by plants and bacteria for structural pur-
poses (Neely 1961; Copeland et al. 2009). Glucose is the monomer of both of these 
polysaccharides. The molecular weight, shape, and bonds that connect their mono-
mers are the key differences between them. Amylose has only α-1,4 glycosidic 
bonds, while amylopectin has a mixture of α-1,4 and α-1,6 glycosidic bonds and 
some α-1,3 bonds additionally present in dextran. In cellulose, there is only β-1,4 
linkage (Hoover 2001). The chain structure of glycosidic polymers and their hydro-
gen bonding power, as well as their hierarchical like arrangement, affect these struc-
tures’ solubility in water, mechanical properties and its configuration; these are all 
governed by different above-described bonds (Dufresne 2013). Cellulose (colloid) 
is insoluble in water, while dextran and starch dissolve into polymeric solutions. 
Cellulose gels have a statistical network of meshes of varying diameters and rigidi-
ties, as well as various crosslinking densities (Moberg et al. 2017; Curvello et al. 
2019). Nanocellulose hydrogels have been shown to be useful for a variety of bio-
medical applications due to their biocompatibility, nontoxicity, and stability.

This book chapter accumulates the recent progress of nanocellulose hydrogels in 
various fields of applications and engineering of their properties. It recognizes the 
distinct properties of nanocellulose gels as they interact with biomolecules and cells. 
At first, this book chapter discusses about how nanocellulose hydrogels are formed 
and their chemical and physical properties in relation to biomedical applications. 
Next, recent discoveries and important concerns related to the use of nanocellulose- 
based hydrogels in biomedical applications are detailed. The aim of this book chap-
ter is to wholly explore the biomedical applications of nanocellulose hydrogels.

8.2  Formation of Nanocellulose-Based Hydrogels

8.2.1  Characteristics of Nanocellulose

In 1951, Beng Randy first defined nanocellulose which appeared as bunch of cel-
lulose molecules making micelles in aqueous solutions (Rånby 1951). Several 
researchers have explored the preparation and properties of nanocellulose in the last 

R. Bandi et al.



205

decades and to mention some specific inventions are De France, Dufresne, and 
Isogai (Saito and Isogai 2004; Dufresne 2013; De France et al. 2017a). Nanocellulose 
can be extracted from plants and bacteria. Extraction from plants first involves 
chemical or enzymatic treatments to eliminate lignin and hemicellulose, finally 
mechanical treatment to decompose the cellulosic hierarchical structure (Kwon 
et al. 2020). The term “nanocellulose” is broadly used to refer the three major types: 
cellulose nanofibrils (CNF), cellulose nanocrystals, (CNC) and bacterial nanocel-
lulose (BNC) (Alle et  al. 2020a). TEMPO-mediated oxidation is most popular 
method for CNF extraction from wood pulp, which was established by Isogai, and 
by this process several nanometers to microns length fibers can be produced (Saito 
and Isogai 2004). The most common method of CNC preparation involves the 
hydrolysis of cellulose pulp using strong acids such as sulfuric acid and phosphoric 
acid. This process completely dissolves the amorphous regions of the fibers and 
leaves the crystalline parts (Habibi et al. 2010). CNC will appear as rod-like struc-
tures with width of 5 nm and lengths of 20–100 nm. However, there will be some 
variations in the sizes of both CNC and CNF depending on the cellulose source and 
treatment process. Apart from biomedical applications, CNF and CNC also have 
wide applications including sensors (Alle et al. 2020d; Bandi et al. 2021) and cata-
lytic support (Bandi et al. 2020; Alle et al. 2020c, 2021). BNC can be produced 
from various bacterial strains like Gluconacetobacter xylinus, Agrobacterium, 
Salmonella, Komagataeibacter, Sarcina, Rhodobacter, Rhizobium, and Escherichia 
as extracellular secretion. Among all, Gluconacetobacter xylinus is widely used 
bacteria for BNC production (Iguchi et al. 2000; Müller et al. 2013). Irrespective of 
their source, all nanocellulose types can make hydrogels. This book chapter mainly 
focuses on plant-based nanocellulose.

8.2.2  Mechanism of Hydrogel Formation

In comparison with other material hydrogels, the nanocellulose-based hydrogels 
have a distinct difference, i.e., the nanocellulose hydrogels is water insoluble 
whereas other hydrogels are water soluble. This leads to the formation of a colloidal 
suspension when CNF or CNC is added to water (Mendoza et al. 2018b). However, 
the other gels form a solution in water. This property causes two major implications. 
The first one is, compared to other gels, the critical dimension of the constitutive 
unit and order of magnitude higher for nanocellulose (De France et al. 2017a). The 
second one is that the mode of gel networking varies. In nanocellulose hydrogels, 
the formation of gel network primarily involves the entanglement of fibrils together 
with electrostatic stabilization, and further strengthening of the gel structure can be 
achieved by chemical crosslinking (Shen et al. 2015).

Electrostatic interactions, hydrogen bond, van der Waal, hydrophobic, ionic 
interactions, and chain entanglements come under the category of physical interac-
tions. These are reversible and as formed hydrogel can be disrupted easily upon the 
disintegration of the interacting force between fibers (Dufresne 2013). For instance, 
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CNF produced from TEMPO-mediated oxidation comprises anionic –COOH 
groups, and CNC produced from sulfuric acid treatment possesses anionic –SO3 
groups. Due to these charged groups, CNF and CNC can be crosslinked by interac-
tions that are formed as a balance between van der Waal attraction and electrostatic 
repulsion (Saito and Isogai 2004; Oksman et  al. 2006). In some cases, external 
crosslinkers were used for hydrogel formation by providing hydrophobic or electro-
static interactions and covalent crosslinking. For instance, sodium citrate was used 
as an electrostatic crosslinker to form CNF hydrogels in an acetic acid medium (Shu 
et al. 2001). Crosslinking networks formed by chemical/covalent bonding are dura-
ble and stable. Covalent crosslinking of cellulose fibers can be achieved by various 
chemical crosslinkers such as epichlorohydrin (ECH), glutaraldehyde, citric acid, 
metal ions, and succinic anhydride (Demitri et al. 2008; Navarra et al. 2015).

Both physical and chemical crosslinking can produce a mesh-like structure with 
fibers/chains through macrostructures which can be seen in Fig. 8.1. The point at 
which two separate chains are attached is called reticulation point. An individual 
chain also connects to itself which leads to the formation of a closed loop. Free-end 
sections of chains are termed as dangling ends. The actual difference between phys-
ical and chemical crosslinking can be found when looking into the hydrogel micro-
structure. Physical crosslinking of two or more chains leads to the formation of 
helical structures. Likewise, entanglement of fibers will result in crystalline micro-
structures that differ in complexity and size (Mendoza et al. 2018c). These kinds of 
interactions are generally observed in natural polymer containing hydrogels 

Fig. 8.1 The hydrogel gel macrostructure is formed by a well-defined mesh, where fibers connect 
at the reticulation point; the self-connection of fibers forms loops. Free terminal segments are 
named dandling ends. The pore size (ε) is directly proportional to the fiber concentration and 
inversely proportional to the crosslinking density. The microstructure of hydrogels is based in 
organized mesh for those chemically crosslinked and differs by the types of chains/fibers. Helical 
and microcrystalline microstructures are found in physically crosslinked hydrogels. (Adopted 
from Curvello et al. 2019)
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(Mendoza et  al. 2018a). In contrast to physical, the microstructures of chemical 
crosslinking generally vary in interaction between individual or different type poly-
mers and form a uniform or composite gel, respectively. The crosslinking density 
(CD) defines the porosity of the hydrogel which is independent of the type of cross-
linking (Bae et al. 2013). Various crosslinking densities create flexible spaces inside 
the hydrogel structures, and CD represent modifications in pore size, propagation of 
hydrogel, and correspondence length. Dissemination of various molecular sub-
stances such as drugs, proteins, and gases present in the hydrogel is highly influ-
enced by the pore size (Li et al. 2016). Furthermore, the number of interconnected 
chains affects the hydrogel’s swelling ratio, shear modulus, and its properties (Bae 
et al. 2013; Li et al. 2016). Therefore, an appropriate crosslinking method used for 
hydrogel preparation will determine its structure and application.

8.2.3  Crosslinking Nanocellulose

Due to the strong intra- and intermolecular hydrogen bonding, it is difficult to dis-
solve cellulose chains in a solvent and encourage crosslinking for hydrogel con-
struction. Dissolution of cellulose is controlled by entropy which favors solubility 
and hydrogen bonding interactions which opposes it. Hence, for efficient cellulose 
dissolution, hydrogen bonds breakdown is essential (Lindman et al. 2017).

For the dissolution of cellulose in water or organic solvents, various chemical 
techniques and modification protocols have been established (Heinze and Koschella 
2005; Raghuwanshi et al. 2018). Cai et al. investigated the ability of NaOH/urea, 
and LiOH/urea aqueous solutions can dissolve cellulose below −10 °C (Cai and 
Zhang 2005). Cellulose was successfully dissolved by both alkali and urea hydrates 
with urea delivering better results at a concentration of 12%. After dissolution, an 
optically transparent hydrogel can be prepared by crosslinking the regenerated cel-
lulose with epichlorohydrin ECH at −3 °C (Chang et al. 2010). Liu et al. prepared 
a series of nanocellulose hydrogels by crosslinking TEMPO-oxidized CNF with 
three different hemicelluloses, namely, xylan, xyloglucan (XG), and galactogluco-
mannan (GGM). For this, pre-sorption and in situ hemicellulose sorption methods 
were used and compared. In pre-sorption, hemicellulose adsorption on CNF surface 
was done via hot mixing and swelling (by water addition). In in situ sorption, the 
hydrogel structure was defined by simultaneously carrying out the hemicellulose 
adsorption and swelling water. Out of the three hemicelluloses, XG crosslinker 
exhibited the greatest sorption potential onto CNF using pre-sorption method (Liu 
et al. 2016).

In an another study, Zander et al. used metal ions as crosslinkers to create hydro-
gels with improved strength and stiffness as well as thermal and optical properties 
(Zander et al. 2014). Metal ions like Ca2+, Zn2+, Cu2+, Al3+, and Fe3+ were used for 
hydrogel preparation. Rapid gelation was observed upon adding metal ions to the 
CNF suspension. The repulsive charges can be screened by cation-carboxylate 
interactions causing in the CNF gelation through ionic crosslinking (Dong et  al. 
2013). In a similar work, Yang et al. created polyacrylamide hydrogels reinforced 
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by CNF and submerged in cation solution (Ca2+, Zn2+, Al3+, and Ce3+) (Fig. 8.2) to 
form ionic-covalent crosslinked hydrogels (Yang et al. 2017). Metal ions form ionic 
bonds with CNF, while polyacrylamide contributes to covalent bonds. The hydrogel 
tensile strength and hardness improved with the type of metal ions in the order of 
Zn2+<Ca2+<Al3+<Ce3+. Hydrogels with improved mechanical properties resulted 
from the strong ionic-covalent bonds.

Wide variety protocols are available for the preparation of nanocellulose hydro-
gels, and the abovementioned examples are some of the representative studies. The 
hydrogel network structure is mainly determined by its preparation, and the pore 
size distribution is determined by the mesh size. The amount of crosslinking is con-
trolled by fiber concentration, and length, as well as crosslinking points uniformity, 
affects both structure and shape of the hydrogel. Nanocellulose hydrogels normally 
appear as translucid, but at greater solid content it appeared as turbid, and it is color-
ful in the existence of additives like ions, polymers, copolymers, and proteins. 
Selecting the utmost suitable methods for nanocellulose hydrogels preparation is 
governed by aimed end prerequisites and its application (Curvello et al. 2019).

8.3  Biomedical Applications

8.3.1  Drug Delivery

Drug delivery systems are a group of bioengineered devices that help therapeutic 
agents get to their target sites, such as tissues and organs. For the specific and regu-
lated release of drugs and biomolecules, such a device includes both carrier vesicles 

Fig. 8.2 (a) Schematic illustration of ionic hydrogel synthetic process that includes the in situ 
polymerization to form composite hydrogels followed by immersion in a cation solution to pro-
duce ionic coordination. (b) Ionic coordination leads to CNF aggregation in ionic gels of increased 
opacity and (c) corresponding absorbance in UV/vis spectra. (Adopted from Yang et al. 2017)
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and coating treatments (Allen and Cullis 2004; Madhusudhan et al. 2014; Alle et al. 
2020b). These changes are mostly intended to improve pharmacokinetics and opti-
mize drug biodistribution throughout the human body. Micelles are the most com-
monly studied drug delivery method; they offer a hydrophobic or hydrophilic state 
that improves the solubility of drugs in biological fluids (Langer 1990; Kim et al. 
2021). Drugs encapsulated in synthetic or natural shells, on the other hand, are pro-
tected from premature decay and have fewer side effects on non-targeted tissues 
(Zelikin et al. 2016). Until reaching the target location in the body or organ, the 
nanocellulose hydrogel (as micelle or encapsulation) must be sufficiently stable for 
a period of time and unaffected by changes in pH, ionic strength, or temperature. 
These factors, on the other hand, are critical for the safe release and degradation of 
drugs while avoiding unintended organ damage (Hoare and Kohane 2008). Because 
of their biodegradability, biocompatibility, low toxicity, and high affordability, bio-
polymers have been widely researched as materials for drug delivery systems (Lee 
et al. 2019).

8.3.1.1  CNF in Drug Delivery

Laurén et al. prepared an injectable CNF hydrogel for in vivo drug delivery (Laurén 
et al. 2014). They employed technetium-99m-NFC labelling to monitor the in vivo 
location of the hydrogel (Fig. 8.3). The hydrogel was applied for in vivo drug deliv-
ery where the localization of hydrogel and drug delivery can be tracked or moni-
tored as a function of time. The hydrogel proved great potential for regulated release 
or localized delivery of large molecules. Interestingly, after function this biocom-
patible CNF hydrogel can be potentially break down into glucose via locally admin-
istrating cellulose-degrading enzymes.

In an interesting research by Paukkonen et al., the influence of freeze-drying and 
succeeding rehydration on rheological characteristics and drug release behavior of 
anionic nanofibrillar cellulose (ANFC) hydrogels were studied (Paukkonen et al. 
2017). ANFC were prepared by the TEMPO oxidation. It was found that the release 
behaviors of loaded molecules were alike before and after freeze-drying indicating 
that the freeze-drying has no significant effect. This is highly advantageous for man-
ufacturing pharmaceutical formulations because the dry state of the aerogel will 
extend the life span of hydrolysis-sensitive molecules.

In recent times, CNF-based stimuli-responsive hydrogels gained significant 
attention with their on-demand drug releasing nature in response to specific stimuli 
like pH, temperature, and ionic strength. For example, Masruchin et al. described 
the fabrication of dual responsive composite hydrogels by combining TEMPO- 
oxidized CNF and thermally responsive PNIPAM intended for drug release 
(Masruchin et al. 2018). They observed that the pH response nature of the hydrogels 
was attained by regulating the carboxyl charge content of the CNF during TEMPO 
oxidation. The hydrogel swelling ratio can be altered by regulating the temperature, 
and the hydrogels were enlarged and transparent below the LCST and contracted 
and opaque above the LCST.  In a study by Zhang et  al., pH-responsive gel 
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macrospheres were prepared by crosslinking the mixture of sodium alginate and 
TEMPO-oxidized CNF using CaCl2 solution and evaluated for potential intestinal 
delivery of probiotics (Zhang et al. 2018). As formed gel macrospheres exhibited 
decent stability in simulated gastric fluid, this is confirming that the embedded pro-
biotics are best protected in an acidic environment. In contrary, the gel macrospheres 
can swell and release the encapsulated probiotics in simulated intestinal fluid. 
Therefore, the gel macrospheres can be considered as a promising strategy for 
intestinal- targeted delivery of probiotics. Using a LbL process, Paulraj et  al. 
described the manufacturing of bioinspired microcapsules using apple pectin (AP), 
xyloglucan (XyG), and cationic CNF (Paulraj et al. 2018). The capsules were found 
to have stimuli- responsive (ON/OFF) penetrability and biocompatibility. 
Furthermore, the nontoxic microcapsules were found to promote cell growth in a 
live cell staining experiment. Lastly, the researchers speculated that the microcap-
sules have potential bio- applications like colon targeted delivery in the intestine.

8.3.1.2  CNC in Drug Delivery

Li et al. studied the long-time delivery of basic fibroblast growth factor from CNC- 
reinforced collagen scaffolds under in vitro and in vivo conditions (Li et al. 2015). 
First, they prepared the eco-friendly gelatin microspheres (GMs) by incorporating 

Fig. 8.3 Flow chart of technetium-99m-labeled CNF hydrogels for in vivo drug release. (Adopted 
from Laurén et al. 2014)
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basic fibroblast growth factor (bFGF). These GMs were then combined with a 
porous collagen scaffold reinforced with 5 wt% CNC. In vitro release of bFGF from 
these scaffolds was studied by ELISA. Further studies with human umbilical vein 
endothelial cells revealed the high biocompatibility of scaffolds, and then signifi-
cant improvement in the cell proliferation was observed with scaffolds containing 
bFGF. In in vivo studies by internal embedding in rats, formation of a more amount 
of mature (CD31+ and αSMA+) blood vessels was observed. These results desig-
nated the potential of collagen/CNCs/bFGF-GMs scaffold in promoting angiogen-
esis. Mauricio et  al. employed the covalent microhydrogel produced from starch 
and CNW as a drug delivery system (Mauricio et al. 2015). The authors observed 
that the drug released was regulated by the changes in the amount of CNW in starch 
particle. CNW act as a delayed aspect for drug delivery, and the rate was found to 
be 2.9 times slower with the addition of CNW. Thus, the CNW helped in sustained 
release for long-term effects. In an interesting study by Lin et al., cationic CNC- 
crosslinked alginate hydrogels with a two layered structure were synthesized and 
loaded with two drugs (Lin et al. 2016). The outer layer contains plain alginate, 
loaded with an antibiotic, and it exhibited rapid drug delivery, while the internal 
layer was loaded with a growth factor and exhibited sustained delivery behavior due 
to the “nano-obstruction effect” and “nano-locking effect” prompted through 
CCNC.  This way we can achieve the complexing drugs co-delivery with rapid 
delivery of one drug and sustained delivery of one more drug; it will be helpful in 
providing a synergistic effect in biomedical field (Fig. 8.4). Supramaniam et al. used 
iron oxide-modified magnetic CNC incorporated alginate hydrogels as drug deliv-
ery system for discharge of ibuprofen (Supramaniam et al. 2018). They observed 
that the incorporation of mCNC in hydrogel beads improved the integrity and swell-
ing nature. Furthermore, it decreased the rate of in vitro drug release. Ahlen et al. 
studied the influence of CNC in chitosan-PAA nanoparticle incorporated PVA 
hydrogel eye lenses on optical drug delivery (Åhlén et al. 2018). They found that 
PVA lenses charged by the CNC showed greater delivery potential relative to 

Fig. 8.4 Proposed complexing drug release model for the double-membrane hydrogel with the 
formation of cationic CCNC and anionic alginate. (Adopted from Lin et al. 2016)
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CNC- less lenses. The in situ gelation of nanoparticles and CNC can be attributed to 
it by interlocking the CNC’s particles and allowing the gel to restrain in the PVA 
network. It will prevent it from leaching. The new controlled drug release optical 
lenses should also be assumed to be integrated with working CNCs.

8.3.2  Wound Dressing

The human skin serves as a physical-chemical barrier and a defensive mask against 
environmental aggressors. Skin accidents, on the other hand, are common in every-
day life, necessitating careful skin care in order to prevent long-term injuries and 
ensure a speedy recovery (Kamoun et al. 2017). Wound dressing is a quick and easy 
way to treat skin injuries. For a substance to be called an “ideal” wound dressing 
component, it must possess a number of characteristics. An ideal wound dressing 
should be nontoxic and nonallergenic, be able to sustain a moist environment at the 
wound surface, have decent gas permeability, have antimicrobial activity, absorb 
excess exudate and contaminants, facilitate healing, avoid more infection, and be 
possible to separate without causing further damage to the wound (Caló and 
Khutoryanskiy 2015; Hamedi et al. 2018). Hydrogels based on CNCs and CNFs 
follow the majority of the above criteria and have gained a lot of attention in recent 
years for wound dressing applications.

Liu et  al. stated the synthesis of all polysaccharide-based hydrogels in which 
hemicelluloses serve as linkers for NFC and studied their wound healing ability 
(Liu et al. 2016). Xylan, xyloglucan (XG), and galactoglucomannan (GGM) were 
used as crosslinkers at various amounts to alter the mechanical and structural prop-
erties of hydrogels. The XG was discovered to have the highest adsorption potential 
on CNFs as well as the highest reinforcing effect. As a consequence, it exhibited the 
highest effectiveness in promoting fibroblast cell (NIH 3T3) growth and prolifera-
tion. These composite hydrogels have presented promise in wound healing applica-
tions, where they can offer subsidiary networks and uphold cell adhesion, expansion, 
and propagation. Huang et  al. prepared injectable hydrogel with on-demand dis-
solvability and self-healing for deep burn wound (Huang et  al. 2018b). For this, 
hydrogel was prepared by crosslinking carboxymethyl chitosan and dialdehyde cel-
lulose nanocrystals via Schiff’s base formation. Injected into abnormal and extreme 
burn wound litters, this hydrogel can self-heal and form an integrated hydrogel 
which occupies the wound area and prevents it against external surroundings. On 
demand, the hydrogel can be dissolved with amino acid solutions which can avoid 
the pain and discomfort during the dressing shift (Fig. 8.5). Basu et al. prepared Ca 
ion-crosslinked nanofibrillated cellulose (NFC) hydrogels and evaluated their appli-
cability for wound dressing healing (Basu et  al. 2017). The hydrogels exhibited 
good mechanical stability and water retention property that helps in maintaining the 
wet surroundings for diverse types of wounds. The hydrogels show no effect on 
dermal fibroblasts monolayer cultures and maintained inert nature to inflammatory 
response in terms of cytokine secretion and ROS production. With all these 

R. Bandi et al.



213

properties, the authors proposed that the Ca2+-crosslinked hydrogels can best serve 
for wound dressing application, and adding additional functionality will lead to 
improved properties for specific wound healing. Further, the same author group 
studied the in vitro antibacterial potential of Ca2+- and Cu2+-crosslinked hydrogels 
on Staphylococcus epidermidis and Pseudomonas aeruginosa bacterial strains 
(Basu et al. 2018). The results revealed that the Ca-crosslinked hydrogels can retard 
the growth of S. epidermidis and inhibit P. aeruginosa biofilm production, while the 
Cu-crosslinked one prohibited the growth of S. epidermidis and bacteriostatic 
toward P. aeruginosa. Furthermore, the two hydrogels displayed barrier properties 
toward both the bacterial strains. Xu et al. prepared the CNF hydrogel by double-
crosslinking TOCNF, first in situ crosslinking by Ca ion and second chemical cross-
linking by 1,4-butanediol (Xu et al. 2018). With this double- crosslinking strategy, 
the mechanical strength of 3D-printed scaffolds with 1% hydrogels can be tuned 
from 3 to 8 kPa. Further, the cell tests were non-hazardous to fibroblast cells, and 
the cell proliferation is promoted with the increase in rigidity within the tunable 
range of 3–8 kPa. Liu et al. prepared a new multi-responsive hydrogels based on 
TEMPO-oxidized CNF and polydopamine (PDA). The PDA acts as a reinforcing 
agent, photothermal agent, and drug carrier (Liu et al. 2018). PDA nanoparticles 
loaded with tetracycline hydrochloride (TH) drug were added to TEMPO-oxidized 
CNF and crosslinked Ca2+ ions to form hydrogel. The hydrogel exhibited pH/NIR-
responsive nature and released drug in on demand manner when exposed to NIR 
radiation or low pH. No burst discharge was detected in the starting, and the dis-
charge was continuous for 24  h and reached extreme drug discharge rate 77%. 
Therefore, hydrogel was effectively used in in vivo skin wound dressing test.

Fig. 8.5 Flow chart of 
on-demand dissolvable 
self-healing hydrogels for 
deep partial thickness burn 
wound healing. (Adopted 
from Huang et al. 2018b)
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8.3.3  Tissue Engineering

Tissue engineering was first described in 1988 as the “application of the principles 
and methods of engineering and life sciences toward fundamental understanding of 
structure-function relationship in normal and pathological mammalian tissues and 
the development ofbiological substitutes for the repair or regeneration of tissue or 
organ function” (Chapekar 2000; Caló and Khutoryanskiy 2015). CNCs and CNFs- 
based hydrogels have been extensively used in tissue engineering for the past few 
years because of their highly hydrated 3D porous structure that mimics biological 
tissue, as well as the excellent mechanical properties that CNCs and CNFs provide 
(Domingues et al. 2014).

By using UPy-combined CNCs (CNC-UPy) as pickering stabilizer, Liu et  al. 
prepared a high internal phase emulsion (HIPE) for preparation of macroporous 
hybrid hydrogel. Monitoring the CNC-UPy amounts change the porous structures, 
swelling behaviors, and mechanical strength of the resulting macroporous hybrid 
hydrogels (Liu et al. 2017). The hybrid hydrogels were found to be cytocompatible 
and had good cell adhesion. Consequently, the researchers thought that these hydro-
gels demonstrated high potential as active natural scaffolds for tissue engineering. 
Huang et al. used a simple in situ hydroxyapatite (HAP) coating on CNC medium 
and create a highly porous and lightweight synthetic bone scaffold (Huang et al. 
2018a). Further crosslinking of CNC/HAP scaffold with poly(methyl vinyl ether- 
alt- maleic acid) (PMVEMA) and PEG was found to greatly increase the water sta-
bility and mechanical property (up to 41.8 MPa). Furthermore, the scaffold had 
excellent biocompatibility and capacity to stabilize bovine serum albumin (BSA) 
protein, indicating that it could be a promising bone scaffold.

Aldehyde-functionalized CNCs (CHO-CNCs)-reinforced CMC and dextran- 
based injectable hydrogels were prepared by Yang et al. They observed that these 
hydrogels exhibited significantly greater elastic moduli as well as greater dimen-
sional stability in long-term swelling tests. In addition, it does not show substantial 
toxicity in NIH 3T3 fibroblast cells. Based on these findings, the researchers advised 
that these hydrogels can be useful in tissue engineering (Yang et al. 2013). Based on 
hydrazine-crosslinked POEGMA and magnetically aligned CNCs, the same author 
group further established a novel injectable nanocomposite hydrogels. By the appli-
cation of external magnetic field on CNC-POEGMA-coextruded mixture, the CNC 
could be aligned and resulting in hydrogel nanocomposites with desired degree of 
arrangement (Fig.  8.6). It revealed that fabricated hydrogels with aligned CNCs 
displayed greater swelling, minor shear moduli, and greatly increased myotube 
alignment compared to hydrogels composed of isotropic CNCs (De France 
et al. 2017b).

As shown in Fig. 8.7, Domingues et al. prepared a series of injectable hydrogels 
containing adipic acid dihydrazide-modified HA (ADA-HA) and aldehyde- modified 
HA (a-HA) reinforced with different amounts of aldehyde-modified CNCs (a-CNCs) 
(Domingues et  al. 2015). In contrast to unfilled hydrogels, CNC-reinforced HA 
hydrogels had a more organized and compact network structure, which resulted in 
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stiffer hydrogels with improved storage modulus (improvement was up to 135%). 
The biological efficiency of CNC-reinforced HA hydrogels was also evaluated 
using human adipose-derived stem cells (hASCs). HA-CNCs nanocomposite hydro-
gels presented preferential cell supportive properties in in  vitro conditions, and 
hASCs encapsulated in nanocomposite hydrogel presented the capability to expand 
throughout the volume of gels and exhibited pronounced proliferative activity.

Fig. 8.6 Schematic representation of injectable CNC-POEGMA nanocomposite hydrogel. 
(Adopted from De France et al. 2017b)

Fig. 8.7 Schematic representation of hyaluronic acid-based hydrogels (HAX) reinforced with 
CNCs, photograph of the HAX-CNC hydrogels and the corresponding cross-sectional SEM pic-
ture, as well as actin filaments staining image (top right) and live/dead staining image (bottom 
right) of HAX-CNC hydrogels. (Adopted from Domingues et al. 2015)
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8.4  Conclusions

In recent years, substantial progress has been made in the fabrication, moderation, 
and implementation of nanocellulose because of their excellent mechanical prop-
erty, unique structure, more surface area, and its biocompatibility. CNFs and CNCs 
have been recently proved advantageous substances for hydrogel preparation. In 
this book chapter, the authors presented few traditional methods for CNFs and 
CNCs production from lignocellulose and outlined current developments of its 
hydrogels as well as their biomedical applications. Hydrogels based on nanocellu-
lose are now regarded as one-of-a-kind practical materials that can be employed in 
various biomedical applications. However, the majority of these hydrogel technolo-
gies in the biomedical sector are still in the early stages of development and labora-
tory testing. In vitro therapy has been the subject of only a few published clinical 
trials. However, for real-world applications, toxicology testing and sustainable eval-
uations of in  vivo toxicity and biocompatibility for hydrogels are critical. As a 
result, more similar trials should be performed on nanocellulose-based hydrogels 
for real-world clinical use. Furthermore, large-scale manufacturing of nanocellulose- 
based hydrogels remains an obstacle. In recent times, the new 3D printing technol-
ogy has been explored as a modern route to produce nanocellulose-based hydrogels 
with customized hierarchical structures, which could benefit bulk manufacturing 
and allow the creation of more beneficial biomedical materials. The authors hope 
that this book chapter will spur the development of practical nanocellulose-based 
hydrogels for a variety of biomedical applications. However, further research is 
required to identify biocompatibility and long-term toxicology of these hydrogels, 
and the current findings point to a promising future.
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Chapter 9
Microneedle Array Patches 
for the Delivery of Therapeutic Agents

Shreya Shashank Chauhan, Venessa Maurice Lobo, 
Samruddhi Nandkumar Borate, Saili Sachin Jagade, 
and Venkata Vamsi Krishna Venuganti

9.1  Introduction

Solid oral dosage forms are the most convenient form of drug administration. The 
therapeutic compounds that are amenable to the development of solid oral dosage 
forms require ideal physicochemical properties. The drug compounds prone to deg-
radation in the gastrointestinal tract show poor systemic absorption and undergo the 
first-pass metabolism that would require alternative routes of administrations. The 
compounds with nonideal physicochemical properties are administered through 
parenteral routes using injectable dosage forms. Several disadvantages are associ-
ated with the administration of injectable preparations, including needle injuries, 
pain, syringe phobia, patient noncompliance, requirement of a medical practitioner 
for administration, and requirement of sterile liquid preparations, among others. 
Some of these disadvantages are attributed to the design and length of the conven-
tional syringe needle ranging from 2 to 3 cm. It was found that reducing the needle 
dimensions to a length of less than one millimeter would reduce the pain and injury 
associated with hypodermic syringe needles (Gill and Prausnitz 2007). The length 
of 500–600 μm would allow needle penetration to a depth of about 150–250 μm 
inside skin. This penetration depth would only reach the dermal-epidermal junction 
or a little inside the dermis (Henry et al. 1998). Therefore, the pain and injury asso-
ciated with the deeper needle penetration is avoided. The microneedles (MN) are 
arranged in an array format to improve the applicability and allow prolonged admin-
istration of drugs. Over the past decade, microneedle devices have evolved with 
respect to their designs, materials of construction, and applications. One of the 
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applications explored extensively is drug delivery through accessible barriers, 
including skin and ocular route. MN have been investigated to deliver varied vac-
cines and therapeutics including influenza vaccine, chemotherapeutics, antibiotics, 
and vitamins, among others. This chapter provides an account of the delivery of 
different vaccines and therapeutics using microneedle array patches.

9.1.1  Microneedle Designs, Drug Loading, 
and Release Mechanisms

Polymers are the most widely investigated materials for the preparation of MNs. 
The desired quality parameters of MN can be optimized by fabricating primary 
master molds and secondary production molds. The master molds would be made 
of stainless steel or silicon (among other materials), and secondary molds are gener-
ally made of polydimethylsiloxane (PDMS). The secondary molds can be utilized 
to fabricate multiples of MN patches by using varied combinations and concentra-
tions of materials. Polymers can be selected based on the purpose of the MN, the 
type of drug to be delivered, site of patch application, biocompatibility, biodegrad-
ability, and non-immunogenicity. The shape and other geometrical aspects of the 
needles, like tip diameter, aspect ratio, length of the needle, and base width, signifi-
cantly affect MN performance capabilities. The desired performance characteristics 
like physical/ biological stimuli-responsiveness, degradation/swelling behaviors, 
and mechanical strength can be optimized. Polymeric MN exhibit ease of fabrica-
tion on scale-up and provide high drug loading capacity. Polymeric MN can be 
broadly characterized into six types, namely, solid, hollow, biodegradable, dissolv-
able, bio-responsive, and coated (Fig. 9.1) (Azmana et al. 2020).

9.1.1.1  Solid Polymeric Microneedles

MN can be categorized as solid or hollow MN based on the design factor. The solid 
MN are effective in perforation of the uppermost layer of the epidermis, stratum 
corneum, to painlessly deliver drugs inside the skin. Solid MN create microchannels 
after insertion, and upon removal, drug-loaded formulation is applied to enhance the 
permeation. The solid MN provides the required strength and flexibility to the nee-
dles (Lee et  al. 2013). Polymers, such as polyvinylpyrrolidone (PVP), polyvinyl 
alcohol (PVA), polylactic acid (PLA), and polyglycolic acid (PGA), and their copo-
lymers, poly-lactic-co-glycolic acid (PLGA), have been used to prepare solid MN 
(Lee et al. 2013). Donnelly et al. (2011) used micromolding technique to fabricate 
solid MN using mucoadhesive copolymer Gantrez® AN-139. PLA-based solid 
MNs with different aspect ratios could be prepared using commercially available 
acupuncture MN (Cha et  al. 2014). Li et  al. (2017) made PLA MN of different 
lengths for pretreatment of female BALB/c mice skin to create microchannels 
before applying insulin for diabetes treatment. The MN system was compared 
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against other conventional methods and insulin delivery without MN pretreatment. 
The bigger microchannels created because of the insertion of MN resulted in greater 
drug permeation (Wang et al. 2017).

9.1.1.2  Hollow Polymeric Microneedles

Hollow MN consists of a hollow channel where the drug solution is allowed to dif-
fuse. The drug solution is directly delivered to the dermal layer upon insertion of 
MN in the skin. Compounds having high molecular weights like proteins and oligo-
nucleotides are generally delivered using hollow MN. Maintenance of a steady flow 
is of importance here, as it will eventually affect the absorption pattern of the drug. 
An increase in the bore size of the needle will increase the space available for drug 
loading and also increase flow rate but will adversely affect the needle strength and 
sharpness. Hollow MN were fabricated using techniques including UV photolithog-
raphy, deep X-ray photolithography, laser micromachining, and reactive ion etching 
(RIE) (Donnelly et al. 2010; Kim et al. 2020b). Polymers such as poly(methyl meth-
acrylate) (PMMA) and SU-8 are often combined with lithography techniques to 
obtain polymeric hollow MN.  McAllister et  al. were the first group to fabricate 
polymer hollow MN (McAllister et al. 2003). Poly(dimethylsiloxane) (PDMS) rep-
lication method was employed to produce biodegradable needles from an RIE- 
fabricated silicon master mold. A backside exposure procedure to fabricate MN 
array from SU-82050 and SU-82005 negative photoresist by UV photolithography 
was proposed by Huang and Fu (2007).

Fig. 9.1 Representation of different types of MN including solid, coated, dissolving, and hollow 
MN. (Adopted from Dsouza et al. 2020)
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9.1.1.3  Biodegradable Polymeric Microneedles

Biodegradable polymers are generally used to fabricate MN meant for prolonged 
delivery of drugs. Many synthetic and natural polymers are researched in the last 
decade for controlled transdermal delivery of drugs for systemic applications. 
Polyglycolic acid (PGA), polycarbonate, polylactic acid (PLA), poly(lactic-co- 
glycolic) acid (PLGA), polystyrene, and polycaprolactone (PCL) are commonly 
used synthetic biodegradable polymers. The natural biodegradable polymers include 
silk, chitosan, chitin, alginate, gelatin, collagen, and zein. These are eliminated nat-
urally from the body by metabolic pathways (Wang et al. 2017). The rate of degra-
dation of the polymers controls the rate of drug release from the polymer matrix and 
the duration of drug action. A 3D-printed MN array was designed using PLA 
(Luzuriaga et al. 2018). A post-fabrication chemical etching protocol enabled the 
formation of tip diameters as small as 1  μm. Another group used micro- 
electromechanical masking and etching procedure to produce bevel- and chisel-
tipped sharp MN (Park et  al. 2005). Doxorubicin-loaded gelatin methacryloyl 
(GelMA) MN were prepared, and its efficacy was checked against melanoma cell 
line A375 (Luo et al. 2018).

9.1.1.4  Dissolvable Polymeric Microneedles

The MN will dissolve in the interstitial fluid (ISF) upon insertion in the skin and 
subsequently release the drug. ISF is present in more amounts in the dermis than in 
the outer stratum corneum layer. The hydrophilic polymers that form the MN are 
easily dissolved without leaving behind any bio-hazardous waste. Water-soluble 
polysaccharides including sodium chondroitin sulfate, sodium alginate, HPMC 
(hydroxypropyl methylcellulose), HPC (hydroxypropyl cellulose), CMC (carboxy-
methylcellulose), amylopectin, dextran, and HA (hyaluronic Acid) can form dis-
solvable MN. Besides gelatin, poly(methyl vinyl ether-maleic anhydride) (PMVE/
MA), poly(vinylpyrrolidone-co-methacrylic acid) (PVP-MAA), poly-γ-glutamic 
acid, polyvinylpyrrolidone (PVP), polyvinyl pyrrolidone-polyvinyl alcohol (PVP- 
PVA), and PVP-cyclodextrin (PVP-CD) are also employed (Park et al. 2005). The 
amount of drug dissolved in the polymer matrix before MN casting is critical in the 
fabrication process. Sufficient mechanical strength to allow skin penetration is 
essential for effective drug delivery at the targeted site. Dissolving MN are currently 
being researched extensively for local delivery to the skin, for systemic absorption 
and ocular delivery to treat various diseases related to the inner and outer eye, 
among many others. Bhatnagar et al. (2018) fabricated rapidly dissolving PVA-PVP 
MNs for the ocular delivery of besifloxacin through the cornea. Complete dissolu-
tion of needle structure was seen within 5 minutes of insertion in excised human 
cornea. Dissolving MN were fabricated using HPMC as MN tip material and CMC 
as the base material. Donepezil hydrochloride (DPH)-loaded MN completely dis-
solved in the skin within 15 mins (Kim et al. 2016). Chemical combination of dif-
ferent polymers by copolymerization of monomers or simple mixing is also reported 
to optimize performance by the resultant MN.
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9.1.1.5  Bio-responsive Polymeric Microneedles

Bio-responsive MN were fabricated to respond to the biological signals of the body 
to release the entrapped drug. Physiological signals, including blood glucose, pH, or 
enzymes, act as triggers for the drug release. pH-sensitive MN can be triggered by 
the acidic nature of skin (pH of healthy skin being 4.0 to 7.0). Crosslinked PVA, 
methacrylate hyaluronic acid (MeHA), and crosslinked alginate are used to prepare 
pH-sensitive MN (Du and Sun 2020; Ullah et al. 2019). Hypoxia-sensitive hyal-
uronic acid was used to make glucose level-sensitive MN containing glucose- 
responsive vesicles loaded with insulin and glucose oxidase. In hyperglycemic 
conditions, the vesicle would rapidly degrade, resulting in the discharge of insulin 
(Yu et al. 2015).

9.1.1.6  Coated Polymeric Microneedles

Coated polymeric MN were prepared where drug solution or drug dispersion is 
layered onto the surface of the MN. The drug concentration in the coat is governed 
by the thickness of the layer and length of the needle. Spray coating, spin coating, 
and/or dip coating are the generally employed methods for fabrication. However, 
newer techniques such as inkjet printing are emerging (Uddin et al. 2020). Uniform 
coating on the MN surface is a formidable challenge. Chen et al. have designed a 
new adjustable apparatus that can be “lifted and lowered” into the coating solutions 
with the attached polymer patches. PLA MN showed drug delivery efficiency of 
90% using this method (Chen et  al. 2017a, b). Baek et  al. loaded lidocaine on 
poly(L-lactide) (PLLA) microneedle arrays, which released rapidly in phosphate 
buffer saline and was found to be stable for 3  weeks (Baek et  al. 2017). More 
recently, polyvinyl alcohol (PVA) and chitosan-coated polyvinyl pyrrolidone (PVP) 
MN were constructed for delivering doxorubicin and gold core silica shell (AuMSS) 
(Moreira et al. 2020).

9.1.2  Drug Loading and Release Mechanisms

Techniques for efficient drug loading in MN and its consequent release have consid-
erably evolved over the years. In general, the drug compounds are loaded in MN by 
coating or entrapment in the matrix depending on the MN design and material of 
construction. The earliest references to MN fabrication show the development of 
silicon MN with etching (dry or wet) techniques to form sharper tips that could eas-
ily penetrate the stratum corneum. However, concerns related to bio-incompatibility 
and higher fabrication costs led to the emergence of metal and ceramic microneedle, 
made in solid or hollow designs. The drug solution or dispersion was either loaded 
into the hollow MNs or coated over the solid MN. Hollow metal MN were contrived 
by a novel micromachining technique from copper, titanium, and nickel to deliver 
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insulin to diabetic rats (Davis et al. 2005). Hollow MN were also used to pretreat the 
skin to create microchannels and augment the delivery of applied drugs (Kalluri 
et al. 2011). Influenza virus vaccine in polymer solution was coated on titanium MN 
that showed increased stability and immune response (Choi et  al. 2013). DOX- 
encapsulated PLGA nanoparticles were coated on stainless steel MN using dip- 
coating method to prevent drug loss from the tumor to the systemic circulation (Ma 
et al. 2015). Silica glass and sugars such as maltose, mannitol, and trehalose are 
other examples of materials used for MN fabrication. Maltose-based MN were used 
for the delivery of doxorubicin to the dermis through the microchannels created 
(Nguyen and Banga 2017). Coating of drug solutions or dispersions on the surface 
of polymeric MN can be achieved by various techniques. BCG vaccine solution was 
poured into the PDMS mold followed by the addition of sodium alginate solution 
under vacuum (Arshad et al. 2020). Solid MN dip-coated with lidocaine hydrochlo-
ride aqueous solution were evaluated for prolonged local analgesic action (Zhang 
et al. 2012).

Encapsulation of drugs inside MN provides advantages, including higher drug 
loading and precise dose control (Chen et al. 2020a; Ito et al. 2011; Migalska et al. 
2011). Encapsulation of fragile molecules like proteins and vaccines into the poly-
meric MN spares them the harsh conditions they otherwise would have been sub-
jected to with coating processes. BSA-loaded poly(ethylene glycol) diacrylate 
(PEGDA) MN were fabricated by crosslinking after UV exposure (Kochhar et al. 
2012). Exenatide-loaded dissolving sodium hyaluronate MN exhibited sufficient 
mechanical strength to penetrate the skin. On coming in contact with interstitial 
fluid, MN dissolved rapidly to release drug under 2 minutes (Zhu et al. 2014). Drugs 
concentrated only in the tips of the MN can be prepared by micromolding and sub-
sequent centrifugation. MN prepared with HPMC-ethanol-water as tip material and 
CMC-water for MN base showed desired mechanical strength (Kim et al. 2016). 
Powder-carrying MN (PCMs) is an attractive approach for delivering moisture- 
sensitive drugs to eliminate the step of reconstitution and possible degradation. 
S. Kim et al. loaded high dose insulin in powder form by micro-shell fabrication 
using solvent casting technique with CMC as the polymer. Briefly, CMC solution 
was filled in PDMS molds under centrifugation, and upon drying, the shrunken 
volume was refilled with insulin powder. Again, the CMC solution was poured over 
it to form a protective layer. Thus, the array was formed (Kim et al. 2020c). Both 
hydrophilic and hydrophobic drugs can be administered transdermally by encapsu-
lating them in nanoparticle preparations, which in turn can be loaded into the MN 
(Chen et  al. 2020a). Tetanus toxoid-loaded nanoparticles prepared by ionotropic 
gelation method with crosslinking by poly(sodium-4-styrene sulfonate) (PSS) were 
encapsulated in chitosan MN (Siddhapura et al. 2016). Similarly, Lan et al. fabri-
cated PD-1 inhibitor and cisplatin-loaded pH-responsive solid lipid nanoparticles 
that were delivered through MN directly to the tumor site. A positive synergistic 
effect was seen in tumor reduction with controlled side effects (Lan et al. 2020). 
Thus, various techniques are emerging to enhance drug loading and subsequent 
release to target tissues with the minimally invasive MN application technique.
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9.2  Microneedle Array Patches to Deliver Vaccines

9.2.1  Influenza

The most used strains to deliver influenza vaccine in microneedle patches have been 
whole inactivated influenza virus, influenza hemagglutinins, influenza subunit, and 
split vaccine. Various vaccine strains produce varied effects in these patches.

Presently, two influenza MN delivery systems have been approved by US-FDA 
(Kolli 2015). Intanza®, IDflu®, and Fluzone Intradermal® made by Becton 
Dickinson/Sanofi-Pasteur contain a quadrivalent influenza vaccine. MicronJet®, 
developed by Nanopass, contains four hollow silicon MN (Kolli 2015). The product 
has shown improved immunogenicity to a full dose of influenza and zoster vaccines.

MN for delivery of influenza vaccine were initially evaluated pre-clinically by 
affixing the micron-scale needle tips to a traditional syringe (Alarcon et al. 2007). 
Metal (Kim et al. 2010) and dissolvable patches (Raphael et al. 2010; Sullivan et al. 
2010) containing influenza vaccine strains have been developed. The administration 
of influenza vaccines by these MN patches proved to produce a wide range of 
immune responses. Studies to support these patches’ efficiency showed high respon-
siveness of CD4+ and CD8+ cells in spleen and draining lymph nodes (Kim et al. 
2010; Koutsonanos et al. 2012). These MN patches not only presented an increase 
in specific influenza IgG A antibody levels but were also capable of activating mem-
ory B-cells. Simultaneously, dose-sparing effects were reported in the influenza 
vaccine delivery with the MN patches compared to IM administration. Some poly-
mers that could be used to contrive these patches are polyvinylpyrrolidone, hyal-
uronic acid (Choi et  al. 2018), carboxymethylcellulose, polycaprolactone (Choi 
et al. 2019), and polyvinyl alcohol (Littauer et al. 2018). Single-layer or layer-by- 
layer dissolvable MN can be prepared to improve the vaccine payload.

The MN patch designs were bettered with adjuvants and stabilizers to improve 
vaccine delivery compared to IM administration. For instance, studies were aimed 
to enhance the efficacy of the immune response by incorporating adjuvants like 
cytokines, ligands, and peptides. In one such report, the addition of immunomodu-
latory cytokines like granulocyte-macrophage colony-stimulating factor (GM-CSF) 
in the dissolvable patch with influenza subunit vaccine produced robust, long-lived, 
and better antibody response. The improved vaccine effectiveness occurs as cyto-
kines shape immune responses by modulating the cellular targets, thereby making 
them attractive adjuvants in a microneedle patch. (Littauer et al. 2018). Likewise, 
the effectiveness of toll-like receptors TLR7 and TLR3 as prospective ligand adju-
vants were analyzed using imiquimod and poly(I:C), respectively, in an MN patch. 
These TLRs displayed a significant increase in IgG2a and induction of functional 
antibodies (Weldon et al. 2012).

The adequacy of peptides as adjuvants was demonstrated for the M2 extracellu-
lar domain (M2e) peptides found among influenza strains. A better immune response 
was observed when the peptide adjuvants were fused with natural TLR5 ligand fla-
gellin (FliC) (Zhu et al. 2017). It was also pointed out that to boost the influenza 
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vaccinations through dissolvable MN patches, co-immunization of the influenza 
split vaccine with M2e peptides produced cross-protection with the production of 
humoral and cellular immunity (Kim et al. 2019).

Similarly, complementing the microneedle formulation with stabilizers like tre-
halose, sucrose, glucose, inulin, chicory, and dextran helped prevent loss of influ-
enza antigen activity. Additionally, other excipients that can be used as stabilizers 
comprise bovine serum albumin, arginine, heptagluconate, potassium buffers, and 
maltose. Trehalose was found to be the most attractive stabilizer as it protects and 
retains the vaccine strains’ activity in the microneedle patch by preventing particle 
aggregation while also providing excellent thermal stability (Kim et al. 2010).

The use of a microneedle patch to deliver the influenza vaccine to geriatric 
patients undergoing chronic statin therapy was evaluated. This study is of signifi-
cance as elderly patients exhibit an age-related decrease in the potency of antibody 
response. If they are exposed to chronic statin therapy, an even lower response to 
conventional IM influenza vaccination is observed. Therefore, to understand and 
mitigate the immunosuppressive effect from statins, a dissolvable influenza vaccine 
MN patch made from PVA was subjected to mice models administered with atorv-
astatin. It was reported that age-related decline in antibody response is lower after 
dermal vaccination through MNs than in systemic immunization group. Statin ther-
apy dampened antibody titers in both MN and systemic groups. However, co- 
delivery of adjuvant with vaccines in MN could boost the humoral responses 
(Vassilieva et al. 2017).

Other innovations in microneedle designs for better delivery of vaccine includes 
a novel system called insertion-responsive MN (IRMNs) (Choi et al. 2018). Herein, 
the tips instantly separate after microneedle application. This study is particularly 
attractive to animal vaccinations. The studies carried out in guinea pigs suggested 
that the novel MN patch was capable of inducing antibody production, thus reduc-
ing the extent and duration of viral shedding when compared to intramuscular injec-
tions. In another study ceramic solid nanoporous microneedle arrays (npMNAs) 
have been explored that promised influenza vaccine delivery by using a mere dose 
of 3 μg in comparison to its corresponding IM dose of 15 μg. The animal model of 
female BALB/c mice showed an enhanced immunogenic effect on applying the 
patch behind the ears (Schepens et al. 2019).

Although influenza MNs exhibit dose-sparing effects, the extent to which the 
lowest dose of vaccine is required to produce adequate immunization was examined 
in a Nanopatch developed from an array of gold-coated silicon projections. This 
Nanopatch was deemed to be different from current microneedle devices as it had a 
high packing density of projections and was intended to deposit influenza antigen 
directly to the antigen-presenting cells (APCs) spread across the dermal layers 
(Fernando et al. 2010).

A few clinical trials have been reported for the delivery of influenza antigens 
using MN. In one such clinical trial, a trivalent influenza hemagglutinins vaccine 
was incorporated in a dissolvable MN. The MNs were compared to the influenza 
vaccine administered subcutaneously. The efficacy was deduced as a secondary 
endpoint by anti-hemagglutinin antibody in the sera. The MN application enhanced 
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the production of antibodies against the B strain when compared to the subcutane-
ous route (Hirobe et al. 2015). However, this clinical trial did not assess MN’s self- 
administration or with a negative control group. Therefore, these shortcomings were 
evaluated in another clinical trial wherein a dissolvable self-administered MN patch 
was developed and investigated. A strong antibody generation was observed; the 
patches were reliable to self-administer and demonstrated stability at 40  °C for 
12 months (Rouphael et al. 2017).

In a different clinical trial, inactivated influenza vaccine (IIV) was evinced when 
added in a dissolvable MN patch. This clinical study focused on the acceptability of 
the MN patches by the patients and compared to intramuscular influenza vaccine 
delivery. Overall, from these clinical trials, it is inferred that MN patches were more 
effective than subcutaneous/intramuscular injections. They produced better immu-
nogenicity, robustness, patient acceptance, and compliance (Frew et al. 2020).

9.2.2  Hepatitis

Most works for the development of MN-administered hepatitis B and hepatitis C 
virus vaccine have used DNA vaccines. Various authors have tried to determine the 
MN patch utility with and without adjuvants.

The commercially available conventional HBV vaccines administered use alum 
adjuvants. They are associated with injection site inflammation indicating perturba-
tions of nodules and granuloma formation in humans and animals. Additionally, the 
HBV vaccines require cold-chain storage and lose their stability at higher tempera-
tures. Therefore, for better immunization methods, a preventive and therapeutic 
design of MNs was suggested. This MN patch was made from silicon wafers that 
deliver plasmid DNA encoding hepatitis B virus (HBsAg) with an adjuvant 
Flt3L. The adjuvant used is an FMS-like tyrosine-kinase-3 ligand, a known hema-
topoietic growth factor activating dendritic cells (DCs) and natural killer cells (NK) 
to orchestrate primary and memory immune responses. Their studies showed potent 
cytotoxic T-cell lymphocytes (CTL), IFN-γ, and IL-12 activation in the MN patch 
group compared to IM groups (Zhou et al. 2010).

A few dissolving MN patches have been proposed to use cationic liposomes to 
construct a vaccine adjuvant delivery system (VADS) (Qiu et al. 2016; Wang et al. 
2015). A novel cationic liposome encapsulating hepatitis B DNA vaccine was 
developed. It was adjuvanted with CpG oligodeoxynucleotide (CpG ODN) and fab-
ricated in a PVP-K17 dissolving MN patch (Qiu et al. 2016). This patch was admin-
istered transcutaneously. It showed significant improvement in IgG A /IgG1 ratios 
and a balance in Th1/Th2 immune response compared to IM administration. The 
authors were also able to corroborate for a gradual release with a long duration of 
gene expression in the skin through the MN patch. In another case, mannose- PEG- 
cholesterol liposomes adjuvanted with lipid A (TLR2 ligand) were developed. This 
combination was loaded along HBsAg in an MN patch. The MN patch was supple-
mented onto the oral mucosa. The immune responses were evidenced with high 
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levels of HbsAg-specific IgG in the sera and IgA in the salivary, intestinal, and vagi-
nal secretions. There was a mixed Th1/Th2 response, an increase in CD8+ T cells, 
and enhanced IgG2a and IFN-γ (Wang et al. 2015).

To improve MN patch thermostability and retention of HBV vaccine antigenic-
ity, formulators proposed a dissolvable MN composed of polymers like hydroxy-
ethyl starch (HES) and chondroitin sulfate. Along with these polymers, adjuvant 
saponin QS-21 was employed. The retention of antigenic activity was maintained at 
body temperature and 45 °C. A loss of 10% HBV antigenic activity in the patch at 
50 °C was observed by the end of 6 months (Poirier et al. 2017). Recent studies have 
been aimed to prepare MN patches without any adjuvants in vaccine delivery as 
specific adjuvants resulted in skin irritation. Scientists attempted to coat HBsAg on 
a PLA patch or used a third-generation HBV vaccine (L-HBsAg) on a PVA patch 
(Na et al. 2020; Nguyen et al. 2019). Both these formulations showed promise in 
avoiding dermal toxicity. While the PLA patch exhibited moderate immunogenicity, 
the PVA patch had an improved antibody-inducing effect due to a third-generation 
L-HBsAg antigen. The PVA patch also incorporated 15% w/w trehalose as a stabi-
lizer entailing better thermal stability to the MN patch vaccine.

There have been two pre-clinical evaluations for MN delivery of HBV vaccine. 
In the first study, the authors’ constructed a solid metallic and a dissolvable poly-
meric MN patch delivering adjuvant-free HBV vaccine. Their examinations con-
ducted in female mice and rhesus macaques demonstrated that these MNs were 
immunogenic and generated HBV surface antibody levels comparable to human 
seroprotection (Perez Cuevas et  al. 2018). Their main goal was to ascertain the 
immunogenicity when aluminum was not present as an adjuvant. While the adju-
vanted IM delivery produced higher antibody titers, the MN patches were also capa-
ble of stimulating cellular and humoral responses.

Later, the same authors (Choi et al. 2019) performed the pre-clinical evaluation 
of dissolvable MN containing adjuvant-free monovalent HBV vaccine and com-
pared it to standard adjuvanted IM and adjuvant-free IM in rhesus macaques. The 
antibody levels produced were lower with the MN patch, but they did not differ 
significantly. After a booster dose, there was a more significant induction of antigen- 
specific cellular immune response along with high levels of inflammatory cytokines 
and chemokines. Their results suggested that the MN patch elicited antibodies spe-
cific to HBsAg that may be prognostic of human seroprotection.

There have been only two studies that have evaluated the efficacy of hepatitis C 
vaccine in a microneedle array. A stainless-steel MN patch was designed by coating 
plasmid encoding hepatitis C virus non-structured 3/4A protein. This study was 
compared with IM in mice and gene gun in humans. The MNs showed comparable 
priming of antigen-specific cytotoxic T-cell lymphocytes (CTLs). The CTL priming 
for MNs was homogenous with gene gun doses. Therefore, the immune response 
generated using MNs could be sufficient for DNA vaccination (Gill et al. 2010).

The pre-clinical results of the quadrivalent HCV virus-like particles (VLP) vac-
cine in pigs were evaluated using a microneedle injector intradermally. The immune 
responses were long-lived multi-genotype-specific, high neutralizing antibody 
(NAb), strong T cell, and acceptable granzyme B with normal Th1/Th2 cytokine 
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levels. Large animal models have provided robust immune responses with their 
methodology (Christiansen et al. 2019).

9.2.3  Human Immunodeficiency Virus (HIV)

HIV-1 vaccine strain was evaluated for MN-mediated delivery. Dermal immuniza-
tion is an excellent strategy to administer HIV-1 vaccine due to an abundance of 
dendritic cells (DCs) and Langerhans cells (LCs). Scientists have focused on the 
skin’s rapid dissolution kinetics and the induction of polyfunctional CD8+ T cells 
that occur through MN mediated HIV-1 vaccine delivery. Various adjuvants were 
employed to intensify the immune response generated from the MNs.

In one such work, a dissolving MN patch was constructed encompassing a tri-
meric recombinant HIV-1 CN54 clade C gp140 envelope protein. It was accompa-
nied with a TLR4 agonist monophosphoryl lipid (MPLA) as an adjuvant loaded in 
a mucoadhesive copolymer, Gantrez®. With this MN design, a balanced Th1/Th2 
profile was observed with high IgA levels in both serum and mucosa, especially in 
the vaginal mucosa. When boosted with a topical mucosal or intranasal vaccine 
dose, the MN administration further elicited IgG antibodies and lymphocyte prolif-
eration. However, CD8+ and CTL responses were not addressed (Pattani et al. 2012).

Similarly, another dissolvable MN patch was fabricated with live recombinant 
human adenovirus type 5 (rAdHu5) using the polymer Na-CMC. This study dem-
onstrated thermostability of live vaccines in an MN patch. The design was used to 
exploit dendritic cells (DCs) to induce potent cellular immunity. The antigen com-
bination in the MN patches maintained bioactivity, enabled painless skin adminis-
tration, and evoked polyfunctional cytolytic CD8+ T cell responses (Bachy et  al. 
2013). With the same polymer composition in another microneedle patch, a differ-
ent HIV vaccine antigen was incorporated. The live recombinant human adenovirus 
type 5 vector (AdHu5) encoding HIV-1 gag was utilized in this case. The aim was 
to deliver a comprehensive phenotype study profiling of CD8+ T cell and antigen 
precursors against the intradermal injection (Becker et al. 2015). This model was 
further evaluated in another study to demonstrate rapid dissolution kinetics in the 
skin. After dermal application of MN patch, long-lived antigen-specific CD8+ T 
cells were observed in the vaginal and respiratory mucosa. The MNs also showed a 
polyfunctional CD8+ T cells profile with greater levels of IFN-γ and granzyme B 
(Zaric et al. 2015).

The first study for oral administration of HIV-1 vaccine was reported by Ma et al. 
(2014). Two HIV-1 antigens, a virus-like particle and a DNA vaccine expressing 
gp160, were evaluated. These antigens were coated onto stainless steel MN sheets. 
The MN application to the oral mucosa in white rabbits produced greater serum IgG 
and mucosal IgA production. 

Innovation in the MN system for delivery of HIV-1 vaccine was formulated in 
the form of stainless steel-coated HIV-1 p24 gag peptide conjugated with polypro-
pylene sulfide nanoparticles (Caucheteux et al. 2016). The immune response was 
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achieved  by targeting resident immature DCs. At very low doses, nanoparti-
cles coated MN patches provided CD4+, CD8+, and IFN-γ response. Recently, solid 
pyramidal MNs made from silk fibroin protein have been reported. The tips encap-
sulated a stabilized HIV trimer immunogen along with some TLR adjuvants on a 
dissolving polymer base. These MN promoted increased B-cell responses with high 
IgG titers. A sustained release of the vaccine from the MNs resulted in priming 
maximal antibody responses (Boopathy et al. 2019).

9.2.4  Measles

Researchers from the Georgia Institute of Technology have been developing mea-
sles microneedle patches (Joyce et al. 2018; Moon et al. 2013). They initially began 
the patch development by using the live attenuated measles vaccine coated on stain-
less steel arrays. The formulation was optimized using excipients like CMC, treha-
lose, and Lutrol F68. The immunogenicity of patch was tested in an animal model 
of female cotton rats (Sigmodon hispidus). It was found that measles vaccination 
using MN can induce an antibody response analogous to the response after standard 
subcutaneous administration. Following these results, the group corroborated their 
pre-clinical studies in rhesus macaques. A dissolvable MN patch composed of 
sucrose, threonine, CMC, and PVA encapsulating a standard dose of measles vac-
cine  was formulated. It was observed that more than 90% of the dose could be 
delivered. The patch maintained full potency after storage at 25 °C for 4 months. 
Compared to the standard subcutaneous injection, the patches produced equivalent 
neutralizing antibodies (Nab) and detectable IgM responses with an added advan-
tage that reconstitution is not required with MNs. It was found that immune response 
was similar in rhesus macagues and human subjects after MN application. 

Furthermore, human safety and immunogenicity  was investigated. Two live 
attenuated vaccines (measles and rubella) were loaded on a single MN patch admin-
istered to infant rhesus macaques (Joyce et al. 2018). This study is the first report to 
show that protective titers of Nab against both measles and rubella can be devel-
oped. At the same time, the MN patch showed high-temperature stability for at least 
a month. 

9.2.5  Polio

There are three virulent poliovirus strains (Type 1, Type 2, and Type 3). Two vac-
cines are commercially available to combat the virus, the oral polio vaccine (OPV) 
and the inactivated polio vaccine (IPV). While OPV provides a convenient adminis-
tration mode, there is a constant risk associated with the reversion of the vaccine 
strains. This reversion leads to a more neuro-virulent profile resulting in vaccine- 
associated paralysis. On the other hand, IPV is more stable. The conventional mode 
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of administration of IPV is through IM. It is also essential to understand that out of 
the two antigenic forms of IPV (C-antigen and D-antigen), the D-antigen expresses 
itself in the native infectious poliovirus and plays a crucial role in stimulating an 
immune response. Researchers have tried to develop IPV vaccine incorporated MN 
with a favorable D-antigen immunogenic response.

The layer-by-layer assembly of IPV and N-trimethyl chitosan chloride (TMC) as 
the polymer on pH-sensitive MNs (Van Der Maaden et al. 2015). Silicon micronee-
dle arrays were modified with positively charged pyridine groups, followed by the 
coating of negatively charged IPV and positively charged TMC. IPV and TMC form 
the layers on the MN via electrostatic interactions. Ex vivo human skin studies 
showed that IPV-TMC MNs were successfully delivered in the epidermis and der-
mis and could release the vaccine within 5 minutes of application. The immuniza-
tion study in rats indicated the production of IPV-specific robust C-antigen antibodies 
by the MNs. However, compared to IM, the D-antigen antibodies produced were 
lower. The authors speculated that a possible occurrence of D-antigen conversion to 
the C-antigen on the MN surface as IPV is very sensitive to surface-induced dena-
turation in the coating process.

Similarly, a dissolvable IPV-MN patch composed of sucrose and threonine was 
prepared. Moreover, an MN patch with a booster dose of IPV composed of malto-
dextrin was constructed. It was found that female infant rhesus macaques could 
produce neutralizing antibodies (Nab) with at least half the dose seroconverted 
against poliovirus type 1 (Edens et al. 2015). After the booster dose, a 100% sero-
conversion was observed. A better response was observed for poliovirus type 2, 
with increased Nab titers and 100% seroconversion. Consequent administration of 
the booster dose only further increased the immune response. However, a weak 
poliovirus type 3 response was observed. The authors conclude that the inadequate 
response is due to the erroneous pre-production of the type 3 polio strain’s analyti-
cal method. The flawed analytical approach caused a lower dose production and 
resulted in the nonspecific D-antigen conformation of IPV. Overall, this MN patch 
was found to generate a sufficient immune response in infant rhesus macaques.

9.2.6  Dengue

FDA approved the first dengue vaccine, Dengvaxia™, against dengue fever in 2019 
by Sanofi Pasteur. The vaccine has limitations of age-restricted use, while WHO has 
also recommended using it in patients previously infected. Alternative methods 
have been proposed by fabricating dengue vaccine coated on MN (Muller et  al. 
2019; Turvey et al. 2019).

Microneedle arrays prepared using solid poly(L-lactide) were drop-casted with 
saccharide-formulated virus (two live-attenuated serotypes were assessed, DENV-2 
and DENV-4) (Turvey et al. 2019). The MNs could significantly preserve the sero-
types at ambient temperature attributed to the presence of CMC and trehalose in the 
formulation. The authors found that monosaccharides like xylose and mannose and 
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surfactants like tween 80 and Lutrol F68 deterred the viability of the vaccine in 
DENV-MNs to the levels of the unformulated live attenuated vaccine. Conversely, 
the use of polyvinylpyrrolidone or maltodextrin was encouraged to improve DENV- 
MNs stability. Their studies also indicated that DENV-MNs could generate compa-
rable antibody responses to that of subcutaneous vaccine administration.

However, there are multiple challenges associated with using a live attenuated 
vaccine strain. Therefore, an MN model was proposed by using DENV surface gly-
coprotein E. This protein is an ideal candidate for a tetravalent subunit vaccine dry- 
coated on an ultra-high-density Nanopatch. The Nanopatch is effective in producing 
neutralizing antibody responses against all 4 DENV serotypes. This unique 
microneedle patch could achieve an enhanced immune response with fractional 
doses compared to IM or SC administration. The use of an adjuvant Quil-A further 
boosted the immune response as it overcame the weak immunogenic nature of pro-
tein E.  However, Quil-A is not a suitable adjuvant for human use, and alternate 
adjuvants for improving protein E’s immunogenicity are needed to be screened. The 
authors emphasized the need to further evaluate DENV serotype antigen ratios and 
epitope bias (Muller et al. 2019).

9.2.7  Rotavirus

Rotavirus causes severe diarrhea among children below 5 years of age. The conven-
tional licensed oral vaccines RotaTeq® and Rotarix™ are likely to cause gastroen-
teritis and intussusception in infants. Therefore, scientists have explored the 
possibility of an inactivated rotavirus vaccine (IRV) administered intradermally. 
The MN projections coated with IRV could induce the antigen-presenting cells 
(APCs) and elicit a better immune response. The IgG and Nab titers specific to 
rotavirus were seen to be higher in MN as compared to intramuscular administra-
tion. Additionally, IM required a dose of 5 μg to produce an immune response, 
whereas MN required a reduced dose of 0.5 μg to provide a similar immune response 
(Moon et al. 2013).

To further evaluate the immunogenicity and protective efficacy of IRV adminis-
tered with MNs, scientists provided proof of concept in gnotobiotic pigs. The ani-
mal model of gnotobiotic pigs does not just mimic but also exhibits heterogeneity in 
immune responses similar to humans. The delivery of IRV intradermally was 
achieved using an MN device, MicronJet600®, which is commercially used to 
deliver the influenza vaccine. The results of MN antibody titers were compared with 
intramuscularly administered IRV with aluminum hydroxide adjuvant. Both MN 
and IM delivery induced similar levels of IgA, IgG, and Nab titers. They could also 
develop a protective response against the rotavirus antigen shedding in stools and 
reduce the cumulative diarrhea scores of the gnotobiotic pigs (Wang et al. 2016).
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9.2.8  Ebola Virus

There have been two reports of Ebola MN patches incorporating different vaccine 
types. The first study presented a unique Ebola immunization method using a DNA 
vaccine administered with an MN patch. The DNA vaccine was coated on polylactic- 
co- glycolic acid – polylysine/poly-γ-glutamic acid (PLGA-PLL/γPGA) nanoparti-
cles incorporated into the MN patch. The data showed safety, immunogenicity, and 
stability and did not require cold-storage conditions (Yang et al. 2017).

The second study used the EBOV glycoprotein (GP) subunit vaccine on metallic 
MN and compared the immune responses to IM delivery. Higher and long-lasting 
antibody response was observed as compared to IM against the glycoprotein. 
Furthermore, when the vaccine was co-delivered with a saponin-based adjuvant, 
Matrix-M, the antibody responses induced were higher in the arrays than IM (Liu 
et al. 2018).

9.2.9  Japanese Encephalitis

A flavivirus causes Japanese encephalitis. Authors Dean et al. (2005) first show-
cased the utility of a live attenuated JE vaccine ChimeriVax™-JE delivered using 
MN. They chose an animal model of non-human primates, cynomolgus monkeys, 
that successfully demonstrated longer mean Nab titers sevenfold greater than sub-
cutaneous injection.

9.2.10  Herpes Simplex Virus

Coated Nanopatches made from silicon with an HSV-2-gD2 plasmid DNA vaccine 
were constructed. The MN patch captured thousands of antigen-presenting cells. 
The total IgG anti-gD titers were significantly higher than the IM injection while 
using 1/10th the dose. There was no statistical difference in protective immune 
responses produced between MN and IM on the HSV-2 virus challenge. Further 
investigation is needed to understand if the Nanopatch can produce gD2-specific 
CD4+ T cells (Chen et al. 2010).

9.2.11  Coronavirus

Sars-CoV-2 causes the novel coronavirus infection, and it has been found that spike 
(S) protein is pivotal for viral transmission and infection. When incorporated in a 
dissolving MN patch, Kim et  al. (2020a) demonstrated that the trimeric 
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recombinant S1 subunit vaccine could induce robust humoral response and elicit 
Nab titers compared to subcutaneous delivery. A dose sparing effect was observed, 
and currently, studies are underway to understand the MN thermostability (Kim 
et al. 2020a).

9.2.12  Tuberculosis – BCG Vaccine

Bacillus Calmette-Guérin (BCG) is the only approved live vaccine for humans 
extensively used against tuberculosis. The reconstituted BCG vaccine is injected 
into neonates or newborns intradermally as per WHO recommendations. However, 
its efficacy in averting adult pulmonary diseases is still uncertain. Therefore, to 
overcome these shortcomings, scientists have focused on developing better alterna-
tives to boost BCG vaccination in adolescent life and improve administration mode.

One such work was presented by developing stainless steel MN dip-coated 
with polymeric CMC solution containing BCG vaccine. Other excipients used were 
Lutrol F-68 and trehalose (Hiraishi et al. 2011). The bacteria can undergo osmotic 
stress, threatening loss of efficacy during drying when delivered through the solid- 
state MN. Minimal osmotic pressure was achieved by using a salt-free suspension 
that retained activity and shelf-life stability. The addition of 15% w/v trehalose 
imparted better stabilization as compared to other cryoprotectants. The study car-
ried out in guinea pigs showed a comparable increase in IFN-γ, TNF-α and bi- 
functional CD4+ T-cell induction after 3–12  weeks by MN and the hypodermic 
needles. The authors focused on successfully providing evidence on the feasibility 
and applicability of BCG-coated MN. However, a loss of 25% viability was observed 
even in the presence of trehalose and surfactant.

In another study, the loss of BCG viability and stability issues were overcome by 
preparing a dissolvable MN patch (Chen et al. 2017a, b). The dissolvable MN patch 
composed of hyaluronic acid had a deep cave in its basal portion. In this cave, 
freeze-dried BCG powder was packed. Following microneedle application on mice 
skin, the arrays melted and exposed the powder. The powder was sucked and dis-
solved slowly in the interstitial fluid. It diffused within a day across the epidermis 
against the interstitial fluid influx. This novel MN design showed good BCG viabil-
ity, mechanical MN strength, and thermostability at room temperature for about 
60 days. Compared to traditional BCG vaccination, this novel MN produced little 
skin irritation while efficiently eliciting innate, humoral, and cellular immunity. 
Another BCG-encapsulated dissolvable MN patch was fabricated with sodium algi-
nate and trehalose (Arshad et al. 2020).

There were two separate studies published by Yan et al. (2017, 2018) using dif-
ferent strategies to deliver the BCG vaccine through MN. Polysaccharide nucleic 
acid fractions of BCG termed as BCG-PSN were used in the earlier study. They 
encapsulated the BCG-PSN powder in the MN cave and ascertained its immune 
response. BCG-PSN is traditionally used as an immunomodulator for the treatment 
of various diseases. After a week of treatment, these BCG-PSN-MNs on female 
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BALB/c mice produced more IFN-γ and TFN-α from the peripheral CD4+ T cells 
than BCG-PSN-IM injection group. Later, a plasmid DNA vaccine encoding the 
protein Ag85B of M. tuberculosis was used. The dose selected for both MN and IM 
groups showed low immunization capabilities. The MN needed to increase the load-
ing capabilities using a proper adjuvant. However, the immune protection provided 
by the Ag85B-MNs showed promise of a new strategy against TB.

However, no studies have so far been able to verify the BCG-microneedle protec-
tion elicited against the bacterium when challenged by M. tuberculosis. 

9.2.13  Anthrax

There have been two studies that used freeze-dried Bacillus anthracis protective 
antigen (rPA) (Mikszta et al. 2005, 2006). In the first study, authors compared the 
delivery of rPA through cutaneous, intramuscular, and nasal routes. For the cutane-
ous route, a specialized micro-enhancer array (MEA) device loaded with rPA was 
compared to IM injection. It was found that rPA was 90% seroconverted after a 
single dose through MEA delivery in female mice and white rabbits. The IM route 
showed only 20% seroconversion after a single dose, whereas the nasal route 
required at least three doses to produce a comparable immune response.

In the second study, the authors compared aluminum adjuvanted MN with the 
intramuscular injection and accounted for serum IgG and toxin-Nab titers in female 
New Zealand white rabbits. The MNs showed a dose sparing effect, which was 
evident during the initial 2 weeks following the primary and booster dose. In an 
aerosol spore challenge, a dose of 10 g of rPA exhibited 71% seroprotection through 
IM. In contrast, the dose showed a 100% seroprotection in MN.

In a pre-clinical study, rhesus macaques were vaccinated with four different 
recombinant protein vaccines using stainless steel MN attached to a syringe 
(Morefield et al. 2008). There were physical, chemical, and biological interactions 
between vaccines when administered as a combination, even though the total num-
ber of injections was reduced. The different recombinant proteins tested were pro-
tective antigen rPA (anthrax), botulinum neurotoxin type A (botulism), 
staphylococcal enterotoxin B (staphylococcus aureus), and recombinant fusion pro-
teins of bacterial antigens CaF1 and LcrV (bubonic plague). Protective antibodies 
were found in rhesus macaques when they were challenged by lethal aerosol. This 
method provided an alternative for multiple vaccination while avoiding physical 
and chemical incompatibilities.

9.2.14  Whooping cough (Pertussis)

Bordetella pertussis is the causative bacterium of whooping cough. Zhu and group 
(Zhu et  al. 2019) fabricated a dissolvable MN patch composed of PVA/sucrose/
water in 8:6:15 ratio and evaluated it in female NIH mice to deliver pertussis toxin 
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(PT) vaccine. The conventional vaccination requires massive doses, while it also 
carries the risk of neurological damage and death in infants. This dissolvable MN 
patch could successfully deliver the PT vaccine intradermally and resulted in the 
quick formation of PT-specific IgG after first immunization compared to subcutane-
ous injection. Immune responses were produced primarily through Th1 and Th17 
pathways. A dose sparing effect was observed with the MN’s administration.

9.2.15  Gonorrhea

There is no vaccine approved to treat Neisseria gonorrhoeae. The immunogenicity 
of the experimental vaccine nanoparticle composed of formalin-fixed whole-cell- 
inactivated gonococcal microparticle encapsulated in a biodegradable crosslinked 
albumin matrix loaded on a dissolvable MN patch was tested (Gala et al. 2018). The 
MN patch was composed of the vaccine nanoparticle, trehalose, maltose, PVA, and 
HPMC. The immune response observed after MN application was compared to the 
gonococcal antigen solution or empty MN application. The immune response 
showed increased antigen-specific IgG titers, specific CD4+, and CD8+ T-cell lym-
phocytes. The mice also showed a notable increase in antigen-specific IgG titers at 
the end of 2 weeks.

9.2.16  Shigellosis

Shigella flexneri is the enteropathogen causing shigellosis. MN composed of aque-
ous blunge of 30% poly(methyl vinyl ether-co-maleic anhydride) commercially 
known as Gantrez® were prepared (Pastor et al. 2019). The MNs were loaded with 
an antigenic complex of outer membrane vesicle-based subunit vaccine of Shigella. 
The vaccine was prepared from the heat-inactivated Shigella flexneri ΔtolR strain. 
Ex vivo and in vivo studies of the MN patches indicated that the liberated vaccine 
reached the gastrointestinal target site after 6 h of administration. The in vivo stud-
ies in female mice demonstrated that a single 200 μg dose could produce S. flexneri- 
specific IgG and mucosal IgA antibodies. In the S. flexneri challenge study, the 
vaccine gave adequate protection after four weeks of immunization.

9.2.17  Malaria

Researchers have used silicon MN to deliver malarial recombinant vaccines that 
provide multi-stage malaria immunity to tackle the infection caused by Plasmodium 
species. Silicon MN containing the recombinant poxvirus modified vaccinia virus 
Ankara (MVA) expressing the Plasmodium berghei antigen were investigated 
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(Carey et  al. 2011, 2014). The results showed that MN with small pore volume 
could induce a CD8+ T-cell immune response with equivalent or a more significant 
proportion of memory T cells than conventional needle and syringe. The MN did 
not produce an inflammatory response on administration and exhibited a significant 
reduction in inflammatory markers in draining lymph nodes compared to intrader-
mal injection.

Using the same microneedle design, an adenovirus-based malaria vaccine 
(HAdV5) expressing the C-terminal region of Plasmodium yoelii was fabricated. 
The results showed equivalent or increased antibody responses as compared to 
intradermal delivery. However, there was a reduction in anti-vector responses (Carey 
et al. 2014). Therefore, repeated use of the same adenovirus vector was required to 
produce adequate anti-vector titers. A combination of an intradermal and MN 
immunization provided the highest immunization against the blood-stage malaria 
challenge (Fig. 9.2). In a similar study, a recombinant simian adenovirus-vectored 
vaccine (ChAd63.ME-TRAP) was utilized. The MN-delivered vaccine showed pro-
tective efficacy similar to intradermal administration when challenged with live 
Plasmodium berghei sporozoites. The authors correlated the results to the “total 
array volume” to better understand the transgenic expression (Pearson et al. 2015).

Fig. 9.2 Antigen expression levels by HAdV5 when delivered by intradermal or MN route. (a) In 
vivo imaging of luciferase expression following delivery of HAdV5-expressing luciferase to 
BALB/c mice by the ID (n = 3, left panels) or microneedle array type D (n = 4, right panels). 
Photon emissions in each group are shown at day 2 or day 10 (5-minute exposure); the emissions 
were measured using an RLU scale. (b) Total flux (as defined by photons emitted per second) was 
assessed by injection of D-luciferin at day 2, 7, 10, and 14 in each animal and is graphed on a log 
scale. (Adopted from Carey et al. 2014)
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9.2.18  Leishmaniasis

Stainless steel MN were coated with a plasmid DNA cocktail encoding Leishmania 
infantum histones (Moreno et al. 2017). The protective immunity produced by these 
MN patches was compared with SC or intradermal injection in mice. Compared to 
the other routes, the MN application showed increased ratios of IFN-γ, TGF-β, 
TNF-α, and various interleukins in the spleen and lymph nodes. MN observed a 
polarized Th1 cytokine response indicated with increased levels of chemokines 
(CXCL9, CXCL10, and CCL2). The MN or any other route could not confer protec-
tion when the BALB/c mice were challenged with Leishmania major. The authors 
have highlighted that the dose was too low to produce an adequate immune response; 
therefore, strategies to increase the payload are necessary.

On the other hand, a dissolving MN patch was contrived to contain the Leishmania 
recombinant antigen LiHyp1 incorporated in cationic liposomes with the adjuvant, 
TLR9 agonist, CpG (Lanza et al. 2020). When checked for its efficacy in mice with 
or without the adjuvant either by SC injection or MN, the antibody responses were 
significantly high with MN application. In contrast, the loading of cationic lipo-
somes caused the elimination of the immune response. The MN design with just the 
vaccine and TLR9 agonist could produce a protective immune response when chal-
lenged by Leishmania donovani infection.

9.2.19  Model Antigens

MN loaded with model antigens provide the basis for understanding the micronee-
dle system’s penetration depth and immunization capabilities that can be used for 
transcutaneous vaccine delivery. Some model antigens like ovalbumin or bovine 
serum albumin are commonly used when fabricating new MN designs. Studies have 
exhibited that coated microneedle shows dose-dependent immune response mostly 
independent of penetration depth (Widera et al. 2006). MN showed improved anti-
body titers when embedded with groves and loaded with ovalbumin (Han et al. 2009).

Dissolving MN composed of chondroitin sulfate delivered the model antigen 
within three minutes, producing a robust immune response (Naito et  al. 2012). 
Similarly, soluble antigens like ovalbumin and insoluble particulate antigen like Ad, 
when loaded onto dissolving MN composed of hyaluronic acid (Matsuo et al. 2012), 
were capable of eliciting an immune response. The layer-by-layer poly(lactide-co- 
glycolide) MN with cationic polymer and anionic lipid vesicles could successfully 
coat the lipid nanocapsules onto the MN with a favorable immune response (Demuth 
et al. 2012). In another study, an aqueous fusion of 20% w/v PMVE/MA encapsu-
lating the model ova antigen was capable of targeting the skin dendritic cells to 
generate an immune response (Zaric et  al. 2015). Coating MN with liposomes 
entrapping model antigen BSA was an effective vaccine adjuvant delivery system 
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(VADS) strategy (Zhen et al. 2015). Similarly, zein MN patch showed effective vac-
cine delivery (Bhatnagar et al. 2017).

Researchers have used a model heat-inactivated bacteria Pseudomonas aerugi-
nosa (strain PA01) formulated in aqueous blends of 30% Gantrez® dissolving MNs 
for understanding the immune effects produced by bacterial vaccine. These MNs 
dissolved within five minutes of insertion. The challenge study with live 
Pseudomonas exhibited a lower bacterial load in the vaccinated group (Rodgers 
et al. 2018).

9.3  Microneedle Array Patches to Deliver Anti-cancer Agents

9.3.1  Breast Cancer

Since the administration of chemotherapeutics intravenously is associated with 
severe toxicity, dissolvable polymeric MNs have been investigated to deliver che-
motherapeutics safely. Single and dual drug-loaded PVA-PVP dissolving MN 
encapsulating doxorubicin (DOX) and docetaxel (DTX) were fabricated (Bhatnagar 
et al. 2019). The efficacy between intratumoral injection and drug-loaded MNs was 
compared. Anti-tumor effectiveness was determined in the athymic breast cancer 
mouse model. The MN group showed a 100% survival rate despite the amount of 
drug loaded in MN was equivalent to the intratumoral injections. It was concluded 
that the dual drug-loaded (DOX + DTX) MNs were more effective at tumor inhibi-
tion than individual drugs.

Zein, a prolamine extracted from maize, has been used to prepare MNs loaded 
with tamoxifen and gemcitabine to treat breast cancer (Bhatnagar et al. 2017). These 
agents were either entrapped or coated onto zein MNs (ZMN). It was observed that 
33% of the tamoxifen released in the epidermis when coated onto ZMN. In contrast, 
only 0.23% tamoxifen released in the epidermis when it was entrapped in 
ZMN.  When poke and patch method was employed, 16.95% drug release was 
observed. In the case of gemcitabine, the poke and patch method was found to be 
more effective, resulting in the highest permeation of 41% of the loaded amount. 
Photosensitizer IR820 was used along with cisplatin to produce synergistic chemo- 
photodynamic therapy (Fu et al. 2020). The molecules were loaded into PVP/VA 
matrix for the MN fabrication. Anti-tumor efficacy was evaluated on female BALB/c 
mice by subcutaneously injecting 4  T1 cells. The treatment groups consisted of 
cisplatin MNs, IR820 MNs, and CDDP-IR820 MNs for comparison. Partial tumor 
inhibition was displayed in the mice treated with only cisplatin MNs and IR820 
MNs. The CDDP-IR820 MNs showed excellent in vivo therapeutic effect with 90% 
tumor inhibition after laser irradiation (Fig. 9.3).
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9.3.2  Skin Cancer

5-Aminolevulinic acid (5-ALA)-coated MN arrays were fabricated for photody-
namic therapy against skin cancer (Jain et al. 2016). The efficacy of 5-ALA-coated 
MNs to treat nodular subcutaneous tumors in mice was determined by subcutane-
ously injecting A-20 cells (B-lymphoma cells). After topical 5-ALA cream applica-
tion, the tumor volume increased after 7 days resulting in a tumor burden of 507.8%. 
On the other hand, coated MNs showed significant tumor suppression with a burden 
of 43.3%. It should be noted that the coated MNs had lesser drug loading as well as 
a lesser time of application than the other treatment groups. Tip-loaded fast- 
dissolving MNs of sodium hyaluronate with 5-ALA were prepared (Zhao et  al. 
2018). The ALA-MN exhibited a tumor volume decrease of 44%, with the highest 
inhibition efficacy of 97%. It was concluded that the PDT efficacy was highest in 
the ALA-MN group (despite lower drug loading) as compared to ALA injection.

A dissolving HA-based microneedle patch was prepared for 5-ALA to target 
precancerous deep skin lesions (Champeau et  al. 2020). The MN patch was 

Fig. 9.3 The therapeutic effects of the MN patches against breast cancer (*represents statistic dif-
ference, p < 0.05). (a) The tumor growth profiles; (b) pictures of the tumor samples after the treat-
ment; (c) the statistical analysis of the tumor weights after the treatment (*indicates p < 0.05, 
**means p < 0.01); (d) mice body weights throughout the treatment process. (Adopted from Fu 
et al. 2020)
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effective in treating lesions of basal cell carcinoma, and invasive squamous cell 
carcinoma as the stratum corneum barrier was eliminated. The ex vivo rat skin stud-
ies showed effective permeation of 5-ALA with no discernible cytotoxicity. To treat 
a less intense form of skin lesions caused by Propionibacterium acnes (P. acnes), a 
poly-ionic liquid-based MN containing salicylic acid (SA) was produced (Zhang 
et al. 2020). They were prepared by photocrosslinking of imidazolium-type ionic 
liquid with MN micromolds followed by anion exchange with SA anions. Improved 
therapeutic efficiency was seen in the in vitro studies performed on P. Acnes strains 
and in vivo studies conducted on mice models (Fig. 9.4a). Figure 9.4b and c shows 
that the ear thickness and redness caused by infection decreased significantly in 
72  h when treated with SA-PIL-MN.  Similarly, Fig.  9.4d depicts a significant 
increase in the % inhibition of acne on treatment with SA- PIL- MN.

The importance of inhibiting checkpoints that control T-cell count has generated 
interest over the past few years. The synergistic activity of anti-PD-1/PD-L1 and 
1-methyltryptophan to combat melanoma delivered using a core-shell microneedle 
system (CSMN) was studied (Yang et al. 2020). A charged shell (chitosan or algi-
nate) enclosing a hydrophilic core (polyvinyl alcohol) was used to deliver PD-L1 
and 1-MT (1-methyl-D, L-tryptophan). The anti-tumor efficacy was evaluated 
in female mice with intratumoral injection of PD-L1/1-MT solution compared with 
PD-L1/1-MT MNs. Anti-tumor efficiency was found to be better with PD-L1/1-MT 

Fig. 9.4 (a) Skin healing evaluation of PIL-based MN patches in mouse P. acnes-infected model, 
(b) pictorial depiction of the skin acne therapy in a mouse model via topical SA, PIL-MN, and 
SA-PIL-MN treatment, (c) skin thickness changes, and (d) acne inhibition percentages of the left 
ears after subcutaneous injection of P. acnes in four groups, while the untreated right ear of each 
mouse was considered as the initial control group (0 h). Data in Fig. 4c and d are presented as 
mean ± SD, n = 3 for each group; ∗ represents P < 0.05, ∗∗ represents P < 0.01. (Adopted from 
Zhang et al. 2020)

9 Microneedle Array Patches for the Delivery of Therapeutic Agents



246

MNs than the intratumoral injection. This can be attributed to the fact that chitosan-
 MN led to continuous drug permeation from the skin to the tumor site.

PVPVA MN were loaded with imiquimod to enhance intradermal delivery to 
treat nodular basal cell carcinoma (BCC) (Sabri et al. 2020). The studies performed 
on porcine skin were used to determine the effectiveness of these imiquimod 
PVPVA MNs compared to the commercial topical Aldara™ cream. Since nodular 
BCC are typically found 400 μm below the skin surface, MNs can be used as a mini-
mally invasive technique to penetrate BCC tumor to deliver the drug.

Chen et al. (2016) combined photothermal therapy with chemotherapy to target 
superficial tumors. Polycaprolactone MN containing a near-infrared (NIR)-light- 
activatable lanthanum hexaboride and doxorubicin was developed. The tumor 
growth was significantly inhibited after MNs application.

pH-responsive polyelectrolyte multilayers (PEM)-coated polycaprolactone 
(PCL) MNs were used to treat skin lesions (Li et al. 2019). The multilayers con-
sisted of two parts, gene-loaded layers (p53 DNA/polyethyleneimine) sandwiched 
between transition layers of pH-sensitive (PLL-DMA/polyethyleneimine). Two 
types of MN patches were fabricated; the first tr-MN patch contained transition lay-
ers of PLL-DMA/PEI and gene-loaded layers of model DNA/PEI; the second ntr-
 MN patch contained only a gene-loaded layer of model DNA/PEI. It was concluded 
that tr-MNP showed greater tumor inhibition and greater DNA release (33%) in 
simulated conditions, compared to only 4% release from ntr-MNP.

9.4  Microneedle Array Patches to Deliver Antibiotics

9.4.1  Skin Infections

Gantrez® AN 169 BF, a biodegradable acid anhydride copolymer, was used against 
skin infections as an antimicrobial agent. The MN made of Gantrez® AN 169 BF 
were evaluated against E. coli, B. subtilis, E. faecalis, C. albicans, P. aeruginosa, 
and S. aureus cultures. The zone of inhibition was found to be most significant for 
B. subtilis culture (45  mm), with S. aureus showing the least zone of inhibition 
(25 mm) (Boehm et al. 2012). Similarly, an evaluation of the polystyrene MN coated 
with Au and ZnO nanobrushes for their antibacterial activity was performed (Chew 
et  al. 2019). Agar diffusion assay assessed the antimicrobial property in Gram- 
negative, S. aureus, and Gram-positive, Salmonella, models. The ZnO-Au- 
polystyrene MN were successful in reducing bacterial colony number by 
approximately 85.6%. In a recent study, the antibacterial activity of graphene oxide 
(GO)-based PVP MN was reported (Chen et  al. 2020b). Among the dissolvable 
polymers used, PVP MN showed 95.8% inhibition of S. aureus and E. coli com-
pared with 60% inhibition by HA and CMC MN.

Skin infections can be a result of biofilm formation due to the community-like 
behavior of skin-associated microbiome. The biofilm formation can lead to 
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antibiotic resistance. Dissolvable PVP MN carrying chloramphenicol (CMP)-
loaded gelatin nanoparticles to treat Vibrio vulnificus biofilms were developed (Xu 
et al. 2019). The active sites of infections were found to have an increased expres-
sion of the gelatinase enzyme. Thus, in situ drug release was triggered by employ-
ing drug- loaded gelatin particles. Biofilms are known to produce extracellular 
polymeric substances that obstruct the penetration of antibiotics, due to which the 
CMP-loaded GNPs were combined with MN array patch. The MN application 
showed a decrease in CFU/ml by 55% at 4 h and 63% at 8 h than the CMP solution. 
Thus, the integration of CMP-loaded GNPs with MN array could help in combating 
Vibrio vulnificus biofilms.

For the treatment of biofilms of Staphylococcus aureus and Pseudomonas aeru-
ginosa at the burn and chronic wounds, doxycycline-loaded PVP-PVA dissolving 
MN were designed (Permana et al. 2020). The nanoparticles of doxycycline were 
prepared by employing biodegradable polymers, PLGA, and PCL, and further 
coated with chitosan. In vitro drug release studies of free DCL compared to the 
DCL NPs suggested that the drug release was bacteria sensitive. The colony biofilm 
model illustrated that 90% of bacterial biofilms were inhibited when incubated 
for a day.

In another study, the synergistic antibacterial effectiveness of chitosan-Zn2+ MNs 
was explored. When compared against chitosan MNs and the control group, the 
application of chitosan-Zn2+ MNs resulted in lower CFU in the presence of E. coli. 
(Gram-negative bacteria) and S. aureus (Gram-positive bacteria) (Yi et al. 2020).

9.4.2  Dermal Wounds

MN consisting of green tea extracts and hyaluronic acid have been investigated to 
accelerate dermal wound healing (Park et al. 2014). The antibacterial activity stud-
ies performed using agar plating assay against Gram-negative bacteria (E. coli, 
S. typhimurium, and P. putida) and Gram-positive bacteria (B. subtilis and S. aureus) 
showed up to 95% CFU reduction at 70% green tea extracts concentration. In vivo 
studies showed a dose-dependent decrease in CFU.

The effectiveness of carvacrol (CRL) polycaprolactone nanoparticles was evalu-
ated after entrapment in PVA/PVP dissolving MN to treat chronic wounds (Mir 
et al. 2020). The ex vivo dermato-kinetic studies showed a higher CRL concentra-
tion in the dermal layers while using CRL nanoparticles MN compared to free CRL 
MN. In the porcine skin infection model, both CRL-MN and CRL nanoparticles 
MNA showed more than 90% decrease in microbial burden at the wounded site 
infected with S. aureus. However, in P. aeruginosa-infected site, CRL nanoparticles 
MNA showed a greater (87%) reduction in bioburden compared with CRL-MN (40%).

Similarly, chitosan MN encapsulated with VEGF were studied for wound heal-
ing in S. aureus- and E. coli-infected rat model (Chi et al. 2020). VEGF-chitosan 
MN showed a greater wound closure rate compared with blank chitosan MN and 
chitosan film (Fig. 9.5). It was suggested that the VEGF-PNIPAM-loaded chitosan 
MN promote wound healing by collagen deposition and angiogenesis.
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9.4.3  Acne

Reactive oxygen species (ROS)-responsive PVA MN array (MNA) loaded with 
clindamycin for the treatment of acne vulgaris caused by P. acne was developed 
(Zhang et al. 2018). Hyaluronic acid/diatomaceous earth was used as the MN base 
that further helped in healing owing to their absorptive properties. The in vitro anti-
bacterial studies were conducted in P. acnes-induced inflammation mouse model. 
Studies revealed shrinkage in swollen skin by 90% and the onset of disappearance 
by day five.

9.4.4  Warts

Warts are skin infections caused by human papillomavirus (HPV). Bleomycin- 
coated PLA-PLGA microneedle patch was attempted to treat warts (Lee et al. 2017). 
Drug release studies in porcine skin model enhanced bleomycin permeation with 
the increase in MN insertion time from 10 to 15 min. The pharmacokinetics studies 
performed in the rat model showed that the Cmax was attained in 50 min after admin-
istration of MN. The t1/2 of bleomycin-coated MN was 36 min compared with 8 min 
after SC injection.

Fig. 9.5 Wound closure and H&E staining: images of the wounds treated with CSMNA-VEGF, 
CSMNA, CS-film, and PBS solution (control). (Adopted from Chi et al. 2020)
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9.4.5  Neonatal Sepsis

Neonatal sepsis has been a leading cause of concern in infants. Currently, gentami-
cin IM injection is the first line of treatment. Gonzalez-Vazquez and group 
(González-Vázquez et al. 2017) developed MN made of hyaluronate and PVP con-
taining gentamicin. In vitro studies in neonatal porcine skin model showed 10% and 
75% gentamicin permeation 3 and 24  h after MN application, respectively. The 
pharmacokinetics studies revealed constant plasma concentration after MN applica-
tion compared with IM administration (Fig. 9.6).

9.4.6  Fungal Infections

Antifungal agents including  amphotericin B (Boehm et  al. 2013), itraconazole 
(Boehm et al. 2016), miconazole (Boehm et al. 2014), and voriconazole (Boehm 
et al. 2015) were entrapped in MN using a piezoelectric inkjet printing technique. 
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Fig. 9.6 (a) In vivo plasma profile of gentamicin following IM injection of gentamicin sulfate 
dissolved in sterilized water for injections (dose was 7.5 mg/kg). Means ± S.D., n = 5 at 1 h, 2 h, 
4 h, and 6 h; n = 10 at 24 h. (b) Transdermal delivery by using one dissolving MN (low dose). 
Means ± S.D., n = 5 at 1 h, 2 h, and 6 h; n = 4 at 4 h; n = 10 at 24 h. (c) Transdermal delivery by 
using two dissolving MNs (medium dose). Means ± S.D., n = 4 at 1 h, 2 h, 4 h, and 6 h; n = 9 at 
24 h. (d) Transdermal delivery by using four dissolving MNs (high dose). Means ± S.D., n = 4 at 
1 h; n = 5 at 2 h, 4 h, and 6 h; n = 10 at 24 h. Dashed lines represent limit of quantification for GEN 
(LoQ = 0.30 μg/mL). (Adopted from González-Vázquez et al. 2017)
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Agar plating assay of amphotericin B-coated Gantrez AN 169 BF MN resulted in 
100% growth inhibition of Candida parapsilosis. Similarly, miconazole Gantrez 
AN 169 BF MN also exhibited antifungal activity against Candida albicans. In the 
case of itraconazole MN, an additional polymer, poly(methyl vinyl ether–co–maleic 
anhydride), coconut oil, and benzyl alcohol were incorporated for faster drug 
release. The antimicrobial activity showed similar zones of inhibition by itracon-
azole PGA and PMVA/MA MN containing coconut oil and benzyl alcohol. PGA 
MN coated with voriconazole through inkjet printing exhibited a zone of inhibition 
of 35 mm in diameter.

9.4.7  Corneal Infections

Bhatnagar et al. aimed at determining the release kinetics and antibacterial effec-
tiveness of PVP-PVA MN loaded with besifloxacin HCl (Bhatnagar et al. 2018). In 
vitro studies indicated 100% release at 25 min. The drug-loaded MN showed 55% 
permeation of besifloxacin across excised cornea compared with 15% after applica-
tion of besifloxacin solution at the end of 24  hours. The agar plate assay after 
S. aureus inoculation showed a similar zone of inhibition for besifloxacin MN and 
besifloxacin solution. In an ex vivo corneal infection (S. aureus) model, the CFU/ml 
was lowest for besifloxacin MN. The overall results suggested besifloxacin-loaded 
MNs to be a powerful alternative for the clinically existing eye drop formulations.

Likewise, amphotericin B-loaded MN were developed to treat fungal keratitis 
(Roy et al. 2019). The microneedle ocular patch loaded with amphotericin B imi-
tated the curvature of the contact lens. To further improve the effective concentra-
tion within the corneal tissue, liposomal solution was incorporated into MN. Ex 
vivo studies performed with human excised cornea revealed significant differences 
in corneal drug retention after MN application against free liposomal formulation. 
The amphotericin B MN has significantly reduced the CFU of Candida albicans in 
ex vivo corneal infection model and in vivo rabbit model in comparison with the 
liposomal formulation (Fig. 9.7).

9.5  Microneedle Array Patches to Deliver Other Agents

9.5.1  Ocular Drug Delivery

Apart from delivering vaccines, anti-cancer agents, and antibiotics, MN array 
patches have been investigated to deliver drugs to the ocular region, to deliver vari-
ous hormones, proteins, and immunosuppressants. MN for drug delivery to the eye 
were first tested by Jiang et al. (2007), wherein the ability of a drug-loaded poly-
meric solution coated on metallic MN to deliver drug via intrascleral and intracor-
neal routes was assessed. Three agents were tested, a model drug (pilocarpine), a 
protein (bovine serum albumin), and plasmid DNA.  The strength of the MN to 
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penetrate the sclera was tested in vitro on human cadaveric scleral tissue, and in vivo 
studies were performed in rabbits to determine drug delivery using fluorescein and 
pilocarpine as the model molecules. Safety examinations were done to check 
whether the microneedle insertion site had any persistent perforations or inflamma-
tory responses. The results obtained indicated that the MNs were of optimum 
strength and sharpness, delivered drug with an improved efficacy with no inflamma-
tory response compared to the topical application of pilocarpine.

This study made way to studies on a safe, effective, and minimally invasive treat-
ment of ocular diseases, including age-related macular degeneration (AMD), uve-
itis, and diabetic retinopathy. Another study investigated the use of suprachoroidal 
space for drug delivery to the back of the eye (Patel et al. 2011). Nano- and mic-
roparticles were loaded into the hollow MN of 1000 μm length. Sulforhodamine B 
dye was used as an indicative agent, and FluoSpheres and barium sulfate particles 
were used as nano- and microparticles, respectively. After a single MN application, 
the agents were seen to spread circumferentially around the eye and were able to 
target the suprachoroidal space. Furthermore, it was found that elevated intraocular 
pressure (IOP) caused a 100% success rate at the lowest infusion pressures and 
shortest MN lengths instead of normal IOP.  It was concluded that MN insertion 
might be more effective at higher IOPs.

Fig. 9.7 Ex vivo study in C. albicans-infected excised cornea. (a) Photograph of intrastromal 
injection of C. albicans in excised cornea using 26G needle; (b) photograph of experimental setup 
for the application of AmB and liposomal AmB solutions; (c) colony forming units after 48 h of 
plating of corneal homogenate treated with different formulations; (d) photographs of C. albicans 
colonies formed after 48  h of plating corneal homogenate treated with different formulations. 
Asterisk (*) represents that the values are significantly different compared with all other groups. 
(Adopted from Roy et al. 2019)
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The use of MN for targeted delivery in the eye was investigated (Chun et  al. 
2015). It was hypothesized that by controlling the rheological properties of the 
injected formulation into the suprachoroidal space, the drug can be localized at the 
site or distributed broadly throughout the circumference of the eye. Single hollow 
MN was fabricated, wherein non-Newtonian shear-thinning polymer solutions were 
employed. Non-Newtonian moderately shear-thinning solutions were used when a 
larger circumferential spread was required. Solutions prepared in saline base spread 
over 29–42% of the suprachoroidal space immediately, whereas moderately non- 
Newtonian solutions made with hyaluronic acid showed 100% spreading. Highly 
non- Newtonian formulations localized the spread to 8.3–20% of the suprachoroi-
dal space.

A complex MN design was reported (Hyun et al. 2018), wherein a microneedle 
pen (MNP) device was developed. The possibility of precisely controlling the depth 
of penetration of MN into the scleral tissue with a spring-controlled pen was 
explored. Drug delivery to the posterior eye by partial penetration of sclera by MN 
is an attractive approach for diseases concerning the outer layers of the retina includ-
ing retinal detachment, uveitis, and exophytic retinoblastoma and in cases where 
multiple intravitreal dosing is required. The MNP developed has a SU-8 MN at the 
tip, which is dip-coated with the agents of choice. CMC salt and deionized water 
were used as viscosity enhancers, and rhodamine B dye was used for studies on the 
porcine sclera. Enhanced permeation and diffusion across the scleral tissue were 
observed and the indicative molecule could traverse the whole scleral tissue within 
24 h. This time is reduced to 6 hrs when MN with “medium” and “deep” spring 
systems were used. Many such applicator-based MN treatments are studied by dif-
ferent groups wherein electrically driven, spring-loaded, pen-type syringe for hol-
low MNs and applicators using an electromagnet are made. Such devices can be 
brought into clinical use.

9.5.2  Hormone Replacement Therapy

Human growth hormone was entrapped in dissolving CMC and trehalose-based 
MN for the treatment of short stature and other endocrine disorders among children 
(Lee et al. 2011). Subcutaneous injection of hGH was considered positive control. 
CMC +  trehalose MN showed a Cmax fourfold higher and bioavailability fivefold 
higher than the positive control.

Powdered insulin was incorporated into CMC bubble MN (BMNs) (Lee et al. 
2014). The micro-shells were fabricated such that they had a micro-cavity carrying 
insulin powder, which can be implanted into the dermis with the help of a custom-
ized applicator. The CMC matrix casing will dissolve, releasing the encapsulated 
insulin, thereby eliminating the reconstitution step. Optimization of the CMC con-
centration will help encapsulate the required amount of drug without compromising 
the mechanical strength. Compared to the dissolving MN, powder-carrying MN 
showed a prolonged release with Tmax of 3.40 ± 0.60 and 5.40 ± 1.17, respectively.
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9.5.3  Supplemental Agents

The use of MN for delivering supplemental drugs was studied (Abiandu and Ita 
2019; Maurya et al. 2018). Iron replenishment therapy in anemic children and adults 
was tried by incorporating ferric pyrosulfate in dissolving MN made from hyal-
uronic acid. IDA-induced rats were treated with FPP-loaded MN patches, and 
recovery was tracked by measuring hematological and biochemical parameters. A 
1.5 mg/dl recovery in the Hb levels per week was observed, followed by a steady 
boost in RBC counts and HCT levels (Maurya et al. 2018). A similar study was 
performed to treat hypokalemia with KCl transdermal delivery using solid MNs 
(Abiandu and Ita 2019). MN rollers were employed to increase permeation in por-
cine skin, and KCl delivery was measured by transdermal flux obtained from the 
permeation studies. A statistically significant increase was seen with the use of MN 
rollers in contrast to passive diffusion.

9.5.4  Arthritis

Dissolving MN carrying nanostructured lipid carriers (NLCs) with encapsulated 
hydrophobic drug aconitine significantly increased its plasma concentration (Guo 
et  al. 2019). PVP-based dissolving MN were fabricated by UV crosslinking, in 
which a suspension of ACO-NLC was encapsulated. The resulting formulation was 
characterized for stability and efficacy. The Tmax of ACO-NLC against ACO- 
NLC- MN was 8.00 ± 1.58 and 6.40 ± 2.61 h, respectively. Similarly, Cmax was found 
to be 2570 ± 1630 and 5337 ± 625 ng/ml, respectively, indicating a greater efficacy.

Another drug, polydactin, was incorporated into the hydroxyl-β-cyclodextrin 
(HP-β-CD) complex, and, together, they were encapsulated in dissolving MN for 
treating acute gout arthritis (Chen et al. 2020c). Different polymers were studied as 
matrix materials among which PVP was found to show a better permeation profile. 
A fourfold increase in permeation was demonstrated after applying PD/ HP-β-CD 
dissolving MN upon increasing the dose of polydactin from 300 to 2400 μg.

Immunosuppressant, tacrolimus (TAC), and an NSAID diclofenac (DIC) were 
loaded in dissolving MN, in a combination approach (Yu et  al. 2020). DIC was 
loaded on the tip and TAC in the interlayer. Upon skin insertion, the DIC reached 
the deeper layer into the articular cavity to treat arthritis, and TAC was retained 
within the epidermis for treating psoriatic lesions. The insertion depths were 
recorded using optical coherence tomography (OCT), and mechanical strength was 
determined using a texture analyzer. In vitro and in vivo skin permeation studies 
were performed along with in vivo visualization of drug distribution in the articular 
cavity comparing MN application and intra-articular injection (Fig. 9.8). The fluo-
rescence intensity v/s time graph shows a 24 h retention of RhB in the articular 
cavity administered with MN instead of intra-articular injection for 12 h. The PASI 
(Psoriasis Area and Severity Index) and TEWL (transepidermal water loss) values 
were reduced significantly, which indicates mitigation and recovery of skin lesions.
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9.5.5  Protein Delivery

Layer-by-layer deposition of proteins and DNA as polyelectrolytes multilayers 
(PEMs) on the surface of stainless steel MN was demonstrated (Saurer et al. 2010). 
Precise control on the amount of DNA or protein loading was obtained by control-
ling the thickness of the film. The PEMs were coated on the surface of MNs by an 
abbreviated dip coating method, with a prior piercing of the needles with a Parafilm® 
sheet, to avoid deposition of PEM on the baseplate. The MNs were characterized for 
film erosion, cell transfection assays, and release studies. A sustained release of 
DNA was achieved over 48 h.

Another way of delivering proteins or peptides through MN is by coating on tips 
of dense solid MN (Kapoor et al. 2020). A solid microstructured transdermal system 

Fig. 9.8 In vivo imaging of rat knees after treated with layered MNs and intra-articular injection. 
In vivo images of RhB delivery from layered MNs into the articular cavity of rats throughout 24 h 
(a); RhB in the articular cavity of rats via intra-articular injection throughout 12 h (b); and the fluo-
rescence intensity with time (c). In the layered MNs treated group, the treated skin covering the 
articular cavity was removed prior to imaging at each time point, while the treated skin in the intra- 
articular injection group was removed at 12 h post-injection. (Adopted from Yu et al. 2020)
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(sMTS) is formulated for an investigational peptide A showing physical and chemi-
cal stability challenges. The injection-molded MN array was dip-coated with pep-
tide A formulations. The absolute bioavailability was seen comparably to 
subcutaneous injection (88% and 74%, respectively) with significantly improved 
stability profiles.

9.5.6  Brain Targeting

Microneedle patches have also been used to deliver drugs to treat neuronal disorders 
such as depression and deliver anesthetic or anti-nociceptive drugs. Hydrogel- 
forming MN were fabricated to deliver esketamine to treat patients with depressive 
crisis states (Courtenay et al. 2020). Gantrez® and PEG 400 were used as a building 
material. The MNs showed plasma concentrations significantly elevated to 
0.15–0.3 μg/ml over 24 h.

Similarly, fentanyl MN were fabricated for anti-nociceptive activity using hyal-
uronic acid as the casting material (Maurya et al. 2019). A relatively less amount of 
drug was loaded on the soluble patches than the amount required for systemic activ-
ity. The MN patches were tested on rat models (hot plate analgesia model) against 
the effects of dermal patches. A faster onset of analgesic activity was shown with 
the MN patch (30 mins) than the dermal patch (6 h). The paw withdrawal latency 
time significantly increased from 13.94 ± 1.76 s to 36.72 ± 2.09 s (Fig. 9.9). Thus, 
the mu-opioid receptors present on the peripheral somatic sites can be a target to 
achieve pain relief.
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Fig. 9.9 Maximum possible analgesia (MPA) (%) in response to the thermal stimulus after appli-
cation of fentanyl MN vs fentanyl dermal patch to the plantar surface of the hind paw in a rat model 
(hot plate analgesia). The MPA 0.5 h for fentanyl MN patch vs 6 h for fentanyl dermal patch. The 
paw withdrawal latency was measured immediately following removal of the test patches 
(microneedle or dermal). The control in the experiment is the untreated paw. The data points rep-
resented in the graph are an average of n = 6 ± S.D. (adopted from Maurya et al. 2019)
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Another potent mu-opioid receptor antagonist, naltrexone (NTX), was used to 
treat opiate and alcohol dependence. The efficacy and bioavailability of NTX in an 
MN patch are tested against a conventional transdermal patch (Wermeling et  al. 
2008). A steady-state plasma concentration of NTX (≈ 2.5 ng/ml) was observed 
within 48 h of MN patch application instead of negligible amounts after transdermal 
patch application. The MN patch was compared against oral tablet administration of 
NTX as well. A clinical study was performed on six healthy male and female volun-
teers. Serial blood samples and vital signs were recorded before and after patch 
application. Skin irritation and resealing kinetics study was also performed. A zero- 
order delivery was found with the maximum concentrations varying between 1.6 
and 8.1 ng/ml.

Lidocaine, a hydrophobic drug, was coated as a solid dispersion on MN patches 
made from polyethylene glycol (PEG) (Ma and Gill 2015). Physical mixtures of 
lidocaine and PEG were analyzed for thermal behavior and viscosity changes. The 
results were used for the optimization process, and uniform coatings were obtained 
on microneedle patches by a novel molten coating process. In vitro studies on por-
cine skins proved a significantly higher delivery of lidocaine in just 3 mins than 
topical application of commercially available creams for 1 h.

Sumatriptan succinate for the treatment of migraine has been loaded in PVP- 
based dissolving MN (Ronnander et  al. 2020). It was found that 30% w/w PVP 
DMN loaded with sumatriptan showed steady-state flux of 395 mg/cm2/h over a 
period of 7 h. Further studies were made by the same group wherein iontophoresis 
was used to assist MN delivery (Ronnander et al. 2019). Permeation studies revealed 
that under mild electric current (0.5 mA/cm2), cumulative amount of drug perme-
ated in 6 h (Q6h) and flux (Jss) increased by twofold.

Vinpocetine, a neuroprotective agent, shows poor bioavailability and a short 
half-life when given as oral tablet form. Ultradeformable liposomes were formu-
lated with vinpocetine, loaded into fast-dissolving MNs (Srivastava and Thakkar 
2020). The PVA-PVP MN showed threefold increase in the relative bioavailability 
compared with VPN suspension.

9.5.7  Miscellaneous

Adipose tissue transformation from WAT to BAT by “browning agent” is a novel 
way to treat obesity. Rosiglitazone nanoparticles were loaded into the tips of the 
dissolvable MN patch, which helped its delivery to transcutaneous adipocytes 
(Zhang et al. 2017). MeHA was selected as a matrix polymer due to its excellent 
biocompatibility and mechanical properties. Crosslinking of the polymer was done 
by using N, N′-methylenebisacrylamide, which helped in obtaining a sustained 
release. In vivo studies on mice were performed where biomarkers such as PPARγ 
target aP2 and CL 316243 were recorded. The metabolic rates of the mice were 
recorded while on treatment, and the treatment group mice were found to lose 
weight. The oxygen consumption was also increased due to the browning effect.
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9.6  Summary

MN devices have shown tremendous potential in enhancing the availability of drugs 
in localized tissues. This is evident from the exponential increase in the number of 
publications reported yearly over the past decade. Especially, polymeric MN over-
came the limitations of silica and metal MN in enhancing the drug payload and 
stability. Furthermore, polymeric MN allowed application in sensitive tissue such as 
cornea and sclera. MN have been increasingly investigated to deliver a wide variety 
of therapeutics, including small molecules with varied physicochemical properties, 
peptides, proteins, vaccine agents, and nucleic acids, as discussed in this chapter. 
Moving forward, there is a need to identify materials, including polymers, that pro-
vide a greater safety profile and address the challenges associated with the repeat 
application of MN.
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Chapter 10
pH- and Ion-Sensitive Materials 
for Controlled Drug Delivery

Ankit Soni, Anuja Paprikar, Neeraj Kaushal, and Senshang Lin

10.1  Introduction

The conventional drug delivery approaches result in a peak in plasma drug concen-
trations, followed by a plateau and finally a decline in the curve of plasma drug level 
versus time. Consequently, these approaches of drug delivery may cause toxic 
plasma drug concentrations or ineffective plasma levels (Bawa et al. 2009). In addi-
tion, multiple-dose administration is required to maintain the effective drug level in 
the plasma during the course of therapeutic treatment. As a result, an interest in the 
design and development of dosage forms regulating drug release in a controlled 
manner from the dosage forms into the surrounding body fluids has increased in the 
past four decades (Jones 2004). Controlled release formulation approaches for con-
trolling the rate of drug release were developed with aim of reduced toxicity and 
increase patient compliance and convenience. Controlled drug release systems have 
numerous advantages over conventional drug delivery systems. Mainly, plasma 
drug levels can be continuously maintained in a therapeutically desirable range; 
harmful side effects associated with systemic administration can be minimized; 
drugs having short biological half-lives may be protected from degradation.

Controlled drug delivery systems can be classified into various categories based 
on the mechanism controlling the release of the incorporated drug. One of the cat-
egories is diffusion-controlled systems, which can be further classified into reser-
voir (membrane device) and matrix (monolithic device) systems. Another category 
is chemically controlled systems, which are further classified into bio-erodible sys-
tems and pendant chain systems. Swelling and magnetically controlled systems are 
also the categories of controlled release dosage forms (Langer and Peppas 1981). 
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The developments of all the categories of controlled drug delivery systems require 
the use of materials regulating the rate of drug release from the systems and subse-
quently provide a better therapeutic efficacy (Jones 2004). While therapeutically 
advantageous over conventional systems, controlled release systems remain insen-
sitive to the changing metabolic states of the body. To regulate drug release profiles 
with changing physiological conditions, mechanisms capable of responding to these 
physiological variations must be provided. Ideally, a drug delivery system should 
respond to physiological requirements due to the changes in biological environment 
and subsequently adjust the drug-release profile accordingly (Bawa et  al. 2009; 
Gupta et al. 2002).

For the developments of controlled drug release systems responding to the 
change of physiological conditions, stimuli-sensitive materials can be used. The 
stimuli-sensitive materials are able to respond sharply to small changes in physical 
or chemical conditions with relatively large phase or property changes. These mate-
rials can be sensitive to a number of factors that include pH, ionic strength, tempera-
ture, light, electrical field, biomaterials, solvent, chemical agents, and magnetic 
field (Kocak et al. 2017). In response to these factors, the stimuli-sensitive materials 
change in shape, surface characteristics, solubility, formation of an intricate molec-
ular assembly, or a sol-to-gel transition (Ashok Kumar et al. 2007). The physical 
changes that occur are reversible, and the system is capable of returning to its initial 
state when the trigger is removed (Bawa et  al. 2009). These materials are also 
termed as smart or intelligent, environmentally sensitive, and stimuli-sensitive poly-
mers (Hoffman 2013; Jeong and Gutowska 2002).

Among all the recent advances in stimuli-sensitive materials, this chapter over-
views the fields of pH- and ion-sensitive polymeric materials for controlled drug 
delivery. In addition, to achieve site-specific drug release, these materials have been 
widely employed in the controlled drug delivery systems due to their abilities to 
implement specific pH or ion gradients in the human body.

10.2  pH-Sensitive Materials for Controlled Drug Delivery

In response to a pH change of physiological environment, pH-sensitive materials 
can be used since they undergo structural and properties modifications due to the pH 
change. pH-sensitive materials have weak acidic or basic groups in their structures 
and are commonly used to define polyelectrolytes. Depending on the variation of 
the pH environment, they either accept or release protons, based on their functional 
group, and lead to physical transformation (Hafeli 2002). Over the past few years, 
research and applications of pH-sensitive materials have increased considerably. 
Especially, pH-sensitive materials offer the possibility of developing smart func-
tional materials on demand. These materials have several potential applications in 
biomedical field, personal care, industrial processes, and water remediation (Ju 
et al. 2009; Kan et al. 2013; Y. Wang et al. 2016; Yu et al. 2017). Among all, the 
biomedical field is the most widely explored in the research of pH-sensitive 
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materials to develop controlled drug delivery systems, gene carriers, and biosensors 
(Ankit Kumar et al. 2017; Liu et al. 2017; Mathew et al. 2017; Sousa et al. 2017).

10.2.1  Mechanism of Phase Transition 
of pH-Sensitive Materials

Under a particular pH environment, pH-sensitive materials transition themselves 
from coiled structure to expanded state. This behavior is advantageous to develop 
controlled release systems. When a drug-loaded controlled release systems is 
designed with these pH-sensitive materials, the materials will be in expanded state 
at the particular pH environment and subsequently regulate the release of drug in a 
controlled manner for prolonged period of therapeutic treatment.

There are various ionizable groups present in the pH-sensitive materials, which 
can be either acidic groups (i.e., carboxylic acids and sulfonic acids) or basic groups 
(tertiary amines). Similar to acidic or basic groups of monoacids or monobasic mol-
ecules, the acidic or basic groups of these polyelectrolytes can be ionized. However, 
because of the electrostatic effects exerted by other nearby ionized groups, complete 
ionization of these polyelectrolytes is more complicated. This differentiates the 
apparent constant of dissociation of polyelectrolytes from that of the related mono-
acid or monobasic molecules. By modifying the charges along the polymer back-
bone or electrolyte concentrations, the physical properties of pH-sensitive materials, 
such as solubility, chain conformation, configuration, and volume, can be modified. 
This modification can be regulated by electrostatic repulsion forces between adja-
cent molecules. Any factor that modifies electrostatic repulsion, such as pH, ionic 
strength, and type of counter-ions, affects the transformation between a tightly 
coiled structure and an expanded state polymer. This transformation from collapsed 
structure to highly expandable structure can be elucidated by modification in the 
osmotic pressure produced by mobile counter ions that neutralize the network 
charges (S. Dai et al. 2008).

For example, polyacid polymers have acidic groups (negative charge) in their 
structure that remain protonated and unionized at a lower pH environments, and 
thereby these polymers will remain collapsed. On the other hand, these polymers 
swell with increase in pH of the surrounding environment. The polybasic polymers 
have opposite behavior, since they transform from collapsed structure to highly 
expandable structure, when the pH of the surrounding environment reduces (Y. Dai 
et al. 2017). The pH at which phase transition occurs can be modulated by selection 
of ionization group with a pKa value that is desired for the pH range. Also, the phase 
transition can be modulated by the incorporation of hydrophobic functional groups 
into backbone of polymer (Na et al. 2004). The addition of a more hydrophobic 
moiety to the polymeric backbone leads to formation of more compact structure 
formation in the uncharged state and allows additional accused phase transition 
(Kocak et al. 2017).
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10.2.2  Categories and Physicochemical Properties 
of pH-Sensitive Materials

Although pH-sensitive materials can be obtained from natural source, they can be 
synthesized using conventional or controlled radical polymerization techniques. 
Emulsion polymerization is among the most popular synthetic routes for preparing 
vinyl-based, pH-sensitive particulate systems, especially microgel systems (Gregory 
and Stenzel 2012)(Chuang et al. 2009). Broadly, the pH-sensitive materials can be 
categorized as polymers containing acidic groups and basic groups for the develop-
ments of controlled drug delivery systems and are described in brief below 
(Table 10.1).

10.2.2.1  Polymers Containing Acidic Groups

These polymers contain acidic functional groups in their chemical structures and 
are called polyacids or polyanions. The variations of pH in the external aqueous 
media decide the total number of negatively charged groups on the polymer chain 

Table 10.1 List of commonly used pH-sensitive materials for controlled drug release 
characteristics

Category 
of polymer

Example of materials with their functional 
groups References

Anionic Carboxylic acid derivatives:
Poly(acrylic acid) and poly(methacrylic acid), 
poly(methacrylic acid-co-methyl methacrylate), 
HPMC acetate succinate, and Carbopol grade 
polymers

Arya et al. (2017), Bazban- 
Shotorbani et al. (2017),  Islam 
et al. (2004),  Kang and Bae 
(2002), Soni (2014) and Yoshida 
et al. (2013)

Sulfonic acid derivatives:
Poly(2-acrylamido-2-methylpropane sulfonic 
acid), poly(methylpropane sulfonic acid), and 
poly(4-styrene sulfonic acid)

S. J. Kim et al. (2004), Liu et al. 
(2017) and Thakkar and Soni 
(2015)

Sulfonamide groups:
p-amino benzene-sulfonamide, 
sulfadimethoxine, sulfamethazine, sulfisomidine, 
and sulfapyridine

Kang and Bae (2002, 2003) and 
Liu et al. (2017)

Cationic Polypyridine derivatives:
Poly(2-vinyl pyridine) and poly(4- vinyl 
pyridine)

Korsmeyer et al. (1983) and 
Pinkrah et al. (2003)

Imidazole derivatives:
Poly(N- vinyl imidazole) and poly(4-vinyl 
imidazole)

Asayama et al. (2007) and Fodor 
et al. (2012)

Other functional group derivatives:
Poly(N,N-dialkyl aminoethyl methacrylates), 
chitosan, poly(l-lysine), and poly(ethylenimine), 
amino alkyl methacrylate copolymer, and 
poly(vinyl acetal diethylaminoacetate)

Gan et al. (2001), Soni (2015), 
Sousa et al. (2017), Velasco et al. 
(2011) and B. Wang et al. (2014)
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which impart for hydrophilicity tuning in the media. The common example of poly-
mers containing acidic groups is poly(carboxylic acids), such as poly(acrylic acid), 
poly(methacrylic acid), and poly(sulfonamide), which are derivatives of p- 
aminobenzene sulfonamide (Arya et  al. 2017; Kang and Bae 2002). In addition, 
various types of polyacids can be classified by their functional groups.

10.2.2.1.1 Polymers Containing Sulfonic Acid and Sulfonamide Groups

Poly(2-acrylamido-2-methylpropane sulfonic acid) and poly(methylpropane sul-
fonic acid) are the most commonly used polymers containing sulfonic classes. 
These polymers constitute a class of effective polyelectrolyte hydrogels with a high 
degree of ionization. In their structure, they have pendant sulfonate groups and with 
pKa values in the range of 2 to 3. (S. J. Kim et al. 2004). These polymers represent 
a gradual transition over a wide-ranging pH interval, due to their high degree of 
ionization. However, this phase transition over wider pH range limits the applica-
tions of these polymers reacting to pH in a more narrow specific range.

To address this limitation of polymers containing sulfonic acid groups, a new 
class of pH-sensitive materials has been created. This class contains sulfonamide 
groups in the structure (S.  Y. Park and Bae 1999). These polymers are p-amino 
benzenesulfonamide derivatives, which consist of sulfonamides group bound to ani-
line. The sulfonyl group from the amine nitrogen atom can function as an electron- 
withdrawing element, leading ionization and further attachment of hydrogen. The 
pKa of these polymers relies on the chemical composition of the substitution group 
such as sulfadimethoxine, sulfamethazine, sulfisomidine, and sulfapyridine. Also, 
these polymers have a small pH transition range between 0.2 and 0.3 units (Huh 
et al. 2012; Kang and Bae 2003).

10.2.2.1.2 Polymers Containing Carboxylic Acid Group

Poly(acrylic acid) is the most commonly studied polymer containing carboxylic 
acid attached to the polymer chain. At high pH values, available concentration of 
hydrogen ions is low. At low pH media, the COOH groups of the polymer begin to 
de-protonate and release their hydrogen ions, leading to an increase in negatively 
charged groups in the polymer chain. Hence, at high pH environment, the polymer 
converts from folded state to an expanded state. On the other hand, in low pH envi-
ronment, the polymer does not swell. The mechanism of polymer conversion from 
folded state to an expanded state can be described by ionization of polymer in dif-
ferent pH environment based on the pKa value of polymer. For acidic polymer, the 
pH for initiating ionization of the polymer is determined by the value of the disso-
ciation constant of the acid. The pKa values of the polymers depend on the mono-
acid, polymer structure, and molecular weight. For instance, poly(acrylic acid) 
having pKa value of 4.28 becomes predominantly uncharged at pH values below 
4.28. However, at pH values below 4.28, the polymer has anionic charge and leads 
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to its expansion (Bazban-Shotorbani et al. 2017; Gandhi et al. 2015; Kurkuri and 
Aminabhavi 2004).

10.2.2.2  Polymers Containing Basic Groups

Polymers containing basic functional groups are referred to as poly-bases or polyca-
tions. In response to external pH variation, these polymers can alter the number of 
positively charged groups by accepting protons below their pKa. The ionization- 
deionization transition of these polymers normally occurs from pH  7 to pH  11. 
Some of the usual monomers that can be used to synthesize pH-sensitive materials 
are the polycations containing either primary, secondary, or tertiary amine groups in 
the polymer chain and in particular, vinyl, acrylamide, meth-acrylamide, acrylates, 
and meth-acrylates comprising tertiary amine groups. The common examples of 
these polymers include poly(N,N-dialkyl aminoethyl methacrylates), chitosan, 
poly(l-lysine), and poly(ethylenimine) (Huh et al. 2012; Liu et al. 2017).

In comparison with the alkali-swellable carboxyl group as seen in polymer con-
tains acid groups, these polyelectrolytes are acid-swellable groups. The polybasic 
groups are protonated under acidic conditions, which lead to an increase in the 
internal charge repulsions between adjacent protonated polybasic groups. This 
charge repulsion in the polymer groups contributes to an increase in the total dimen-
sions and leads to swelling of polymer molecules. On the other hand, these groups 
become less ionized at higher pH values, which lead to decrease in the charge repul-
sion and increased polymer-polymer interactions. Hence, it leads to reduction in the 
polymer’s overall hydrodynamic diameter and shrinkage at higher pH (Schmalz 
et al. 2010).

Also, nitrogen-containing groups, such as pyridine, pyrrolidine, morpholino, and 
imidazole belong to the group of cationic polymers. Out of all these, the pyridine 
and imidazole derivatives are the most commonly used pH-sensitive polycations 
having a lone pair of electrons available for proton bonding.

10.2.2.3  pH- Sensitive Natural Polymers

There are various synthetic polymers available that are advantageous in controlled 
drug delivery with their biodegradable nature. However, the natural polymers have 
better characteristics in terms of their good biocompatibility, abundance in nature, 
and ability to be readily modified by simple chemistry. These polymers are favor-
able for the development of protein-based molecules due to their nontoxic nature on 
administration, compatibility, and degradation behavior. They are widely used for 
small drug molecules as well for a better drug delivery system. In the past few 
decades, their applications in controlled drug delivery have been increased consid-
erably. For instance, chitosan, dextran, hyaluronic acid, pullulan, and alginate are 
most common applied in controlled drug delivery systems (Alvarez-Lorenzo et al. 
2013; Basu et al. 2015; Hoffman 2012).
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10.2.3  Applications of pH-Sensitive Materials for Controlled 
Drug Delivery

In response to changes in the pH, these materials represent various potential appli-
cations due to their capacity to transition their structure and properties, such as 
volume, chain conformation, and solubility. Many formulation applications have 
been reported in past few decades and are available in the literature. Some of most 
attractive examples for application of pH-sensitive materials are discussed below.

As the human body has extreme physiological pH differences, pH-sensitive 
materials are a very promising medium for controlled drug delivery. The pH along 
the gastrointestinal tract is varying from pH 2 in the stomach, pH 7 in the colon, and 
up to pH 8.2 in the lower duodenum. Also, the pH varies in certain areas, such as 
certain tissues (and tumor zones) or subcellular compartments. Hence, based on the 
changes of pH, it is possible to formulate pH-sensitive drug delivery systems with 
the use of various formulation applications. These formulation applications include 
hydrogel, nanocarriers, solid dosage forms, and polymeric brushes.

10.2.3.1  Hydrogel

Hydrogels are the three-dimensional crosslinked networks of polymeric chains. 
Significant amount of water can be absorbed and hold within the interstitial spaces 
between the polymeric chains. Hydrogels are beneficial as potential materials for 
biomedical applications for controlled drug delivery owing to their softness, hydro-
philicity, viscoelasticity, biodegradability, biocompatibility, and super-absorbency. 
The use of novel “smart polymer” involves the use of pH-sensitive materials to 
prepare the pH-sensitive hydrogels as a controlled drug delivery system. The swell-
ing characteristic of pH-sensitive hydrogels is dependent on various factors includ-
ing hydrophilicity, pH of the swelling medium, ionic charge, pKa/pKb values of 
ionizable groups, polymer concentration, and degree of ionization. Among all these 
factors, pH and the chemical nature of functional groups are the key factors contrib-
uting to the swelling characteristic of pH-sensitive hydrogels.

There are various reports available in the literatures that involve the applications 
of pH-sensitive hydrogels for controlled drug delivery. For instance, one of the 
applications of cationic hydrogels for antibiotic delivery in the stomach for treat-
ment of ulcers has been prepared using chitosan and poly(ethylene imine) 
(Schmaljohann 2006). This hydrogel swells at low pH (acidic medium) environ-
ment owing to protonation of amino/imine groups. These protonated charged moi-
eties on the polymer chains lead to repulsion between adjacent molecules resulted 
in the swelling of polymeric structure under acidic environment. In addition, this 
hydrogel system can be used as a carrier for an injectable drug delivery system. On 
the other hand, the anionic hydrogel containing carboxymethyl chitosan swells at 
alkaline pH environment and can be applied for controlled drug delivery. The degree 
of swelling is based on the ionization of the acidic functional groups presented on 
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the polymer. It leads to ionization of the negatively charged groups on the polymer 
chains producing repulsion between adjacent molecules leading to swelling. This 
anionic hydrogel have been applied for controlled drug delivery at pH 7.4 environ-
ment (Du et al. 2015).

In addition to systemic applications, the pH-sensitive hydrogels have been 
employed for local drug delivery. The delivery of contraceptives and cervical cancer 
treatment agents in the vaginal canal can be accomplished using pH-sensitive 
hydrogel. In brief, the pH of vaginal cavity is slightly acidic (pH 3.8–4.5). With the 
use of polymer swelling at vaginal pH, a controlled drug delivery system can be 
developed. For instance, chitosan has high swelling characteristics in acidic envi-
ronment. Furthermore, chitosan is cationic which promotes interaction of polymer 
with anionic mucosal surface of vaginal cavity. Hence, both muco-adhesive and 
controlled drug release features can be designed by using chitosan-based hydrogel. 
Furthermore, doxorubicin-loaded in situ hydrogel was developed using chitosan for 
the treatment of common cervical cancer as a controlled drug delivery system 
(Jalalvandi and Shavandi 2018; Rizwan et al. 2017).

10.2.3.2  Nanocarriers

Polymers containing carboxylic acid as an ionizable groups are the ideal candidates 
for fabricating pH-sensitive nanocarriers as controlled drug delivery systems. Some 
unique advantages, such as drug delivery, diagnostic, and image enhancement, are 
associated with nanocarriers. To improve therapeutic efficacy and minimize the 
undesirable side effects of the controlled drug delivery systems at specific sites in the 
body, the nanocarriers are generally considered (Felber et al. 2012). An example of 
nanocarriers can be pH-sensitive micellar systems, designed with elegant block 
copolymer system using poly(ethylene oxide) as the hydrophilic component and 
series of tertiary amine monomers as hydrophobic blocks (Ma et al. 2014). When the 
pH is higher than the pKa of pH-sensitive micelle systems, the hydrophobic group 
remains hydrophobic. This effect leads to formation of self-assembly and quenching 
of fluorescence signal through photoinduced electron transfer. On the other hand, 
when pH is lower, the hydrophobic group converts to protonated making disassem-
ble the micelles and increasing the fluorescence significantly. The dissembled micel-
lar structure at lower pH (below 6) triggers the release of drug from pH- sensitive 
micelle systems into the endosomal or lysosomal cell compartments (Ma et al. 2014).

10.2.3.3  Polymer Brushes

Biomaterials can be distinguished according to supramolecular structures designed 
for medical device applications. Among the various biomaterials, polymer brushes 
and nanoparticle structures are the examples. Polymer brushes are monolayers of 
pH-sensitive material as a polymer connected to a solid support. Polymer brush sur-
faces have potential applications, such as low friction biological surfaces, organizers 
of nanoparticles, and stabilizers of nanoparticles for nuclear magnetic resonance 
contrast agents, mimetic and antifouling biological surfaces, and high dielectric 
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polymer coatings (Kocak et al. 2017). pH-sensitive polymer brushes are composed 
of ionizable functional groups that can accept or donate protons in response to pH 
environmental changes. Polymeric brushes are generally composed of weakly acidic 
or basic groups with pKa values about which the degree of ionization is significantly 
altered. Upon alteration to pH, it leads to alteration in the net charge of the functional 
group, which generates significant change in the hydrodynamic volume of the poly-
mer chains to cause their rapid swelling. This rapid swelling results from the changes 
in the osmotic pressure exerted by surrounding counter ions. Moreover, the poly-
meric brushes are sensitive to effect of ionic strength. Moreover, pH-sensitive poly-
mer brushes are typically also sensitive to changes in ionic strength, where screening 
of repulsive electrostatic interactions increases with increasing ionic strength result-
ing in the collapse of polymeric brushes (Chen et al. 2010).

Another interesting application of polymeric brushes is to deliver antimicrobial 
agent. The delivery system consists of a layer of poly(methyl methacrylate), cova-
lently immobilized over a layer of antimicrobial peptides. The poly(methyl methac-
rylate) chains remain extended under physiological conditions and make the 
hierarchical surface biocompatible with mammalian cells (Yan et al. 2016). This 
work broadens the therapeutic applications of cationic antimicrobial peptides and 
provides the foundations for the production of smart materials with multi- 
functionalities to practical biomedical applications.

Apart from these examples, various pH-sensitive materials have been synthe-
sized with or without modifications for controlled drug delivery. Some of them are 
listed in Table 10.2 along with the mechanism of the polymerization reaction, effect 
of pH on polymer structure, and advantages of the drug delivery system.

10.2.3.4  Ion-Sensitive Materials for Controlled Drug Delivery

Ion-sensitive materials are the polymers that contain ionizable groups in their struc-
ture which are responsible for their property of being sensitive to ionic strength. 
The variations in ionic strength of environment trigger physical changes in polymer 
solubility, swelling, polymer micelle size, and fluorescence quenching kinetics of 
electrolyte-bound chromophores. The effect of ionic strength in polymers is closely 
linked to the pH. Ionic strength variation leads to phase transition of acidic or basic 
polymers, but it would not affect the action of a non-ionizable polymer. However, at 
a given ionic concentration (i.e., sodium chloride) in an aqueous solution, a distinct 
transformation occurs in this polymer.

10.2.4  Mechanism of Phase Transition 
of Ion-Sensitive Materials

The mechanism of phase transition involving ionic activity can be described by two 
widely utilized approaches: effect of ionic strength and in situ gelation. Also, ion 
exchange resin is an approach where drug release can be controlled by effect of 
complexation of drug with materials.
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Table 10.2 Formulation application of pH-sensitive materials for controlled drug release   
characteristics

Formulation 
approach Materials Mechanism of polymerization

Hydrogel Polymer: Poly(L-lactide)-co-
polyethylene glycol-co- 
poly(L-lactide) 
di-methacrylates along with 
L-lactide oligomers as a 
crosslinker and copolymerized 
with acrylic acid and 
N-isopropyl acrylamide
Drug: Doxorubicin and 
tetracycline

Polyethylene glycol and L-lactide mixed and 
heated at 130 °C. after it cooled down to room 
temperature, the solid was dissolved in 
dichloromethane before pouring into excess 
diethyl ether. That leads to form precipitate 
comprising of polymer diols. After drying of the 
precipitate, resulting polymeric diols dissolved in 
dichloromethane, and triethylamine and 
methacrylic anhydride in dichloromethane were 
added, and reacted to give the end-capped 
polymer diols

Polymer: Acrylamide and 
methyl acrylic acid with 
N-N′-methylene 
bisacrylamide
Drug: Theophylline

Prepared using free radical polymerization 
method in presence of sodium bicarbonate as a 
blowing agent

Polymer: Synthetic polymers, 
poly(2-(alkylamino) ethyl 
methacrylate) derivatives

Block copolymers (with pKa values between 6.3 
and7.5) can be developed by reversible-
deactivation radical polymerization. This 
polymerization leads to formation of 
pH-sensitive free-standing gels

Polymer: Block copolymers 
consisting of a pH-sensitive 
block that is poly(2-
(diisopropylamino) ethyl 
methacrylate) and a 
biocompatible zwitterionic 
poly(2-(methacryloyloxy) 
ethyl phosphorylcholine) block

Hydrogel films prepared by spin-coating of 
methanolic solutions. The basic building blocks 
formed by the physical entanglement of 
“flower- like” micelles of pH-sensitive unionized 
poly(2-(diisopropylamino) ethyl methacrylate) 
surrounded by biocompatible ionizable 
poly(2-(methacryloyloxy) ethyl 
phosphorylcholine blocks

Polymer: Carboxymethyl 
cellulose/2-hydroxyethyl 
acrylate
Drug: Naringenin

Naringenin-loaded hydrogel was prepared using 
carboxymethyl cellulose dissolved in distilled 
water at 75 °C and 400 rpm in a water bath. 
Nitrogen gas was then injected into the dissolved 
CMC solution to reduce the partial pressure of 
oxygen in the flask. Potassium persulfate was 
added to it as a radical initiator, and the mixture 
was left to react. Upon completion of the 
reaction, the compound was cooled sufficiently 
at room temperature

Polymer: Chitosan-
poly(ethylene oxide) 
hydrogels
Drug: Metronidazole

Hydrogel matrix was synthesized by crosslinking 
chitosan and poly(ethylene oxide) in a blend to 
form semi-interpenetrating polymer network

Solid 
dosage form

Polymer: Matrix of 
hydroxypropyl 
methylcellulose (HPMC) and 
Carbopol® 934
Drug: Diclofenac sodium

HPMC and carboxy polymer were used as 
hydrophilic polymeric matrix formers with 
diclofenac sodium as a model drug. The diluent 
was lactose, starch, and magnesium stearate 
were used as a release modifier and lubricant, 
respectively.
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(continued)

Effect of pH on polymer structure Advantage References

The hydrogel has high swelling 
property at physiological pH, due 
to ionization and subsequent 
repulsion between the poly(acrylic 
acid) units at this pH 7.4

This hydrogel is “smart drug 
carriers” that allow controlled dual 
drug release for the anti-cancer drug 
doxorubicin and antibiotic 
tetracycline.
The hydrogel found to be nontoxic 
based on cell culture study

Xu et al. (2018)

The hydrogel has minimum 
swelling in gastric pH 1.2, and 
maximum swelling and release of 
drugs in intestinal medium pH 6.8

Can be used as a versatile platform 
for targeted controlled release of 
gastric-sensitive therapeutics into 
the small intestine

Hibbins et al. (2017)

Insoluble at neutral pH but readily 
dissolved as cationic 
polyelectrolytes in acidic media 
due to protonation of the tertiary 
amine residues

Has potential as controlled- release 
delivery vehicles for drugs, 
pesticides, perfumes, dyes, and 
other active compounds

Bütün et al. (2001) 
and Castelletto et al. 
(2004)

Tri-block copolymer forms a 
free-standing transparent gel 
comprising a 3D network above pH 7.
At higher gel pH, the poly(2-
(diisopropylamino) ethyl 
methacrylate) chains become more 
deprotonated and hence more 
hydrophobic

Upon adjustment of pH over a 
narrow range (physiologically 
relevant pH 7–8), elasticity of the 
hydrogels could be conveniently 
tuned over a wide range

Bütün et al. (2001) 
and Yoshikawa et al. 
(2011)

The swelling ratio of this hydrogel 
increased at pH 7.5 and 8.5 with a 
stable gel network

The hydrogel may be useful for 
transdermal delivery system of 
naringenin to treat atopic dermatitis.
Helpful for controlled delivery of 
naringenin via Fickian diffusion 
mechanisms from hydrogel matrix

S. H. Park et al. 
(2018)

Chitosan has pH-dependent 
swelling in acidic environment that 
leads to swollen hydrogel in 
stomach environment

Localized delivery of the loaded 
drug in the acidic environment of 
the gastric fluid

Patel and Amiji 
(1996)

Due to the chemical nature of 
Carbopol® 934, higher swelling of 
the polymer is seen at pH 5 to 9

Ideal for providing controlled drug 
release throughout the 
gastrointestinal track, since. 
Carbopol® 934 controls the drug 
release in intestinal media based on 
high swelling capacity. HPMC 
controls the drug release in both 
acidic and intestinal media

Bravo et al. (2004)

Table 10.2 (continued)
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Table 10.2 (continued)

Formulation 
approach Materials Mechanism of polymerization

Polymer: HPMC 15 M and 
poly(methacrylic acid, ethyl 
acrylate)
Drug: Diclofenac sodium

Matrix tablets with HPMC 15 M and 
poly(methacrylic acid, ethyl acrylate) were 
formulated using a fluidized bed using 
diclofenac as a model drug. Microgranules were 
prepared using drug and polymers, followed by 
the matrix tablets prepared by direct 
compression on a tablet press

Polymer: Graft copolymer of 
poly(ethylene glycol) with 
poly(methacrylic acid)

Matrix was synthesized by copolymerizing 
poly(ethylene glycol) methacrylate 
macromonomers with methacrylic acid in the 
presence of a crosslinking agent, tetraethylene 
glycol dimethacrylate

Polymer: Alginate-based 
microsphere

The alginate crosslinks with calcium ions to 
form temporary microspheres, which are 
stabilized by incubation with 0.2% poly-l-lysine

Nanocarrier Polymer: Poly(methacrylic-
grafted-ethylene glycol) in the 
presence of hydrophobic 
nanoparticles
Drug: Doxorubicin

Poly(methacrylic-grafted-ethylene glycol) 
hydrogels matrix were dispersed with 
poly(methyl methacrylate) nanoparticles by first 
forming the nanoparticles core and then 
polymerizing the hydrogel in the presence of 
poly(methyl methacrylate) nanoparticles

Polymer: Cationic pullulan 
and anionic dextran 
derivatives
Drug: Piroxicam

Cationic derivative of pullulan was synthesized 
by grafting reaction and used together with 
dextran sulfate to form polysaccharide-based 
nanohydrogel crosslinked via electrostatic 
interactions using piroxicam as a drug. Due to 
the polycation-polyanion interactions 
nanohydrogel particles were formed instantly 
and spontaneously in aqueous medium

Polymer: Poly(L-histidine-co-
phenylalanine) nanogel
Drug: Doxorubicin

The nanogel matrix of doxorubicin composed of 
a hydrophobic polymer core, and two layers of 
hydrophilic shell. The core was made of 
poly(L-histidine-co-phenylalanine). Polyethylene 
glycol forms the inner hydrophilic shell, whereas 
polyethylene glycol end is linked to polymer 
core, and bovine serum albumin forms a 
capsid-like outer shell. The core and inner shell 
were constructed by an oil-in-water emulsion 
method
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Effect of pH on polymer structure Advantage References

Poly(methacrylic acid, ethyl 
acrylate) is capable of controlling 
the release of drug in stomach 
environment due to its 
pH-dependent swelling capability 
in lower pH

Poly(methacrylic acid, ethyl 
acrylate) polymer is effective in 
providing controlled drug release in 
acid environments. Whereas, HPMC 
K15M has a low sensitivity to pH 
and ionic strength and has better 
swelling characteristic in intestinal 
media. The drug release rate is 
controlled by HPMC K15M in 
intestinal media

Lamoudi et al. 
(2012)

Changing the pH from acidic to 
basic (pH > 7) resulted in a large 
increase in swelling.

These polymeric matrix forming 
polymer may be useful in controlled 
release applications due to their 
large, controllable swelling 
transitions

Peppas and Klier 
(1991)

Gelling properties of alginate 
microsphere is pH dependent. At 
low pH (gastric environment), 
alginate shrinks, and the 
encapsulated drug is not released. It 
has good swelling at intestinal pH 
environment

Alginate microspheres are better 
vehicle for oral delivery for protein 
antigens, and intestinal IgA 
antibody responses are induced by 
antigens encapsulated in alginate 
microspheres without any additional 
mucosal adjuvant

B. Kim (2002)

Poly(methacrylic-grafted-ethylene 
glycol) contains methacrylic acid 
with a pKa value around 4.8 that 
leads to increase in the degree of 
swelling as it travels to the colon 
environment (pH 7–8)

Provide local, direct delivery of 
doxorubicin to the colon for the 
treatment of colon cancer

Schoener et al. 
(2013)

The pH-dependent drug release 
observed at pH 4 for prolonged 
period of time

Targeted controlled drug delivery of 
piroxicam can be possible using 
nanogel approach. Nanoparticles 
were colloidally stable and their size 
and the surface charge could be 
controlled by the polycation/
polyanion ratio

Lachowicz et al. 
(2019)

pH-induced reversible swelling/
deswelling of the polymeric core is 
closely linked to the release rate of 
incorporated doxorubicin. The 
nanogels help in release of 
significant amount of drug at 
endosomal pH 6.4 to provide 
targeted intracellular delivery

No apparent cytotoxicity or 
systemic toxicity was observed in 
the mouse models for the polymer. 
The BSA shell is conjugated with 
folate ligands that leads to enhanced 
targeted delivery of nanogel for 
antitumor activity

Lee et al. (2008)

Table 10.2 (continued)
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Polyelectrolytes are the hydrophilic polymers containing ionizable groups. After 
dispersion in water, polyelectrolytes dissociate and generate charged polymer 
chains (macroions) and small counter ions (Dobrynin and Rubinstein 2005). By 
varying ionic strength, highly charged polyelectrolytes can be shielded; thus, it 
leads to change in the charge density and adsorption behavior (Shiratori and Rubner 
2000). The polymer coil can outspread to a high expansion in low ionic-strength 
environments. However, upon increase in the ionic strength, the repulsion between 
the charged polymer segments is increased by ions in the solution involving less-
expanded polymer coil (Bolto and Gregory 2007).

The in situ gel is a solution dosage form and, after administration, forms a gel 
upon contacting with the mucosa or physiological environmental. The formation of 
gel is due to the viscosity of solution increased. This behavior is attributed to the 
presence of the smart materials in the dosage form. For instance, gellan gum, being 
one of the most promising in situ gelling materials, is an anionic, exocellular, 
deacetylated bacterial polysaccharide secreted by Sphingomonas paucimobilis (for-
merly known as pseudomonas elodea) with a tetrasaccharide repeating unit of 1β-l-
rhamnose, 1β-d-glucuronic acid, and 2β-d-glucose (Shi-lei et al. 2009). The presence 
of cations is important for this gelation mechanism, which involves the formation of 
double-helical junction zones, followed by the aggregation of double-helical seg-
ments by complexation with cations and hydrogen bonding with water to form a 
three-dimensional network (Shi-lei et al. 2009; Salunke and Patil 2016). Divalent 
cations are much more effective at fostering gelation than monovalent ones. It has 
to be noted that the human nasal mucosa consists of sodium, potassium, and cal-
cium ions. In response to presence of these cations in the nasal mucosa, a solution-
gel phase transition can be expected (Shi-lei et al. 2009).

The use of ion-exchange resin involves complexation with drug in order to 
implement its application in controlled drug delivery. Ion-exchange resins are insol-
uble polymers comprised of a polystyrene backbone crosslinked with divinylben-
zene and side chains of ion-active groups (Yoshida et  al. 2013). Majority of 
ion-active groups in the ion-exchange resin include tertiary amine substitutes, qua-
ternary ammonium, sulfonic acid, and carboxylic acid. These groups are useful in 
complexation based on electrostatic interaction between the drug and the resins 
which impacts the drug loading of the ion-exchange resins. The drug and ion 
exchange resin complex can be implemented for oral formulations, such as liquid 
suspensions, capsules, and beads, the drug-resin complexes (Guo et  al. 2009b; 
Yoshida et al. 2013). Upon contact with a solution containing the corresponding 
counter ions to that of particular ion exchange resin, drug release from the resins is 
controlled by an ion exchange equilibrium reaction. Therefore, drug-resin binding 
can be preserved during storage by keeping the drug-resin complexes free of the 
resin counter ions in the liquid. In contrast, owing to the presence of ions in the 
saliva and gastrointestinal fluids, upon oral administration, their secretion drives the 
equilibrium forward and promotes the drug release (Guo et al. 2009b).
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10.2.5  Applications of Ion-Sensitive Materials for Controlled 
Drug Delivery

The role of ion-sensitive materials has been widely utilized for controlled drug 
release applications. These include natural and synthetic polymers that are benefi-
cial for not only controlled delivery but also targeted drug delivery. For example, 
gellan gum, a natural polymer, has been used for controlled drug release in ophthal-
mic applications. A controlled ocular delivery of brinzolamide from a liquid formu-
lation containing gellan gum has been reported (Sun and Zhou 2018). This liquid 
formulation, upon contacting with tear fluid after the administration into eye, was 
converted into a gel form for controlling the drug release. In this study, not only the 
in vitro release profiles showed the controlled release of brinzolamide from the in 
situ gel, but also prolonged lowering of the intraocular pressure was observed after 
administration. Another study has shown application of gellan gum as an ion-sensi-
tive gel forming material for in situ estradiol gel solution eye drops for the preven-
tion of age-related cataracts (Kotreka et al. 2017). In brief, the solution eye drops 
resulted in an in situ phase change to gel state, upon mixing with simulated tear 
fluid, for controlled release of estradiol from the formed gel following non-Fickian 
release mechanism.

Carrageenan is another type of polymers with similar features to gellan gum, 
especially with regard to their gelling properties. Carrageenan is the generic name 
for a family of high molecular weight sulfated linear polysaccharides of d-galactose 
and 3, 6-anhydro-d-galactose (Bazban-Shotorbani et al. 2017). These polysaccha-
rides can be traditionally split into six basic forms: kappa (κ)-, iota (τ)-, lambda (λ)-, 
mu (μ)-, nu (ν)-, and theta (θ)-carrageenan. Based on their physicochemical proper-
ties, κ- and τ-carrageenan can form gel easily, especially in the presence of monova-
lent and divalent ions (Li et al. 2014). Out of these forms, τ-carrageenan showed 
suitable rheological and controlled release characteristics for potential applications 
as vehicles for oral delivery of acetaminophen to dysphagic patients and children 
(Miyazaki et al. 2011). In another study, when comparing the topical ophthalmic 
formulation containing a radiotracer labeled gellan gum and κ-carrageenan with 
respect to an aqueous solution, it was observed that ophthalmic hydrogel formed 
with κ-carrageenan and gellan gum remained on the corneal surface for long periods 
(Fernández-Ferreiro et al. 2017).

Alginate has been studied widely as an attractive ion-sensitive polysaccharide, 
especially because of its biocompatibility, biodegradability, and reversible aqueous 
gelation chemistry with di- or trivalent cation. Alginate is a naturally occurring 
anionic polymer typically (Smidsrød and Skja 1990). Alginate-based ion-sensitive 
hydrogel can be fabricated using oil-in-water high internal phase emulsion tech-
nique. The hydrogel formed by use of methacrylate-modified alginate was cova-
lently crosslinked with in the water phase (external phase) and the oil phase (internal 
phase). This highly porous and biocompatible hydrogels displayed a controllable 
ion-sensitive function and well-controlled morphology of the pore (Zhou et al. 2013).
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For a better absorption characteristic of nicotine from buccal mucosa, ion 
exchange resin-based chewing gum has been applied (Guo et al. 2009a). To achieve 
better absorption, a carboxylic acid-based ion-exchange resin was used. The resin 
effectively suppressed the release of nicotine to just 5% in pure salt-free water; on 
the other hand, 70–90% of the drug release was observed in saliva within 30 min 
(Guo et al. 2009a). In another study, a sulfonic acid ion-exchange resin was used to 
achieve the continuous release of dextromethorphan from a liquid suspension. The 
drug-resin complexes were partly coated with ethylcellulose. The complexes (i.e., 
coated ethylcellulose-drug resin complexes and the uncoated complexes with an 
estimated ratio of 2:1) produced a constant concentration of plasma drugs for 12 h 
(Nadkar and Lokhande 2010). The coating of water-insoluble polymers on drug 
particles without resin does not have a driving force to facilitate the release of drugs 
and leads to incomplete drug release into gastrointestinal fluids. The drug-resin 
complexed drug delivery systems have the big benefit of the absolute release of the 
drug triggered by the ionic equilibrium. The drug release rate from drug-resin com-
plexes, on the other hand, depends on the strength of drug-resin interactions. 
Interestingly, nicotine has sufficiently strong interaction with the resin to achieve 
controlled drug release. Nevertheless, pseudoephedrine and dextromethorphan have 
insufficient drug-resin interactions; hence, coating of the drug-resin complexes with 
water-insoluble polymers is essential for controlled drug release. For balancing 
drug release suppression and achieving maximum drug release, the combined use of 
drug-resin complexes and polymer coatings is very useful. As oral disintegrating 
tablets and pediatric liquid formulations become more common, ion-exchange res-
ins in those formulations will certainly play a more important role in not only con-
trolled drug release but also taste-masking.

To control the drug release via a polymer membrane, in addition to the charge, 
the swelling capacity of the polymer needs to be considered. Anion-responsive drug 
release can be obtained with the use of cationic polymers containing quaternary 
ammonium groups. For instance, Eudragit RL and RS copolymers [i.e., poly(ethyl 
acrylate-methyl methacrylate-trimethylammonium ethyl methacrylate chloride) 
copolymers] are practically insoluble in water. However, it can be hydrated and 
swell in water based on surrounding ionic environment. Therefore, depending on 
the swelling capacity of the polymer coating, polymers may be coated with beads 
and tablets containing drugs for oral formulations to control drug release via the 
polymer membrane. Good interaction in the media between the quaternary ammo-
nium groups and counter ions causes less hydration or swelling and leads to slower 
release of the compound. It can be noted here that Eudragit RL- and RS-coated 
beads have been reported to exhibit buffer species-dependent drug release kinetics 
of diltiazem. In a study, based on the unique strength of interaction between the buf-
fer anions and the quaternary ammonium groups of Eudragit RL and RS, the chlo-
ride ion in buffer media indicated highest order of drug release as compared to 
acetate and formate (Bodmeier et al. 1996). Additionally, Eudragit RS coating has 
been reported to aid in achieving a sigmoidal drug release profile. It consists of a 
bead system that had been prepared by coating Eudragit RS onto a drug core con-
taining drug and organic acid. It was reported that the orders of hydration and drug 
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release rates were highest for acetic acid, followed by succinic acid, glutamic acid, 
malic acid, tartaric acid, and citric acid. After oral administration of the bead system 
to dogs, the controlled drug release profiles were observed (Narisawa et al. 1997).

Another interesting approach includes use of polymers exhibiting lower critical 
solution temperature transitions for ion-sensitive drug delivery systems. Several 
polymers, such as poly(N-isopropylacrylamide), cellulose derivatives, poly(vinyl 
ether), and poly(N-vinyl caprolactam), exhibit lower critical solution temperature 
transitions in aqueous solutions (Crespy and Rossi 2007). At temperatures below 
lower critical solution temperature, these polymers are soluble in water owing to 
favorable hydration. However, at temperatures above lower critical solution tem-
perature, they are insoluble to the entropy-driven dehydration and collapse of the 
hydrophobic polymers. The lower critical solution temperature of polymers can be 
reduced by use of highly water-soluble substances, such as electrolytes and sugars, 
which surround the polymers and remove water molecules from the polymers. This 
is referred to as the salting-out effect. To effectively control drug release, various 
oral formulations containing these polymers and salts have been reported. For 
instance, tablets containing terbutaline sulfate and Na2SO4 and coated with a 
poly(N-isopropylacrylamide) layer were prepared, aiming for colon drug delivery 
by generating long drug release lag time (Eeckman et al. 2002).

Although tablets comprising of ion-sensitive materials and ions is an interesting 
concept; the expected in vitro drug release performance may be tricky. However, 
with the use of FDA-approved polymers such as hydroxypropyl methylcellulose 
(HPMC) and polyethylene oxide, the in vitro performance is simpler. The dissolved 
salts, such as sodium carbonate, in the saliva, prevent the water-soluble polymers, 
for example, HPMC, from dissolving based on the salting-out effect. The drug 
release is suppressed due to the insolubilized part of the water-soluble polymers. 
However, in the gastrointestinal tract, most of the salts dissolve in the salting-out 
layer and further are released from the system. Although the salting-out effect gets 
minimized leading to immediate drug, this system generates long lag time in drug 
release as well. Studies have demonstrated that the major mechanism of the con-
trolled drug release of this system is the salting-out effect (Tasaki et al. 2009). Ion-
sensitive materials not only are limited to oral drug delivery system but also has 
found various applications in local drug delivery systems, such as ophthalmic, sub-
cutaneous depot, and transdermal formulations. Integrated use of polymers, ions, 
and other materials may lead to improved sensitivity to slight changes in ion con-
centrations, enabling drug delivery systems at target sites to have greater accuracy 
in site-specific drug release.

10.3  Conclusions

As for controlled drug delivery, pH- and ion-sensitive materials have been utilized 
to overcome limitations associated with conventional dosage forms. By using these 
pH- and ion-sensitive materials, drug delivery systems can be developed to control 
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not only the drug release but also its release triggered by the pH and ion strength 
environments of the delivery systems. Numerous pH- and ion-sensitive materials 
have been studied in past two decades with mechanism of their phase transition in 
response to variation in physiological environment. This phase transition character-
istic of pH- and ion-sensitive materials has found various applications to provide 
local and/or systemic site-specific controlled drug delivery via oral, parenteral, ocu-
lar, and vaginal drug delivery by use of various types of dosage forms. However, 
limited research has been performed for the toxicity for their in vivo application. 
Further research is required to deeply investigating the mechanisms in the physio-
logical setting by conducting in vivo experiments to further advance their therapeu-
tic applications.
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Chapter 11
Thermo-Responsive Polymers and Their 
Application as Smart Biomaterials

Jittima Amie Luckanagul, Khent Primo Alcantara, Bryan Paul I. Bulatao, 
Tin Wui Wong, Pornchai Rojsitthisak, and Pranee Rojsitthisak

11.1  Introduction

Polymers play an essential role in developing biomaterials (Wichterle and Lim 
1960; Kwon et al. 1991). Their subunit and macromolecular structure varieties lead 
to intra- and intermolecular forces that determine the characters and functionalities 
of polymers. The control over the structural design and synthesis of polymers is 
crucial in developing materials for biomedical use. The continued efforts in research 
and development focus on the efficiency and proficiency in biomaterials fabrication 
and processing approach with recent success in clinical applications (Liu et  al. 
2008; Yang et al. 2008). There is a considerable number of research studies in devel-
oping biocompatible polymers in which artificial organs and drug delivery systems 
have been designed and applied clinically (Hoffman 2002). Utilizing polymers for 
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such applications relies mainly on the self-organizing and biocompatible properties 
of these macromolecules (Khan et al. 2015). Polymeric biomaterials are generally 
categorized by how they are acquired, either by synthetic or natural origin. They can 
be further classified as biodegradable or non-biodegradable types. Biodegradable 
polymers, including synthetic and natural ones, have drawn great attention as bio-
medical materials due to their biocompatible nature that facilitates material-cells/
tissue interaction (Khan et al. 2015). With the advances in materials science, more 
investigative research studies have been carried out to develop more efficient and 
clinically acceptable smart materials (Mura et al. 2013).

Smart materials refer to systems that have dynamic intrinsic properties allowing 
them to respond to slight environmental changes. Among the smart materials, 
stimuli- responsive polymers have been employed to develop drug delivery systems 
(Ward and Georgiou 2011; Kim and Matsunaga 2017; Shahriari et al. 2020; Sarwan 
et al. 2020). Many stimuli can trigger the transition of materials and support smart 
polymers’ function, such as temperature, pH, ion concentration, electric/magnetic 
fields, and light (Schmaljohann 2006; Thornton et  al. 2007; Bajpai et  al. 2008). 
Thermo-responsive polymers are among the most investigated stimuli-responsive 
polymers for biomedical applications due to their reversible phase transition with 
temperature changes (Kim and Matsunaga 2017). Their physical properties can be 
modulated by internal physiological temperature or external heat triggers (Doberenz 
et al. 2020). Upon exposure to body temperature, the thermo-responsive polymer 
functions as a controlled release matrix for local or systemic delivery of therapeutic 
molecules or as a growth medium for tissue engineering cells (Sarwan et al. 2020). 
The thermo-responsive polymers have been developed in the form of solid, semi-
solid, or liquid dosage forms such as liposomes, nanogels, hydrogel-coated metal 
nanoparticles, nanoparticle-hydrogel composites, polymeric nanoparticles, nanofi-
bers, polymeric micelles, elastin-like peptide-drug conjugates, interpenetrating net-
works, micelles, crosslinked micelles, polymersomes, and films (Ward and Georgiou 
2011; Ghosh Dastidar and Chakrabarti 2019).

Over the years, hybridization of thermo-responsive polymers with thermo- or 
non-thermo-responsive molecules or polymers has been carried out to improve their 
mechanical strength, adjust transition temperature, and improve their clinical appli-
cability (Haladjova et al. 2014; Bordat et al. 2019; Sarwan et al. 2020). Fabrication 
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of thermo-responsive polymers with stimuli-responsive materials to construct dual- 
responsive materials has also gained attention to enhance material characteristics 
and their performance in cell and animal models (Shahriari et al. 2020). In terms of 
drug and gene delivery, numerous attempts have been carried out to improve the 
temperature response at which controlled and targeted release of the therapeutic 
molecules are warranted to maximize safety and prevent suboptimal concentrations 
in the target site. However, the promising results of all the research studies under-
taken on complex systems have yet to reach clinical trials and be applied clinically. 
In tissue engineering, significant efforts have been put into constructing thermo- 
responsive matrices with enhanced mechanical integrity, biodegradability, and simi-
larity to the extracellular matrix of human tissues (O’Brien 2011). Numerous studies 
are evolved to construct complex tissue substitutes, and some have paved their way 
into clinical trials (Ward and Georgiou 2011; Haraguchi et al. 2012; Moschouris 
et  al. 2016; Takahashi and Okano 2019; Doberenz et  al. 2020). Optimizing the 
material and process parameters will eventually lead to the development of innova-
tive and clinically acceptable thermo-responsive platforms. The reversible property 
and versatility of thermo-responsive polymers have made them attractive smart 
materials in the fields of drug delivery, gene delivery, and tissue engineering (Kim 
and Matsunaga 2017). An overview of the biomedical materials used to support the 
applications of thermo-responsive polymers is depicted in Fig. 11.1.

Fig. 11.1 Overview of the biomedical applications of thermo-responsive polymers
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11.2  Mechanisms of Thermo-Responsive Polymers

Thermo-responsive polymers can perform reversible phase (or volume) transition 
with an alteration in the surrounding temperature (Hoffman 2013). Such property 
provides the polymers with the smartness to remotely take commands and cause 
desirable temperature-manipulative effects. The human body temperature ranges 
between 35 and 37 °C. The thermo-responsive polymers can have specific physical 
properties switchable in response to a change in the temperature. The alteration of 
the physical properties is brought about by hydrophilic/hydrophobic changes across 
its transition temperature (Kim and Matsunaga 2017). The external temperature 
change modulates the hydrophobic interaction capacity of the thermo-responsive 
polymer (Nagase and Okano 2016).

The thermal responsiveness of polymers is accompanied by linear and solubi-
lized smart macromolecules pass from monophasic to the biphasic system giving 
rise to a reversible change of morphology and physical properties. Chain reorgani-
zation of smart polymeric networks results in the expansion of the network and vice 
versa as a function of temperature. Smart surfaces can have their surface hydrophi-
licity/hydrophobicity altered against a stimulus, and polymers swell or shrink in a 
solvent (Flory 1953). The smart responsiveness of polymers can be adopted in the 
development of minimally invasive injectable systems such as temperature-induced 
in situ gel of triblock copolymers containing amino-modified poly(ε-caprolactone) 
(PCN) with poly(ethylene glycol) (PEG). PCN-b-PEG-b-PCN is developed as 
sustained- release drug carrier (Guo et  al. 2020); pulsatile drug delivery systems 
such as copolymer N-isopropylacrylamide-co-acrylamide (NiPAAm-co-AAm) gel 
is designed with its phase volume being reduced at 45 °C, releasing drug through 
raising temperature via the absorption of acoustic energy of focused ultrasound 
transducer applied on tissues (Ordeig et al. 2016; Ciancia et al. 2020), or new sub-
strates for cell culture or tissue engineering where the in situ gel is used as a stem 
cell carrier to treat cartilage defect and locally immobilize bone marrow mesenchy-
mal stem cells for regeneration of cartilage (Yang et al. 2020; Sponchioni et al. 2019).

The thermo-responsive polymers are classified into three categories: (1) shape- 
memory polymers (SMPs) (Strzelec et  al. 2020), (2) liquid crystalline polymers 
(LCPs) (Risteen et al. 2018), and (3) stimuli-responsive polymers (SRP) (Ghaeini- 
Hesaroeiye et al. 2020).

11.2.1  Shape Memory Polymers (SMPs)

SMPs are constituted of a composition that responds to a thermal trigger within the 
temperature range of interest, with simultaneous polymer crosslinkage to introduce 
a permanent shape to the materials (Hager et al. 2015; Safranski 2017). Temporary 
and dormant morphology and properties of these materials can be induced under 
specific temperature and stress conditions. The initial configuration can be 
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completely recovered through its elastic deformation under environmental com-
mand. SMPs are available as thermoplastic elastomers or thermosets as a function 
of the crosslinked nature (Safranski 2017). The shape memory has two phases: one 
is responsible for shape fixation, and the other accounts for shape reversibility, 
where the polymer molecules gain a higher level of mobility (Mazurek-Budzyńska 
et al. 2019). The memory capacity of SMPs is governed by the number molecular 
weight of each segment, melting temperature, or glass transition temperature (Zhou 
et al. 2012; Meng et al. 2016). Thermoplastic polymers with lower glass transition 
temperatures or molecular weight are presented with inferior shape fixation than 
thermoset polymers. This is attributed to the reduced crosslinking tendency of the 
former. Practically speaking, when the materials possess low mechanical strength, 
the accuracy of their recovery and memory is poor (Mu et al. 2018). The current 
scientific interest focuses on biocompatible thermally induced SMPs for the appli-
cations as surgical materials (Hager et al. 2015; Hamdy Makhlouf et al. 2020) and 
drug delivery systems (Erkeço lu et al. 2016). The thermoset SMPs are intrinsically 
stable with greater tensile strength than the thermoplastic variants (Xiao et al. 2015). 
They are widely used in applications under harsh stress.

11.2.2  Liquid Crystalline Polymers (LCPs)

Liquid crystal (LC) is a self-organizable material that is easily fabricated (Ge and 
Zhao 2020). One example of LCPs is ABA triblock-copolymers, where the A is a 
hard block (high Tg or crystalline material) grafted to the B, a soft block with liquid 
crystalline nature. The block copolymers can be synthesized by controlled polym-
erization methods such as atom transfer radical polymerization (ATRP) and ring- 
opening metathesis polymerization (ROMP) (Wei and Xiong 2018; Ndaya et  al. 
2019; Zenati and Thammalangsy 2018). Chemical and physical crosslinking can be 
applied on LCPs to create LC elastomers (LCEs) at the side chain (Kempe et al. 
2004) and main chain (Supardi et al. 2015) of LCPs. Two main united properties 
required for LCE are an anisotropic property generated by the mesogenic units 
within the LCEs and elasticity of the polymer networks. The system can undergo 
self-rearrangement to an organized structure with certain directionality. The mobili-
zation with the structural alignment is yet allowed with respect to the anisotropic 
organization. A phase transition causing contraction or expansion of LCEs can be 
reversibly induced by the heating-cooling of LCPs (Yusuf 2017). However, the 
LCPs do not always offer the possibility of a permanent shape memory effect. 
Heating LCPs above the Tg of the hard block, in some cases without shape-memory 
feature in the hard block, results in the loss of polymer orientation information (Fu 
et al. 2016; Martinez et al. 2021).

The application of thermo-responsive LCPs in the biomedical field raises an 
utmost important concern for their biocompatibility. Cellulose-based LCPs were 
developed through the patchy decoration of cellulose nanocrystals with a thermo-
responsive polymer poly(N-isopropylacrylamide) (PNIPAM), resulting in a 
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bio-derived, temperature-switchable liquid crystal (Risteen et al. 2018). LCPs have 
been implicated in micromechanical systems, such as valves in microfluidic sys-
tems and artificial muscles in robots (Yin et al. 2020).

Figure 11.2 represents the graphical model based on the shape variation of LCEs 
in the transition between anisotropic-isotropic conformations. The difference 
between the parallel and perpendicular arrangement of the radius of gyration (RG) to 
the LC plane is observed when the polymer chains enter an anisotropic environ-
ment, departing from the isotropic conformation. In this case, a macroscopic shape 
change is developed with an isotropic chain conformation being adopted when such 
an elastomer loses its anisotropy after heating (Ohm et al. 2010).

11.2.3  Stimuli-Responsive Polymers (SRPs)

SRPs undergo a liquid-liquid phase transition in response to a variation in the sur-
rounding temperatures. The temperature changes induce the separation of liquid 
into concentrated and diluted phases of polymers from a homogeneous solution.

11.2.3.1  Critical Solution Temperature

The thermo-responsive polymers may be characterized by lower and upper critical 
solution temperatures (Bordat et al. 2019; Kang et al. 2019). A polymer liquid turns 
into a solution above the upper critical solution temperature (UCST) or below the 
lower critical solution temperature (LCST). Hydrogen bonding and dipole-dipole 
interactions play a major role in solubilizing polymers in aqueous solutions through 
the polar parts of the polymers. Water molecules may form a cage around the non- 
polar parts of the polymers. Compared with the hydrogen bonds between water 
molecules, a much weaker interaction arises between the non-polar groups of the 
polymers and water in the aqueous solution of polymers. A dilute polymer liquid 
with a temperature above its lower critical solution temperature limit, known as the 

Fig. 11.2 In the LC phase 
(left), the polymer 
backbones enter an 
anisotropic environment 
with an extended chain 
conformation. In the 
isotropic phase (right), the 
polymer regains its coiled 
conformation at the phase 
transition. (Adopted from 
Ohm et al. 2010)
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cloud point temperature, appears cloudy. The clouding effect is energetically favored 
due to the resultant gain in entropy by the water molecules, thereby giving rise to the 
“hydrophobic effect” and polymer aggregation (García-Peñas et al. 2019). At the 
critical temperature, the LCST polymer chain undergoes dehydration, while the 
water molecules gain entropy. The LCST transition is considered as an entropy- 
driven phenomenon (Zhang et al. 2017). UCST, on the other hand, is an enthalpi-
cally driven effect (Ruzette and Mayes 2001). The Gibbs energy of dissolution 
becomes positive at a temperature lower than the cloud point of a UCST polymer 
(Niskanen and Tenhu 2017). Typically, the UCST polymers exhibit strong supramo-
lecular interactions in water. One example of UCST polymer is poly(N-acryloyl 
glycinamide) (PNAGA, Fig. 11.3e). This non-ionic UCST polymer can form intra- 
and intermolecular complexes between its own units’ side groups via hydrogen 
bonds. Primary amide on glycinamide group of PNAGA can perform as a hydrogen 
donor coupled with carbonyl group as a hydrogen acceptor (Sun et al. 2017).

N-isopropylacrylamide (PNIPAM, Fig. 11.3a) displays a lower critical solution 
temperature at 32 °C (Futscher et al. 2017; Naziris et al. 2021). The polymer is read-
ily solubilized in water at temperatures below 32 °C. It precipitates very quickly 
with the temperature rise above 32 °C. This volume phase transition phenomenon is 
induced by the change in the hydration state of polymers due to the exchanging and 
competing hydrogen bonding properties between the polymer and water molecules 

Fig. 11.3 Chemical structures of typical thermo-responsive synthetic (a–h) and hybrid triblock 
copolymers (i and j)
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(Navarro et al. 2020; Podewitz et al. 2019). At lower temperatures, the intermolecu-
lar hydrogen bonds between the polymer and water molecules induce a chain con-
formation that hinders hydrophobic isopropyl groups of polymers from reaching the 
aqueous environment. At a temperature above the lower critical limit, the pre- 
existing bonds break with a loss in polymer-water interaction. The polymers aggre-
gate and become water-insoluble. Conversely, a reduction in liquid temperature 
recovers polymer-water interaction and polymer solubility (Podewitz et al. 2019; 
Litowczenko et al. 2021).

11.2.3.2  Polymer Hydrophobicity

Polymer solubility, transition temperature, and gelation temperature of amphiphilic 
polymers in water can be altered by varying the hydrophobicity of the macromole-
cules. One recent study highlights that thermo-responsive polypeptoid acquires 
both LCST and UCST characteristics. The LCST or UCST behaviors of this poly-
peptoid can be regulated by the alkyl or ethylene glycol group modification. While 
hydrophilic ethylene glycol plays a role in the UCST phase transition, the hydro-
phobic residues are responsible for the LCST behavior (Liu and Sun 2020). Tahara 
et al. (2016) introduced a thermo-responsive building block based on cholesterol- 
bearing hydroxypropyl cellulose (Ch-HPC). They studied the effect of hydrophobic 
moieties consisting of cholesterol groups toward characteristics of self-assembled 
nanogel. The particle assembly of Ch-HPC with higher (i.e., 1.5 and 1.9) cholester-
ols per 100 glucose units into nanogels in deionized water at high temperature was 
influenced mainly by the hydrophobic interaction. A degree of cholesterols of 1.5 
per 100 glucose units in the polymer was characterized by reduced polymer thermo- 
responsiveness. Interestingly, the Ch-HPC nanogels with high numbers of choles-
terols as well as lower or no cholesterol-bearing nanogels were characterized by 
high thermo-responsiveness (Tahara et al. 2016).

Poly(D,L-lactic-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic-co- 
glycolic acid) (PLGA-PEG-PLGA) triblock copolymer (Fig.  11.3j) has been 
designed and processed into nanogel systems (Osorno et al. 2020). The PLGA is the 
hydrophobic block, while the PEG is the hydrophilic block. With an increase in 
PLGA molecular weight, the triblock copolymer solubility decreases. The polymer 
solubility can be further reduced by increasing the weight ratio of d,l-lactide, and 
glycolide, where the d,l-lactide is more hydrophobic than the glycolide. Polyethylene 
glycol is a waxy water-soluble excipient. The introduction of a shorter polyethylene 
glycol chain translates to lower gelation temperature where polymer aggregation is 
more prone to take place with fewer hydrophilic polyethylene glycol connections 
(McKenzie et al. 2015).
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11.3  Sources of Thermo-Responsive Polymers

The sources of thermo-responsive polymers can be classified as natural, synthetic, 
and hybrid. The naturally occurring thermo-responsive polymers respond to a typi-
cal physiological stimulus without producing any immunological or toxic responses 
to humans. Nonetheless, these materials lack the mechanical strength required to 
develop drug delivery systems and biomedical devices (Matanović et  al. 2014; 
Chatterjee et al. 2018). Synthetic thermo-responsive polymers are an alternative to 
natural counterparts. However, the biodegradability, cytotoxicity, and biocompati-
bility of synthetic polymers cannot be assured (Chatterjee et  al. 2018). Hence, 
hybridization of polymeric materials has been exploited to create a biocompatible 
and nontoxic material with ideal mechanical properties.

11.3.1  Natural Thermo-Responsive Polymers

Natural thermo-responsive polymers and their derivatives have been extensively 
used in biomedical, food, and pharmaceutical industries with great potentials in tis-
sue engineering and drug delivery system development (Cheng et al. 2010; Teotia 
et al. 2015; Bruschi et al. 2017; Chatterjee et al. 2018). In particular, the use of natu-
rally occurring polysaccharides with thermo-responsive gelation properties is of 
interest because of their availability, versatility, biodegradability, and biocompati-
bility (Graham et al. 2019). These polysaccharides are harvested from biological 
resources such as plant and marine materials (Graham et al. 2019). Examples of 
natural thermo-responsive polymers are agarose (Miguel et al. 2014), carrageenan 
(Liu et al. 2016), and cellulose derivatives (Jain et al. 2013), which exhibits UCST, 
transitioning from solution to gel when cooled (Table 11.1).

Table 11.1 Selected naturally occurring thermo-responsive biopolymers and their properties

Natural 
polymer

Sol-gel transition 
temperature (°C) Properties References

Collagen 20–37 Has the highest biocompatibility, which 
makes it suitable as a tissue engineering 
substrate; has a small pore size and minimal 
fiber bundling

Holder et al. 
(2018)

Gelatin < 30 Good mechanical properties that are ideal for 
pharmaceutical, cosmetics, and food 
application

Djabourov 
et al. (1988)

Agarose < 35 Has better microcapsule quality and more 
stable in the membrane in vivo

Zhang et al. 
(2011)

Matrigel™ 37 Excellent cellular compatibility (especially in 
chondrocytes and endothelial cells)

Li and Guan 
(2011)

Amylopectin 70–75 Undergo irreversible gelation at a temperature 
greater than 60 °C

Chen (1990)

Carrageenan 17–77 Has good stiffness and viscoelastic properties Iijima et al. 
(2013)
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11.3.1.1  Cellulose

Cellulose, commonly found in plant cell walls, is the most abundant naturally occur-
ring polymer (Jain et al. 2013). It is a linear polysaccharide with repeating ß-D- 
anhydroglucopyranose units covalently bound through acetal functions between the 
equatorial group of the C4 carbon atom and the C1 carbon atom forming ß-1,4- 
glycosidic bond (Fig. 11.4) (Butardo and Sreenivasulu 2016). Cellulose is insoluble 
in water due to the limited access to C6-OH groups in its structure necessary for the 
intermolecular hydrogen bonds for solvation (Eo et al. 2016). Hence, several cellu-
lose derivatives such as methylcellulose, carboxymethyl cellulose, hydroxyethyl-
cellulose, hydroxypropyl methylcellulose, and cellulose acetate have been made 
soluble in an aqueous medium at low temperature (Benslimane et  al. 2016) 

Fig. 11.4 Structures of commonly used naturally occurring polymers in biomedicine
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(Table 11.2). When subjected to elevated temperatures, strong hydrophobic interac-
tion takes place between the macromolecular chains of the polymer, which results 
in the phase separation of the polymer from water, and the conformational changes 
in the polymer-promoting gelation (Bekkour et al. 2014; Benslimane et al. 2016).

11.3.1.2  Chitosan

Chitosan, a polysaccharide, is one of the most explored thermo-responsive poly-
mers. It is the product of alkaline deacetylation of chitin, or poly 
(N-acetylglucosamine), isolated from the exoskeleton of crustaceans (Fig.  11.4) 
(Quiñones et al. 2018). It is biocompatible, mucoadhesive, biodegradable, nontoxic, 
and available in abundance and has low immunogenicity (Bowman and Leong 
2006; Indulekha et al. 2016; Luckanagul et al. 2018; Quiñones et al. 2018). Chitosan 
receives widespread applications in tissue engineering, wound healing, and drug 
and gene delivery (Tran et al. 2011; Banerjee and Ganguly 2019; Ghaee et al. 2019). 
Chitosan (pKa = 6.5) can only be dissolved in acidic medium through the proton-
ation of the free amino groups in its structure (Saravanan et al. 2019). The neutral-
ization of chitosan solution to pH >6.5 at room temperature can rapidly induce the 
formation of a gel-like precipitate (Matanović et al. 2014). Chitosan can be physi-
cally or chemically linked to glycerophosphate (GP) polyol salt to modulate its 
thermo-responsiveness (Li and Guan 2011). In response to an average human body 
temperature of 37 °C, hydrogen bonds from between chitosan and GP composite 
exhibits an immense rise in the storage modulus (G’) corresponding to sol-gel 

Table 11.2 Common water-soluble thermo-responsive cellulose derivatives in pharmaceutical 
and biomedical application

Cellulose 
derivative

Sol-gel 
transition 
temperature 
(°C) Characteristics Application References

Methylcellulose 
(MC)

75–90 Has good 
bioadhesive property 
and sustained drug 
release efficiency

Thickener, binder, 
emulsifying agent, 
and coating for 
different dosage 
forms

Kim et al. 
(2012)

Carboxymethyl 
cellulose (CMC)

60–80 Excellent film- 
forming ability

Film-forming agent Benslimane 
et al. (2016)

Ethyl 
(hydroxyethyl) 
cellulose (EHEC)

~35 Good stabilizing 
property and 
biocompatibility

Smart material and 
drug delivery

Jain et al. 
(2013)

Hydroxypropyl 
methylcellulose 
(HPMC)

Starts at 55 
(depending on 
the presence of 
methoxy 
residues)

High swelling ability 
and thermal gelation 
properties

Mucoadhesive and 
drug carrier (for 
controlled release)

Deshmukh 
et al. (2017) 
and Joshi 
(2011)
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transition (Fig. 11.5). The molecular gelation mechanism of the chitosan/GP com-
posite occurs in three steps: (1) the addition of basic GP increases the hydrogen 
bonding between the chitosan, leading to reduced electrostatic repulsion; (2) elec-
trostatic attractions between the amino and phosphate groups of chitosan and GP, 
respectively; and (3) enhanced chitosan- chitosan hydrophobic interaction via glyc-
erol affinity for water (Saravanan et al. 2019). The chitosan/GP composite has been 
adopted as a scaffold in tissue engineering and regenerative medicine due to its 
biocompatibility, remarkable mucoadhesive, antibacterial property, and minimal 
immune response (Zhou et  al. 2015; Huang et  al. 2016). It is also employed in 
smart-controlled release of drugs to avoid frequent dosing and secondary side 
effects in patients by slowly releasing the drug from the gel in response to changes 
in temperature (Ruel-Gariépy et al. 2004; Chen et al. 2013; Peng et al. 2013).

11.3.1.3  Gelatin

Gelatin is a natural peptide-based polymer with thermo-responsive properties. It is 
obtained via acidic, alkaline, or enzymatic hydrolysis of collagen (Rodríguez- 
Rodríguez et al. 2020). The gelatin polymeric chains are composed of Gly-Xaa-Yaa 
tripeptide units, with proline and hydroxyproline amino acids being commonly 
attached to Xaa and Yaa positions (Fig. 11.4) (Gornall and Terentjev 2007; Wang 
et al. 2017). Gelatin is advantageous from the perspectives of biodegradability, bio-
compatibility, easy modification, low cost, and ease of production (Song et  al. 
2018). Most commercially available gelatin is extracted from the pigskin (46%), the 
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Fig. 11.5 The electrostatic crosslinking of positively charged chitosan (CS) to negatively charged 
glycerol phosphate disodium salt (GP), rendering its thermo-responsiveness
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most abundant gelatin source (Duconseille et al. 2015). At a concentration lower 
than 2%w/v, the gelatin can transform from solution to gel at a temperature below 
30  °C.  During the sol-gel transition, the gelatin molecules come together and 
undergo conformational changes from a random coil to a triple helix. The intermo-
lecular hydrogen bonds are formed between the macro fractions of gelatin chains 
(Xing et al. 2014). The molecular interaction and conformational changes can be 
easily disrupted when the gelatin is subjected to a temperature higher than 30 °C, 
thereby giving rise to gel-sol transformation. Pure gelatin is met with limited bio-
medical application due to its instability and poor mechanical and elastic properties, 
especially in the physiological environment (Xing et al. 2014). Covalent crosslink-
ing of gelatin through amide bond formation via carbodiimide chemistry in remov-
ing divalent (Ca2+ and Fe2+) present in gelatin structure paves the way to significantly 
enhance its stability and physical properties (Xing et al. 2014).

11.3.2  Synthetic Thermo-Responsive Polymers

Poly(N-isopropylacrylamide), also known as PNIPAM, is a thermo-responsive 
water- soluble polymer developed from acrylamide monomer (Yang et  al. 2014; 
Luckanagul et al. 2018). It has a sol-gel transition temperature close to the regulated 
human body temperature of 32  °C (Heskins and Guillet 1968; Matanović et  al. 
2014; Kojima 2018). The thermo-responsive behavior of PNIPAM is mainly domi-
nated by hydrogen bonding (Hirotsu 1993; Matanović et al. 2014). At temperatures 
below its lower critical solution temperature, the water molecules can solvate the 
amide functionalities of PNIPAM, rendering it with good water solubility (Pişkin 
2004; Alexander et  al. 2014). Above the critical temperature limit, the polymer 
becomes insoluble in water exhibiting a “coil to globule” transition due to stronger 
inter- polymer interaction between the hydrophobic propyl groups, while the hydro-
gen bonds between the polymer and water molecules turn weaker (Bischofberger 
et al. 2014; Bischofberger and Trappe 2015). The LCST of PNIPAM can be tuned 
by copolymerization with hydrophilic or hydrophobic monomers (Rzaev et  al. 
2007). Copolymerization of PNIPAM with a more lipophilic monomer will reduce 
its LCST and weaken polymer-water interaction (Feil et al. 1993; Kim et al. 2009; 
Matanović et al. 2014). Copolymerization of hydrophilic monomer like acrylamide 
(Fundueanu et al. 2009), N-(2-(dimethylamino)ethyl) methacrylamide (Wang et al. 
2008), and PEG-methacrylamide (Trongsatitkul and Budhlall 2013) leads to 
increased hydrophilicity and LCST and a stronger affinity for water and gel forma-
tion (Feil et al. 1993).

In 2010, Azarbayjani et al. (2010) investigated the potential of thermosensitive 
PNIPAM for localization and accumulation of levothyroxine (T4) in the skin to 
mitigate adipose tissue deposition with minimal systemic absorption that can incur 
adverse drug reactions. PNIPAM was copolymerized with polyvinyl alcohol (PVA), 
a hydrophilic polymer with a high degree of swelling. Interestingly, formulation 
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with PVA has a slower release rate than PNIPAM alone due to its slow degradation. 
PVA can be dissolved in water at a temperature above 90 °C. Literature suggests 
that at body temperature, PVA will disintegrate after 7 weeks; thus, a combination 
of PVA and PNIPAM results in a prolonged drug release of T4  in the skin 
(Azarbayjani et al. 2010).

Thermo-responsive PNIPAM has also been copolymerized with pH-responsive 
acrylic acid (AAc) to control caffeine release through multiple responsive proper-
ties of the nanogel (Abu Samah and Heard 2013). PNIPAM-co-AAC is thermo- 
responsive. The pH-responsive AAc has a carboxyl group ionized in response to a 
pH rise. A strong electrostatic repulsion is developed between the carboxylate 
anions within the network. The expanded network introduces water in flux. Coupling 
of gel microstructure changes due to thermo- and pH-responsiveness augments the 
drug release control. The same phenomenon was also concluded by (Singka et al. 
2010) using butyl acrylate (BA) as the copolymer in transdermal delivery of metho-
trexate (MTX), causing a significant flux of MTX and its progressive release that is 
incomparable to the saturated solution of MTX.  The typical synthetic thermo- 
responsive polymers (Fig. 11.3a–h) and hybrid triblock copolymers (Fig. 11.3i, j) 
with their chemical structures are depicted in Fig. 11.3. Among them, PNIPAM and 
its derivatives (Fig. 11.3b–d) are the most common synthetic polymers that are used 
as thermo-responsive polymeric materials in biomedicine. Other selected synthetic 
thermo-responsive polymers with their characteristics and biomedical applications 
are summarized in Table 11.3.

11.3.3  Hybrid Thermo-Responsive Polymers

The thermo-responsive property of a polymer can be modulated through a hybrid-
ization approach. The hybrid thermo-responsive polymers are typically constituted 
of three or more monomers in a single copolymer. Poloxamers (Pluronics) is a 
hybrid triblock copolymer of poly(ethylene oxide)-b-poly(propylene oxide)-b- 
poly(ethylene oxide) (PEO-PPO-PEO) (Fig. 11.3i) (Alexandridis and Alan Hatton 
1995; Klouda and Mikos 2008; Batrakova and Kabanov 2008; Bruschi et al. 2017; 
Ban et  al. 2017). Poloxamers have no actual lower critical solution temperature; 
however, the gelling temperature of this polymer can be manipulated by controlling 
its concentration, composition, and molecular weight (Klouda and Mikos 2008). 
Various gelation mechanisms of Pluronics have been proposed: (1) an increase in 
temperature initiates micellar aggregation and gelation (Rassing and Attwood 1982; 
Abou-Shamat et al. 2019), (2) an increase in temperature induces reorganization of 
water molecules at the core of PPO blocks and translates to the formation of non- 
polar surfaces favoring micellar aggregation and gelation (Vadnere et al. 1984), and 
(3) the dehydration of poly-propylene-oxide reduces the lubricative effect between 
the copolymeric micelles, thereby causing the micellar aggregation and gel forma-
tion (Rassing et al. 1984).
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The Pluronic F127 or the Poloxamer 407 is characterized by a % PEO content of 
70% (Simões et al. 2015). The gelation of Pluronic F127 is mainly dependent on its 
concentration. It can transform from solution to clear gel at a room (25 °C) to body 
temperature (37 °C) with 20 to 30% of polymer content (Russo and Villa 2019). The 
hydrophilic PEO component attached on both sides of the Poloxamer unit renders 
its excellent water solubility; however, when subjected to high temperatures, the 
water-polymer bond interaction is weakened, resulting in the association of the 
hydrophobic PPO and sol-gel transition triggered (Dou et al. 2016). Further hybrid-
ization of Pluronic F127 with methylcellulose promotes thermo-gelation at body 
temperature at a polymer concentration as low as 12% and solution at room tem-
perature (Rangabhatla et al. 2016).

Pluronic F127 has been hybridized with methacryloisobutyl-polyhedral oligo-
sesquioxane (MA-POSS) via atomic transfer radical polymerization (ATRP) to 
modulate the thermal and mechanical properties of F127 (Dou et al. 2016). POSS is 
a hybrid organic-inorganic organosilicon with a rigid nano-block structure (Loh 
et al. 2007). The grafting of rigid POSS with a linear polymer chain of F127 can 
affect the segment mobility and the molecular interaction between the polymer 
backbone segments. As a result, the LCST value of the F127-POSS increases by 
10 °C from 23.5 to 33.5 °C. This can be attributed to the addition of a hydrophobic 
rigid nano-block structure of the POSS that hinders PPO association with water; 
hence, higher sol-gel temperature is required (Dou et al. 2016). Generally, in the 

Table 11.3 Selected synthetic thermo-responsive polymers and their phase transition 
characteristics and biomedical applications

Synthetic polymer

Sol-gel transition 
temperature in 
aqueous solution 
(°C) Characteristics and application

Poly(methyl vinyl 
ether) (PMVE)

37 PMVE is sensitive to nucleophiles like alcohol and 
amino acids, hence limiting its potential for further 
modification (Gandhi et al. 2015)

Poly(N-vinyl 
caprolactam) 
(PVCL)

30–50 Used for medical and biotechnological applications 
due to its good solubility in water and organic 
solvents. It also possesses good biocompatibility 
and absorption properties (Gandhi et al. 2015; 
Makhaeva et al. 1998)

Poly(pentapeptide) of 
elastin

28–30 Mostly used in targeted tumor strategy, since its 
thermo-responsiveness can be easily modulated by 
balancing its hydrophobic and hydrophilic residues 
(Gandhi et al. 2015)

Poly(N-ethyl 
oxazoline) (PEtOx)

~62 Currently explored as a drug delivery system due to 
their micellar aggregation above LCST (Gandhi 
et al. 2015)

Poly(acrylic 
acid-co-acrylamide)

~25 This polymer possesses UCST behavior due to the 
hydrogen bonding between the AAc and AAm units 
(Gandhi et al. 2015; Mohan et al. 2005)
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hybridization of Pluronics, the increased hydrophilic component in a polymer can 
reduce the hydrophobic interaction, which leads to low micellar aggregation (Park 
et al. 2008). The sol-gel transition can be difficult and require a higher transition 
temperature (Park et  al. 2008; Dou et  al. 2016). Table  11.4 summarizes various 
hybrids of Pluronics.

Table 11.4 Examples of the notable studies in tuning the gelation of thermo-responsive 
Poloxamer/Pluronics

Polymer

Sol-gel 
transition 
temperature 
(°C)

Advantages of 
hybridization of 
Pluronics Application References

Methylcellulose 37 Extends the in vitro 
release of Etidronate Na 
for more than 28 days; 
MC can also improve the 
gel strength of the 
Pluronics and its 
degradation.

Drug delivery for 
osteogenesis/bone 
remodeling

Rangabhatla 
et al. (2016)

Alginate and 
HA

37 The polymeric hydrogel 
provides good scaffolds 
that are essential for 
cellular growth

Scaffolds for cellular 
and tissue growth

Izhar Haider 
Abdi et al. 
(2012)

Alginate 36–40 F127 activation in 
alginate has a successful 
tuning in the gelation at 
a temperature that is 
close to normal 
physiological 
temperatures

Wound dressing, 
tissue engineering, 
injection, and dental 
treatments

Quah et al. 
(2018)

MA-POSS 33.5 The degradation and 
gelation temperatures 
were increased by 15 °C 
and 10 °C, respectively, 
due to the addition of 
hydrophobic rigid 
nano-block structure of 
the POSS that hinders 
PPO association with 
water

Biomaterials for 
food, cosmetics, and 
pharmaceuticals

Dou et al. 
(2016)

CMCS 32–37 Phase transition into gel 
can be achieved at 
normal physiological 
temperature; it also helps 
with the enhanced 
solvents and drug uptake 
through its connective 
pores

Local delivery of 
chemotherapeutics

Khan et al. 
(2018)
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PNIPAM has been hybridized with poly(3- methacryloxypropyltrimethoxysil
ane) into a triblock thermo-responsive copolymer consisting of PNIPAM-b- 
pMEMO-b-pPIPAM via reverse addition-fragmentation chain transfer polymeriza-
tion approach (Wu et al. 2020a, b). Hybridization of PNIPAM causes gelation to 
occur at a higher temperature of ~35.3 °C at PNIPAM to pMEMO ratio of 28:1 
compared to pure PNIPAM. The increase in the LCST is due to the hydrolysis of 
Si-O-CH3 of pMEMO, which leads to stronger hydrogen bond interaction with 
water, thus enhancing its hydrophilicity (Yang et al. 2015; Wu et al. 2020a, b). It is 
noteworthy that the increase in the LCST of the polymer can be attributed to the 
increase in the pMEMO concentration (Wu et al. 2020a, b).

11.4  Current Application of Thermo-Responsive Polymers 
in the Biomedical Field

The thermo-responsive polymers have been widely investigated for a wide variety 
of applications. Table 11.5 summarizes the type of polymers and their uses for drug/
gene delivery and tissue engineering.

11.4.1  Drug Delivery

Metal-based thermo-responsive polymeric nanoparticles have gained increased 
attention, notably in the field of cancer therapy. Kurdtabar et al. (2018) developed a 
thermo-responsive hydrogel system of doxorubicin (DOX) by coating gold nanorods 
(GNR) with PNIPAM grafted into carboxymethyl cellulose (CMC) as a backbone. 
Copolymerization of PNIPAM with CMC improved the swelling behavior and ther-
mal stability of the hydrogel. The transition from swollen gel to flowable sol occur-
ring at 43 °C and the repulsive effect of GNR to the polymer network producing 
larger pores have caused a rapid collapse of the polymer network, significantly 
improving the DOX release rate at 98%. Another study has DOX encapsulated using 
two oligo(ethylene glycol) monomers  – 2-(2-methoxy)ethyl methacrylate 
(MEO2MA) and oligo(ethylene glycol)methacrylate (OEGMA), with a tunable 
LCST between 26 and 90 °C by varying their ratio (Ferjaoui et al. 2019). They were 
covalently grafted on the surface of the iron oxide NPs (IONPs) to ensure the stabil-
ity of the IONPs, entrapment success of DOX, and its release in response to body 
temperature. The DOX releases faster at 42 °C than at 37 °C. This is due to the 
expulsion of water molecules from the grafted polymer network upon reaching its 
LCST at 41 °C, leading to shrinkage and collapse of the polymer chains, thus break-
ing the hydrogen bonds between DOX and the ether-oxide moieties of the copoly-
mer leading to the release of DOX.
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Kazempour et  al. (2019) demonstrated the copolymerization of thermo- 
responsive poly(N-vinylcaprolactam (PNVCL) and pH-sensitive poly(glycolic 
acid) over the surface of graphene oxide (GO) that can provide various functional 
groups for successful attachment of polymers due to its hydrophilic surface and 
loading of hydrophobic drugs due to its hydrophobic nature. The anticancer drug 
oxaliplatin, loaded in the composite GO-hydrophilic polymers, showed a higher 
cytotoxic effect against MCF-7 breast cancer cells than the free drug. The grafting 
of poly(glycolic acid) with PNVCL modifies the LCST of PNVCL from 32–34 °C 
to 36–37 °C. Accordingly, the release extent of oxaliplatin was higher at 45 °C and 
pH 5.7 (endosomal pH of cancer cells) than at 27 °C and pH 7.4 (normal physiologi-
cal pH). Similar to other polymers exhibiting LCST, PNVCL is soluble in water 
below its LCST but collapses into mesoglobules or precipitates (Siirilä et al. 2019) 
upon increasing the temperature, consequently increasing the diffusion kinetics of 
oxaliplatin. PNVCL has also been used to coat the surface of polypropylene (PP) 
films to overcome biofilm formation in medical devices (González-Hernández et al. 
2019). The PP’s surface was modified by radiation grafting of PNVCL and an acid/
alkali stable poly(2-hydroxyethyl methacrylate) (PHEMA) to make it hydrophilic 
with benzalkonium chloride and ciprofloxacin as antibacterial agents. The grafted 
PP films produced a lower water contact angle to prevent the adhesion of microbes 
and blood products. It also showed a controlled-release profile of benzalkonium 
chloride and ciprofloxacin over 8 h. The grafting of PNVCL and PHEMA polymers 
on PP films makes them hydrophilic due to the polymer brushes, causing the 
temperature- sensitive swelling behavior of the system.

A novel thermo-responsive copolymer, consisting of the polyesters of glycolic, 
lactic, and caprolactone, demonstrates promising results for the ocular delivery of 
anti-vascular endothelial growth factor (VEGF) agents bevacizumab and aflibercept 
for age-related macular degeneration (Balachandra et al. 2019). It was found to be 
non-cytotoxic in vitro using human (SH5Y) and rat (R12) cell lines and in vivo. 
Sustained-release profiles of both drugs were demonstrated at 37 °C for 183 days 
and showed 95% release for bevacizumab and 25% for aflibercept. The drug- 
containing hydrogel is injected into the eye in the liquid state and transforms into a 
gel in response to body temperature. The gel state then facilitates sustained intra-
ocular drug release, preventing frequent intravitreal injections. The release of drugs 
can be governed by two mechanisms: an initial diffusion-controlled phase where the 
loosely bound drug diffuses from the polymer gel and provides an initial burst 
release to achieve a therapeutic concentration of the drug followed by a degradation- 
controlled release phase as the polymer degrades, thus preventing the rapid deple-
tion of the drug in the polymer matrix, allowing for sustained intraocular delivery of 
the drug.

Liu et  al. (2019) developed a hybrid system composed of a liposome and a 
thermo-responsive block copolymer PLGA-PEG-PLGA for the intraarticular deliv-
ery of N′-dodecanoylisonicotinohydrazide (DINH), a derivative of isoniazid, for the 
localized treatment of bone tuberculosis. At low temperatures, the amphiphilic 
nature of PLGA-PEG-PLGA leads to its self-assembly into micelles in an aqueous 
solution. The micelles aggregate and form a non-flowable gel phase upon 
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temperature increase due to the pronounced hydrophobic interactions of PLGA 
blocks and the partial dehydration of PEG moieties. Notably, this work demon-
strates for the first time the self-healing property of the PLGA-PEG-PLGA copoly-
mer system, with the biggest gel window obtained at 30% PLGA-PEG-PLGA and 
a sol-gel transition temperature of 32 °C. The DINH-loaded liposome in the hydro-
gel system was subjected to an applied force during medication administration. 
Increasing the applied force reduces the storage modulus (G´), showing that the 
polymer is structurally damaged. The self-healing property was demonstrated by 
the recovery of G´ after reducing the applied force due to the rapid reformation of 
the hydrophobic bonding among the PLGA fragments. The self-healing property 
provides a stronger polymer network to recover from the constant strain of synovial 
joints that could weaken the polymer crosslinks and release drugs prematurely. 
Combining the DINH-loaded liposome and PLGA-PEG-PLGA copolymer system 
leads to sustained release of the drug into the synovial fluid of rabbits, decreasing 
the frequency of intraarticular administration.

Cao et al. (2019) fabricated a thermo-responsive physically crosslinked hydrogel 
consisting of PNIPAM and I3K, a peptide nanofibril that functions to improve the 
loading efficiency of an antimicrobial peptide G(IIKK)3I-NH2. The hydrogel system 
appeared transparent and flew freely at 25 °C while showing an opaque and non- 
flowable behavior at >33 °C, with 20 cycles of thermo-reversibility demonstrated. 
Since the LCST of PNIPAM is ~33 °C, gelation can be triggered by the body tem-
perature indicating its use as an injectable hydrogel that can offer a controlled- 
release property. The gelation of PNIPAM was due to its coil to globule 
transformation, resulting in its collapse and physically driving the crosslinking of 
G(IIKK)3I-NH2 and I3K nanofibrils. The sustained release of G(IIKK)3I-NH2 from 
the hydrogel system was attributed to its hydrophobic interactions with the peptide 
nanofibril I3K and the exposed propyl groups of the collapsed PNIPAM network at 
40 °C. Accordingly, the slow and linear release was an effective strategy against 
B. subtilis, P. aeruginosa, S. aureus, and E. coli growth.

11.4.2  Gene Delivery

The essential features of a gene delivery system include the ability of the copoly-
mers to protect the genetic material, facilitate cell uptake, and promote dissociation 
of polymer and gene. Thermo-responsive polymers provide efficient delivery of 
genetic materials into cells in response to temperature and confer protection of their 
fragile nature (Fig. 11.6). The temperatures at which the complexation and incuba-
tion/transfection are undertaken are usually optimized to significantly improve 
transfection efficiency. Cardoso et al. (2014) developed a thermo-responsive block 
copolymer consisting of PNIPAM and PAMPTMA (3-acrylamidopropyl)trimethyl-
ammonium chloride) to deliver short interfering ribonucleic acids (siRNA) to 
silence a specific cancer-causing gene in a human fibrosarcoma cell line. The 
thermo-responsive behavior of PNIPAM and its effects on siRNA was demonstrated 

11 Thermo-Responsive Polymers and Their Application as Smart Biomaterials



326

in several aspects. The copolymer system efficiently shielded the siRNA at 25 °C by 
about 70–87%. However, only a 30% protection level was shown at 37  °C. The 
decreased siRNA protection was due to the collapsed polymer network via increased 
hydrophobic interactions among the PNIPAM blocks, producing an aggregated 
structure and losing its capacity to protect the siRNAs. The decreased hydrody-
namic diameter at 37 °C was a reflection of the collapsed network structure. The 
contraction of the polymers at 37 °C favors dissociation of the polymer, and siRNA 
was the reason for the exposure of the entrapped siRNA into the cytosol and ulti-
mately silencing the target gene. More recently, Nagase et al. (2019) developed a 
thermo-responsive polymeric liposome for the transfection of siRNA using PNIPAM 
and N,N-dimethylaminopropyl acrylamide (DMAPAAM) copolymers for the sup-
pression of luciferase and vascular endothelial growth factor (VEGF) expressions in 
cells. In contrast to the work of Cardoso et al. (2014), this study showed that an 
increase in temperature leads to a reduction of the aqueous layer of the liposome 
and subsequent aggregation of the liposomes due to reduction of the positive charges 
of the liposome upon shrinkage of the polymeric chain. At 42 °C, the hydrophobic 
chains of PNIPAM are exposed on the liposomal surface, increasing the liposome- 
cell interaction, producing a chain of events leading to high transfection efficiency. 
Wu et al. (2019) combined the thermo-responsive properties of PNIPAM and the 
photothermal effect of gold surface-modified polydopamine (PDA). This study fea-
tures the roles of thermo-responsive polymers on efficient transfection and cell har-
vesting. This preparation takes advantage of the near-infrared laser irradiation 
response of Au-surface-modified PDA producing localized heat that creates fissures 
on the cell membrane allowing delivery of plasmids into the endothelial cells with 
a reported ∼99% transfection efficiency. The thermo-responsive nature of PNIPAM 
enables the detachment of the adherent cells and harvesting viable cells from the 
films by simply reducing the temperature. This becomes possible by lowering the 

Fig. 11.6 Schematic presentation of the in vitro and in vivo delivery of genetic material into the 
nucleus of the cell (transfection process) through a thermo-responsive carrier. The basic steps 
involve: (a) cell uptake by endocytosis, (b) endosome/lysosome engulfment, (c) endosomal escape, 
(d) release of genetic material, (e) nuclear transport and gene expression
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temperature (<LCST of PNIPAM), resulting in a stronger interaction between the 
amide groups and water molecules and forming extended coils of the polymer 
chains, leading to the detachment of the cells. The recovered cells may be recultured 
and applied in regenerative medicine. Overall, this work demonstrates a highly effi-
cient transfection process and enables the harvesting of cells that may be further 
processed for tissue engineering applications.

11.4.3  Tissue Engineering

Tissue engineering may be classified as scaffold-based tissue engineering and cell 
sheet engineering. The examples that are given for each type include non-viral vec-
tors that will specifically focus on thermo-responsive polymers. Some illustrative 
examples are depicted in Fig. 11.7.

Fig. 11.7 Schematic presentation of the applications of thermo-responsive polymers in tissue 
engineering, (a–d) cell sheets for various disease conditions, and (e) formation of scaffolds through 
3D printing and injection into the diseased area
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11.4.3.1  Scaffold-Based Tissue Engineering

Injectable hydrogels that form gels in situ can serve as carriers of bioactive mole-
cules and an alternative to invasive surgical implantation (Hogan and Mikos 2020). 
Tao et al. (2020) fabricated injectable chitosan (CS)/glycerophosphate (GP)-based 
thermosensitive hydrogel for the local delivery of vancomycin to treat S. aureus 
infection in osteomyelitis-induced rabbits and as a scaffold to accelerate bone repair. 
The injectable solution appeared translucent and slightly viscous at room tempera-
ture but turned into a semisolid gel upon contact with the target tissues. At room 
temperature, the hydroxyl groups of GP attach to the amine groups of CS, thus 
increasing the solubility, stability, and hydrophilicity of the CS polymeric chains. At 
temperatures above the LCST of CS, CS chains become dehydrated, resulting in 
increased interchain hydrophobic interactions and alteration of the distribution of 
hydrogen bonding, thus favoring more polymer to polymer than polymer to solvent 
interactions leading to the formation of rigid hydrogels. The gelation process 
increases the mechanical properties of the hydrogel through increased intermolecu-
lar interactions (Argüelles-Monal et al. 2017; Talaat et al. 2020). Further, the low 
viscosity of the CS-based hydrogel can fill the irregular bone surfaces. Results have 
shown osteoblast proliferation and anti-infective properties in the rabbit model, 
indicating a promising potential of the multifunctional nanogel system in treating 
osteomyelitis. A similar study utilizing an injectable hydrogel made from CS/GP 
but in combination with cellulose was exemplified by the work of Talaat et  al. 
(2020), demonstrating the biocompatible, injectable, mechanically stable, and 
slowly degradable scaffold system with human dental pulp stem and progenitor 
cells, allowing their differentiation into chondrocytes in Sprague-Dawley rats. This 
work has successfully exemplified a stem-cell-based strategy in cartilage regenera-
tion with a promising treatment potential for patients with temporomandibular joint 
disorders. Both the studies of Tao et al. (2020) and Talaat et al. (2020) have demon-
strated the injectability of the thermo-responsive hydrogel systems as they display a 
liquid phase at room temperature, allowing them to be injected into the defective 
areas without the need for invasive surgeries. With 3D bioprinting, complex tissue 
structures can be constructed.

Zhang et al. (2020) explored the printability of a synthetic thermo-responsive 
polymer PNIPAM and the construction of multilayered skin grafts that may be 
applied to extensive surface skin injuries such as burns, which is an alternative plat-
form for conventional wound dressings. During the printing process, the collecting 
plate containing the cell culture medium is heated to 37  °C, turning the loaded 
PNIPAM from a transparent color to cloudy white hydrogel. The fibrin was incor-
porated to enhance the mechanical strength of PNIPAM and retain the 3D architec-
ture. The bioengineered skin constructs showed a multilayered structure composed 
of human umbilical vein endothelial cells (HUVECs) as subcutaneous capillaries, 
3T3-J2 as the dermis, and cultured human keratinocyte cells (HaCaT) as epidermis 
to simulate the structural layout of skin tissues, finding its potential application in 
wound healing. Xu et al. (2020) explored the feasibility of thermosensitive hydroxy-
propyl chitin as an injectable hydrogel for cartilage regeneration. This study also 
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explored the feasibility of an in vitro-constructed cartilage that will allow the growth 
and proliferation of chondrocytes. Lastly, the study evaluated the maturity of the 
subcutaneously implanted in vitro-constructed cartilage in nude mice. Below the 
LCST, the hydrophilic hydroxypropyl groups in the polymeric chain are responsible 
for keeping its solubility in an aqueous solution. The gelation process of hydroxy-
propyl chitin at physiological temperatures is attributed to the dehydration of the 
polymeric chains, thus exposing the hydrophobic N-acetyl groups on the chitin 
chains, expelling water, and forming the semisolid gel. The chondrocyte-hydrogel 
construct was established by encapsulating goat auricular chondrocytes into the 
hydrogel and implanted as an injectable hydrogel in nude mice. The results showed 
good gelation properties and biocompatibility and maintained its original shape 
when implanted in vivo, indicating a promising scaffold for cartilage regeneration.

Recently, Wu et al. (2020a, b) developed a 3D-printed human trachea-bronchial 
epithelium using thermo-responsive elastomer/collagen hybrid scaffolds and human 
bronchial epithelial cells. This construct is a promising tool for tracheal repair and 
reconstruction as it created a tissue construct that mimics the upper respiratory tract. 
The thermo-responsive display of this system exhibits a stiffness softening behavior 
due to a poly(urea-urethane) elastomeric scaffold. This behavior gives the system 
the dynamic elasticity required during tissue development. The stiffness softening 
at physiological temperatures allows the growth and differentiation of cells and vas-
cularization of the tissues in vivo.

11.4.3.2  Cell Sheet Engineering

In principle, polymers can be used to grow adherent mammalian cells and produce 
monolayers in culture flasks and well plates, preserving the functional properties 
and integrity of the cells such as membrane surface and transport proteins, tight 
junctions, and the extracellular matrix that are otherwise damaged when conven-
tional cell culture methods are performed. Essential features of the biomaterial com-
ponents include biocompatibility and similarity with the human extracellular matrix 
to facilitate protein adsorption, thereby promoting cell adhesion. The latter process 
is a prerequisite for growth, proliferation, sometimes differentiation, and ultimately 
the survival of cells on the surface of biomaterials. Hydrophobic polymers are desir-
able over hydrophilic ones as the former would result in higher interfacial energy 
with water molecules, thus driving protein adsorption. Moreover, positively charged 
polymer surfaces can promote protein adsorption through electrostatic interaction. 
Based on these principles, thermo-responsive polymers can serve as substrates in 
harvesting cell monolayers with profound cell-to-cell junction integrity (Doberenz 
et  al. 2020). Once the cells have proliferated, the temperature is reduced to 
20 °C. Structural alterations in the polymers in response to a decrease in tempera-
ture convert them from a hydrophobic adsorptive to a hydrophilic repulsive state 
allowing protein desorption leading to cell detachment. The harvested intact cell 
sheets can then be utilized to adhere to diseased or injured tissues or organs 
(Takahashi and Okano 2019).
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A promising study with in vivo demonstration is shown by the work of Venugopal 
et al. (2020) in engineering cell sheets of corneal epithelium from adipose mesen-
chymal stem cells using a synthetic thermo-responsive copolymer of PNIPAM (N) 
and glycidyl methacrylate (GMA). The thermo-responsive behavior is exhibited by 
the shift in the solvation state of the NGMA leading to changes in the inter- and 
intramolecular hydrogen bonding of the polymeric chains. These changes result in 
a detachment of an interconnected cell structure from the polymer-coated plate 
upon lowering the temperature to 20 °C. This work is essential to find alternative 
treatment strategies for limbal stem cell deficiency (LSCD), characterized by loss of 
limbal stem cells in the junction of cornea and sclera, which can result in blindness. 
The cell sheets were transplanted in corneal damage-induced rabbits. After a month, 
histology reports that sheets of cells aligned to the injured cornea, and it showed a 
clear and smooth cornea. This non-invasive transplantation is a promising approach 
in patients with bilateral LSCD conditions to restore vision and address the signifi-
cant limitations of donor tissue availability and the high risk of immune rejection.

Several literatures have summarized the promising applications of cell sheet 
technology in regenerating damaged tissues. This evolved many studies construct-
ing tissue substitutes for skin, salivary glands, esophageal ulcerations, and peri-
odontal issues. Moreover, complex structures such as cardiac tissue, lung air leaks, 
pancreatic islet cells, kidneys, or hepatic tissues could be fabricated from multi- 
layered cell sheets (Moschouris et al. 2016; Takahashi and Okano 2019; Doberenz 
et al. 2020). Currently, some cell sheets are undergoing clinical trials for the treat-
ment of various conditions (Table 11.6).

11.4.4  Commercially Available Thermo-Responsive Products

Thermo-responsive polymers have typically been used in chemotherapy delivery 
wherein high drug concentration must be obtained at the target site to lessen sys-
temic side effects and improve patient outcomes. ReGel™ is an example of a 
thermo-responsive biopolymer used to regulate the release of chemotherapy in the 
system. ReGel™ is a hybrid polymer that is composed of poly(d,l lactide-co- 
glycolide) (PLGA) and polyethylene glycol (PEG) with the basic structure of 
PLGA–PEG–PLGA (Zentner et al. 2001; Elstad and Fowers 2009). It is a water-
soluble polymer with low viscosity at temperatures between 2 and 15  °C and 
becomes viscous (gel state) at normal body temperature (Elstad and Fowers 2009). 
ReGel™ has been used in the sustained delivery of paclitaxel, a chemotherapeutics 
that inhibits microtubule stabilization and angiogenesis and acts as a radiation sen-
sitizer (Matthes et al. 2007; Elstad and Fowers 2009). OncoGel™ is the commer-
cially available product of paclitaxel in ReGel™. This system was designed for the 
local delivery of paclitaxel to solid tumors without reaching the systemic circula-
tion. In its clinical study, OncoGell™ can directly release paclitaxel in the tumor 
and its surrounded tissues for 6  weeks. Once injected at the tumor site, the 
OncoGel™ transitions into a gel, and the high tissue binding of paclitaxel contin-
ues, thus maintaining a high local drug concentration (Matthes et al. 2007).
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Furthermore, OncoGel™ provides the advantage of enhancing the anti- neoplastic 
activity of paclitaxel through continuous exposure of the tumor. Clinical studies also 
suggest that the localized therapy provided by OncoGel™ can be advantageous in com-
bination cancer therapy since it will not add up to the burden of possible systemic tox-
icities from different cancer treatment approaches. Clinical studies also proved that 
combining the OncoGel™ as chemotherapy and other cancer approaches such as radia-
tion therapy can improve patient outcomes by targeting complementary cellular mecha-
nisms of cancer. In rationale, paclitaxel can inhibit mitosis in the G2/M phase while 
subsequently acts as a radiosensitizer, making the cells more sensitive to radiation dam-
age (Bhalla 2003). Oncogel™ can also provide physical targeting of the tumor via intra-
lesional injection or the administration of the drug in tumor cavity after resection (0.6 to 
36 mL of Oncogel™), with local and tolerated pain being managed by co-administering 
analgesics (Bagley et al. 2007; Vukelja et al. 2007; Duvall et al. 2009).

The safety profiling of Oncogel™ in normal tissue was done in rats, dogs, and 
pigs by injecting through various tissues such as the skin (via subcutaneous injec-
tion), central nervous system (via intracranial and spinal injections), and the pan-
creas (Zentner et al. 2001; Linghu et al. 2005; Bagley et al. 2007; Matthes et al. 
2007; Gok et al. 2009). OncoGel™ has demonstrated an excellent local administra-
tion safety profile in nonclinical and clinical studies with no reported systemic tox-
icity (Elstad and Fowers 2009). Results of the nonclinical trial suggest that paclitaxel 
was localized in the tumor, with a negligible amount (<0.2%) detected in the blood, 
tissues, and urine (Zentner et  al. 2001). Other commercially available thermo- 
responsive products in biomedicine and pharmacotherapy are listed in Table 11.7.

Table 11.6 Summary of studies using cell sheet tissue engineering under clinical trial 
(clinicaltrials.gov)

Identifier Disease/condition Intervention/treatment Status

NCT01694823 Articular cartilage 
defects

Cell sheet-autologous chondrocyte 
implantation

Phase 2

NCT02455648 Barrett esophagus Endoscopic submucosal dissection Not 
applicable

NCT03015779 Treating limbal stem 
cell deficiency 
disease

Autologous oral mucosal epithelial stem 
cell sheet

Phase 2

NCT02866019 Superficial 
esophageal cancer

CLS2702C (cell sheet) transplanted 
(applied) to the wound site after ESD using 
CLS2702D (transplantation device)

Phase 3

NCT01082822 Chronic periodontitis Periodontal ligament stem cell implantation Phase 2
NCT02149732 Limbal stem cell 

deficiency
Stevens-Johnson 
syndrome
Ocular cicatricial 
pemphigoid
Chemical burn

Cultivated oral mucosal epithelial sheet 
transplantation

Not 
mentioned

NCT03949881 Bilateral limbal stem 
cell deficiency

Cultured autologous oral mucosa epithelial 
sheet

Phase 2

NCT02415218 Limbal stem cell 
deficiency

Transplantation of autologous oral mucosal 
epithelial sheets

Phase 2

11 Thermo-Responsive Polymers and Their Application as Smart Biomaterials
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11.5  Conclusion

The field of biomedicine has been greatly evolving through time. Drug delivery 
systems have upgraded from conventional dosage forms to a more complex system 
of employing polymers in optimizing the therapeutic efficacy of drugs. Drug deliv-
ery technologies have focused on delivering drugs in a controlled or sustained- 
release manner to achieve high drug concentration at the target site. The utilization 
and commercialization of thermo-responsive biomedical products are becoming a 
breakthrough in medicine. Various natural, synthetic, and hybrid polymers that 
show thermo-responsive behavior are now being used in drug and gene delivery and 
tissue engineering due to their excellent adherent property, loading capacity, 
controlled- release property, and site-specific delivery capacity. Furthermore, 
advanced strategies for developing tunable thermo-responsive materials have been 
adopted. The hybridization of the polymer by controlling its hydrophobicity or 
copolymerizing with other smart materials (e.g., pH-responsive materials) is some 
of the approaches that can be used to modulate the sol-gel transition temperature 
and the rheological properties of the polymer. However, challenges that hinder its 
clinical translation still need to be addressed, like a deeper understanding of the 
toxicity of these materials, especially with their clearance and the possibility of 
accumulation in off-target organs (e.g., liver and kidney). Nonetheless, research 
opportunities in developing multi-responsive polymers can be explored to provide 
new flexible materials with expanded applicability in biomedicine design and 
development.
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Chapter 12
Polymeric Micelles for Drug Delivery

Anuja Paprikar, Ankit Soni, Neeraj Kaushal, and Senshang Lin

Abbreviation

CMC critical micelle concentration
MePEG methoxy-polyethylene glycol
PEG polyethylene glycol
PICXM polyion complex micelles
PM polymeric micelles
QbD quality by design

12.1  Introduction

The advanced and targeted drug delivery market has been forecasted to grow at a 
10.4% compound annual growth rate to $319 billion by 2021 from $168 billion in 
2016 (Valcourt et al. 2018). In recent years, polymeric micelles (PM) have been on 
the radar as novel colloidal delivery systems that can comply with the requirements 
of an ideal and versatile drug carrier. The concept of using PM as drug carriers was 
first proposed in 1984 (Bader et al. 1984). Since then, they have found applications 
in delivering variety of drugs ranging from small molecules to large molecules 
including DNA, viruses, as well as lipoproteins. Especially, PM have been 
 extensively investigated to facilitate the delivery of hydrophobic drugs. They have 
proven to be better as compared to other carrier systems in terms of their targeting 
applications in disease conditions such as cancer as discussed later in this chapter.

PM are constructed from synthetic block copolymers or graft copolymers to 
form macromolecular. The polymers have been widely characterized since they 
govern not only loading of the drug into PM but also the release of the drug at the 
site of action. In contrast with surfactant micelle systems, employing PM as a 
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delivery system has several advantages attributed to their enhanced stability, low 
critical micelle concentration (CMC), lower degree of dissociation, controlled drug 
release, and ability to be retained for longer time systemically. This chapter aims at 
providing an overview of the formation of PM, polymers involved, in vitro–in vivo 
characterization, formulation, and clinical applications of PM.

12.2  Polymeric Micelles

12.2.1  Formation Mechanism of Polymeric Micelles

Amphiphilic agents, such as surface-active agents, tend to form association or 
amphiphilic colloids. At low concentrations in a liquid medium, these amphiphilic 
agents exist separately as sub-colloidal particles. The increase in concentration 
leads to aggregation over a narrow concentration range. These aggregates contain-
ing 50 or more monomers are called micelles (Martin 1993). Like amphiphilic 
agents, amphiphilic polymers consisting of hydrophobic and hydrophilic blocks ori-
ent themselves during PM formation to minimize the free energy of the system. 
Upon addition of water, the hydrophobic blocks break down to form aggregates 
leading to the formation of a hydrophobic cavity and a hydrophilic shell and increas-
ing the entropy of the system (Nagarajan 1996).

It has been reported that micelle formation involves two types of forces. The 
attractive force is responsible for the association of molecules to form micelles, 
whereas the repulsive force inhibits unlimited growth of the micelles (Astafieva 
et al. 1993). However, the reduction in free energy of system produced by the break-
down of hydrophobic blocks from the aqueous phase remains the main driving force 
for the formation of PM. On the other hand, the hydrophilic blocks sustain interac-
tion with water molecules at the surface of the particle which in turn aids in stabiliz-
ing PM. In case of amphiphilic copolymers, at very low concentrations (i.e., below 
CMC), single chains of polymers exist. However, when the concentration of amphi-
philic copolymer in the solvent reaches a critical value (i.e., CMC), polymers start 
to associate to form micelles, therefore reducing the free energy of the system 
(Jones and Leroux 1999).

12.2.2  Types of Polymeric Micelles

12.2.2.1  Block Copolymeric Micelles

Block copolymer micelles are one of the most promising particulate carriers utilized 
in drug delivery. The inner core consists of hydrophobic block, while hydrophilic 
block forms the outer shell. Block copolymers are produced by one homopolymer 
(repeated throughout the structure), which are engineered so that one or more 
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desired properties can be rendered to the copolymer. For example, block copoly-
mers of poly(ethylene oxide) as hydrophilic segments and drug-conjugated 
poly(aspartic acid) as hydrophobic blocks have been reported to chemically entrap 
drug by drug-polymer interaction. On the other hand, Pluronic block copolymer 
micelles conjugated with insulin or antibody effectively delivered haloperidol, 
which was physically entrapped inside PM (Cammas-Marion et al. 1999).

12.2.2.2  Polyion Complex Micelles

Polyion complex micelles (PICM) are formed by mixing two oppositely charged 
block copolymers in an aqueous solution and were first reported by Harada and 
Kataoka in 1995 (Harada and Kataoka 1995). These formed micelles are driven by 
electrostatic interactions along with a narrow size distribution. PICM are known as 
promising carriers for charged molecules like siRNA, DNA, and proteins. On the 
contrary, in case of proteins with charges, neutral, hydrophobic surfaces, RNA, and 
DNA are highly charged which affect the binding process to the polymer. The core 
of these PICM hosts these charged compounds which allows modulation of their 
inherent stability, solubility, and reactivity properties (Chen and Stenzel 2018). The 
methods, such as supercharging of proteins or the addition of more charged poly-
mers, have been applied to stabilize PICM. Although there are many challenges 
involved in drug delivery by PICM, some applications have found to be promising. 
The PEGylated albumin PICM has shown tremendous potential for the delivery of 
anticancer agents. Also, PICM can be a pH-responsive carrier for colon-specific 
drug delivery as well as intracellular drug delivery (Chen et al. 2015; Luo et al. 2009).

12.2.2.3  Polymers Used to Formulate Polymeric Micelles

The polymers used to formulate PM mainly involve the utilization of amphiphilic 
diblock copolymers, in addition to graft and triblock copolymers. The properties of 
the three copolymer types, which form the core of PM, are beneficial for prolonging 
the drug circulation time, controlling the drug-release profile, and/or having the 
ability to add targeting ligands.

The amphiphilic diblock copolymers consist of a hydrophobic core, which may 
assume certain hydrophilicity with the use of one or more polymers like polyethyl-
ene glycol (PEG). This provides certain hydrophilicity (i.e., stealth properties to 
PM) assisting their escape from reticuloendothelial system and subsequently 
increasing their half-life in systemic circulation. For instance, the hydrophobic 
polystyrene core and a mixed shell comprised of poly(methacrylic acid) (PMA) and 
poly(ethylene oxide) (PEO) blocks formed hybrid water soluble micelles. Such 
modified systems were able to enhance the stability and the drug release behavior of 
these micellar systems (Štěpánek et al. 2001). In another study, methotrexate release 
and micelle stability were reported to be influenced by the degree of hydrophobicity 
of the block copolymer which was modulated by drug conjugation (Yu Li and Kwon 
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2000). Although polyethers, such as PEG and PEO, have been extensively reported 
to be used as the outer hydrophilic shell, other shell polymers like poly(trimethylene 
carbonate), poly(acryloylmorpholine), and poly(vinylpyrrolidone) have been used 
as well (V P Torchilin et al. 2001; Z. Zhang et al. 2006).

In the case of Pluronics, by changing the lengths of chain segments, a remarkable 
alterability of CMC and partition coefficient values can be attained. CMC governs 
the thermodynamic stability of PM against the dilution in body fluids, while parti-
tion coefficient gives an idea of the amount of drug which can be incorporated into 
the micelle (Kozlov et al. 2000). Furthermore, Pluronic copolymers have an excep-
tional characteristic to hinder P-glycoprotein-mediated efflux which is correlated 
with multiple drug resistance. Since P-glycoprotein mainly associated with sus-
tained ATP levels, the utilization of Pluronic escalated membrane fluidity and 
changed intracellular ATP levels in endothelial and multiple drug resistance cells 
(Batrakova et al. 2001).

The graft-type copolymer can be derived by random derivatization of poly(l- 
amino acids) (PAAs) amino or carboxyl groups. PAAs are non-toxic, economical, 
and biocompatible. Poly(ɛ-caprolactone), poly(glycolide), and poly(D,L-lactide) 
polyesters are frequently used to synthesize nanoparticles and PM. Polyesters like 
poly(lactic-co-glycolic acid) have been widely stated for the targeted delivery of not 
only small hydrophilic molecules but also plasmids and oligonucleotides (Brannon- 
Peppas et al. 2007).

Alternatively, PM may be classified based on their applications such as oral pH- 
sensitive, mucoadhesive, and P-glycoprotein inhibition. As discussed in this sec-
tion, it can be noted that careful evaluation of the properties of the polymer is 
important during the formulation development stage.

12.3  Development and Characterization 
of Polymeric Micelles

A lot of literature has discussed the specifics of the formulation development of PM 
in the past. However, very few have compiled the application of quality by design 
(QbD)-design of experiments (DoE) approach for the development and 
 characterization of polymeric micelle formulations. This section aims to not only 
highlight the application of QbD-DoE principles for the development of PM but 
also discuss their characterization.

12.3.1  Formulation Optimization of Polymeric Micelles Using 
Design of Experiments

QbD is a systematic industrial approach, based on quality risk management, for 
developing pharmaceutical products. QbD originates with predefined objectives and 
focus on product and process understanding as well as process control. In addition, 
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the introduction of QbD elements to define and manage quality is promoted by vari-
ous regulatory authorities and marketing authorization submissions. The core ele-
ments of the QbD approach are the identification of quality target product profile, 
the selection of critical quality attributes critical process parameters, risk evaluation, 
and experimental design. Also, the creation of a design space with a proper control 
plan, and ultimately the management of lifecycle of pharmaceutical product are 
core QbD elements. Although the critical quality attributes are linked to the prod-
uct’s efficiency, the protection and efficacy profiles, the critical material attributes, 
and the critical process parameters are linked to the production method chosen. By 
rating critical quality attributes and critical process parameters in terms of their 
degree of effect on the targeted product quality, a true risk-and-knowledge-based 
quality management system can be developed (Csóka et al. 2018).

The application of QbD approach has been extensively discussed in the literature 
for micro-particulate systems, such as levodopa-loaded microspheres and 
lamotrigine- loaded nanoparticles as dry powder nasal formulations (Bartos et  al. 
2018; Gieszinger et al. 2017). Recently, a more systematic application of QbD prin-
ciples for nose-to-brain delivery of meloxicam-loaded PM has been published 
(Sipos et al. 2020). The development of knowledge space was feasible for this sys-
tem with the application of Ishikawa diagram. This cause-and-effect diagram cov-
ered not only the material and product characteristics but also the production method 
parameters and therapeutic expectations. Furthermore, based on this and the sever-
ity scores, risk assessment was performed to indicate that particle size, dissolution 
time, encapsulation efficiency of the formulation, as well as the excipients involved, 
drug solubility, and permeability could have the highest impacts among critical 
quality attributes on the quality and efficacy of meloxicam-loaded PM. On the other 
hand, it was observed that the highest influence on critical process parameters was 
determined by the composition of the formulation. Using the Box-Behnken experi-
mental design, the effect of three formulation excipients (independent variables) 
was studied on particle size and polydispersity index (dependent variables).

Another study highlighted the importance of a QbD approach to evaluate the 
material attributes and processing parameters, ultimately, affecting the formulation 
critical quality attributes of PM.  In this study, a full factorial design (3 × 3 × 4) 
investigation was performed (Gupta et al. 2020). Furthermore, a Doehlert matrix 
design was applied to evaluate the effect of four formulation variables on the 
response variables of paclitaxel-loaded PM (Wei et al. 2009). Also, a new micellar 
delivery system was designed to investigate in vitro reversal of resistant ovarian 
tumor cells, based on Pluronic P105 (nonionic triblock copolymer) and paclitaxel. 
The central composite design-response surface methodology was employed for 
optimization of these paclitaxel-loaded PM (Y. Z. Wang et al. 2008). As discussed 
in the above examples, it can be noted that the use of QbD-DoE principles has 
become an integral part of formulation development of polymeric micelle systems.
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12.3.2  Characterization of Polymeric Micelles

The following section aims at giving general background of the characterization of 
PM including in vitro as well as in vivo studies.

12.3.2.1  In Vitro Characterization of the Polymeric Micelles

12.3.2.1.1 Particle Size, Size Distribution, and Shape

The PM particle size in a range of 10–100 nm diameters is applicable in drug target-
ing through the bloodstream. This is because carriers in this size range cannot only 
efficiently avoid clearance at the kidney but also capture the carriers at reticuloen-
dothelial systems. This enables accumulation of the carrier particles into target 
organ tissues via selective extravasation from the bloodstream (Ishida et al. 1999). 
As compared to nanoparticles and liposomes, PM exhibit smaller particle size 
(lesser than 50 nm). In addition, the size can be better controlled for PM unlike the 
latter, since it primarily depends on the chemical structure of polymers and is not 
related directly to the preparation process (Yokoyama 2014).

The commonly used techniques for particle size measurements are dynamic light 
scattering and laser diffraction. In principle, the particle movement causes fluctua-
tion of the intensity of the scattered light, which is measured by the dynamic light 
scattering. In addition to the high speed of analysis and ease of sample preparation, 
this method can detect particles in a size range from few nanometers to up to 3 
microns. In addition to size, the polydispersity index can also be determined. 
Practically, blue color is indicative of a mono-dispersion, which is considered stable 
owing to less aggregation (white color). In contrast to dynamic light scattering, laser 
diffraction aids in providing information about the particle shape. PM have been 
reported to have various shapes, and these include, but not limited to, star shapes, 
flower-like, spherical, worm-shaped, vesicles, toroids, and helices. However, spher-
ical PM have been observed frequently (Amin et al. 2017). The size and shape can 
be determined by scanning electron microscopy, transmission electron microscopy 
techniques, when visualizing with respect to blank PM, scanning electron micros-
copy and transmission electron microscopy images have revealed that PM get swol-
len due to incorporation of the drug (Ahmad et al. 2014). Atomic force microscopy 
is used for the direct visualization of block copolymer micelles in the dried or liquid 
state. This method can differentiate single, aggregate, and fused particles, which is 
useful in multimodal size distribution unlike dynamic light scattering.

CMC is a key factor for the stability of PM. The different methods employed to 
determine CMC in the aqueous dispersion of PM CMC include surface tension, 
conductivity, osmotic pressure, X-ray scattering, and differential scanning calorim-
etry. In addition, techniques, such as dynamic light scattering, gel permeation chro-
matography, and fluorescence, are used. Although dynamic light scattering is a 
powerful technique, it can predict the onset of micellization only CMC occurring in 
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the concentration range that is sensitive to this technique. For example, the sensitiv-
ity of this technique is not within range to determine CMC for block copolymers in 
water. In case of gel permeation chromatography, the polymer may get adsorbed on 
the column limiting the determination of CMC of PM.  Pyrene fluorescence is a 
promising option for the determination of CMC of PM. Fluorescence spectra of 
pyrene are highly sensitive to minor changes in solution and polarity of the probe 
microenvironment (G. Kwon et al. 1993). It has to be noted that although the appar-
ent pyrene concentration was unchanged upon increasing polymer concentration, its 
fluorescence intensity increased after reaching the CMC of polymer. Following the 
micellization, pyrene could accumulate at the micellar core due to partitioning phe-
nomenon. Therefore, the CMC of polymer can be easily measured from the graph 
of fluorescence intensity and concentration of polymer (Kabanov et al. 1995).

12.3.2.1.2 Association

PM are found to be effective in drug targeting because of their ability to evade the 
clearance from kidney owing to their relatively larger size. On the other hand, even-
tually, they disassemble into small single polymer chains being removed by kidney 
out from the body. Thus, the ability to exist in dual statuses of relatively larger and 
smaller sizes has increased the targeting efficiency as well as reduced the related 
toxicity.

12.3.2.1.3 Drug Loading and Release

PM are known for their large volume of the hydrophobic inner core encapsulating 
with hydrophobic drug. The hydrophobic interactions between drug and polymeric 
core impact the drug loading capacity. It has been reported that the strong hydropho-
bic interactions have led to high drug loading. Also, factors like hydrogen bonding 
and steric hindrance have an effect on drug loading. Hydrogen bonding can occur 
easily since the presence of the functional groups, such as carboxyl, hydroxyl, and 
amide, in both the drug molecules and polymers are commonly found. The popular 
drug molecule doxorubicin is believed to have high incorporation owing to the π-π 
interaction-rich anthracycline ring in its chemical structure (Johnson et al. 2013). 
On the other hand, nucleic acids are favorably incorporated because of the presence 
of a negative charge at every monomer unit unlike proteins. Consequently, nucleic 
acids can be incorporated easily than proteins.

The drug loading for PM may not be efficient upon simply equilibrating the drug 
and PM in water. Hence, the loading of insoluble drugs can be improved by placing 
them into PM by either chemical conjugation or physical entrapment (i.e., via dialy-
sis or emulsification). In the chemical conjugation method, the incorporation of 
drug in the core of PM involves the formation of a covalent bond between the spe-
cific chemical group of drug and hydrophobic core of PM. The chemical conjuga-
tion has been reported to have impact on drug release rate, wherein with an increase 
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in the drug’s conjugation resulted in decreased drug release (Yu Li and Kwon 2000). 
The physical method is more feasible than the chemical method for drug incorpora-
tion, since no conjugation chemistry is involved. Physical incorporation of drugs is 
usually performed by dialysis and/or oil-in-water emulsion process. In dialysis, a 
selective solvent for the hydrophilic part of the polymer is selected which brings the 
drug and polymer together. On the other hand, using this selective solvent, the 
hydrophobic portion of the polymer associates with the drug to integrate it via 
micellar core formation. In oil-in-water emulsion, an aqueous copolymer solution is 
prepared and the drug solution using a water-insoluble volatile solvent is added to 
physically entrap the drug inside the oil droplets. As the solvent evaporates, the 
micelle drug conjugate is formed. The dialysis method is advantageous over the oil- 
in- water method, since potentially toxic solvents can be avoided. In contrast, it has 
been reported that during the incorporation of doxorubicin in PEO–PBLA micelles, 
the emulsification method was more efficient than dialysis (G. S. Kwon et al. 1995).

The amount of drug added directly affects the incorporation efficiency as well as 
the loading capacity. The excess amount of drug gets precipitated after maximum 
capacity has been reached (Yokoyama et al. 1998b). The aggregation number of PM 
may influence the drug loading efficiency. In other words, PM with a high aggrega-
tion number help to solubilize the drug in the inner micelle core (Hagan et al. 1996). 
Interestingly, the polymeric core can be engineered to develop the drug interaction 
with the micelle core which helps to control the drug release from PM. The two 
major pathways for drugs to get released from micellar core are dissociation and 
diffusion. Upon the dissociation of the micelles into monomers, the drug molecules 
separate from the monomers, eventually breaking the drug-polymer bond within the 
micelles. Thereafter, the drug molecules escape via diffusional from the deliv-
ery system.

12.3.2.1.4 Cytotoxicity Studies

Although drug carriers, such as PM, are considered low in toxicity, in the case of 
anticancer drugs, toxicity of such carriers may be hidden due to the strong effects of 
drugs. However, in the case of milder anticancer drugs, it is important to study the 
toxicity of carriers. The in vitro cytotoxicity of paclitaxel-loaded P123/F127 mixed 
micelles was investigated and compared with that of the free drug and Taxol injec-
tion using human SPC-A1 and A-549 cells (S. C. Lee et al. 2007). In addition to the 
verification of toxicity, the effect of method of preparation can also be evaluated 
using cytotoxicity studies. For instance, the cytotoxic effect of the drug, upon physi-
cal or chemical entrapment, was evaluated using P388D1 mouse leukemia cells. It 
was observed that the physically entrapped adriamycin expressed cytotoxic activity, 
but not the case of the chemically conjugated adriamycin (Yokoyama et al. 1998a).
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12.3.2.2  In Vivo Studies

There is a plethora of literature on in vivo studies for PM that focus on delivering a 
variety of drugs ranging from siRNAs to small molecules. In a study, stable PM 
were formulated to consist of the siRNA incorporated into the cRGD peptide, which 
increased gene silencing ability, enhanced cell uptake, and led to broader in vitro 
distribution. Furthermore, following intravenous injection into mice, PM improved 
accumulation in both tumor mass and tumor-associated blood vessels. Additionally, 
stable and targeted PM depressed the growth of subcutaneous HeLa tumor models 
indicating that the proposed siRNA-based therapy is suitable for cancer treatments 
(Christie et al. 2012). On the other hand, a study reported that formulated itracon-
azole PM showed similar outcome between PM and commercial product using 
cyclodextrin as a solubilizing agent. Also, they were well tolerated in rats and dogs 
at dose levels corresponding to clinical doses (Yi et al. 2007). In addition, some 
studies focus on the in vivo fate of the polymeric system. For instance, the block 
copolymer was investigated following the intravenous administration of three dif-
ferent doses of the copolymer to female Balb/C mice. After analysis of the plasma 
samples, it was revealed that even after 24 h of administration, the copolymer stayed 
assembled as intact PM significantly. In other words, this investigation reveals that 
the hydrophobic and semi-crystalline nature of the PCL core conveys a high degree 
of kinetic stability to this micelle system (J. Liu et al. 2007).

As per the reported studies, even though PM may improve the solubilization of 
poorly water-soluble drugs, absorption is not observed to improve. This can be 
attributed to the low availability of readily absorbable form of drug in the gastroin-
testinal tract. Some studies have taken a step forward to understand the behavior of 
PM in fasted conditions. The pH-responsive fenofibrate micelles were administered 
by oral gavage to male Sprague-Dawley rats which showed enhanced bioavailabil-
ity as compared to the commercial formulation (Sant et al. 2005).

12.4  Formulation Applications of Polymeric Micelles

PM are widely considered convenient nanocarriers for various types of applications 
and have several beneficial properties, such as biocompatibility, durability proper-
ties, good in vitro and in vivo stabilities, the ability to effectively solubilize poorly 
water-soluble drugs, the enhancement in the release profile of drugs, and the capac-
ity to accumulate the drug in target region. Therefore, the formulation applications 
of PM are to enhance these fundamental drug performance parameters that include 
applications for solubilization of poorly water-soluble drugs, for the routes of 
administration, for the disease state, and for drug targeting to specific cell and/
or organ.
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12.4.1  Application for Solubilization of Poorly 
Water-Soluble Drugs

It is currently estimated that about 90% of new chemical entities produced by drug 
discovery have low aqueous solubility and are classified as Class II or Class IV in 
the Biopharmaceutical Classification System (Movassaghian et al. 2015; C. Y. Wu 
and Benet 2005). Formulation of these chemical entities poses a significant chal-
lenge for the pharmaceutical industry. In addition, although these entities have 
potential pharmacodynamic properties, they do not enter the market owing to low 
bioavailability (due to poor aqueous solubility) (Fournier et al. 2004). Micellar solu-
bilization is a dominant alternative for dissolving poorly water-soluble drugs in 
aqueous environments.

Conventional solubilizing agents utilized to resolve solubility issues are either 
ineffective or harmful and contribute to barriers associated with drug use, such as 
embolisms due to drug aggregation (Gelderblom et al. 2001). Recent research using 
PM has focused on the effects of PM on solubilization enhancement, dissolution 
rate, and enhancement of aqueous solubility. By application of PM, the aqueous 
solubility of many drugs can be increased as 10- to 8400-fold. PM provide a hydro-
phobic reservoir where drugs can partition by chemical conjugation, physical 
entrapment, or ionic interactions, depending on the nature of the drug and physico-
chemical properties of the polymer (Chiappetta et  al. 2011; Savić et  al. 2006). 
Paclitaxel micellar formulation is one of the most popular examples. The use of 
diblock copolymers containing one block of methoxy-polyethylene glycol (MePEG) 
and one block of poly(D,L-lactide), which dissolved in aqueous media to form PM 
with a hydrophobic polyester core and a water-soluble MePEG shell. By incorpora-
tion of paclitaxel in PM resulted in a 5000-fold increase of the solubilized paclitaxel 
levels in an aqueous vehicle (Burt et al. 1999). Also, the results of a range of in vitro 
and in vivo biocompatibility/toxicology tests in rats showed the poly(D, L-lactide)-
MePEG micelles were biocompatible and non-toxic. Another example is for the 
corticosteroids; the aqueous solubility of dihydrotestosterone was enhanced 300- 
fold upon the incorporation into core of polycaprolactone-b-polyethylene glycol 
micelles (Bromberg 2008).

12.4.2  Application for the Route of Administration

A few examples of drug-loaded PM are given in Table 12.1, which is based on the 
route of administration along with their description, advantages, and disadvantages. 
As detailed in Table 12.1, the intravenous route has found a lot of applications for 
the use of PM for especially anticancer drug targeting. The oral route is the pre-
ferred route of drug administration owing to the advantages as most convenient, 
especially for chronic therapy, and painless self-medication from the patient’s view-
point. Along with that, many variables such as intrinsic properties (poor aqueous 
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solubility and stability) and physiological conditions (transit time, surface area, 
enzymatic activity, and regional pH) must be considered which may affect the oral 
bioavailability. Moreover, ophthalmic drug delivery is extremely challenging due to 
poor solubility, permeation, and reduced retention time. To overcome these obsta-
cles, aqueous formulations of drug-loaded PM can be used (Salama and 
Shamma 2015).

12.4.3  Application for the Disease State

PM owing to their ability to load a variety of drugs, target the drug to site of action, 
alter pharmacokinetics of the loaded drug and reduce nonspecific cytotoxicity have 
received attention for their usage in different disease states.

12.4.3.1  Cancer

In terms of formulation design, amphiphilic copolymers that spontaneously form 
self-assembled micellar structure are attractive for their application to tumors. 
These micellar structures are nano-sized, colloidal particles with a hydrophobic 
core and a hydrophilic corona (Aliabadi and Lavasanifar 2006; V P Torchilin 
2006a). The hydrophobic core aids in the solubilization of hydrophobic drug mol-
ecules, and hydrophilic segment forms the corona that protect the loaded drug 
within PM by preventing interaction with blood components. This may lead to 
increased circulation of the delivery system, ultimately resulting in enhanced accu-
mulation within the tumor cells.

Pluronics, also known as Poloxamers, can undergo self-assembly to form 
micelles. They are amphiphilic, nonionic block copolymer, consisting of a central 
poly(propylene oxide) block, which represents the hydrophobic core surrounded by 
two hydrophilic chains of poly(ethylene oxides) for the formation of hydrophilic 
corona (Rowe et al. 2009). Interestingly, this micellar system has been explored for 
oral delivery of paclitaxel (Yoncheva et al. 2012). Paclitaxel, owing to its low aque-
ous solubility and activity by P-glycoprotein efflux transporters in the intestine, 
impacts its oral administration negatively. The oral administration of paclitaxel-
loaded PM in mice showed elevated area under the curve of paclitaxel (similar to 
intravenous administration of Taxol®), longer (i.e., 9-times) mean residence time, 
and a high (i.e., two-fold) volume of distribution as compared to that of intravenous 
administration of Taxol®, indicating improved oral absorption of paclitaxel by 
PM.  A similar micelle-like structure of Poloxamer-methotrexate conjugate was 
developed and evaluated for methotrexate delivery (Ren et al. 2015). Methotrexate 
was physically entrapped and chemically conjugated (i.e., ester linkage) to PM, 
which led to increase in drug loading. The conjugates could self-assemble into the 
micelle-like structures in aqueous phase, and methotrexate was in the inner-core of 
PM.  The resulting methotrexate-loaded PM showed a biphasic release of 
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methotrexate, representing a rapid burst release (up to 6–7 h), followed by a sus-
tained release of methotrexate. Based on the pharmacokinetics study, the mean resi-
dence time was extended from methotrexate-loaded PM, indicating a delayed 
elimination of methotrexate from the systemic circulation. Consequently, the area 
under the curve of methotrexate-loaded PM was greater than the free drug, indicat-
ing an enhanced bioavailability.

Poly(lactic) acid (PLA) represents another synthetic biodegradable polymer and 
is weakly hydrophilic. Copolymerization with polyethylene glycol (PEG) has 
greatly enhanced its hydrophilicity, stealth properties, and rate of degradation 
(Bazile et al. 1995; Hu and Liu 1993). The diblock copolymer comprising of PEG-
PLA undergoes self-assembly in water to form PM (Letchford and Burt 2007). 
Genexol-PM® utilizing PEG-PLA as a micelle-forming polymer has been approved 
clinically for paclitaxel. Genexol-PM® is a solid-state formulation and is reconsti-
tuted with sterile water before intravenous infusion. It has been shown that 
Genexol-PM® does not increase the circulation time of paclitaxel, which is consis-
tent with rapid release of paclitaxel from paclitaxel-loaded PM (S. C. Kim et al. 
2001). However, Genexol-PM® was found to be less toxic than its commercially 
available counterpart Taxol®. Lower toxicity as exhibited by Genexol-PM® per-
mits dose escalation of paclitaxel in preclinical studies. Consequently, Genexol-PM® 
was found to be much more effective than Taxol® in ovarian and breast murine 
tumor models, suggesting its use in human clinical trials. PEG-PLA micelles have 
shown the ability for multi-drug solubilization. In other words, they can take up 2 or 
3 anticancer drugs within the same micelles (Shin et al. 2009). Simultaneously dis-
solving paclitaxel, 17-allylamino-17-demethoxygeldanamycin, and rapamycin 
within PEG-PLA micelles have been reported (Shin et  al. 2011). These systems 
were found to be 40  nm in diameter which were found to be stable for 24  h at 
25 °C. The half-life for in vitro drug release from these systems was 1–15 h under 
sink conditions. The correlation between the half-life values with log Po/w values is 
implicating a diffusion-controlled mechanism for drug release.

12.4.3.2  Fungal Infection

Systemic fungal infections pose a universal health challenge due to the significant 
rise in mortality in immunocompromised patients (Ravikumar et al. 2015). Broad-
spectrum antifungal agents are a crucial therapeutic treatment option. However, 
their usage is limited due to toxicity associated with the treatment regimen (Halperin 
et al. 2016). To circumvent this challenge, the development of PM to reduce the 
toxicity induced by the antifungal agent (i.e., amphotericin B) has been evaluated 
(Y. Wang et al. 2016). Amphotericin B is a poorly soluble and toxic antifungal drug, 
which was encapsulated by conjugation into PM self-assembled from phenylbo-
ronic acid-functionalized polycarbonate/PEG (PEG-PBC). This micellar formula-
tion had a narrow particle size distribution with a close to neutral zeta potential. 
Furthermore, UV–Vis absorption analysis indicated that amphotericin B-loaded PM 
significantly reduced amphotericin B aggregation due to the interactions between 
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amphotericin B and the micellar core, while the marketed formulation (Fungizone®) 
exhibited no effect. The amphotericin B-loaded PM exhibited a sustained drug 
release and showed comparable antifungal activity to free amphotericin B and 
Fungizone®. Histological examination showed that amphotericin B-loaded PM led 
to a significantly lower number of apoptotic cells in the kidneys compared to 
Fungizone®, indicating reduced nephrotoxicity of PM formulations.

12.4.3.3  Diabetes-Associated Corneal Disease

α-Lipoic acid is an antioxidant for the prevention and treatment of ophthalmic com-
plications. A micelle-based formulation (i.e., Soluplus®) enhancing the solubility, 
stability, and corneal permeability of α-Lipoic acid has been developed and com-
pared to a conventional surfactant formulation (Alvarez-Rivera et  al. 2016). 
Interestingly, Soluplus® prepared with 1- or 2-mM block copolymer concentration 
exhibited in situ gelling capability at 35 °C and could transform into gels, which 
consequently increased the corneal residence time. Therefore, Soluplus® was sug-
gested to be a better dosage from with improved therapeutic response as compared 
to currently available commercial product.

In another study, a block polymer composed of cationic chitosan and methoxy-
polyethylene glycol-poly(ε-caprolactone), which could self-assemble into cationic 
micelles to solubilize hydrophobic drugs such as diclofenac was evaluated (Shi 
et al. 2015). A similar in vitro release profiles for diclofenac from commercial eye 
drops and the micellar system was obtained. A biphasic release pattern was observed 
for achieving therapeutic drug levels quickly and maintaining them for prolonged 
period of time. In vitro corneal penetration studies demonstrated enhanced penetra-
tion of diclofenac from the micellar system relative to the commercial eye drop 
containing diclofenac. A passive diffusion as the primary mechanism of diclofenac 
transport into the cornea from both formulation was observed. Corneal permeation 
was further confirmed under in vivo conditions using Nile red as a fluorescent agent. 
The Nile red micellar system resulted in higher fluorescence intensity in the corneal 
endothelium than the aqueous solution of the fluorescent agent 60 min post-instilla-
tion. In addition, the diclofenac micellar system demonstrated higher concentra-
tions of diclofenac in the aqueous humor of male New Zealand albino rabbits in 
comparison to commercial diclofenac containing eye drops (2.3-fold higher area 
under the curve) indicating greater drug retention and improved drug 
bioavailability.

12.4.4  Application for Drug Targeting to Specific Cell and/
or Organ

The role of PM as a drug delivery system remains vast with debate circumventing 
the distinction between therapeutic efficacies of passively versus actively targeting 
potential of this delivery system. It is widely accepted that methodologies (e.g., 
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surface modification) result in homing a high concentration of drug at the target site. 
The intracellular trafficking mechanism of these carriers to dictate the overall thera-
peutic outcome is seldom described. The purpose of this section is to provide the 
reader with a condensed discussion on different mechanisms by which PM targets 
the drug to the cell and/or organ of interest.

Before discussing the drug targeting mechanism of drug-loaded PM, an over-
view of the desired characteristics of this system in circulation is presented. After 
their administration, drug-loaded PM must pass through several physiological and 
biological barriers before reaching the target site. Briefly, these carriers must be able 
(1) to remain intact in the circulation, (2) to escape from the reticuloendothelial 
system and do not get captured by the mononuclear phagocyte system, (3) to cross 
the vasculature as well as penetrate the tissue interstitial fluid, and finally, (4) to 
interact with the target site (tissue and/or receptor) exclusively (Barar and Omidi 
2013; Omidi and Barar 2014). Since drug targeting to tumor cells is widely explored 
by drug delivery scientists, the drug targeting efficacy of PM to tumor cells has been 
discussed.

12.4.4.1  Passive Targeting

Passive targeting involves the accumulation of PM within the tumor cells mainly via 
the enhanced permeation and retention effect (Maeda et  al. 2000). PM owing to 
their unique physicochemical properties (i.e., surface properties, particle size) not 
only leak into the tumor cells but also get retained within due to the poor lymphatic 
drainage. However, this unique feature does not apply to small drug molecules 
(molecular weight < 40 KDa) which may have short circulation time and fast wash-
out from the tumor cells. Thus, the encapsulation of small molecule drugs within 
PM is advisable. Such encapsulation also alters the pharmacokinetics (i.e., pro-
longed systemic circulation) of the drugs and provides some tumor selectivity. This 
type of tumor-targeting is termed as “passive” which solely relies on the carrier and 
the tumor microenvironment characteristics (i.e., particle size and enhanced perme-
ation and retention effect) (Fang et al. 2011; Maeda 2001).

Additionally, the stability of PM in the circulation is crucial for passive targeting 
(Vladimir P Torchilin and Trubetskoy 1995). There is a consensus that the stability 
of PM can be enhanced by hydrophilic polyethylene glycol coatings. One key con-
sideration not been reported in the literature is the selection criteria of polyethylene 
glycol. Based on the molecular weight, their different grades of polyethylene glycol 
are available commercially. A literature review indicates that a surface polyethylene 
glycol chain with molecular weight of ≥2000 may be required to achieve increased 
mononuclear phagocyte system avoidance characteristics. This minimum molecular 
weight requirement can be linked to the loss in the flexibility of shorter chains of 
low molecular weight polyethylene glycol. Also, it has been shown that as molecu-
lar weight increases beyond 2000 Da, the blood circulation half-life of the PEGylated 
(i.e., overcoated with polyethylene glycol) carriers is also increased, which may be 
partly due to the increased chain flexibility of higher molecular weight polymers 
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(Gref et al. 1994). Furthermore, surface chain density and conformation are also 
critical factors for achieving improved stealth characteristics (Owens III and Peppas 
2006). Therefore, the grades and concentration of overcoating with polyethylene 
glycol may need optimization.

The size of PM also plays a crucial role in the enhanced permeation and retention 
effect-mediated accumulation. PM, which are below the cutoff limit for most 
tumors, ensure them remaining in circulation for longer intervals and gradually 
enter the tumor vasculature. As a result, they are not up taken by the mononuclear 
phagocyte system.

12.4.4.2  Active Targeting

Tumor cells exhibit an expression of specific proteins (i.e., receptors or antigens) 
and are normally not expressed on the surface of normal cells. Active targeting uti-
lizes this feature to selectively target anticancer drugs to the tumor cells (Nie et al. 
2007). The surface of PM can be fabricated for active targeting with targeting 
ligands having strong specificity toward receptors or antigens expressed on cancer 
cells (V P Torchilin 2006b). Usually, the targeting ligands can be attached to the 
hydrophilic blocks of micelles, in such orientation they avoid steric hindrance when 
binding to their target receptors (Vladimir P Torchilin and Trubetskoy 1995).

A wide collection of ligands has been reported in literature for active targeting of 
PM to tumor cells. Commonly used targeting ligands can be broadly classified as 
antibodies, peptides and proteins, sugar moieties, and small molecules (Chung et al. 
2014; Jin et al. 2011; Sawant et al. 2014; C. Yang et al. 2013). Few important con-
siderations need to take into account when selecting a ligand. Firstly, a clear under-
standing of the type of cancer cells being targeted. Secondly, the type of receptors 
expressed in those cells needs to be identified. Thirdly, limitation of the ligand, for 
example, protein- and peptide-overcoated PM may have low stability, and these 
ligands may be prone to enzymatic degradation by the peptidases before reaching 
the target tissue. Additionally, the larger the molecular weight of the ligand (i.e., 
antibodies) the lower is its density on the surface. However, such a challenge can be 
overcome by reducing the particle size and/or conjugating the ligand on the surface 
of PM (K. Chen and Conti 2010). An example of each class and their usage as tar-
geting moiety has been briefly described herein.

Antibodies by far have been the most common targeting ligands for PM because 
of the diversity of their target receptors and selectivity of their interaction with 
them. To overcome the challenge of low surface density, conjugation of antibody 
fragment with PM for selectively delivering platinum drugs to pancreatic tumors 
has been reported. By such modifying efforts, more than a fivefold increase in cel-
lular binding and rapid cellular internalization as compared to non-targeted PM 
were observed in in vitro cell culture model. In in vivo study, conjugated PM signifi-
cantly suppressed the growth of pancreatic tumor xenografts for a prolonged period 
(i.e., > 40 days), in comparison to non-targeted PM and free drug (controls) (Ahn 
et al. 2015).
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Proteins and peptides have been utilized extensively as targeting ligands for 
PM. Specifically, transferrin receptors (overexpressed in many cancers) have been 
used for the development of transferrin-targeted polymeric micellar system (Singh 
1999). Transferrin-decorated PM were synthesized to deliver paclitaxel across the 
brain for glioma therapy. Due to the significant expression of transferrin on brain 
capillary endothelial cells and glioma cells, these PM could cross the blood-brain 
barrier and target the glioma cells. Additionally, their being rapidly be uptaken by 
the glioma cells had been reported from an in vitro model study. In in vivo study, 
this system presented a better anti-glioma effect with a prolonged median survival 
of nude mice bearing glioma than the unmodified PM which served as control 
(P. Sun et al. 2020).

Hyaluronic acid is a polysaccharide that can actively target the cell surface recep-
tors. It binds to cluster determinant 44 (better known as CD44) receptors overex-
pressed on the surface of cancer cells and is also one of the main components of the 
extracellular matrix along with collagen (Aruffo et al. 1990). In addition to acting as 
a targeting moiety, hyaluronic acid can be used simultaneously as a hydrophilic 
backbone polymer (Choi et al. 2011). In a study, a hyaluronic acid-coated redox-
sensitive micellar system was prepared for tumor-specific intracellular rapid deliv-
ery of gambogic acid. The resulting cationic PM had hyaluronic acid as a coat on 
the surface for CD44-mediated active targeting together with protection from cat-
ion-associated defects. The hyaluronic receptor-mediated cellular uptake and burst 
drug release intracellularly have been further confirmed from the results of flow 
cytometry and confocal microscopy studies. Consequently, the coated PM displayed 
the highest apoptosis induction and cytotoxicity over the nonselective hyaluronic 
acid un-coated controls against A549 NSCLC model both in vitro and in vivo stud-
ies. Furthermore, reduced systemic cytotoxicity was observed in mice treated with 
coated PM as compared to un-coated cationic PM and free drug solution (Xu 
et al. 2019).

12.4.4.3  Multifunctional Targeting

PM provide a platform allowing the formulator for the integration of multiple com-
ponents in single micelle, which makes the delivery system complex, however, 
enhances its functionality. For example, polyethylene glycol and hyaluronic acid-
coated PM for enhanced stability in the circulation and selectively targeting the 
CD44 receptors in cancer cells. The resulting PM combine several distinct functions 
in a single carrier having each component functioning distinctively and in flawless 
harmony with other components and is termed “multifunctional” micelles (Jhaveri 
and Torchilin 2014). Additionally, tracer substances can also be incorporated within 
PM permitting real-time imaging of PM and their existence within cells. Therefore, 
an ideal multi-functional PM may simultaneously circulate in the body for pro-
longed periods for passive and/or active targeting of the loaded therapeutics. 
Although targeted therapeutic treatments have been established, tumor cells may 
still escape the targeted treatments leading to acquired resistance and the failure of 
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targeted therapeutic treatments (Blanco et al. 2009). Therefore, a multi-functional-
ity methodology for targeting cancer seems crucial. Recently, a lot of the focus of 
current research has been in the direction of the development of multifunctional PM 
for improving the efficacy, increasing the safety, and promoting novel 
chemotherapeutics.

Multifunctional PM have been investigated extensively for the delivery of thera-
peutics, a selected few of which are discussed here. In one study, nano-supramolec-
ular PM with a spherical core-shell structure was prepared. To prepare such PM 
[i.e., folate-polyethylene glycol-poly(aspartate hydrazone adriamycin)], self-assem-
bling amphiphilic block copolymers were designed and synthesized by mounting a 
molecular promoter to enhance intracellular transport (i.e., folate) at the end of the 
shell-forming polyethylene glycol chain and conjugating with the anticancer drug 
(i.e., adriamycin). The tetrazolium dye method using human pharyngeal cancer 
cells showed that folate-bound PM significantly improved cell growth inhibitory 
activity. Subsequent flow cytometric analysis revealed that cellular uptake of folate-
bound PM significantly increased (Bae et al. 2005).

MRI-responsive PM were developed in a novel approach, wherein hybrid PM 
were fabricated from Pluronic F127 and a peptide-amphiphile in which the mag-
netic nanoparticles were embedded in the shell (Yongyong Li et  al. 2013). The 
shell-embedded magnetic nanoparticles significantly improved stability and 
retarded the release of doxorubicin from the hybrid PM. Another novel approach, 
targeting-clickable and tumor-cleavable multi-block polyurethane nanomicelle con-
taining antitumor drugs formulation were reported (Song et al. 2013). In this study, 
polyurethane was synthesized from biodegradable poly(ε-caprolactone) and l-lysine 
ethyl ester diisocyanate, then extended by a new designed l-cystine-derivatized 
chain extender bearing a redox-responsive disulfide bond and clickable alkynyl 
groups, and finally terminated by a detachable methoxy polyethylene glycol with a 
highly pH-sensitive benzoic-imine linkage. The fabricated polymers exhibited 
astonishing self-assembly characteristics and stimuli-responsiveness, good cyto-
compatibility, as well as high loading capacity for doxorubicin. Furthermore, folic 
acid was used as a model targeting ligand was conjugated to the polyurethane 
micelles via an efficient click reaction. The conjugation of folic acid showed an 
enhanced cellular uptake and improved drug efficacy toward folic acid receptor-
positive HeLa cancer cells.

12.5  Clinical Applications of Polymeric Micelles

There are various reports available in the literature for PM with improved solubility 
and stability. However, still many of drug-loaded PM are in clinical trials due to 
various hurdles. These include capability of scalability of the process that remains a 
challenge. Also, it demands a more systematic approach at the initial stages of 
research to accelerate and simplify the transfer from basic research to clinical appli-
cation. To minimize these hurdles, there is a need to understand biodistribution, 
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pharmacokinetics, pharmacodynamics, accelerated systemic clearance (i.e., immu-
nogenic response), and in vivo degradation profiles (Deshmukh et al. 2017).

One of the critical aspects of using PM is to improve drug targeting and mini-
mize the systemic side effect of anticancer drugs. Under the code name NC-6004 
(Nanoplatin™), PM composed of PEG and complex of poly(glutamic acid) were 
loaded with cisplatin. Compared to free drugs, the NC-6004 displayed lower cyto-
toxicity when studied in various cancer cell lines based on the in vitro studies. Based 
on phase I clinical trials in patients suffering from colorectal carcinoma, the 
NC-6004 demonstrated superior antitumor activity as compared to that of the free 
drug. The NC-6004 showed effective results in metastatic pancreatic cancer patients 
to determine its appropriate dose and evaluate its safety, tolerability, and efficacy in 
conjunction with gemcitabine under phase I/II clinical studies initiated in Taiwan 
and Singapore. The formulation is currently under phase III clinical trial (Plummer 
et al. 2011).

To achieve better efficacy of the anticancer drug (i.e., oxaliplatin), NC-4016 is 
PM developed to reduce neurotoxicity, resolve drug resistance, and increase circula-
tion time. NC-4016 consist of PEG-b-poly(L-glutamic acid) copolymer, stabilized 
by incorporating dichloro(1,2-diaminocyclohexane) platinum(II) (DACHPt). 
DACHPt, an active metabolite of oxaliplatin, has reduced toxicity which enhances 
the delivery of oxaliplatin to solid tumors. During the preclinical studies, NC-4016 
was found to be more stable in physiological conditions as compared to oxaliplatin 
alone. Also, it not only extended blood circulation time of the drug significantly 
after bolus injection but also achieved a greater than 1000-fold increase in plasma 
concentration (Gong et al. 2012; Takahashi et al. 2013).

Doxorubicin is an effective anticancer drug, and the doxorubicin-loaded PM 
named NK911 is composed of doxorubicin conjugated to PEG-poly(aspartate). In 
this formulation, physically entrapped doxorubicin is conjugated with both hydro-
phobic poly(α,β-aspartic acid) core. The NK911 completed phase I clinical trial at 
the National Cancer Center Hospital, Tokyo, Japan. There was a minimum toxicity 
dose observed, and the recommended dose for the phase II study was determined to 
be 67 and 50  mg/m2, respectively, based on phase I experimental findings. The 
NK911is currently under phase II clinical study (Gong et al. 2012; Matsumura and 
Kataoka 2009).

The NC-6300 micelle formulation was fabricated by conjugation of epirubicin, 
which is 4′-epimer of doxorubicin, and is less toxic as compared to doxorubicin. 
The epirubicin was conjugated with the core component hydrophobic poly(α,β-
aspartic acid) substituted, partially, with hydrophobic benzyl groups to stabilize the 
formed epirubicin micelles. The NC-6300 shows similar anticancer activity to that 
of NK911, with significantly reduced the cardiac toxicity. The phase I clinical trial 
of NC-6300 demonstrated its safety, tolerability, and recommended dosage to deter-
mine the efficacy in patients with either advanced or metastatic solid tumors 
(Takahashi et al. 2013).

Multidrug resistance is the major obstacle in the development of an effective 
clinical cancer therapy. The nonionic surfactant PEO-PPO-PEO, commonly known 
as Pluronic, is the only copolymer that has demonstrated a reduction in the drug 
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resistance via inhibition of cancer cell P-glycoprotein as reported in the literature 
(Valle et al. 2011). This Pluronic-based micelle formulation of doxorubicin SP1049C 
is in a clinical trial. This formulation SP1049C has a blend of Pluronic L61 and 
Pluronic F127. It can be noted that Pluronic F127 contributes to stability without 
any alteration in the cytotoxicity, whereas Pluronic L61 inhibits the P-glycoprotein 
efflux mechanism and modulates the activity of the doxorubicin in multidrug-resis-
tant cells. The biodistribution profile showed an increased accumulation of micelles 
in brain tumors, suggesting its promise in solid tumors of the brain. Phase I clinical 
trials were conducted and demonstrated linear pharmacokinetic behavior. Based on 
the results of phase I trials, phase II clinical trials were initiated in patients with 
advanced adenocarcinoma of the esophagus and gastroesophageal junctions.

Paclitaxel has been widely studied to improve its solubility, stability, and tar-
geted delivery for the treatment of cancer. There are two products already in the 
clinical trials for paclitaxel that includes Genexol®-PM and NK105 aiming to 
improve solubility and used for breast and lung cancer. Genexol®-PM is copolymer 
micelles containing mPEG-PDLLA. As compared to the currently available mar-
keted formulation (i.e., Taxol®), Genexol®-PM has 25% more drug solubilizing 
capacity and has higher maximum tolerated doses and median lethal dose. Also, it 
is effective in reduced P-glycoprotein efflux, higher tumor accumulation of drugs, 
and decreased myelosuppression. Genexol®-PM is currently in Phase II trials in the 
US and already approved in Bulgaria, Hungary, and South Korea (Cabral and 
Kataoka 2014; Gong et al. 2012; Lu and Park 2013).

The NK105 micelle formulation was developed to solubilize and deliver physi-
cally entrapped paclitaxel to solid tumors. It consists of PEG-poly(aspartic acid) 
copolymer modified with 4-phenyl-1-butanol to enhance its hydrophobicity. The 
micelle formulation can be readily dissolved in 5% glucose solution for intravenous 
administration. The hydrophilic surface, due to the presence of PEG and smaller 
droplet size, makes increased blood circulation time. Hence, as compared to free 
drug, the micelle formulation can achieve maximum concentration of paclitaxel in 
tumor site when tested in HT-29 colon cancer cell lines (Lu and Park 2013; Ri et al. 
2018; Saito et al. 2010).

12.6  Conclusions

As nanocarriers, PM have many advantages, such as effective drug-targeting ability, 
longer circulation time in the body, easy production, and relatively low toxicity, so 
PM have aroused widespread interest in research. In particular, owing to the feasi-
bility of developing copolymeric structures, it is possible to match the same formu-
lation requirement. Also, the exceptional solution behavior along with established 
characterization methodologies attracts the researchers to work upon and further 
explore these PM. Although there are some hurdles, many PM formulations have 
shown steady progression through clinical trials. To that end, PM unlike other nano-
carriers are already ahead in terms of proven clinical success owing to their 
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comparatively simple design and easy development. Several multifunctional micel-
lar systems are under investigation currently, and as new technologies are evolving, 
further research will be accelerated on the applications of PM in the future.
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Chapter 13
Applications of Dendrimers in Drug 
Delivery Systems

Raja Abhilash Punagoti, Mallikarjun Vasam, and Rita Mourya

13.1  Introduction

Dendrimers or macromolecules with a multi-branched tree-like structure are a rela-
tively unique class of polymers, which attract researchers to explore their properties 
and architecture. Several drugs had limitations like poor aqueous solubility and 
undesirable half-life. Therefore, it is necessary to design a delivery system, which 
can deliver a drug efficiently. For an instance, poor water solubility in formulating a 
liquid dosage form has a great impact in formulation R&D. The importance of this 
issue is underlined by the fact that 10–30% of commercial drugs and 60–70% of 
drugs under preclinical stage have solubility problems, which in turn possess bio-
availability constrains (Kovács et al. 2009). Conventional drug delivery systems are 
useful to some extent in overcoming these shortcomings, but they have failed to 
prove their effectiveness in delivering many drugs. One can surpass these issues by 
carefully selecting the excipients or carriers or the pharmaceutical formulation, 
improving the dissolution profile of the drug (Santos et al. 2020). Owing to their 
uniform nanosize (1–100  nm), water solubility, modifiable surface functionality, 
and available internal cavities made dendrimers as suitable drug carrier.
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Dendrimers are new class of carriers which have been recognized as promising 
nanostructures, and their applicability as drug carrier has been explored, due to their 
distinctive physicochemical and structural properties (Roy et al. 2015). The term 
“dendrimer” arises from two Greek word: “dendron” meaning tree and “meros” 
meaning part, which was coined by Vögtle and his colleagues in the late 1970s, and 
ever since numerous studies have been reported. In the past three decades, its pres-
ence as pharmaceutical excipient has been dramatically increased, due to its unique 
physicochemical properties and distinct and divergent applications in pharmaceuti-
cal development.

Moreover, these cascade molecules consist of internal cavities that enable the 
encapsulation of a wide range of drugs, genes, and specific targeted agents and or 
otherwise onto the surface through branching or covalent bonding. Additionally, 
dendrimers can be used to minimize the drug toxicity and for the improvement of 
drug efficacy. All these diversified and unique physicochemical and biological prop-
erties offer a wide range of potential applications using dendrimers as nanomedi-
cine agents. Dendrimer consists of three basic architectural components. They are 
(1) a core unit or focal point from which all the branching originates, (2) branching 
dendrons that incorporate a branching point, and (3) surface ligands or terminal 
groups that form the chain ends. Figure  13.1 illustrates the basic structure of 
dendrimers.

The number of branches originating from the center can be regarded as subse-
quent “generations.” The morphology of the dendrimers is going to affect solubility, 
degradability, and biological activity. One of the fascinating attributes of dendrimers 
is that as the number of generation is proportional to the dendrimer size and is 
responsible for the rigidity in terminal groups, which in turn not only regulates 
release rates from the dendrimer interior but also allows for multiple ligand attach-
ment sites and increases the probability of an affinity interaction. Further, the termi-
nal groups are vital because they can be hydrophobic or hydrophilic, anionic or 
cationic, to accommodate a variety of molecules (Lee et al. 2005, 2006). By regulat-
ing dendrimer synthesis, it is possible to precisely manipulate both their molecular 

Core unit

Branching dendrons

Surface ligand

Basic dendrimer components

Fig. 13.1 Basic dendrimer 
components
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weight and chemical composition, thereby allowing predictable tuning of their bio-
compatibility and pharmacokinetics, thereby offering a plethora of biomedical 
applications.

13.2  Structure and physicochemical Properties 
of Dendrimers

It is essential to study the physicochemical properties of dendrimers, for better 
understanding of their solubility capability. They comprised of layers between each 
cascade point popularly known as “generations.” The morphology of dendrimers 
consists of inner core, circularly attached branches (generations) not only equipped 
with various functional groups at external surface, that can be easily modified but 
also offers encapsulation of guest drugs (Tomalia et al. 1985; Dufès et al. 2005a, b). 
Applications of dendrimers typically involve conjugating other chemical groups 
onto their surface that can function as detecting agents, affinity ligands, targeting 
components, radioligands, imaging agents, or pharmaceutically active compounds 
(Otto and de Villiers 2018). As targeted drug delivery systems, dendrimers could 
change the current scenario in cancer research, diagnosis, and therapeutics (Kyriazis 
and Papaioannidou 2010). Figures 13.2 and 13.3 illustrates schematic representa-
tion of dendrimer components and dendrimers as multifunctional nanoplatforms.

Due to their proven ability as prodrugs or drug carriers, they can be produced either 
by encapsulating drugs in the core or coupled via electrostatic or covalent bonds to 
their surface. There are many chemical classes of dendrimers; among all, poly(propylene 
imine) (PPI) and poly(propylene amine) (POPAM) dendrimers, poly(amidoamine) 
(PAMAM) dendrimers, and pegylated dendrimers (Papageorgiou and Papaioannidou 
2010) are popular. Each type has their significant uses and applications.

Generation 0
Generation 1

Generation 2

Cavity

Branching unit

Core

Shell

Dendron

Surface/terminal
groups

Generation 3
Generation 4
Generation 5

Fig. 13.2 Schematic representation of dendrimer components. (Adopted from Dufès et  al. 
2005a, b)
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13.2.1  Types of Dendrimers

Based on their chemical composition, fabrication strategy, and characteristics, den-
drimers can be of different types, furnished in Table 13.1.

13.3  Fabrication Methods

Theoretically, synthesis of dendrimers is easy and straightforward, but in practice it 
is tedious and time consuming and should be prepared under controlled environ-
ment. For our understanding, there are two approaches for the synthesis of den-
drimers, namely, classical approach and accelerated approach.

13.3.1  Classical Approach

Based on the target end applications, two synthetic methods, divergent and conver-
gent methods, are popular. Each method has its own merits and demerits.

Fig. 13.3 Dendrimers as multifunctional nanoplatforms
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13.3.1.1  Divergent Method

This is proposed by Tomalia, in which the dendrimer grows from core to periphery 
in a sequential step-by-step process (Tomalia et al. 1985). The core molecule reacts 
with the monomer molecule having two dormant and one reactive group (ABn 

Table 13.1 Classification of dendrimers based on composition

S. No. Type Composition Applications References

1 PAMAM Layered architecture of 
spheroidal or ellipsoidal in 
shape, obtained from 
ethylene diamine or 
ammonia. Usually prepared 
by the divergent method

Suitable delivery vehicles 
of various drugs including 
antiviral, antitubercular, 
anticancer, etc.

Yiyun et al. 
(2007) and 
Vinicius et al. 
(2018)

2 PAMAMOS Hydrophilic, nucleophilic 
polyamidoamine (PAMAM) 
interiors and hydrophobic 
organosilicon (OS) exteriors

Useful precursors for the 
preparation of 
honeycomb-like networks 
with nanoscopic PAMAM 
and OS domains

Abbasi et al. 
(2014)

3 PPI Core structure contains 
diamino butane (DAB) along 
with primary amines as 
terminal groups and tertiary 
propylene amines as inner 
core

Pharmaceutical excipient 
to enhance drug solubility, 
diagnostic agents, 
fabrication of 
electrochemical 
biosensors and sensors

Chaudhary 
et al. (2016).

4 Tecto Blend of two or more 
dendrimers; each performs a 
specific function; one act as 
diagnostic agent and other 
perform drug delivery

Multidrug delivery Boas et al. 
(2006)

5 Frechet Poly(benzyl ether) as poly 
branched interior with 
carboxylic group as surface 
functional groups

Improves drug solubility 
of poorly soluble drugs 
both in aqueous and 
organic solvents

Sherje et al. 
(2018)

6 Amphiphilic Comprises of two different 
sites for electron transfer 
reactions

Drug encapsulation, 
micellar drug delivery 
systems, and preparing 
nanovesicles

Park et al. 
(2016).

7 Hybrid Fused skeletons of dendritic 
and linear polymers

Pharmaceutical excipient 
and in targeted drug 
delivery

Sherje et al. 
(2018).

8 Chiral Chiral core consists of 
enantioselective branching

Chiral hosts for 
enantiomeric resolutions 
and as chiral catalysts for 
asymmetric synthesis

Quintana 
et al. (2017)

9 Peptide On polylysine skeleton, 
amino acids are of branching 
or core

Biological applications, 
such as in vaccine, gene 
delivery, and diagnostic 
research

Luo et al. 
(2012)

13 Applications of Dendrimers in Drug Delivery Systems



378

monomer). Sequentially, there is a coupling of the monomers to a core facilitated by 
chemical bond formation between the A-functional group of the monomer, and one 
of the previously activated B-functional groups of the substrate. These two steps can 
be repeated multiple times to get various generations (tiers) of dendrimers with each 
generation having arms from previous generations (Boas et al. 2006). Figure 13.4 
depicts the divergent approach.

Divergent method is advantageous in terms of simplicity, high yield attributed to 
the commercial scale preparations, but it also suffers from the demerits such as 
accumulation of impurities and “de Gennes dense packing” (De Gennes and Hervet 
1983). In the synthesis of higher generation dendrimers by this method, results in 
dendrimer products with defects such as missing arms and dimers/trimers. Due to 
these factors, asymmetric and imperfect dendrimers are synthesized. However, by 
controlling various factors, one can fabricate large volume dendrimers. Most popu-
lar dendrimers such as PAMAM and PPI dendrimers are known to be prepared by 
this method.

13.3.1.2  Convergent Method

Hawker and FrÈchet (1990) developed this strategy, where dendrimer grows start-
ing from end groups and progresses inward. The synthesis of dendrons is conducted 
by using the conventional AB2 monomer, which has reactive B-functionalities and 
the deactivated/protected A-functionality. Small molecules come together and reac-
tion proceeds inward, eventually the dendrons become attached to the core.

The shortcomings with the divergent method can be overcome by this method, as 
at first, the dendrons are prepared, purified, and then coupled with core to complete 
the dendrimeric architecture (Bosman et al. 1999). However, more synthetic steps, 
low yield, and steric hindrance are the demerits of this approach. In order to 

Fig. 13.4 Synthesis of dendrimers according to the divergent method. (Adopted from Sowińska 
and Lipkowska 2014)
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overcome these shortcomings, accelerated approaches are gaining importance. 
Synthesis of dendrimers according to the convergent method is illustrated in 
Fig. 13.5.

13.3.2  Accelerated Approach

13.3.2.1  Double Exponential and Mixed Growth

In this method, two monomers from both convergent and divergent growth are 
reacted together to give an orthogonally protected trimer and can be synthesized 
further to obtain higher generation dendrimer molecule. The benefit of this method 
is less reaction steps to fabricate suitable polymer (Kesharwani et al. 2016; Majoral 
and Caminade 1999; Mathur et al. 2015). Synthesis of dendrimers by the double 
exponential growth technique is shown in Fig. 13.6.

13.3.2.2  Hypercores and Branched Monomers Growth

This approach deals with the prior assembled oligomeric species which can be 
linked together to give dendrimers in fewer steps or higher yields in a circular, with 
more branches. In branched monomers growth, core is allowed to with two or more 
moles of solvent containing at least two protecting branching sites, followed by 
removal of the protecting groups. The resultant free activated sites lead to the first 
generation dendrimers (Parata and Felder-Flescha 2016). Synthesis of dendrimers 
by the hypercore approach is diagrammatically shown in Fig. 13.7.

Fig. 13.5 Synthesis of dendrimers according to the convergent method. (Adopted from Sowińska 
and Lipkowska 2014)

13 Applications of Dendrimers in Drug Delivery Systems



380

13.4  Applications

The advent of dendrimers opened a plethora of opportunities for novel drug delivery 
and pharmaceutical applications. Due to the versatility and affordability of den-
drimers, their use is dramatically increased in the recent past. These drug delivery 
scaffolds have been already evaluated in various routes of drug administration sys-
tems and yielded promising results. In this chapter, we review vast and vital applica-
tions of dendrimers as a typical drug-delivery agent in various routes of administration 
(Cheng et  al. 2008). Owing to its structural flexibility and surface modification, 
dendrimers have found to be efficient in various routes of drug delivery such as 

Fig. 13.6 Synthesis of dendrimers by the double exponential growth technique. (Adopted from 
Santos et al. 2020)
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Fig. 13.7 Synthesis of dendrimers by the hypercore approach. (Adopted from Santos et al. 2020)
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parental, oral, transdermal, and ocular drug delivery systems. Among various 
classes of dendrimers, PAMAM and PPI were evaluated as promising alternatives in 
drug delivery.

13.4.1  Parenteral Drug Delivery

It is obvious that the parenteral route of administration is most popular because of its 
rapid onset of drug action. However, most of the drugs, for instance, anti- neoplastic 
agents, that possess poor or weak solubility raise concern in the development of 
formulations (Gebbia and Puozzo 2005). Moreover, traditional parenteral dosage 
forms have biocompatibility and biotoxicity issues such as hemolysis and phlebitis 
that need to be addressed (Markman 2003). Thanks to many researchers who devel-
oped dendrimers that can be conveniently administered through intravenous, intra-
tumoral, and intraperitoneal routes by overcoming aforementioned shortcomings. 
Research findings indicated that intravenous and intratumoral administration of anti-
cancer drugs such cisplatin proved to be reliable with minimal side effects.

Malik et al. (1999) proposed a novel approach for cancer chemotherapy by fab-
ricating G3.5PAMAM dendrimer conjugate of cisplatin for IV route, which yielded 
equal action of cisplatin alone but 3- to 15-fold less toxic. Bhadra et al. (2003) and 
Zhuo et al. (1999), individually demonstrated that 5-fluorouracil encapsulated in 
PEGmodified G4PAMAM dendrimer via IV route has shown high drug loading 
capability, less hemolytic activity with prolonged drug delivery. Chauhan et  al. 
(2004) improved the solubility of indomethacin, an anti-inflammatory drug, by 
developing G4PAMAM dendrimer by electrostatic interaction, and when adminis-
tered intravenously to albino rats, it indicated enhanced drug concentration at the 
inflamed site and 2.29 times superior targeting efficiency than free drug. An anti-
inflammatory drug flurbiprofen as G4PAMAM dendrimer possessed five times 
greater distribution and produced controlled, prolonged, and site-specific activity 
(Asthana et al. 2005). In similar fashion, folic acid-coated PAMAM conjugate of 
methotrexate in IV route not only enhanced its antitumor activity but also decreased 
its toxicity (Kukowska-Latallo et al. 2005).

Apart from the above mentioned therapeutic applications, many researches 
assured dendrimers as potential and safe alternative to traditional dosage form. 
Bhadra et al. (2005) used an antimalarial drug, primaquine phosphate, to prevent 
relapse of malaria, as a guest molecule encapsulated in galactose-coated PPI, when 
administered intravenously, demonstrated safe, prolonged release rate (5–6 days) 
with remarkably negligible adverse reactions. Intravenous and intratumoral injec-
tion of a fourth-generation starburst dendrimer that was boronated and linked to 
epidermal growth factor, assessed for its ability in Boron neutron capture therapy 
(used to treat many gliomas), produced satisfactory results (Yang et al. 2002). 
Similarly, various other authors (Barth et al. 1994, 2004; Wu et al. 2004; Yang et al. 
1997) have evaluated efficiency of boronated dendrimers as potential option as 
boron neutron captures therapy for treating brain tumors.
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Additionally, dendrimers were promising carrier (vector) in gene transfection to 
treat a variety of genetic disorders. Mainly cationic dendrimers were preferred as 
nonviral carriers to establish desired functions. Both DNA and RNA can be conve-
niently condensed and thereby prevent enzymatic degradation. Both PPI and 
PAMAM dendrimers have high-density tertiary amine groups as their terminals, 
responsible for “proton effect,” which in turn favors in endosomal escape (Vruti 
et al. 2020).

In the recent past, plenty of research has been conducted on dendrimers as gene 
delivery agents. G9 PAMAM dendrimer-DNA complex was investigated for pulmo-
nary gene transfection, (Kukowska-Latallo et al. 2004) and was successful in gene 
transfer to lungs. With the repeated IV administration of G9 PAMAM dendrimer- 
DNA complex, it was observed to have prolonged transgene expression. In another 
study carried out by Kihara et  al. in 2003, PAMAM-cyclodextrin conjugate that 
hosts DNA with varying degrees of substitution (D.S) were fabricated and inferred 
that the dendrimer DNA complex with D.S 2.4 has demonstrated as suitable non- 
vector in both in vivo and in vitro. Wada et al. (2005) evaluated mannose-PAMAM- 
cyclodextrin conjugated with DNA by electrostatic interaction in in vivo and in vitro 
which resulted in successful kidney gene transfection. Their study showed the com-
plex with D.S 3.3 as a promising non-vector. In another interesting research by 
Mamede et al. (2004), In-111-labeled-oligo with G4 dendrimers established opti-
mum uptake by the kidney and the liver. It was observed that PPI dendrimers were 
popular liver targeted gene expression (Dufès et al. 2005a, b; Schatzlein et al. 2005).

13.4.2  Oral Drug Delivery

Oral route of administration is the most preferred route of administration among 
other routes due to its specific advantages, such as noninvasive administration, 
patient compliance, and economic and high stability. After the oral administration, 
the fate of the drug is governed by various factors, for instance, due to the high sur-
face area (300–400 m2) offered by microvilli present on the intestinal epithelium, 
responsible for absorption of the drug and then distributed in systemic circulation 
(Cheng et al. 2008). These lymphoid areas, Peyer’s patches, are associated with M 
cells and are vital for drug delivery as it offers high transcytotic capacity. Despite its 
merits, it also suffers from certain demerits which include poor solubility, first pass 
metabolism, instability in gastric environment, drug penetration via P-glycoprotein 
(P-gp) mucus membrane, and difficulty in formulation. Numerous researches have 
been carried out to address this problem by adopting crystallization, micellar forma-
tion, solid dispersions and nanoparticles, liposomes and dendrimers, etc. Particularly, 
the novel class of delivery systems, such as dendrimers, gained attention in the 
recent past and was acknowledged by various researchers as a promising one as 
drug is carried in oral drug delivery (Luciana et al. 2018).

R. A. Punagoti et al.



383

To cite some of the works, D’Emanuele et al. (2004) investigated the oral bio-
availability of dendrimer-propranolol prodrug. In their study, they fabricated G3 
PAMAM loaded with the drug and concluded that this conjugate allows the bypass-
ing of the efflux transporter and thereby increasing the bioavailability. In similar 
fashion, Tripathi et al. (2002) improved the bioavailability of 5-fluorouracil in the 
form of dendrimer grafts than conventional dosage form. They also observed 
absorption through the lymphatic route. Additionally, according to Man et  al. 
(2006), the use of G5 PAMAM dendrimers as drug carrier for ketoprofen (anti- 
inflammatory drug) proved to increase oral bioavailability and possess sustained 
release behavior. These results indicated the dendrimers used as novel orally admin-
istrated formulations.

13.4.3  Ocular Drug Delivery

Due to the complexity of anatomy and physiology of the eye, ocular delivery 
approach faces many difficulties. There are two main constrains that affect bioavail-
ability, namely, static and dynamic barriers. While static barrier raises from various 
segments of the eye such as cornea, sclera, retina, and blood-retinal barriers and 
dynamic barrier from choroidal and conjunctival blood flow, lymphatic clearance, 
and tear dilution, has to be considered during formulation (Sikandar et al. 2011). 
The biggest challenge associated with ocular drug delivery system is rapid and 
extensive elimination of conventional eye drops from the eye which favors exten-
sive loss of drug; as a result, only a fraction of the drug penetrates the corneal layer 
and reached internal tissue of the eye. Moreover, conventional formulations have 
low bioavailability and limited residence time at the site.

Many formulations have been developed to overcome the abovementioned draw-
backs, especially novel delivery systems such as niosomes, liposomes, dendrimers, 
etc., with their unique characteristics (Shimpi et al. 2005). Dendrimers being nano-
size possess distinct advantages as ophthalmic drug carriers, such as decreased dos-
ing frequency, prolonged residence time, and enhanced bioavailability. However, 
blurred vision is the associated demerit of these formulations, due to the diminished 
secretion of lachrymal fluid (Loftsson and Stefansson 1997).

Vandamme et al. in 2005 reported the use of PAMAM dendrimers (generations 
1.5 and 2–3.5 and 4) loaded with pilocarpine nitrate and tropicamide to have shown 
prolonged miotic activity and mydriatic activity, respectively. Dendrimers contain-
ing –COOH and –OH groups at their terminal ends exhibited longer residence time 
and is dependent on molecular weight and size. Another interesting application of 
PPI dendrimers in ophthalmic therapy was studied by Duan and Sheardown (2006) 
and Duan et al. (2007), where the scientists used G2 PPI, and cell adhesion peptide-
modified PPI dendrimers consists of collagen was evaluated for their efficiency as a 
corneal tissue-engineering scaffold, yielded fruitful results, and therefore assured 
the efficiency of artificial collagen. All these research findings referred dendrimers 
as promising and reliable agent in ocular drug delivery.
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13.4.4  Transdermal Drug Delivery (TDDD)

Transdermal delivery aimed for the treatment of localized tissues below the skin or 
on surface of the skin in a controlled way. Due to their versatility, TDDDS is gain-
ing attention in the recent past, which offers benefits for the end users by ensuring 
patient compliance, pain-free administration, and minimal or almost no side 
effects. Regardless of its merits, TDDDS is challenging and complex, as skin acts 
as potential barrier and thereby influence dermato-pharmacokinetics. Very few 
classes of drugs exhibit the ability to permeate across the stratum corneum in opti-
mum concentration to elicit pharmacological activity (Dave and Venkata 2017). In 
order to facilitate drug transdermal absorption, various strategies have been inves-
tigated, reported, and patented. Advancements in skin permeation-enhancement 
technologies have led to renewed interest in transdermal drug delivery which 
include but not limited to iontophoresis, electroporation, ultrasound, micro-nee-
dles to open up the skin, and more recently the use of transdermal nanocarriers. 
These various classes of TDDD systems are now commercially available in the 
market and are found to be useful in the treatment of various ailments and diseases. 
The cascading structure of dendrimers with uniform shape, size, and molecular 
weights increases the permeability through skin. Moreover, dendrimers also act 
like solubility enhancers, favor the penetration of lipophilic drugs, and, to be hon-
est, limit the application for administration of hydrophilic drugs.

Reliable literatures have been advocated that various drugs can be conveniently 
administered topically in the form of dendrimers. Tamsulosin hydrochloride upon 
simple encapsulation to fabricate G3 PAMAM has shown enhanced transdermal 
delivery efficacy. The scientists concluded that when the dendrimer-drug complex 
was applied on snake skin, it fulfilled the penetration amount of tamsulosin hydro-
chloride required to conduct clinical trial (Wang et al. 2003a, b). The same group of 
authors used G3 PAMAM dendrimer with –NH3 groups and G2.5 PAMAM den-
drimer with –CooH groups to demonstrate the drug permeation enhancement effect 
(Wang et al. 2003a, b).

A class of anti-inflammatory drugs such as indomethacin in three different 
types of formulations with varying concentrations was evaluated by Chauhan 
et al. (2003) and concluded that when applied to the shaved abdominal skin of 
Wistar rats, the G4-NH2 dendrimer at 0.2% w/v concentration has shown high 
permeation enhancement effect than that of pure drug suspension. Furthermore, 
ketoprofen and diflunisal, as PAMAM dendrimers applied on excised rat skins, 
yielded promising results by reflecting good permeation ability and greater bio-
availability when compared to the pure drug suspension without dendrimers 
(Cheng et al. 2006). These results assured that PAMAM dendrimers can effec-
tively favors skin permeability of NSAIDs and continue to generate interest 
among researchers.
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13.4.5  Dendrimers in Market and Under Clinical Studies

Almost 40 dendrimer-based entities are currently in clinical and preclinical stages 
of development, and dozens are commercially available as different treatment regi-
men. PAMAM, PPI, PLL, Priostar®, Astramol®, etc. are popular and known for 
industrial applications. Starpharma being pioneer in the domain of dendrimers 
released its first commercial dendrimer-based product, VivaGel®, for treatment and 
prevention of bacterial vaginosis and sexually transmitted diseases (Roots Analysis 
Private Ltd 2016). This is marketed under the brand names Betafem® BV Gel (UK), 
Betadine BV™ (Europe), Betadine™ BV Gel (Asia), and Fleurstat BV gel (Australia 
and New Zealand). Moreover, other products, SuperFect®, Stratus® CS, PrioFect™, 
Alert Ticket™, are viable in the market (Starpharma n.d.). Several other dendrimers 
currently in late-stage clinical studies include NKTR-181, NKTR-102 (Nektar 
Therapeutics), CRLX-101 (Cerulean Pharma), and Opaxio™ (CTI BioPharma). 
The success of these molecules in clinical trial studies will determine the fate of the 
dendrimers and can be anticipated as block buster for the pharmaceutical industry.

13.5  Conclusions

Dendrimers with diversified properties, such as high degree of branching, multi- 
valency, size uniformity, and surface functionality flexibility, were rendered to be a 
promising tool in drug delivery systems. These cascade molecules can be fabricated 
by two approaches, namely, divergent growth method and convergent growth 
method. Recently, cutting edge chemical technologies such as double exponential 
growth method, click chemistry, and Lego chemistry yielded perfect dendrimers. 
The association of biodegradable properties with dendrimer can remarkably uptrend 
its applicability.

Moreover, these cascade molecules consist of internal cavities enables the encap-
sulation of a wide range of drugs, genes, and specific targeted agents and/or other-
wise onto the surface through branching or covalent bonding. Additionally, 
dendrimers can be used for minimizing the drug toxicity and for the improvement 
of the drug efficacy. Many studies already did show evidence that dendrimers are 
ideal drug carrier in various drug delivery systems. However, more in vivo studies 
need to be performed to establish their biocompatibility, efficacy, and long-term 
toxicity.

The evolving era of dendrimers assures remarkable promise to the pharmaceuti-
cals.Among the diversified applications, drug delivery holds a major opportunity, 
especially with PAMAM and PPI dendrimers. The dendrimer market is yet to unveil 
its potential and definitely will revolutionize the biomedical industry. Dendrimers 
are being exploited for numerous therapeutic areas. With success of the already 
marketed drugs, the next generations of dendrimers are poised to witness an accel-
erated growth as pharmaceuticals, diagnostic agents, and excipients.
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Chapter 14
Use of Solid Lipid Nanoparticles 
to Improve the Oral Bioavailability 
of Poorly Water-Soluble Drugs

Neeraj Kaushal, Anuja Paprikar, Ankit Soni, and Senshang Lin

14.1  Introduction

With advancement of high-throughput screening tools employed during initial 
phase of drug discovery, a large number of lipophilic substances have been under 
investigation for product development. This can be attributed to the dependence of 
lipophilic substances on kinetic or non-equilibrium solubility, rather than equilib-
rium solubility (Jain et al. 2015). The poor water solubility of these lipophilic sub-
stances substantially lowers their dissolution rate. A low dissolution rate may result 
in low oral bioavailability. This is essential in oral drug administration where com-
plete dissolution from the drug product is desired during their intestinal transit to 
facilitate the drug absorption. Based on the aqueous solubility and membrane per-
meability of a substance, Biopharmaceutical Classification System (BCS) classifies 
drug substances into four classes. These four classes are defined in terms of high 
and low aqueous solubility as well as high and low membrane permeability (Amidon 
et al. 1995; Yu et al. 2002). Specifically, BCS Class II (i.e., low solubility and high 
permeability) and IV (i.e., low solubility and low permeability) drugs impede the 
product development due to their low dissolution rate. In conjunction with the BCS, 
the Biopharmaceutics Drug Disposition Classification System predicts drug deposi-
tion by an interplay between the transport, absorption, and elimination; majority of 
the BCS Class II drugs have poor aqueous solubility and an extensive first-pass 
metabolism in humans resulting in poor oral bioavailability (Ku 2008; Wu and 
Benet 2005). Therefore, the development of a delivery system, which can bypass the 
first-pass metabolism and showcase an enhanced dissolution, is needed to improve 
the therapeutic outcomes of poorly water-soluble drugs.
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In addition to the drug physicochemical characteristics, the drug delivery tech-
nologies may impact dosage form related factors by affecting their oral bioavail-
ability. Substantial advancements have been produced in these drug delivery 
technologies over the last few decades by employing the use of lipid (natural or 
synthetic) excipients as a strategy in drug product development for enhancing the 
bioavailability of orally administered poorly water-soluble drugs. This takes into 
consideration the role of food intake in improving the bioavailability of many orally 
administered poorly water-soluble drugs, wherein the enhanced drug absorption is 
often related to the lipid composition of the food. Although the chemistry and the 
intake amount of such dietary lipids are in stark contrast to what would be accept-
able in a drug product, the concept of fed-state bioavailability can be adapted as a 
potential approach for designing formulations for such drugs.

Lipid-based drug delivery systems have gained substantial popularity as an 
approach for drug delivery for incorporating the poorly water-soluble drugs in a 
solubilized form for oral administration. They have gained attention for exhibiting 
oral bioavailability enhancement of several poorly water-soluble drugs (Chudasama 
et al. 2015; Gupta et al. 2015; Weng et al. 2014), by eliminating the rate-limiting 
dissolution step, which plays a significant role in the poor oral bioavailability of 
most poorly water-soluble drugs (O’Driscoll and Griffin 2008; Porter et al. 2007). 
Self-emulsifying systems, liposomes, and microemulsions have been explored as 
lipid-based drug delivery systems for their potential for the oral bioavailability 
enhancement (Jain et al. 2017). However, lipid-based drug delivery systems offer 
limited solubilizing capacity for high-melting drugs and require a high amount of 
emulsifier resulting in toxicity issues as well as their in vivo stability is influenced 
by physiological parameters such as digestive enzymes and pH (Cole et al. 2008). 
These challenges can be overcome by the SLNs which can subsequently aid in 
enhancement of the bioavailability of orally administered poorly water-soluble 
drugs. This chapter highlights the role of SLNs as a delivery system. The general 
preparation and characterization techniques of drug-loaded SLNs as well as the 
in vitro and in vivo techniques to understand the absorption mechanism pathways of 
drug-loaded SLNs were presented. Finally, an attempt was made to present some of 
the current research investigations to resolve the current issues of low bioavailabil-
ity of orally administered poorly water-soluble drugs.

14.2  SLNs to Improve the Oral Bioavailability of Poorly 
Water-Soluble Drugs

SLNs are lipid nanocarriers introduced in the early 1990s. Characteristically, they 
comprise lipids, which are intact or solid at physiological and room temperature. 
These lipids form a solid lipid core which is stabilized by an emulsifier at the inter-
face. Comprising of lipid constituents and having a solid nature, SLNs have the dual 
advantage of both the lipid emulsion systems and polymeric nanoparticle systems. 
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The drug-loaded SLNs have been successfully used for oral bioavailability enhance-
ment of poorly water-soluble drugs. For example, oral bioavailability studies of 
cyclosporin A-loaded SLNs and the nanocrystals were performed and compared 
with the marketed formulation as a reference (i.e., Neoral®) in young pigs. The 
mean plasma profile generated after oral administration of cyclosporin A-loaded 
SLNs had similarity to that of the reference but was devoid of the initial peak con-
centration of more than 1000 ng/ml presented in the plasma profile generated by the 
reference, while the nanocrystals of cyclosporin A generated a mean plasma profile 
with very low concentrations of cyclosporin A. This finding suggests that the lipid 
constituent of drug-loaded SLN system may play a crucial role in promoting the 
drug absorption and recommends that SLNs have the potential to be considered as 
an alternative delivery system for cyclosporin A to elicit the desired response. 
Moreover, amphotericin B-loaded SLNs were evaluated and found to be stable in 
the simulated gastric and intestinal fluids (Chaudhari et al. 2016). In vivo studies 
using rats as an animal model revealed that the oral bioavailability of amphotericin 
B-loaded SLNs was 1.05-fold higher as compared to that of the marketed formula-
tion (i.e., Fungizone®).

It must be noted that two case studies presented above using cyclosporin A and 
amphotericin B represent the BCS Class II and IV drugs, respectively. The com-
monality between the physicochemical characteristics of these drugs is their poorly 
water solubility. However, they are different in terms of their permeability charac-
teristics (i.e., cyclosporin A is more permeable than amphotericin B). The findings 
from both case studies suggest that in addition to enhancement of oral bioavailabil-
ity of the poorly water-soluble drugs, SLNs can also facilitate the oral absorption of 
permeation-limited compounds. The fundamentals and absorption mechanisms 
responsible for bioavailability enhancement of orally administered poorly water- 
soluble drug molecules by SLNs are discussed below.

14.2.1  Fundamentals of Improving Oral 
Bioavailability by SLNs

14.2.1.1  Dissolution/Solubilization

Owing to the presence of lipids, orally administered drug-loaded SLNs stimulate 
the various events (i.e., the gallbladder contractions, pancreatic and biliary secre-
tions) within the gastrointestinal tract. These along with simultaneous gastric shear 
movements facilitate the formation of a crude emulsion which facilitates the solubi-
lization of the co-administered lipophilic drug. Furthermore, the precipitation of the 
lipophilic drug is impeded when micelles and mixed micelles are formed 
(Nanjwade 2011).
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14.2.1.2  Stimulation of Intestinal Lymphatic Transport

The intestinal lymphatic route can transport the lipophilic drugs (i.e., LogP > 5) and 
make them available into the systemic circulation (Nordskog et al. 2001). The main 
advantage of the intestinal lymphatic transport of the drugs is a reduction in the 
required dose and its potential side effects. Since the drugs are absorbed via the 
intestinal lymphatic system, they would be safeguarded against the hepatic first- 
pass metabolism, in contrast to drugs entering the systemic circulation directly via 
portal blood (Beg et al. 2011; Porter and Charman 2001).

In general, the process of digestion of lipids (predominantly triglycerides) initi-
ates in the stomach, where the gastric acid lipase facilitates the breakdown of the 
long chain of lipids (Abrams et al. 1988; Cohen et al. 1971; Hamosh et al. 1981). 
Once the content reaches the pyloric antrum (which separates the stomach and the 
duodenum), gastric chyme is released and combined with the peristaltic move-
ments, which facilitates the emulsification of triglycerides as they empty into the 
duodenum (Pantaleo et  al. 1994; Tso 1994). The emulsification of triglycerides 
results in the formation of corresponding monoglycerides and fatty acids, which get 
absorbed and enter the enterocyte (absorptive cells of the intestines) (Shiau 1990; 
Simmonds 1972). Following their absorption into the enterocyte, migration of these 
digested products (i.e., monoglycerides and fatty acids) across the enterocyte is 
dependent on the lipid chain length, wherein, the short- and/or medium-chain lipids 
(i.e., carbon-chain length ≤C12) passively diffuse across the enterocyte. Conversely, 
long-chain lipids (>C14) generally migrate to the endoplasmic reticulum where 
they get re-acylated and assembled into lipoproteins before secretion into the mes-
enteric lymph (Chaikoff et al. 1951; Kiyasu et al. 1952) (Fig. 14.1).

Conversely, for  lipophilic drugs, following its absorption and transiting across 
the enterocytes, two potential scenarios can occur (Fig. 14.1). First, drugs may enter 
the systemic circulation passively, and, second, they may enter the systemic circula-
tion via the lymphatic capillaries. The former approach facilitates the drug entry 
into the portal circulation and is the most common mechanism of drug absorption, 
because of the high flow rate (i.e., 500-fold) of the portal blood compared to that of 
the intestinal lymph (Trevaskis et al. 2008). Upon entry of lipophilic drugs into the 
enterocyte, lymphatic access occurs via association with lipid absorption and lipo-
protein assembly during the diffusion across the enterocytes (Trevaskis et al. 2008; 
Yáñez et al. 2011). The drug-lipoprotein complex then gains access to the lymphat-
ics. It should be noted that the intestinal lymphatic transport of these drugs is only 
substantial when administered with the source of lipid, as lipids promote the forma-
tion of lipoproteins (Khoo et al. 2003).

The above scenarios best explain the role of co-administered lipids on the bio-
availability of the orally administered poorly water-soluble drugs. Similarly, SLNs 
can be used as a lipid carrier to facilitate the lymphatic absorption of the drug, ulti-
mately increasing oral bioavailability. To this end, evidence exists of the uptake and 
transport of the intact drug-loaded SLNs in the lymph when drug-loaded SLNs at 
particle size about 80 nm were administered intraduodenally to rats (Bargoni et al. 
1998). This particle size enables the transport of intact particles through the 
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intestinal cell layer into the vascular or lymphatic system. The quantity of gut uptake 
of SLNs and their transport to other organs seem strongly dependent on their parti-
cle size, hydrophobicity, surface charge, bio-adhesion to the gut, and the lipid matrix 
(Müller et al. 2000).

14.2.2  Mechanism of Drug Absorption Enhancement by SLNs

Following the oral administration of drug-loaded SLNs, the released free drug along 
with the intact drug-loaded SLNs would be available for absorption. Depending 
upon the physicochemical properties, the free form of the drug could be absorbed 
passively, via active transport, or via facilitated passive diffusion across the epithe-
lial cell barrier. On the other hand, the intact drug-loaded SLNs could be absorbed 
via an active absorption mechanism. To this end, after the oral administration of 

Lipid

Lipid

Lumen
Digested lipid

Digested lipid

Absorption

Lipophilic drug

Lipophilic 

Lipoprotein

Nucleus

Enterocyte

First pass metabolism

Liver

Blood

Lymph

assembly

drug

Fig. 14.1 Schematic representation of the pathway of lipid and lipophilic drug access to the gut- 
associated lymphatic following oral administration. (Adapted from Trevaskis et al. 2015)
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camptothecin-loaded SLNs, two peaks (Cmax values) in the plasma concentration- 
time curves of camptothecin were obtained. The values of t1

max and t2
max (i.e., the 

time to reach the maximum concentration-peak 1 and 2) were 30  min and 6  h, 
respectively, indicating the absorption of released camptothecin from camptothecin- 
loaded SLNs and the intact camptothecin-loaded SLNs, respectively (Yang 
et al. 1999).

14.2.2.1  Absorption of Free Drug Released from Drug-Loaded SLNs via 
Gastrointestinal Tract

Generally, orally administered free drugs get absorbed via the passive paracellular 
and transcellular routes and become bioavailable in the systemic circulation via the 
portal vein. For poorly water-soluble drugs loaded within the SLNs, their oral bio-
availability is enhanced in various ways. For example, unstable poorly water- soluble 
drugs loaded into the SLNs may be protected during their transit from the gastroin-
testinal environment to the absorption site. Once at the absorption site, these drug- 
loaded SLNs may facilitate the drug release in a controlled/sustained manner and 
subsequent absorption, thereby enhancing the bioavailability. Conversely, poorly 
water-soluble drugs stable in the gastrointestinal tract are released from drug-loaded 
SLNs, which do not allow the precipitation of the free drug from the resulting super-
saturated solution in gastrointestinal fluids. This prevents the precipitation of poorly 
water-soluble drugs, hence resulting in higher oral bioavailability (Nanjwade 2011).

14.2.2.2  Passive Absorption of Intact Drug-Loaded SLNs via 
Blood Capillary

Although the majority of orally administered drugs can be absorbed and gain access 
to the systemic circulation via portal blood capillary, a report suggests that intact 
drug-loaded SLNs can be absorbed by passive absorption in the gastrointestinal 
tract. For example, for quercetin-loaded SLNs with particle size of 155.3 nm, it was 
observed that the absorption from the stomach was 6.2% (Li et al. 2009). Absorption 
from the stomach indicates the absorption of intact drug-loaded SLNs can occur 
through passive transport too. Additionally, passive diffusion across the bilayer lipid 
membranes of intact drug-loaded SLN suspension occurred across the intestine (Li 
et al. 2009).

14.2.2.3  Passive Absorption of Intact Drug-Loaded SLNs via 
Lymph Capillary

Generally, absorbed substances via the gastrointestinal tract become available in the 
systemic circulation via portal blood capillary. However, extremely lipophilic sub-
stances can gain access to the systemic circulation via the lymph capillary (Makwana 
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et al. 2015). The bioavailability of poorly water-soluble drugs could be enhanced by 
the stimulation of the intestinal lymphatic transport pathways as shown in Fig. 14.1. 
Furthermore, drug-loaded SLNs may facilitate the lymphatic transport of lipophilic 
substances by stimulating the production of chylomicrons from the enterocytes. The 
intact drug-loaded SLNs can then be transported to the lymph by association with 
chylomicrons via chylomicron paracellular transport (O’Driscoll and Griffin 2008). 
Other proposed mechanisms are transcellular transport through the lymphatic capil-
lary or junctional entry through the tip of villus (Dixon 2010). Owing to the nature 
of the lipids employed for their preparation, intact drug-loaded SLNs have shown to 
be transported to the lymph and blood capillaries (Bargoni et al. 1998). The size of 
these intact drug-loaded SLNs was determined to be 143  nm in the lymph. 
Furthermore, it has been reported that lymph capillary had a higher concentration of 
intact drug-loaded SLNs in comparison to blood capillary. And increased accumula-
tion with the increase in administered dose has also been reported (Bargoni et al. 
1998). Additionally, when methotrexate-loaded SLNs were orally administered, 
methotrexate was detected in the lymph indicating the lymphatic uptake mechanism 
along with the transcellular mechanism (Paliwal et al. 2009a). Thus, drug-loaded 
lipid nanocarriers composed of suitable lipids can be used as a carrier to facilitate 
the lymphatic uptake consequently increasing the oral bioavailability of drugs 
(Chakraborty et  al. 2009). In addition, transport via the intestinal lymphatic has 
various advantages, such as a reduction in the first-pass metabolism, delivery of 
high concentrations of the drug into the lymphatic system and subsequently to the 
systemic circulation, and thereby reduction of required dose and any associated side 
effects (Beg et al. 2011; Porter and Charman 2001). Further, it has been observed 
that using chylomicron flow blocking approach, efavirenz significantly bypassed 
the portal system due to chylomicron uptake mechanism. About 45% reduction in 
the liver accumulation of efavirenz enhancement of oral bioavailability was attrib-
uted to the use of lipid nanocarriers (Makwana et al. 2015).

14.2.2.4  Active Absorption of Intact Drug-Loaded SLNs Through 
Intestinal Epithelium

The intact drug-loaded SLNs can be absorbed through the intestinal epithelium by 
endocytosis. And an interplay of macropinocytosis pathway and clathrin- and 
caveolae- related routes has been reported to mediate the endocytosis (Chai et al. 
2016). Following their internalization within the cell, the role of lysosomes in the 
degradation of drug-loaded SLNs has also been reported (Chai et al. 2016), wherein 
the drug-loaded SLNs taken up by lysosomes are degraded and the residuum may 
be either transported back to the apical or translocates across the basolateral 
membrane.
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14.2.2.5  Active Absorption of Intact Drug-Loaded SLNs via 
Peyer’s Patches

Active absorption of intact drug-loaded SLNs can occur through Peyer’s patches in 
the ileum region of the small intestine (Ali Khan et al. 2013). The mechanism of 
transport across Peyer’s patches may occur via the combination of endocytosis, 
phagocytosis, pinocytosis, and micropinocytosis (Jung et al. 2010). The transport 
initiates by drug-loaded SLNs adhering to the surface of the M cells and forming 
vesicles, followed by M cell-facilitated vesicular transfer of particulates into the 
underlying lymphocytes (Reddy and Murthy 2002). Since M cells lack lysosomes, 
there is a reduced degradation of the drug-loaded SLNs during their transit; as a 
result, intact drug-loaded SLNs get transported across the lymphocytes (Reddy and 
Murthy 2002). However, the uptake of particles by M cells is particle size- dependent, 
wherein smaller particles (preferentially <200 nm) get uptaken more (Bargoni et al. 
1998). It has been reported that absorption of quercetin-loaded SLNs in the intesti-
nal segments of the ileum and colon was more than in the duodenum and jejunum. 
This can be attributed to the abundance of Peyer’s patches and M cells in the ileum 
and the colon region than in other intestinal segments (Li et al. 2009). In another 
study, higher hydrophobicity of nanoparticles exhibited relatively higher accumula-
tion in Peyer’s patches (Bachhav et al. 2017). Also, neutral and negatively charged 
SLNs exhibited higher uptake than positively charged SLNs (Bagby et al. 2012). 
And surface modification by attaching specific ligands like lectin further enhances 
the M cell uptake (Harde et al. 2011).

14.3  Fabrication of Drug-Loaded SLNs

14.3.1  Lipid Components and Selection Criteria

Lipid nanocarriers such as SLNs are composed of mainly solid lipids and/or liquid 
lipids for their preparation (Table 14.1). The lipids employed in SLN formulations 
are regulatorily accepted, well-tolerated, and amenable for large-scale production. 
However, to improve drug incorporation and release properties, solid lipids are 
mixed with spatially incompatible liquid lipids (Müller et al. 2002). Further, lipids 
are classified as wax-based carriers or glyceride-based carriers. However, SLNs pre-
pared from these two carriers may vary with respect to drug encapsulation efficacy, 
particle size and size distribution, storage, and crystal packing. For example, 
glyceride- based SLNs have shown good encapsulation of the drug, but poor physi-
cal stability, whereas wax-based SLNs possessed good physical stability but insuf-
ficient drug encapsulation in the solidified state. These differences were contributed 
by the different crystal packing of the lipids. The reduction in the orderliness of the 
crystal structure increases upon addition of drug inclusion which is evident from the 
case of glyceryl monostearate and glyceryl behenate SLNs. For instance, it was 
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observed that during storage, SLN destabilization of the crystal matrix occurred 
with glyceryl behenate leading to gelation. By the incorporation of inhibitors, the 
transition of lipid modification into crystalline form can be avoided (Freitas and 
Müller 1999). The general criteria for lipid selection for the formulation of SLNs 
have been reported elsewhere (Shah et al. 2019b).

In addition to the reported criteria, the selection of lipids is also dependent on the 
chemical stability of other adjuvants, such as emulsifiers, stabilizers, and/or cryo-
protectants. The choice of lipids affects the formation and stabilization of SLNs. 
High recrystallization index of lipid leads to increased chances of particle size 
growth during storage. In other words, the recrystallization index of SLNs is main-
tained below that of the bulk material, since it increases with an increase in storage 
time (Freitas and Müller 1999). Furthermore, an increase in lipid content (i.e., 
>5–10%) may impact the particle size and polydispersity of the size distribution of 
the resulting SLNs. This can be attributed to the increase in viscosity of the formula-
tion, which impedes the homogenization efficiency resulting in larger particle size 
and polydispersity (Müller et  al. 2000). However, this challenge can be circum-
vented by using higher proportions of emulsifier and co-emulsifier system. Other 
properties like the hydrophilicity, shape, surface area of the lipid crystals, and source 
of lipids may also affect the formation of SLNs (Paliwal et al. 2009a). Specifically, 
these factors influence the zeta potential and crystallization and eventually the sta-
bility of SLNs. SLNs formulated using triglycerides were reported to be more stable 
than with mono- and diglycerides. In general, lipid stability is an important prereq-
uisite for the consideration of the introduction of SLNs into the pharmaceutical 
market (Radomska-Soukharev 2007). There are several theoretical approaches to 
screen lipids for a respective drug to be formulated within SLNs. The use of solubil-
ity parameter, wherein lipid with a solubility parameter value similar to the drug 
results in a higher probability of drug entrapment in the lipid melt during the prepa-
ration of SLNs. Consequently, higher drug loading can be achieved (Das et  al. 
2012). Although the difference between the solubility parameter of the drug and the 
lipid (i.e., ΔδT value) should be small, if components are to be miscible, it may be 
difficult to establish a threshold for the ΔδT value. Generally, the limits for ΔδT 
which indicate components are likely to be miscible, if ΔδT < 7.0 MPa1/2, while 
ΔδT  >  10.0  MPa1/2, suggest the likelihood of components being immiscible has 
been proposed in the literature (Greenhalgh et al. 1999). However, more stringent 
limits have also been proposed (Forster et al. 2001) for predicting miscibility (i.e., 
ΔδT  <  2.0  MPa1/2), while immiscibility is anticipated for systems when 
ΔδT > 10.0 MPa1/2. Such inconsistency in the threshold of ΔδT suggests a need for 
systemic screening of various lipids (Shah et al. 2014).

As discussed above, the solubility of drugs in lipid melt plays an important role 
in entrapment efficiency. A study has reported that corticosteroid solubility in the 
lipids used in SLN formation was dependent on the monoglyceride content (i.e., 
polarity of the lipid) (Jensen et al. 2010). Further, SLNs prepared using lipids of less 
ordered crystal lattices (e.g., glyceryl monostearate and glyceryl behenate) facilitate 
better drug loading as compared to those prepared using highly ordered crystal 
packing lipids (e.g., beeswax and cetyl palmitate). However, their long-term 
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stabilities are quite different. For instance, beeswax-based SLNs provided excellent 
physical long-term stability as well as particle size distribution (Jenning and Gohla 
2000). It was also found that higher lipid chain length yielded higher plasma con-
centration of the nitrendipine when formulated in SLNs. In this case, not only the 
higher lipid chain length but also the incorporation of charge modifiers (e.g., stearyl 
amine) enhanced bioavailability (Manjunath et al. 2011). It was reported that the 
lipid matrix affects drug release and stability. Also, higher uptake from Peyer’s 
patches and longer circulation resulted in an enhanced bioavailability of drug- 
loaded SLNs formulated with longer lipid chains (Harde et al. 2011).

14.3.2  Emulsifiers

Emulsifiers are essential for stabilizing the SLNs and also aid in increasing the 
entrapment efficiency of drugs. In general, the emulsifier should be compatible with 
other components of the SLNs and aid in producing desired particle size at a mini-
mum concentration. At a lower concentration, emulsifiers may facilitate particle 
agglomeration due to insufficient coverage of the surface of the particle. On the 
other hand, a higher concentration may decrease the drug entrapment, may cause 
burst release of the loaded drug, and can lead to toxicity. Hence, an optimum con-
centration of emulsifier should be a part of preformulation studies. Specifically, 
hydrophilic-lipophilic balance (HLB) of the emulsifier should be considered while 
screening an ideal emulsifier for a particular lipid matrix (Harde et al. 2011).

It has been observed that the emulsifier-mediated charged SLNs may also affect 
the stability and drug release from drug-loaded SLNs (Manjunath and Venkateswarlu 
2006). In the case when the emulsifier is used as a coating, for example, adsorption 
of poloxamer 188 and 407 on the surface of SLNs inhibits their uptake from (both 
small and large) intestine, leading to a reduction in adhesion to gut-associated lym-
phoid tissue owing to the coating (Florence et al. 1995). Further, it is observed that 
the particle size of SLNs stabilized with nonionic emulsifiers is generally larger 
than those obtained with ionic emulsifiers. A study has reported that the combina-
tion of nonionic emulsifiers with ionic emulsifiers like lecithin led to an increase in 
the particle size of the SLNs (Bunjes et al. 2003). Also, the combination of two or 
more emulsifying agent’s forms mixed emulsifier films at the interface that not only 
covers the surface efficiently but also produces adequate viscosity which increases 
the stability. Among four nonionic emulsifiers (Cremophor EL, Tween 20, Tween 
80, and Pluronic F68), SLNs prepared using Cremophor EL demonstrated the low-
est size, lower polydispersity index, and higher drug encapsulation efficiency (Shah 
et al. 2019a). It has also been proposed that an HLB value of 12–16 is desirable for 
an emulsifier, to achieve a lower particle size of SLNs. Any emulsifier with HLB out 
of this specification, like Pluronic F68, may yield in bigger particle size as well as a 
higher polydispersity index of the formulated SLNs (Das et al. 2012). However, the 
choice of selection of suitable emulsifiers is substantially influenced by the lipids, 
and there is no universal emulsifier; therefore, it would be recommended that 
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screening of emulsifiers should be performed (Manjunath et al. 2005). In addition, 
although the emulsifier distributes at the o/w interface while in a cooled state, it aids 
in avoiding the agglomeration of SLNs. Also, the emulsifier plays a crucial role in 
reducing the crystallization of lipid and hence directly influencing the stability of 
the formed SLNs (Awad et al. 2008).

14.3.3  Fabrication Methods

There are various methods available for the fabrication of drug-loaded SLNs. The 
selection of fabrication methods mainly depends upon the physicochemical proper-
ties of the drug and the lipid being used. Briefly, drug characteristics (i.e., partition 
coefficient, thermal sensitivity, and solubility of drugs in an aqueous solution con-
taining emulsifier) and lipid characteristics (i.e., melting point of lipid and solubility 
of the drug in lipid) at temperature during the preparation affect the choice of 
method. In addition to characteristics of the drug and the lipid, desired particle size 
range and combination of the lipid and the emulsifier may alter the choice of prepa-
ration method and its process variables. A condensed discussion on the commonly 
used methods, along with their application and advantages and disadvantages, is 
presented in Table 14.2. For a detailed description of the methods employed for the 
fabrication of drug-loaded SLNs, interested readers are referred to work reported 
elsewhere (Battaglia et al. 2014).

14.4  Evaluations of Drug-Loaded SLNs

Several techniques are available for the evaluation of drug-loaded SLNs and may be 
broadly classified into physicochemical, in  vitro drug release and absorption, 
ex vivo, and preclinical evaluations of these drug-loaded SLNs. Particle size is the 
most prominent property of drug-loaded SLNs. However, other parameters, such as 
drug loading (either  adsorbed on the surface and/or entrapped within the lipid 
matrix) and lipid crystallinity, may largely influence the drug release and degrada-
tion of the lipid matrix, whereas surface characteristics, such as surface charge, may 
significantly influence the interaction with the biological environment, ultimately 
impacting the body distribution. In addition, drug-lipid interaction collectively aids 
in providing pertinent information on the stability of drug-loaded SLNs. This infor-
mation can then be extrapolated to understand the in vivo stability as well as phar-
macokinetic profile of the drug-loaded SLNs. It can be said that collectively 
evaluating the data generated from these different techniques can better assist the 
formulation scientists in choosing suitable excipients. Therefore, a careful selection 
and validation of appropriate techniques are imperative to translate and correlate the 
obtained in vitro data to in vivo performance.
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14.4.1  Physicochemical Evaluations

An adequate characterization of drug-loaded SLNs is necessary to ensure the qual-
ity of the product. The parameters discussed below have a direct effect on the stabil-
ity and drug release profile of the drug-loaded SLNs aiding in predicting their fate 
in a biological system.

14.4.1.1  Particle Size and Zeta Potential

The physical stability of drug-loaded SLNs can be directly correlated with the par-
ticle size and zeta potential. The commonly used techniques for measurements of 
particle size are dynamic light scattering and laser diffraction. In principle, the par-
ticle movement causes fluctuation of the intensity of the scattered light, which is 
measured by the dynamic light scattering. The drug-loaded SLNs intended for oral 
administration should have a size between 10 and 200 nm to be taken up by the gut- 
associated lymphatic system (Swartz 2001). Hence, during the formulation of drug- 
loaded SLNs, it is critical to control the particle size as the lymphatic uptake 
becomes more selective and slower as the particle size increases. In contrast to 
dynamic light scattering, laser diffraction aids in providing information about the 
particle shape.

In addition to the colloidal stability of drug-loaded SLNs, zeta potential mea-
surements can provide information regarding their shelf life and interaction of this 
delivery system with the biological membrane. As a rule of thumb, under the given 
conditions, high magnitude (i.e., ±30 mV) of zeta potential is expected to stabilize 
the colloidal dispersion of drug-loaded SLN via electrostatic repulsion (Mehnert 
and Mäder 2012). In other words, measuring the zeta potential in the dispersion 
medium such as water is a measure of the thickness of the diffuse layer. The lower 
the zeta potential, the thinner the diffusion layer and the less stable is the colloidal 
dispersion of drug-loaded SLNs (Obeidat et al. 2010). The formulations with zeta 
potential near zero under storage conditions may also be stabilized upon storage by 
creating a physical barrier against aggregation with the hydrophilic polymer (i.e., 
polyethylene glycol) coating.

Another approach called acoustic spectroscopy for the determination of size and 
surface charge of drug-loaded SLNs can be employed. This technique measures the 
attenuation of sound waves. Upon application of the acoustic energy, a charge is 
introduced to the drug-loaded SLNs because of the movement and generation of the 
oscillating electric field. The generated electric field is utilized to describe the sur-
face charge information (Mishra et al. 2018). By use of photoacoustic spectroscopy, 
no chemical reactions were revealed in between drugs and the lipids during the 
characterization of hesperidin-loaded SLNs (Ferrari et al. 2019).

Mammalian biological membranes comprise phospholipids that possess exclu-
sively zwitter- and anionic character (Klausen et al. 2016). The main part of the 
phospholipids carries a net neutral charge (van Meer and de Kroon 2011), while 
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multiple negatively charged membrane components are present which are important 
for special functions (i.e., signaling pathways) of the cells (Magee et  al. 2002). 
Charged-based distribution of drug-loaded SLNs employing in  vitro cell culture 
model has been explored (Chirio et al. 2014). In that study, the surface of fabricated 
paclitaxel-loaded SLNs was functionalized with stearylamine or glycol chitosan, 
which imparted a net positive charge (i.e., +8–20  mV) on the paclitaxel-loaded 
SLNs. Thereafter, the cytotoxicity of modified paclitaxel-loaded SLNs was evalu-
ated. However, no difference in cytotoxicity between the neutral and positively 
charged paclitaxel-loaded SLNs was observed. This could be attributed to the fact 
that cytotoxicity is a function of the drug rather than the charge of drug-loaded 
delivery systems. Conversely, in another study chitosan- or hydroxypropyl trimethyl 
ammonium chloride chitosan (HACC)-modified docetaxel-loaded SLNs bearing a 
net positive charge were evaluated both in in vitro cell culture model (i.e., Caco-2 
cells) and in vivo (i.e., oral administration to rats) (Shi et al. 2016). In both cases, 
chitosan-loaded SLNs with surface modified by HACC and bearing a mean surface 
charge of +23.10  mV exhibited superior efficacy as compared to both chitosan- 
loaded SLNs (8.83 mV) and blank SLNs (−20.24 mV). A superior efficacy in cell 
culture studies, in this case, was correlated to the transport of the positively charged 
chitosan-loaded SLNs across the monolayer, which is the function of the delivery 
system. These results indicate that zeta potential may play a crucial role in the trans-
port of the chitosan-loaded SLNs across biological membranes.

14.4.1.2  Surface and Shape Characteristics

The particle surface and shape of drug-loaded SLNs impact features such as a load-
ing capacity and controlled drug release characteristics. For instance, due to smaller 
lipid-water interfaces and longer diffusion pathways, a spherical-shaped particle 
can provide high loading capacity (Saupe et  al. 2006). The electron microscopy 
techniques, such as scanning electron microscopy (SEM), give three-dimensional 
images of the particles as well as surface morphology. Transmission electron 
microscopy (TEM), which provides two-dimensional projections of the sample, 
provides information about the size and shape of nanoparticles as well as internal 
structure. Although both microscopy tools provide information about the surface 
and shape characteristics, it is solely based on the type of information desired from 
the fabricated delivery system. For example, SEM provides information on the sur-
face composition of drug-loaded SLNs and may be useful in contamination detec-
tion, while TEM provides additional information on the inner structure of the 
drug-loaded SLNs.

14.4.1.3  Degree of Crystallinity and Lipid Modification

The degree of crystallinity of drug-loaded SLNs can be assessed by determining the 
presence or absence of geometric scattering of radiation from the crystal planes in a 
solid. Differential scanning calorimetry, a thermo-analytical technique, can be used 
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to reveal the nature and the speciation of crystallinity within the drug-loaded SLNs 
by measuring the glass and melting point temperature (K Manjunath et al. 2011). 
Also, it is a fast and accurate method for determining the degree of crystallinity of 
lipids based on the enthalpy of the lipid. However, due to the small size of the drug- 
loaded SLNs and the presence of emulsifiers, lipid modifications may not be easily 
captured. Therefore, powder X-ray diffractometry may be employed simultane-
ously for the description of crystalline materials and to analyze the crystal structure 
of drug-loaded SLNs (Jenning et al. 2000).

14.4.1.4  Drug Loading and Entrapment Efficiency

The amount of drug loaded in SLNs may influence the drug release. Hence, it is 
important to quantify the amount of drug loaded per unit weight of SLNs. To calcu-
late the drug loading and entrapment efficiency, drug content of drug-loaded SLNs 
has to be determined. Various techniques such as centrifugation, filtration, or gel 
permeation chromatography can be employed for the determination of drug content. 
Indirect determination of the drug content is performed by determining the drug 
content in the supernatant after centrifugation filtration/ultracentrifugation of drug- 
loaded SLNs suspension. Alternatively, sediment may be dissolved in an appropri-
ate solvent followed by analysis using standard analytical techniques (i.e., 
high-performance liquid chromatography, spectrometry, and liquid scintillation 
counting). In gel permeation chromatography, specific gels are used for the removal 
of the free drug from drug-loaded SLN preparations. Alternatively, the drug content 
can also be determined directly in drug-loaded SLNs after extracting with a suitable 
solvent (Huang et al. 2008; Yadav et al. 2013).

14.4.2  In Vitro Drug Release and Absorption Evaluations

14.4.2.1  Drug Release

The release profile and mechanism of the drug from drug-loaded SLNs depend on 
the lipid and its composition, which govern drug release by either degradation, ero-
sion, or diffusion. The drug is either dispersed into the matrix or on the surface 
drug-loaded SLNs causing dual release (i.e., initial immediate release followed by 
sustained release). It is postulated that the drug on the surface gets dispersed from 
the surface of drug-loaded SLNs to show an immediate release effect. Thereafter, 
the matrix drug-loaded SLNs may degrade and/or erode depending on the lipid 
composition contributing to the sustained release effect. The drug release from 
drug-loaded SLNs is affected by certain factors, such as particle size, temperature, 
and drug properties. With smaller particle size, the surface area of the same quantity 
of drug-loaded SLNs is larger which leads to higher drug release as compared to the 
larger particles. Furthermore, it has been reported that higher temperatures may 

N. Kaushal et al.



411

cause burst drug release from drug-loaded SLNs (Parhi and Suresh 2010). Also, 
drug properties such as their solubility in lipid and drug-lipid interaction can influ-
ence the drug release from drug-loaded SLNs.

Various methods have been employed to study in  vitro drug release, such as 
dialysis (diffusion or reverse dialysis) and side-by-side diffusion cells with an arti-
ficial membrane. The dialysis method is the most common method used, wherein 
hydrated dialysis tubing is used. The drug-loaded SLNs are placed in a dialysis sac. 
This dialysis sac is dialyzed against a suitable dissolution medium. The aliquots are 
withdrawn from the dissolution medium and analyzed for the drug content using a 
suitable analytical method. On the other hand, in the reverse dialysis technique, 
several small dialysis sacs filled with a small volume (i.e., 1  ml) of dissolution 
medium are placed in drug-loaded SLN dispersion. The drug-loaded SLNs are then 
directly placed into the dissolution medium. At predetermined time intervals, upon 
withdrawing the sacs, the contents of the sacs are analyzed for drug content (Wang 
et al. 2002). Although frequently used, the major limitation of the dialysis method 
is the barrier properties which results in an inherent delay of the free drug availabil-
ity in the dissolution medium, which may underestimate the actual drug release 
from the drug-loaded SLNs (Modi and Anderson 2013). Therefore, there is a need 
to screen the dialysis membrane before its usage for drug release studies. In the 
side-by-side diffusion cell method, an artificial membrane is sandwiched between 
two compartments (i.e., the donor and the receptor compartment). The drug-loaded 
SLNs dispersion is placed in the donor compartment of the diffusion cell. Upon 
dialyzing the dispersion against a suitable dissolution medium, the samples are 
withdrawn from the dissolution medium from the receptor compartment at specific 
intervals ensuring maintenance of sink condition. The aliquoted samples are then 
analyzed for drug content using a suitable analytical method.

14.4.2.2  Drug Absorption

The accessibility of high-throughput screening approaches for evaluation of the 
absorption mechanism is needed, especially for drug-loaded SLNs (Porter and 
Charman 2001). Dissolution rate of drugs from drug-loaded SLNs in the gastroin-
testinal fluids, drug permeability through the lipid bilayer of the epithelial cell lin-
ing, and the intestinal membranes are considered the most important factors. 
Although several methods have been investigated, there are no adequate in vitro 
tools for evaluating absorption of the released drug and/or the uptake of intact drug- 
loaded lipid nanocarriers through the lymphatic system, available currently (Corti 
et  al. 2006a, b). Among others, the method based on the use of human excised 
Caco-2 cell monolayer (a human colorectal adenocarcinoma cell line) has been 
demonstrated to be a particularly valuable tool for estimating absorption of intact 
drug-loaded SLNs (Shah et al. 2015).
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14.4.2.2.1 Caco-2 Cell Model

The US Food and Drug Administration endorses the use of Caco-2 cell line of 
human origin as a model for intestinal cells for absorption studies. Once confluent, 
Caco-2 cell monolayer has been a remarkable in vitro tool owing to its similarity to 
intestinal epithelium cells. Upon exposure to lipid-based formulations, Caco-2 cells 
would produce and secrete the chylomicrons and have been widely used as an alter-
native to the animal models for the investigation and prediction of particle transport 
across the small intestinal epithelium (Gaumet et al. 2009). It has been reported that 
biodegradable nanoparticles were able to stimulate the uptake and transport of intact 
nanoparticles suggesting the involvement of active transport (Desai et al. 1996). The 
research has been reported for lipidic excipients using Caco-2 cell line to determine 
the effect of lipid-based excipients as formulation variable for the lymphatic deliv-
ery of therapeutic agents (Caliph et al. 2000). It has been also reported that clathrin- 
mediated endocytosis is involved in the uptake/transport of drug-loaded SLNs 
across Caco-2 cell lines (Shah et al. 2015). Therefore, the Caco-2 cell culture model 
could be a beneficial tool during the preliminary screening procedure for evaluating 
the lymphatic absorption for lipid-based formulations (Shah et al. 2015).

14.4.2.2.2 Chylomicrons Model

The association of drugs/lipids with chylomicrons is a complex process. 
Chylomicrons isolated from human plasma represent a classical in vitro model for 
evaluating the lymphatic transport of intact drug-loaded lipid comprising nanocar-
riers (Karpe et al. 1996). However, characterization and quantification of the har-
vested chylomicrons should be performed in terms of density measurements 
(refractometry), vesicle size (dynamic light scattering), and zeta potential before its 
use (Shahnaz et al. 2011). For evaluating the uptake and understanding the associa-
tion of lipid nanocarriers with chylomicrons, isolated harvested chylomicron emul-
sion should be treated with test formulations upon incubation at 37  °C for a 
predetermined time. At the end of the incubation period, chylomicrons should be 
separated by density gradient ultracentrifugation technique for subsequent sample 
analysis (Gershkovich and Hoffman 2005). This model has been validated, and the 
results have shown that the SLNs with a different type of lipids significantly affect 
the affinity to chylomicrons and hence the uptake and absorption. Therefore, the 
chylomicron model could be a useful screening/optimizing tool for oral bioavail-
ability determination before in vivo experiments.

14.4.3  Ex Vivo Evaluations

The ex vivo evaluations across the gut help in understanding the permeation poten-
tial of drug-loaded SLNs. The tissue from the animal (i.e., part of the intestine) is 
appropriately washed and cut into segments and mounted on the side-by-side 
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diffusion cells of a specific surface area. In short, the parts of the intestine, such as 
the duodenum, jejunum, ileum, and colon, are ligated on both sides and subse-
quently used for the permeability studies. In some other cases, only rat jejunum or 
duodenum has been reported to determine permeability across the gut as demon-
strated for the passage of enalaprilat SLNs (Yadav et al. 2013).

14.4.4  Preclinical Evaluations

Although rats have been widely employed to study the bioavailability of drug- 
loaded SLNs, rabbit and pig animal models have been used as well. Traditionally, 
rats have been used as a suitable animal model to conduct pharmacokinetic studies. 
For example, after an oral administration of 10 mg/kg of vinpocetine in different 
formulations, it was found that the relative bioavailability of vinpocetine in 
vinpocetine- loaded SLNs was significantly higher as compared to that of the vinpo-
cetine solution (Luo et  al. 2006). In another study, curcumin-loaded PEGylated 
SLNs were evaluated in rats. These drug-loaded SLNs rapidly permeated the epithe-
lium due to the neutral surface charge of the micelles, resulting in a greater than 
12-fold increase in bioavailability as compared to curcumin solution (Ban et  al. 
2020). Further, New Zealand white rabbits are also employed in bioavailability 
studies of drug-loaded SLNs. For instance, carvedilol when formulated in suspen-
sion had a negative effect on the bioavailability studied in rabbits. But when formu-
lated as carvedilol-loaded SLNs, the bioavailability of carvedilol enhanced by more 
than twofold. The incorporation of carvedilol in carvedilol-loaded SLNs not only 
enhanced its solubility but also enhanced its tissue permeability due to the small 
nano-sized nature of carvedilol-loaded SLNs (El-Say and Hosny 2018). In another 
study, healthy pigs have been employed to study the bioavailability of drug-loaded 
SLNs. It has been proved that using SLNs was suitable as a drug carrier for oral 
administration of cyclosporine A (Müller et al. 2006). Additionally, the in vivo data 
along with in vitro can be used to establish an in vitro/in vivo correlation (IVIVC) 
for furosemide-loaded SLNs. With the application of GastroPlus®, various pharma-
cokinetic parameters were evaluated, and IVIVC was established with IVIVCPlus™ 
(Ali et al. 2017).

14.5  Recent Pharmaceutical Development 
of Drug-Loaded SLNs

SLNs have exhibited the potential to improve the oral bioavailability of many poorly 
water-soluble drugs. BCS Class II and IV drugs impede product development 
because of their low solubility and poor oral bioavailability. SLNs, thus, offer a 
highly versatile platform for oral administration to improve gastrointestinal absorp-
tion and oral bioavailability of drugs. Some of these reported attempts are dis-
cussed below.
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14.5.1  Simvastatin

Simvastatin, an HMG-CoA reductase inhibitor, is a BCS Class II drug with poor 
oral bioavailability (i.e., < 5%). In a study, simvastatin was successfully loaded on 
SLNs (Padhye and Nagarsenker 2013). The anticholesterolemic effects of different 
simvastatin-loaded SLN formulations after oral administration were compared by 
poloxamer-induced hyperlipidemia in Sprague Dawley rat as an animal model. The 
increase in total cholesterol from the basal level was chosen as a parameter for 
evaluation of the efficacy of simvastatin-loaded SLN formulation in comparison to 
the control. The increase in total cholesterol values after the treatment was signifi-
cantly (P < 0.05) higher in the control group as compared to groups treated with 
simvastatin-loaded SLNs. Since statins are also known to increase the high-density 
lipoprotein cholesterol, the high-density lipoprotein cholesterol levels for all groups 
(i.e., controls and test) were evaluated. A significant increase in high-density lipo-
protein cholesterol was observed in groups treated with simvastatin-loaded SLN 
formulation when compared with the control group. Based on this, the superior 
efficacy of simvastatin-loaded SLN formulations could be attributed to the increased 
bioavailability of simvastatin, as a result of loading it in simvastatin-loaded SLNs. 
However, the major caveat of this study was the substantial variability (i.e., higher 
standard deviation) in results which was acknowledged by the authors.

14.5.2  Nisoldipine

Nisoldipine, a calcium channel blocker, is also a BCS Class II drug and conse-
quently has low oral bioavailability (i.e., about 5%). In a study, nisoldipine-loaded 
SLNs were formulated and evaluated (Dudhipala et  al. 2018). Pharmacokinetic 
studies were conducted after oral administration in rats, and results were compared 
with various controls. The serum concentration versus time profiles following 
single- dose administration of nisoldipine-loaded SLNs and respective controls were 
parametrized based on the non-compartmental analysis. From the results, the maxi-
mum plasma concentration and time to reach the peak drug concentration for nisol-
dipine-loaded SLNs formulation were found to be significantly higher (P < 0.001). 
A higher time to reach the peak drug concentration for nisoldipine- loaded SLNs 
indicates a delayed absorption of the nisoldipine-loaded SLNs. Furthermore, the 
mean residence time of nisoldipine-loaded SLNs was almost double as compared to 
the free drug formulation. Furthermore, a 2.24-fold enhancement in bioavailability 
was observed of nisoldipine from nisoldipine-loaded SLN formulations when com-
pared to the control (i.e., free drug formulation).
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14.5.3  Docetaxel

Docetaxel is a potent anticancer drug and a BCS Class IV drug. In an interesting 
study, various surface-modified [i.e., with Tween 80 or D-alpha-tocopheryl 
poly(ethylene glycol 1000) succinate as an emulsifier] drug-loaded SLNs were pre-
pared and evaluated in terms of their feasibility as oral delivery systems for docetaxel 
in comparison with a marketed docetaxel formulation (Taxotere®) (Cho et al. 2014). 
Specifically, Tween 80-emulsified SLNs showed enhanced intestinal absorption. 
Compared with Tween 80-emulsified SLNs, the intestinal absorption of docetaxel in 
rats was further improved in TPGS 1000-emulsified SLNs, which was attributed to 
better inhibition of drug efflux by TPGS 1000. To evaluate the intestinal lymphatic 
uptake of docetaxel from Taxotere® and docetaxel-loaded SLNs, the docetaxel con-
tent was recovered from the mesenteric lymph node after intraduodenal administra-
tion of docetaxel formulations. The docetaxel content from both surface-modified 
SLNs was significantly higher than that of Taxotere®, which was attributed to 
tristearin- mediated lymphatic uptake of docetaxel-loaded SLNs. Taken together, it 
is worth noting that these surface-modified docetaxel-loaded SLNs may serve as 
efficient oral delivery systems for docetaxel.

14.5.4  Methotrexate

Methotrexate is an effective anticancer drug and belongs to BCS Class IV. To over-
come the limitation of misleading data due to lymphatic drainage from other areas 
of the body obtained from cannulation of the thoracic duct, mesenteric duct cannu-
lation was performed to confirm the lymphatic uptake of orally administered 
methotrexate- loaded SLNs (Paliwal et al. 2009b). The selected formulations were 
studied for pharmacokinetics. Periodic lymphatic concentration following oral 
administration of respective formulations was also determined by mesenteric duct 
cannulation and sample collection. Results revealed that Compritol 888 ATO-based 
methotrexate MTX-loaded SLNs could noticeably improve the oral bioavailability 
of methotrexate, which was attributed to lipid digestion of SLNs and co-absorption 
through the lymphatic transport route. Similarly, the lymphatic methotrexate con-
centration profile revealed enhanced lymphatic absorption of the Compritol- based 
SLNs. This was attributed to the co-absorption of methotrexate and carrier lipid into 
chylomicrons and subsequent transportation and, finally, release of the methotrexate 
at the albuminal site of the endothelium during reassembling of derivatized lipid. 
Based on these results, it was concluded the lymphatic uptake and well-defined 
transcellular mechanism of lipid processing played important roles in the increased 
oral bioavailability of methotrexate and thus may account for a delay in time to 
attain peak plasma concentration.
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14.5.5  Apomorphine

Apomorphine is a mixed dopamine D1/D2 agonist used for the treatment of 
Parkinson’s disease and has a poor oral bioavailability of only 1.7% (Subramony 
2006). In a study, apomorphine-loaded SLNs were formulated for improving the 
oral bioavailability and subsequent brain distribution of the drug (Tsai et al. 2011). 
The pharmacokinetic study revealed that apomorphine-loaded SLN formulations 
exhibited a higher bioavailability (i.e., 13-fold) than the free form of the drug in 
solution. Furthermore, in the same study, the anti-Parkinsonian activity of apomor-
phine was evaluated with 6-hydroxydopamine-induced lesions in rats (i.e., a model 
of studying Parkinson’s disease). And the contralateral rotation behavior was exam-
ined after oral administration of apomorphine-loaded SLN formulation as well as 
controls. An increase in the total number of rotations from 20 up to 115 from 
apomorphine- loaded SLN formulations was observed. These experimental results 
indicated that apomorphine-loaded SLNs may offer a promising strategy for apo-
morphine delivery via the oral route.

14.5.6  Sumatriptan

Sumatriptan is the first drug approved by the US Food and Drug Administration for 
the treatment of acute migraine. However, sumatriptan undergoes incomplete 
absorption and extensive first-pass metabolism, leading to an oral bioavailability of 
15% (Jagdale and Pawar 2014). In a study, chitosan-coated sumatriptan-loaded 
SLNs were formulated (Hansraj et al. 2015). The biodistribution study exhibited 
brain accumulation of 5.28 μg/g. And the AUCbrain/AUCplasma ratio after 2 h of oral 
administration of sumatriptan-loaded SLNs was found to be 4.5, indicating a brain 
targeting efficiency of sumatriptan-loaded SLNs rather than confinement in the 
plasma. Within the same study, the mouse model of photophobia (i.e., behavioral 
study) demonstrated that the time spent in the lit chamber of a light/dark box was 
significantly increased by sumatriptan-loaded SLNs when compared to the free 
drug. Based on these results, it could be elucidated that sumatriptan-loaded SLN 
formulations successfully crossed the blood-brain barrier. Thus, exhibiting that, 
sumatriptan-loaded SLNs with a chitosan overcoat can be successfully targeted to 
the brain via oral delivery for the management of migraine. However, it may be 
worthwhile to note that brain/plasma ratio, as reported in this study, may lead to 
erroneous interpretation about the brain targeting potential of the drug-loaded 
SLNs, since the brain tissue was isolated and drug content was analyzed at the end 
of the pharmacokinetic study (i.e., after 2 h). Reporting it as AUCbrain may nega-
tively impact data interpretation, as single point data collection of tissue does not 
take into consideration clearance from the tissue. Therefore, caution needs to be 
employed during such data interpretation.
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14.6  Conclusions

SLNs are lipid nanocarriers employed for drug delivery of poorly water-soluble 
drugs. Despite the advantages of oral administration of drug-loaded SLNs, several 
challenges about their formulation remain to be resolved for better application in the 
future. For example, the coalescence and unpredictable gelation tendency due to the 
presence of lipids lead to stability issues of the drug-loaded SLN formulations. On 
the other hand, the burst release of the surface adsorbed drug may cause toxicity. 
Conversely, the very slow drug release can lead to sub-therapeutic levels required 
for treating the disease. Therefore, optimization of drug-loaded SLN formulations 
based on the property of the drug and lipid is necessary. Furthermore, there is a need 
for more preclinical studies to better understand the role of SLNs as a carrier for 
poorly water-soluble drugs. Furthermore, from a commercial perspective, at least a 
fivefold improved oral bioavailability needs to be achieved to justify the use of 
SLNs over conventional approaches. Therefore, there is a need for a comprehensive 
understanding of the full potential of SLNs to aids its transition from the laboratory 
bench to large-scale commercialization.
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Chapter 15
Liposomes for Drug Delivery: Progress 
and Problems
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15.1  Introduction

The design and production of novel agents with impending action against a wide-
spread variety of drug targets in vitro had resulted in recent developments in bio-
medical science and biotechnological applications. Some of these experimental 
medications, however, fail in the clinic to live up to their promise. For example, 
while there are several anti-malignance agents that are toxic to the tumor cells, the 
absence of an in vivo selective anti-malignance effect prevents their clinical use. A 
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low therapeutic index (TI) is one of the key drawbacks of anti-neoplastic medicines, 
i.e., the dosage needed to achieve an anti-carcinogenic outcome is toxic on normal 
cells. One of their failures was attaining therapeutic concentrations at the drug target 
site (solid tumor’s); (ii) non-specific cell toxicity to vital regular cells such as kid-
ney, gastrointestinal tract, and cardiac tissue; and (iii) difficulties correlated with 
drug formulation, such as low aqueous solubility in pharmacologically appropriate 
medium, resulting in the use of the drug, for example. Therefore, effective delivery 
systems are required which act as function of formulation aid but also adjust the 
distribution of drugs to reach the target site with higher concentration. Liposomes, 
typically 0.05–5.0/~m in diameter, are micro-particulate or colloidal carriers that 
impulsively develop, when certain lipids are hydrated in aqueous media (Mansoori 
et al. 2012).

Liposomes are constructed based on relatively biocompatible and biodegradable 
substance and consist of an aqueous volume of natural and/or synthetic lipids 
trapped by one or more bilayers (Fig. 15.1). Liposomes, is a bilayer, which com-
pressed of water molecule and the phospholipid, based on the type of liposome, 
different drugs with different lipid layer may be encapsulated (Fig. 15.1). As a res-
ervoir of numerous chemotherapeutic agents such as antimicrobial agent, liposomal 
amphotericin B indicated higher efficacy than the antibiotic-based amphotericin B 
deoxycholate (Daraee et al. 2016). More effective methods for monitoring the shelf-
life and reactivity of liposomes after systematic dosage are now possible because of 
recent advances in liposome technology (Misra et al. 2009). At least two types of 
liposomes can be currently applied to build on the basis to intermingle with tissues 
or blood-based compounds. By integrating water polar-dependent long-chain 

Fig. 15.1 Classification of liposomes based on composition and system of drug distribution
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polymers into the bilayer that can form a coated layer on the liposome surface and 
prevent the penetration and adsorption of opsonin, sterically stabilized liposomes 
can be formulated. Reduction of the “marking” of opsonins contributes to slower 
reticuloendothelial cell absorption of these long-circulating liposomes (LCL).

Liposomes are microscopic, circular, concentric bilayer vesicles such as natural 
or synthetic phospholipid structures that can fully and widely use aqueous volume 
to trap drug release. Alec D.  Bangham, a British hematologist at the Babraham 
Institute, gave the liposome concept for the first time in 1961 (Zhou and Zhao 2015).  
The electron microscope was applied to identify the structure after lysosome as 
liposome. The framework seen by the microscope appeared to be similar to the 
plasma lemma and was the first proof of the cell membrane bilayer lipid structure. 
Therefore, liposomes were found to be structurally equivalent to naturally occurring 
cells and found to be epitome drug carriers. Liposomal goods take a long time to 
catch up with the market because the traditional method of preparation makes it 
impossible to scale up. The major structural components of the liposome are phos-
pholipids and cholesterol. Phospholipids are known as amphipathic molecules, due 
to their hydrophobic and hydrophilic tail; they have an association for aqueous and 
polar molecules. The head section is polar and consists of 2 chains of fatty acids 
containing 10–24 carbon atoms and 0–6 double bonds per chain (Sipai et al. 2012).

15.2  Liposome Formation and Classification

Liposomes play a significant role in targeted therapy, dermatology, gene transfer, 
and modulation of the immune system. Thus, it is important to understand the for-
mation and classification of liposomes for the liposomal drug delivery system.

15.2.1  Liposome Formation

The fundamental portion of the liposome is built by phosphorylated lipids. The 
polar-dependent part is principally phosphoric corrosive bound to a water- 
dissolvable particle, while the non-polar part comprises two unsaturated fat chains 
with 10–24 carbon molecules and 0–6 double bonds in each chain (Vyas and Khar 
2002). Due to the amphipathic property of phospholipids, liposomes act as a tar-
geted organization for drug transport.

The liposomes are formed by dissolving phospholipids into an aqueous medium. 
The phospholipids form a lamellar sheet by arranging phosphoric acid confronta-
tions to the aqueous environment, resulting in a spherical sac-like structure known 
as liposomes. The hydrophilic head is associated with an aqueous channel attached 
with conserving fatty acids. The phospholipids are capable of constructing closed 
concentric bilayered vesicles by means of amphiphilic traits when dissolving in 
water together with applying energy like warming, sonication, and homogenization 
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(Kalepu et al. 2013). At the point when phosphorylated lipids were hydrated, along-
side the contribution of energy-like sonication and homogenization and so forth, it 
is the polar/non-polar associations between lipid-lipid and lipid-water atoms that 
lead to the development of bilayered vesicles to accomplish a thermodynamic har-
mony in the watery stage (Lasic et al. 2001). The purposes behind bilayered arrange-
ment include:

• The troublesome connections made among the polar and non-polar stages can be 
limited by collapsing into shut concentric vesicles.

• Enormous bilayered vesicle development advances the decrease of substantial 
free energy distinction between the polar and non-polar environments.

• Higher shelf-life sustainability to supramolecular self-amassed assembly can be 
accomplished by framing into vesicles. 

15.2.2  Organization of Liposomes

Different types of liposomes were accounted in literature. They are grouped depend-
ing on their size, number of bilayers, structure, and technique for arrangement. In 
view of the size and shape of bilayers, liposomes are delegated multi-lamellar vesi-
cles (MLV), large unilamellar vesicles (LUV), and small unilamellar vesicles 
(SUV). In light of arrangement, they are named conventional liposomes (CL), pH- 
sensitive liposomes, cationic liposomes, long circulating liposomes (LCL), and 
immunoliposomes. For the reference of the strategy for arrangement, they are del-
egated reverse phase evaporation vesicles (REV), French press vesicles (FPV), and 
ether injection vesicles (EIV). In this specific circumstance, the order dependent on 
size and number of bilayers is examined beneath.

15.2.3  Classification Based on Dimension

Liposome dimensions can vary from shortest (0.025/~m) to huge (2.5/~m) vesicles.  
Furthermore, liposomes possess single or different bilayer films. Based on the type 
of lipid layer and vesicle diameter, the shelf life of the liposomes was determined. 
In addition the dimension of the bilayers affects the degree of the drug absorption in 
the liposomes. Based on their size and number of bilayers, liposomes can likewise 
be differentiated into one of three classes: (I) multi-lamellar vesicles (MLV); (ii) 
large unilamellar vesicles (LUV); and (iii) small unilamellar vesicles (SUV). The 
detailed description is explained below.
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15.2.4  Multi-lamellar Vesicles (MLV) with Several Lamellar 
Phase Lipid Bilayers

MLV have a dimension more prominent than 0.1 μm, besides comprising at least 
dual bilayers. Their technique for readiness is straightforward, which incorporates 
slight film hydrated strategy or hydration of lipids in abundance of natural dissolv-
able. It is considered as precisely steady on extended capacity. Because of the huge 
size, they are cleared quickly by the reticuloendothelial framework (RES) cells and 
consequently can be helpful for focusing on the organs of RES (Sharma and Sharma 
1997). MLV have a modest caught volume, i.e., measure of fluid capacity to lipid 
proportion. The medication ensnarement into the vesicles can be improved by 
slower pace of hydration and delicate blending (Pando et al. 2013). Liposome are 
risen up out of self-shaping lipid bi-layer upon hydration (Barenholz et al. 1977). 
Ensuing lyophilization and rehydration in the wake of blending in with the watery 
stage (containing the medication) can yield MLV with 40% epitome productivity 
(Ohsawa et al. 1984; Kirby and Gregoriadis 1984).

15.2.5  Large Unilamellar Vesicles (LUV)

This course of liposomes comprises a solitary dual layer and has a dimension more 
prominent than ≤0.2 μm (Vemuri and Rhodes 1995). Reverse-phase evaporation 
(RPE) was used for LUV preparation with 60–65% drug entrapment efficiency. In 
RPE, a buffer in the organic phase causes the formation of a water-in-oil emulsion 
of the phospholipid. Preferred position of LUV is that fewer measure of lipid is 
needed for exemplifying enormous amount of medication. Like MLV, they are 
quickly cleared by RES cells, because of their larger dimension (Pick 1981). LUV 
can be set up by different strategies like ether infusion, cleanser dialysis, and oppo-
site stage dissipation procedures. Aside from these techniques, freeze-thawing of 
liposomes, lack of hydration/rehydration of SUV, and moderate expanding of the 
lipids in non-electrolyte arrangement can likewise be utilized to plan LUV (Kasahara 
and Hinkle. 1977; Shew and Deamer 1985; Reeves and Dowben 1969).

15.2.6  Small Unilamellar Vesicles (SUV)

SUV are more modest in size (under 0.1 μm dimension) when contrasted with MLV 
and LUV and have a solitary dual layer. They have a minor ensnared watery capac-
ity to lipid proportion and been described as having extended course of shelf-life. 
SUV can be set up by utilizing dissolvable infusion strategy (ethanol or ether 
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infusion strategies) (Deamer and Bangham 1976) or on the other hand by decreas-
ing the dimension of MLV or LUV utilizing sonication or expulsion measure under 
a dormant air like nitrogen or argon. The sonication can be accomplished utilizing 
whichever a shower or test type sonicator. SUV can likewise be accomplished under 
high tension. These SUV are helpless to accumulation and combination at inferior 
or unimportant charge (Hamilton et al. 1980).

15.2.7  Classification Based on Composition

Liposomes are made out of common and additionally manufactured lipids and may 
likewise contain other dual-layer elements (Sharma and Sharma 1997). The nature 
and degree of liposome-cell interactions thusly decide the method of intracellular 
delivery of medications. Along these lines, the transcendent component behind 
intracellular distribution of medications by liposomes may for the most part rely 
upon their piece.

Liposomes can be ordered as far as piece and component of intracellular convey-
ance into five sorts as (i) traditional liposomes (CL); (ii) pH-dependent liposomes; 
(iii) cationic-based liposomes; (iv) immune-based liposomes; and (v) long-mingling 
liposomes (LCL) as shown in Fig. 15.1 with detailed description and composition 
of liposomes explained.

15.2.7.1  Conventional Liposomes

Ordinary liposomes, the original of liposomes, were a group of pumiceous structure 
or a scoriaceous structure dependent on lipid bilayers encompassing fluid compart-
ments. These particles are commonly made out of just phospholipids (neutral or 
negatively charged) and additionally cholesterol without alteration (Tsermentseli 
et al. 2018). With its hydrophobic lipid bilayer and the hydrophilic fluid space, dif-
ferent kinds of medication mixes could be joined likewise. Off-the-rack particles are 
regularly provided as lyophilized or pre-liposome powder structure (Navarro et al. 
2011; Cattel et al. 2003). Uniquely crafted liposomal plan can be sanely planned 
with high adaptability to build drug conveyance productivity, by being truly adapt-
able frameworks through changing their physical and chemical properties, for 
example, dimension-based lipid synthesis, surface charge and number, and ease of 
the phospholipid bilayer. Contrasted with free medications, traditional liposomal 
plans upgrade drug delivery by decreasing the harmfulness of mixes, improving 
medication biodistribution, and altering pharmacokinetics (Lila and Ishida 2017).
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15.2.7.2  Cationic Liposomes

Cationic liposomes are structures that are made of positively charged lipids and are 
progressively being investigated for use in quality treatment because of their great 
cooperation with adversely charged DNA and cell layers (Simoes and Filipe 2005). 
After connecting with contrarily charged DNA, cationic liposomes structure 
bunches of collected vesicles. At a basic thickness, the DNA is consolidated and 
gets epitomized inside a lipid bilayer, in spite of the fact that it is conceivable that 
the liposomes tie along the outside of the DNA, holding its shape. They are addi-
tionally ready to connect with adversely charged cell layers more promptly than 
traditional liposomes. Combination between cationic vesicles and cell surfaces can 
convey the DNA legitimately over the plasma layer. This cycle sidesteps the 
endosomal- lysosomal course which prompts corruption of anionic liposome 
(Vinothini and Rajan 2019).

15.2.7.3  Immunoliposomes

Immunoliposomes are liposomes which have immunizer appended to the layer sur-
face. The functionalization of immunoliposomes has arisen as a promising system 
for focused delivery to and take-up by cells overexpressing the antigens to these 
antibodies, with a subsequent decrease in results (Way 2013). Antibodies or differ-
ent ligands can be connected to liposomes either previously or after their readiness. 
Restricting is accomplished either covalently or non-covalently. For covalent con-
nection, it must be mulled over that the immunizer particle contains utilitarian com-
pound gatherings. (Manjappa et  al. 2011; Zhang et  al. 2003). Regardless, this 
gathering happens rarely in neutralizer atoms and must be either produced by the 
decrease of disulfide gatherings or through proper thiolation specialists. Thiolated 
antibodies containing sulfhydryl gatherings will at that point respond with antibod-
ies containing an artificially receptive atom, similar to a lipid-containing maleimide, 
shaping a thioether linkage. The lipid can be combined preceding its joining into the 
liposome’s bilayer, and a response is done between the ligand and the anchor fol-
lowed by blending the subsequent ligand in with different constituents of the lipo-
somes (Mendelsohn and Baselga 2003; Guin et al. 2009). On the other hand, the 
anchor might be recently fused in the liposomal layer, and afterward a coupling 
response is completed on the outside of vehicles. Furthermore, antibodies can be 
non-covalently connected to liposomes, despite the fact that this system is more 
uncommon. The response among biotin and neutravidin or streptavidin is especially 
valuable. All the while, the ligand is bound to the outside of liposomes through 
hydrophobic anchor with functional groups (Clayton et al. 2009, Josimar et al. 2017).
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15.2.7.4  Long-Circulating Liposomes

Liposomes have been examined for use as medication transporters, and numerous 
past examinations have shown upgraded adequacy of typified drugs and the decrease 
of the results of medications so ensnared (Table 15.1). By and large liposomal drugs 
are controlled through the circulatory system. The steadiness in the circulation sys-
tem, leeway, and biodistribution are reliant on the organization, size, and charge of 
the liposomes. Inflexible, little size (100–200 nm) liposomes will in general be held 
in the blood without debasement. Since the ordinary liposomes are caught in the 
reticuloendothelial framework (RES), RES focusing by methods for liposomes is 
effectively accomplished. This propensity of liposomes, in any case, is the most 
genuine impediment when their objective isn’t the RES. Numerous endeavors have 
been made to dodge the RES catching and to delay the course season of liposomes 
with mono-sialoganglioside GM1, polyethylene glycol, glucuronide subsidiaries, 
etc. At the point when the objectives are tumor tissues, these RES keeping away 
from long-circulating liposomes inactively gather in such tissues because of extrav-
asation through the defective vasculature in the tumor tissues. Accordingly, long- 
flowing liposomes are helpful instruments, particularly for tumor imaging and 
treatment (Oku and Namba 1994).

Table 15.1 Liposome classification and mode of drug delivery are represented

Type Composition Attributes

Cationic liposome Electronegative and/or neutrally 
charged phospholipids (DOTAP/
DOPE, DOPE) and cholesterol

Conjugate with endosome 
membranes or cell
Distribution of macromolecules 
like DNA and RNA
Extreme dose becomes toxic
Transformation efficiency 
reduces with time

pH-sensitive 
liposome

1,2-Dioleoyl-sn-glycero-3- -
phosphoethanolamine (DOPE) or
phosphatidylethanolamine (PE)
with cholesteryl hemisuccinate 
(CHEMS) or oleic acid (OA)

Coated-pit endocytosis, 
biodistribution
Conjugate with endosome 
membranes and discharge the 
constituents into cytoplasm
Intracellular distribution of weak 
bases

 Long-circulating 
liposome (LCL)

Neutral lipids and cholesterol under 
high temperature and 5–10% 
PEG-DSPE

Long half-life
Inferior antibody opsonization
Deliquescent surface membrane
Dose-dependent 
pharmacokinetics

Immunoliposome 
(IL)

LCL or CL with mAbs or recognition 
sequences

Clathrin-dependent endocytosis
Target cell-specific binding

Fusogenic liposome 
(RSVE)

Reconstituted Sendai virus envelope Endocytosis-independent
Discharge their encapsulated 
constituents directly to the 
cytoplasm using fusion 
mechanism of Sendai virus
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15.3  Margins, Which Impact on In Vivo Performance 
of Liposomes

Liposome technology has great potentials as drug delivery system and revolution-
ized the current drug delivery system. Liposome has unique characteristics such as 
biocompatibility, biodegradability, good encapsulation efficiency for both hydro-
phobic and hydrophilic drugs, etc. As discussed above, liposomes can be prepared 
using a number of techniques with different characteristics. In addition, during lipo-
somal formulation optimization, several physicochemical parameters are modified 
for the purpose to get a desirable biodistribution, target delivery, and cellular uptake 
of drugs. These parameters are discussed below.

15.3.1  Bilayer Fluidity

The liposomal bilayer membrane fluidity, when it is prepared from a one type of 
lipid, relies on the phase transition temperature (Tc) of lipid (Rahman et al. 2018). 
Also the fluidity depends on the lipid relative position compared to ambient tem-
perature (Frezard 1999). In the latter case, the lipid molecules have higher freedom 
of moment (Roger 1990). The liposomes with lower than 37 °C Tc behave like fluid 
and are susceptible to leakage of the carrier drug contents at physiological tempera-
ture. However, liposomes with greater than 37 °C Tc are well-ordered, are more 
rigid, and are less likely to leak at physiological temperature (Sharma et al. 2018). 
The Tc of liposome influences the interaction with cells, and those with low Tc 
lipids have increased uptake by reticuloendothelial system as compared to those 
with higher Tc. Moreover, modification in liposome formulation by addition of fat 
in the dual layer can change the lipid bilayer membrane flexibility at a temperature 
higher. With these modifications, liposomes have shown greater stability (Chrai 
et al. 2001). By increasing cholesterol level in the liposomes, bilayer made of unsat-
urated phospholipids exhibited reduction in the fluidity and elasticity (Kotouček 
et al. 2020).

15.3.2  Surface Charge

The surface charge on the liposomal vesicles has greater influence on the cell-lipid 
interaction. Changing the nature and density of charge on lipid composition changes 
the charge on the surface of liposomes. Small unilamellar vesicle liposomes start 
aggregation if no surface charge is present. Lack of surface charge causes reduction 
in liposomal stability and interaction with cell (Chibowski and Szcześ 2016). 
Surface charge is commonly determined in terms of zeta potential. Adsorption of 
ions and enzymes to the liposome surface leads to changing the zeta potential value 
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or even its sign (positive or negative), stability, and hydrolysis reaction (Ikonen 
et al. 2010). The uptake of liposome by different cell types depends on the lipid 
composition (Düzgüneş and Nir 1999). Moreover, liposome with higher electro-
static surface charge may enhance the interaction between lipid and cells. The lipid- 
cell interaction magnitude is highly influenced by negatively charged density and 
improves the intracellular uptake of liposomes by target cells (Kelly et al. 2011). 
However, liposome with positive charge has enhanced passive topical delivery and 
can be a good strategy to improve topical ophthalmic treatments (Johnston 
et al. 2007).

15.3.3  Three-Dimensional Surface-Based Hydration

Surface coating controls recognition and binding behavior of particle surface to 
plasma components before cellular uptake. Hydrophilic surface coating of lipo-
somes is less disposed to opsonization, and therefore their uptake by reticuloendo-
thelial system is reduced (Senior 1992). This reduced uptake can be attributed to the 
hydrophilic coating on liposome which limits the interaction with blood compo-
nents and cells (Sharma et al. 2018). The liposomes with hydrophilic surface coat-
ing are more stable in the biological circulation and exhibit extended shelf-life, for 
example, GMi and phosphatidylinositol (Allen 1994), PEG (Klibanov et al. 1990), 
poly(acrylamide), poly(vinyl pyrrolidone) (Torchilin et al. 1994), or poly(methyl or 
ethyl oxazoline) as compared to liposomes with hydrophobic surface coatings.

15.3.4  Liposome Size

Another important parameter which governs the fate of liposome in the biological 
circulation is liposomal vesicle size, as it determines the portion cleared by reticu-
loendothelial system (Daraee et al. 2016). The rate of liposomal uptake is directly 
related to its size. Increasing the diameter of liposome vesicle will increase the 
uptake by reticuloendothelial system (Dexi Liu et  al. 1992; Sun et  al. 2017). 
Liposome vesicles with size greater than 0.1μm are rapidly taken up by reticuloen-
dothelial system as compared to the liposomes with size smaller than 0.1μm 
(Harashima et al. 1994; Ong et al. 2016). Various strategies have been proposed in 
order to extend the circulation time such as sonication, extrusion, and homogeniza-
tion (Ong et al. 2016). Due to higher permeability of tumor capillaries, fluids along 
with nano-sized liposome can reach to tumor and accumulate the drug (Sharma 
et al. 2018).
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15.3.5  Method of Preparation

The stability and in vivo circulation of liposome are also dependent on the prepara-
tion techniques. There are a number of methods used to prepare liposomal formula-
tions. The method of choice depends on many factors including circulation time and 
interaction with plasma components (Bozzuto and Molinari. 2015). There are many 
important variants of liposome vesicle such as size and size distribution, trapped 
volume and osmotic activity, number of lamellae, compositional heterogeneity 
dimension, and dissemination of fat constituents in the bilayer. These properties are 
controlled by the method of preparation of the vesicles. For example, liposomal 
doxorubicin formulation was prepared to be medium-sized oligolamellar liposomes, 
negatively surface charged, in which the drug was passively entrapped by the lipid 
hydration technique (Hofheinz, et al. 2005).

15.3.6  Formulation Aid

Effective mechanism of the liposome system in  vivo by controlling its physico-
chemical characteristics is vital to apprehend shelf-life and drug treatment therapy 
in the biological system (Rotman et al. 2015). In addition, Hu et al. (2017) reported 
based on the in vivo rat model, which reveled the impact of two PEG liposomal-
methotrexate formulations on hydrogenated soy phosphatidylcholine.

15.4  Applications of Liposomes in Drug Delivery

Earlier, drugs were offered to any person circulating in the entire body, while drug 
delivery was only needed at one specific body site and not throughout the body. This 
was the primary explanation for the consideration of drug targeting. Drug targeting 
distributes medications to particular body locations, thereby improving drug effi-
cacy and lowering the level of toxic effects. Liposomes may be handled with anti-
bodies, sugar residues, Apo proteins, or hormones as a drug targeting agent for the 
compounds. Liposomes are now being developed to produce various immunogens 
and have been used to treat diseases like cancer a number of times (Lofthouse and 
Kemp 2002). Because of lack of adequate tumor-to-normal tissue drug ratios, che-
motherapeutics was risky before, but cancer treatment can now be achieved with the 
aid of liposomes (Andresen et al. 2005). Liposomes are not appropriate for ingestion 
due to breakdown in the gastrointestinal tract. For different skin conditions, lipo-
somes may be used. They may decrease the amounts of medications, thereby reduc-
ing the side effects. They improve transdermal delivery for many trapped drugs. A 
variety of antiretroviral nucleotide derivatives have entered the market to tackle the 
disease AIDS.  They have a number of uses both in cosmetics and skin care 

15 Liposomes for Drug Delivery: Progress and Problems



436

formulations. The task of antiviral drugs is to combat HIV replication and, through 
viral DNA synthesis, to interrupt reverse transcriptase. By embedding the drug with 
the aid of liposomes, excess use and drug toxicity may be minimized. Preferable 
drug absorption contributes to a higher liposomal product value (Oussoren 
et al. 1999).

Liposomes are able to trap genetic code and distribute it. In gene therapy, chelat-
ing liposomes are most fitting. The biggest challenge to be solved is that the embed-
ded genetic information should try to function and reduce its DNA and RNA 
susceptibility to nucleases and liposome formation at the same time. As they have 
extended shelf life, they can fuse to identify the target cell (Chonn and Cullis 1998). 
It enables plasmid condensation of DNA and contributes to highly organized DNA 
structure and defends toward deterioration. When DNA trapping in UV fused and 
when the target cell was encountered, diseases such as cystic fibrosis, infectious 
agents, and some tumors could be feel energized (Chen et  al. 2000). Liposomes 
were marked with viral envelope protein so that they could identify and bind to the 
target cell membrane. It is easy to take up genetic material encapsulated inside lipo-
somes and thus ensures high synaptic transmission to the cell on fusion.

15.4.1  Liposomes in Human Therapy

In human medicine, the use of liposomes is limited to systemic fungal infections 
and cancer therapy, given the positive and promising results obtained by using lipo-
somes as drug carriers in multiple diseased animal models. Nevertheless, vaccines 
based on liposomes play a vital role in pharmaceutical marketing.

Liposomes being amphiphilic molecules are novel drug delivery systems 
(N.D.D.S.) having the properties to entrap drugs; studies have been successfully 
done on animal models (Gregoriadis and Perrie 2010). They aim to administer the 
medication at the time of the body’s requirement during the treatment and control 
the drug target. Liposomes have widely helped optimize the properties of drug treat-
ment loading and control of drug release rate, surpassing the liposome authorization 
pace and intracellular delivery of medications. Apart from liposomes, other drug 
delivery systems include niosomes, transfersomes, and pharmacosomes. The 
liposomes- based therapeutic index has amplified therapeutic efficacy in humans 
compared to the already existing non-liposomal formulation methods (Yadav et al. 
2017). Various steps involved in drug delivery by liposomes are shown in Fig. 15.2.

The therapeutic applications of liposomes are categorized as:

 1. Formulation aid
 2. Intracellular drug delivery
 3. Sustained release drug delivery
 4. Gene therapy
 5. Site-avoidance delivery
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15.4.2  Formulation Aid

Drug formulation plays an important role in the efficiency of drugs for their targeted 
action and the probability of adverse reactions. The available hydrophobic medica-
tions prescribed to patients are considered toxic due to the solubilizer in which they 
were formulated such as surfactants and natural cosolvents for fundamental audits, 
which generally cause poisonousness. However, liposomes are made of phospho-
lipid, which involves standard biological mechanism in the human body. They are 
considered as biocompatible and biodegradable atom; therefore, they have signifi-
cant nontoxic and non-immunogenic properties (Sharma and Sharma 1997). 
Additionally, lipid-phosphide combination is used as solubilizer excipients to pre-
pare better-tolerated formulations of several lipophilic drugs (Sen and Satpathy 
2014). Studies reported that, liposomes are utilized to convey paclitaxel and differ-
ent structures into the ethanol/cremophor drugs where the drug was systemically 
being delivered and increased the therapeutic index of the drug as studied in ovarian 
cancer models (Sharma and Sharma 1997).

15.4.3  Intracellular Drug Delivery

Medications for intracellular receptors have challenges to cross the cytomembrane 
to demonstrate the pharmacological activity. Liposome based drugs increase the 
specificity, and towards drug target mechanism in the cells by pinocytosis are gener-
ally dynamic and have satisfactory medication contrasts contrasted with extracel-
lular fluid (Heath and Brown 1989). Therefore, liposomal delivery for pinocytosis 
has made it efficient rather than normal because liposomes carry comparatively high 
concentrations of drugs (Loira-Pastoriza et al. 2014). The drug delivery across the 
cytosol using drug liposome encapsulation has shown a noticeable increase in its 
potential action against tumor cell lines, which is regularly ineffective for free drugs 
(Ramkrishna and Singh 2014) as shown in Figure 15.3.

Fig. 15.2 Steps involved in drug delivery by liposomes
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15.4.4  Sustained Release Drug Delivery

The therapeutic efficacy mainly support the delivery frameworks, which were 
needed to accomplish the grouping of medication managed inside the remedy, and 
it’s frequently essential on medication conveyance frameworks of drugs that need 
plasma concentrations (Yadav et al. 2017). Sustained drug delivery index was also 
required to maintain the concentration of drugs delivered within the therapeutically 
effective range of medication. Due to the repetitive intake, it may influence out-
comes into unfortunate poisonousness and deserted proficiency. Therefore, to 
weaken these fluctuations, a novel medication conveyance framework has been built 
up that incorporates liposomes and is efficiently being in use (Kalepu et al. 2013).

15.4.5  Gene Therapy

Liposomes are utilized broadly inside the systematic sciences besides concerning 
medication and quality conveyance. Various foundational infections are brought due 
to the absence of proteins or components resulting from absent or blemished quali-
ties. Numerous diseases are caused by defective genes, and to resolve these dis-
eases, several attempts have been made in recent years. As of late, a few endeavors 
are made to restore natural wonder by conveyance of the important exogenous 
DNA. This can be achieved by restoring regular gene expression by delivering rel-
evant genes to cells. To stabilize gene expression, cationic liposome formulations 
are considered as a potential human gene delivery system. Some of the commonly 

Fig. 15.3 Liposome drug delivery (targeted) can kill cancer cells
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used cationic liposomes are Lipofectin, Lipofectamine, transfectAce, Cytofectin, 
etc. (Sharma and Sharma 1997). For instance, Allovectin-7 is a gene transfer prod-
uct under medical trials as an immune-based drug treatment therapy for metastatic 
melanoma (Nabel 1995). Plasmid-based liposome complexes have numerous 
advantages over drug delivery (Crystal et al. 1995), such as the following: (i) these 
complexes of non-immunogenic due to absence of proteins; (ii) Lipid-based com-
plexes can be applied for transfection on large-dimension nuclear material; (iii) 
Plasmid-based liposome complexes.

15.4.6  Site-Avoidance Delivery

The drug conveyance to the targeted site plays a significant role in medications, 
which helps in reducing their acquaintance to other normal tissues. Drugs used in 
treating complex diseases like cancer are considered highly toxic to the normal tissue 
due to their narrow therapeutic index (Kalepu et al. 2013). This toxic impact of these 
drugs can be minimized by using a targeted drug delivery system rather than usual 
delivery, which will be profoundly harmful to normal tissues. Studies have shown 
that it can be achieved by targeted distribution of the drug by liposome encapsulat-
ing, reducing the toxicity at a considerable range (Szoka and Papahadjopoulos 1980). 
Liposomes are engrossed inadequately by tissues like the heart, kidney, and other 
sensitive organs, which are significant destinations for harmful results of an assort-
ment of antineoplastic medications, and liposome detailing may improve the T.I. by 
adjusting the bio-conveyance of medicine a long way from drugs affecting typical 
tissues. For instance, the drug (H.C.Q.), which was earlier shown useful for 
COVID-19 patients, was later found to have an adverse impact in terms of cardiac 
toxicity (Stevenson et al. 2020). Therefore, liposome reformulation of these drugs 
could give better results in addition to reduced toxicity without any change in its 
therapeutic efficacy.

15.4.7  Site-Specific Targeting

The role of site-specific targeting Liposomes was initially proposed by Paul Ehrlich, 
for conveyance of significant portion of medication to the objective site and subse-
quently declined the presentation to typical tissues (Ehrlich 1906). There are two 
different ways of site-explicit focusing, for example, dynamic and detached objec-
tive of medications:

 (i) Active targeting
 (ii) Passive targeting
 (iii) Intraperitoneal administration
 (iv) Immunological adjuvants in vaccines
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15.4.7.1  Active Targeting

Dynamic focusing of liposome wrap medications might be consummate by cou-
pling explicit antibodies to vesicles (immunoliposomes). Immunoliposomes con-
taining diphthera poison (D.T.) have created assurance against the vague 
poisonousness of D.T. during malignancy chemotherapy (Vingerhoeds et al. 1996). 
Long-coursing immunoliposomes might show to perceive and tie with higher par-
ticularity to zero in on cells following foundational organization (Gregoriadis 1995). 
It’s been demonstrated that long-circling immunoliposomes (L.C.I.) increment 
restorative adequacy of cover doxorubicin during a murine cariogenic model 
(Ahmad et al.1993). The impact on dimension of biodistribution of L.C.I. has shown 
essentially lower aggregation in RES contrasted with CL with or without 
AM. Dynamic focusing on utilizing immunoliposomes has a few focal points over 
that of immunizer drug forms (Gregoriadis 1995): (a) immunoliposomes can con-
vey a more significant number of medication atoms contrasted with straightforward 
ways; (b) immune-based liposomes can encompass medication with broadly chang-
ing physical and chemical properties; and (c) medications can even arrive at their 
intra-tissue-dependent objective by dissemination after delivery from immune- 
based liposomes related to the targeted tissue. Accordingly, dissimilar to antibodies- 
drug forms, sometimes immunoliposomes may not go through receptor interceded 
endocytosis to convey their substance intracellularly (Torchilin 1996).

15.4.7.2  Passive Targeting

Traditional liposome (CL) details of medication and immune-based stimulators 
have been significantly utilized for focusing on the cells of RES and show ground- 
breaking improvement inside the T.I. of the medicines (evaluated by Alving 1991). 
In clinical preliminaries, the foundational organization of CL containing muramyl 
peptide subsidiaries caused improvement inside the tumoricidal properties of mono-
cytes in patients with repetitive osteosarcoma (Killion and Fidler 1994). Liposomes 
have likewise been acclimated to improve the antigenicity of specific atoms for spic 
and span antibody details. Besides, CLs have also been utilized to focus on immu-
nosuppressive medications to lymphatic tissues, such as the spleen (Binder 
et al. 1994).

15.4.7.3  Intraperitoneal Administration

The intraperitoneal organizations have antineoplastic specialists that cover into the 
intraperitoneal whole and are restoratively helpful for malignancy advancement in 
the macrodimension to the peritoneal movement (Dedrick et  al. 1978; Markman 
et al. 2004). In any case, the latitude of liposomes from the peritoneal depression is 
enough dawdling than that of free medicines. Consequently, substantial medication 
fixations should be possible in the closeness of the objective site for drawn-out 
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timeframes with the utilization of liposome formulations. Further reformulation 
drugs were examined of medication doxorubicin (Forssen and Tokes. 1983).

15.4.7.4  Immunological Adjuvants in Vaccines

Liposomes were first utilized as immunological adjuvants to improve the insuscep-
tible reaction to embodied diphtheria pathogen (Allison and Gregoriadis 1974). 
Therefore, since then, liposomes are applied as nontoxic complex with microbes, 
tumor, and other antigens (Kersten and Crommelin 1995; Gregoriadis and 
Panagiotidi 1989). Furthermore, counteracting agent interceded, focusing on lipo-
somal to antigen- introducing cells may likewise improve immunostimulatory 
impacts (Alving 1991). The effect of physicochemical properties of the liposomes, 
for example, charge thickness, film ease, and epitope thickness, on the safe reaction 
of the antigen has been broadly examined (Kersten and Crommelin 1995), and it is 
observed that stage progress temperature (Tc) of the lipids additionally appears to 
influence immunogenicity, for instance, the immunogenicity of haptens was higher 
in liposomes made out of lipids with a high Tc than in those with a low Tc (Yasuda 
et al 1977).

15.5  Limitations of Liposome Technology

15.5.1  Based on Stability

One of the great lipid-based problems is stabilization. Therefore all physicochemi-
cal volatiles have a shorter shelf life. It is chemically unstable, or both may be the 
cause, because of ester bond hydrolysis or unsaturated oxidation of acyl chains. 
Therefore all physicochemical volatiles have a shorter shelf life. It is chemically 
unstable, because of ester bond hydrolysis or unsaturated oxidation of acyl chains 
leads to the instability of drug diffusion and intracellular fusion. Product is retained 
under stable dry conditions to improve shelf life and lyophilization system reliabil-
ity. Liposome products are marketed in drug testing as a lyophilized powder.  
Liposome products are marketed in drug testing as a lyophilized powder such as, 
AmBisomeTM (Sharma and Sharma 1997). Multilayered liposomes of chitosan 
and sodium alginate resist ecological stress, such as pH and processing (liu et al. 
2016). Unlike the complete specification of liposome drugs preceding, stabilization 
connectors such as pH-sensitive copolymers of the bola type can be incorporated 
into liposome drugs (Hao et al. 2017).
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15.5.2  Insufficient Sterilization

One of the key problems facing liposomes is finding an efficient method for disin-
fecting liposomes. Liposome filtration by 0.22 μm of sterilized membranes is a 
method of euthanizing liposomes, but it can’t be used with larger vesicles (>0.2 μm). 
Sterilization cannot be accomplished by irradiation or other chemical agents, since 
it leaves harmful contaminants in the waste. The autoclave method also sterilizes 
liposomes, which contributes to phospholipid deterioration and material loss 
(Zuidam et al. 1995). Besides the above sterilization procedures, gamma-irradiation 
sterilization, saturated steam sterilization, dry heat sanitization, ethylene oxide con-
traceptives, aseptic manufacturing, and dense gas methods are used for liposome 
sterilization. Yet they have their limits in sterilizing liposomes. It was thought that 
combining filtration, aseptic processing, and dense gas techniques to make lipo-
somes may now solve a lot of problems, but it could take time.

15.5.3  Drawbacks in Encapsulation Efficiency

Research is also underway to improve encapsulation efficacy. Active loading also 
improves encapsulation efficiency. Hydrophobic drugs like paclitaxel, whose zeta 
potential is less than 3% mole, should not be used. This is due to the lower lipid 
bilayer affinity (Straubinger and Balasubramanian 2005). Today’s micro- 
encapsulation vesicle technique is used to boost drug encapsulation efficacy (Nii 
and Ishii 2005).

15.5.4  Drawbacks in Gene Therapy

In viral vectors, transfecting ability is higher than in liposomes. Again, due to long- 
term particle size, DNA-lipid compounds are unstable. Thus the toxicity of chelat-
ing lipids restricts the DNA-lipid complex’s guided dose to liposomes lacking 
in vivo targeting. Plasmid-liposome complexes were found to be more efficient in 
delivering genetic information via supervision (Gao and Huang 1996).

15.5.5  Lysosomal Degradation

Cells at the active site can’t always consume the drug. If the resistant liposome 
which enters the cells cannot release the trapped material, it will inevitably be 
ruined by the lysosomes (Gregoriadis 1995).
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15.5.6  Gene Therapy

In the case of virulence factors, the ability to transfect is higher than in liposomes. 
Again, DNA-lipid molecules are unstable because of their particle size over a long 
period of time. The potency of chelating lipids thereby restricts the regulated dose 
of lipid-DNA complex to liposomes which lack in vivo targeting. Plasmid-liposome 
combinations have been found to be more efficient in supplying genetic data by 
supervision (Gao and Huang 1995).

15.6  Future Perspectives Toward Liposome Formulations 
in Market

Day by day, the application of liposomes is growing significantly. The active spe-
cific knowledge of the liposome makes it unique and aids in drug delivery. It was 
first used for the delivery of medications, but now it is used in gene therapy, diag-
nostic devices, the food processing, etc. The main barriers of liposome research to 
improve liposome application are stability and encapsulation performance.

In the food sector, liposomes were applied for encapsulation applications. In the 
type of micro- or nano-encapsulation, sugar, protein, minerals, vitamins, and anti-
oxidants are encapsulated. The food industry uses liposomes to encapsulate acids, 
bases, flavors, and nutrition substances (Gibbs et al. 1999). Cheese and food emul-
sions such as spreads, margarine, and mayonnaise are now made using liposomes. 
Regulated release of food content can be accomplished by liposome use. Sensitive 
food components can be encapsulated by the use of liposomes. By encapsulation, 
the shelf life and durability of sensitive food components can be increased.
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Chapter 16
Niosomes: A Smart Drug Carrier 
Synthesis, Properties and Applications

Madhusudhan Alle, Noufel Samed, and Jin-Chul Kim

16.1  Introduction

Even though liposomes can encapsulate the various types of drugs and are capable 
of sustained release, they are also associated with several disadvantages like high 
formulation cost, brief shelf life, low stability of their aqueous suspensions at differ-
ent pH levels and toxicity. These factors led to diverting the focus on developing 
vesicular carriers that were more biocompatible and could nullify the abovemen-
tioned shortcomings. Hence, niosomes came into being. They were first formulated 
by the cosmetic company L’Oréal, and the first commercial product containing nio-
somes was released in 1987 (Singh and Sharma 2016).

Niosomes possess most of the physical and structural properties of liposomes 
having unilamellar, bilamellar or multilamellar structure enclosing an aqueous core. 
Their ability to self-assemble easily in an aqueous medium during preparation is 
because of the high interfacial tension between water and the hydrocarbon portion 
of the surfactant involved. In addition, the presence of strong steric or ionic repul-
sion between the head groups of the surfactant molecule makes sure that these 
groups always stay in contact with water. These two strong contradicting forces 
impart strong structural strength to niosomes (Uchegbu and Florence 1995). The 
formation of stable niosomes is also governed by membrane-stabilizing agents, 
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primarily cholesterol (Abdelkader et  al. 2014). The property of high-interfacial 
activity also gives the niosomes the ability to simultaneously load many hydrophilic 
and hydrophobic drugs, for example, doxorubicin and curcumin (anticancer drugs) 
(Mahale et al. 2012) . Moreover, the presence of nonionic surfactants enhances the 
fluidity of biological membrane at the delivery site, hence making niosomes an ideal 
drug delivery vehicle for a variety of drugs via the transdermal route. It has also 
been observed that the stability of peptide-based drugs is more when encapsulated 
in niosomes. However, niosomes are also associated with disadvantages like drug 
leakage and its hydrolysation in aqueous suspensions, and they also exhibit more 
irritability than liposomes (Moghassemi and Hadjizadeh 2014; Singh and 
Sharma 2016).

This chapter aims to provide a comprehensive account of niosomes, including 
their structural properties, synthesis, characterization techniques used and adminis-
tration routes and an overview of their applications.

16.2  Advantages of Niosomes

When a comparative study is done, niosomes have significant advantages over lipo-
somes which can be summarized as follows:

 1. The risk of toxicity posed by niosomes is way less when compared to liposomes.
 2. Niosomes are more chemically stable and offer a longer shelf life than liposomes.
 3. They are capable of being degraded within any biological system and pose no 

threat of severe immune response by the body in which they have been 
administered.

 4. Because of the high fluidity exhibited by niosomes, they can be administered 
effectively and safely to the body via many routes like oral, transdermal, pulmo-
nary as well as ocular with better patient compliance.

 5. The presence of high-interfacial activity in niosomes gives them the ability to 
perform multidrug delivery mainly as a combination.

 6. The use of nonionic surfactants for synthesizing niosomes gives the advantage of 
higher biocompatibility than liposomes (Rajera et al. 2011; Chandu et al. 2012; 
Moghassemi and Hadjizadeh 2014; Verma and Utreja 2019).

A variety of substances ranging from simple and complex proteins like bovine 
serum albumin (BSA), α-interferon, immunosuppressants like cyclosporine A, hor-
mones like vasopressin, insulin and luteinizing releasing hormone and antigens for 
influenza virus have been encapsulated effectively and delivered in a targeted and 
sustained mode using niosomes. Moreover, as niosomes can provide high drug con-
centration and bioavailability, many pharmaceutical drugs also have been encapsu-
lated in niosomes for various applications like anti-leishmanial, anti-inflammatory, 
anti-tubercular and hormonal and anticancer therapy (Kumar and Rajeshwarrao 
2011; Mahale et al. 2012).
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16.3  Structure of Niosomes

Niosomes have vesicular or micellar structure, generally with a hydrophilic core 
and hydrophobic outer shell as shown in Fig. 16.1. The formation of micellar struc-
tures mainly is by the self-assembly of the nonionic surfactants, which can be 
ascribed mainly to the hydrophobic and hydrophilic interactions at the interfacial 
level at the time of aggregation. The hydrophobic interactions take place at the 
hydrocarbon tail portion of the nonionic surfactant molecule. The hydrophilic inter-
actions are between the hydrophilic heads and the aqueous medium. They tend to 
remain in constant contact with the aqueous medium in which the niosomes are 
prepared. Hence, these two opposing forces tend to decrease (hydrophobic) the 
interfacial area per surfactant molecule, while the hydrophilic force tends to increase 
the interfacial area (Abdelkader et al. 2014). Normally, hydrophilic drugs get encap-
sulated in the aqueous core, while hydrophobic drugs get entrapped at the hydro-
phobic shell (Abdelkader et al. 2014; Moghassemi and Hadjizadeh 2014).

However, the morphology of niosomes depends not only on the nonionic surfac-
tant involved but also on other factors like stabilizing agents like cholesterol and 
other formulation parameters, which will be discussed in the following sections.

16.4  Factors Affecting the Structure and Properties 
of Niosomes

16.4.1  Nature of the Nonionic Surfactant Involved

Nonionic surfactants have a polar (hydrophilic) head and non-polar (hydrophobic) 
tail. Since they are amphiphilic and do not carry a net charge, they exhibit lesser 
toxicity, lesser haemolytic activity, more stability and lesser irritation when com-
pared to other class of surfactants. They also show more potent inhibition towards 
P-proteins which enhance their drug absorption capacity. They also maintain an 
almost stable physiological pH in the solution. The inhibition of nonionic surfac-
tants towards the multidrug resistant p-glycoprotein allows adsorption and thereby 

Hydrophilic Part

Hydrophobic Part

Fig. 16.1 Structure of a 
niosome. (Adapted from 
Mahale et al. 2012) 
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targeting of a variety of cancer drugs (doxorubicin, curcumin, morusin), steroids 
(hydrocortisone) and cardiovascular drugs (beta-blockers) (Agarwal et al. 2018).

Some of the significant nonionic surfactants include polyglycerol alkylethers, 
glucosyl dialkyl ethers, crown ethers, polyoxyethylene ethers and esters, such as 
series of Brijs, Spans and Tweens (Shilpa et al. 2011). A new class of surfactants 
known as Gemini surfactants which have two hydrophobic chains and two hydro-
philic head groups linked with spacers have emerged as ideal candidates for nio-
somes. Another class of surfactants called bolaamphiphiles contains bipolar 
amphiphiles with two polar heads connected by one or two long hydrophobic spac-
ers that are also being used for niosomal formulation (Pardakhty et al. 2007; Mahale 
et al. 2012).

The chain length and the size of the hydrophilic head group play a crucial role in 
the entrapment efficiency of the niosomes. Long stearyl chains increase entrapment 
efficiency, while shorter lauryl chains decrease entrapment efficiency. Longer alkyl 
group chain with extended hydrophilic head group favours entrapment of hydro-
philic drugs, while shorter alkyl chain length with long hydrophilic head group is 
better suited for entrapment of hydrophobic drugs (Nasseri 2005). Some of the com-
monly used nonionic surfactants for formulating niosomes have been shown in 
Table 16.1 (Raymond et al. 2006; Kumar and Rajeshwarrao 2011; Ag Seleci et al. 
2016; Gharbavi et al. 2018).

The other significant properties of the nonionic surfactants which determine the 
nature of niosomes formed are:

 (a) Hydrophilic-lipophilic balance (HLB) value
 (b) Critical packing parameter

 (a) Hydrophilic-lipophilic balance (HLB) value

Table 16.1 Brief description of some of the commonly used nonionic surfactants used for niosome 
formulation

Name of the nonionic surfactant Characteristics
Sorbitan fatty acid esters or Span The gel transition temperature increases as the carbon chain 

length of the molecule increases
Commonly used in making aqueous cosmetic products for 
enhancing oil solubilization

Alkyl ethers and alkyl glyceryl 
ethers polyoxyethylene 4 lauryl
ether (Brij 30)

Having a HLB value of 9.7 and phase transition temperature 
below 10, they form LUV when combined with cholesterol
Oxidation occurs upon interaction with oxidizable 
medications and results in discoloration

Polyoxyethylene cetyl ether (Brij 
58)

Having a high HLB value of 15.7, it forms inverse vesicles

Polyoxyethylene stearyl ethers 
(Brij 72 and Brij 76)

As HLB value of Brij 72 is lesser than that of Brij 76 (4.9 
and 12.4, respectively), Brij 72 has a higher entrapment 
efficiency than Brij 76

Tween or polyoxyethylene fatty 
acid esters

Derivatives of fatty acid-esterified ethoxylated sorbitans
Tween 20, 40, 60 and 80 usually used for niosome 
formulation
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The HLB value is a number is a ratio of the hydrophilic and lipophilic groups in 
a surfactant molecule. Its value ranges from 0 to 20 for nonionic surfactant mole-
cules. Generally, as a thumb rule, surfactants with values greater than 10 have a 
greater affinity for water (hydrophilic), while those with a value less than 10 have 
an affinity towards oil (lipophilic). An HLB number ranging from 4 to 8 is highly 
favourable for vesicle formation (Uchegbu and Florence 1995). Attributing to their 
higher aqueous solubility, hydrophilic surfactants cannot form free hydrated units 
(vesicles), but instead, they aggregate and undergo coalescence forming lamellar- 
like structures (Jousma et al. 1988, 1989). On the other hand, surfactants with a 
higher HLB value ranging between 14 and 17 do not usually form niosomes 
(Shahiwala and Misra 2002). When it comes to surfactants with an HLB value of 
around 10, cholesterol plays a critical role in forming niosomes (Tavano et al. 2011). 
Table 16.2 summarizes the effect of HLB value on niosomal formation (Shahiwala 
and Misra 2002).

 (b) Critical packing parameter

Another important factor that determines niosomal formation is the critical pack-
ing parameter (CPP) of the monomer. CPP value primarily determines the type of 
aggregates formed. Figure 16.2 shows the influence of CPP on the morphology of 
niosomes formed. It is given by the expression, CPP = V/( a0 x lc), where V corre-
sponds to the molecule tail volume, a0 corresponds to the surface area per molecule 
at the hydrocarbon-water interface and lc corresponds to the critical span of a molec-
ular chain in fluid when in aggregation. For better understanding, the diagrammatic 
representation of above-mentioned parameters is shown in Fig. 16.2.

However, the values of CPP and HLB alone cannot be reliable in foretelling the 
shape of the micelles formed. One more factor known as AC is the effective area per 
lipid chain, i.e. the cross-sectional of the molecule tail. If the value of Ac is above 
0.43 nm2, then a micellar structure is formed; if it is slightly below, then bilayer 
vesicles are formed; and if the value is way less than 0.43 nm2, then multilamellar 
structures are formed (Israelachvili et al. 1976; Tavano et al. 2011). A point to be 
noted is that during niosomal preparation, addition of a water-insoluble nonionic 
surfactant (as a co-surfactant) to water-soluble nonionic surfactant can result in for-
mation of large-sized niosomes with lesser entrapment efficiency. This can be 

Table 16.2 Impact of HLB value on niosomal formulation

HLB value Impact on formulation

Values lesser than 6 Cholesterol addition necessary to increase 
stability

>6 Cholesterol addition required in formation of 
bilayer vesicle

1.7–8.6 Reduction in entrapment efficiency
8.6 Enhancement in entrapment efficiency
14–16 Niosomes not produced
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attributed to the competitive interaction between the hydrophobic co-surfactant and 
cholesterol during bilayer structure formation, resulting in forming a weak mem-
brane, and hence drug leakage occurs (Yeo et al. 2019). 

16.4.2  Addition of Cholesterol

Cholesterol is an inherent part of biological membranes that play a key role in the 
membrane properties like aggregation, fusion processes, ion permeability and elas-
ticity and the size and shape of the vesicles. The addition of cholesterol during 
niosomal formulation mainly enhances the fluidity and rigidity of the niosomes (Liu 
et al. 2007). As shown in Fig. 16.3, cholesterol strengthens the structural integrity of 
the niosome by hydrogen bond formation with the surfactant involved (span 60) 
(Moghassemi and Hadjizadeh 2014). The addition of cholesterol is also dependent 
on the HLB value of the surfactant involved. When the surfactant has an HLB value 
of above 10, a minimum addition of cholesterol is necessary to compensate larger 
head groups (Bandyopadhyay and Johnson 2007). Cholesterol also improves the 
cohesion among the areas of non-polar portions of the vesicular bilayer formed 
(Manconi et al. 2006). Its action also sees the stabilizing effect of cholesterol on 
niosomes of inhibiting the destabilizing effects of serum and plasma components, 
decreasing the vesicle permeability (ROGERSON et  al. 1988). Cholesterol also 
imparts better stability to the niosomes by improving the gel to the liquid transition 
temperature of the vesicles formed. Moreover, cholesterol addition helps more 
hydrophobic surfactants in vesicle formation by inhibiting aggregate formation 
(Kumar and Rajeshwarrao 2011).

Chain Length

Volume

Area a0

a0

ν

ν

ν

lc

lc

CPP = 
lc × a0

CPP≤0.5 micelles form
CPP=(0.5-1.0) spherical vesicles form
CPP≥1.0 inverted micelles form

Hydrophilic end Hydrophobic end

Fig. 16.2 Diagrammatic representation of critical packing parameter (CPP). (Adapted from 
Kumar and Rajeshwarrao 2011)
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Generally on a quantitative basis, the maximum amount of the surfactant and 
lipids like cholesterol used is in the range of 1 to 2.5% (w/w). Changing the surfac-
tant/cholesterol ratio can drastically affect the drug entrapment efficiency, the vis-
cosity and, upon hydration, the assembly of the niosomes formed (Uchegbu and 
Vyas 1998; Kumar and Rajeshwarrao 2011). Studies have shown that the best 
entrapment efficiency is for those niosomes having 60% of cholesterol (Carafa et al. 
2002; Moghassemi et al. 2015, 2017). Cholesterol also plays a key role in affecting 
or regulating the niosomal release profile of the entrapped drug.

16.4.3  Addition of Charge-Inducing Agents and Phase 
Transition Temperature

Charge-inducing agents are added for the purpose to impart a net charge on the 
surface of the niosomes for attaining bilayer stabilization and enhance mobility in 
an electrophoretic sense, as observed in the case of erythrocytes. However, adding 
such agents beyond a specific amount will inhibit niosomal formation (Waddad 
et  al. 2013). Particle aggregation is also prevented due to electrostatic repulsion 
between like-charged vesicles. Charge-inducing agents also improve drug encapsu-
lation efficiency in some cases and improve chances of skin permeability and 
chances of hybrid niosomal complex formation (Oh et al. 2006; Cametti 2008). A 
few examples of charge-inducing agents include dicetyl phosphate (negative charge 
inducing), phosphatidic acid (negative charge) and stearylamine (positive charge) 
(Uchegbu and Vyas 1998; Rajera et al. 2011; Abdelkader et al. 2014; Moghassemi 
and Hadjizadeh 2014).

Another essential factor that decides the entrapment efficiency of the surfactant 
involved during formulation will be the phase transition temperature of the surfac-
tant. Phase or gel transition temperature is termed as the temperature that is required 
to change the inherent closely packed state of the surfactant to a more randomly 
oriented state with increased fluidity. An example where gel transition temperature 
plays a deciding factor is in the surfactant span 60. Span 60 has a trend of having 

CPP 1/3 

BILAYERSSPHERICAL
MICELLES

CYLINDRICAL
MICELLES

INVERSE
MICELLES

1/3  CPP   1/2 1/2    CPP   1 CPP   1 ≤ ≤ ≤ ≤ ≤ >

Fig. 16.3 Morphology of 
niosomes formed 
according to CPP value. 
(Adapted from Marianecci 
et al. 2014)

16 Niosomes: A Smart Drug Carrier Synthesis, Properties and Applications



456

higher entrapment efficiency because of its high gel transition temperature (Kumar 
and Rajeshwarrao 2011; Key et al. 2018). Studies conducted for combined delivery 
of hydrophobic and hydrophilic anticancer drugs (curcumin and doxorubicin, 
respectively) have shown that Tween 60 has a better entrapment efficiency than span 
60 Tween 60 a longer hydrophobic and hydrophilic chains of than span 60 
(Naderinezhad et al. 2017). Some of the commonly used nonionic surfactants for 
formulating niosomes have been shown in Table 16.1 (Manosroi et al. 2003; Kumar 
and Rajeshwarrao 2011; Ag Seleci et al. 2016; Gharbavi et al. 2018).

16.4.4  Hydration Medium

The type of hydration medium used to form niosomes is primal. Phosphate buffer 
solution (PBS) of various pH levels has been used as a hydration medium. The pH 
of the buffer medium is decided based on the solubility of the drug that has to be 
encapsulated. An increase in entrapment efficiency occurs when the hydration 
medium is acidic (pH=5.5), and it decreases under alkaline conditions (pH=6.8) 
(Kumar and Rajeshwarrao 2011). It has been observed that entrapment efficiency 
increases when hydration time is prolonged, but at the same time, the entrapment 
efficiency decreases when the volume of the hydration medium is increased (Kumar 
and Rajeshwarrao 2011; Mahale et al. 2012).

The temperature of the hydration medium should be maintained at a level above 
the gel to the liquid phase transition of the surfactant involved. The temperature 
determines the possibility of the aggregation or assembly of the surfactant into ves-
icles and the shape of the vesicles formed (Azmin et  al. 1985). The duration of 
hydration time also influences entrapment efficiency and vesicular size, with shorter 
durations producing large-sized vesicles with lesser entrapment efficiency. It has 
been recommended that the optimal time for hydration will be 60 mins, with a vol-
ume of hydration medium being 5 ml (Yeo et al. 2019). Vesicles of smaller size are 
produced when hydration time is prolonged. The morphology or structural proper-
ties occur whenever a change is induced in the hydration temperature; this can also 
affect vesicle formation (Uchegbu and Vyas 1998; Rajera et al. 2011). In research 
conducted by Maryam, it was found that upon increasing the temperature of the 
hydration medium (from 25 °C to 55 °C) and hydration time (from 10 to 25 mins), 
the population of large-sized multilamellar vesicles increased (Homaei 2016). In 
another study, earlier formed polyhedral vesicles were transformed into spherical 
vesicles when the temperature was increased from 25 °C to 48 °C, and upon reverse 
cooling from 55 °C to 35 °C, polyhedral vesicles retained. During the transition 
stage, spherical vesicles of smaller size in a clustered state are formed at 49  °C 
(Arunothayanun et al. 2000).
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16.4.5  Nature of the Drug to be Encapsulated

The degree of encapsulation of the concerned drug depends on its various properties 
like molecular weight and structural properties, whether hydrophilic or lipophilic 
(Mozafari 2007). Its subsequent interaction with the surfactant involved can affect 
vesicle size and entrapment efficiency. As far as entrapment of hydrophilic drugs is 
concerned, the efficiency is normally within 10–20% (Peltonen et al. 2002; Ferreira 
et al. 2004). But it has been observed if a charge interaction occurs between the 
surfactant and the drug, there is an enhancement in the entrapment efficiency. This 
was seen in a study conducted on transdermal delivery of a hydrophilic drug galli-
dermin in which interaction that occurred between the positive and negative charges 
of the drug and niosomes, respectively, brought up the entrapment efficiency up to 
45% (Manosroi et al. 2010).

When it comes to the entrapment efficiency of hydrophobic drugs, an inverse 
relationship exists, i.e. entrapment efficiency decreases as the concentration of the 
drug increases as that would interfere with the vesicle formation (Marianecci et al. 
2010). The process of drug entrapment ceases once the bilayer structural satura-
tion occurs.

16.4.6  Method of Niosomal Preparation

The method of niosomal preparation can influence the vesicle size and drug entrap-
ment efficiency. A study conducted concerning prednisolone-loaded ethoniosomes 
(ethanol-based niosomes) showed that the vesicles prepared by thin-film hydration 
method have better entrapment efficiency than those prepared by the ethanol injec-
tion method. But niosomes produced by the ethanol injection method were smaller 
in size (Gaafar et al. 2014). The niosomes formulated by the transmembrane pH 
method have high drug entrapment efficiency (Parthasarathi et al. 1994; Kazi et al. 
2010; Rajera et al. 2011).

16.5  Methods of Preparation of Niosomes

16.5.1  Thin-Film Hydration Technique

Also called the “Hand shaking method,” this is the most commonly used prepara-
tion method. As shown in Fig.  16.4, initially, the involved nonionic surfactant, 
hydrophobic drug and cholesterol taken in appropriate quantities are dissolved in a 
suitable organic solvent and introduced in a round bottom flask. The organic solvent 
is then evaporated preferably in a rotary evaporator leading to the formation of a 
thin layer or film, which, when wetted by a suitable hydration medium like 
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phosphate buffer (in which hydrophilic drug is dissolved), results in the formation 
of multilamellar vesicles (Rajera et al. 2011; Gandhi et al. 2012; Moghassemi and 
Hadjizadeh 2014; Ag Seleci et al. 2016). It can be seen that a large variety of hydro-
philic and hydrophobic drugs can be encapsulated in niosomes using this technique, 
for example, paclitaxel (Bayindir and Yuksel 2010), zidovudine (Ruckmani and 
Sankar 2010), green tea extract (Isnan and Jufri 2017), lornoxicam (Bini et al. 2012) 
and gallidermin (Manosroi et al. 2003).

16.5.2  Ether Injection Method

An organic solvent like diethyl ether is used to mix the surfactant and cholesterol 
together, and then the mixture gets introduced into an aqueous solution containing 
the drug. It has to be made sure the temperature of the aqueous medium should be 
maintained at a temperature above 60 °C (Moghassemi and Hadjizadeh 2014). The 
solvent is evaporated, which leads to the formation of unilamellar vesicles of diam-
eter ranging from 50 to 1000 μm (Fig. 16.5) (Uchegbu and Vyas 1998; Verma et al. 
2010). This method has been used to prepare stavudine-loaded niosomes (Shreedevi 
et al. 2016).

16.5.3  Reverse-Phase Evaporation Method

After mixing the surfactant and cholesterol in an organic solvent, an aqueous solu-
tion of the preferred hydrophilic drug is added to the organic mixture, leading to the 
formation of a two-phase system (Fig.  16.6). After homogenization, the organic 
phase is then removed in negative pressure mode. This method forms large unila-
mellar vesicles (LUVs) and has been used to prepare niosomal formulations con-
taining bovine serum albumin (Moghassemi et al. 2017), ellagic acid (Junyaprasert 
et al. 2012) and isoniazid (Singh et al. 2011).

Fig. 16.4 Thin-film hydration technique or “Hand shaking method”. (Adapted from Ge et al. 2019)
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16.5.4  Transmembrane pH Gradient

This method involves dissolving equal proportions of the surfactant and cholesterol 
in an organic solvent like chloroform, followed by removing the organic solvent 
under reduced pressure. A thin film like lipid layer gets formed, hydrated by vortex-
ing using an acidic solution (usually citric acid). Once the mixture is freeze-thawed, 
an aqueous solution of the desired drug is added and mixed well by vortexing. The 
pH of the final mixture is then adjusted to the desired value using disodium hydro-
gen solution (Fig. 16.7). Remote drug loading can happen using this method (Kazi 
et al. 2010; Kumar and Rajeshwarrao 2011; Durak et al. 2020).

Fig. 16.5 Ether injection 
method. (Adapted from 
Chen et al. 2019)

Fig. 16.6 Schematic diagram of reverse phase evaporation method. (Adapted from Durak 
et al. 2020)
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16.5.5  The “Bubble” Method

This method is devoid of using an organic solvent. A layered system comprising of 
a flask having three necks is used. In the flask, proper mixing of the surfactant, cho-
lesterol and phosphate buffer is ensured. A water bath is used to maintain the tem-
perature of the flask at the desired temperature. At one neck of the flask, a 
thermometer is placed to note the temperature. Nitrogen gas is supplied through the 
second neck, while the final neck has an attachment for reflux cooling. After dis-
persing the mixture at a temperature of 70 °C and homogenizing for 15 s, nitrogen 
gas is supplied (Fig. 16.8) (Moghassemi and Hadjizadeh 2014). Large unilamellar 
vesicles formed by this method are required to undergo a suitable size reduction 
(Kazi et al. 2010; Mahale et al. 2012).

16.5.6  Microfluidization Method

In this method, a mixture of the desired drug and the surfactant upon dissolving in 
a reservoir is pumped under pressure to an interaction chamber maintained at low 
temperatures (using ice packs) because the resulting interaction produces heat. The 
solution is passed through a cooling loop for further cooling (Fig.  16.9). 
Comparatively, much uniformly smaller-sized niosomes get produced by this 
method (Sorgi and Huang 1996; Kazi et al. 2010; Kumar and Rajeshwarrao 2011).

Surfactants and cholesterol
in organic solvents Hydration

with citric
acid

solution at
pH 4

Freeze
and thaw
process

Aqueous
drug

solution

Evaporation

under reduced
pressure

Niosomal
suspension Sonication

Adjust to pH 7

Heat to 60 °C

Fig. 16.7 Schematic diagram of transmembrane pH gradient. (Adapted from Chen et al. 2019)
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Fig. 16.8 Schematic diagram of the “Bubble” method. (Adapted from Yeo et al. 2017)

Fig. 16.9 Schematic diagram of microfluidization method. (Adapted from Chen et al. 2019)
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16.5.7  Heating Method

In this method, the surfactant (and other additives) and cholesterol are hydrated 
separately with buffer at room temperature under an inert nitrogen atmosphere for 
about 1 h. The buffer solution of cholesterol is heated to 120  °C for an hour to 
ensure proper cholesterol dissolving. After cooling the solution to about 60 °C, a 
buffer solution of the surfactant and other ingredients are added while the solution 
is continuously stirred, leading to the formation of niosomes. The niosomes are first 
kept at room temperature for about half an hour, followed by storage at 4–5 °C in 
nitrogen atmosphere (Fig.  16.10) (Moghassemi and Hadjizadeh 2014; Ag Seleci 
et al. 2016).

16.5.8  Multi-membrane Extrusion Technique or 
Single-Pass Technique

This method involves passing a lipid-containing drug from a porous device through 
a nozzle. Passing through the nozzle allows forming uniformly sized niosomes with 
about 50–500 nm (Gharbavi et al. 2018).

Cholesterol

Cholesterol

Surfactant

Surfactant
Aqueous
solvent

Aqueous

15min 15min

60°C120°C

solvent

Final
Suspension

Merging,
Heating and

Stirring

Heating and
Stirring

Fig. 16.10 Schematic diagram of a heating method. (Adapted from Moghassemi and 
Hadjizadeh 2014)
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16.5.9  Dehydration-Rehydration Method

In this method, niosomes are first prepared by thin-film hydration method followed 
by overnight freeze-drying using liquid nitrogen, which results in the formation of 
powdered niosomes. The powered niosomes are then hydrated using phosphate buf-
fer saline of pH 7.4 at 60 °C. Niosomes containing the drug naltrexone for ocular 
delivery have been formulated using this method (Abdelkader et al. 2012).

16.5.10  Freeze and Thaw Method

This method is somewhat similar to the method mentioned above, but the niosomes 
prepared by thin-film hydration undergo freezing cycles. The niosomes are first 
frozen using liquid nitrogen for a minute, followed by 1-min thawing in a water bath 
at 60 °C. This cycle is done five times. This alternate freeze method and thaw helps 
reduce the size of the niosomes formed, but the entrapment efficiency of the nio-
somes is compromised. This method produces multilamellar vesicles (Moghassemi 
and Hadjizadeh 2014; Bartelds et al. 2018).

16.5.11  Sonication Method

This method is just probe sonication of a mixture of the surfactant and cholesterol 
and a buffer solution of the drug at 60 °C, which produces multilamellar vesicles. 
Unilamellar vesicles can be further obtained using ultrasonication. This method was 
used to formulate niosomes containing the drug cefdinir (Bansal et al. 2013).

16.5.12  The Handjani-Vila Method

In this method, a mix of the surfactant and cholesterol is added to an aqueous solu-
tion of the desired drug followed by agitation or ultracentrifugation for the purpose 
of homogenization. Throughout the process, the temperature has to be maintained 
(Palani 2010).

16.5.13  Supercritical Carbon Dioxide Fluid

In this method, the supercritical carbon dioxide apparatus used to prepare niosomes 
is a view cell with two glass windows on both sides equipped with a high-pressure 
pump for carbon dioxide gas feeding. An appropriate amount of the surfactant 
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mixed with cholesterol and the drug dissolved in Dulbecco’s phosphate buffer solu-
tion is added to the view cell. The view cell is maintained at high pressure (about 
200 bar) and temperature (about 60 °C), and carbon dioxide is introduced into the 
view cell. The mixture undergoes magnetic stirring for about 30  min, and once 
equilibrium is achieved, the pressure is released, and niosome dispersions are 
obtained. Throughout the process, the temperature has to be maintained constant 
(Manosroi et al. 2008).

16.5.14  Microfluidic Hydrodynamic Focusing

In this method, two miscible liquids undergo mixing in microchannels in a rapid but 
controlled manner. This method is very effective in producing niosomes with better 
size distribution than other regularly used methods. The parameters like surfactant 
chemical structure, the material used for microchannel fabrication and microfluid 
mixing conditions affect the assembly of the niosomes. When the flow rate ratio is 
increased, there is a subsequent decrease in the diffusive mixing time, hence pro-
ducing small-sized niosomes. However, when a microchannel of a wider size is 
used, diffusive mixing time increases, thereby producing large-sized niosomes (Lo 
et al. 2010).

16.6  Type of Niosomes

Broadly, niosomes formed are of three types, as shown in Table 16.3 and Fig. 16.11.
Besides this general classification, there are some special niosomes formed as 

discussed below which was shown in Table 16.4.

16.6.1  Proniosomes

These are niosomes in the dehydrated state which, upon hydration in the aqueous 
medium, form dispersions. Since being in the dry form, the chances of the niosomes 
to aggregate, fuse or cake are less than average niosomes, and hence the problems 

Table 16.3 Major types of niosomes

Type of niosomes Characteristics

Small unilamellar vesicles (SUVs) 10–100 nm in size
Large unilamellar vesicles (LUVs) 100–3000 nm in size
Multilamellar vesicles (MLVs) More than 1000 nm in size
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of transportation and distribution are minimized (Rajera et al. 2011; Gharbavi et al. 
2018). Proniosomes, once hydrated, can be used for transdermal delivery of drugs. 
Their percutaneous absorption capacity is much better than currently used semisolid 
preparations (Touitou et al. 2000; Touitou and Godin 2007).

16.6.2  PEGylated Niosomes

These are niosomes that have undergone modification with polyethylene glycol 
(PEG), and they can evade the phagocytosis by mononuclear cells, thereby 
increasing the circulation time of the drug-encapsulated niosomes in the body 
(Moghassemi and Hadjizadeh 2014). When monostearate was attached to the 
hydrophilic tail of PEG, it could be incorporated better into the hydrophobic lipid 
vesicular core (He et al. 2017). Moreover, it has been observed that PEGylation 
helps in improving the solubility and bioavailability of certain drugs, for example, 
gambogenic acid. In this case, span 60 was the surfactant used along with choles-
terol and diacetyl phosphate as additives, and niosomes were prepared by ether 
injection method followed by modification with PEG (Lin et al. 2013). Dual drug 
delivery (paclitaxel and curcumin) also is possible with PEGylated niosomes 
(Alemi et al. 2018).

Fig. 16.11 Major types of niosomes formed
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16.6.3  Elastic Niosomes

These do come under the class of niosomes, but a nonionic surfactant is used along 
with ethyl alcohol and water. So we can say that it’s a hybrid version of ethosomes. 
They are very suitable for transdermal drug delivery because of their ability to 
quickly move through the tight junction pores at the stratum corneum (Kumar and 
Rajeshwarrao 2011). They can be loaded with drugs independent of molecular 
weight and have a longer duration of action when compared to conventional nio-
somes. An example of a drug loaded in elastic niosomes is papain used for treating 
scars. The component of the drug carrier was Tween 61 along with cholesterol and 
methanol which are taken in the ratio 1:1 (Manosroi et al. 2013a).

Table 16.4 Types of niosomes and the large variety of drugs they can encapsulate 

Types of niosomes Drugs encapsulated References

Proniosomes Celecoxib (anti-inflammatory drug) Nasr (2010)
Vinpocetine (treating cerebrovascular 
disorders)

El-Laithy et al. (2011)

Diphenyl dimethyl bicarboxylate (antiviral 
drug)

Aburahma and Abdelbary 
(2012)

Isradipine (antihypertensive drug) Veerareddy and Bobbala 
(2013)

Nateglinide (anti-diabetic drug) Sahoo et al. (2014)
PEGylated niosomes Gambogenic acid (anticancer) Lin et al. (2013)

Paeonol (neurological disorders) He et al. (2017)
Paclitaxel and curcumin (anticancer drugs) Alemi et al. (2018)
Carboplatin (anti-tumour drug) Davarpanah et al. (2018)

Elastic niosomes Papain (scar treatment on skins) Manosroi et al. (2013a)
Calcitonin (treating osteoporosis) Manosroi et al. (2013b)

Discomes Naltrexone (to treat drug addiction) Abdelkader et al. (2012)
Bola-surfactant 
niosomes

Fluorouracil (to treat skin cancer) Muzzalupo et al. (2007)
Ammonium glycyrrhizinate 
(anti-inflammatory)

Paolino et al. (2007)

Aspasomes Zidovudine (anti-HIV) Gopinath et al. (2004)
Magnesium-ascorbyl phosphate (treating 
melasma)

Aboul-Einien et al. (2020)

Surfactant ethosomes Paeonol (neurological disorders) Ma et al. (2018)
Testosterone propionate (hormone 
treatment)

Meng et al. (2013)

Evodiamine (anti-inflammatory) Lin et al. (2020)
Raloxifene (to treat osteoporosis) Mahmood et al. (2018)
Curcumin (anticancer) (Li et al. (2020)
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16.6.4  Discomes

They are, as the name suggests, large disc-shaped niosomes (11–60 μm in size) 
formed after spherical niosomes undergo a morphological transformation when 
kept incubated in Solulan 24 of varied proportions at 74  °C and shaken for 1  h 
(Uchegbu et al. 1992; Abdelkader et al. 2014). They are preferably used for drug 
delivery via the ocular route (Abdelkader et al. 2014; Gharbavi et al. 2018), and the 
drug naltrexone has been delivered using discomes (Abdelkader et al. 2012).

16.6.5  Bola-Surfactant Niosomes

Bola-surfactant or bola-amphiphiles, unlike single-headed amphiphiles, have two 
hydrophilic groups attached to both ends of a long hydrophobic carbon chain and 
can aggregate or undergo self-assembly to form vesicles under certain conditions. 
Niosome formation has been reported to be formed when the bola-surfactant omega- 
hexadecyl- bis-(1-aza-18-crown-6), span 80 and cholesterol were taken in the molar 
ratio (2:3:1).

16.6.6  Aspasomes

Aspasomes are lamellar made from a mix of ascorbyl palmitate in water. Cholesterol 
and diacetyl phosphate are added for enhancing rigidity and improving stabiliza-
tion, respectively. Apasomes are suitable for drug delivery via the transdermal route 
because of their excellent permeation properties and hence used in various cosme-
ceutical and pharmaceutical preparations. Moreover, they possess excellent anti- 
oxidative properties and hence are used in treatments involving reactive oxygen 
species (Rajera et al. 2011; Gandhi et al. 2012; Gharbavi et al. 2018; Aboul-Einien 
et al. 2020).

16.7  Characterization of Niosomes

16.7.1  Morphology, Size, Size Distribution and Other 
Structural Properties of Niosomes

Microscopic techniques like SEM (scanning electron microscopy) and TEM (trans-
mission electron microscopy) are usually used to examine and the size and shape of 
niosomes formed (Moghassemi and Hadjizadeh 2014; Agarwal et al. 2018). AFM 
(atomic force microscopy), X-ray spectroscopy and NMR can determine the 
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number of lamellae present in the niosomal structure (Madhav and Saini 2011; 
Rajera et al. 2011; Marianecci et al. 2014). X-ray scattering technique can be used 
for examining the thickness of the bilayer structure with the help of energy-disper-
sive X-ray diffraction (Liu and Guo 2007a, b; Domenici et al. 2009; Di Marzio et al. 
2011). Fluorescence probe as a function of temperature can be used for determining 
the membrane rigidity of niosomes (Singh et al. 2004; Rajera et al. 2011).

To have a proper understanding of the niosomal membrane packing structure, 
fluorescence polarization is used, which is also used to determine the microviscosity 
of the membrane (Manosroi et  al. 2008; Marianecci et  al. 2014). Confocal laser 
scanning microscopy (CLSM) can be used to understand the location of entrapped 
entities (dyes). Usually, the hydrophilic substance gets embedded in the core of the 
niosomes and the hydrophobic substance in the outer shell of the niosomes as shown 
in Fig. 16.12. In Fig. 16.12, the dyes used were Nile red (hydrophobic) and FITC- 
dextran (hydrophilic). Nile red gets deposited at the niosome hydrophobic shell 
(Fig.  16.12a), while FITC-dextran gets encapsulated in the aqueous core 
(Fig. 16.12b). From Fig. 16.12c we can visualize the ability of niosomes to load 
both hydrophobic and hydrophilic entities simultaneously.

Average particle size is usually determined by the dynamic light scattering (DLS) 
method, but the actual particle size of the vesicle on an individual basis can be deter-
mined by TEM (Ma et al. 2018). Determining the overall or net charge on niosomes 
is essential to evaluate the stability of niosomes. Zeta potential is calculated to 
determine the stability of niosomes and is done using zeta potential analyser, DLS 
instrument, Mastersizer, pH-sensitive fluorophores, microelectrophoresis and high- 
performance capillary electrophoresis (Shilpa et al. 2011). A niosomal system, hav-
ing a negative value of zeta potential within the range of −41.7 to −58.4 mV, is 
considered stable with enough electrostatic repulsion between the particles (Bayindir 
and Yuksel 2010).

Fig. 16.12 CLSM image of niosomes showing the distribution of the Nile red and FITC-dextran. 
(a) Green channel (FITC-dextran), (b) red channel (Nile red) and (c) overlapped image of red and 
green channels. Scale bar = 5 μm. (Adapted from Sharma et al. 2015)
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16.7.2  Entrapment Efficiency (EE)

It is usually calculated by subtracting the unloaded drug from the total amount of 
drug added (Kumar and Rajeshwarrao 2011). The quantity of unloaded drug is 
determined by filtration, chromatographic techniques like HPLC and gel chroma-
tography and centrifugation, while the concentration of loaded drugs can be deter-
mined by dissolving the niosomes in a solvent like 0.1% TritonX-100 or 50% 
n-propanol and determining the assay of the solution using any specific method 
(Vyas et al. 2005; Manvi et al. 2012; Rinaldi et al. 2018).

The equation determines the entrapment efficiency (usually mentioned in 
percentage):

% Entrapment Efficiency = (Quantity of drug-loaded in the niosome/ Total quan-
tity of drug taken) X 100

16.7.3  Drug Release Studies (In Vitro and In Vivo)

The dialysis membrane method is the most preferred to examine the in vitro drug 
release from niosomes. The niosomal suspension, after being put in a dialysis bag, 
is placed in a container having the dissolution media (usually buffer at the desired 
value of pH). The whole assembly is then placed on a magnetic stirrer, and the tem-
perature is maintained at 37  °C (to simulate normal human body temperature) 
(Fig. 16.13). A sample is drawn at specific time intervals from the receptor, and the 
concentration of the drug is determined usually by spectroscopic methods like 
UV-Vis spectroscopy (Manosroi et al. 2010; Kumar and Rajeshwarrao 2011; Rajera 
et al. 2011).

Fig. 16.13 The dialysis 
method, a prevalent 
method used to study the 
in vitro drug release from 
niosomes. (Adapted from 
Durak et al. 2020)
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In another in vitro method, about 15 mg of the niosomal preparation is dissolved 
in 15 ml of phosphate buffer of pH 4.5 and 7.4. The pH of 4.5 and 7.4 was chosen 
to mimic the intracellular environment and blood plasma pH conditions. The sam-
ples are taken in Eppendorf tubes and continuously kept under rotation for a specific 
period of days. The tubes are removed at specific time intervals and centrifuged at 
high speeds of about 15000 rpm, and the resultant supernatant is analysed for deter-
mining the drug content by spectroscopic methods (Agarwal et al. 2018).

The in vivo study depends on the chosen route of drug administration or delivery, 
concentration of the drug taken and the presence or circulation time of the drug 
inside the body tissues, namely, the liver, spleen, lung and bone marrow (Verma 
et al. 2010; Moghassemi and Hadjizadeh 2014). Usually animal models like labora-
tory strain or species of rats, mice and guinea pigs are used to study the distribution 
of the drugs in the previously mentioned tissues. The distribution pattern is studied 
by sacrificing the drug administered animals, and its various tissues (as mentioned 
before) are removed, are washed with buffer and underwent homogenization and 
centrifugation. The drug concentration is analysed from the supernatant (Rajera 
et al. 2011).

16.7.4  Stability Studies

To check on the degree of drug leakage from the niosomal suspension, the stability 
studies are conducted at various temperatures like refrigeration temperature (4 °C), 
room temperature and elevated temperature (45  °C) (Kopermsub et  al. 2011; 
Moghassemi and Hadjizadeh 2014). The usual parameters determined periodically 
during stability studies include entrapment efficiency, size and shape of the nio-
somes. The determination of these parameters is usually conducted after exposing 
the niosomal suspension to various conditions of humidity and irradiation with light 
of desired frequency range. In one study, the effect on niosomal stability under dif-
ferent body enzymes like trypsin, chymotrypsin and pepsin was studied, and it was 
discovered that the niosomes protect the encapsulated drug (paclitaxel) from these 
gastrointestinal enzymes (Bayindir and Yuksel 2010).

16.8  Routes of Niosomal Administration

Some of the most frequently used routes of administration for niosomes are dis-
cussed in this section. The route selection depends on the drug properties, the site of 
drug delivery and the concerned disease (Fig. 16.14).

M. Alle et al.



471

16.8.1  Intravenous

The main advantage of the intravenous route is that the niosomes have a direct entry 
into systemic circulation, and niosomes ensure that the stability of the drug is main-
tained and its duration of being present in the blood is prolonged. To ensure that the 
prepared niosomes evade the monophagocytic system, the niosomes can undergo 
PEGylation in the synthesis stage. PEGylation also enhances the stability and bio-
availability of niosomes. Morin hydrate and paeonol are two medications that were 
administered via an intravenous method include morin hydrate and paeonol (Waddad 
et al. 2013; He et al. 2017).

16.8.2  Oral

Generally, the oral route is the most preferred non-invasive route for any drug 
administration. A setback of oral administration is the destruction of the drug by the 
highly acidic environment and enzymes of the gastrointestinal system and, hence, a 
decrease in the drug’s bioavailability (Bayindir and Yuksel 2010). However, it has 
been observed that niosomes can protect the drug and get adsorbed into the gastric 

Fig. 16.14 An overview of the different routes of niosomal administration
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mucosa, increasing oral bioavailability. Some of the drugs with the proven increase 
in oral bioavailability by niosomal delivery are cefdinir (Bansal et al. 2013), pacli-
taxel (Bayindir and Yuksel 2010) and ginkgo biloba (Onochie et al. 2013). In another 
study, by coating the insulin-loaded niosomes with trimethyl chitosan, there was 
enhancement in the permeation ability of insulin across the intestinal membrane 
(Moghassemi et al. 2015).

16.8.3  Ocular

When administered via the ocular route, the low bioavailability of a drug can be 
attributed to a loss in the precorneal portion because of tear formation and a short 
period of stay in the conjunctival sac (Biswas and Majee 2017). A study found that 
during the ocular delivery of the drug naltrexone, anionic niosomes had better per-
meation ability than neutral niosomes (Abdelkader et al. 2012). Functionalizing the 
niosomes with specific agents will improve their corneal permeation ability and 
hence prolong their availability. This was observed in coating niosomes (loaded 
with tacrolimus) with hyaluronic acid, which decreased its lipophilicity and hence 
better permeation (Zeng et al. 2016). Hence using suitable agents for surface charge 
modification and inducing functionalization help in improving the chances of the 
niosomes to be better candidates for ocular drug delivery.

16.8.4  Nasal

Nasal administration is a suitable route for drug delivery if the objective is to escape 
the gastric and hepatic metabolism, thereby improving the efficacy of delivering 
drugs to the brain. However, nasal administration has some shortcomings, including 
short residence time in the nasal cavity because if airflow obstruction occurs, the 
niosomes can be eliminated by the mucociliary presence. Moreover, the susceptible 
nature of the nasal mucosa can drastically reduce the drug bioavailability and per-
meation. The bioavailability of the drug diltiazem has increased when loaded in 
niosomes and faced fewer chances of elimination by the nasal mucosa (Ammar 
et al. 2017).

16.8.5  Pulmonary

The pulmonary route for drug administration shows better permeation, targeting, 
sustained or prolonged drug delivery and, hence, better therapeutically. 
Ciprofloxacin-loaded niosomes exhibited a lesser minimal inhibitory concentration 
than the free drug. In the study involving MTT assay on human carcinoma lung cell 
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line (A549), the niosomal suspension showed higher cytotoxicity compared to the 
free drug form of ciprofloxacin, and the nebulization was also higher. These results 
can show that niosomes can be considered for effective pulmonary drug delivery 
(Moazeni et al. 2010).

16.8.6  Transdermal

The transdermal route is always preferred if the delivery of the drug is superficial 
and localized. The most significant benefit of this route is that the concerned drug 
does not undergo pre-systemic metabolism resulting in better bioavailability and 
better patient compliance. The primary challenging part for transdermal drug deliv-
ery is crossing the barrier made by the stratum corneum (SC). One of the primary 
reasons is that SC is tightly connected, limiting the drug permeation (Alexander 
et al. 2012). It has been observed that vesicular systems are ideal vehicles for trans-
dermal drug delivery because of their malleable nature giving them better penetra-
tion ability through the SC and hence better bioavailability and lesser side effects. 
The sustained or prolonged release of drug is also ensured when loaded into 
niosomes.

Usually, ethosomes are preferred over niosomes for transdermal drug delivery. 
The predominant presence of ethanol in high concentration in ethosomes imparts 
them the ability to modify the highly dense alignment of the SC’s lipid bilayers, 
thereby ensuring deeper penetration. However, niosomal gel loaded with the drug 
lopinavir showed better permeation and more site deposition than ethosomal gel 
loaded with the same drug (Patel et al. 2012). Moreover, the use of proniosomes 
helps in improving chances of the drug delivery. This was seen in the case of the 
anti-fungal drug fluconazole. The proniosomal formulation had a better drug depo-
sition and more localization when compared to the available marketed formulation 
of the drug (Sandeep et  al. 2014). The use of penetration enhancers can help in 
achieving sustained drug delivery. A study was conducted on the effect of chemical 
enhancers on the penetrating ability of ellagic acid. The potential of a penetration 
enhancer of two chemicals, namely, dimethyl sulphoxide (DMSO) and N-methyl-2 
pyrrolidone, was examined. It was found that niosomes with DMP are better suited 
for dermal delivery, while DMSO niosomes were ideally better for epidermal drug 
delivery of ellagic acid (Junyaprasert et al. 2013).

16.9  Applications of Niosomes

Niosomes have been found to be versatile drug delivery carrier. As mentioned 
before, they are more stable and less cytotoxic than liposomes, and loading multiple 
drugs onto a single carrier and stimuli-responsive drug release have been possible 
with niosomes. Niosomes have been found to be effective in delivering drugs via 
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different routes, and some of the applications in recent years are being discussed in 
this section (Fig. 16.15).

16.9.1  Delivery of Anticancer Drugs

One of the vast and established applications of niosomes is their ability to deliver 
anticancer drugs. Normally for anticancer targeted drug delivery, targeting on the 
tumour is of two types:

 – Passive, in which the drug carrier (in this case niosomes) gets deposited on the 
tumour cells on account of tumour cells having unique properties than normal 
cells (e.g. the enhanced permeability of tumour cell membranes allows better 
drug deposition in the tumour cells) (Attia et al. 2019).

 – Active, in which drug targeting is achieved because of the abnormal presence of 
certain receptors on tumour cells. Active targeting involves the attachment of 
niosomes with specific ligands. For attaching ligands, either PEG or cholesterol 
conjugation of niosomes is done (Kim et al. 2012; Oswald et al. 2017; Gharbavi 
et al. 2018).

Sustained and more stable delivery of gambogenic acid for anticancer activity 
was possible with PEGylation of niosomes (Lin et al. 2013). The bioavailability of 
paclitaxel when orally delivered increased by loading them in niosomes. The 
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simultaneous multidrug delivery for anticancer activity is also possible; this has 
been seen in the case of niosomes loaded with doxorubicin (hydrophilic) and cur-
cumin (niosomes). This strategy increased the bioavailability of curcumin, and 
release happened for 7 days with effective cytotoxic activity on HeLa cell lines, 
while the release of doxorubicin was only for 2 days (Sharma et al. 2015) which 
shows further research has to be conducted on enhancing niosomal uptake and 
release of hydrophilic drugs. Another example of dual-drug delivery for anticancer 
activity is combined delivery of paclitaxel and curcumin and showed enhanced anti-
tumour activity (Alemi et al. 2018). A stimuli-responsive drug release was seen in 
the case of morusin-loaded niosomes. Here the release of the drug from the nio-
somes was pH- sensitive with the higher release of the drug in an acidic environment 
(pH=4.5) than in a neutral or alkaline environment (pH=7.4) (Agarwal et al. 2018).

16.9.2  Delivery of Proteins- and Peptide-Based Drugs 
and Vaccines

The oral delivery of protein- and peptide-based drugs has been challenging because 
of the drug destruction by the highly acidic environment and enzymatic activity in 
the gastrointestinal tract. Nevertheless, studies have shown that they are better pro-
tected by niosomal loading of such drugs and hence better bioavailability (Kumar 
and Rajeshwarrao 2011). To enhance the bioavailability and permeation of insulin 
at the intestinal mucosa, a study was conducted by loading insulin in niosomes and 
then coating them with trimethyl chitosan. It was seen that the uptake of such coated 
niosomes was four times more than insulin alone in Caco-2 cell monolayer 
(Moghassemi et al. 2015). Another study involving oral delivery of peptides was an 
investigation done by H.  Yoshida (Yoshida et  al. 1992). The peptide/protein 
9- desglycinamide 8-arginine vasopressin (DGAVP) was encapsulated in stable nio-
somes made of polyoxyethylene alkylethers (C18EO3). The in vitro release studies 
conducted on the rat intestinal loop model showed that the release of DGAVP from 
the niosomes was much higher than DGAVP solution alone. This study shows the 
role of the surfactant used in formulating the niosomes as penetration enhancers in 
the intestinal tract.

Bilosomes are niosomes formulated by including bile salt in the vesicle bilayers 
during the preparation of niosomes. These bilosomes have been found to be effec-
tive for oral delivery of vaccines because of their ability to protect antigens from 
being degraded by the proteolytic enzymes of the gastrointestinal tract (Wilkhu 
et al. 2013). Hence, niosomes can be considered for non-invasive administration of 
vaccines which will promote better patient compliance. Niosomes or proniosomes 
are highly permeable to oxygen and hence can be used as a haemoglobin carrier, 
and niosomes can be used to treat anaemia by making the presence of haemoglobin 
more in the blood (Radha et al. 2013).
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16.9.3  Delivery of anti-HIV Drugs

Lopinavir is an anti-HIV drug that acts as a protease inhibitor. However, its high 
lipophilicity, vulnerability to P-glycoprotein efflux transporters and cytochrome 
sensitivity make the systemic bioavailability of the drug poor, and hence oral admin-
istration is least preferred. Transdermal delivery of the drug was possible by nio-
somal gel, and its properties were compared with that of an ethosomal gel. Even 
though in the comparative study, ethosomal gel had a better drug deposition, the 
niosomal gel showed better and deeper penetration, and the drug release profile was 
more sustained (Patel et al. 2012). Another example of increasing the bioavailability 
of an anti-HIV drug administered orally by niosomal delivery is the case of the anti- 
HIV drug zidovudine (Ruckmani and Sankar 2010).

The dual-drug delivery ability of niosomes has been found to an ideal candidate 
for targeted delivery of anti-HIV drugs. In a study, mannosylated niosomes were 
used as a dual-drug delivery system loaded with gold nanoparticles (GNPs) and the 
anti-retroviral medication efavirenz (Malik et al. 2018). Efaverinz being lipophilic 
got loaded in the hydrophobic vesicle membrane, while GNPs got encapsulated in 
the aqueous core of the niosomes. The niosomes were functionalized with a man-
nate appendage to enhance their targeting ability via receptor-based drug delivery. 
HIV host cells have receptors for the oligosaccharide mannan, and these functional-
ized niosomes can interact better with the target and improve the bioavailability of 
the drug in question. GNPs can effectively inhibit the entry of HIV into cells. 
Moreover, the GNPs also played an essential role in developing this niosomal for-
mulation into a thermoresponsive gel, assuring non-invasive drug administration. 
This study shows one more example of how surface modification of niosomes helps 
in improving its targeting ability.

16.9.4  Treatment of Parasitic Diseases

Niosomes can also be used to treat a parasitic disease like leishmaniasis. 
Leishmaniasis mainly affects the liver and spleen, and loading the antimonials 
(drugs for treating leishmaniasis) in niosomes can improve the drug uptake by the 
liver and hence cause lesser side effects on other organs. Selenium is an important 
element necessary in our body for cancer prevention and anti-inflammatory and 
anti-oxidant effects and also has predatory action against Leishmania major and 
Leishmania tropica and Leishmania infantum. Vesicular delivery is one of the best 
approaches to deliver selenium, providing sufficient bioavailability. A dual-loaded 
niosomal formulation of selenium and glucantime was synthesized, which showed 
very effective lethality in vitro activity against leishmaniasis (Mostafavi et al. 2019).

Schistosomiasis is a disease caused by schistosomes which are parasitic flat-
worms. Praziquantel is the drug recommended by WHO for the early treatment of 
schistosomiasis. However, its low bioavailability when administered orally can 
affect its efficacy and bioavailability. In a study, niosomes were loaded with the drug 
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to overcome these shortcomings (Zoghroban et al. 2019). The niosomes were further 
modified using Peceol to improve their absorption. The in vivo studies were con-
ducted on rats, and the formulation was administered orally. The use of niosomal 
formulation resulted in death of 50% of the adult parasites in the rats, while the drug, 
when administered alone, only showed 10% death. Hence, encapsulation of the drug 
into niosomes enhanced its absorption and anti-parasitical activity as well.

16.9.5  Delivery of Drugs to the Brain

Functionalization of niosomes by surface modification can help in enhancing their 
delivery to the brain to treat neurological disorders like Alzheimer’s disease. The 
drug pentamidine was able to cross the BBB when they were loaded in niosomes 
modified with chitosan-glutamate coating (Rinaldi et al. 2018). The niosomes were 
delivered intranasally which helped the drug in bypassing the hepatic metabolism 
The specific targeting of the oral alkylating agent temozolomide to treat glioblas-
toma was possible by surface modification of niosomes with the peptide choloro-
toxin (Mamelak and Jacoby 2007).

During the onset of neurological disorders, the blood-brain barrier (BBB) dete-
riorates, and the membrane loses its highly selective permeability property. The 
presence of specific receptors also becomes more at the BBB, making receptor- 
mediated drug delivery possible. The process of PEGylation of niosomes helps in 
the association of ligands with niosomes. One way is to attach the concerned ligand 
to PEG chains at their distal end if it’s PEGylated niosomes. The other way is direct 
incorporation of a conjugate made of cholesterol, PEG and the ligand into niosomes 
during the formulation or synthesis step (Kim et al. 2012; Oswald et al. 2017). Some 
examples that show ligand attachment to niosomes have been beneficial: the deliv-
ery of the neuropeptide vasoactive intestinal peptide (VIP) to the brain using nio-
somes containing glucose (Dufes et al. 2004).

16.9.6  Niosomes as Diagnostic Agents

The ability of niosomes to load a hydrophilic and hydrophobic compound simulta-
neously has been beneficial in developing niosomes as a diagnostic imaging agent. 
The dyes or contrast agents can be incorporated either into the vesicle layer or in the 
aqueous compartment of niosomes or on the surface of niosomes by conjugation 
(Masotti 2013). The conjugation of gadobenate dimeglumine-loaded niosomes with 
n-palmitoylglucosamine (NPG) and PEG 4400 helped improve the targeting and 
imaging capability of gadolinium associated with MR imaging. This study again 
shows the importance of PEG surface modification of niosomes, improving their 
functionality (Luciani et al. 2004).

16 Niosomes: A Smart Drug Carrier Synthesis, Properties and Applications



478

For a multifunctional approach, theranostic nanoparticles are garnering signifi-
cant interest in recent times, which can also act as imaging agents to visualize active 
cellular uptake of these nanoparticles. With this aim in mind, in one study, gado-
linium nanoparticles and protoporphyrin IX were simultaneously loaded in nio-
somes (Barlas et al. 2016). The multifunctionality role of niosomes is the combined 
“radio therapy and photodynamic therapy” along with MRI and fluorescence imag-
ing by gadolinium and protoporphyrin IX, respectively. As far as the anticancer 
effect of the agents was considered, they showed the excellent therapeutic effect on 
HeLa cells (human cervical cancer cell lines) and A549 cells (human alveolar type 
II). The imaging capabilities of the niosomes are shown in Fig. 16.16 (fluorescence 
imaging due to the presence of protoporphyrin IX) and Fig. 16.17 (MR imaging 
with the assistance of gadolinium nanoparticles).

Similarly, in another study, with one more aim of improving the targeting ability 
of niosomes, folic acid was attached to niosomes in which GNPs and the photosen-
sitizer protoporphyrin IX were encapsulated. The tagging of folic acid helped in 
receptor-mediated delivery to the cancer cell lines used in this study: HeLa cells 
(human cervical cancer cell lines) and A549 cells (human alveolar type II). The 
GNPs and protoporphyrin IX were simultaneously loaded to provide both radio 
therapy and photodynamic therapy, respectively. GNPs, due to surface plasmon 
resonance (SPR), allowed live imaging and tracking of the niosomal entry into the 
cancer cells (Demir et al. 2018). So what we see here is that by surface modification 
of niosomes and loading them with multifunctional agents, we can make niosomal 

Fig. 16.16 Fluorescence imaging of niosomes loaded with protoporphyrin IX. (Adapted from 
Barlas et al. 2016)
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assemblies just like assembling “building blocks” which can perform a variety of 
functions. 

16.9.7  Patents on Niosomes

The release of patented and marketed formulations of niosomes has occurred, show-
ing that the global acceptance of niosomes for drug delivery is also expanding. The 
bioavailability of doxorubicin has significantly increased with the help of niosomal 
formulations. A patented niosomal gel loaded with doxorubicin is used to treat can-
cers associated with the skin (Ramanunny et al. 2020). Another example of a patent 
is a dental gel developed for transdermal drug delivery for treating periodontal dis-
eases (Samoylenko 2016). In another patent, the targeting ability of anticancer drug 
chlorotoxin increased when incorporated into a niosomal formulation, and thermal 
responsive drug release was possible when the niosomes were incorporated into the 
chitosan hydrogel network.

16.10  Conclusions

The main attractive feature of niosomes is their ability to encapsulate both hydro-
philic and hydrophobic compounds simultaneously. Their ease of synthesis, lesser 
toxicity and cheaper cost than liposomes make them a better candidate for vesicular 
drug delivery. Hence, niosomes have been used to encapsulate many drugs and 
enzymes, peptides, vaccines, genes and imaging agents. The surface modification of 
niosomes with particular entities helps them in protecting the encapsulated drug 
from the highly acidic environment of the gastrointestinal tract and improves the 

Fig. 16.17 MR imaging of 
niosomes loaded with 
gadolinium nanoparticles. 
(Adapted from Barlas et al. 
2016)
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drug absorption in the intestinal mucosa. This showcases the potential of niosomes 
being developed as a primal source for oral administration (the most preferred and 
non-invasive mode of drug administration) for many drugs. Since most niosomal 
formulations are in suspension, they can be easily ingested, which can be a great 
relief for those who have a phobia of swallowing tablets. The loading of niosomes 
with agents like metallic nanoparticles (gold and gadolinium) and photosensitizers 
(protoporphyrin IX) has paved the path of developing multifunctional vesicular 
assemblies for cancer treatment and imaging.

However, the increase in entrapment efficiency of hydrophilic drugs in niosomes 
remains a challenge, and surface modification by coating with suitable agents might 
be a solution. The method of ligand attachment on niosomes to improve their target-
ing ability remains unexplored to a great extent. The surge in the number of patents 
and marketed niosomal formulations proves that niosomes are getting much atten-
tion globally and are on the brink of being recognized as a well-established and 
universal pharmaceutical formulation for the non-invasive administration of drugs.
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Chapter 17
Ethosome: A Potential Tool for Drug 
Delivery Through the Skin

Nimmathota Madhavi, Beeravelli Sudhakar, and K. V. N. Suresh Reddy

Abbreviations

GIT gastrointestinal tract
PG propylene glycol
SC stratum corneum
TDDS transdermal drug delivery system
Tm phase transition temperature

17.1  Introduction

The transdermal drug delivery system (TDDS) is a potential delivery strategy to 
overcome the limitations of the conventional drug administration (Barry 1983). The 
significant advantages of TDDS are to avoid the gastrointestinal tract (GIT) prob-
lems and hepatic metabolism, provide the steady-state plasma drug concentration, 
reduce dosage frequency by controlled release tendency, and improve patient com-
pliance (El Maghraby and Williams 2009).

Skin is the largest organ of the human body, with a total weight of more than 3 kg 
and a total area of 1.5–1.9 m2. The skin regulates the influx of toxins and efflux of 
minerals. The human skin consists of three layers named the epidermis, dermis, and 
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hypodermis. The epidermis is further divided into five anatomical layers, with the 
stratum corneum (SC) as the outermost layer (first layer of the skin) of the epider-
mis, exposing to the external environment. The SC is having 10–15 μm in thickness, 
and its structural order is like brick and mortar. The SC is made up of mostly keratin 
and lipids. The bricks, also called corneocytes, are made by cross-linked keratin 
fibers, which have a thickness in the range of 0.2–0.4 μm and about 40 μm wide 
(Benson and Watkinson 2012). These corneocytes are well organized by corneodes-
mosomes, which give structural stability to the SC (Martins et  al. 2013). In SC, 
proteins and dried lipids have a significant role in protecting the lower layers of the 
skin and act as a barrier for bacteria and toxins. The mortar and whole of the stratum 
corneum are slightly acidic due to cellular processes, helping to prevent bacterial 
growth. The SC acts a rate-limiting role for permeating the molecules across the 
skin (Scheuplein 1976). The skin is widely recognized for its useful barrier proper-
ties compared to other biological membranes due to SC’s impermeable nature, and 
it makes the skin a minor port for the entry for drugs (Scheuplein and Blank 1971). 
For many years there was speculation that active transport mechanisms occurring 
within skin were responsible for its unique barrier properties. Through extensive 
studies, it was conclusively proven that SC is the critical barrier to permeation, and 
it is at least three to five times less permeable than the dermis, and that permeability 
of the entire epidermis was indistinguishable from that of the SC alone (Elias and 
Menon 1991). The structure of the skin is shown in Fig. 17.1a.
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Fig. 17.1 (a) Schematic structure of skin barriers. (Adapted from Krishnan and Mitragotri. 2020). 
(b) Transport of drugs through intercellular, transcellular, and transappendageal route. (Adapted 
from Carter et al. 2019)
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17.1.1  Transport of Drugs Through the Skin

Transdermal drug delivery bypasses the gastrointestinal tract (GIT) and overcomes 
the problems associated with oral administration, such as GIT irritation and first- 
pass metabolism by the liver. The permeation of drugs through the skin follows 
percutaneous absorption and shunt diffusion (through sweat glands and hair folli-
cles). Diffusion through the intact SC was dominant in the steady-state stage of 
percutaneous absorption. Hence, SC is the primary barrier for drugs that must per-
meate across the skin (Scheuplein 1967). The skin permeation occurs by Fickian 
diffusion of the penetrating substances, with the concentration gradient across the 
entire skin being an essential factor (Andrews et al. 2013).

17.1.2  Routes of Drug Penetration Through the Skin

Three pathways, intercellular, transcellular, and transappendageal routes, were 
identified, through which the drug is administered, as mentioned in Fig. 17.1b. The 
intercellular route allows the drug through the gaps between the corneocytes, 
whereas the transcellular route contemplates crossing the corneocytes and interven-
ing lipids. Most of the drug molecules permeate the skin through intercellular 
micro-routes. Hence, many researchers develop strategies to disrupt or bypass the 
elegant molecular structure of the SC on the excellent passage of drug molecules 
through the intercellular route (Scheuplein 1967; Andrews et al. 2013; Barry 2001). 
In the transappendageal route, the drug molecules penetrate neither through the hair 
follicles nor through the sebaceous glands. This kind of molecular transport is also 
termed as shunt pathway, and 0.1% of the fractional appendageal area is available to 
transport drugs. Thus, the transappendageal route has a limited role in the delivery 
of molecules through transdermal delivery (Ita 2014; Barry 2001).

17.1.3  Factors Affecting Permeation Across the Skin

The diffusion process controls the permeation of active substances across the skin. 
Permeation of various active substances such as hydrophilic and lipophilic sub-
stances followed Fick’s first law. Several factors affect the permeation profiles of 
active substances through the skin, such as solubility, charge, partition coefficient 
(Log P), molecular weight (compounds with molecular weight more than 500 
Daltons cannot permeate the skin), and concentration gradient. The permeation effi-
ciency mainly depends on the drug solubility and partition coefficient (Naik et al. 
2000; Karadzovska et al. 2013).

17 Ethosome: A Potential Tool for Drug Delivery Through the Skin
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17.1.4  Model Drug Properties for Transdermal Delivery

An ideal drug for transdermal delivery should have the following properties:

 1. The drug molecule should have a low molecular weight (not more than 500 Da).
 2. It should have an affinity for lipophilic and hydrophilic phases.
 3. It should have a short half-life.
 4. It should be non-irritating and non-sensitizing.
 5. The partition coefficient should be more than >1.

17.1.5  History of Medication Through the Skin

For many decades, various dosage forms have been used for local indications by the 
skin. Scopolamine transdermal film (innovator TRANSDERM SCOP®) is devel-
oped by GlaxoSmithKline Consumer Healthcare Ltd. and is used for motion sick-
ness, approved by USFDA in the United States in 1982. Various conventional 
dosage forms available such as semisolid dosage forms (ointments, pastes, creams, 
and gels) are the most common. However, foams, sprays, medicated powders, solu-
tions, lotions, and medicated adhesive plasters are also available (Barry 1983). They 
may be either rubbed on or sprayed on to the skin. These formulations are applied 
in the treatment of various skin disorders. These dosage forms fail to improve the 
drug’s systemic availability over a period due to low permeation across the skin. 
Various novel drug delivery systems are available to overcome these drawbacks, 
i.e., active and passive tools, including iontophoresis, sonophoresis, electrophoresis, 
penetration enhancers, and vesicular systems (Barry 1988). Among them, the vesic-
ular systems are one of the potential tools for effective transdermal drug delivery.

During the past few decades, there was a broad interest in exploring novel trans-
dermal drug delivery strategies to improve the systemic availability of drugs, mini-
mize the toxic manifestations of the drugs, and improve patient compliance. The 
development of novel drug delivery systems is associated with specific require-
ments, suitability to a patient, ensuring that the drug is properly targeted to its site 
of action, and designing an appropriate dose of the drug. For a few decades, a con-
siderable research investigation has been done to enhance drug permeation through 
SC using lipid bilayer vesicles. Liposomes are one of the first vesicular carriers 
investigated in this field. Conventional liposomes are phospholipid-based water- 
filled colloidal spherical-shaped particles consisting of one or more concentrated 
bilayers. The classic liposomes have limited applications in improving the drug 
penetration into deeper layers of the skin (accumulate the drug molecules in the SC) 
and systemic circulation (limited delivery to hydrophilic deeper layers) (Bangham 
et al. 1965). Dermal delivery of triamcinolone acetonide liposomal lotion and lipo-
somal gels increased drug concentrations in the epidermis and dermis, with lower 
systemic (minimum flux) levels than conventional formulations of the same drug 
concentration (Mezei and Gulasekharam 1982). The conventional liposomes have 
little or no value as carriers for transdermal drug delivery because they do not deeply 
penetrate the skin but rather remain confined to the upper layer of the SC. Thus, 
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conventional liposomes failed to improve the steady-state plasma drug concentra-
tion in systemic circulation and therapeutic index. To overcome these disadvan-
tages, conventional liposomes, alternatively, deformable liposomes or elastic 
liposomes or transfersomes, and novel ethosomes were developed (Cevc  and 
Blume. 1992).

17.2  Ethosomes

Elka Touitou first developed ethosomes in 1997 (Touitou et al. 1997). They are soft 
and malleable liposomes embedded with high alcoholic content (up to 45%v/v) 
with the particle size available from 30 nm to 200 nm. The composition of etho-
somes includes phospholipid, ethanol, and water, with or without cholesterol. The 
higher concentration of ethanol leads to the vesicle bilayer self-degradation by 
interpenetration and leads to smaller size entities’ formation than conventional lipo-
somes. Ethosomes, because of their ethanolic content, impart fluidity and penetrate 
easily through the SC. The combined effect of phospholipid and high ethanol con-
centration in vesicular formulations leads to in-depth distribution and penetration 
into the skin lipid bilayers (Godin and Touitou 2004). Ethosomes are biologically 
accustomed and biodegradable. The smaller size of ethosomes had a large surface 
area to ensure close contact of particles with the SC for effective drug delivery, thus 
improving drug permeation. The presence of high ethanolic concentration confers a 
negative charge to the ethosomes, which avoids aggregation of vesicles due to elec-
trostatic repulsion (Verma and Pathak 2012).

17.2.1  Advantages of Ethosomes

• These are versatile carrier-based drug delivery systems and could be used to 
encapsulate hydrophilic and lipophilic molecules.

• Ethosomes can alter the solubility properties of active ingredients, which leads to 
improved encapsulation and loading efficiency.

• Ethosomes have better stability compared to liposomes (Touitou et  al.1997; 
Godin and Touitou 2004).

17.2.2  Composition of Ethosomes

Generally, ethosomes contain phospholipids, short-chain alcohols (C2-C4), water, 
and polyols. Preferably ethosomes contain phospholipids, ethanol, double distilled 
water (DDW), and propylene glycol (PG) (Godin and Touitou 2004; Touitou 1998). 
The composition and role of various excipients are shown in Table 17.1.

17 Ethosome: A Potential Tool for Drug Delivery Through the Skin
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17.2.3  Types of Ethosomes

Based on composition, ethosomes may be classified into three types, such as classi-
cal ethosomes, binary ethosomes, and transethosomes. Types of ethosomes are 
shown in Fig. 17.2a.

17.2.3.1  Classical Ethosomes

These are prepared by modifying classical liposomes, composed of phospholipids, 
ethanol (45%v/v), and water. The classical ethosomes were reported to be superior 
to classical liposomes for transdermal drug delivery due to their soft malleability, 
smaller size, and higher entrapment efficiency. Moreover, classical ethosomes 
showed better skin permeation and stability profiles compared to classical lipo-
somes (Li et al. 2012).

17.2.3.2  Binary Ethosomes

These ethosomes were developed by adding another type of alcohol to the classical 
ethosomes. The most commonly used alcohols are propylene glycol (PG) and iso-
propyl alcohol (IPA) (Zhang et al. 2012).

Table 17.1 Composition and role of various excipients

S. No Composition Role Examples

1 Phospholipids Ethosomal vesicle 
former

Phosphatidylcholine, Phospholipon 90H, 
lipoid E80, hydrogenated soy 
phosphatidylcholine (HSPC)

2 Sterols Rigidifies the ethosome 
vesicle

Cholesterol

3 Short chain 
alcohols (C2–C4)

Softening of vesicles, 
fluidizing agent, and 
preservative

Ethanol and isopropyl alcohol

4 Polyols or glycol Acts as a permeation 
enhancer and 
stabilizing agent

Propylene glycol (PG)
Transcutol®

5 Water Dispersion system Double distilled water, phosphate buffers
6 α-Tocopherol Antioxidant Tocopheryl acetate, tocopherol acetate, or 

vitamin E acetate
7 Organic solvent Bilayer film forming 

agent
Chloroform or methanol
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17.2.3.3  Transethosomes

These are the new generation of ethosomes containing penetration enhancers or an 
edge activator (surfactant). These novel vesicles were developed to combine the 
advantages of classical ethosomes and deformable liposomes (transfersomes) to 
produce transethosomes (Song et al. 2012).

17.2.4  Composition and Their Effect on Ethosomes

Composition and type of the development method influence the ethosomal profile.

17.2.4.1  Ethanol

Ethanol acts as a permeation enhancer and has an excellent role in transdermal 
delivery. The typical ethanol concentration is up to 45% v/v. Due to ethanol’s pres-
ence, ethosomal vesicles are packed loosely compared to liposomes and possess a 
high degree of fluidity and lower transition temperature (Rakesh and Anoop 2012; 
Ahad et al. 2013).

17.2.4.2  Phospholipids

There are three types of phospholipids available such as natural, synthetic, and 
semisynthetic, respectively. The selection of phospholipid and its concentration is 
very important, which has an impact on the particle size, surface charge, entrapment 
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Fig. 17.2 (a) Schematic representations of the different types of ethosomal systems (adapted and 
reproduced from Zhang et  al. 2020 under Creative Commons Attribution License). (b) Drug 
release mechanism of ethosomes. (Adapted from Touitou et al. 2000)
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efficiency, and loading efficiency and decides stability of the ethosomal system. 
Generally, the concentration range of phospholipids is 0.5%–5%(w/v). Increasing 
the phospholipid concentration will increase the vesicular size slightly or moder-
ately (Zhou et al. 2010; Madhavi et al. 2019).

17.2.4.3  Cholesterol

Cholesterol is one of the critical components in ethosomes. It predicts the in vitro 
behavior of ethosomes. The concentration of cholesterol directly impacts the size 
distribution, loading efficiency, vesicle rigidity, permeability, and stability. It pre-
vents drug or internal aqueous core leakage and reduces vesicular permeability and 
vesicular fusion (Touitou et al. 2014). Cholesterol does not form the bilayer on its 
own. During the formation of ethosomal bilayer vesicles, the cholesterol is used to 
fill the phospholipid bilayers’ gaps and controls the drug leakage from the vesicles 
(Touitou et al. 1997; Madhavi et al. 2019).

17.2.4.4  Isopropyl Alcohol (IPA)

IPA has a vital role in the development of binary ethosomes. Presences of IPA in 
binary ethosomes have shown a significant difference from the conventional etho-
somes. IPA had a pronounced effect on entrapment efficiency and in vitro percent-
age drug release profiles of the ethosomal vesicular systems; hence, binary 
ethosomal vesicles produce better skin permeation than classical ethosomes (Dave 
et al. 2010).

17.2.4.5  Propylene Glycol (PG)

It is widely used as a penetration enhancer, affecting the particle size, entrapment 
efficiency, drug permeation capability, and stability of the ethosomes. When PG 
concentration increases, it reduces particle size compared to the ethosomes without 
PG in their composition (Wu et al. 2012). Presence of both ethanol and PG in etho-
somes provides better solubility of drugs and enhances the entrapment efficiency, 
which further improves the drug distribution throughout the vesicle 
(Akhtar et al. 2012).

17.2.4.6  α-Tocopherol

Generally, the phospholipids are the primary excipient to develop the ethosomal 
dispersion. It is a big challenge for researchers to develop stable ethosomes due to 
the hydrogenation of phospholipids. In an aqueous medium, phospholipids are more 
prone to oxidation or hydrolysis reactions, impacting stability. Addition of 
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antioxidants like α-tocopherol to ethosomes increases stability. Hence, it is essential 
to keep its level to a minimum in a given composition (Rao 1984; RRC New 1990).

17.2.5  Preparation of Ethosomes

Ethosomes can be prepared by different methods as described below.

17.2.5.1  Cold Method

It is the simplest and most widely used method for the development of ethosomal 
systems. In this method, the organic phase is obtained by dissolving the phospholip-
ids and cholesterol in 45%v/v ethanol in a well-closed container at room tempera-
ture (25 °C to 30 °C) by vigorous stirring with a mixer. In a separate vessel, purified 
water was heated to 30 °C. Based on drug solubility, the drug may be taken either in 
ethanol or in purified water. Once both the aqueous and ethanolic lipid mixtures 
reached 30 °C, the purified water is added to the ethanolic lipid solution dropwise 
under stirring in the range of 600 to 700 RPM and continued stirring till milky sus-
pension is obtained. The obtained ethosomes are kept at room temperature and then 
stored in the refrigerator (2–8 °C) (Touitou 1996; Touitou et al. 1997).

17.2.5.2  Ethanol Injection Method

In this method, phospholipid and cholesterol are dissolved in 45% (v/v) ethanol in a 
suitable container to control ethanol’s evaporation and mixed with purified water. 
The drug may be taken either in ethanol or in purified water, based on drug solubil-
ity. The obtained ethosomes were then homogenized with an ultrasonic probe for 
the required cycle at a suitable temperature. Then ethosomal suspension is filtered 
using a suitable size polycarbonate filter. The filtered ethosomes are transferred into 
a suitable container, and stored at 2–8 °C refrigerator (Liu et al. 2007).

17.2.5.3  Hot Method

In this method, the phospholipid is dispersed in water/buffer and then placed on a 
water bath at 40 °C until a colloidal suspension is formed. In another vessel, the 
ethanolic solution is heated to 40 °C. Phospholipid solution was added to the etha-
nolic solution drop by drop under continuous mixing using a mechanical or mag-
netic stirrer (Touitou 1996; Ashoniya and Meenakshi 2011).
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17.2.6  Evaluation Parameters in the Development 
of Ethosomes

Various physicochemical parameters to be evaluated for ethosomes are mentioned 
in Table 17.2.

Generally, permeation of ethosomes through intact SC includes intercellular and 
transcellular routes. At body temperature, the SC lipid multilayers are densely 
packed and highly conformationally ordered. When ethosomes are applied to the 
skin, ethanol interacts with the polar head group region of dried phospholipids in 
SC, called the intercalation effect. The intercalation effect reduces the phase transi-
tion temperature (Tm) of the SC. The synergetic action of ethanol and ethosomal 
vesicles altered the membrane properties of SC and enhances fluidity. During this 
stage, the soft, malleable nature of ethosomal vesicles could easily penetrate the 
skin’s deep layers. The penetrated ethosomal vesicle releases the drug in deep layers 

Table 17.2 Various characterization parameters of ethosomes

Characterization methods Analytical methods/instrumentation

Physical characterization
Vesicle size and size 
distribution
Vesicle shape, surface 
morphology

Dynamic light scattering, transmission electron microscope 
(TEM), scanning electron microscope (SEM)

Surface charge and surface 
pH

Zeta potential measurements using Zetasizer and pH probes

Lamellarity and lipid and 
ethanol interaction

Small angle X-ray scattering, P-NMR, freeze-fracture electron 
microscopy

Phase behavior and bilayer 
fluidity

Freeze-fracture electron microscopy, DSC

Percent encapsulation Mini column centrifugation, gel exclusion, ion-exchange 
chromatography, protamine aggregation, radiolabelling

Drug release Franz diffusion cell with artificial or biological membrane
Vesicle fusion measurement FRET assay, probe dilution assay
Turbidity Nephalometer
Vesicle skin interaction Confocal laser scanning microscopy, fluorescence microscopy, 

TEM, eosin-hematoxylin staining, FTIR
Chemical characterization
Phospholipid concentration Bartlett assay/Stewart assay
Cholesterol concentration Cholesterol oxidase assay and HPLC
Phospholipid peroxidation UV absorbance, TBA (for endoperoxidase), iodometric (for 

hydroperoxidase) and GLC
Phospholipid hydrolysis HPLC and TLC and fatty acid concentration
Cholesterol auto-oxidation HPLC and TLC
Antioxidant degradation
Ethanol quantification

HPLC and TLC
Enzymatic diagnostic kit (sigma), oxidation of alcohol to 
acetaldehyde
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of the skin, and the released drug absorption could result from the fusion of etho-
somes with skin lipids. The drug release mechanism of ethosomes is shown in 
Fig. 17.2b. In conclusion, ethanol has a significant role in vesicle fluidity and the 
possibility of the interaction of ethosomes with SC, which may lead to superior 
delivery of drugs (Touitou et al. 1997; Godin and Touitou 2004; Touitou 1998).

17.3  Ethosomes as Drug Delivery Systems

Ethosomal dosage forms contain high alcohol concentration and are administered 
through either transdermal or topical delivery. Few novel ethosomal formulations, 
ethosomal gels, transdermal patches, and creams are described below.

17.3.1  Ethosomal Gels

Generally, ethosomes are available in the form of gels. Ethosomal gel has a superior 
skin permeation rate compared to ethosomal ointments and creams. Carbopols and 
hydroxypropyl methylcellulose polymers are commonly used as gel forming agents 
because of their compatibility and bioadhesive nature. Gels produce enough viscos-
ity (pseudoplastic flow) and quickly spread onto the skin, thus enhancing the perme-
ation property of the ethosomal gels.

Etodolac-loaded ethosomal and liposomal gels were investigated against mar-
keted gel for transdermal delivery. In this study, they reported that ETO-EG showed 
maximum flux (0.0613 mg/cm2/hr) and permeability coefficient 7.6 × 10−3 cm/hr. as 
compared to ETO-LG, marketed gel, and 45%v/v ethanolic ETO-Solution. The per-
meation enhancement ratio was found to be more for ETO-EG (1.47) comparative 
to 45%v/v ethanolic ETO-Solution (0.64) and ETO-LG (1.22), respectively. The 
flux was improved from the ETO-LG due to the synergetic action of the ethanol and 
ethosomal vesicle on SC lipid structure. The anti-inflammatory activity was tested 
on rats by carrageenan paw edema model. The percentage reduction in edema 
(%RIE) of test products showed 46.97 ± 1.23%, 70.02 ± 1.98%, and 38.67 ± 0.38% 
for ETO-LG, ETO-EG, and PROXYM®, respectively. The %RIE of 45% v/v etha-
nolic ETO-Solution was observed only 44.18 ± 0.17% up to 4 h. After 4 h the activ-
ity was decreased. The vesicular gels showed better %RIE compared to other test 
products. After 4  h the anti-inflammatory activity kept decreasing up to 8  hr. 
(Madhavi et al. 2018; Madhavi et al. 2019).

17.3.2  Ethosomal Patches

Ethosomal patch preparation is difficult than gels due to the requirement of molds. 
Various polymers are used to prepare patches such as polyvinylpyrrolidone/vinyl 
acetate, acrylic resin, and hydroxypropyl methylcellulose E15. Triethyl citrate was 
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added to the formulation as a plasticizer. Ethosomal patches of various drugs are 
found in the literature. Touitou et  al. (2000) have investigated testosterone etho-
somes by transdermal delivery. Testosterone ethosomes showed superior results 
compared to marketed AndroGel® and hydroethanolic solutions due to synergistic 
mechanisms between ethanol, vesicles, and skin lipids. In ethosomes, ethanol alters 
the structural organization of the SC lipids and enhances the membrane fluidity. 
Hence the soft, malleable ethosomes can penetrate the SC. The release of drugs in 
deep layers of the skin and its transdermal absorption could result from the fusion 
of ethosomes with skin lipids.

In another study, the delivery pattern of ligustrazine-loaded ethosomal patch is 
compared to intragastric ligustrazine and conventional patch. The pharmacokinetic 
studies of ligustrazine ethosomal patch on rat show maximum AUC (168.38 μg·ml−1.h) 
compared to intragastric ligustrazine (80.42  μg·ml−1) and conventional patch 
(79.31 μg·ml−1·h), respectively. The AUC value of ligustrazine ethosomal patch was 
2.09 times greater than that of intragastric ligustrazine and 2.12 times greater than 
that of conventional transdermal film, respectively. These results indicated that 
ligustrazine ethosomal patches facilitate more permeation by altering the barrier 
properties of SC, which improves the drug absorption and bioavailability compared 
to other test preparations (Liu et al. 2011).

In the comparative study of novel anti-malarial transdermal nano-system (etho-
somal anti-malarial cataplasm) derivative of artesunate (synthesized) with febri-
fugine (natural product), artesunate permeation was significantly increased at 8 h, 
which was 1.57 times as much as that of conventional cataplasm. Ethosomal cata-
plasm could make a large quantity of anti-malarial drug penetrate through the skin; 
then the remaining drug in the ethosomal cataplasm could be steadily released. 
These characteristics of ethosomal cataplasm are favorable for anti-malarial drugs 
to kill Plasmodium. The ethosomal cataplasm showed a superior result than artesu-
nate and febrifugine conventional cataplasm (Shen et al. 2015).

17.3.3  Ethosomal Creams

Curcuma longa (C. longa) extract-loaded novel vesicular systems are investigated 
against the Curcuma longa extract for their photo-protective effect by assessment of 
skin hydration and sebum content using Cutometer and Sebumeter, respectively. 
The test product efficacy was in the order C. longa extract-loaded transfersomal 
creams > C. longa extract-loaded ethosomal creams > C. longa extract-loaded lipo-
somal creams > C. longa extract-loaded creams > empty transfersome-loaded cream 
> empty ethosome-loaded cream > empty liposome-loaded cream > base cream 
(Kaur and Saraf et al. 2011).

From another study, C. longa extract ethosomal cream is investigated as a photo- 
protective agent or an anti-wrinkle agent (Gunjan and  Swarnlata et  al. 2014). 
C. longa ethosomes deposit the curcumin into the deeper layers of the skin, which 
leads to its antioxidant effect. The encapsulation of C. longa was significantly 
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improved with 58%. The Cutometer results showed improvement in overall elastic-
ity, biological elasticity, recovery of deformed skin, firmness, and fatigue reduction, 
correlated with the cream’s anti-wrinkle properties. These favorable effects might 
have been due to the synergistic antioxidant, anti-inflammatory, and protective 
properties of C. longa and hydrant, moisturizing, and lipid components of etho-
somes and cream.

In another study, the effect of azelaic acid ethosomal cream against the 
Propionibacterium acnes was studied. Azelaic acid is an anti-acne drug and has 
been shown to decrease the population of P. acnes. Azelaic acid penetrates through 
the SC into the cytoplasm by passing through thick peptidoglycan of 
Propionibacterium acnes (P. acnes). Thus, it is essential to improve the penetration 
of azelaic acid using ethosome. The %EE of azelaic acid ethosomes was found 
around 94% by film hydration method using 35%v/v of ethanol concentration. 
Antibacterial activity to P. acnes showed that azelaic acid ethosome cream was 
given better activity than marketed cream (Zelface® cream) due to the presence of 
ethanol and phospholipids in composition. Ethanol has the ability to change the 
physical properties of bacterial environments and bacterial interactions with their 
environment. Ethanol modifies the lipid composition in bacteria, so bacterial growth 
can be inhibited. In addition, ethanol also interferes with integrity of bacterial cell 
walls, thus making it easy for the ethosome to enter into bacterial cytoplasmic mem-
brane. Teichoic acid present inside the cell walls of Gram-positive bacteria is hydro-
philic in nature and dissolve in ethanol, and damage the bacterial cell wall structure. 
(Apriani et al. 2019).

17.3.4  Applications of Ethosomes for Various Skin Disorders

 The ethosomes of cryptotanshinone (CPT) are investigated for transdermal deliv-
ery. CPT is a diterpene quinone extracted from the Chinese herb Salvia miltiorrhiza. 
CPT is useful for the clinical treatment of acne vulgaris. CPT ethosomes were 
developed using two different concentrations of soya phosphatidylcholine (SPC). 
The higher concentration of SPC (0.4 mg) in ethosomes showed mean vesicle size 
below 100 nm and had potential for CPT delivery into the skin, whereas the lower 
concentration of SPC (0.2 mg) showed larger vesicle size. The %EE of CPT etho-
somes is reported higher than that of liposomes due to the greater amount of the 
drug in the ethosomal core. The transdermal permeation of CPT ethosomal gel 
through excised pig skin showed higher transdermal flux (19.36 ± 4.16 ng/h/cm2) 
than conventional gels (7.913 ± 1.929 ng/h/cm2). This is due to ethanol’s presence 
in ethosomes that can interact with lipid molecules often and reduces the phase 
transition temperature of SC lipids, thereby enhancing their fluidity, and finally lipid 
multilayer density was decreased. The skin irritation of the CPT ethosomal gel was 
also studied on rabbits as per OECD guidelines. The result indicated that CPT itself 
causes no skin irritation, whereas CPT ethosomal gel can be considered to cause 
slight irritation (negligible). An in vivo study proved that CPT ethosomal gel had a 
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better anti-acne effect than a conventional gel with only slight skin irritation (Yuet 
al. 2016).

Cetirizine liposomes and ethosomes were investigated for skin permeation and 
deposition studies via topical route for 8 hrs. The results found that ethosomal dis-
persion showed a higher cumulative permeation rate than other test products (etho-
somal gel, liposomal dispersion, liposomal gel, conventional cream, and cetirizine 
aqueous solution). The result is due to flexible membrane packing of the ethosomal 
system over the conventional liposomal system, which helps in better penetration 
and permeation. Two ways could achieve the better transdermal absorption of drug: 
fusion of ethosomes with skin lipids and the other is the synergistic mechanism 
between ethanol, vesicles, and skin lipids, which promotes maximal permeation 
from the ethosomal vesicles (Goindi et al. 2014).

Anthralin ethosomes and liposomes were investigated for their effectiveness in 
treating psoriasis based on PASI (Psoriasis Area and Severity Index). The ex vivo 
cumulative amount of drug that permeated through rat abdominal skin for etho-
somal gel was found to be higher than that of liposomal gel and drug hydroalcoholic 
solution, respectively. The presence of ethanol in ethosomes leads to more perme-
ation across the rat abdominal skin. Ethanol can increase the vesicles’ flexibility and 
fluidity and allow them to deform and penetrate through skin pores that are smaller 
than their size. Various factors influenced drug permeation from ethosomes, such as 
the lipid-softening effect of ethanol and ethosome lipids with the SC lipids (Dina 
et al. 2020).

17.3.5  Ethosomes for Microbial Skin Infection

Ethosomes had a significant role as an antibiotic in the treatment of skin infections 
by transdermal delivery. Erythromycin ethosomes were investigated against 
Staphylococcus aureus-induced deep dermal infections of the mice. No subdermal 
healing was found in infected animals, when treated with topical hydroethanolic 
erythromycin solution. The observation of animals was done for 10 days. At the end 
of the 10th day of treatment, the ethosomal erythromycin preparation-treated ani-
mals totally recovered from the infection and re-grew hair on their backs. When the 
dermal application of erythromycin is compared with systemic administration, in 
six mice, one mouse showed slight dermatonecroses. Hence, the obtained result has 
purely demonstrated the suitability of ethosomal erythromycin for dermal applica-
tion. The cause for this curative effect is soft vesicle production in ethosomes 
because of ethanol (Godin et al. 2005).

Another study demonstrated that combination drug therapy effectively reduced 
acne. This includes ethosomal gel of clindamycin and salicylic acid (CLSA). The 
effectiveness of gel was tested on human beings of both sexes suffering from mild 
to moderate acne vulgaris. The gel is applied twice a day on the acne facial lesions, 
and it was observed for 8 weeks. When compared with previous treatment history 
data, it was shown very less lesion count. Tolerability of the gel can be evaluated by 
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erythema, burning, peeling, and pruritis. After completion of the treatment period 
(8  weeks), a considerable improvement of the acne condition was observed. No 
single case of severe or moderate adverse skin reactions was reported with CLSA 
treatment (Touitou et al. 2008).

For the treatment of dermatophytosis, griseofulvin ethosomes and liposomes 
were investigated by transdermal delivery. Ethosome dispersion showed higher 
drug entrapment efficiency (72.94 ± 0.80%) as compared to liposome dispersion. 
The presence of ethanol in ethosomes showed superior results compared to lipo-
somes. Ethanol improves the griseofulvin solubility, leading to improved drug 
encapsulation, whereas liposomes showed lower drug entrapment efficiency due to 
their rigid bilayer structure. The evaluation of the fluorescent microscope study of 
Rhodamine 123-loaded ethosomes and liposomes also reported in this work. It was 
found that ethosomes penetrated and deposited the Rhodamine 123 into the skin. In 
contrast, the liposomes showed low penetration due to the slow rate of drug diffu-
sion and vesicles’ rigidity. Hence the ethosomal penetration mechanism is suitable 
to target superficial fungal infections of the skin. In pharmacodynamics, liposome 
gel studies exhibited a slower cure rate than ethosome gel due to the rigid or less 
deformable nature of liposomes which leads to low penetration and diffusion of 
drug in the skin. The enhanced properties of griseofulvin ethosomes may provide 
better dermatopharmacokinetic and pharmacodynamics properties against 
Microsporum dermatophytosis as compared to liposomes (Aggarwal and 
Goindi 2013).

17.3.6  Ethosomes as Carriers in Peptides and Protein Delivery

Currently, most of the protein and peptide drugs are administered by parenteral 
routes such as subcutaneous (SC), intramuscular (IM), or intravenous (IV) injec-
tions. The intravenous injection produces hemolysis. Subcutaneous administration 
is easy; it is rarely painful and achieves steady-state drug levels in the blood. For 
example, insulin is an oligomeric protein used in the treatment of diabetes mellitus, 
having a molecular weight (MW) of 6000 Dalton, and is given by a subcutaneous 
route. Most researchers have focused their research on non-passive delivery of insu-
lin through the skin using physical methods like iontophoresis, phonophoresis, 
sonophoresis, etc. (Sage et al. 1993; Tachibana 1992).

Thymosin β-4 (Tβ-4) is a macromolecular protein drug used for wound repair, 
but it has low membrane permeability and unstable physicochemical characteristics. 
Thymosin β-4 (Tβ-4)-loaded ethosomes were investigated for wound repair through 
transdermal delivery. The Tβ-4-loaded ethosomes were prepared by ethanol infu-
sion method using orthogonal design(Fu et al. 2019). In invitro studies, they reported 
that the ethosomal gel had released the drug 1.67 times higher than the T-β4 gel 
within 5 hrs. Based on the in vivo pharmacodynamic study, they reported that the 
healing time for T-β4 ethosomal gel was significantly shorter than that of test prod-
ucts T-β4 gels and blank gel group, respectively.

17 Ethosome: A Potential Tool for Drug Delivery Through the Skin



502

17.3.7  Ethosomes for Anti-inflammatory and Anti-arthritis

Ammonium glycyrrhizinate ethosomes were investigated for topical application for 
the treatment of inflammation-based skin diseases. The composition of ethosomes 
showed impact on the particle size of ammonium glycyrrhizinate-loaded ethosomes 
and blank ethosomes. The mean size of ethosomes decreased with increasing etha-
nol concentrations, whereas the ethosomal mean vesicle size was increased with 
decreasing phospholipid concentration. Ammonium glycyrrhizinate ethosomes 
showed a maximum in  vitro and in  vivo percutaneous permeation by sustained 
release manner. Hence, a prolongation of ethosome therapeutic activity can be 
achieved (Paolino et al. 2005).

Cannabinoid (CBD) ethosomes were investigated to treat rheumatic arthritis. 
CBD is a highly lipid-soluble neutral compound due to the polar phenolic group’s 
presence and interaction with one or more corresponding polar groups at the bilayer 
interface, which is involved in membrane perturbation. On the other hand, there is a 
formation of a eutectic mixture between CBD and phospholipid (PL)-90, enhancing 
the transdermal permeation through SC. When CBD interacted with PL-90, it may 
decrease the phase transition of PL-90. This phenomenon significantly increases the 
permeation of CBD and suppresses the inflammation (Lodzki et al. 2003).

In another study, curcumin-loaded propylene glycol liposomes (PGL), etho-
somes, and traditional liposomes were investigated to determine their efficacy by 
transdermal delivery. Anti-inflammatory activity of test products is investigated on 
male Sprague Dawley rats using carrageenan-induced paw edema method. The 
result was that rapid evaporation of ethanol content results in anti-inflammatory 
activity, even though curcumin ethosomes were precipitated and then aggregated on 
the skin surface. Among all test products, curcumin ethosomes produce prolonged 
inhibition of edema on rats effectively. Apart from curcumin ethosomes, curcumin 
PGL also enhances skin penetration due to PG’s presence in their composition, 
which will enhance the flexibility of lecithin bilayer and maintain liposome stability 
(Zhao et al. 2013).

17.3.8  Ethosomes on Antitumor Activity

Ethosomes were investigated for cancer treatment by dermal delivery. The dermal 
delivery of 5-fluorouracil (5-FU) was developed using Tumorep DS (tumor repres-
sive delivery system) with n-decyl methyl sulfoxide (n-decylMSO; as a differentia-
tion agent). Tumorep DS ethosomes and liposomes were developed with the same 
ethanol concentration (30%w/w) and phospholipids (5%w/w). After analyzing the 
in vivo skin tumor activity on nude female mice (animal model), it was concluded 
that 5-FU Tumorep DS’s antitumor effect is significantly superior to the drug solu-
tion and a commercial product (Efudex®). They studied  the dermal delivery of 
5-FU from Tumorep DS and ethosomes, both of which contained the same amount 
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of ethanol and phospholipids, and found that the ethosomes  delivered more 
drug (7.98 %) compared to Tumorep DS (3.39 %).  . Also, in Tumorep DS composi-
tion, replacement of 1% w/w n-decylMSO with 10% DMSO resulted in lower skin 
accumulation (2.3 times, i.e., 109.23 ± 12.35 μg) followed by higher permeation 
(2.9 times, i.e., 38.0 ± 8.86 μg) of the drug across the skin. The Tumorep DS gel 
antitumor activity was compared with Efudex®. The Tumorep DS showed drug 
accumulation of 10.17% and Efudex® showed 3.75%, respectively, but both formu-
lations contain 5% w/w drug. Based on the result, it could be concluded that 
Tumorep DS efficiently enhanced the delivery of the anticancer drug into the deep 
layers of the skin and thus can improve topical skin cancer therapy (Ainbinder 
and Touitou 2011).

The mitoxantrone (MTO) ethosomal gel was developed for melanoma therapy. 
MTO can increase calreticulin (CRT) expression on the cell surface to induce the 
anticancer immune response effectively. The immunohistochemical study demon-
strated that the anticancer mechanism of MTO improves CRT translocation from 
the intracellular spaces to the membranes. Furthermore, the membrane CRT is rec-
ognized by immune cells, and the subsequent immune activation leads to killing 
melanoma cells. The CRT expression improvement induced by the MTO ethosomal 
gel indicated a very effective anti-melanoma transdermal formulation. The cell bio-
logical study further revealed a similar result via flow cytometry, indicating a high 
level of cell uptake of MTO from the ethosomes. The tumor inhibitory rate of the 
MTO ethosomal gel was found to be 68.44% (Xiang et al. 2015).

17.3.9  Ethosomes for Antifungal Drugs

Terbinafine hydrochloride (TH) ethosomes, binary ethosomes, and transfersomes 
were investigated to compare the skin permeation of TH using mouse skin. Among 
all the test products, binary ethosomes showed a more skin permeation rate than 
transfersomes and ethosomes, respectively. The confocal laser scanning microscopy 
(CLSM) experiments, penetration depth, and fluorescence intensity of Rhodamine 
B confirm that binary ethosomes were much more significant than those from etho-
somes and transfersomes (Zhang et al. 2012).

17.3.10  Marketed Ethosomal Products

Elka Touitou developed an ethosomal cream of acyclovir (Supra-vir) product by 
associating with Trima pharmaceutical company. The Supra-vir is indicated for her-
pes simplex virus infections of the skin and mucous membrane. Some other etho-
somal marketed products are also available such as Nanominox, Cellutight EF, Skin 
Genuity, Decorin cream, etc. (Mbah et al. 2014; Sudhakar et al. 2012).
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17.4  Conclusion

Ethosomes are novel tools for effective transdermal delivery to achieve steady-state 
plasma drug concentration across the skin on safe mode. Their composition, physi-
cochemical profiles, and mechanism of action were shown superior compared to 
other vesicular systems. The soft and malleable nature of the ethosomes and ethanol 
and phospholipids’ synergetic action promote the skin’s permeation rate. Ethosomes 
are proved as efficient systems for transdermal delivery of various categories of 
pharmaceutically active molecules. Because of their composition, ethosomes are 
soft vesicles; such developments may further expand the field of transdermal appli-
cations. However, it required more extensive research studies to establish the etho-
somal system. The entire chapter reveals that ethosomes are the potential dosage 
forms for dermal and transdermal delivery of therapeutic and cosmetic agents.
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Chapter 18
Polysaccharides of Natural Gums-Based 
Biomedical Devices for Drug Delivery 
Application

Kasula Nagaraja, Kummara Madhusudana Rao, 
Kummari S. V. Krishna Rao, Khateef Riazunnisa, and K. V. N. Suresh Reddy

18.1  Introduction

Plant gums are one of the most accepted natural remedies for the protection of 
human health. These are more sustainable, eco-friendly, non-toxic and safer for 
production of biomaterials; it is due to the above properties that they have great 
potential application in various fields. Gums are readily dissolved in water and other 
aqueous media; it results in the formation of mucilage and slimy masses. Natural 
gums are pathological products, whereas mucilages are physiological products. 
Examples of natural gums are tragacanth gum, gum kondagogu, gum karaya, tama-
rind gums and guar gum. While mucilage is found in various parts of plants, such as 
epidermal cell walls, roots, seed coats, barks and middle lamella, plant-based natu-
ral gums contain hydrophilic carbohydrate polysaccharides. Most of the natural 
gums are high molecular weight polymers, and they are composed of monosaccha-
ride units linked in glycoside bonds (Pandey and Khuller 2004; Chamarthy and 
Pinal 2008).
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In recent years, plant gums are playing incredible role in various applications 
such as emulsifying agents, binders, disintegrates, thickeners, paints, paper making, 
protective colloids, film coating agents, buccal films, microsphere, beads, viscous 
liquid formulations, nanoparticle synthesis, bioadhesive gelling agents and drug 
delivery (Fig.  18.1 and Table  18.1). Newly enhanced excipients continue to be 
developed in drug delivery systems. Natural gum based polymeric material proper-
ties are highly suitable as a pharmaceutical excipient, needs a lot of attention in 
pharmaceutical and drug delivery researches. The gum polymeric materials in for-
mulation and development of novel dosage forms are important, because they are 
considered safe, biodegradable and biocompatible. However, natural resource (gum/
polysaccharide) is widely accepted and used commonly in the food and pharmaceu-
tical industry (Madhusudhan et al. 2019; Alonso-Sande et al. 2009).

The natural polymers are generally engaged in floating drug delivery systems to 
target the drug to specific gastrointestinal region in the stomach. Natural gums 
gained a lot of importance during the last two decades in the area of drug delivery. 
Plant gum derivatives are a group of polymers, widely used in pharmaceutical appli-
cations and biomedical field of drug delivery system. The drug delivery systems’ 
main advantages are attaining optimal drug concentration, enhancement of labile 
drugs’ activity and usually time prolonged due to protection against environment 
and diminishing side effects due to the high initial blood concentration. Natural 
carbohydrate polymers are advantageous over the synthetic polymers; generally 
natural polymers are economically low-cost, non-toxic, freely available, 

Fig. 18.1 Various potential applications of plant polysaccharide-based gums
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biodegradable, eco-friendly and biocompatible compared to synthetic polymers 
(Avachat et al. 2011; Nayyar et al. 2015).

The most important classification of carbohydrate polysaccharides is tree exu-
dates with history of 5000 years. Gums are enormous quantities of different plant, 
marine, microbial and animal sources. The plant gums are very common and exhibit 
different structural properties commonly found in various families such as 
Combretaceae, Leguminosae, Sterculiaceae, Bixaceae, Rutaceae, Lamiaceae, 
Moringaceae, Meliaceae, Tiliaceae, Caesalpiniaceae, Anacardiaceae, Malvaceae, 
Liliaceae, Boraginaceae and Rosaceae. The available carbohydrate polysaccharides 
are classified as follows.

18.1.1  Gum Definition

“Gum” is a “plant derived exudate, seed mucilage and stem bark carbohydrate poly-
mer”. Gums are mainly grouped into three categories, namely, natural gum, syn-
thetic gum and modified gums. Natural gums are produced in response to wounding 
(exudate gums) and extracted from seed legumes. Natural gums are found in a large 
number of families (Ahmad et al. 2019).

The term “gum” is defined as a group of the naturally occurring carbohydrate 
polysaccharides owning to their ability to form either viscous liquids or gummy mass.

18.1.2  Mucilage

The term mucilage is used to define the greasy aqueous solution dispersions by 
plants, microbials and animals, which mainly consist of water-soluble polysaccha-
rides with starches and modified starches (BeMiller 2008).

18.1.3  Resins

Resins are amorphous mixture of essential oils, oxygenated products of terpene and 
carboxylic acids found as exudations from the trunk of a variety of trees (Dell and 
McComb 1979).
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18.1.4  Classification of Natural Gums

Gums are mainly produced by different plant gums, animals, seaweeds and micro-
bial sources for a number of structural purposes and metabolic functions (Fig. 18.2). 
Gums are classified into various types (Sarojini et al. 2010; Goswami and Naik 2014).

18.1.4.1  According to Charge

• Anionic natural gums

• Natural: Tragacanth gum, gum kondagogu, Cordia myxa, alginic acid, xanthan 
gum, gum arabic, gum kataya, pectin, Hibiscus esculentus, cashew gum, gum 
copal, gellan gum, okra gum and almond gum

• Semi-natural: Chitin, carboxymethyl cellulose gum
• Cationic natural gums
• Natural: Chitosan
• Semi-natural: Cationic guar gum
• Non-ionic natural gums
• Natural: Tamarind gum, Strychnos potatorum gum, guar gum, Cassia tora, tara 

gum, gum acacia and malva nut gum
• Semi-natural: Cellulose ethers (methyl cellulose, nitrocellulose, hydroxyl ethyl 

cellulose)
• Amphoteric natural gums
• Semi-natural gums: N-hydroxyl-di-carboxy ethyl chitosan, carboxy methyl 

cellulose
• Hydrophobic natural gums

• Semi-natural gums: Polyquaternium, cetyl hydroxy ethyl cellulose

18.1.4.2  According to Source

• Plant origin gums

• Tree shrubs and exudates: Gum kondagogu, gum karaya, gum ghatti, arabic 
gum, tragacanth gum, khaya gum, cashew gum, neem gum, almond gum, Albizia 
gum, moi gum, hakea gum, Mangifera indica, terminalia gum, bhara gum, 
Leucaena leucocephala gum, shatavari gum, Lepidium sativum, Olibanum gum 
and Sterculia foetida

• Seeds gum: Strychnos potatorum, tamarind gum, Cordia myxa (Assyrian plum), 
Abelmoschus gum, tara gum, guar gum, locust bean gum, bael gum, malva nut 
gum, sesbania gum and Cassia tora gum

• Algal (seaweeds)/marine origin gums: Carrageenan, agar, alginic acid and 
Laminaria
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• Animal origin gums: Chitosan, chitin, hyaluronic acid and chondroitin sulphate
• Microbial origin gums: Dextrin, xanthan gum, pullulan, curdlan, Zanflo, 

Emulsan, Baker’s yeast glycan, schizophyllan, lentinan and scleroglucan
• Tuber and root gums: Potato starch and grewia gum
• Semi-synthetic gums
• Starch derivative gums: Starch acetate, heta starch and phosphate starch
• Cellulose derivative gums: Hydroxy ethyl cellulose, carboxy methyl cellulose, 

hydroxy propyl methyl cellulose, methyl cellulose and microcrystalline cellulose

18.1.4.3  According to Shape

• Linear gums: Algins, pectin, amylose and cellulose
• Branched gums: Xanthan, amylopectin, xylan, gum arabic, galactomannans, 

gum kondagogu, Strychnos potatorum, tamarind gum, gum karaya and traga-
canth gum

18.1.4.4  According to Monomeric Units of Chemical Structure

• Homoglycans: Arabinans, cellulose and amylose
• Di-heteroglycans: Carrageenans, galactomannan and algins
• Tri-heteroglycans: Xanthan and gellan gum
• Tetra-heteroglycans: Gum arabic and psyllium gum
• Penta-heteroglycans: Tragacanth gum, tamarind gum, gum karaya, Strychnos 

potatorum gum and gum kondagogu

18.1.5  Advantages of Natural Gums

The number of advantages of plant-derived natural gum based on materials has been 
scored, such as eco-friendliness, being economical low-cost, bio-compatibility, 
non-toxicity, biodegradability, local availability, better patient tolerance as well as 
public acceptance, edible sources and uncontrolled rate of hydration (Goswami and 
Naik 2014; Reddy and Manjunath 2013; Kulkarni Vishakha et al. 2012).

 (i) Eco-friendliness: Gums and mucilage available from various sources are eas-
ily collected in different seasons.

 (ii) Low-cost: Natural gums are always cheaper as they are available from natural 
sources. The production cost is also low compared to synthetic materials.

 (iii) Bio-compatibility and non-toxicity: All these plant gums are carbohydrates 
chemically consisting of repeating monosaccharide units and non-toxic.
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 (iv) Biodegradability: Naturally available biodegradable polysaccharides are 
produced by living organisms. They are renewable sources, and they do not 
have adverse impact on human and environmental health.

 (v) Local availability: Developing countries and governments promote the pro-
duction of plants like tragacanth gum, guar gum and tamarind gum due to the 
wide applications in different industries.

 (vi) Better patient tolerance as well as public acceptance: There are less side 
and adverse effects on natural materials compared to synthetic materials 
(Povidone and PMMA).

 (vii) Edible source: Most natural gums and mucilage are obtained from the edible 
sources.

18.1.6  Disadvantages of Natural Gums

Disadvantages of natural gums are batch-to-batch variation, microbial contamina-
tion, reduced viscosity on storage and uncontrolled rate of hydration.

 (i) Reduced viscosity to storage: The gums in contact with water increase in the 
viscosity of formulations due to complex nature of gums, it has been found that 
after storage is reduced.

 (ii) Batch-to-batch variation: Synthetic manufacturing is a controlled procedure 
with fixed amounts of ingredients and production of gums; the mucilage 
depends on environmental and seasonal productions.

 (iii) Uncontrolled rate of hydration: Due to variation in the collection times as 
well as difference in area, species and climate conditions of natural gums, per-
centage of chemical constituents in a given material differs. There is a need to 
develop suitable monographs on available mucilage and gums.

 (iv) Microbial contamination: Natural gums are, structurally, carbohydrate, and 
during the production, they are exposed to an external environment; hence, 
there is chance of microbial contamination. This can be prevented by proper 
handling and use of preservatives.

18.2  Plant Gums and Drug Delivery

This chapter comprises various plant gums and their origin, plausible chemical 
structures (Table  18.2) and potential applications. However, we emphasized the 
results of drug delivery.
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18.2.1  Tamarind Gum

Tamarind gum (TM) is a plant-extracted polysaccharide from seed kernel of 
Tamarindus indica, and endosperm of the plant belongs to Leguminosae family and 
is widely distributed in Southeast Asia. It is hydrophilic in nature, and the polysac-
charide backbone consists of (1→4)-β-D-glucan with α-D-xylopyranose linked-β- 
D-galactopyranosyl(1→2)-α-D-xylopyranose linked (1→6) to glucose residues 
(Sougata et al. 2013; Viyoch et al. 2005). Owing to the high viscosity, mucoadhesive 
nature, biocompatibility, non-carcinogenesis and stability even in acidic pH media, 
TM can be used in various applications such as the pharmaceutical, food industry 
and cosmetic science (Rana et al. 2013). It is also widely used for various properties 
in a stabilizing agent, emulsifier, thickener, binder, gelling agent, suspending agent 
and food industry. However, the main disadvantage of TM in drug delivery is its fast 
microbial degradation. To enhance better drug delivery properties of TM and its 
derivatives, it is blended/copolymerized with gelatine for in  vitro drug delivery 
using ciprofloxacin as model drug. The hydrogels developed by TM have exhibited 
pH-dependent drug release via diffusion (Mishra and Malhotra 2011; Nayak 
et al. 2015).

18.2.2  Tragacanth Gum

Tragacanth gum (TG) is an exudate from the bark of Astragalus gummifer belonging 
to the family Leguminosae. It is a natural hydrophilic polymer with eco- friendliness 
and good physiological properties. Hence it has been widely used for drug delivery, 
tissue engineering and biomedical applications. Due the presence of -COOH 

Fig. 18.2 Natural gum classification based on origin
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functional groups in the backbone of (1→4)-D-galacturonic acid, it exhibits good pH 
sensitivity; this property helps the TG materials for biomedical applications. 
Tragacanth gum resembles pectin, but mainly differs from side chains and bonded to 
acidic groups (Saruchi et al., 2018; Eastwood et al. 1984; Singh et al. 2016). TG is a 
biodegradable, biocompatible, non-mutagenic, non-carcinogenic and non-toxic 
polysaccharide. Hence, TG is used for various applications such as cosmetic, leather, 
pharmaceutical, textiles, food additive, emulsifier, thickener, stabilizer, moisture-
retaining agent, binding agent, freezing agent, gelling agent and adhesive agent. 
Tragacanth gum contains two major fractions: (i) tragacanthin (water-soluble) of 
minor amount and (ii) bassorin which is swellable but not water soluble. Tragacanth 
gum-based polysaccharide polymeric hydrogels are biodegradable and widely used 
for soil fertility, removal of acid dyes, metal recovery, wound healing, tissue engi-
neering and drug delivery system (Rao et al. 2018; Hemmati and Ghaemy 2016).

18.2.3  Strychnos potatorum Gum

The Strychnos potatorum polysaccharide (SPP) extracted from the seeds of endo-
sperm belongs to the family Loganiaceae and is found in India, Burma and Sri 
Lanka. The local name of this plant is most popular in India known as Nirmali or 
Kataka. The Strychnos potatorum Lin. seeds contain galactan and galactomannan 
mixture, which exhibit a coagulation activity. The SPP has β-(1→4)-linked 
D-galactopyranose residue as a backbone with side chain mannopyranosyl. The 
polysaccharide is composed of 1:7 ratio of galactan and galactomannan (Adinolfi 
et al. 1994; Sethurajan et al. 2011). The gums are widely used for household water 
purification in many Asian countries and water treatment plants. The SPP seeds are 
used in Ayurveda medicine (Indian traditional medicine). The polysaccharide pos-
sesses broad range of properties including antidiarrheal, diuretic, hepatoprotective, 
antioxidant, antimicrobial, antiulcer genic, liver and kidney. The decoction of 
Strychnos potatorum leaves is used to treat watering, aching eyes and cough activi-
ties. The SPP was used as hepatoprotective and antioxidant and in binding of cad-
mium and adsorption of Congo red dye for water purification (Saleh Saif et al. 2012; 
Yadav KN et al. 2014; Katherin Steffy et al. 2017; Srikanth Kagithoju et al. 2015).

18.2.4  Cordia myxa (Assyrian Plum)

Cordia myxa is locally known as “Lasura” in one of Indian languages; this tree 
belongs to the family of Boraginaceae. Gum cordia genus includes species across 
the tropical and subtropical regions of America, Asia, Oceania and Africa. Plants 
grow nearly over the India-Pak subcontinent, and its ripe fruits are edible and unripe 
fruits are used to prepare pickle. Cordia myxa gum is a hydrophilic polymer due to 
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the presence of (1→6)-linked D-glucopyranosyl and (1→2)-linked 
L-arabinofuranosyl residues on the backbone (Samavati and Skandari 2014; 
Keshani-Dokht et  al. 2018). It is used as emulsifier, stabilizer, thickener, surface 
coating for edible products, binder, sustained release of matrix making tablet, bead, 
microcapsules, nanoparticles, ophthalmic drug delivery, effect on beeswax and 
plasticizers. Due to high nutritional values, it has been used for the treatment of 
astringent, urinary infections, leprosy and lung diseases (Vidyasagar et  al. 2010; 
Munish Ahuja et al. 2013; Abdul Haq et al. 2014).

18.2.5  Gum Kondagogu

The gum kondagogu is a naturally available polysaccharide and is an exudate from 
the bark of Cochlospermum gossypium belonging to the family Bixaceae (Kumar 
and Ahuja 2012,). It is widely available in the forest area of Andhra Pradesh and 
Telangana states in India. Gum kondagogu comes under the rhamnogalacturonans, 
which consist of “(1→2)-β-D-Gal p, (1→6)-β-D-Gal p, (1→4)-β-Glc pA, 4-OMe-α- 
D-Glc Pa, (1→2)- α-L-Rha and (1→4)- α-D-Gal pA”. Recently, gum kondagogu 
has been studied for its morphological, physico-chemical, structural and rheological 
properties (Kora and Sashidhar 2010; Vinod et al. 2008); hence, it was used in tex-
tile, pharmaceutical industry as a biosorbent and ocular delivery device. In addition, 
it has been used for preparation of plant culture media, mucoadhesive microcap-
sules and metal nanoparticle, as antimicrobial and for catalytic activity (Reddy et al. 
2015; Vinod et al. 2011; Saravanan et al. 2012).

18.2.6  Guar Gum

Guar gum is a powder of the endosperm of the seeds of Cyamopsis tetragonoloba 
Linn. In India, locally it is called as guaran, clusterbean, Calcutta lucern, cyamopsis 
gum, guarina, glucotard and guyarem. It is a non-ionic galactomannan that consists 
of β-(1→4) linked-D-mannopyranoses, but α-D-galactose (1→6) is connected to 
every alternate mannose (Sathya Seeli and Prabaharan 2016). Due to its non-toxic-
ity, degradation at microbial environment in intestinal fluids, biocompatibility and 
biodegradability, it is used in various applications such pharmaceuticals, drug deliv-
ery, wound healing, tissue engineering, paper industry, food, textiles, cosmetics and 
also removal of dyes and moisture sensitive hydrogel for agriculture applications 
(Sathya Seeli and Prabaharan 2016; Ming Duan et al. 2019; Thombare et al. 2018).
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18.2.7  Konjac Glucomannan

The konjac glucomannan (KG) is a derivative of tuber Amorphophallus konjac 
plant, and it is native from the southern part of China. KG is containing higher 
molecular weight 1000 kDa polysaccharide consisting of mannose and glucose sug-
ars. It is a hydrophilic and non-ionic glucomannan consisting of linear macromole-
cule of (1→4)-linked β-D-mannose and β-D-glucose. In the aqueous environment, 
it exhibits high elasticity as well as large amount of wound exudate, due to the pres-
ence of hydroxyl and acetyl functional groups on KG backbone (Vipul Dave and 
McCarthy 1997; Yan Hu et al. 2019; Mu et al. 2018). KG has been cultivated in 
Japan and used in production of food jellies and noodles. It is mainly conferring 
solubility, high viscosity, swelling and specific biological activities. KG has been 
used for food science like jelly, cake and meat products, textiles, paper manufactur-
ing (Ian Ratcliffe et  al. 2005), pharmaceutical, controlled drug delivery, wound 
healing, films, coating material, cosmetics, emulsifier, biodegradable resins and 
packaging applications (Xie et al. 2018; Zhang et al. 2005).

18.2.8  Hibiscus esculentus

Hibiscus esculentus gum is extracted from the Abelmoschus esculentu90s Linn, and 
it comes under the family of Malvaceae. The chemical composition of the gum is 
L-rhamnose, D-galactose and L-galacturonic acid along with glucose, arabinose, 
mannose and xylose side chains (Gbenga and Zulikha 2013; Jani and Shah 2008). 
Hibiscus is widely distributed into tropical and subtropical regions in 250 species 
(3). It is widely used in various applications such as pharmaceutical, emulsifier, 
binder, sustained release, retarding, release modifier, mucoadhesive gel for nasal 
delivery and controlled drug delivery. Hibiscus gum-based tablets are developed 
with ibuprofen for colon-specific drug delivery (Ghori et al. 2014; Raghu et al. 2019).

18.2.9  Mimosa scabrella (Bracatinga)

The Mimosa scabrella is commonly known as bracatinga; it belongs to the family 
Leguminous native from the Brazilian tree of the Mimosaceae. The chemical struc-
ture consists of (1→4)-linked D-mannopyranosyl backbone and D-galactopyranosyl 
residue in mannose. The native species of Mimosa scabrella is having commercial 
values among producers in Brazilian subtropical areas (Ughini et al. 2004; Bonnet 
et  al. 2002). Its polysaccharide exibits high viscosity in aqueous media and has 
more industrial applications such as paints, food, cosmetics, pharmaceuticals, paper 
products and oil drilling muds. Also, it has desired product properties such as tex-
ture, stability and controlled drug device. It has been used for various kind of 
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Table 18.2 Plausible chemical structures of various polysaccharides present in the plant gums

S.NO
Polysaccharide 
name Chemical constituents Chemical structure

1 Tamarind gum (1→4)-β-D-glucan backbone with 
substituted side chains -α-D-
xylopyranose linked-β-D-
galactopyranosyl 
(1→2)-α-D-xylopyranose linked 
(1→6) to glucose residues

2 Tragacanth 
gum

Tragacanth gum consists of 
(1→4)-D-galacturonic acid as a 
main chain backbone

3 Strychnos 
potatorum gum

Strychnos potatorum 
polysaccharide backbone consists 
of β-(1→4)-linked D- 
galactopyranose residue and that 
side chain mannopyranosyl

4 Kondagogu 
gum

Gum kondagogu contains 
chemically glycoside linkage of 
(1→2)-β-D-Gal p, (1→6)-β-D-
Gal p, (1→4)-β-Glc pA, 
4-OMe-α-D-Glc Pa, (1→2)- α-L-
Rha and (1→4)-α-D-Gal pA and 
side units backbone structure 
group and substituted 
rhamnogalacturonan

5 Guar gum

6 Konjac 
glucomannan

KG – (1→4)-linked β-D mannose 
and β-D glucose

(continued)
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S.NO
Polysaccharide 
name Chemical constituents Chemical structure

7 Mimosa 
scabrella 
(bracatinga)

Structure consisting of (1→4) 
linked D-mannopyranosyl 
backbone and D-galactopyranosyl 
residue in mannose

8 Locust bean 
gum

Chemical consisting of linear 
chain -(1→4) -linked -β-D-
mannopyranosyl unit with 
(1→6)-linked α-D-
galactopyranosyl residue chain

9 Aloe mucilage Different ways (1→2, 1→3, 1→4, 
1→5 and 1→6) in a α- or 
β-configuration) due to the 
presence of branched side-chain 
units

10 Xanthan gum Chemical composition of primary 
chain consits of β-D-(1→4) 
glucose backbone and glucuronic 
acid residue linked
(1→4) mannose terminal unit, 
(1→2) connect second mannose 
unit backbone of the structure

11 Fenugreek 
mucilage

Chemical constituents  
of –(1→4)-β-D-mannan backbone 
with D-galactosyl subunits are 
attached to –(1→6)-glycosidic 
linkage

12 Cashew gum Galactomannan consisting of 
(1→3)-linked-β–D-
galactopyranosyl units 
interspersed with β-(1→ 6) 
linkages

13 Carrageenan Chemical structure consisting of 
altering – (1→3)-linked 
β-D-galactopyranose and 
(1→4)-linked α-D-
galactopyranose joined in 
glycoside linkage

Table 18.2 (continued)

(continued)
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S.NO
Polysaccharide 
name Chemical constituents Chemical structure

14 Karaya gum Chemical consisting of 
rhamnogalacturonan main chain 
α-(1→4)-linked D- galacturonic 
acid and α-(1→2)- linked 
L-rhamnosyl residues and side 
chain units (1→6)-linked 
β-D-galactose in galacturonic 
acid

15 Moringa 
oleifera gum

Arabinogalactan unit consists of 
(1→6), (1→3) and (1, 3, 6)-linked 
Galp units

16 Tara gum Linear polysaccharide chain 
(1→4)-β-D-mannopyranose units 
with α-D-galactopyranose units 
attached by (1→6)- linkage

17 Cassia tora 
mucilage

Linear polysaccharide  
chain -(1→4)-linked-β-D-
mannopyranose and –(1→6)-α-D-
galactopyranose and sugars 
contain side chain units

18 Gellan gum Gellan gum chemical consisting 
of glucose, rhamnose, glucuronic 
acid

19 Abelmoschus 
gum or okra 
gum

Chemical consisting of different 
molar ratios L-galactonic acid, 
D-galactose, L-rhamnose, 
mannose, glucose, xylose and 
arabinose

(continued)

Table 18.2 (continued)
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S.NO
Polysaccharide 
name Chemical constituents Chemical structure

20 Ocimum 
basilicum gum

D-mannose and D-glucose 
repeated units of chain β-(1→4)-
linked glycosidic linkage of 
acetyl groups are attached

21 Mangifera 
indica (mango)

Chemical structure established a 
2-C-β-D-glucopyranosyl-1, 3, 6, 
7-tetrahydroxyxanthone

22 Delonix regia 
gum (gulmohar 
mucilage)

Delonix regia gum chemical 
consisting of α-D-mannose-
(1→4)-linkage and 
α-D-galactose-(1→6)-branches

23 Gum Acacia Chemical consisting of – 
(1→3)-linked β-D-
galactopyranosyl units with side 
chains β-L-rhamnopyranose, 
α-L-arabinofuranosyl, β-D-di 
glucuronic acid and β-D-
digalactopyranose chain

24 Agar Chemical consisting of 
D-galactose and 3-6 anhydro-L-
galactose linked by α-(1→3) and 
β-(1→6) glycoside bonds

25 Sesbania gum Chemical structure consisting of 
mannose connect β-(1→4)-
glycosidic bond and galactose 
linked –α-(1→6)-glycoside side 
chain unit

Table 18.2 (continued)
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applications, such as controlled drug delivery, in vivo antiherpetic and antirotaviral 
activity, cytotoxicity on HeLa cells and sustained release matrix (Ganter et al. 1997; 
Noleto et al. 2009).

18.2.10  Gum Ghatti

The gum ghatti is extracted from the exudate of Anogeissus latifolia tree; it belongs 
to the family of Combretaceae and tree found in dry areas. Gum ghatti is a anionic 
polysaccharide; its chemical structure constitutes the (1→6)-linked 
D-galactopyranose units altering 4-O-substituted and 2-O-substituted α-D- 
mannopyranose units with side chain containing arabinose unit (Deshmukh AS et 
al. 2012; Mittal et al. 2015). It is not completely soluble in cold water, but solubility 
increased by heating. It is mainly used in pharmaceutical and food industries as wax 
emulsifier and thickening and additive agent (Rani et al. 2012). Also, it is non-toxic, 
highly viscous, pH-stable, a gelling agent, biocompatible and biodegradable. It is 
successfully used for the treatment of various neurological and autoimmune dis-
eases, diabetes and mutagenicity and removal of dyes and metal ions from aqueous 
media (Ji Kang et al. 2011; Kashma Sharma et al. 2013).

Locust bean gum (LBG) is extracted from the endosperm of carob tree seed of 
Ceratonia siliqua, and it comes under Leguminosae family. It is widely available in 
Asia, North Africa and South America. The chemical constituents of LBG polysac-
charide have (1→4)-linked-β-D-mannopyranosyl unit along with (1→6)-linked 
α-D-galactopyranosyl residue chain (Maiti et al. 2010; Santanu Kaity et al. 2013; 
Barak and Mudgil 2014). LBG is used in various applications such as controlled 
drug delivery, specific colon drug delivery, bioactivity, ocular drug delivery, topical 
drug delivery and oral drug delivery (63–68); due to its potential properties, i.e. 
biodegradable, high water absorption isotherm, biocompatible, non-mutagenic, 
gelling and emulsifying agent and non-teratogenic (Dionísio and Grenha 2012; 
Braz et al. 2018; Shukla and Tiwari 2012).

18.2.11  Aloe vera Mucilage

Aloe vera mucilage (AVM)-based polysaccharide is isolated from the Aloe bar-
badensis, which belongs to the family of Liliaceae. AVM is locally used for topical 
treatment of burn skin and wounds (Nirmal Pugh et al. 2001; Channe gowda et al. 
1987). The chemical constituents of AVM are arabinorhamnogalactan, galactan, 
arabinan, galactogalacturan, galactoglucoarabinomannan, glucogalactomannan and 
glucuronic acid. These monosaccharides are linked as (1→2, 1→3, 1→4, 1→5 and 
1→6) in a α- or β-configuration. Commercially, AVM (leaf pulp) has worldwide 
demand due to its significance in various products like food, health drinks, 
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beverages, cosmetic, toiletry, creams, lotions, soaps, shampoos and facial cleansers 
and wound healing (Boudreau and Beland 2016; Ahlawat et al, 2011; Jani et al. 2009).

18.2.12  Xanthan Gum

Xanthan gum (XG) is produced by the Xanthomonas campestris gram-negative) 
bacterium under the fermentation of glucose and sucrose at aerobic conditions. This 
bacterium belongs to the family of Xanthomonadaceae. Usually, it consists of high 
molecular weight anionic polysaccharide with the chain β-D-(1→4) glucose back-
bone and glucuronic acid residue linked (1→4) mannose terminal unit, (1→2) con-
nect second mannose unit backbone of the structure (Akito Kawano et  al. 2019; 
Wang B et al. 2016; Gemma Leonea  et al. 2018).  The xanthan gum is mainly used 
for drug delivery, tissue engineering, nanoparticle and anticancer activity and anti-
microbial and controlled agrochemical release and as adsorbent for removal of dyes 
and metal ions from aqueous solution (Kumar a et al. 2016; Madhusudhan et al. 
2020; Makhado et al. 2018).

18.2.13  Fenugreek Mucilage

Fenugreek is generally known as “Trigonella foenum-graceum”; it belongs to the 
Leguminous family (Mishra et al. 2006). These seeds contain high degree of muci-
lage on the seed surface. These seeds are not only used for the food preservation but 
also used as traditional medicine in India, to treat dysentery, colic flatulence, diar-
rhoea, chronic cough, dropsy, rickets, gout and diabetes. Fenugreek mucilage has 
better physical property, i.e. swelling in aqueous media. Hence it is used as matrix 
for controlled release of propranolol hydrochloride and Methocel K4M (Ali 
Nokhodchi et al. 2008; Nayak et al. 2015; Srinivasan and Mishra 2008).

18.2.14  Cashew Gum

Cashew gum is an exudate of stem bark of Anacardium occidentale Linn.; it belongs 
to the Anacardiaceae. The chemical composition of cashew gum includes the galac-
tose, arabinose, rhamnose, glucose and glucuronic acid along with some sugar moi-
eties. However, the chemical constituents of gum are branched galactomannan 
consisting of (1→3)-linked -β-D-galactopyranosyl units along with β-(1→6) link-
ages (da Silva et  al. 2007; Lima et  al. 2018). Due to potential physico-chemical 
properties of gum, it is used as tablet binder for controlled release of metronidazole, 
as well as drug delivery system for controlled release of diclofenac sodium (Ganesh 
et al. 2010; Silva et al. 2018).
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18.2.15  Carrageenan Gum

Carrageenan, a polysaccharide, contains high molecular weight sulphated polymer 
extracted from the Chondrus crispus (red seaweeds; mainly produced by cell wall 
materials) which belongs to the Rhodophyceae family (Rastogi et al. 2010). 
Carrageenan is also known as especially crispus, Eucheuma spp., Gigartina stellata 
and Iridaea spp. The chemical composition of carrageenan polysaccharide is 
(1→3)-linked β-D-galactopyranose and (1→4)-linked α-D-galactopyranose joined 
in glycoside linkage. The k-type of carrageenan form the brittle gel, lambda-type 
carrageenan forms the viscous solution but not gelling, and L-type of carrageenan 
produces the elastic gel (Takashi Masadome et al. 1997). It is used for various appli-
cations such as pharmaceutical, tablet binder, anticoagulant and antithrombotic 
activity, antiviral activity, antitumour, immunodulatory activity and food industry 
applications (Raja et al. 2016; Yadav et al. 2019).

18.2.16  Almond Gum

Almond gum is an anionic polysaccharide extracted from the exudate of Prunus 
amygdalus, which belongs to the Rosaceae family. Its chemical composition 
includes the galactose, xylose, arabinose and glucuronic acid along with trace 
amount of rhamnose, glucose and mannose; hence the suggested structure contains 
the high molecular weight arabinogalactan chain (Hussain et  al. 2017a; Bouaziz 
et al. 2015). Gum is not soluble in aqueous solution at low temperature but soluble 
in hot conditions, i.e. around at 60 oC.  Polysaccharide contains good physico- 
chemical properties, such as antioxidant, binder, biodegradability, biocompatibility, 
non-toxicity, metal uptake capacity, water binding capacity, bioactivity, fat binding 
capacity, stabilizer, emulsifier, food industry and antimicrobial activity 
(Bouazizfatma et al. 2017). Recently, it has been used for removal of malachite 
green and methylene blue dyes from aqueous solution. Also, it is used for green 
synthesis of metal and metal oxide nanoparticles, viz. Ag and ZnO, and for superca-
pacitor, antimicrobial, anticancerous, antioxidant and anti-inflammatory activities. 
In addition, it is used for various food- and non-food-related applications (Theophil 
Anand et al. 2019; Jaison et al. 2020).

18.2.17  Sterculia foetida

Sterculia foetida gum is obtained from dried gummy exudates of tropical plant stem 
bark which belongs to the family Sterculiaceae, which is also called “Java olive”, 
Bastard tree and hazel sterculia, and it is known in India as “jangali badam” (Hindi 
and Bengali) and gurapu-badam (Tamil). It is the species of Thailand, commonly 
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known as sam-rong seed. It is a partially acetylated polymer which contains 
D-galactose, D-galacturonic acid and L-rhamnose (Prajapati et al. 2010; Kale et al. 
2011). It is mainly used in different kinds of applications, pharmaceutical investi-
gated polymer hydrophilic network for controlled release preparation, analysis of 
fix oils, time texture probing and mucoadhesive buccal films (Dixit et  al. 2015; 
Namdeo et al. 2008).

18.2.18  Leucaena leucocephala

The plant Leucaena leucocephala belongs to the family Fabaceae and subfamily 
Mimosoideae. It is a persistent thornless tropical plant with height around up to 
7.5–12  m and also native from tropical Southern Mexico and Northern Central 
America. It is also known as petai cina, lamtoro and popinac in Indonesia, but native 
plant is commonly found in colony in tropical countries. It is also known as Kubabul/
Sababul in Andhra Pradesh and Gujarat states in India (Kristianto et al. 2019; Awang 
et  al. 2019). The chemical composition of seed endosperm polysaccharide chain 
contains (1→4)-D-mannose units and side chain substituted single galactose unit. 
The gum is used as binding agent in granules, suspending agent, emulsifier, tablet 
and disintegrating agent and organic fertilizer. In addition, it has different properties 
like anti-inflammatory, anticancer, antiviral, anti-thrombotic, anticoagulant, antibi-
otic and immune stimulant (Vignesh et al. 2020; Mittal et al. 2016).

18.2.19  Karaya Gum

Gum karaya is generally called as Indian tragacanth gum or sterculia gum; it is an 
exudate obtained from the Sterculia urens tree which belongs to the Malvaceae fam-
ily, native of India and Burma. It consists of high molecular weight of acetylated 
polysaccharide galactose, rhamnose and galacturonic acid with small amount of 
glucuronic acid. The chemical composition is rhamnogalacturonan main chain 
α-(1→4)-linked D-galacturonic acid and α-(1→2)-linked L-rhamnosyl residues and 
side chain units (1→6)-linked β-D-galactose in galacturonic acid (Alange et  al. 
2017; Marvelys L et al. 2006). It is widely used as a good emulsifying agent, acid 
stabilizer, high viscosity agent, suspending agent, inherent nature of antimicrobial 
activity, and binder. It has been used in the treatment of ulcers, diarrhoea, irritable 
bowel syndrome and chronic colonic disease and in reducing cholesterol. It has 
been used in various industrial applications, such as production of nanoparticles, 
catalytic activity, pharmaceutical, dental adhesive (Venkatesham et al.  2014, Vinod 
Vellora et al. 2015), tablets, paper, food and textiles (Baljit Singh et al. 2008, Setia 
et al. 2010).
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18.2.20  Moringa oleifera Gum

Moringa oleifera gum is an exudate of a stem of Moringa oleifera tree; it belongs to 
the family Moringaceae. It is widely available in Afghanistan, Bangladesh, India 
and Pakistan (Sarwar et al. 2020; Anwa et al. 2005). The chemical constituents of 
gum are (1→6)-, (1→3)- and (1, 3, 6)-linked Galp units. Due to its potential physico- 
chemical properties (Moyo et al. 2011), it has been used for the preparation of tablet 
for controlled release of calcium sulphate dihydrate and propranolol hydrochloride 
(Padayachee and Baijnath 2020; Aderinola et al. 2020).

18.2.21  Khaya Gum

Khaya gum is obtained from an incised trunk of Khaya grandifoliola tree; it belongs 
to the family Meliaceae. The chemical constituents of gum are D-galactose, 
L-rhamnose, D-galacturonic acid and 4-O-6 methyl-D-glucuronic acid (Kuevi et al. 
2019; Hussain et al. 2017b). Due to its potential physico-chemical properties, it is 
blended with hydroxypropylmethylcellulose and Albizia gum individually, for con-
trolled release of paracetamol and indomethacin. Khaya gum showed better drug 
delivery profiles of paracetamol when compared to the Acacia sieberiana and 
Acacia senegal gums (Adedokun et al. 2017; Adetunji Adeniran et al. 2019; Bonsu 
et al. 2016).

18.2.22  Tara Gum

Tara gum is obtained from the endosperm of Caesalpinia spinosa plant, and it 
belongs to the Leguminosae or Fabaceae family (Chi et  al. 2018). The chemical 
constituents of gum are (1→4)-β-D-mannopyranose attached α-D-galactopyranose 
with (1→6) linkage along with some sugar side chains. It has the ability to form 
highly viscous solution at low concentration (~1% w/v); hence, it is used for devel-
opment of controlled release formulations with metformin hydrochloride and cipro-
floxacin hydrochloride (Yong et  al. 2019; Fagioli et  al. 2019; Fernandes and 
Garcia-Rojas 2020).

18.2.23  Gum Damar

Gum damar is derivative of Shorea wiesneri plant, and it belongs to the 
Dipterocarpaceae family. The main chemical composition of gum damar includes 
the alcohol-soluble α-resin, β-resin and dammarol acid (Morkhade et  al. 2006; 
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Thombre et al. 2020). Due to its water-resistant capacity and strong binding nature, 
it is used as coating for tablets and other dental materials (Chick and Cassella 2011). 
Specifically, it is blended with natural gum copal to develop tablets for controlled 
release diclofenac sodium as well as ibuprofen and diltiazem hydrochloride 
(Morkhade et al. 2007).

18.2.24  Grewia Gum

Gum Grewia polysaccharide derived from the inner bark of the edible plant Grewia 
mollis belongs to the family Tiliaceae. The polysaccharide gum chemical consists of 
glucose and rhamnose as main monosaccharide components and galacturonic acid 
as the main side chain units (Nep EI and Conway BR 2011). Gum Grewia mucilage 
of leaves and bark was extensively studied for physicochemical properties, surface 
chemistry, molecular weight, thermal properties and compositional analysis (Nep 
EI and Conway BR 2011). The binding properties of the gum were evaluated using 
paracetamol as a model drug. Compressional properties of the formulations were 
analysed by using Heckel and Kawakita equations. Single polymer matrix tablets of 
cimetidine were formulated, and gum potentials were evaluated in coating of film 
using praziquantel as a model drug (Nep EI and Conway BR  2011; Ogaji and 
Hoag 2011).

18.2.25  Cassia tora Mucilage

Cassia tora mucilage is obtained from the seeds of Cassia tora plant; it belongs to 
the Caesalpiniaceae family. The chemical constituents of gum are (1→4)-linked-β- 
D-mannopyranose and (1→6)-α-β-D-galactopyranose along with some sugar side 
chains (Pawar et al. 2014; Raj Sharma et al. 2002). Due to the potential binding and 
suspending properties over the other natural gums like acacia, gelatin and traga-
canth gum, it has been used for tablet preparation (Sharma et  al. 2003; Singh 
et al. 2018).

18.2.26  Gum Copal

The gum copal is a natural resin-type substance obtained from the plant of Bursera 
bipinnata, which belongs to the family Burseraceae. Copal resin contains agathic 
acid along with cis-communic acid, trans-communic acid, polycommunic acid, san-
daracopimaric acid, agathalic acid, monomethyl ester of agathalic acid, agatholic 
acid, and acetoxy agatholic acid (Milind et al. 2008; Merali et al. 2018). Copal is 
enactment against fever, headache, burns and stomach. It exhibits excellent binding, 
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stabilizing and emulsifying properties, which is desirable for paints and production 
of colours. Copal gum can be evaluated as matrix-forming substance for sustained 
drug delivery. Also, copal resin is able to form a film with good swelling property. 
Hence, it can be used in various applications such as coating material for sustained 
release and colon targeted drug delivery and removal of malachite green from 
wastewater treatment (Umekar and Yeole 2008; Kaur et al. 2018).

18.2.27  Bhara Gum

Bhara gum is a yellowish nature of gum exudate of Terminalia bellirica plant; it 
belongs to the family Combretaceae. The bhara gum is extracted from the bark of 
Terminalia bellirica in a waste material (Shankar et al. 2008a, b). Its chemical con-
stituents include β-sitosterol, ellagic acid, ethyl gallate, galloyl glucose, chebulagic 
acid and gallic acid. The bhara gum has been proposed as a new sustained microen-
capsulated drug delivery system. It has been used to fabricate microcapsules through 
ionic gelation for controlled release of famotidine drug. Bhara gum microcapsules 
exhibited slow famotidine release, i.e. over 10 h period (Fizza Rauf et  al. 2012; 
Shankar et al. 2008a, b).

18.2.28  Gellan Gum

The gellan gum is a high molecular weight linear anionic hetero-deacetylated exo-
cellular polysaccharide which belongs to the family Sphingomonas elodea with 
tetra-saccharide repeating unit. Chemical constituents of gellan gum are glucose, 
rhamnose and glucuronic acid (Wataru Kubo et al. 2003). It is used in commercial 
products as disintegrating agent, stabilizer and thickening agent, especially in the 
fields of food industry and pharmaceutics, sustainable drug delivery, ocular drug 
delivery and colon drug delivery applications (Kuo et al. 1986). In addition, under 
gelation it is capable to remove metal ions; however, it has more affinity towards 
divalent cations compared to monovalent cations (Balasubramaniam et  al. 2003; 
Antony and Sanghavi 1997; Agnihotri et al. 2006).

18.2.29  Neem Gum

The neem gum is a purely water-soluble exudate of Azadirachta indica, which 
belongs to the family Meliaceae (Chaudhari et al. 2013). At dried condition it has a 
clear, brown and white colour. It is widely used in India as well as many other coun-
tries for various industries like textile, paper and pharmaceuticals. Also, it has vari-
ous potential properties such as anti-inflammatory, killing microbes, preventing 
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hypertension and preventing cancer. The chemical constituents of neem gum are 
glucuronic acid, mannose, arabinose, galactose, fucose, glucose and xylose. 
However, it is mainly used in Ayurveda in India for medical purpose (Malviya et al. 
2019; Velusamy et al. 2015).

18.2.30  Albizia Gum

Albizia gum is extracted from the trunk of Albizia zygia tree, which belongs to the 
family Leguminosae. It is widely spread in various parts of Africa, Australia and 
India. The chemical composition of Albizia gum is β-(1→3)-linked D-galactose unit 
with some β-(1→6)-linked D-galactose chain units (Odeku. 2005; Swapna and 
Shailaja 2019). It has been successfully evaluated as suspending agent in sulphad-
imidine pharmaceutical suspensions; also, the leaves and stem of the tree used in 
treatment of boils, male sexual and diarrhoea importance. The drug release studies 
explore that Albizia gum is a capable protecting agent of core drug in tablet at the 
physiological environment of the gastrointestinal tract and intestine (Singh et  al. 
2018; Femi-Oyewo et al. 2004).

18.2.31  Abelmoschus Gum or Okra Gum

The Abelmoschus esculentus or okra gum is obtained from the fresh fruits of 
Abelmoschus esculentus plant, which belongs to Malvaceae family. It is a bulky 
crop cultivated annually throughout India; these fruits are green pods of different 
shapes (Mishra et al. 2008). The chemical composition of its polysaccharide consti-
tutes the different molar ratios of L-galacturonic acid, D-galactose, L-rhamnose, 
mannose, glucose, xylose and arabinose (Ilango et al. 2010). The gum has been used 
in various medicinal disorders, i.e., anti-cancer, antimicrobial, anti-ulcer activity. It 
has been successfully evaluated as suspending agent, emulsion stabilizer, thickener, 
tablet binder, and disintegrating agent in pharmaceutics and treatment of textile 
industry waste water.(Kumar et al. 2009; de Carvalho et al. 2011).

18.2.32  Ocimum basilicum Gum

The genus of Ocimum (Ocimum basilicum) is collectively called “Basil”; it is one of 
the largest genera of the family Lamiaceae. Polysaccharide is extracted from basil 
seeds; and its chemical composition includes glucose, mannose, galactose and glu-
comannan. The chemical structure constitutes of two main fractions of glucoman-
nan, with a glucose-to-mannose, and (1 → 4)-linked xylan (24.29%) and a minor 
fraction of glucan. (Keisandokht et al. 2018; Melo and D’souza 2004). Basil is an 
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herbaceous plant which popularly grows and is widely spread in various regions of 
the world (India, Iran, France, Bulgaria, Egypt and some warm areas of Africa). 
Basil seeds are most commonly used in culinary and numerous health benefits 
which include treatment of sore throat, ulcers, insomnia, migraine, depression, skin 
infections, diarrhoea, kidney disorders and cough. It has potential properties such as 
emulsion, thickening and mouth feel improvements; in addition, it has various 
applications in drug delivery, bioabsorption, tableting agent and removal of metal 
ions (Shamsnejati et al. 2015; Levankumar et al. 2009; Zeynali et al. 2019).

18.2.33  Descurainia sophia Seed Gum

Descurainia sophia is known as flixweed with an erect and branched stem and 
belongs to the family of Brassicaceae. It produces large number of seeds from early 
to late summer; it is a native of tropical Asia (Nimrouzi M and Zarshenas MM 2016) 
and also a commonly used herbal medicine in Iranian folk medicine and herbs with 
prevalent use in the largest traditional pharmacopeia of Persian medicine 
(Golalikhani M et al. 2014). Gum is broadly utilized in various applications like 
pharmaceutical and food industry (Soukoulis et  al. 2018; Rezan Rezaeian et  al. 
2016; Kian Aghaabbasi et al. 2014).

18.2.34  Honey Locust Gum

The honey locust gum (HLG) is extracted from Gleditsia triacanthos tree, which 
belongs to the Leguminosae family and deciduous tree native of North America and 
grown widely around the world. The gum seeds contain mainly fats, proteins, fibres 
and carbohydrates (Medjekal et al. 2018; Gold  and Hanover JW 1993). The chemi-
cal composition of HLG is 88% of D-galacto-D-mannoglycan, 6% of protein, 4% 
pentane and 1% cellulose. The gum galactomannan is composed of (1→4)-linked 
β-D- mannan backbone with (1→6)-linked α-D-galactose side chain units. Americans 
used HLG as the supplementary medicine and food source. The honey locust leaves 
are used for duodenal ulcers, gastric ulcers, colitis and cholecystitis in Bulgaria 
(Jain et al. 2007). The gum is used to produce tablet matrix at different concentra-
tions by granulation method for theophylline drug delivery (Chuan-Rui Zhang 
et al. 2015).

18.2.35  Mangifera indica (Mango)

Polysaccharide of mango gum is an exudate of Mangifera indica plant; it belongs to 
the Anacardiaceae family. It is a bioactive gum and chemical structure established 
as 2-C-β-D-glucopyranosyl-1, 3, 6, 7-tetrahydroxyxanthone. Mango gum is used in 
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various applications such as pharmaceutical, food packaging, tablet binder, tablet 
retardant and disintegrant and also used in sustained release of paracetamol drug 
(Danalache et al. 2015; Khaliq et al. 2015; Nawab et al. 2016; Rambabu et al. 2019; 
Danalache et al. 2016; Sharma et al. 2016).

18.2.36  Hakea Gum

Hakea gum is an exudate from the bark of Hakea acicularis plant; it belongs to the 
Proteaceae family. It is widely distributed to western regions of the Cape Province 
(Eagles et al. 1993; Richardson and Manders 1985). The chemical constituents of 
hakea gum are D-galactose and L-arabinose linked that are acidic arabino- galactose, 
and other cases demonstrated linear core in which L-arabinose, L-rhamnose, 
D-galactose, D-xylose and D-glucuronic acid branched framework are attached. It 
is used as mucoadhesive polysaccharide for controlled release of drugs in the form 
of buccal tablets (Hemant et al. 2001; Alur et al. 1999).

18.2.37  Moi Gum

Moi gum is commonly known as “The Indian ash tree”; it is obtained from the plant 
of Lannea coromandelica which belongs to the family Anacardiaceae. It is widely 
used in India, Bangladesh and some tropical countries (Venkaiah and Shah 1984; 
Shankar et al. 2008a, b; Nayak et al. 2014). It is hydrophilic and has good swelling 
property; hence it is used to design controlled drug release dosage forms. Also, the 
gum is used as a lotion in eruption and obstinate ulcers, skin eruption, heart dis-
eases, mouth sores and dysentery. It is mainly used as drug delivery formulations 
such as tablets and microspheres for controlled release of losartan potassium and 
lamivudine, respectively ( Baljit Singh et al. 2008; Eswaramma and Murthy 2019).

18.2.38  Balangu Gum

Balangu gum obtained from the Lallemantia royleana belongs to the family 
Lamiaceae. The chemical composition of this gum includes 61 % of carbohydrate, 
29 % of crude fibre, 0.87% of protein and 8.33% of ash. It has ability to absorb high 
water content; hence, it produces sticky mass at short time; also it forms tasteless 
liquid and turbid. It can be used as a new source of food hydrocolloids in food 
 formulations (Razavi SM et al. 2008).
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18.2.39  Bael Gum

The bael gum-based polysaccharide is obtained from the fruits of Aegle marmelos 
which belongs to the family Rutaceae. The bael fruit gum is an indigenous subtropi-
cal forest tree growing in India, Sri Lanka, Bangladesh, Thailand and most of the 
region of Southeast Asia. It comprises anionic polysaccharide chemically consist 
of -(1→3)-linked-β-D-galactopyranosyl residue, and side chain groups contain 
rhamnose, galactose, arabinose and galacturonic acid (Sonawane et al. 2020). The 
gum has greater aqueous solubility and water-holding capacity. The fruits also con-
tain alkaloids, polyphenols, coumarins and carotenoids along with polysaccharides. 
The gum is mostly used in gelling agent, waterproofing material and adhesives and 
controlled drug release (Mirza et al. 2018). The gum is used in different applications 
such as antimicrobial, anticancer and anti-diabetic, triangular nanoplate, bone tissue 
engineering and films. Recently, ciprofloxacin hydrochloride-loaded bael gum 
polysaccharide and chitosan nanoparticle gels are developed for sustainable drug 
delivery (Balasubramanian et al. 2016; Dev et al. 2018; Jindal et al. 2013).

18.2.40  Terminalia Gum

Naturally terminalia gum is obtained from the trunk of Terminalia randii tree which 
belongs to the family Combretaceae. The bark is smooth with beige to grey brown 
colour, with yellowish or beige slash while the stem is pubescent. Terminalia randii 
extracted from stem and bark were used for various treatments of diseases such as 
haemorrhoids, diarrhoea and dysentery and wounds. It has good binding capcaity 
compared to standard binders such as poly(vinyl pyrrolidone) is a corn starch agent, 
hence it has used in carvedilol tablet formulations (Bamiro et  al. 2010; Meka 
et al. 2012).

18.2.41  Jackfruit Gum

Jackfruit gum is a hydrophilic polysaccharide extracted from Artocarpus hetero-
phyllus Lam tree; it belongs to the Moraceae family. It is a native of India; however, 
it is widely cultivated in Bangladesh and many parts of Southeast Asia (Anaya- 
Esparza et al. 2018). The jackfruit gum polysaccharide stores in seeds, the major 
portion is galactomannan; it consists of β-(1→4) linked mannose residue and single 
unit side chain attached α-(1→6). (Appukuttan and Basu 1987). It is widely used in 
the various food products as well as pharmaceutical formulations (Kabir et al. 2018; 
Baslingappa Swami et al. 2012).
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18.2.42  Delonix regia Gum (Gulmohar Mucilage)

Delonix regia gum is also known as flamboyant; it is obtained from the seeds of 
Delonix regia, which belongs to the family Fabaceae. The tree mucilage is a water 
soluble gum and it is yellowish or reddish-brown warty tears. (Igwe and Nwokocha 
2014; Dandge et al. 2015). Delonix regia gum chemical consists of α-D-mannose-
(1→4)-linkage and α-D-galactose-(1→6)-branches. Galactose and mannose proper-
ties are similar to guar gum but differ in the OH bond position in the main chain. 
Gum has different chemical properties and it is a potent material as gelling agent, 
thickening, emulsifying, binding and suspending agent for different applications 
such as food industry, textiles, and medicinal; espicially preparation of paracetamol 
tablet formulations and anti-microbial wound dressings.(Cheirmadurai et al. 2016; 
Okoye et al. 2014; Nidhi Suhane et al. 2016).

18.2.43  Taro Gum (Colocasia esculenta)

Taro (Colocasia esculenta) gum’s common name is corns’ tubers of several genera 
which belongs to the family Araceae. It is an extensively refined root crop, available 
in tropical areas such as Southeast Asia, Africa, Pacific Island, the USA and 
Mediterranean (Sonia et al. 2019). Taro gum contains high percentage of mucilage 
and has viscous appearance, so it is used as suspending agent in tablet formulations, 
drug delivery and mucoadhesive materials. (Andrade et  al. 2020; Ghumman 
et al. 2019).

18.2.44  Gum Acacia

The polysaccharide gum acacia is a plant exudate obtained from Acacia seyal or 
Acacia senegal tree which belongs to family Fabaceae. Gum acacia has branched 
polysaccharide chain, and its chemical constituents are (1→3)-linked β-D- 
galactopyranosyl units with side chains β-L-rhamnopyranose, α-L-arabinofuranosyl, 
β-D-di glucuronic acid and β-D-digalactopyranose (Sharma et al. 2020). It is water- 
soluble, non-toxic, cheaper, renewable, edible and with good physical properties, 
such as stabilizing agent, emulsifying, thickening and binding properties, and also 
gum could be incorporated in food formulations. Gum acacia is used in various 
applications such as pharmaceutical, liquor, water-emulsions, inks, wound dressing, 
nanoparticles, antimicrobial studies and cosmetic products (lotion and creams) 
(Jangra and Pothuraju 2020; Mohamed et al. 2020; Patel and Goyal 2015).
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18.2.45  Agar Gum

Agar is a hydrocolloid polysaccharide obtained from the species of marine red algae 
which belongs to the family Rhodophyceae. Its chemical constituents are D-galactose 
and 3-6-anhydro-L-galastose linked by α-(1→3) and β-(1→6) glycoside bonds with 
heterogeneous combination of small molecule and repeated linear chain tetra- 
saccharides (Lee et al. 2019). Agar forms structure cell walls of seaweeds and mix-
ture of agarose (gelling fraction) and agaropectin (non-gelling fraction) units. 
However, agar is not soluble in water at room temperature but soluble at 80–90 °C; 
it is dissolved and forms clear solution. Agar is used in various applications such as 
food packing, antibacterial wound dressing, cartilage regeneration and culture 
media of microorganism, salep films and industrial applications (Akkaya et  al. 
2020; Mostafavi and Zaeim 2020; Shukla et al. 2012).

18.2.46  Cactus Mucilage

The cactus mucilage can be obtained from Opuntia ficus-indica which belongs to 
the family Cactaceae. Cactus mucilage chemical composition is D-galactose, 
L-arabinose, D-xylose, D-galacturonic acid and L-rhamnose. In Mexico thousands 
of people cultivate cactus pear (Lira-Vargas et  al. 2014; Del-Valle et  al. 2015). 
Cactus mucilage has dissolving and dispersing ability itself and led viscous or col-
loid gelation. Cactus mucilage is used in many applications such as cosmetic, food 
industry, coating films, heavy metal removal and pharmaceuticals (Zegbe et  al. 
2012; Fox et al. 2012).

18.2.47  Cedrela Gum

Cedrela gum is the most common species obtained from Cedrela odorota belongs to 
the family Meliaceae. It is commonly called Cuba cedar or Spanish cedar and 
widely spread in subtropical and dry tropical or tropical life zone forest (Ayorinde 
and Odeniyi 2018). Cedrela gum contains chemical composition of arabinose, 
galactose, rhamnose and uronic acid residues. These carbohydrate sugars are signi-
fied by glucuronic acid and its 4-O-methyl derivative. The Cedrela gum is mainly 
used in insect-repelling resins and honey production and primarily used in house-
hold cloth stores. It is mainly used in various applications such as mucosal immune 
response in chicken vaccinated with infectious bursal diseases vaccine. veterinary 
vaccine delivery and binder and mucoadhesive component of ibuprofen tablet for-
mulations (Odeniyi et al. 2013; Emikpe et al. 2016).
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18.2.48  Galbanum Gum

The Galbanum gum is an aromatic gum obtained from the umbelliferous perennial 
herbs which belong to family Apiaceae (Hamedi et  al. 2017). Galbanum gum is 
very bitter and acrid and has peculiar scent followed by intense green, woody, spicy 
and fragrance. Traditionally it is used for different types of diseases such as anti-
flatulent, antiseptic, anti-seizure, pain-killer, antispasm, inflammation reliever and 
also it is used as tonic for memory improvement by the Egyptians and Iranian.  In 
addition, it is used as acetyl cholinesterase inhibitor applications (Najafabadi et al. 
2017; Adhami et al. 2014; Jalali et al. 2013).

18.2.49  Malva Nut Gum

The malva nut gum’s common name is Scaphium; it belongs to the Malvaceae fam-
ily and is obtained from the seed mucilaginous substance in the form of hydrocol-
loid. It is a genus of Scaphium and native from China and Southeast Asian countries 
such as Myanmar, Thailand, Cambodia, Laos and Malaysia. Malva nut seed medi-
cine is used since a long time in Southeast Asia; Thailand peoples use mucilaginous 
material for laxative benefits (Srichamroen and Chavasit 2011; Pramualkijja et al. 
2016). It is not completely dissolved in water, but swells; however, it is mucilagi-
nously dispersed. The gum polysaccharide contains monosaccharides of galactose, 
rhamnose and arabinose with molecular weight of 1,62,000 Da, and reports suggest 
that rhamnose in main chain linked α-(1→3) glycosidic linkage. The seeds have 
been extensively used for preparation of jellies and sweetened drinks for health 
benefits and body weight reduction. The malva nut gum is used in reducing high 
glucose levels by Caxo-2 cell and also used for microporous carbon-based materials 
for supercapacitors and pasting and textual properties (Srichamroen 2018; 
Phimolsiripol et al. 2011).

18.2.50  Mucuna flagellipes Gum

The Mucuna genus of around 100 accepted species of climbing shrubs and vines 
belongs to the family Fabaceae and subfamily Papilionaceae. It is found mainly in 
tropical rainforest of Nigeria and grown as significant food crop in another part of 
Asia and Africa (Aviara et al. 2012; Nwokocha and Williams 2009). Mucuna flagel-
lipes gum polysaccharide consists of galactomannan, D-galactose and D-mannose. 
These are highly economic and significant in cosmetics, domestics and pharmaceu-
ticals. In the pharmaceutical industry, seed gum extracted could be used for formu-
lation as tablet binder. This gum exibit the good physico-chemical properties, hence, 
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it is extensively used as emulsifying agent, stabilizer, thickening agent, suspending 
agent. (Okwu and Okoro 2006; Agba et al. 2019).

18.2.51  Sesbania Gum

Sesbania gum was obtained from the endosperms of seeds of Sesbania grandiflora 
which belongs to the family Leguminosae. The sesbania gum chemically consists of 
mannose connect β-(1→4)-glycosidic bond and galactose linked –α-(1→6)-
glycosidic side chain unit (Patel and Patel 2009; Hongbo et al. 2018). It is widely 
used in paper making, beneficiation, thickening agent, mining industry, oil drilling 
food, foods, cosmetic, pharmaceutical applications, painting, petroleum and waste-
water treatment. However, the gum is applied in various potential applications such 
as gelling agent, magnetic carbonaceous nanocomposites and adsorption, warp siz-
ing performance of fine cotton yarns and sustainable drug delivery (Lan et al. 2014; 
Pal et al. 2018).

18.2.52  Olibanum Gum

Olibanum gum is an oleo-resin exudate obtained from the bark of Boswellia which 
belongs to family Burseraceae, a native of India and Ethiopia. It is available in low 
cost, eco-friendly, non-toxic, renewable and biodegradable. This gum is used as 
fumigant and multipurpose in aromatic; it is widely exploited in cosmetic, pharma-
ceutical, ceramic, food industry, paints and textile industries. The Olibanum gum 
polysaccharide primary structure contains sugars such as arabinose, galactose, 
xylose and D-glucuronic acid (Assefa et  al. 2017). This is traditionally used for 
several managements of hypolipidaemic reno-protective, inflammatory, arthritic 
and anticancer disorders and Ayurveda (Kora et al. 2012). Olibanum gum is used in 
various applications such as controlling matrices of controlling release of diclofe-
nac, neural tissue degeneration, degradation of anthropogenic dye pollutants using 
palladium nanoparticles drug delivery, green synthesis of silver and gold nanopar-
ticles and reductant and stabilizing agent (Kora and Sashidhar 2015; Kora and 
Rastogi 2016).

18.2.53  Salmalia malabarica Gum

The Salmalia malabarica (SM) polysaccharide is an extract of Bombax ceiba plant 
which belongs to the family Malvaceae (Bombacaceae); it is widely available in 
India. It is easily available, cost-effective, eco-friendly, non-toxic and biodegradable 
and a renewable gum material (Rani and Khullar 2004; Saleem et al. 2003). SM 
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consists of high molecular weight and negatively charged colloids with various 
sugar moieties. SM gum has been traditionally used in Ayurveda, especially for the 
treatment of influenza, pulmonary tuberculosis and menorrhagia. In addition, it has 
other potential properties such as emetic, expectorant, stimulant, anti-inflammatory, 
antiangiogenic, astringent, antioxidant, anti-asthma, anticancer and anti- 
hypertensive. Recent studies demonstrate that SM and its nanocomposites could be 
successfully utilized for anti-ulcerogenic agent, green synthesis of metal nanopar-
ticles, catalysis and reduction of organic dyes (methylene blue and Congo red dyes) 
(Jain and Verma 2012; Krishna et al. 2016; Reddy et al. 2015).

18.3  Conclusion

Polysaccharides of natural gums are promising biocompatible and biodegradable 
polymers. These are potentially functionalized to have biomaterials for drug deliv-
ery devices. In addition, they are widely available and cost-effective compared to 
the synthetic one. However, these are chemically functionalized to have a better 
material for targeted drug delivery applications. The primary objective of this book 
chapter is about the classification of gums based on their source, origin, chemical 
structure and multiple applications. Due to the significant properties of natural gums 
i.e., water retention, film formation, adhesiveness, binding, suspending, thickening 
and emulsifying of natural gums, they could successfully utilize for the preparation 
controlled dug delivery formulations in the form of tablets and capsules. The major-
ities of the gums are collected in the book chapter and emphasized on their potential 
drug delivery as well other significant applications.
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Chapter 19
Intelligent Packaging Systems: Food 
Quality and Intelligent Medicine Box 
Based on Nano-sensors

Ramachandran Chelliah, Imran Khan, Shuai Wei, Inamul Hasan Madar, 
Ghazala Sultan, Eric Banan-Mwine Daliri, Caroline Swamidoss, 
and Deog Hwan Oh

19.1  Introduction

To create better materials and products, nanostructure utilizes nanoscale design and 
device integration of existing materials. In numerous areas such as healthcare, 
grafts, prostheses, smart fabrics, power generation and maintenance with 
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power-producing constituents, and extremely well-organized arrays, such as 
defense, protection, sabotage, and shadowing, nanomaterial applications have 
ended their presence intensely sensed (Zhu et  al. 2015). The study of bio- 
nanomaterial has developed as an incredible new field, known as a transdisciplinary 
borderline in the arena of material science and medical field (Siddiqi and Husen 
2017; Husen 2019, 2020; Joshi et al. 2019; Husen and Iqbal 2019; Siddiqi et al. 
2018; Painuli et  al. 2020; Sharma et  al. 2020; Bachheti et  al. 2019, 2020a, b, c, 
2021). In industrial, security, and clinical medicine applications, great develop-
ments in nano-biochip materials, nanoscale biomimetic materials, nano-motors, 
nanocomposite materials, interface biomaterials, nano-biosensors, and nano-drug 
delivery systems have significant prospects. For example, biomolecular tools 
applied in genetic engineering and diagnosis have vast pharmaceutical potential for 
biosensor growth. Biomolecules play a key part in nanoscience. The biosensor con-
sists of a substrate for biosensing and a transducer which can be used to identify 
biochemical agents. The target analytes are specifically recognized by biosensing 
materials such as proteins, antibodies, and DNA/RNA probes, while devices can 
quantitatively track the biochemical processes outlined in Fig. 19.1.

Singh et al. (2017) have documented a disposable biosensor for rapid determina-
tion of not only H2O2 but also azide using biotic materials (polyaniline (PANI)) 
based on bio-electrode. This film does an excellent job of maintaining enzyme 
activity and preventing leakage. This film is very good at preserving the activity of 
enzymes and eliminating its leakage from the film (Fig. 19.2).

A new field of interdisciplinary research has become biosensors. In combination 
with various transmitters, the bio sensing mechanism were applied towards the sep-
aration of numerous types of embattled bio-macromolecules, which inherit both 
advantage and disadvantages (Uludag et al. 2016). Moreover for diverse products in 
biological analysis and medical diagnostics, the nano-biosensor can be effortlessly 

Fig. 19.1 Indicates the fundamental theory of biosensor
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combined into a single-use polymer-based chip. The recent developments in nano-
biosensors and their application in ecology, specifically in healthcare diagnosis, 
which include the perceptions of synchronized nano-biosensors that incorporate the 
desired possessions of the distinct constituents: susceptibility and specificity on 
accuracy polymer machinery and chemistry of peptides or nucleic acid to align the 
different electron transducing units and nano-electro transducing units. The findings 
of these systems concentrate on the possible benefits of using nano-biosensors, 
which would dramatically revolutionize medical diagnosis and managements. Thus 
in biology and medicine, the creation and application of nano-devices would have 
tremendous consequences for the good of humanity and healthcare. Biosensors 
compressed of different field of application such molecular nano-biology, microflu-
idics, and nanomaterials are used for the rapid, specific, responsive, affordable, in-
field, online and/or real-time diagnosis and prevention of chemicals, drugs, 
microbes, toxins, proteins, bacteria, plants, livestock, foods, in agronomic produc-
tion, nourishment processing, technical care and the ecology. Ultrasensitive biosen-
sors therefore deliver an outstanding analytical instrument for monitoring systems 
that make it possible to monitor the biosphere. The structure of bio-electronics, 
developed based on nano-based molecular technology, which have an outstanding 
effect on the progress of a novel biosensing stage to solve the forthcoming medical 
diagnosis and report the tasks related to pollution problems towards human health-
care. There is a current interest in understanding genetic progressions at the solitary 
fragment level and applying them for potential forthcoming uses in nano-biotech-
nology. Single molecule-enabled probe studies have opened up exciting research 
avenues, particularly in nanoscience, for the improvement of versatile biomolecule-
based (Morales-Narváez and Merkoçi 2019) technology.

Due to variation on their exterior to capacity ratio, surface characteristics, and 
ionic conductivity, as well as excellent stability, nanomaterials have enabled the 
production of ultrasensitive biosensors. They were applied towards targeted deliv-
ery and wiring of metabolites to the surface of the electrode, to facilitate biochemi-
cal response and to transmit a gesture of proceedings of bio-recognition. 
Nanomaterials, including nanoparticles, nanowire, nano-needle, nano-sheet, nano-
tube, nano-rod, and nano-belt, for biosensing have been documented in several 

Fig. 19.2 Diagrammatic 
representation of bio- 
electrode in the 
improvement of biosensor 
for the hydrogen peroxide 
grit in optimal condition
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research papers (Sadik et al. 2009) as shown in representative Fig. 19.3. Application 
of modified carbon nanotube (CNT) electrodes, gold nanoparticles for ionic, 
immune-sensors, nanostructured sensors were applied based on Low-potential 
NADHA (Munge et al. 2011; Jiang et al. 2014), biosensing based on nanoparticles 
(Loiseau et al. 2019), and nanowire as sensing materials (Ramgir et al. 2010) are 
just a few significant examples.

19.2  Nanotechnology-Based Sensors for Food Analysis 
and Monitoring of Food Security

Better health is crucial to human well-being and happiness and makes a significant 
contribution to economic progress (WHO. 2020). Therefore, the world is focused 
on the issues of food safety (Wang et al. 2013). Several well-known food detection 
technologies are already being exploited for detection such as sensor methods, chro-
matography, chemical detection methods, immune methods, enzyme hydrolysis, 
and biological methods (Heo et al. 2012; Jadzinsky et al. 2007; Peng et al. 2012). 
However, these methods need tedious and time-consuming processes for detection 
and therefore limit their application in foods. With the advent of nanoscience and 
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nanotechnology, an alternative rapid test becomes possible (Mohanty et al. 2009; 
Viswanath 2004). Nano-sensors allow safety assurance in food processing chain 
through data curation (Neethirajan and Jayas 2011). Solicitations of nano- sensors in 
the domain of food sector are discussed below.

19.2.1  Nutrients (Antioxidants and Sugars)

Nano-sensors have been applied in food industry to detect vitamins and antioxidant 
components in foods as they are easily degraded during food processing and stor-
age. Folic acid (FA) is an important component of the hematopoietic system, and 
absence of FA gives rise to leucopoenia, gigantocytic anemia, devolution of mental-
ity and psychosis, heart attack, carcinogenesis, etc. (Rao et al. 1978). Multi-walled 
carbon nanotube (MWNT) and single-walled carbon nanotube (SWCNT)-ionic liq-
uid nanocomposites have been reported for the detection of FA in fruit juices, wheat 
flour, and milk samples (Wei et al. 2006; Xiao et al. 2008). (Ensafi et al. 2012). 
Likewise, NiO nanoparticle were towards sensing the ascorbic acid (Vitamin C) 
(Karimi-Maleh et al. 2014). In another similar study, Taei et al. (2016) designed a 
MWNT modified with magnetic nanoparticles for the instantaneous grit on ascorbic 
acid and could be used for pharmaceutical and biological samples. The red wine 
antioxidant capacity can be attributed to its phenolic contents. Tyrosinase enzyme 
applied towards immobilized gold-based nanoparticles was developed to identify 
the quality of phenols (gallic acid, catechol, chlorogenic acid, caffeic acid, and pro-
tocatechualdehyde) in white wines (Liu et  al. 2003; Sanz et  al. 2005). Another 
important feature of nano-sensors is to determine the fruit maturation and ripening 
by measuring glucose, sucrose, and ascorbic acid concentrations (Jawaheer 
et al. 2002).

19.2.2  Toxins

Toxins produced by microorganisms cause a serious health concern around the 
world. Toxins are generally produced in self-defense by microorganisms (Kumar 
et al. 2017). Therefore, it is important to develop sensitive and quick methods to 
detect toxins in foods and related products (Franz et al. 1997; Zhou et al. 2009). 
Food products contaminated with Aspergillus parasiticus and Aspergillus flavus 
produce carcinogenic toxin called aflatoxins. To detect these toxins in food prod-
ucts, gold nanoparticles decorated with anti-aflatoxin antibodies were used. 
Similarly, to detect aflatoxin M1 in milk sample, Agilent magnetic beads containing 
anti-aflatoxin M1 antibodies and gold nano-probes have also been used (Dinckaya 
et al. 2011; Paniel et al. 2010; Radoi et al. 2008; Wang et al. 2011). Seafood gener-
ally contaminated with marine toxin is called palytoxin. For the identification of 
toxin in Pteriomorphia (marine mussels) meat, carbon-based nanotubes-luminous 
biosensors have been applied (Zamolo et al. 2012).
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19.2.3  Adulterants

Food adulteration adversely affects human health and becomes a global health con-
cern. The adulterant present in foods can induce diarrhea and vomiting to paralysis 
and even death (Kumar et al. 2017). Food adulterant at lower level applied through 
repetitive recognition system is a competitive work. Melamine is basically compost; 
however, its uses as contaminant in peptide-enhanced produces, e.g., biscuits, eggs, 
coffee drinks, and candies, are well documented. Gold-based nanoparticles were 
designed to sense melamine (at picomolar) in infant formulas and domestic milk 
products (Vasimalai and John 2013). Sudan I (red dye) was tainted with red pepper 
powder; it is already recognized as carcinogenic. MWCNT-functionalized biosen-
sors have been used to detect adulteration (Yang et al. 2010).

19.2.4  Residual Veterinary Antibiotics and Pesticides

Chloramphenicol originally isolated from Streptomyces venezuelae is cost-effective 
but a toxic broad-spectrum antibiotic used in bees to cure infection. As a result of 
continuous use of this antibiotic, honey gets contaminated (Kumar et  al. 2017). 
Nanoparticles produced from polyethylene glycol have been applied for chloram-
phenicol detection in honey samples (Kara et al. 2013). Xie et al. (2017) designed a 
hybrid molecularly imprinted polymer with a surface-enhanced Raman spectros-
copy (SERS) sensor for the selective detection of chloramphenicol in milk. 
Nanoparticles-based nano-sensors are already being employed for the detection of 
pesticides in foods. Among the various pesticides, the most common one is organo-
phosphates (Vamvakaki and Chaniotakis 2007). Nanoparticles fabricated from gold 
have been used based on fluorometric and colorimetric sensors for the detection of 
carbamate and organophosphorus pesticides (Lin et al. 2012). Acetamiprid is a pes-
ticide which poses potential health risk to humans. Jokar et al. (2016) designed a 
biosensor based on aptamer-silver nanoparticles for the detection of acetamiprid. 
Pesticides residues in agricultural products can also be detected by ligand-free car-
bon dots sensors (Chang et al. 2017).

19.2.5  Pathogens

The main cause of food spoilage and foodborne diseases is the presence of patho-
genic bacteria in foods. The detection of these bacteria can be performed by identi-
fying whole bacterial cell or bacterial deoxyribonucleic acid (DNA) (Ahmed et al. 
2014). Nanoparticles-assisted DNA isolation and detection of bacteria has shown 
promising results as it was more sensitive and less time-consuming as compared to 
other conventional procedures (Kumar et  al. 2017). Banerjee et  al. (2016) and 
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Banerjee et al. (2017) designed multiparametric magneto-fluorescent nano-sensors 
which can detect Escherichia coli O157:H7 contamination with as little as 1 colony- 
forming unit present in solution within less than 1 h. Magnetic iron oxide nanopar-
ticles were used to isolate DNA from pathogenic Listeria monocytogenes bacterium 
in milk samples and were further quantified by polymerase chain reaction (PCR) 
(Yang et al. 2007). Varshney et al. (2005) designed magnetic nanoparticle-antibody 
conjugates and reported that the magnetic nanoparticles showed higher capture effi-
ciency of E. coli O157:H7 in ground beef samples. The 16 s ribosomal ribonucleic 
acid (rRNA) is mainly used as a selective marker for PCR-based microbial detec-
tion. However, 16  s rRNA microarray method is expensive and lacks sensitivity, 
while the nanoparticles-based detection method is easy and sensitive (Call et  al. 
2003; Joung et al. 2008).

19.2.6  Heavy Metals

Heavy metal ions (Pb2+, Cd2+, Hg2+, Ag+, and Cu2+) present in food resources and 
water have threatened human safety and environment. Ratiometric sensors for 
detecting Cu(II) for vegetable and fruit samples have been developed by integrating 
carbon dots with organic fluorescent dyes, quantum dots, and rare earth metal ions 
(Rao et al. 2016). Babar et al. (2019) designed a cost-effective gold nano-textured 
electrode for the selective detection of arsenic in food chain and water. This electro-
chemical gold nano-textured electrode is also applicable for arsenic detection in a 
complex system containing Fe2+, Pb2+, Hg2+, Cu2+, Ni2+, and other ions for the selec-
tive and sensitive analysis. In a recent study, optical dual-mode nano-sensors based 
on gold nanoparticles and carbon dots were able to visibly detect arsenic (iii) in 
water (Li et al. 2020). A turn-on nano-sensor was designed for the detection of Hg2+ 
in tap water and milk samples based on the fluorescence resonance energy transfer 
between long-strand aptamers-functionalized upconversion nanoparticles and short- 
strand aptamers-functionalized gold nanoparticles and showed good selectivity and 
precision (Liu and Corma 2018).

19.3  Application of Nanomaterials in Active and Functional 
Packaging for Smart Packaging Concepts

With the increasing demand for the quality, safety, and the shelf-life of food from 
consumers and food industries, effective and innovative food packaging such as 
smart packaging is gradually taking place with the development of nanotechnology 
(Biji et al. 2015; Mlalila et al. 2016), which could extend and implement all the 
principles of packaging and provide novel material to help improve mechanical, 
barrier, and antimicrobial properties as well as monitor the food during transport 
and storage (Silvestre et al. 2011). Smart packaging could utilize different kinds of 
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sensors including chemical sensors or biosensors to monitor the quality and safety 
of the packaged products such as food, pharmaceuticals, or health and household 
products via testing freshness, microbials, leakages, environmental gas composi-
tion, pH, time or temperature (Kuswandi et al. 2011; Schaefer and Cheung 2018), 
which is divided into active packaging and intelligent packaging (Kerry et al. 2006).

19.3.1  Time-Temperatures Indicators (TTI)

Intelligent packaging monitors the product quality and environment conditions dur-
ing the distribution, transportation, and storage (Biji et al. 2015). Time-temperature 
indicators (TTI) are simple, cost-efficient and easy to use for monitoring the effect 
of temperature on quality and safety from farm to consumers in real time 
(Giannakourou et al. 2005; Pereira et al. 2015). Various food categories including 
vegetables (Bobelyn et al. 2006), meat (Kim et al. 2013), milk (Lu et al. 2012), and 
marine products (Myung-Kee et al. 2018) under chilling or frozen condition were 
monitored and evaluated by TTI, also named external indicators since they are 
attached outside the package.

19.3.2  Antimicrobial Active Packaging

Antimicrobials inside the package showed efficient inhibition for the growth of 
spoilage microorganisms and pathogens, including organic acids, bacteriocins, 
enzymes, and polysaccharides (Cruz-Romero et  al. 2013). The incorporation of 
antimicrobials and active packaging system provide potential applications of novel 
packaging materials for shelf life prolonging and quality and safety improvement. 
Further, nano- sized antimicrobials showed higher antimicrobial properties when 
compared with normal equivalents (Cruz-Romero et al. 2013). Volatile antimicrobi-
als are also effective with advantage of penetrating most of the food without direct 
contact with food, which was applied in ground beef package (Nadarajah et al. 2005).

19.3.3  Active Packaging Incorporating Gas Scavengers

Active packaging changes the internal condition of the package for shelf life exten-
sion and quality and safety improvement via different strategies such as oxygen 
scavengers, carbon dioxide absorbers and emitters, and ethylene scavengers 
(Ahvenainen 2003; Mahieu et al. 2015). The oxygen or carbon dioxide indicators 
belong to internal indicators since they are inside the package. Oxygen scavengers 
could help maintain the product quality through absorbing the residual oxygen after 
packaging, and different chemical principles such as iron powder oxidation, ascor-
bic acid oxidation, and photosensitive dye oxidation are incorporated in commercial 
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oxygen scavengers, which are easy to see by visual color changes after oxidation 
(Biji et al. 2015).

It can be applied as single or combined with modified atmosphere packaging. 
Carbon dioxide may be added inside the package to inhibit the microbial growth 
and reduce the respiration rate of certain product or removed by carbon dioxide 
scavengers in fresh roasted coffees (Biji et al. 2015; Lopez-Rubio et al. 2004).

19.3.4  Smart and Intelligent Packaging

As expected, smart packaging will reach $ 26.7 billion in the global market by 2024, 
and it provides promising opportunities based on digitization and shows potential 
applications in Industry 4.0 (Schaefer and Cheung 2018). Based on the development 
of sensors and materials to indicate the product quality, safety, and shelf life, the 
needs of consumer and industry will be matched by combinations of one or more 
types of smart packaging.

19.4  Intelligent Medicine Packaging

The most prominent feature of the technologies towards the Internet of Things is the 
ability to be omnipresent. Patients who are old or with serious diseases cannot fol-
low their doctor’s instructions resulting in a non-compliance of medication intake. 
Doctors often do not detect this problem, and the abuse of the prescription can lead 
to serious and life-threatening complications. In event of this, an intelligent medi-
cine packaging system is the need of the hour to dispense and remind patients and 
to track the bestowed medication as well (Hechtman 2018). Hence, the RFID tech-
nology is gaining popularity in recent years to cater to all these growing demands 
(Odważny et al. 2018). In an ideal scenario, it should be able to reach every item in 
the complete framework (Al-Khafajiy et al. 2018). The system should be designed 
in a way that it is able to record the medicinal activity of each tablet, track each 
medicine package, and then also provide the patient with the complete prescription 
information (Hanina et al. 2018).

In order to achieve this, the smart device should have an intelligent and an inter-
active packaging. It should be able to execute all the benefits of IoT naturally and be 
reasonably priced too. Bearing this in mind, the interactive and intelligent medicine 
packaging (Fig. 19.4a) is a suitable device that caters to all the needs for this pur-
pose (Siu 2018). This medicine packaging integrates features like communication, 
sensing, display, and RFID, along with other functions of the basic packaging 
framework (Odważny et al. 2018). Integrating the display and the paper-based actu-
ators results in the packaging being aware of the customers’ presence and also 
informs them about what is going on (Aydindogan et al. 2018). This packaging will 
result in path breaking transformations in the corporate world.
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Conventional transformation of information has been static, and that would 
change into dynamic (Chiang et al. 2018). Traditional flow of information has been 
unidirectional from the product to the customer, and now it would be bidirectional 
from both the customer to the product and the product to the customer (Sun et al. 
2018). The role of the packaging which was once passive and controlled by the 
customer would transform to active where it could be either self-controlled by the 
person or remotely controlled too. Packaging that once had the sole responsibility 
of containing and protecting the goods can be given more responsibilities and func-
tionalities (Riedel 2018). It assumes the role of a medium of communication 
between the customer and the manufacturer or supplier. It transforms into a pre-
senter of information, a collector of information, and an on-site seller and also has 
the ability to execute certain operations.

When we take into account the applications in the health-IoT field, an intelligent 
and interactive packaging could be accessed electrically through touch sensing. It thus 
results in offering answers to the management of preventive medication (Siu 2018). 
The iMedBox sends commands to the respective iMedPack which in turn returns 
information on the medicine slots opened and intact slots, and consequently patients 
are given timely reminders to avoid a misuse of the medication (Le et al. 2018).

Fig. 19.4a Application scenario for the proposed iHome Health-IoT system
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19.5  . Structural Design of the iMedBox

The system is designed by integrating multiple interfaces together in the iMedBox 
(Pontes 2018). These include the touch screen, the LCD display, a microphone, 
speakers, LED lights, vibrators, and a camera (Francois 2018). The following are 
the distinctive features: It can be connected to the WiFi or 4G/5G communication 
network for communication, access to the database, and information sharing 
(Kryszkiewicz et al. 2018) (Fig. 19.4a). It is also connected to the Global Positioning 
System for support that could be rendered to the exact location. The WBSN feature 
helps with data collection and star-topology networking (Sodhro et al. 2018). The 
RFID feature helps with the management of the medicine inventory, its compliance, 
and CDM controlling.

The architecture of the iMedBox is different from the conventional packages 
with the inclusion of control circuits and CDM films. The CDM film is made up of 
a three-layered foil with the top layer made of aluminum, the middle layer made up 
of an electrochemical epoxy with adhesive properties, and the bottom layer made up 
of aluminum (Gray et al. 2018) (Fig. 19.4b). When the voltage between the top and 
bottom layers is greater than the threshold voltage, there is an electrochemical reac-
tion that is instigated in the middle. It is important to consider certain parameters of 
time and voltage during the manufacture of the material, or else it may result in the 
epoxy layer getting shattered (Chen and Zhang 2018). The CDM’s role is to prevent 
the function of the intelligent and interactive packaging in case of non-compliance. 
The adhesive glue on the CDM’s middle layer cannot be opened with a human’s 
bare hands and has to only be accessed by sending a command to OPEN to the 
microchip located in the intelligent package (Karlsson et al. 2018). Thus there is a 
dedicated part of CDM which is controlled individually for each tablet. This results 
in an exclusive control of every capsule by the intelligent package (Lee et al. 2018). 
Consequently, a tablet by tablet compliance is achieved as per the prescription.

The energy required to open the CDM could be provided wirelessly with the near 
field magnetic resonance, or it could also be self-powered with a battery. Both of 
these ways are contemporary and will have the desired outcomes (Karlsson et al. 
2018). The iTag comprises a WBSN interface, biomedical sensors, batteries, and a 
low-power MCU (Sodhro et al. 2018). This device has breathtaking advantages in 
the sensing capabilities and communication distance in comparison with the self- 
powered and battery-less devices.

This paradigm shift has three aspects, as seen in Fig. 19.4c: (1) Healthcare infor-
mation systems (HIS) inter-organizational implementation: The information sys-
tems (ISs) [87] of all stakeholders participating in the Health-IoT production chain 
form the backbone of the iHome Health-IoT framework. Cloud computing [87] has 
provided a viable environment for such inter-organizational convergence against the 
so-called Health-IoT-in-Cloud. (2) HIS cross-border development: The iHome 
Health-IoT system’s in-home terminal, iMedBox, serves as a connection between 
in-home healthcare devices and the HIS. The stakeholders’ ISs can be efficiently 
expanded to a patient’s home by installing individual applications in the iMedBox. 
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As a result, the IHIS exists in the form of both businesses and consumers’ homes as 
the so-called Health-IoT-at-Home. This is in line with the previously stated pattern 
of medical services shifting from hospital-based to home-based [85]. (3) HIS per-
sonalization: Personalized programs will be the predominant method of healthcare 
in the future. Wearable biomedical applications with ultra-low power and low cost, 
such as Bio-Patch, allow personalized HIS access to patients’ bodies, resulting in 

Fig. 19.4b Architectural design of the iMedBox

Fig. 19.4c Integrated HIS enabled by the proposed iHome Health-IoT system

R. Chelliah et al.



567

the so-called Health-IoT-on-Body. As a result, HIS knowledge and contact can be 
handled at the level of a single individual’s body.

We created the Health-IoT platform with the current and future relevance of IHIS 
and IoT in the e-health sector in mind. It can be used in patient’s homes and nursing 
homes. The proposed device combines SoC technology, material technology, and 
advanced printing technology to create a patient-centric, self-assisted, fully auto-
mated intelligent in-home healthcare solution. Environmental surveillance, vital 
sign acquisition, drug control, and healthcare facilities are only a few of the cases 
where the established functions can be used. The creation of several smart devices, 
including Bio-Patch, iMedPack, and iMedBox, to realize the vision of iHome 
Health-IoT is described in this article.

19.6  Unobtrusive Biosensor

The fundamental target of unpretentious detecting is to empower persistent check-
ing of actual exercises and practices, just as physiological and biochemical bound-
aries during the everyday life of the subject. The most normally estimated imperative 
signs include ECG, ballistocardiogram (BCG), pulse, circulatory strain (BP), blood 
oxygen immersion (SpO2), center/surface internal heat level, act, and actual exer-
cises (Zhang and Poon 2013). Unpretentious detecting can be actualized in two 
different ways: (1) sensors are worn by the subject, e.g., as shoes, eyeglasses, ear-
ring, apparel, gloves, and watch, and (2) sensors are installed into the encompassing 
climate or as savvy objects associating with the subjects, e.g., a seat (Wu et  al. 
2006), (Baek et al. 2012), vehicle seat (Walter et al. 2011), sleeping pad (Gu et al. 
2009), reflect (Poh et al. 2011a, b), controlling wheel (Gomez-Clapers and Casanella 
2012), mouse (Lin et al. 2011), latrine seat (Ko Keun et al. 2004), and restroom 
scale (Inan et al. 2012).

Data can be gathered by a cell phone and communicated remotely to a distant 
place for capacity and examination. In the accompanying area, we will talk about 
some inconspicuous detecting techniques for the securing of fundamental signs. 
Figure 19.5 gives a diagrammatic representation of the distinctive impact classifica-
tions and how they identify with organ action just as to the deliberate crucial signs 
(Leonhardt et al. 2018).

19.6.1  Capacitive Sensing Method

Capacitance-coupled detecting strategy is ordinarily utilized for estimating biopo-
tentials, for example, ECG, electroencephalogram (EEG), and electromyogram 
(EMG) (Baek et  al. 2012; Chi et  al. 2009). The skin and the terminal structure, 
which compresses the two layers of a capacitor without a direct contact on body, 
which helps in sensing minor issues, such as skin disease. Some run of the mill 
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executions of capacitive ECG detecting are summed up in Table 19.1; capacitive 
detecting can additionally be utilized for different applications, for example, respi-
ratory estimation, e.g., utilizing a capacitive material power sensor meshed into 
attire (Hoffmann et al. 2011), or a capacitive electrical field sensor cluster put under 

Fig. 19.5 Unobtrusive biosensor impact classification and health monitoring system (point-of- 
care (POC) diagnostics play an important role in delivering healthcare, particularly for clinical 
management in different organ and surveillance). Brief sensor platform for health monitoring. A 
major distinction can be made between non-invasive and invasive applications, including wearable 
sensors for monitoring biophysical, biochemical, and environment signals and implantable devices 
for the nervous, cardiovascular, digestive, and locomotors system

Table 19.1 Various usages of capacitive ECG sensors 

Systems Area of ECG electrodes
Measured signals and 
parameters

BP monitoring chair Chair pad and arms ECG,PPG,HR,BP
Non-contact chair-based system Chair back ECG,PPG,HR,BP
Sleeping bed Bed pad ECG,PPG,HR,BP
Wearable ECG systems Cloth and bed ECG
Aachen smart chair Chair backrest and pad ECG
Ambulatory ECG monitoring over 
cloth

Integrated on underwear ECG

Textile integrated long-term ECG 
monitor

Incorporated into piece of 
clothing

ECG

Non-contact ECG/EEG electrodes Implanted inside texture and 
attire

EEG,ECG

Remote wearable ECG sensor Unified into cotton T-shirt ECG
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a dozing sleeping pad (Wartzek et al. 2011). The significant difficulties in planning 
these non-contact terminals lie in the high contact impedance because of the round-
about contact and the capacitive befuddle brought about by movement ancient rari-
ties (Chi et al. 2009). It might make low flag clamor proportion and in this manner 
lead to difficulties in the frontend simple circuit plan. The information impedance 
of the speaker must be amazingly enormous (>1 Tω) to decrease the shunt impact 
framed by the capacitor and the information impedance. In addition movement 
antiquities may turn out to be huge in noncontact detecting. A few strategies have as 
of late been proposed to overcome these issues to accomplish strong estimation in 
commonsense circumstances. For example, the gradiometric estimation procedure 
presented by Ache et al. can significantly decrease movement antiques (GuoChen 
and Bocko 2013).

19.6.2  Photoplethysmographic Sensing Method

Photoplethysmographic (PPG) detecting, which includes a light source to discharge 
light into tissue and a photograph locator to gather light reflected from or sent 
through the tissue, has been generally utilized for the estimation of numerous fun-
damental signs, for example, SpO2, pulse, pulse rate, and BP. The sign estimated by 
this strategy speaks to the pulsatile blood volume changes of fringe microvascula-
ture incited by pressure beat inside each heart cycle. Customarily, the detecting unit 
is in direct contact with skin. Ongoing examination has indicated that sensors can be 
coordinated into everyday living extras or contraptions like earring, glove, and cap, 
to accomplish unpretentious estimation. Different kinds of PPG estimating gadgets 
at various locales of the body are summed up in Table 19.2. As of late, Jae et al. 
(2009) proposed a backhanded contact sensor for PPG estimation over attire. A 
control circuit was embraced to adaptively change the light power for different sorts 
of clothing. Then again, Poh et al. (2011a, b) indicated that pulse and breath rate can 
be gotten from PPG that was distantly caught from a subject’s face utilizing a basic 
computerized camera. In any case, the fleeting goal of the blood volume distin-
guished by this technique is limited by the example pace of the camera (up to 30 
casings for every second), along these lines influencing its exactness.

19.6.3  Model-Based Cuffless BP Measurement

Sphygmomanometer, which has been utilized longer than a century for BP estima-
tion, works dependent on an inflatable sleeve. Customary strategies, for example, 
auscultatory, oscillometric, and volume clip are not appropriate for subtle BP mea-
surement. Pulse-wave proliferation strategy is a promising procedure for unpreten-
tious BP estimation. It depends on the connection between beat wave speed (PWV) 
and blood vessel pressure concurring to Moens-Korteweg condition. Heartbeat 
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travel time (PTT), the complementary of PWV, can be promptly gotten from PPG 
and ECG in a subtle manner. Different straight and nonlinear models that commu-
nicated BP as far as PTT have been created for cuffless BP assessment. The subject- 
subordinate boundaries in BP-PTT model should be resolved first when utilizing 
this approach for BP estimation. A very simple way to execute singular alignment is 
to utilize the hydrostatic weight approach, where the subjects are needed to hoist 
their hands to explicit statures above/beneath the heart level (Poon et al. 2006).

A hypothetical connection between PTT, BP, and stature can be written in (Zhang 
and Poon 2013), as appeared at the lower part of the page, where b is the subject 
ward boundary portraying the conduit properties, L is the separation gone by the 
beat, Ph is the hydrostatic weight ρgh, and Pi is the inside weight. Utilizing the 
proposed model, the individualized boundaries in BP-PTT model can be resolved 
from some straightforward developments. This model-based cuffless BP estimation 
technique can be actualized in an assortment of stages for unpretentious checking. 
In spite of the fact that the precision of this technique has been approved in numer-
ous ongoing examinations (Poon and Zhang 2005), there are worries over the utili-
zation of PTT as a substitute estimation of BP. It has been perceived that the major 
puzzling variables in the current relationship of BP and PTT are vasomotor tone and 
pre-launch period (Payne et al. 2006). New models ought to be created to remember 
these frustrating elements for request to investigate the capability of PTT-based 
strategy for unpretentious BP estimation in future.

Table 19.2 PPG estimating gadgets at various destinations of the body

Devices Area of sensor/operation mode Measured parameters

PPG ring Finger/reflective Heart rate variability, SpO2
Pulsear External ear cartilage/reflective Heart rate
Forehead mounted 
sensor

Forehead/reflective SpO2

e-AR Posterior and inferior auricular/
reflective

Heart rate

IN-MONIT system Auditory canal/reflective Heart activity and heart rate
Glove- and hat-based 
sensor

Finger and forehead/reflective Heart rate and pulse wave transit 
time

Ear-worn monitor Superior auricular/reflective Heart rate
Headset Earlobe/transmissive Heart rate
Heart-phone Auditory canal/reflective Heart rate
Magnetic earing sensor Earlobe/reflective Heart rate
Eyeglasses Nose bridge/reflective Heart rate and pulse transit time
Ear-worn PPG sensor Earlobe/reflective Heart rate
Smartphone Finger/reflective Heart rate
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19.7  Other Types of Unobtrusive Sensing Methods

Strain sensors are usually used to gauge body movement, for example, breath, heart 
sound, and BCG. Piezoelectric link sensor, whose detecting component is piezo-
electric polymer, has been utilized for breath rate observing (Senior et al. 2010). 
Adaptable and dainty sensors, for example, piezoresistive texture sensors (Paradiso 
et  al. 2005), and film-type sensors like polyvinylidenefluoride film (PVDF)- and 
electromechanical film (EMFi)-based sensors (Rajala and Lekkala 2012) have been 
broadly utilized for cardiopulmonary applications because of the ease of being 
inserted into dress or everyday objects like seat or bed. Near examination has led to 
assess the exhibitions of the two distinctive strain sensors in the estimation of body 
movement (Karki and Lekkala 2009). They have demonstrated that lone little con-
trasts were found in pulse estimated by PVDF-based and EMFi-based sensors par-
ticularly at prostrate stance, which was potentially caused by their various 
sensitivities to various power parts.

Inductive/impedance plethysmography is another generally utilized strategy for 
respiratory estimation and has been created in the types of garments and material 
belt (Karki and Lekkala 2009; Zhang et al. 2011). Two sinusoid wire curls situated 
at rib confine and the mid-region are driven by a current source that produces high- 
recurrence sinusoidal current. The development of the chest during breath causes 
changes of the inductance of the curls and consequently regulates the sufficiency of 
the sinusoidal current, from which the respiratory sign can be demodulated. An 
ongoing report thought about the exhibitions of four distinct techniques for wear-
able breath estimation, including inductive plethysmography, impedance plethys-
mography, piezoresistive pneumography, and piezoelectric pneumography, and 
indicated that piezoelectric pneumography gave the best heartiness to movement 
antiques for respiratory rate estimation (Poon and Zhang et al. 2005).

Optical filaments have likewise been received for unpretentious observing by 
implanting them into day-by-day articles or garments. As opposed to electronic sen-
sors, they are safe to the electromagnetic obstruction. As of late, fiber Bragg grind-
ing has been proposed as a vibration sensor for BCG estimation, in light of the way 
that the Bragg frequency is connected with the grinding time frame because of the 
body vibration brought about by breathing and cardiovascular withdrawals (Lanata 
et al. 2010). A pneumatic pad dependent on this strategy has been created to screen 
the physiological states of pilots and drivers (Lanata et al. 2010). D’Angelo built up 
an optical fiber sensor installed into a shirt for respiratory movement location 
(Dziuda et al. 2012).

Other far off detecting techniques have likewise been proposed for inconspicu-
ous physiological estimation, for example, recurrence balanced nonstop wave 
Doppler radar for BCG measurement and radiometric detecting for internal heat 
level estimation (Postolache et al. 2010).
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19.8  Concept of the Flexible Bio-Patch

The extensive use of multimedia healthcare systems and recent advances in nano-
technology have paved the way for more pervasive and personalized healthcare sys-
tems in the forms of remote health monitoring and digitalized telemedicine. The 
integration of nanotechnology and medicine with electronic networks has led to the 
invention of a vast variety of nano-biosensors for healthcare monitoring through 
which all the real-time vital physiological signals of the body can be measured with 
full accuracy and reliability for clinical diagnosis and analysis. As all the bio-signal 
monitoring devices used in hospitals are bulky with electrodes and wires and lim-
ited to one bio-signal per device, various attempts are made to construct new and 
improved wearable biosensing devices in nanoscale range which can detect all the 
physiological bio-signals in a single device for continuously monitoring daily life. 
The flexible, wearable nano-sensors are the part of rapidly growing industry of por-
table devices for point-of-care (POC) monitoring (Ray and Joseph 2013) (Fig. 19.6).

The characteristics of the new wearable and flexible biosensors are that they 
should be flexible and less cumbersome and should be able to detect the different 
biological signals efficiently and should establish a stable sensor network for 

Fig. 19.6 Overview on the working of flexible devices for POC diagnosis. (We discuss recent 
advancements in the multiplexing capabilities and sensitivity of paper-based POC diagnostics and 
then discuss the development of flexible polymer-based POC diagnostics for sensing biological 
targets, as well as their prospective uses as wearable devices)
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multichannel measurements. The construction of wearable nano-sensors requires a 
flexible substrate coated with a conducting polymer and a sensing element (bioac-
tive element) on which the electrode patterns are printed. A transducer is also used 
to transduce the biological signals from the sensing element. The biosignals reflect-
ing the parameter of interest like temperature, blood glucose level, blood pressure, 
pulse rate, and O2 and CO2 levels are then converted programmatically into read-
able outputs. The substrates widely used in the nano-sensors are the Bio-Patches 
which are used for wide range of medical applications.

The Bio-Patches used as disinfectants to prevent infections after surgery, injec-
tions, and skin injury are disc-shaped and cannot be used for constructing the wear-
able nano-sensors. Hence flexible substrates like polyamide, paper, silk, polyethylene 
terephthalate (PET), and polydimethylsiloxane (PDMS) should be used (Mata et al. 
2005). The Bio-Patches which are to be used as substrate for nano-sensors should 
be wear-resistant and fracture-resistant and should be bendable and conformable 
with good stretchability (Wang et al. 2016; Yang et al. 2017; Han et al. 2017). As a 
result, it would be mandatory to select and synthesize Bio-Patch materials which 
would be innately flexible and stretchable with good electronic attributes.

Point-of-care (POC): patient care in the emergency room, in primary clinics, at 
home, or in other nonhospital settings where diagnosis can be made and treatment 
can be administered. Surface-enhanced Raman scattering (SERS): a spectroscopic 
approach that can detect chemical and biological species down to a single molecule 
without labeling.

19.9  Synthetic Substrate Materials

Synthetic polymers are most commonly used as Bio-Patch substrates as they enable 
the formation of low-cost flexible architecture very efficiently. Polydimethylsiloxane 
(PDMS) is widely used in biomedical devices and nano-sensors due to its character-
istics like non-toxicity, high elasticity, chemical inertness, oxygen permeability, and 
thermal stability. The electrodes for biosensing can also be easily implanted as it is 
a good conductive material (Mata et al. 2005). Polyethylene terephthalate (PET), a 
synthetic polyester fiber, has proved to be a good alternative to silicon Bio-Patches 
due to its features like inertness, low cost, and mechanical properties (Ahani et al. 
2011). It is also conformed into varied structures and shapes by pressing into ultra-
thin films to create high contact surfaces with optical transparency (MacDonald 
2004). Polyethylene naphthalate (PEN), a synthetic polyester, also serves as a good 
plastic substrate due to its chemical, thermo-oxidative and UV resistance (Murakami 
et al. 1995). It also has good intrinsic flexibility and bendability though having more 
rigidity than PET. Both PET and PEN prove as a good layer for attaching functional 
components like nanoparticles, metal oxides, and conducting elements to form thin 
structures (Lechat et al. 2006). The screen printing technology has further made it 
more convenient to assimilate fabricated microelectrodes and other microdevices 
(Mościcki et al. 2017). With excellent dielectric and structural stability and tensile 
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strength, Polyamides (PI) are also prepossessing substrates with good efficiency, 
biocompatibility, and efficiency at low cost (Lee et al. 2004).

Paper is an inexpensive substrate which can be used or conformed into paper- 
based structures to be used as a Bio-Patch for wide variety of sensing techniques 
like optical, electrochemical, and electrical sensing to detect the bio-target (Parolo 
and Merkoçi 2013). Due to its thin and porous structure, paper is easily transformed 
into composites. It also enables easy fabrication of paper-based electrodes using 
processing modalities like screen printing, inkjet printing, nano-patterning, etc. 
(Siegel et al. 2010). Since, the tensile strength of paper is weak and is easily recep-
tive to tearing, bioactive paper is produced by incorporating the composites of paper 
with other biomaterials. For example, cellulose fibers and nanofibers (CNF) are 
integrated with strengthening polymers like glyoxalated polyacrylamides (GPAM) 
and/or polyamide epichlorohydrin (PAE) (Pelton 2009).

Textiles and fibers like wool, cotton, and synthetics (nylon, polyester, etc.) serve 
as attractive novel materials to be used as Bio-Patches in nano-sensors and can also 
be easily integrated with conductive materials by employing the various fabrication 
techniques. Also they have appreciable durability, stability, and intrinsic flexibility 
(Ding et al. 2010). Bio-derived materials like gelatin, silk proteins, and polysaccha-
rides have been proposed as substrates for Bio-Patches for flexible nano-sensors. 
Silk is a naturally occurring polymer where the silk proteins can be fabricated as 
gels, fibers, sheets, and films (Altman et al. 2003). It is mechanically strong as tex-
tile and provides optical transparency as thin and ultrathin films (Jiang et al. 2007; 
Lawrence et al. 2008). The films are incorporated with conducting polymer inks to 
be used as flexible biosensors (Pal et al. 2016). Cellulose and chitin have also been 
reported to have been used as substrates and components for electrochemical bio-
sensors (Benight et al. 2013).

An enthralling strategy to disseminate flexibility to the Bio-Patches and devices 
is by the use of specific nanoscale architectures or designs which facilitates bend-
ability and stretchability (Fan et al. 2014; Wang et al. 2015; Ning et al. 2018). The 
advancements in nanofabrication techniques have enabled the transformation of 
stiff and highly rigid inorganic and organic compounds like quartz, silicones, and 
metals to form ultra-thin films and circuits employing ultra-thin (nanoscale) struc-
tures. Flexible electronics and nanoscale biosensors are constructed by techniques 
like cutting, folding, and buckling (Kim et al. 2012). During all these techniques of 
mechanical deformation (i.e., rolling, twisting, bending), the intrinsic characteris-
tics of the Bio-Patches are retained by the use of highly conductive materials such 
as gold, copper, and silver (Au, Cu, Ag) (Xu et al. 2019).

Binding of biosensing elements to the Bio-Patch like the other biosensors, even 
the flexible nano-sensors involve the incorporation of sensing elements like biologi-
cal components coupled with transducers to the Bio-Patch which is the substrate in 
the case of small flexible nano-sensors for the detection of specific analytic for the 
quantitative measurement of biochemical parameters. Enzymes, antibodies, whole 
cells, aptamers, and polysaccharides are some of the biomolecules used for the 
detection of the analyte (Kergoat et  al. 2012). The flexible Bio-Patches must be 
integrated with the biomolecules in a way such that the biomolecules do not 
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delaminate and detach from the Bio-Patch during interaction with the analyte and 
ensure longevity and proper functioning.

Also the Bio-Patch should be compatible with the biological sensing element as 
it decides the specificity and sensitivity of the nano-sensor. The biomolecule used as 
sensing element for the analytic detection must also have good stability to remain 
associated with the Bio-Patch substrate even under mechanical shocks. The biologi-
cal sensing element can be immobilized onto the Bio-Patch substrate through cova-
lent and non-covalent bonding employing different linkage chemistries (Zhu et al. 
2015). At present, owing to their use in electrochemical detection, low cost, high 
specificity, and strong affinity, enzymes are the most preferred bio-receptors/bio-
molecules as sensing elements in flexible nano-biosensors (Liao et  al. 2015). In 
flexible nano-biosensors, the biological events between the analytic and the biomol-
ecule are generated as electronic and electrochemical signals to the transducer and 
to a lesser extent as optical signals due to their high sensitivity, portability, and reli-
ability (Wang et al. 2015). The electrodes are also easily incorporated onto the Bio- 
Patches by specific techniques in flexible nano-biosensors.

19.10  Flexible Conducting Polymers

The conductivity of the nano-sensors is achieved by the use of conducting polymers 
with characteristics like redox activity and doping and is capable of mixed elec-
tronic and ionic transportation. Doping increases the efficiency and processability 
of the conducting polymers to several folds in magnitude by modifying the physical 
and chemical properties of conductive polymers. The conducting polymers entrap 
the biological sensing elements either by physical methods or by chemically attach-
ing to the functional groups, thus enabling the integration of the biomolecules with 
the conducting polymers and Bio-Patch substrates for detecting the bio-signals in a 
nano-biosensor. One of the most extensively studied conductive polymers is PEDOT 
which is poly (3, 4-ethylenedioxythiophene). It provides great electronic stability 
and is highly conductive. A conjugate of PEDOT and PSS (Poly (styrene sulfonate)) 
PEDOT: PSS is employed as a good flexible polymer electrode for sensing of glu-
cose, DNA/RNA, biomarkers, etc. (Kergoat et al. 2012). Metals like Au and Ag are 
very promising candidates for fabrication of flexible electrodes as they are ductile 
and can be formed into thin films and can function jointly with the biomolecules 
used in the sensors and can sustain the mechanical deformations to retain their elec-
trical conductivity by forming different structural configurations (e.g., mesh, ser-
pentine, wavy, etc.) (Le Goff et  al. 2011; Reina et  al. 2017). Other carbon 
nanostructures like carbon nanofibers (CNF) and C60 have also found its applica-
tions in flexible biosensing technology (Pavinatto et al. 2015).
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19.11  Flexible Bio-Patch Nano-sensors

The flexible wearable Bio-Patch nano-sensors bind to the biological surfaces like 
skin and tissues to measure the physiological signals like breath, blood pressure, 
temperature, stress, pulse rate, etc. and the biochemical signals like glucose level, 
oxygen level, uric acid levels, dopamine levels, etc. As discussed previously various 
synthetic substrates can be used as flexible Bio-Patches on which the nano-sensors 
are integrated to detect the desired biological or physiological signal. A prototype of 
the Bio-Patch implemented in consisted of a pair of electrodes printed on a photo 
paper patch, a SoC (system-on-chip) sensor, and a soft battery. The nano-chips are 
integrated with the conducting elements like any metal nanostructures (e.g., Ag, Au, 
etc.) which are most commonly preferred now and are fabricated onto the flexible 
Bio-Patch. The flexible Bio-Patch nano-sensor which measures the vital physiologi-
cal parameters is affixed onto the skin surface. The biological signals from the body 
are detected and transduced into measurable signals like electrochemical, optical, or 
piezoelectric signals depending on the type of biosensors. These signals are then 
analyzed and processed programmatically through wireless network (Fig. 19.7). 
The end results can be accessed digitally by the doctors and the patients. A Bio- 
Patch can work exclusively or synchronously with other Bio-Patches connected 
through an active cable printed on a substrate for multichannel bio-signals recording 
(Yoon et al. 2016).

 (a) Image of fabricated sensor. The sensor can be attached to the surface of the 
meat or be placed onto the inside lining of the package. The status of the meat 
product can be monitored using smartphone by taking a photo of the sensor.

 (b) Schematic representation of self-powered multifunctional electronic skin used 
for continuous monitoring of lactate, glucose, uric acid, and urea in exercise- 
induced sweat using piezoelectric-linked enzymatic biosensors. During exer-
cise, this device functions without an additional power supply through 
piezoelectric-enzymatic reaction coupling.

 (c) A wireless glucose sensor incorporated into a contact lens platform with wire-
less power transfer circuitry and display pixels for a fully integrated and trans-
parent platform that does not hinder vision. This device detects fluctuating tear 
glucose concentrations through a resistance-based enzymatic mechanism, 
which was demonstrated in a rabbit model.

 (d) Epidermal reverse iontophoretic tattoo-based glucose sensor configuration and 
operation principle, with picture of device applied to a human subject. Proof-of- 
concept demonstration of reverse iontophoretic tattoo-based ISF glucose sen-
sor. Indicate working electrode and reference/counter electrode, respectively.

 (e) Iontophoretic paper battery and skin-like biosensor for non-invasive blood glu-
cose monitoring, applied to a human subject. Inclusion of hyaluronic acid facil-
itates enhanced ISF extraction for increased ISF glucose sampling reliability.

 (f) Schematic of steps for rapid transfer of silk antennas onto curved substrates: (1) 
Water vapor is applied to the back of silk films, yielding (2) a film in which the 
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back surface of the film has been partially melted. (3) This melted surface is 
conformally applied to arbitrary surfaces, yielding (4) applied functional 
 sensors on a variety of surfaces. Photos of THz split ring resonators (SRRs) 
fabricated on the silk substrate wrapped on an apple.

 (g) Mouthguard-based sensor for glucose monitoring in saliva with on-body appli-
cation and analysis of increasing glucose concentrations. Fully integrated saliva 
glucose sensor aims towards continuous in-mouth glucose monitoring.

 (h) Various demonstrations of biosensors in the food industry. (a) Geometric bar-
code sensor for monitoring chicken spoilage under different temperature 
conditions.

Fig. 19.7 The possible locations where a flexible Bio-Patch nano-sensor can be used
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19.12  Applications of Flexible Bio-Patch Nano-sensors

Flexible Bio-Patch nano-sensors are manufactured with the sole motive of personal-
ized and pervasive e-healthcare monitoring to obtain round-the-clock information 
of the patient’s physiological and biochemical conditions. The Bio-Patches are also 
synthesized in such a way for symbiotic functioning of the flexible healthcare 
device. The skin being the most accessible organ of the body provides a wide sur-
face area for the application of flexible Bio-Patch nano-sensors. All the physiologi-
cal and most biochemical parameters can be monitored and detected by applying 
flexible nano-sensor patches on the skin. Some of the applications are listed as fol-
lows (Table 19.3):

• To capture the ECG (electrocardiogram) and EMG (electromyogram) signals, 
also for cardiac health sensor was to monitor bio-impedance along with ECG.

• Human stress monitoring patch made of perforated polyamide membrane incor-
porated with sensors for skin temperature, skin conductance, and flexible pulse 
wave sensor to detect the pulse wave by multimodal biological signals.

• Measure the glucose concentration using PVA/BTCA/β-CD/GOx/AuNPs NF 
hydrogel patch sensor with high sensitivity and rapid response time.

• POC devices, ultra-thin flexible wearable Pt electrodes, and PEDOT: PSS to 
detect glucose, lactate, and uric acid from the saliva sample.

• Detect the glucose level using a carbon nanotube (CNT)-based flexible graphite 
electrode.

• Cortisol level (an essential multifunctional hormone) can also be measured in the 
sweat using a flexible nanospore polyamide-based sensor.

• Pathogenic organisms like HIV and also E. coli can also be detected using flex-
ible nano-sensors.

Table 19.3 The list of the applications of flexible Bio Patches other than an anchor/substrate to the 
flexible nano-sensors

S. No Type of Bio-Patch used Application of Bio-Patch sensor

1. Disposable photo voltaic 
patches

Provides electric stimulation and promotes regeneration for 
wound healing

2. Tenocyte cells-seeded 
collagen patches

Promotes healing of anterior cruciate ligament (ACL) repair

3. Si-NN PDMS patch This microneedle patch is used for intramuscular and 
intratissue nano-injection of biomolecules

4. Microneedle patch Transdermal delivery of dual mineralized peptides for 
therapy of type 2 diabetes mellitus

5. Silk fibroin microneedle 
patches

Sustained transdermal delivery of the contraceptive 
hormone, Levonogestrel enclosed in microcarriers

6. 3-D printed F-GelMA 
hydrogel patches

Local delivery of the model nano-medicine PEGylated 
liposomal doxorubicin (DOX) against cancer

7. Microneedle patches Intradermal vaccination of poly (lactic-co-glycolic acid) 
(PLGA) micro-particles encapsulated antigens
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Apart from their applications as flexible and wearable nano-sensors, flexible bio- 
patches have also found to be very promising candidates for drug and vaccine deliv-
ery and healing of wounds. Disposable photovoltaic patches were developed to 
provide electric stimulation (ES) and promote regenerative activities and contribute 
to wound healing processes. Thus flexible bio-patches have wide range of applica-
tion in the field of nano-sensors and medicine.

19.13  Future Perspectives Towards Fusion 
of Nanotechnology with Biosensors

The food industry has made remarkable progress in recent years in areas such as the 
improvement of new packaging products with the development of new functional 
products, transport and controlled release of bioactive substances, and detection of 
pathogens and pesticides utilizing nano-sensors and indicators. In the world of food 
packaging, intelligent packaging is still relatively new (still in developmental stage); 
with further progress being made all the time, it is important to look at what aspects 
to focus on as underlying objects for effective products. However, it provides a 
promising future for food safety and also paints a positive picture for years to come 
with the research into novel approaches such as nanotechnology. The potential 
applications and benefits of nanotechnology are enormous; however, nanotechnol-
ogy application in food sector is relatively recent compared with its use in drug 
delivery and pharmaceuticals. Nanotechnology has a tremendous potential to revo-
lutionize the global food system by generating new food products and better pack-
aging and storage techniques as well as to alter fundamental functionality of food. 
Intelligent food packaging, using nano-sensors, may also provide consumers with 
information on the state of the food inside. Food packages are embedded with NPs 
that alert consumers when a product is no longer safe to eat. In fact, the technologi-
cal advancement in the nano-industries will probably change the fabrication of the 
entire packaging industry.

Nevertheless, less effort has been exerted into applications of nanotechnology in 
food sector, and most of them require a high quality of research and development 
for their safe application. Ongoing studies are being carried out involving sensors 
for transmission of required information and stimulating subsequent alterations in 
packaging materials, environments, or the products for preservation and safety. 
There are many challenges associated with the future potential success of nanotech-
nology in food packaging, public approval, economics, and control of food pro-
cessed with nanomaterials which could build up and cause toxicity. The safety of 
NPs in food industry is also a challenge for both the government and industry. It 
cannot be claimed with certainly either that nanotechnology is fully safe for health 
or that is harmful. The food processing industry must ensure the consumer confi-
dence and acceptance of nano-foods safety. Several evidences regarding food-grade 
NMs, which supports the toxicity NMs. So, when it comes to the application of 
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nanotechnology at industrial scale, it is important to determine the release of NPs 
into the environment and to estimate the subsequent levels of exposure to these 
materials. As the NPs can penetrate into the human organ and organelles, exposure 
time, exposure concentrations, sites of penetration, immune response, and accumu-
lation and retention of NPs in body and their subsequent effects should be evaluated 
carefully. Therefore, compulsory testing of nano- modified foods should be carried 
out before allowing them to be introduced into the market. Moreover, there will also 
be a great dependence on the actions of governments, regulatory agencies, and man-
ufacturers in relation to the abovementioned challenges. In the long term, nanosci-
ence and nanotechnology in food may be emerged as a new field of research which 
will be known as ‘food nanotechnology’.
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