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Cancer still represents a heavy societal burden with profound economic implications. Tumors 
are treated with chemotherapeutic drug molecules with challenging properties for their formula-
tion and unspecific total body toxicity when administered systemically. The application of nan-
otechnology to medicine, particularly for cancer treatment, has provided physicians with novel 
weapons in the fight against the diseases. Nanotechnology refers to the development and use of 
systems characterized by sizes of 1–1000 nm. The use of nanotechnology in cancer treatment 
has brought along a revolution in the treatment of patients, enabling therapeutic paradigm shifts 
and ameliorating patients’ quality of life. In nanomedicine, the small particles are loaded with 
anti-cancer drugs, altering their biodistribution compared to the free drug. This research field 
combines the expertise of engineers and material scientists, pharmacists, physicians, and immu-
nologists to obtain carefully optimized nanoparticles to improve the drug treatment efficacy, 
while lowering the drug’s side effects. The field of nanomedicine draws several parallels from 
“cooking” where an optimized “recipe” can produce “complex flavored dishes.”

Nanotechnology has been, and is currently, playing a major role in cancer treatment, with 
several formulations for the delivery of chemotherapeutics and multiple others as companion 
diagnostics. Some of the conventional drug delivery nanosystems have been approved more 
than 20 years ago, profoundly affecting the treatment options. These nanosystems have also 
paved the way for research and the application of nanomedicines in other therapeutic indica-
tions, such as anesthetics, treatment of iron deficiency, antifungine delivery, and vaccines. The 
latest approvals have focused on the delivery of nucleic acids for gene therapy, such as in 
Onpattro®, and the recent developed COVID-19 vaccines. Conventional nanoparticles, how-
ever, in most cases only reduce or ameliorate a drug’s side effect profile without affecting the 
efficacy of the drug. Interestingly, the combination of conventional nano-delivery systems with 
hyperbaric oxygen treatment greatly enhances the therapeutic efficacy.

Conventional nanoparticles are also lacking a complete zip-code, they are immitted in the 
circulation and the postal system hopes they will find the right target. Peptides can serve as 
exquisite address labels, facilitating the delivery of drug-loaded nanosystems at the tumor. 
Alternatively, the combination of cells with nanoparticles in the biohybrid systems modifies 
the circulation pathway of the nanoparticles by mimicking the natural constituents of the 
human body. The labelling of these systems with radioactive tags can help in visualizing their 
biodistribution with potential therapeutic applications in radiotherapy.

Once at the tumor site, particular characteristics of the nanosystems, such as high porosity, 
and the presence of metals can provide multiple mode of action for the nanocarrier. Together 
with carrying drugs, they can carry large biomolecules like enzymes or react with lasers to 
increase the tumor temperature.

Sometimes, however, nanoparticles are not the best choice for all the applications in 
cancer treatment and can be exchanged for mats of electrospun nanofibers. Nanoneedles 
represent another alternative particularly for sampling and intracellular drug delivery to 
specific cell targets.

Research in cancer nanomedicine has resulted into thousands of promising therapies. 
However, the efficacy has to be evaluated in suitable in vitro models, with the possibility to 
design automated systems for high-throughput screening. 3D models, and spheroids in par-
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ticular, are currently considered the state-of-art as in vitro tumor models. Moving further in the 
development pipeline, solid and translatable in vivo tumor models are highly needed to provide 
reliable information before starting the clinical trials.

Finally, cancer treatment has been overturned by the discoveries and applications of immu-
notherapy. In some of the patients, immunotherapy has achieved a complete cure. 
Nanotechnology plays a role with cancer nanovaccines, providing the immune system with a 
more powerful response. Moreover, the perfect example of nanosystems is viruses. Viruses 
have been shaped by millennia of co-evolution with the human body and can be modified to 
infect and destroy only cancer cells, while establishing a massive immune activation, either 
alone or combined with other inorganic/organic systems (biohybrid materials).

In this book, we include chapters explaining the basics of nanomedicine, together with the 
most recent research in cancer immunotherapy. This book is unique in containing both ele-
ments to provide the reader with solid basis before moving to the following developments. In 
this respect, the present book represents a guide on cancer nanotechnology, written by out-
standing specialists in the field, for an advanced and specialist readership, while being relevant 
for the wider readers in academia and in private companies. Moreover, this book is designed 
with a thought towards the younger generations of under- and post-graduate students, to pro-
vide a 101 guide in the world of cancer nanomedicine. Thus, we collected informative and 
valuable contributions from top-level researchers in material science, pharmacy, biology, 
radiochemistry, and immunology, working together on the development of advanced nano-
medicines/nanoparticles for cancer treatment applications. Overall, this book provides a highly 
valuable support for the readers in the field of cancer nanomedicine.

We would like to express our gratitude to all the authors and contributors of this book for 
their cooperation and enthusiasm in writing the book chapters, spacing from classical nanosys-
tems to nanoneedles, to radioactive probes, and in vitro and in vivo models for the screening 
of nanoparticles, as well as to the latest developments in biohybrid nanoparticles and immuno-
therapy with cancer vaccines and oncolytic viruses, and the industrial and commercial per-
spective on nanotechnology in cancer immunotherapy. The concepts presented in each chapter 
are clarified by selected and explicative examples. We wish the readers will enjoy the contents 
of the book and hope that this book will promote discussion about the role of nanotechnology 
in cancer therapy.

 Flavia Fontana
University of Helsinki
Helsinki, Finland

 
Hélder A. Santos 
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Conventional Nanosized Drug Delivery 
Systems for Cancer Applications

Cristian Vergallo, Muhammad Nadeem Hafeez, 
Dalila Iannotta, Hélder A. Santos, Nicola D’Avanzo, 
Luciana Dini, Felisa Cilurzo, Massimo Fresta, Luisa Di 
Marzio, and Celia Christian

Abstract

Clinical responses and tolerability of conventional nano-
carriers (NCs) are sometimes different from those 
expected in anticancer therapy. Thus, new smart drug 
delivery systems (DDSs) with stimuli-responsive proper-
ties and novel materials have been developed. Several 
clinical trials demonstrated that these DDSs have better 
clinical therapeutic efficacy in the treatment of many can-
cers than free drugs. Composition of DDSs and their sur-
face properties increase the specific targeting of 
therapeutics versus cancer cells, without affecting healthy 
tissues, and thus limiting their toxicity versus unspecific 
tissues. Herein, an extensive revision of literature on NCs 
used as DDSs for cancer applications has been performed 
using the available bibliographic databases.

Keywords

Drug delivery systems · Colloidal nanoparticles · Lipid 
nanoparticles · Liposomes · Polymeric nanoparticles · 
Metallic nanoparticles · Carbon nanostructure · 
Nanocrystal · Dendrimers · Hyper-branched polymers · 
Anticancer therapy · Passive targeting · Active targeting · 
Aptamers · Therapeutic proteins

1  DDSs Enhancing the Therapeutic 
Effects of Co-delivered Drugs 
in Cancer Treatment

Cancer is the most common disease and leading cause of 
death, and was responsible for an estimated 9.6 million 
deaths in 2018. Globally, about 1 in 6 deaths is due to cancer 
[201]. Chemotherapy represents a therapeutic option for can-
cer treatment that uses drugs, which are administered by dif-
ferent routes, such as intramuscular injection, intravenous 
push technique, or intravenous infusion, to kill cancer cells 
[47]. However, several side effects are associated with che-
motherapeutics. They include toxic effects and detrimental 
metabolic activities for healthy cells; in addition, some can-
cer cells may not be responsive to anticancer drugs, thus 
developing resistance [75, 184]. Unfavorable toxicity, devel-
opment of drug resistance, and limited regime in clinical 
uses are associated with the anticancer treatment by using 
single chemotherapeutic drugs [159]. To overcome these 
drawbacks of chemotherapy, in the past decade, the combi-
nation of different chemotherapeutic drugs has gained 
impressive attention. Multiple anticancer drugs are simulta-
neously used in order to decrease each drug’s toxic side 
effects on normal cells, while, at the same time, enhancing 
synergistic and additive effects with high therapeutic effi-
cacy on cancer cells. Several NCs, such as lipid-based NCs, 
metallic/nonmetallic nanoparticles (NPs), nanoshells, 
nanorattles, quantum dots (QDs), fullerenes, nanotubes 
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(NTs), carbon nanostructures, monodisperse-nanocrystals, 
close-packed nanocrystal assemblies, dendrimers, hyper-
branched polymers, emulsions, and nanomicelles have been 
designed and exploited as co-delivery systems to treat differ-
ent types of cancers. The administration of multiple drugs in 
drug delivery systems is still prevented by several challenges 
such as different pharmacokinetic properties and water solu-
bility of the combined drugs, which significantly affect their 
bio-distribution and blood circulation, the targeting on the 
tumor site, the bio-accumulation in tissue, and the drug cir-
culation in the blood stream [217, 218].

Examples of nanosized DDSs that have recently been 
gaining interest from the scientific community and clinicians 
to enhance the therapeutic effects of co-delivered drugs in 
combination chemotherapy are shown in Fig. 1. Due to their 
enhanced bioavailability and blood circulation (e.g., DDSs 
modified after self-assembling in order to prevent the uptake 
by the mononuclear phagocyte system), permeability and 
retention (EPR) effect, nanosized DDSs can target selec-
tively cancer cells [174]. The simultaneous delivery of mul-
tiple drugs at targeted tumor tissue is achieved by nanosized 
DDSs with normalized pharmacokinetics and pharmacody-
namics of therapeutic agents. Nanosized DDS-based therapy 
shows several other advantages over other approaches such 
as prevention from drug degradation, controlled release of 
drug, high accumulation rate at the action site, and reduced 
side effects of drugs on normal body cells [174]. Carrier-free 
nanodrugs recently emerged as potential generation of nano-
sized DDSs. Photodynamic therapy (PDT) and photothermal 
therapy (PTT) have comprehensively been exploited to 
improve the biosafety and therapeutic efficacy of chemother-
apeutic drug treatment of malignant cancers.

The loading of imaging agents into the carrier is another 
important advantage of nanosized DDSs, resulting in ther-

anostic nanosized DDSs, which allow a rapid biodistribution 
and an easy pharmacokinetic analysis, as well as a real time 
tracking of drugs and an enhanced performance of delivery 
process, thus predicting its/their therapeutic effect(s) [202]. 
Nanosized DDSs are typically developed by loading multi-
ple anticancer drugs within NCs such as polymer micelles, 
inorganic NPs, and liposomes. Materials for the synthesis of 
these NCs should be inert and not exert any dangerous side 
effects. In fact, they have safety properties and need to pre-
vent such events as inflammation and systemic toxicity. It is 
also worth mentioning that the average loading capacity of 
nanosized DDSs is relatively low (<10%). Therefore, it 
should be highly desirable to develop alternative nanosized 
DDSs with high drug loading efficiency [218].

2  Lipid-Based NCs

Lipid drug conjugates and lipid based NCs are conventional 
nanosized DDSs used for cancer treatment. Lipid-drug con-
jugates are drug molecules that have been covalently modi-
fied with lipids, showing several advantages such as improved 
oral bioavailability, enhanced tumor targeting, reduced tox-
icity, and increased payloads [94]. Conventional lipid-based 
NCs increase the water solubility of hydrophobic compounds 
in the blood stream due to the biopharmaceutical properties 
of the NCs [126]. Lipids render these nanocarriers suitable 
for drug delivery and therapeutic applications. A common 
example of lipid-based NCs is liposomes that mainly consist 
of phospholipids, which are the main components of the bio-
logical cell membranes [61]. Polymer-lipid hybrid NPs have 
been recently introduced as novel DDSs [203]. They are 
made up of a polymeric core coated by a phospholipid shell 
and provide some advantages of both polymeric NPs and 

Fig. 1 Nanosized DDSs commonly used to treat different types of cancers
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liposomes in the form of a unique shell-core structure [208]. 
The solid core structure of these NPs provides both structural 
and mechanical stability, which allows a larger surface area, 
as well as a narrow size distribution [20]. The outer layer of 
lipid-based NCs is similar to a cell membrane and provides 
them with high bio-compatible properties [148]. Their 
improved drug loading and increased encapsulation effi-
ciency [216] allow the delivery of both hydrophobic and 
hydrophilic drugs, thus promoting the intracellular uptake of 
payloads [151].

In a recent study, zinc(II)phthalocyanine (photosensitizer) 
has been combined with thiophenyl and loaded into a lipid 
NC in order to evaluate its therapeutic efficacy toward cancer 
treated by PDT.  The substitution of thiophenyl in zinc(II)
phthalocyanine significantly improves its photodynamic 
responsiveness, thus representing a useful therapeutic tool to 
treat hepatocellular carcinoma (HCC) [54]. Albano and co- 
workers [8], in an effort to minimize the total amount of 
excipients, formulated solid lipid nanosized DDSs by com-
bining cetyl palmitate with two poloxamers, Pluronic-F68 
and F127, as inhibitors of glyco-protein efflux pump. When 
these polymer-lipid NCs were tested as therapeutics for can-
cer treatment, both high encapsulation efficiency (more than 
90%) and sustained release of docetaxel were obtained. To 
address the challenges in the therapeutic efficacy of the topo-
tecan and metformin (metabolic modulator) combination, 
lipid bilayer-camouflaged mesoporous silica NPs were for-
mulated. In addition, a novel ion pairing-assisted loading 
procedure was developed by using pamoic acid as an in situ 
trapping agent. It was demonstrated that pamoic acid 
increased the hydrophobic properties of metformin and topo-
tecan, thus resulting in high significant payload efficiency 
(>40 and 32 weight (wt)%, respectively) in the mesoporous 
silica NPs and in a controlled release profile. The synergistic 
cytotoxicity of both drugs, via cell cycle arrest and depolar-
ization of the mitochondrial membrane, was significantly 
increased toward MDA-MB-231/4 T1 cells compared to the 
control. Interestingly, the results of preclinical trials showed 
pharmacokinetic profiles with 4–7 fold higher circulation 
and 7.5–10 fold higher concentration at the tumor site for 
these two drugs, when injected using NPs, than the free 
drugs [15].

The conjugation of some natural bioactive compounds 
to lipid based NCs improves their bioavailability and 
water solubility, and it represents the main challenge of 
this strategy in drug development. A polymer-lipid hybrid 
NC was developed by Du et  al. [46] to encapsulate the 
natural compound furanocoumarin. The entrapped com-
pound showed a delayed release compared with the free 
furanocoumarin. This NC showed similar antitumor effi-
cacy but lower toxicity than the chemotherapeutic anti-
cancer agent doxorubicin (DOX) in a MCF-7 breast tumor 
model [46].

The combination of diagnostic and therapeutic agents in 
the same lipid based NCs is an interesting and emerging 
approach for cancer treatment. Camptothecin (CPT), a lipo-
somal formulation, containing quantum dots, and made up of 
dimeric CPT glycerophosphorylcholine, significantly inhib-
its the growth of HepG-2, MCF-7, and HeLa cells, having 
62 wt% loading capacity and stability in physiological fluid 
[58]. Results demonstrated that the resulting NCs can pro-
vide a new strategy for synergy therapy of cancer. Similarly, 
docosahexaenoic acid and DOX have a longer half-life, a 
higher tumor uptake ratio, lower toxicity and a higher tumor 
growth inhibition profile when co-loaded into radiolabeled 
lipid-based NC-Tc-99  m and used to treat a breast cancer 
murine model [63].

Melphalan and miR-181a were also successfully co- 
delivered by lipid NCs for the treatment of retinoblastoma 
[185]. The co-delivery of regulator protein family B-cell 
lymphoma 2 (BCL-2) siRNA and epirubicin using lipid NCs 
showed an increased intracellular uptake and drug release in 
the tumor microenvironment, thus enhancing the anticancer 
efficacy as measured by the reduction in cell viability and in 
the expression of P-glycoprotein [212].

Cell penetrating peptides are another promising 
approaches in targeted cancer treatment, particularly, after 
their loading in lipid based NCs. Two types of cell penetrat-
ing peptides (linear-peptide RGERPPR, RGE, and cyclic- 
peptide CRGDRGPDC, cRGD) were used to modify 
gambogic acid-loaded lipid-based NC, and thus obtain gam-
bogic acid-lipid-based NC-RGE, gambogic acid-lipid-based 
NC-cRGD, and gambogic acid-lipid-based NC-cRGD/
RGE. The cellular uptakes of these lipidic formulations were 
qualitatively and quantitatively evaluated swapping gam-
bogic acid for coumarin-6 as the fluorescent molecule. A 
high cytotoxicity was obtained for gambogic acid-lipid- 
based NC-RGE; this result agreed with high intracellular 
uptake of drug obtained in case of RGE-coumarin 6-lipid- 
based NC and the higher tumor growth inhibition resulted 
with RGE-gambogic acid-lipid-based NC [91].

3  Metallic and Nonmetallic NPs, 
Nanoshells, Nanorattles, and QDs

Metal NPs are submicron scale entities made of pure metals 
(e.g., gold, platinum, silver, titanium, zinc, cerium, iron, and 
thallium) or their derivatives (e.g., oxides, hydroxides, sul-
fides, phosphates, fluorides, and chlorides) [85]. Metallic, 
nonmetallic NPs, nanoshells, nanorattles, and QDs have sev-
eral applications in the biomedical area, including cancer 
therapy. Magneto-plasmonic nanohybrid NCs, having a 
metallic shell of Au/Ag coated with Fe3O4 and poly (co- 
methacrylic acid-butyl methacrylate-co-acrylamide), co- 
loading letrozole as the anticancer drug, are used as 

Conventional Nanosized Drug Delivery Systems for Cancer Applications
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switchable trimodal temperature/light/pH-triggered and con-
trolled/targeted drug delivery systems for chemo-PTT 
against MDAMB-231 breast cancer cell. The superparamag-
netic internal core provides targeted delivery properties to 
the plasmonic-magneto-nanohybrid NCs, while photo- 
triggering and photothermal properties depend on the Au/Ag 
shells [85]. Amoli-Diva and co-workers developed bimetal-
lic plasmonic Ag-Au and Au-Ag (core) NPs. The bimetallic 
core of NCs is activated by wavelengths to produce heat 
energy, which not only can increase the surrounding tem-
perature over the upper critical solubility temperature of the 
polymer to open its valves and promote drug diffusion, but 
also can kill cancer cells through photo-thermal effects 
increasing the environment temperature by nearly 18 °C in 
5 min. After radiation [10]. Changes of the composition and 
structure of bimetallic NPs modify the optical resonances 
that can be tuned over a broad range of wavelengths (e.g., 
ultra-violet–visible, UV-VIS, and near-infrared, NIR). 
Optical resonances in the NIR region referred as the “Tissue 
Transparency Window,” which includes wavelengths 
between 800 and 1200 nm, are the most important because 
they can penetrate both water and human tissue [200]. 
Similarly, Au(1,7-phen)Br3 loaded pH-responsive superpara-
magnetic NC (nanogels) demonstrated higher cytotoxicity, 
better pH-triggered-controlled release and significant inhibi-
tion of tumor cells against human cervical cancer HeLa cell 
lines than free drugs and conventional chemotherapeutics 
[162]. Another study demonstrated that plasmonic hollow 
Au-Ag nanoshells (tuned to NIR, laser-irradiation), loaded 
into mesoporous silica, can effectively and efficiently be 
used to modulate the release of 5-fluorouracil (5-FU) for 
PTT and prostate cancer therapy [153].

NCs containing metallic and nonmetallic (inorganic- 
hydroxyapatite, mesoporous silica and Fe3O4) nanoshells, 
and having suitable properties for drug delivery, as therapeu-
tics and targeted agents, represent suitable drug delivery sys-
tems for therapeutic use. Inorganic NCs are very promising, 
because they can be used to study release kinetic and path-
way activation by fluorescent probes. The fluorescence sig-
nal of tracers could be observed simultaneously with drug 
release, and thus, this strategy provides several benefits to 
evaluate the therapeutic effects of the nano-DDSs [55]. 
Compared with green light (490–570 nm), NIR light (650–
900 nm) is more suitable for biological applications due to 
several advantages, such as minimum photodamage to bio-
logical samples, minimal interference from background 
autofluorescence, and acceptable tissue penetration [196]. 
Nanocomposites containing graphene QDs (GQDs), con-
canavalin A, lectin protein, and Fe3O4, co-loaded with DOX, 
were successfully tested for therapeutic/diagnostic applica-
tions on HeLa cells lines. The image analysis showed that 
more than double concentration of DOX was accumulated 
inside HeLa cells in the presence of an external magnetic 

field, due to the incorporation of Fe3O4 in the NC. The cyto-
toxicity of DOX was 13% higher than normal cells, thus 
clearly indicating that these NCs could be used in cancer 
therapy [50]. DOX targeted delivery is also achieved by 
using modified GQD-mesoporous silica-NPs with hyal-
uronic acid for fluorescent imaging [82].

Biosurfactants have been investigated as excipients mak-
ing NCs by using QDs. They are basically amphipathic mol-
ecules having microbial origin that reduce interfacial and 
surface tension at liquid-solid-gas-interfaces. Bansal and co- 
workers [16] demonstrated that GQDs NCs conjugated with 
folic acid (FA) and biosurfactants could be used as therapeu-
tic and diagnostic agents in clinical cancer treatment. In the 
future, the use of GQD-bioconjugates may allow the detec-
tion and treatment of cancer at an early stage. This may 
increase the life span of cancer patients [16]. Furthermore, 
black phosphorus QDs are incorporated into liposomes to 
make DDS with excellent NIR photothermal properties and 
drug release properties controlled by light. In vitro experi-
ments demonstrate a good biocompatibility and NIR-light- 
induced chemo-photothermal antitumor efficiency [74]. 
Finally, ultra-small WS2 QDs co-loaded with DOX and mes-
oporous organosilicas NPs demonstrated high potentiality as 
therapeutics for synergistic chemo-PTT [119].

4  Fullerenes, NTs and Carbon 
Nanostructures

Fullerenes may play an important role in clinical oncology 
because they form complexes with various anticancer drugs 
such as cisplatin and DOX. Moreover, fullerenes are versa-
tile delivery platforms because they significantly increase 
in vitro and in vivo therapeutic/cytotoxic effects of drugs, as 
shown in vivo in Lewis lung carcinoma [157, 158]. The ther-
apeutic activity of landomycin, an angucycline antibiotic, 
was also increased using fullerenes as stable and flexible 
NCs for cancer treatment. Nanocomposites of fullerenes and 
landomycin show anticancer drug activity in vitro, thus sug-
gesting their potential use in animal models and a future 
translation in clinics [24]. Water soluble polyhydroxylated 
fullerenes (PHFs) are functionalized nanomaterials or 
fullerenols, which can be used as molecular antioxidants and 
NPs. Compared to fullerenes, PHFs enhanced cellular per-
meability and solubility and had a lower toxicity [14]. PHF- 
based NCs conjugated with methotrexate have pH-dependent 
controlled release of drug, with a significant decrease of IC50 
value, increased AUC, half-life, and cell cytotoxicity, and 
lack of toxicity for erythrocytes [14].

Carbon nanotubes (CNTs) are cylindrical fullerenes, the 
third allotrope of carbon, first discovered by Sumio Iijima in 
1991 [93]. CNTs with a minimum diameter of one nanome-
ter, and having length of several micrometers, are graphene 
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sheets rolled in the form of concentric cylinders [51]. 
According to the number of sheets present in concentric cyl-
inders, CNTs can be divided into two categories: single- 
walled- CNTs (SWCNTs) and multi-walled-CNTs 
(MWCNTs). SWCNTs have length of 20–1000  nm and 
diameter of 0.4–3.0 nm and are made up of a single graphene 
layer wrapped into a hexagonal cylindrical structure [110]. 
MWCNTs are composed of several single graphene cylin-
ders, having an inner diameter of 1–3 nm, an outer diameter 
of 2–100 nm and a length ranging from 1 to several meters 
[45]. SWCNTs were conjugated with folate and their cell 
internalization was mediated via folate receptor (FR) path-
way thanks to the FA targeting. Results showed that SWCNT- 
folate NC was not suitable for receptor-mediated cancer cell 
targeting. However, due to their needle-like structure, which 
allows easy cellular penetration, SWCNTs can be used as 
drug delivery systems of nucleic acid into cells [33]. 
Furthermore, an enhanced intracellular uptake of anticancer 
drugs, like CPT, was achieved by magnetic halloysite NTs 
conjugated with chitosan oligosaccharides and FA [44].

Besides CNTs, Khoee and co-workers successfully dem-
onstrated the use of titanium dioxide NTs in cancer therapy. 
Titanium dioxide NT-loaded liposomes (cholesterol, soy 
lecithin, and polyethylene glycol or PEG) can be used for the 
prolonged delivery of 5-FU in the treatment of HeLa cells 
[106]. The use of longer MWCNTs was limited due to their 
cytotoxic effects. However, PEGylated MWCNTs of 
~300 nm were not toxic and allowed a safe delivery of che-
motherapeutic drugs, for example, DOX [219]. Carbon dots 
can be used as pH-responsive fluorescent therapeutic DDSs 
for DOX in human gastric cancer cells instead of carbon and 
titanium dioxide NTs. The fluorescent carbon dots enable the 
optical labeling and tracking of the drug delivery process for 
at least 48 h. Carboxyl-rich carbon dots have almost no tox-
icity to human gastric cancer (MGC-803) and human gastric 
epithelial (GES-1) cells with a cytocompatibility of over 
90% compared to control (untreated) cells [48].

5  Monodisperse Nanocrystals 
and Close-Packed Nanocrystal 
Assemblies

Homologous series of monodisperse nanometer size crystals 
are known as nanocrystals. They are characterized by narrow 
size distributed systems in terms of the shape, size, surface 
chemistry, and internal structure. Probes with different prop-
erties (electrical, magnetic, and optical) are combined to 
characterize and develop consistent structural models of 
nanocrystal samples.

Several anticancer drugs have limitations to intravenous 
administration because of their poor aqueous solubility. One 

recent approach to address this issue is to entrap these 
 compounds into colloidal nanocrystals during the nanocrys-
tal assembling. The cores of nanocrystals and the relatively 
packed nanocrystals are composed of pure drugs, and they 
are stabilized with various excipients. Nanocrystals improve 
the treatment efficacy and decrease the side effects of drugs 
to healthy cells because they target specifically the tumor tis-
sue thus delivering payloads in bulk. Their small size and 
high energy surfaces cause a rapid dissolution following 
administration, which limits the nanocrystal capability to 
accumulate at tumor site [67, 140]. A similar problem was 
observed with several nanocrystal-based anticancer drugs 
having pharmacokinetic profiles similar to Abraxane or 
paclitaxel (PTX) NPs [152, 172]. Among several other ben-
efits, such as reduced hypersensitivity and lower neutrope-
nia, Abraxane dissolves rapidly in biological fluids with an 
insignificant EPR effect. Several strategies have been inves-
tigated till date to interfere with the rapid dissolution of 
nanocrystal-based anticancer drugs [68, 69]. Among these 
approaches, the layer-by-layer stabilized coating of poly-
electrolytes on nanocrystals is one of the few experimental 
successes reported, even though polyelectrolyte multilayer-
ing of nanocrystals drastically affects the dissolution capa-
bility of CPT [178], tamoxifen and PTX [3]. However, 
several other challenges still need to be addressed, such as 
opsonization and clearance by the mononuclear phagocyte 
system, accumulation in spleen and liver, and short half-life 
[70, 90]. The charged surface of nanocrystals represents one 
of the causes for the above-mentioned challenges. One pos-
sible solution to this challenge comes from masking nano-
crystals with PEG, hindering the surface absorption of 
plasma proteins [150]. PEGylation of polyelectrolyte multi-
layer nanocrystals has already reported some advantages 
in  vitro, such as slower dissolution than naked NCs, the 
increased colloidal stability in physiological media, and the 
lack of toxic effect. Conversely, pharmacokinetic and biodis-
tribution show that these NCs are quickly cleared from the 
bloodstream and thus accumulated in the mononuclear 
phagocyte system organs (i.e., liver and spleen). This result 
may depend on the PEG which modifies the native surface 
properties of NCs [152].

Closely packed nanocellulose crystals can be successfully 
linked with chlorotoxin, a polypeptide, using Brønsted acid 
ionic as a solvent. The resulting close-packed nanocrystals of 
cellulose and chlorotoxin had significant biocompatibility 
and enhanced internalization in the U87MG glioblastoma 
cell line. Thus, this material may be used as DDSs in antican-
cer therapy [32]. Furthermore, novel PTX nanocrystals were 
evaluated for their antitumoral efficacy both in  vitro and 
in vivo in comparison with a solution of free drug. Together 
with a significant lower systemic toxicity, an enhanced accu-
mulation of nanocrystals-PTX was obtained at tumor site in 
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MCF-7-bearing mice. Moreover, the cytotoxicity was found 
to be time- and dose-dependent [118].

6  Dendrimers and Hyperbranched 
Polymers

Highly branched polymers, or dendrimers, were used for the 
first time in the field of nanotechnology by Vogtle [26]. 
Dendrimers are well organized 3D nanoscopic macromole-
cules (5000–500,000 g/mol) characterized by a narrow size 
distribution. They are distinguished by the number of layers 
between each cascade (tree like branches), generally known 
as generations, which possess functional groups at the termi-
nal surface [49]. Their potential interaction with other mac-
romolecules has been widely increased to make them highly 
functional in terms of host-guest complexes, thus offering 
wide applications in drug delivery. Herein, we discuss recent 
updates about dendrimers and hyperbranched polymers in 
drug delivery, drug conjugation, and their overall toxicity. To 
avoid any issue like uncontrolled drug release, low efficacy, 
toxicity, lower half-life, and lower loading capacity associ-
ated with NCs, dendrimers represent the solution for the 
administration of conventional chemotherapeutic drugs. 
Dendrimers are small in size, and they can penetrate easily in 
cancer cells. Penetration of dendrimers in deeper layers of 
3D spheroid models and tumors depend on their small size 
(usually below 10 nm) and positive charge [28]. Interestingly, 
DOX-loaded negatively charged poly(amido amine)-2,3- 
dimethylmaleic monoamide (PAMAM-DMA) dendrimers 
had lower toxicity, enhanced cell membrane permeability 
and cytotoxicity over cancer cells, and are converted into 
positively charged PAMAM-DMA when exposed to acidic 
pH at the tumor site [31]. The surface of polyamidoamine G4 
(PAMAM G4) dendrimers was modified with PEG to reduce 
the systemic toxic effect of the dendrimer conjugated with 
FA while increasing nanocomplex targeting. The FA applica-
tion to PAMAM G4 improved the cell toxicity of PAMAM 
G4 and 5-FU-loaded PAMAM G4  in high concentrations 
due to their increased internalization, while PEGylation 
increased cell viability in a concentration-dependent manner. 
This nanocomplex had a good cell growth inhibition of 
HT-29 human colorectal cancer cells, with low side effects 
on mice myoblast C2C12 normal ones [142].

Graphene-decorated magnetic dendrimers can be used to 
co-deliver hydrophobic (curcumin) and hydrophilic (e.g., 
DOX) drugs to MCF-7 cancer cells. To increase the loading 
capacity of NCs, edges of graphene oxide sheets were deco-
rated with a magnetic-functionalized polyamidoamine den-
drimer with hydrazone groups at the end of the polymer, 
which not only improved the dispersibility and solubility of 
sheets but also conferred magnetic property to NCs. These 
NCs showed a pH-sensitive release for both drugs, and the 

drug release behavior was also improved by the co- 
immobilization of payloads [154]. Unimolecular micelles 
based on PAMAM dendrimers can be used as tumor- selective 
diagnostic/therapeutic platform owing to their stability, bio-
compatibility and selectivity. PAMAM dendrimers conju-
gated with F3, a peptide, and loading DOX exhibit enhanced 
permeability/internalization into breast cancer cells (e.g., 
MDA-MB-231) than PAMAM without F3 [207].

7  Emulsions and Micelles

Emulsions are two-phase mixtures of insoluble liquids in 
which a “continuous phase” surrounds vesicles of the “dis-
persed phase.” They are stabilized by surfactants to prevent 
coalescing of the dispersed phase into the macroscopic 
phase. The continuous phase of an emulsion is generally the 
aqueous phase, and the drug can be part of this. The stability 
of emulsions depends upon the diffusion and delivery of 
drugs from the hydrophobic interior [105]. Microemulsions 
are transparent oil-in-water systems with a diameter of 100–
500 nm [167] which are widely studied as drug carriers, in 
order to improve the systemic, controlled, and targeted deliv-
ery of anticancer drugs [171]. DOX and phthalocyanine co- 
loaded microemulsions have been incubated with murine 
breast cancer (4 T1) for 3 h at various concentrations. Less 
than 10% of 4 T1 viable cells were observed when photody-
namic therapy and chemotherapy were combined at a 1.0 J × 
cm−2 laser light dose with 1.0 μM phthalocyanine and 0.5 μM 
DOX. Additionally, these microemulsions were stable, had a 
suitable biocompatibility and improved photophysical prop-
erties, as well a significant pharmacokinetics profile, and 
upregulated 15 and 25 genes related to apoptosis and anti-
cancer activity, respectively. These interesting features make 
them promising formulations for clinical trials in anticancer 
therapy by systemic, topical or transdermal administration 
[29].

Migotto et  al. developed cationic bio-adhesive micro-
emulsions for the intraductal administration of C6 ceramide, 
a sphingolipid that mediates nonapoptotic as well as apop-
totic cell death. C6 ceramide concentration necessary to 
reduce MCF-7 cells viability to 50% decreased by 4.5-fold 
after nanoencapsulation compared to free drug; a further 
decrease of cell viability (2.6-fold) was obtained when tribu-
tyrin (a prodrug of butyric acid) was added as component of 
the oil phase of the nanocarrier. This approach provides a 
significant synergism between payloads and microemulsions 
that are per se therapeutic [138]. Gonzales et al. [77] high-
lighted the pharmacokinetic benefits of microemulsions used 
as NCs, by developing fluorescent poly(ADP-ribose)poly-
merase 1 (PARP1) inhibitor (PARPi-FL), as an imaging 
agent targeting the nuclear enzyme PARP1 in small cell lung 
cancer, loaded nanoemulsions. Interestingly, this nanoemul-
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sion is accumulated in H-69 and H-82 small cell lung cancer 
cell lines, where the contrast agent escapes and is then accu-
mulated inside the cell nuclei [77].

Micelles are colloidal suspensions having a small diameter 
in the range of 5–100 nm. They gained attention from the sci-
entific community thanks to their potential use in cancer ther-
apy and diagnosis [170]. Along with the ability to deliver 
partially water-soluble anticancer drugs, micelles display also 
a significant penetration inside the tissue, site specificity (by 
attaching specific targeting moieties to the outer surface), and 
drug stability which contribute to their enhanced therapeutic 
efficacy [87, 127]. Micellar nanosystems are composed of 
hydrophilic and hydrophobic components self-assembled 
into nanosized ellipsoid, spherical, or cylindrical structures. 
Recently, hybrid stimuli-responsive micelles have been devel-
oped either by integrating metal NPs (gold, silver, and iron 
oxide) inside conventional micelles or by combining poly-
mers and lipids into a single composite [87]. Micelles received 
scientific interest in the field of drug delivery because their 
diameter facilitates an easy and effective penetration into 
tumor cells. For example, PTX encapsulated inside polymeric 
micelles showed good efficacy in patients with advanced met-
astatic cancer [116, 175]. Similarly, DOX/PTX-loaded 
micelles [41] and DOX conjugated to pluronic [107] were 
widely used for cancer treatment. A hydrophobic core of 
micelles obtained by lipid- conjugated PEG can be used to 
deliver several poor water drugs, such as PTX, tamoxifen, 
porphyrin [134], CPT [72], and vitamin K3 [139].

8  Drug Targeting Strategies

One of the main challenges in cancer treatment is drug bio-
distribution. Drugs reach healthy tissues, damaging them or 
causing side effects. Because of this redistribution toward 
other tissues, there is a lower drug concentration in the tumor 
site. Thus, new targeting strategies have been developed 
[195]. NCs can achieve targeted delivery, extend half-life, 
and reduce the systemic toxicity in chemotherapy [36]. Two 
kinds of drug targeting are being investigated, passive and 
active [13]. The passive targeting is based on the EPR effect, 
by exploiting the presence of abnormal fenestrations belong-
ing to the tumor vasculature (Fig. 2a). On the contrary, active 
targeting depends on NCs conjugating ligands that bind to a 
specific receptor overexpressed on the surface of the cancer 
cell (Fig. 2b).

9  Passive Targeting

The EPR effect is caused by the need for tumor cells to 
access nutrient and oxygen rapidly to fuel their exponential 
growth. Thus, cancer cells stimulate the growth of new blood 
vessels by activating vascular endothelial growth factor 
(VEGF) and other growth factors. These newly formed 
 vessels are structurally and anatomically anomalous. In fact, 
they have a saccular endothelium with very large fenestra-

Fig. 2 Passive (a) and active (b) targeting. Anatomically, tumor micro-
vessels are fenestrated, tortuous, and saccular with irregular and dis-
continuous patterns of interconnection and branching. Passive targeting 
takes advantage of these unique pathophysiological properties of tumor 
vessels, allowing nanosized DDS to accumulate into the tumor tissues. 

In active targeting, nanosized DDS is recognized and bound to target 
tumor cells through ligand-receptor interactions by the expression of 
receptors or epitopes on their cell surface. To achieve high specificity, 
those receptors/epitopes should be highly expressed on tumor cells, but 
not on normal ones
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tions, without innervations, smooth musculature and lym-
phatic drainage, exhibiting altered receptors for Angiotensin 
II [21, 128]. Passive targeting exploits dilated endothelium 
fenestrations, formed because of the abnormal angiogenesis, 
to accumulate macromolecules/NPs preferentially in the 
neoplastic tissues [13, 128, 129]; this phenomenon (EPR 
effect) occurs by a diffusion-mediated transport, allowing a 
higher accumulation of macromolecules/NPs into tumor 
cells rather than in healthy ones [128, 129]. However, there 
is significant heterogeneity of EPR within and between 
tumor types. Different tumor types have different pore 
dimensions in the vasculature and that the maximum pore 
size changes with the location for a given type of tumor (i.e., 
primary vs. metastases). In addition, there may be differ-
ences in the vessel structure within a single tumor type [155]. 
Heterogeneous consequences are associated with the EPR 
effect. For example, the central area of metastatic cancers 
does not exhibit the EPR effect and shows less accumulation 
of macromolecules than other parts [141]; it facilitates the 
transport to tumors of nutrients and oxygen that sustain rapid 
tumor growth [57].

Erythrocytes normally constitute 40–50% of the total 
blood volume [190]. Leukocytes and platelets are pushed lat-
erally by the red cells, which tend to accumulate into the 
vessel core. Thereby, platelets and leukocytes undergo an 
easy extravasation during inflammation processes [78]. 
Some NPs have been developed to exploit these underlying 
phenomena. NPs with the same size of platelets (from ten up 
to few hundreds of nanometers) flow laterally into the blood 
vessels and extravasate through the dilated endothelial fenes-
trations of tumor microvasculature. In addition, the slow 
blood flow in the tumor microvasculature, due to their ana-
tomical tortuosity, allows NPs to stagnate in the tumor site 
[13]. The factors exploited in passive targeting, in addition to 
the anatomical anomalies of the tumor vessels, are the physi-
cal characteristics of macromolecules/NPs (e.g., size and 
shape) as well as the tumor microenvironment, that is, the 
characteristic of environment around a tumor (e.g., decrease 
in pH and increase in temperature) [17, 62].

In particular, the tumor microenvironment is character-
ized by different physicochemical properties in comparison 
with normal neighboring tissue, such as a lower pH, hyper-
thermia, and hypoxia [89]. All these differences are useful in 
the design of stimuli-responsive nanoscale DDSs for cancer 
therapy.

The responsiveness of DDSs to several stimuli could 
increase their effectiveness. For this reason, Chitgupi et al. 
[39] synthesized two liposomal formulations using two 
different chromophores conjugated to phospholipids, pur-
purin (690  nm) or pyropheophorbide (665  nm). Basic 
orange and DOX anthraquinones are loaded as single 
agents into the two liposomal formulations, and they were 
then mixed together into a single colloidal suspension. 

Interestingly, the formulation showed the release of pay-
loads in cancer at a specific wavelength [39]. Fang et al. 
developed mesoporous carbon NPs modified with hyal-
uronic acid and GQDs, thus obtaining a dual-responsive 
targeting drug delivery system capable of providing both 
in vitro and in vivo synergistic chemo-PTT [56]. Another 
interesting approach to improve the effectiveness of anti-
cancer DDSs has been proposed recently by Chen et  al. 
and it consists of synthesizing pH/reduction responsive 
NPs capable of allowing an efficient delivery and a pro-
gramed release of drugs in vivo. They developed a core of 
positively charged DOX-loaded lactobionic acid-chitosan- 
lipoic acid NP which was then coated with a negatively 
charged dimethylmaleic acid-PEG-chitosan layer to obtain 
a prolonged circulation time and improve the tumor-target-
ing effect. NPs targeting the specific tumor tissue were 
activated by the acidic microenvironment, thus modifying 
their surface charge from negative to positive with the rela-
tive removing of PEG from the surface of NPs. This effect 
depends on the dimethylmaleic acid-PEG-chitosan layer 
coating NPs that is pH-responsive to the modification of 
the microenvironment in tumors. pH-induced responsive-
ness of NPs caused the rapid release of entrapped DOX 
and its transfection inside the nuclei where DOX was trig-
gered by the intracellular high concentration of glutathi-
one, and thus activated cellular apoptosis [38].

In order to improve the efficacy of anticancer DDSs, sev-
eral researches are focusing not only on targeting the general 
population of cancer cells, but also on others present in the 
tumor microenvironment [179]. Cancer stem cells (CSCs) 
are a small subpopulation of cells within tumors with capa-
bilities of self-proliferation, differentiation, and tumorige-
nicity when transplanted into an animal host [213]. There is 
a direct correlation between the increase in the number of 
CSCs and the insurgence of chemoresistance that hinders a 
successful chemotherapy [122, 213]. Lin et  al. recently 
developed a pH and glutathione sensitive NC co-delivering 
docetaxel and rubone, a miR-34 activator for targeting can-
cer stem cells, for a selective targeting of CSCs. Therapeutic 
NCs are specific for the treatment of taxane-resistant prostate 
cancer and enter the tumor cells by endocytosis pathway. 
NCs changed their structure and disassembled in the tumor 
microenvironment after protonation of the pH-responsive 
diisopropylaminoethanol, making nanocarriers, with the 
cleavage of the disulfide bond induced by glutathione under 
acidic condition. This modification results in a fast release of 
docetaxel and rubone from NCs, thus providing an upregula-
tion of the intracellular miR-34a (rubone-mediated effect), 
which modulated the expression of proteins involved in che-
moresistance, the increased responsiveness of tumor cells 
versus docetaxel treatment, and a significant inhibition of 
taxane-resistant tumor progression [122]. Karandish et  al. 
[99] identified and targeted the neuropilin-1 receptor in both 
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pancreatic and prostate cancer stem cells with stimuli-
responsive PEG-PLA-based polymersomes delivering napa-
bucasin, a stemness inhibitor. In particular, 
napabucasin-loaded polymerosomes decreased significantly 
the cell viability of prostate and pancreatic stem cells, com-
pared to controls and cancer cells treated with empty formu-
lation, and reduced the expression of stemness proteins like 
notch-1 and nanog. These DDSs provide some advantages 
compared to conventional drug delivery systems in prostate 
and pancreatic cancer therapy because they deeply penetrate 
into the tumors, thus releasing the entrapped stemness inhib-
itor, and killing CSCs [99].

Cancer induces an inflammatory response within the 
organism that leads to a massive accumulation of macro-
phages on its onset site (tumor associated macrophages, 
TAMs). TAMs included two entities: M1 and M2. M1 repre-
sents macrophages that follow “classical” activation by 
interferon-γ with either lipopolysaccharide or tumor necrosis 
factor, whereas M2 represents macrophages that follow 
“alternative” activation by interleukin 4. M1 macrophages 
showed a proinflammatory and cytotoxic (antitumoral) func-
tion, whereas M2 macrophages are antiinflammatory (protu-
moral) and promote wound healing [132]. Several studies 
have shown that the primary tumor growth and the number of 
metastatic sites can be significantly decreased by decreasing 
the population of macrophages in tumor tissue, for example, 
by blocking the recruitment of monocytes or eliminating 
TAMs already present in the tumor tissue [168]. To this aim, 
Cao et  al. [30]) synthesized PTX-loaded NPs conjugating 
innovative peptide YI (YINP/PTX) on their surface that can 
target specifically TAMs and angiogenetic factors. The mod-
ified YI peptide increased significantly the specific accumu-
lation of NPs in the tumor tissues [31], thus decreasing the 
untargeted effect on health tissues and particularly liver [30]. 
Similarly, Chen et al. [37]) showed that the co- administration 
of nRGD and lycobetaine-loaded PEGylated liposomes led 
to an improved tumor penetration and enhanced extravasa-
tion [38] which increased the antitumor efficacy against lung 
carcinoma, likely due to the depletion of TAMs [37].

9.1  Size and Shape

Both size and shape play a crucial role for adhesion of some 
DDSs, like NPs, to tumor endothelium. Even if several NCs for 
anticancer drugs have been synthesized in spherical forms, 
many bacteria and viruses display a nonspherical morphology 
to evade the immune system [102]. Thus, scientists modified 
the shape of NCs in order to develop smart and novel DDSs. 
Recent results showed that discoidal NPs are a good compro-
mise between size (few nanometers) and shape, allowing for a 
greater adhesion surface [146], a better cellular uptake and 
antitumor efficacy than classical spherical ones [83]. In fact, 
they can be margined to the blood vessels thus escaping to 

macrophage uptake and move through the blood stream. 
Discoidal shape of nanocarriers also generated a circulating 
second stage of delivering systems that can transport inside 
other payloads showing potent anticancer activity versus meta-
static tumors and improving the rate and long-term survival 
in vivo of animal engrafted with metastatic tumor cells [206].

9.2  pH

Several charge-switchable DDSs are developed to improve 
both the half-life in the bloodstream and their tumor cellular 
uptake. Due to the accumulation of acid moieties resulting 
from lower and slower flow of tumor vasculature as well as 
hypoxic conditions, the tumor microenvironment has a pH 
value of about 6.5 versus 7.4 of the normal neighboring tissue 
[81]. These pH differences depend on the ion concentrations 
that modify the microenvironment and the proton concentra-
tion, thus activating some mechanisms that can modulate the 
internalization and uptake DDSs by different pathways like 
endocytosis. In particular, protons entry into the endosome, by 
means of a mechanism called “proton sponge,” leads to 
osmotic swelling and finally to endosome rupture, thus releas-
ing the NCs and its payload into the cytoplasm. Other DDSs 
have been developed by using organic, inorganic, and hybrid 
pH-sensitive materials. The easy rupture of some bonds at low 
pH values allows the drug release at the tumor site [19, 124, 
193]. Recently, a novel polymeric micelle-decorated Fe3O4/
Au core-shell NP has been designed for pH-responsive intra-
cellular co-delivery of 6- mercaptopurine and DOX [75].

The main disadvantage of using pH-sensitive DDSs is 
that they act in a specific pH range. However, some pH- 
sensitive DDSs have been translated from bench to clinical 
application and have been approved by the US Food and 
Drug Administration (FDA) for treatment of various cancer-
ous diseases [124].

9.3  Temperature

The temperature in different body districts varies according 
to different factors such as the blood flow and the thermal 
energy generated by cellular metabolism. Due to their higher 
metabolic activity and blood flow compared to the surround-
ing healthy tissue, an increase in the temperature occurs in 
the tumor tissue [60, 98, 100, 166]. Thus, this increase of 
temperature at the tumor site could be used by thermo- 
responsive DDSs. Among the many different stimuli- 
sensitive delivery systems, temperature-sensitive DDSs offer 
great potential over their counterparts due to the versatility in 
their design, the tunability of phase transition temperatures, 
the passive targeting ability, and in situ phase transitions. In 
an effort to further control existing temperature-responsive 
systems, current innovative applications have combined tem-
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perature with other stimuli such as pH and light. The result 
has been the development of highly sophisticated systems, 
which demonstrate suitable control over drug release and 
represent huge advances in biomedical research [23]. For 
example, sulfonamide and hydroethylacrylate monomers 
have been polymerized with poly(N-isopropylacrylamide) to 
combine pH and temperature stimuli and thus develop inject-
able drug delivery systems that do not undergo phase transi-
tions at the lower value of critical solution temperatures in 
physiological condition [133, 177]. Bikram et al. [22] have 
developed composite hydrogels of silica-gold nanoshells and 
poly(N-isopropylacrylamide) co-polymerized with acryl-
amide to form the photothermal modulated drug delivery 
system in which NIR light can be used to induce the collapse 
of the polymeric matrix containing payloads used as drug 
candidate model [22].

10  Active Targeting

Advances in nanobiotechnology and targeting strategy could 
improve the delivery of therapeutic molecules into cancer 
cells, thus improving the treatment effectiveness with mini-
mal side effects on healthy cells [189].

Active targeting uses specific ligands to bind receptors 
overexpressed in tumor tissues. In literature, many ligands 
have been used for active targeting. They include peptides 
(e.g., octreotide, asparagine-glycine-arginine, cyclic peptide 
iRGD (CCRGDKGPDC) and C-end Rule, or CendR, motif 
peptide tLyP1), proteins (e.g., transferrin, growth factors, 
antibodies, and antibody fragments), mono- (e.g., galactose) 
and polysaccharides, glycosaminoglycans (e.g., hyaluronic 
acid), aptamers, and other molecules (e.g., FA, bisphospho-
nates, and biotin) [34, 64, 104, 164, 188]. These ligands are 
conjugated to NPs loaded with the drugs of interest, in order 
to release higher amounts of payloads in cancer cells rather 
than in healthy tissues. The choice of specific ligands to bind 
the appropriate receptors is very important for the right 
active targeting [13]. Very useful receptors are epidermal 
growth factor receptor (EGFR) and folate receptor (FR), 
which are overexpressed in most cancer cells [120, 147]. 
Active targeting has several advantages including increasing 
the drug dosage that is delivered to the tumor tissue with the 
resulting lower systemic administration, and the higher ther-
apeutic efficacy [113, 194].

Targeting agents are conjugated to the DDS surface, thus 
increasing their interaction with specific cancer cells and tis-
sues. In particular, many papers demonstrated the targeting 
cancer cells-overexpressed specific tumor receptors and 
accumulation of drugs inside cancer cells. However, strate-
gies preserving healthy cells and tissues from the toxicity of 
drug targeting need to be addressed and are still one of the 
major challenges in pharmaceutical field [33]. Below, we 

discuss the main targeting agents that are conjugated to 
 innovative DDSs and provided a smart and specific targeting 
for anticancer therapy (Fig. 3).

10.1  Peptides and Proteins

Peptides can recognize and bind receptors overexpressed by 
cancer cells with high affinity. They are poorly immunogenic 
and quickly excreted via liver and kidneys. Their synthesis is 
very simple, but it is quite expensive. In addition, peptides 
are easily exposed to the action of the peptidase enzyme that 
cleaves and inactivates these macromolecules, thus altering 
their biological effects.

The blockade of integrin signaling has been demonstrated to 
be efficient in inhibiting tumor growth, angiogenesis, and 
metastasis. Among all the integrins, αvβ3 seems to play a funda-
mental role during tumor angiogenesis. Integrin αvβ3 is highly 
expressed on activated endothelial cells, new-born vessels as 
well as some tumor cells, but it is not present in the other endo-
thelial cells and most normal tissues and organs [125].

iRGD is a prototypic tumor-specific tissue-penetrating 
peptide (a 9-amino acid cyclic peptide with sequence 
CRGDKGPDC), which delivers drugs deeply into the extra- 
vascular tumor tissue (Fig.  3b). The pathway triggered by 
iRGD can be used for the enhanced transport of anticancer 
drugs administered as combination into the tumors. Indeed, 
Yang et  al. [207]) had higher 4  T1 cells cellular uptake 
in vitro [209, 210] as well as higher penetration and accumu-
lation of legumain-responsive aggregate gold NPs in breast 
tumor in  vivo when these NPs were co-administered with 
iRGD [209].

Moreover, the cyclic peptide iRGD has been well estab-
lished as a tumor-homing and tumor-penetrating peptide. 
iRGD initially binds the αv integrins expressed on tumor 
endothelial cells. Subsequently, the cleavage by a protease 
and the bond with neuropilin-1 allows its internalization 
[187, 188]. The identity of the iRGD processing protease(s) 
is unknown [27]. Song et al. [180] reported a DOX loaded 
liposomes modified with a “tadpole”-like peptide, which was 
obtained by conjugating covalently the alanine-alanine- 
asparagine “tail” residual to the cyclic tumor homing peptide 
iRGD to afford nRGD (multi-target peptide consisting of 
alanine-alanine-asparagine and cyclic iRGD). This DOX 
loaded liposomes modified with nRGD showed excellent 
antitumor efficacy in 4 T1 breast cancer mice than other for-
mulations tested (i.e., free DOX, DOX-loaded PEGylated 
liposomes, DOX-loaded PEGylated liposomes and modified 
with iRGD, and DOX-loaded PEGylated liposomes and 
modified with nRGD), interacting with tumor vascular endo-
thelial cells to achieve efficient tumor penetration, and mod-
ulate tumor microenvironment with depletion of tumor 
associated macrophages [180].
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Fig. 3 New generation of DDSs for the enhanced transport of cancer 
drugs into tumors. (a) GLUTs mediated delivery of anticancer drugs. 
PAMAM dendrimers modified with L-tryptophan and GlcN permit 
higher drug loading and the use of GLUT transporters. This DDS 
allows the DOX release with significant higher cytotoxicity than 
PAMAM [112]. (b) Drug delivery into extravascular tumor tissue by 
the prototypic tumor-specific tissue-penetrating peptide CRGDKGPDC 
(iRGD). iRGD peptide homes and penetrates tumors through a three- 
step process: (1) the RGD sequence motif mediates the binding to αvβ3 
and αvβ5 integrins expressed on tumor endothelial cells; (2) upon αv 

binding, a protease cleavage event is activated, revealing the c-terminal 
CendR motif of the peptide; (3) the peptide, by its CendR motif, binds 
neuropilin-1, thus activating the endocytotic/exocytotic transport path-
way [187, 188] (C) Delivering of functional antibodies to the cytosol as 
intracellular therapeutics without cytotoxicity by Hex NC. This NC has 
been generated by combining a α-helical peptide that self-assembles 
into a hexameric coiled-coil bundle with an Fc-binding protein A frag-
ment. An anti β-tubulin or antinuclear pore complex antibody as cargo 
allows the intracellular delivery of antibodies. The addition of an endo-
somolytic motif conjugated to the core improves this delivery [121]

Conventional Nanosized Drug Delivery Systems for Cancer Applications
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Proteins, such as transferrin and EGF, are also used for 
active targeting. Transferrin is the major serum glycoprotein 
which transports iron into cells by receptor-mediated endo-
cytosis, also called clathrin-mediated endocytosis [43]. Since 
cancer cells have higher transferrin receptor 1 expression 
than normal cells, this receptor represents a potential target-
ing to treat cancers by transferrin-conjugated DDSs [173]. 
However, the administration of elevated doses of transferrin- 
conjugated DDSs may also cause the death of healthy cells 
or cells with high proliferative activity [104]. Like transfer-
rin receptor 1, also EGFR is overexpressed in human malig-
nancies (e.g., carcinomas), and its activity enhances tumor 
growth, invasion, and metastasis [144]. The advantage of 
using EGF as the targeting moiety is that this can promote 
the transport of the drug to the nuclear level through an endo-
cytic pathway in highly proliferating cells [34]. In addition, 
the internalization of DDSs conjugated to EGF is more rapid 
than those conjugated with other proteins, such as antibodies 
[164]. However, the use of this ligand may promote cell divi-
sion because EGF is mitogenic [131, 191]. Antibodies are 
other ligands used for active targeting. The NC is bound to an 
antibody in the heavy chains portion, so that the two variable 
light chain endings can bind a specific receptor expressed on 
the tumoral cell surface [13]. This allows for a directional 
targeting effect and a controlled release of the drug simulta-
neously. V-erb-b2 erythroblastic leukemia viral oncogene 
homolog 2 (ErbB2) is a growth factor receptor overexpressed 
in 20–30% of human breast carcinomas as well as other ade-
nocarcinomas. ErbB2 F5-scFv antibody was conjugated to 
DOX loaded into PEGylated liposomes. These F5-scFv tar-
geted liposomes had antitumor activity and produced signifi-
cant reduction of the tumor size in xenografted mice 
compared to nontargeted liposomes loading DOX, Doxil® 
[143]. Anti VEGF monoclonal antibodies and other VEGF 
inhibitors block the growth of several tumor cell lines in 
nude mice as previously reported [64]. Clinical trials with 
VEGF inhibitors in a variety of malignancies are still ongo-
ing. In particular, a humanized anti VEGF monoclonal anti-
body (bevacizumab; Avastin®) has been approved by the 
FDA as a first-line treatment for metastatic colorectal cancer 
in combination with chemotherapy. VEGF is also implicated 
in intraocular neovascularization associated with diabetic 
retinopathy and age-related macular degeneration [64]. 
Other examples of new targeted DDSs using antibodies are 
further reported in the Sect. 19. However, targeted DDSs 
present also some disadvantages. The therapeutic effect 
could be altered if the bound DDS-antibody is not degraded 
correctly. Moreover, the antibody binding ability could be 
decreased if the fractions involved in this bond (antibody and 
or antigen) are sterically hampered by the presence of the 
nanocarrier. Finally, the immunoconjugate DDS-antibody 
could trigger an immune response in vivo by the organism 
[109, 163].

10.2  Aptamers

Aptamers are short single-stranded DNA or RNA oligonu-
cleotides that can selectively bind to small molecular ligands 
or protein targets with high affinity and specificity, by acquir-
ing unique three-dimensional structures as previously 
reported [101]; they have the advantage of being highly spe-
cific, relatively small, nonimmunogenic and can be easily 
stabilized by chemical modifications, thus allowing expan-
sion of their diagnostic and therapeutic potential [101]. They 
could be conjugated to DDSs by a covalent bond to obtain a 
high affinity as well as a low immunogenic targeting. In 
addition, they are stable at different pH and temperature 
ranges, easily synthesizable, modifiable and excretable by 
kidneys [114]. However, because aptamers are composed of 
DNA or RNA oligonucleotides, they are rapidly degraded by 
exo- and endonucleases [176], thus the half-life of unmodi-
fied nucleotide aptamers in blood can be as short as 2 min. 
[80]. This issue has been solved through PEGylation. Dassie 
et al. [42] demonstrated that the RNA aptamer A9g functions 
as a smart drug for metastatic prostate cancer by inhibiting 
the enzymatic activity of the prostate-specific membrane 
antigen. A9g was safe in  vivo and not immunogenic for 
human cells. Pharmacokinetic and biodistribution studies in 
mice have confirmed the targeting specificity and absence of 
nonspecific on/off-target effects [42]. Since their excellent 
properties, different aptamers conjugated with DDSs have 
been developed for cancer therapy. Sgc8c aptamer-DOX 
conjugates were found cytotoxic for leukemic cells express-
ing the protein tyrosine kinase 7 [92]. DOX was covalently 
conjugated with the AS1411 DNA aptamer, which targets 
plasma membrane nucleolin, a protein that is overexpressed 
in many cancer cells [115].

10.3  Other Molecules

Several low molecular weight ligand interactions with recep-
tors are used as targeting moieties for DDSs. Among those 
ligands, folate is often used to target the FR because of its 
high expression level in most cancer cells compared to 
healthy cells and tissues. Folate is a very small ligand and 
has high affinity for its receptor; moreover, it can be easily 
conjugated with DDSs loading different payloads, and it is 
cheap, biocompatible, and safe [66].

11  Combined Targeting

The dual targeting of DDSs to tumors by different mecha-
nisms could represent a promising translational approach for 
anticancer treatment. PEG and its derivatives are used as 
polymeric materials to synthesize NCs that have both active 
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and passive targeting properties; nowadays, poly(lactic acid) 
(PLA), PEG, or their combinations are the most used macro-
molecules to synthesize therapeutic and targeted NPs [95]. 
PEG is widely used to prevent the opsonization of NPs after 
their injection in the blood stream. Opsonins are the proteins 
involved in this process, and interact with the hydrophobic 
components of NPs, leading to their flagging as “not self” 
material. NPs flagged by opsonins are then captured by mac-
rophages forming the mononuclear phagocyte system, and, 
at the end, eliminated from the body. PEGylated NPs are not 
recognized by opsonins. Thus, their recognition and uptake 
by the mononuclear phagocyte system is reduced. 
Consequently, the circulation half-life of various types of 
NPs, such as polymer-based NPs and hybrid NPs, is widely 
increased [79, 117, 145]. However, PEG-related immuno-
logical issues have received considerable attention. 
Antibodies against PEG may limit the therapeutic efficacy 
and/or reduce tolerance of PEG-asparaginase in patients 
with acute lymphoblastic leukemia and of PEGloticase in 
patients with chronic gout. In particular, anti PEG immune 
reaction occurred in 22–25% of healthy volunteers and anti 
PEG antibodies are present in their blood, compared with a 
very low 0.2% of anti PEG antibody immune reactions that 
occurred in the two decades before. This increase may be 
due to an improvement of the limit of detection of antibodies 
during the years and to greater exposure to PEG and PEG- 
containing compounds in cosmetics, pharmaceuticals, and 
processed food products. Thus, patients should be pre-
screened and monitored for anti PEG prior to and throughout 
the course of treatment with a PEGylated compound [73].

11.1  Anticancer Nanosized DDSs on Market

To overcome chemotherapy-associated drawbacks (see Sect. 
1), great progress has been made in the field of anticancer 
nanomedicine, which led to the development of smart and 
novel DDSs with characteristics including size not exceed-
ing 200 nm and versatile architecture [2]. The main  advantage 
provided from these nanosized DDSs is the increase of the 
surface area [53]. To date, several liposomal- and NP-based 
DDSs for cancer treatment have been approved in different 
countries. In 1995, Doxil®, lipo-DOX, was the first 
US-approved (by FDA) nanodrug. Its corresponding equiva-
lent drug approved in the E.U. was Caelyx®, and both are 
used for the treatment of Kaposi’s sarcoma, breast, multiple 
myeloma, and ovarian neoplasms, and had a better toxicity 
profile than free DOX hydrochloride. In 1996, FDA approved 
DaunoXome®, another lipo-DOX formulation, used in can-
cers and HIV-associated Kaposi’s sarcoma. Recently, other 
liposomal-based drugs have been approved both in the E.U. 
and USA.  In 2009, Mepact®, liposomal mifamurtide, was 
marketed as a powder which is resuspended into a suspen-

sion for infusion to treat osteosarcoma. In 2012, liposomal 
vincristine sulfate, commercially available as Marqibo®, was 
marketed to treat Philadelphia chromosome-negative chronic 
myelogenous leukemia. In 2015, Onivyde®, lipo-irinotecan, 
was marked as a chemotherapeutic agent to treat metastatic 
pancreatic cancer [2]. Furthermore, several DDSs are cur-
rently under clinical trials, such as AS15 (liposomal adjuvant 
AS15 containing monophosphoryl lipid-A, Quillaja 
Saponaria plant extract QS21 and CpG oligodeoxynucleo-
tide, phase II trial), SP1–077 (cisplatin-loaded PEG-liposome 
treating lung, head, and neck cancers, phase II trial) and 
ALN-VSP (lipid-based NPs containing VEGF-A and kinesin 
spindle protein siRNAs, developed for the treatment of 
advanced cancer and liver metastases, phase I trial) [2]. 
NP-based DDSs currently in the market include Abraxane®, 
PTX-loaded albumin NPs, approved in 2005 for non-small 
cell lung carcinoma and pancreatic neoplasm therapy, and 
Zevalin®, a monoclonal antibody radio-immunotherapy 
treatment for relapsed or refractory, low grade or transformed 
B-cell non-Hodgkin’s lymphoma, approved in 2004 [59].

12  Efficacy and Side Effects

DDSs can increase the therapeutic efficacy of several antican-
cer drugs, by decreasing the drug side effects, and increasing 
the patient’s compliance [123]. Compared to free drugs, DDSs 
promote drug accumulation preferentially in the disease area. 
To enhance the DDS effectiveness, many strategies have been 
developed to increase their targeting toward specific sites. The 
conjugation of targeting moieties on the surface of NCs is one 
of the strategies used to increase the accumulation. Recently 
Ai et al. [4] synthesized integrin targeted iRGD-heparin NPs 
loading cis- diamminedichloroplatinum(II) to clinically treat 
gastric cancer. These NPs showed a significant antitumor 
activity of payload without the weight loss or liver and kidney 
damage occurring in the nude mice, bearing MKN-45P 
tumors, that are treated with free diamminedichloroplatinum(II) 
or untargeted heparin NPs [4].

Interestingly, drugs can become sensible to endogenous 
and/or exogenous stimuli [161]. Daga et al. [40] developed 
glutathione-responsive cyclodextrin nanosponge loaded 
DOX for anticancer therapy. These nanosponges were able 
to release DOX preferentially in cells having high glutathi-
one content, such as DU145 prostate and HCT116 colon 
cancer cells, as well as to inhibit the growth of DU145 xeno-
graft tumors more than DOX [40]. Similarly, Argenziano 
et  al. [11] generated strigolactones-loaded glutathione/pH- 
responsive nanosponges to selectively deliver strigolactones 
to prostate cancer cells and increase their therapeutic effi-
cacy [11]. Moreover, the therapeutic effectiveness of DDSs 
can be increased also by co-delivering various anticancer 
drugs simultaneously (see Sect. 1).
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NC protects drugs from degradation after systemic injec-
tion, thus increasing their half-time, leading to less frequent 
administrations, improving patients’ compliance and 
decreasing healthcare costs [75, 130, 205]. Unfortunately, 
DDSs exhibit some detrimental reactions/side effects 
strongly correlated with their physicochemical properties 
and material composition [135]. The side effects include 
complement activation, which can cause both a rapid drug 
clearance and a pseudo-allergic reaction in patients [9], and 
blood adverse reactions such as hemolysis, thrombogenicity, 
and/or vascular oxidative stress that result in inflammatory 
responses [135, 137].

13  Physicochemical Properties

Physicochemical properties, such as size, shape, surface 
chemistry, and polydispersity index (PDI), are fundamental 
parameters affecting the performance of DDSs (Fig. 4). In par-
ticular, they influence primary biopharmaceutical  properties 
such as biodistribution, pharmacokinetic, therapeutic versus 
side effects of drugs. DDSs can be manipulated and change 
their physicochemical properties to obtain a personalized 
medicine for cancer therapy [220]. As a result, DDSs increased 
the effectiveness of cancer treatments compared to free drugs.

13.1  Size and Shape

Size is directly proportional to the surface area of DDSs 
interacting with the external environment after administra-
tion. Different studies, most of them involving NPs, are cur-
rently ongoing to study the mechanisms of DDS cell 
internalization. The cellular uptake of NPs is a size- dependent 

process that starts from the interaction between NPs’ ligands 
and the receptors expressed on the cell surface. These inter-
actions provide enough energy to bypass the phospholipid 
bilayer forming the plasma membrane. Thermodynamically, 
a NP having a size between 40 and 50 nm can interact and 
bind receptors to successfully produce membrane wrapping. 
NPs of ~50 nm bind many receptors and their uptake is lim-
ited by the redistribution of receptors on the cell membrane 
via diffusion to compensate for local depletion. NPs larger 
than 50  nm bind with high affinity to a great number of 
receptors and may limit the further binding of additional NPs 
[7]. Size is also a crucial property that allows NPs to extrava-
sate from the abnormal fenestrations belonging to the tumor 
vasculature. This extravasation is possible only for DDS with 
dimensions smaller than 200 nm [108]. Furthermore, the NP 
size strongly affects the type and the amount of proteins 
adsorbed on their surface after administration in the blood 
stream. Plasma proteins, such as serum albumin, comple-
ments, immunoglobulins and apolipoproteins, are adsorbed 
onto the NP surface and form a “protein corona.” Basically, 
there are hard and soft corona proteins that cover the surface 
of NPs. The protein corona phenomenon can modify the sur-
face properties and targeting on nanoparticles, thus decreas-
ing their specific targeting and modifying their therapeutic 
response in preclinical and clinical studies [5, 86]. Protein 
corona also affects the physiological property of DDSs, their 
circulation lifetime, accumulation, toxicity, cellular uptake, 
and agglomeration [111, 220].

Shape is another crucial characteristic that strongly affects 
the fate of DDSs because it is involved in several processes 
occurring after administration, such as biodistribution, mac-
rophage phagocytosis, cell uptake, and targeting [220]. In 
fact, the shape of NPs can affect their metabolic pathway and 
the interaction with the cell surface. Spherical shape is better 
taken up by macrophages and cleared by renal filtration, 
while discoidal or nonspherical NPs long-circulate inside the 
blood stream thus avoiding the macrophage uptake and the 
clearance [103]. This effect depends on the different margin-
alization of NPs and their distribution in the blood stream. 
Moreover, opsonins are better adsorbed on the surface of 
spherical NPs than discoidal or nonspherical one due to their 
curvature radius that facilitates this interaction and modify 
the relative surface properties of NPs [86].

13.2  Surface Chemistry

The surface charge plays a crucial role in protein adsorption, 
which in turn affects the pharmacokinetics and biodistribu-
tion of NCs [25]. Circulation time of NCs in blood vessels is 
highly dependent on charge. For example, highly cationic 
NPs are rapidly cleared from circulation greater than highly 
anionic NPs. In contrast, neutral NPs, as well as those with a 

Fig. 4 Main physicochemical properties affecting biopharmaceutics of 
DDSs
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slight negative charge, show significantly prolonged circulat-
ing half-lives [12]. Surface charge affects both internaliza-
tion and accumulation of NCs in the tumor cells [215]. 
Conversely to neutral NPs, positively charged NPs show a 
greater rate of interaction with cancer cells in response to the 
electrostatic force between the NP surface and the plasma 
membrane [71, 97]. Xiao et al. [204] showed that the amount 
of PEG-oligocholic acid NPs accumulated in the tumor was 
inversely correlated with their surface charge densities 
(either positive or negative) [204]. Particularly, they demon-
strated that the highest tumor accumulation could be achieved 
by rendering the surface slightly negative. Although it is not 
good enough for long circulation and tumor accumulation, 
the positive surface charge improved the tumor extravasation 
and penetration. For example, He et al. demonstrated that the 
surface charge density had different impacts on tumor accu-
mulation for negatively and positively charged NPs [88]. 
Higher surface charge densities caused lower tumor accumu-
lation for negatively charged NPs; however, for positively 
charged particles, NPs with higher charge densities showed 
higher accumulation in the tumor [88]. NPs with a higher 
positive charge density could more efficiently escape from 
the interstitial space and be internalized by tumor cells and 
the associated endothelium [220].

14  Health Costs of DDSs in Cancer 
Therapy

As of 2018, almost 250 therapeutic DDSs were available for 
clinical use [53], and the perspective assumes the double for 
2019 [18]. A small part of these DDSs has been already mar-
keted, whereas all the others are still waiting for approval 
[1]. On June 2018, US FDA adopted a specific policy for 
improving their approval [169], whereas European Medicines 
Agency (EMA) formed a group composed by experts in the 
field of nanotherapeutics to better outline and review guide-
lines [65]. Shortening the approval times for new DDSs for 
cancer therapy could have a net effect on saving public health 
costs. Targeted drug delivery and conventional medical man-
agement have shown to promote a decrease in healthcare use 
and costs for cancer patients in comparison to conventional 
medicines. Stearns et  al. [182] conducted a retrospective 
economic evaluation using score-matched analysis by 
MarketScan commercial claims data on beneficiaries receiv-
ing targeted drug delivery and/or conventional medicines for 
cancer therapy. The survey examined the period from January 
1, 2009, to September 30, 2015. In this economic evaluation, 
involving 536 patients from a large US payer database, the 
use of targeted drug delivery and conventional medicines 
versus conventional medicines alone was associated with a 
significant overall cost savings of $63,498 in the 12 months 
after the index date and with significantly fewer inpatient 

visits, shorter hospitalization, and fewer emergency depart-
ment visits. In the short term and with respect to conven-
tional medical management alone, the use of targeted drug 
delivery and conventional medicines was associated with 
significantly higher outpatient and lower inpatient costs 
[182].

15  Receptors

Receptor-targeted drug delivery has been extensively explored 
to target/treat cancer cells. Several studies about drug targeting 
involved the high-affinity receptor for the vitamin FA, also 
known as FR. The high affinity of the FR toward FA has been 
also recently confirmed by Kumar et al. [112]. They evaluated 
the targeted delivery of gum kondagogu- capped gold NPs 
coupled with FA in both FR positive (MCF-7) and FR negative 
(A549) cancer cells. A great affinity of these NPs was found 
toward FR positive cells [112]. In some cases, FA is used to 
improve the passive targeting of DDS by introducing an active 
targeting too, thus increasing its effectiveness [189]. Ak et al. 
[6] synthesized DOX-loaded and glucose/gluconic acid-
coated magnetically responsive NPs. Erythrocyte membrane 
vesicles were used as coating, while folate ligand was anchored 
to their surface to target the FR. Interestingly, these FR-targeted 
NCs showed more cytotoxicity against ovarian cancer cells 
than nontargeted ones [6]. Drug delivery by FR has also 
proved some effects for other chemotherapeutic agents for the 
treatment of various cancers, such as PTX and gemcitabine 
(GEM). In the cytotoxicity study carried out by Erdoğar et al. 
[52] it was found that the breast cancer cells were more sensi-
tive to cytotoxic effects of PTX delivered by folate-conjugated 
cyclodextrin NPs than PTX in Cremophor EL® solution [52]. 
The analysis of parameters that facilitates direct drug delivery 
into the cancer cells is very important to consequently select a 
suitable pathway of drug penetration. For example, single-
wall carbon nanotubes (SWNTs) below 450 nm could be used 
as DDSs to transfect nucleic acids into the cells due to direct 
cell penetration based on their needle- like structure, whereas 
SWNTs over 450 nm are suitable to target the cells through 
the FR [33]. The systemic use of free GEM is restricted 
because of its poor physicochemical properties and nonspe-
cific drug delivery, resulting in dose- dependent adverse effects. 
With respect to free GEM, fucose-conjugated GO nanosheets 
provided high loading efficiency of GEM, which was opti-
mized by increasing the drug concentration and maintaining a 
constant fucose- conjugated GO nanosheets concentration. 
This strategy provided a sustained pH-dependent drug release, 
and an affective targeting of GEM toward both human breast 
cancer MDA-MB-231 cells and human lung cancer A549 cells 
overexpressing fucose-receptor [84]. The conjugation of sev-
eral ligands in the same NCs could improve the responsive-
ness of tumor cells versus these formulations. Wang et  al. 
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[199] synthesized synergetic targeted liposomes which conju-
gated on their surface both a tumor identification ligand, the 
antiestrogen receptor (ER) antibody, and an immune targeting 
ligand, that was the critical segment of Cluster of differentia-
tion 47 (CD47), called self-peptide (SP) [198]. The anti ER 
antibody recognizes and binds ER-positive breast cancer tis-
sues in a specific way, while SP activates the CD 47-Signal 
regulatory protein α (CD47-SIRPα) immune response, thus 
decreasing the phagocytosis of NPs by macrophages. Both the 
enhanced targeting ability and antiphagocytosis properties 
improve the tumor uptake of the NCs and prevent their immune 
clearance [199]. Yang et al. [207, 209, 210] synthesized DOX-
loaded micelles made up of hyaluronic acid conjugated with 
FA via a reduction-sensitive disulfide linkage to form an 
amphiphilic polymer (HA-ss-FA). Cellular uptake and in vivo 
biodistribution studies showed that these DOX-loaded micelles 
targeted specifically tumor tissues and enhanced significantly 
cellular uptake by CD44 receptor-mediated endocytosis. The 
cellular uptake of DOX in CD44-positve A549 cells was 1.6-
fold more than that in CD44-negative ones. In addition, the 
biodistribution of HA-ss-FA micelles showed promising 
results in in  vivo tumor targeting in human (HCC-LM3)-
bearing nude mice [210].

16  Transporters

Cells have a membrane with different protein transporters 
that work as channels or pumps driving in and out the mole-
cules according to a specific gradient. The protein transport-
ers protect the internal cell environment and keep its 
homeostasis for salts, nutrients, and proteins within a physi-
ological range. These protein transporters can allow the spe-
cific delivery of anticancer drugs into the cell, thus bypassing 
the high selectivity of the cell membrane. Glucosamine 
(2-amino-2-deoxy-D-glucose, GlcN) and N-acetyl 
 glucosamine (GlcNAc) are amino monosaccharides that are 
components of glycosaminoglycans, which constitute a 
major part of the matrix of all connective tissues. The entry 
of GlcN into cells is stimulated by insulin and involves 
glucose- transporters (GLUTs), GLUT1 and GLUT2. 
GLUT1 has similar affinity for glucose and GlcN, while 
GLUT2 has about 20-fold higher affinity for GlcN than glu-
cose [192]. GLUT1 and GLUT2 are expressed in a variety of 
tumors including breast invasive ductal carcinoma. The same 
GLUTs are not expressed in normal breast tissue [76]. Thus, 
the binding of GlcN could be an attractive therapeutic 
approach for GLUTs mediated delivery of anticancer drugs. 
Kumar et al. [112] modified poly(amidoamine), or PAMAM 
dendrimers, obtained by the interactive branching of 
β-alanine repeat units, with L-tryptophan and GlcN (PTN) 
for higher drug loading and to use GLUT transporters, 
respectively. DOX-loaded PTN demonstrated pH-sensitive 

drug release with significant higher cytotoxicity against 
breast cancer cells than PAMAM (Fig. 4a) [112]. GLUT1 is 
overexpressed in breast cancer stem-like cell (CSC) subpop-
ulation [211]. Yi et al. [211] modified glucose-installed poly-
(ethylene glycol)-block-poly(L-lysine) with lipoic acid at the 
ω-end (Glu-PEG-PLL-LA). Glu-PEG-PLL-LA was associ-
ated with a single siRNA to form an unimer-polyion, which 
was used to decorate gold NPs through Au-S bonding. With 
respect to glucose-unconjugated control NPs, conjugated 
NPs exhibited higher cellular uptake of siRNA payloads in 
spheroid breast cancer cells (MBA-MB-231), especially in 
the CSC fraction, probably due to their higher GLUT1 
expression level [211]. It was demonstrated that tumor cells 
compete with host cells for glutamine (Gln), which causes 
Gln to flux from normal tissues to the tumor [197]. Wang 
et al. [197] exploited Gln transporter SLC1A5 (solute carrier 
family 1 member 5) to target the polyglutamine-based NCs 
delivering therapeutic small interfering RNAs (siRNAs) into 
orthotopic lung tumor cells. Gamma-ray emitting 111In, 
which is extensively used for imaging, is also a source of 
short-range Auger electrons (AE). While exhibiting negligi-
ble effect outside cells, these AE become highly toxic near 
DNA within the cell nucleus. Therefore, these radionuclides 
can be used as a therapeutic anticancer agent if delivered pre-
cisely into the nuclei of tumor target cells [197]. A modular 
nanotransporter loading AE emitter 111In has also been 
developed by Rosenkranz et al. [165] to kill human bladder 
cancer cells overexpressing the EGFR [165].

17  Enzymes

The development of safe and effective stimuli responsive 
NCs is very important for tumor chemotherapy [214]. In par-
ticular, due to their high specificity to bind a certain substrate, 
molecules responsive to these specific stimuli are enzymes. 
Prodrug cancer therapy involves the selective activation of 
prodrug(s) in tumor tissues by exogenous enzyme(s). As a 
result, the activated prodrug could kill cancer cells. A peptide 
linker, mimicking the enzyme substrate conjugated between 
the drug and the polymeric carrier, is responsible for the drug 
release mechanism [186]. Jiang et al. [96] synthesized hyal-
uronidase enzyme-responsive targeted NPs for effective 
delivery of 5-FU in colon cancer. These NPs were threefold 
more effective than free drug and twofold more effective than 
5-FU loaded mesoporous silica NPs [96].

18  Antibodies

Monoclonal antibodies are produced by a single clone of 
cells. They are engineered to recognize and bind to a single 
specific antigen as well as highly specific toward a circulat-

C. Vergallo et al.



19

ing protein or cells that have the corresponding antigenic 
structure on their surfaces. This high specificity renders anti-
bodies suitable tools for delivering payloads to specific tar-
gets, for example, cytotoxic drugs to malignant cells or 
enzymes to specific cell types [160]. Lim et  al. [121] 
described a self-assembled protein NC capable of delivering 
functional antibodies to the cytosol and generated intracel-
lular therapeutics without systemic cytotoxicity. This NC has 
been made by combining a α-helical peptide that is self- 
assembled into a hexameric coiled-coil bundle with an 
Fc-binding protein A fragment. Regardless of the pH and the 
antibody’s originating species, the localization of multiple 
Fc-binding domains on the hexameric core allows to bind the 
antibody with a subnanomolar affinity. A cytosol-delivering 
capability of this NC was provided by using anti β-tubulin or 
antinuclear pore complex antibody as cargo. In addition, an 
endosomolytic component conjugated to the NC improved 
the cytosolic delivery effectiveness of the Hex NC.  As a 
result, this modified Hex NC exhibited similar antibody- 
binding properties but delivered more antibodies to their 
cytosolic targets at a faster rate than other reported antibody 
carriers (Fig. 4c) [121].

19  Hybrid DDSs

The current trend of DDSs for cancer targeting and treatment 
is the synthesis of hybrid DDSs combining the properties of 
various biomaterials and NCs. Due to their enhanced effect 
on tumor therapeutics, these multifunctional NCs are widely 
used in therapy [199]. For example, Prusty et al. [156], syn-
thesized lipid-mediated self-assembly of aptamers, and com-
bined different biomaterials into a single nanoconstruct that 
targets the hepatocyte growth factor receptor (cMet). This 
NC consists of lipid derivatives of a cMet-binding aptamer 
and a separate lipid derivative of GC-rich DNA hairpin 
loaded with intercalated DOX.  Furthermore, multiple 
2′,6′-dimethylazobenzene moieties were incorporated into 
the DOX-binding polymer to trigger the release of the che-
motherapeutics by photoisomerization. The resulting NC 
increased: (i) the serum nuclease resistance, (ii) the relative 
transfection into the cells mediated by endocytosis, and (iii) 
the selective photo-release of chemotherapeutics into the tar-
geted cells [156]. Biodegradable core-shell lipid-polymer 
hybrid NPs can combine the advantages of lipid and poly-
meric NPs for controlled drug delivery [181]. Song et  al. 
[181] synthetized lipid-polymer hybrid NPs conjugated with 
EGF co-delivering docetaxel and resveratrol for the treat-
ment of advanced non-small cell lung cancer. In vitro and 
in vivo studies demonstrated that these NPs have significant 
synergistic effects, the best tumor inhibition ability, and the 
lowest systemic toxicity [181]. Zhang et  al. [214] used 
bovine serum albumin and green tea polyphenol to synthe-

size glutathione and enzyme (trypsin) responsive NCs [215, 
216] for DOX delivery [214].

These new-generation DDSs still face multiple chal-
lenges. These hurdles include the accessibility/identification 
of suitable/novel receptors, transporters and enzymes, the 
lack of knowledge about differential expression between 
healthy and cancer cells, the selection of ligands (cell surface 
receptors and transporters), enzymes, immunological kinet-
ics and/or click chemistry (coating molecules and payloads), 
the improvement of the entrapment efficiency/release of pay-
loads, the drug degradation and the NC stability.

20  Future Perspectives and Conclusions

NC-based DDSs have recently gained attention in nano-
medicine for the treatment of various diseases, and partic-
ularly cancer. Polymeric, lipid, and hybrid NCs are used to 
develop safe, biocompatible, and advanced DDSs loading 
payloads with different physicochemical properties and 
modulate the cargo release as a specific response to physi-
cal and chemical stimuli. Biomaterials used for the synthe-
sis of NCs have different compositions and functional 
groups that can be simultaneously or not conjugated with 
peptides, antibodies, and small molecules to provide a 
selective active targeting. Payloads used for cancer drug 
delivery are natural and/or synthetic molecules that can 
affect, as well as NCs per se, the costs of anticancer ther-
apy. Various strategies for targeting have been developed 
to increase the effectiveness of the therapy and improve 
patient compliance. Targeting approaches, biomaterials, 
and payloads as well as biopharmaceutical properties of 
DDSs affect anticancer therapy and impact the healthcare 
and patient quality of life. A similar effect was recently 
obtained for other pathologies, such as metabolic, cardio-
vascular, and infection diseases. The wide diffusion of 
selective molecules, providing specific targeting, novel 
and smart biomaterials as well as natural and synthetic 
payloads with potent therapeutic efficacy, allowed the syn-
thesis of smart NCs and the development of modern DDSs. 
This scenario is slowly transforming lethal diseases, such 
as some cancers, into chronic diseases while developing 
the medicine for the future, focused on patient’s quality of 
life and overall survival. NCs help nanotechnology and 
nanomedicines to treat tumor selectively due to the recent 
development of smart and novel DDSs using physical/
chemical stimuli and molecules generated from microenvi-
ronment of tumors. These factors are part of the immune 
systems of patients and are specific targets suitable for per-
sonalized medicines. Drug degradation, stability of NCs, 
and scale-up still remain a major challenge to be address. 
Although freeze-drying allows stabilizing NCs and pre-
serving NPs as well as payloads from chemical and bio-
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logical degradation, the lyophilization process can partially 
inactivate targeting molecules and decrease their selectiv-
ity against specific receptors and transporters overex-
pressed on the surface of cancer cells and tissues. To date, 
a new frontier for personalized medicines and selective 
targeting of DDSs is the synthesis of lipid micelles conju-
gating targeting molecules that are postinserted in prefor-
mulated lyophilized NCs that are dissolved in sterile water 
or saline solution before patient injection. This strategy 
opens a new scenario in the targeting strategies and allows 
to preserve both biopharmaceutical properties of NCs 
either the therapeutic activity of payloads for long storage 
without affecting targeting properties. Furthermore, target-
ing molecules that are specific for their tumor markers can 
be cloned and collected from patients thus improving the 
efficacy of cancer therapy and decreasing the side effects 
and related failure. This approach may represent a new 
frontier for future experimental protocols and clinical 
studies.

Many studies currently need acute and chronic toxicities 
of DDSs used in anticancer therapy. The lack of toxicity data 
depends on missing data (meta-analysis) in this field due to 
the restricted access of patients to DDSs cure for cancer ther-
apy which remains a second line of treatment for different 
carcinoma. In addition, several patients with cancer have a 
limited rate of survival and a low perspective on life for 
many aggressive carcinomas.

 Bibliographic Database Search (Carried Out 
on March 22, 2019 at 12:30 AM)

The following query string was entered into the search- 
command- line of the database of the peer-reviewed literature 
Scopus (Elsevier):

TITLE-ABS-KEY (“nanocarrier” AND “drug delivery” 
AND “cancer”) AND (LIMIT-TO (PUBSTAGE, “final”)) AND 
(LIMIT-TO (PUBYEAR, 2019) OR LIMIT-TO (PUBYEAR, 
2018)) AND (LIMIT-TO (DOCTYPE, “ar”)) AND (LIMIT-TO 
(SUBJAREA, “PHAR”) OR LIMIT-TO (SUBJAREA, 
“BIOC”) OR LIMIT-TO (SUBJAREA, “CHEM”) OR 
LIMIT-TO (SUBJAREA, “MEDI”) OR LIMIT-TO 
(SUBJAREA, “IMMU”)) AND (LIMIT-TO (LANGUAGE, 
“English”)).

The query string was structured to retrieve manuscripts 
that include in the title/abstract/keywords regarding NCs in 
the field of the application of DDSs for cancer applications.

 Boolean/Proximity Operators and Wildcard 
Characters

The following Boolean/Proximity operators and Wildcard 
characters were adopted to define the query strings:

 1. “” quotation marks. They allow one to find the terms 
between the quotation marks in the exact order they are 
specified (exact sentence), avoiding sentences with 
reversed terms.

 2. () round brackets. They allow to find the composition of 
complex search expressions by defining the research 
priorities.

 3. AND. It allows to find records in which they are present 
all the expressions simultaneously.

 General Database Settings

The following general settings were adopted:

 1. English language.
 2. Search by topic (title, abstract, and keywords).
 3. Timespan from 2018 to 2019.
 4. Document type (articles and reviews).
 5. Subject area (pharmacology, (bio)chemistry, medicine, 

and immunology).

Bibliographic searches by using other bibliographic data-
bases (PubMed, Web Of Science) were also performed.

 Manuscript Selection

The selection of manuscripts has been made manually by 
topic (title, abstract, and keywords), without considering 
their impact (number of citation or IF/SJR of the Journal). 
Among the papers (articles and reviews) retrieved in the last 
2  years (more than 523 papers, without duplicates), only 
appropriate findings involving the subject areas of pharma-
cology, (bio)chemistry, medicine, and immunology were 
discussed. Older papers were included in the discussion just 
in case they were essential for the description of various top-
ics. In cases where two or more papers discuss the same 
topic, the most recent, or the one containing more data, was 
considered.
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Abstract

Tumor-homing peptides are widely used for improving 
tumor selectivity of anticancer drugs and imaging agents. 
The goal is to increase tumor uptake and reduce accumu-
lation at nontarget sites. Here, we describe current 
approaches for tumor-homing peptide identification and 
validation, and provide comprehensive overview of 
classes of tumor-homing peptides undergoing preclinical 
and clinical development. We focus on unique mechanis-
tic features and applications of a recently discovered class 
of tumor-homing peptides, tumor-penetrating C-end Rule 
(CendR) peptides, that can be used for tissue penetrative 
targeting of extravascular tumor tissue. Finally, we dis-
cuss unanswered questions and future directions in the 
field of development of peptide-guided smart drugs and 
imaging agents.
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1  Introduction

According to the World Health Organization (WHO), cancer- 
related deaths are expected to pass the mortality of cardio-
vascular disease by 2030 [30]. Application of conventional 
therapies (surgery, radiotherapy, and chemotherapy) for the 
treatment of solid tumors has resulted in most cases only in 
incremental increases in the survival of patients with 
advanced disease [15]. The major chemotherapeutic drugs 
are low molecular weight chemical agents used to directly or 
indirectly inhibit the proliferation of rapidly growing cells. 
In general, the chemotherapy agents kill cancer cells by 
interacting with the DNA/RNA synthesis function of the 
cells and the cell cycle function. Chemotherapeutic drugs are 
categorized into different classes based on their mechanism 
of action [77]: (1) antimetabolites that mimic the building 
blocks of RNA and DNA; (2) alkaloids and alkylating agents 
that directly damage DNA; (3) antitumor antibiotics that 
interfere with the enzymes involved in DNA replication; (4) 
topoisomerase inhibitors that inhibit either topoisomerase I 
or II enzymes involved in unwinding DNA during replica-
tion and transcription; (5) mitotic inhibitors that disrupt 
microtubules causing inhibition of mitosis, or cell division; 
and (6) steroid hormones involved in estrogen and progester-
one and relieve the side effects from other drugs.

Most chemotherapeutic drugs are administered via a 
systemic route, with the exposure of both healthy and can-
cerous cells in the body. Unfortunately, a major problem in 
systemic therapy is that the chemo drugs are nonspecific 
and attack not only malignant cells but also healthy prolif-
erating cells. Typically only a small fraction of adminis-
tered drugs reaches its target site(s) and the 
chemotherapeutics administered over an extended period 
cause severe toxic side effects, such as damage to the gas-
trointestinal mucosa and hematopoietic cells, mouth and 
throat sores, weight loss and cachexia, organ damage, nau-
sea, vomiting, diarrhea, anemia, infections, fatigue, and 
destruction of the immune system [36].
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Administering chemo drugs over extended periods of 
time leads to the loss of the ability to kill malignant cells and 
to emergence of resistance. To minimize the side effects, 
subtherapeutic doses of anticancer drugs are frequently used, 
the strategy that results in a selection of cancerous cells resis-
tant to the drug, and, ultimately, in more aggressive disease 
[10]. Monitoring tumor response  – clinical symptoms and 
tumor size  – with imaging techniques such as computed 
tomography (CT), magnetic resonance imaging (MRI), posi-
tron emission tomography (PET), and radiography, is critical 
for effective cancer treatment strategies. Tumor size dynam-
ics (shrinkage vs. progression) is widely used as a criterion 
for a response; however, some drugs that stabilize disease 
without an objective response may slow tumor growth suffi-
ciently to improve patient survival [202]. Cancer treatment 
schemes are based on classification of tumor at diagnosis and 
clinical symptoms. However, genetic profiles of tumors with 
the same diagnosis, and hence, sensitivity to therapeutic 
interventions, can vary, leading to application of noneffica-
cious treatment strategies and poor prognosis. It has been 
estimated that the rate of application of inefficient treatment 
strategies varies from 29.8% to 42.5%, and reaches in some 
cases even 100% [202].

Cancerous tissue is heterogeneous, with striking regional 
differences in the tumor structure and physiology that trans-
late into variability in the uptake and distribution of antican-
cer drugs within tumor tissue. Approved anticancer drugs, 
even cytotoxic/static compounds with low molecular weight, 
show inefficient extravasation and penetration of malignant 
tissue and, therefore, limited therapeutic efficacy [106, 200]. 
Application of tumor and patient-specific markers for selec-
tive delivery of chemotherapeutics to malignant lesions may 
restrict the damage to healthy tissues and increase therapeu-
tic efficacy [45, 114]. Targeting ligands can also be used for 
noninvasive patient stratification and better monitoring of 
treatment response. Therefore, next-generation smart cancer 
therapeutics should include built-in homing mechanisms that 
result in their preferential accumulation in malignant tissues 
[202].

1.1  Next-Generation Cancer Therapies

A recent progress in preclinical and clinical cancer research has 
led to the development of novel transformative intervention 
strategies such as immunotherapies, personalized molecular 
therapies, nanomedicine, and affinity cancer targeting.

1.1.1  Immunotherapy
As part of its normal function, the immune system detects 
and destroys abnormal cells and most likely prevents or 
curbs the growth of many cancers. Malignant cells have 

evolved to avoid destruction by the immune system by a 
number of mechanisms, including: introducing genetic 
changes that make them less visible to the immune system, 
upregulating proteins on their surface that turn off immune 
cells, and modulating the tumor microenvironment to inter-
fere with how the immune system responds to the cancer 
cells [32, 69, 75]. The aim of cancer immunotherapies is to 
restore the ability of the immune system to better recognize 
and fight against cancer. The first generation of cancer immu-
notherapies are immune checkpoint inhibitors (anti-CTLA-4 
and anti-PD-1/PD-L1) that target natural immune homeosta-
sis pathways to drive antitumor immune responses [32]. In a 
subset of patients, these checkpoint inhibitors have proven 
successful in curing metastatic diseases such as nonsmall 
cell lung cancer and melanoma. Additional immuno-based 
strategies include T-cell transfer therapy to boost the natural 
ability of T cells to fight cancer; treatment vaccines, which 
boost immune system’s response to cancer cells, and immune 
system modulators, which enhance the body’s immune 
response against cancer [35, 92].

The key challenge in cancer immunotherapies is to 
increase the responder patient population. There is a need for 
new antitumor immune-activating agents, which are cur-
rently in an advanced stages of development in preclinical/
clinical studies [22].

1.1.2  Personalized Molecular Therapies
The development of every cancer is driven by a unique set 
of abnormalities in its genetic makeup that are present 
only in the tumor and not in normal tissues. While differ-
ent patients may be diagnosed with what appears to be the 
same type of cancer, the genetic makeup, underlying 
mechanisms, and efficient therapeutic disease manage-
ment strategies vary from patient to patient. Personalized 
molecular therapies are designed to attack specific muta-
tions and other cancer- related changes in cells to suppress 
malignant cell proliferation and induce apoptosis by tar-
geting specific molecules that play a critical role in cellu-
lar activities. One strategy uses humanized monoclonal 
antibodies (hMoAb) such as Rituximab (target: CD20), 
cetuximab (EGFR), and Bevacizumab (VEGF) [11, 23]. 
The second approach is using tyrosine kinase inhibitors 
such as cabozantinib (VEGFR2 inhibitor) and vandetanib 
(a VEGFR and EGFR inhibitor) gefitinib, and imatinib. 
Personalized molecular therapies require molecular profil-
ing of patients to characterize potential targets for choos-
ing the right drug combinations. However, the off-target 
toxicities and development of resistance remain significant 
concerns. The ongoing development of complex genomic 
and molecular companion diagnostic assays could help to 
stratify patients and focus on cohorts most likely to respond 
to drugs.
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1.1.3  Nanomedicine
Nanomedicine drugs are seen as the “the magic bullets” 
that could improve cancer therapy and ameliorate the treat-
ment of malignant disease by being more effective in reach-
ing the target sites, have increased therapeutic efficacy, and 
cause less adverse side effects. The key revolutionary 
aspect of nanomedicine lies in the versatility and multi-
functionality of the nanocarriers. Multitude of nanoformu-
lations of different compositions, sizes, shapes, and surface 
properties, have been designed for therapeutic, diagnostic, 
and theranostic applications. Nanocarriers can accommo-
date therapeutic and diagnostic payloads of different 
classes, and can be simultaneously loaded with drugs and 
imaging agents for theranostic applications – application of 
a single nanosystems for both detection/diagnosis and ther-
apy of malignant disease [64]. Nanocarrier loading can dra-
matically extend the drug circulation time and improve the 
biodistribution for better tolerability and an improved ther-
apeutic outcome. Various classes of NPs are approved for 
clinical use including liposomes, PEGylated liposomes, 
albumin NPs, and polymeric micelles. Many more NPs are 
in clinical and preclinical trials [106]. The first marketed 
nanodrug Doxil (PEGylated liposomal doxorubicin) was 
approved by the FDA in 1995 for the treatment of Kaposi’s 
sarcoma [20, 71]. Doxil and other approved nanodrugs are 
based on existing drugs that have been nanoformulated to 
improve their biodistribution or pharmacodynamic proper-
ties. All clinically approved nanoparticles are nontargeted 
passive drug delivery vehicles [28, 199]. Accumulation of 
such nanodrugs in solid tumors is believed to be due to an 
enhanced permeability and retention (EPR) effect, caused 
by the abnormal architecture of tumor blood vessels, lack 
of lymphatic drainage, defective endothelial cells with 
wide fenestrations, and inadequate pericyte coverage [120, 
121, 123, 153]. For nanomedicine to hold its promise of 
revolutionizing disease prevention, diagnosis, and treat-
ment, the in vivo delivery and biodistribution of nanoparti-
cles must be improved further by strategies such as active 
targeting.

1.2  Active Cancer Targeting with Affinity 
Ligands

Malignant cells and cells in tumor stroma express surface 
molecules that distinguish them from healthy quiescent 
cells in adult organisms. Targeting of systemically acces-
sible parts of this heterogeneity with affinity ligands (e.g., 
peptides and antibodies) is also referred to as active (syn-
aphic) targeting [169]. The intended outcome of the syn-
aphic targeting is to achieve what is seen following topical 
application: high local accumulation with little or no sys-

temic exposure. In contrast to EPR-based passive targeting 
of tumors that relies on leaky vessels and poor lymphatic 
drainage that result in the extravasation and accumulation 
of drugs in the tumor tissue [122], active targeting can be 
used to improve accumulation of therapeutic payloads in 
target tissue and their uptake in target cells, leading to 
increased therapeutic efficacy and reduced off-target side 
effects [46, 165]. Affinity ligands to tumor vascular signa-
ture primarily target specific expression patterns in acti-
vated vascular cells (vascular and lymphatic endothelial 
cells and pericytes), many of which are secondary to the 
process of angiogenesis – sprouting of new blood vessels 
from existing vessels. Examples are cell surface angio-
genic integrins, growth factor receptors, extracellular pro-
teases, and extracellular matrix proteins. Importantly, by 
increasing the local drug concentration, active targeting 
also helps to lower the risk of developing drug resistance 
[13]. In the last three decades, genomics, proteomics and 
molecular profiling of cancers, and agnostic techniques 
such as in vivo peptide phage display, have resulted in the 
discovery of a number of cancer-specific receptors that can 
serve as targets for systemic circulating probes. The 
knowledge facilitated the development of affinity ligands 
of different classes such as Abs and their fragments, pep-
tides, aptamers, and small molecules [114, 160, 171, 207]. 
An important challenge related to the ligand-based affinity 
targeting of vascular heterogeneity in malignant tissues 
relates to the limitation due to the number of accessible 
receptors in the tumor tissue [81, 131, 166]. One way to 
increase the capacity of affinity-based targeting systems is 
to develop multitargeted vascular targeting ligands and/or 
ligands that are capable of actively entering tumor paren-
chyma [48, 115, 159].

A large number of biological ligands, including antibod-
ies, polysaccharides, nucleic acids, peptides, and small mol-
ecules, have been studied as agents to facilitate active 
targeting of malignant disease [210]. Polypeptide-based tar-
geting ligands, including homing peptides, protein domains, 
and antibodies, have advantages over other classes of target-
ing ligands in that they can be systematically developed 
using various biological selection and expression systems. 
Some major issues of protein ligands include immunogenic-
ity, low stability, and difficulty for site-specific conjugation 
on nanoparticles [57, 187]. Antibody–drug conjugates 
(ADCs) are complexes of monoclonal antibodies (mAb) 
conjugated to drugs or radionuclide therapeutic payloads 
through chemical linkers. Three FDA-approved ADCs are 
available for cancer treatment: brentuximab vedotin (target: 
CD30), trastuzumab emtansine (target: HER2 receptor), and 
inotuzumab ozogamicin (target: CD22) and many more are 
in clinical trials [1]. Antibodies are attractive targeting 
ligands due to high specificity and versatility; however, 
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antibody- based drugs have inherent limitations, such as 
immunogenicity, and high cost of production on a large scale 
[23, 111, 171]. Also, antibodies as other proteins of a similar 
size cannot efficiently extravasate and reach beyond 50 μm 
in the tumor parenchyma [66, 176].

1.2.1  Tumor-Homing Peptides
Tumor-homing peptides have typically size <20 amino 
acids and are derived from natural domains of receptor-
binding proteins, or have been identified by combinatorial 
approaches such as ribosomal and phage display. The key 
advantage of peptides over antibodies as affinity targeting 
ligands is that due to their small size they possess superior 
tissue and cell penetration ability [167, 193]. In addition, 
peptides tend to interact with conserved and functionally 
important binding pockets on the surface of target mole-
cules, and thus are often biologically active. Importantly 
and of translational relevance, the small size of peptides 
renders them relatively nonimmunogenic. The recent 
advances in peptide synthesis technology allow for fully 
automated, facile synthesis and manufacturing scale-up of 
the production in a cost-effective manner  – an important 
aspect considering clinical development and translation, 
especially considering the cost of large-scale manufactur-
ing of antibodies. Homing peptides can be engineered to 
involve a range of nonnatural modifications to improve 
their target binding and/or stability, and to introduce func-
tional groups for site-specific conjugation to proteins, 
nanocarriers, cytotoxic drugs, radionuclides, and toxins 
[15, 58, 104, 190].

On downside, peptides generally have lower target bind-
ing affinity and stability in biological fluids than antibodies. 
To compensate for the low affinity and to increase the avidity 
of target binding, multiple peptides can be used simultane-
ously. Proteolytic processing may be mechanistically impor-
tant for triggering interaction of the peptide with its target, 
for example, activation of the cell and tumor penetration 
function of neuropilin-1 binding C-end Rule (CendR) pep-
tides requires cleavage of the peptide by a tumor-derived 
protease to expose the C-terminal arginine residue [9, 167, 
192, 193]. In addition, the in vivo half-life of peptides can be 
modulated by conjugating to albumin-binding elements or 
polyethylene glycol coupling, substitution of L amino acids 
with D-amino acids, blocking N- and C-termini, introduction 
of lactam bridges, and cyclization [113, 146, 203].

In preclinical studies, peptide-based synaphic targeting 
efforts have led to an impressive improvement in the biodis-
tribution of payloads and their therapeutic efficacy. A big 
challenge is to translate this success into clinical studies and 
FDA-approved therapeutic strategies and peptide-targeted 
anticancer payloads and imaging agents [15, 50, 117, 167, 
193, 194].

2  Vascular Heterogeneity and Homing 
Peptide Discovery

2.1  Vascular Zip Codes

The growth of tumors beyond microscopic lesions depends 
critically on their ability to ensure the supply of oxygen and 
nutrients through neovessels generated by angiogenesis and 
lymphangiogenesis [68, 168]. In the absence of the angio-
genic switch to trigger neovascularization, tumor growth is 
limited to less than 2  mm3 [133]. The angiogenic tumor 
blood vessels are morphologically, molecularly, and func-
tionally different from healthy blood vessels. Characteristic 
microanatomical features of tumor vascular trees include 
irregular and torturous blood vessels with variable intravas-
cular distances and irregular branching patterns, and the lack 
of an efficient lymphatic drainage system [44, 130]. 
Molecularly, the angiogenic signature of tumor neovessels 
involves upregulation of proangiogenic factors and markers 
that are not expressed or are expressed at a much lower level 
in healthy vessels, including angiogenic signaling molecules, 
adhesion receptors, extracellular matrix components, and 
enzymes that remodel the extracellular matrix. Examples are 
members of the angiogenic vascular endothelial growth fac-
tor (VEGF) family, basic fibroblast growth factor (bFGF), 
transforming growth factor (TGF)-α and -β, platelet-derived 
endothelial growth factor, granulocyte colony-stimulating 
factor, placental growth factor, epidermal growth factor, 
interleukin-8, hepatocyte growth factor, αvβ3 and αvβ5 inte-
grins, oncofetal splice variants of fibronectin and Tenascin-C, 
matrix remodeling proteases  – metalloproteinases, and 
urokinase- type plasminogen activator [158]. As discussed 
below, in activated cells in tumors some intracellular pro-
teins such as nucleolin and P32/qC1qR are aberrantly 
expressed at the cell surface of the tumor and are accessible 
to the circulating affinity probes [41, 76, 137, 173, 182, 216]. 
The lymphatic endothelial cells are also specialized, as they 
express markers that are not present in the lymphatics of 
healthy tissues, or in tumor blood vessels [109]. The term 
vascular ZIP code refers to this unique vasculo/lymphatic 
signature that can be applied for systemic synaphic (affinity- 
based) targeting of diagnostic and therapeutic cargo [164, 
194]. Interestingly, the vascular signatures show overlap 
across a palette of different diseases: cancer, atherosclerosis, 
inflammation, thrombosis, sepsis, vascular leak syndrome, 
and tissue regeneration [17, 73, 135, 188]. The likely reason 
is that all these conditions involve angiogenic/inflammatory 
components. At the same time, a subset of tumor ZIP codes 
and the corresponding homing peptides shows exquisite tar-
get selectivity and can, for example, differentiate between 
premalignant lesions and malignant cancer of the same 
tumor type and location [12, 165]. An important aspect of 
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systemic targeting of the vascular component of tumors is 
that, unlike mutation-prone tumor cells, nonmalignant cells 
of the tumor vasculature are genetically stable and less likely 
to develop drug resistance or mutate the peptide binding sites 
on receptors [138].

2.2  Peptide Phage Display

Bacteriophages (or phages) are viruses composed of a 
nucleocapsid that encapsulates the genetic material (DNA 
or RNA genome) that infects and replicates within the bac-
teria, but are harmless to humans [2, 21, 83, 112, 195]. The 
bacteriophage genome can be modified to encode foreign 
peptide sequences as fusions with the coat protein. George 
Smith and his Ph.D. student, Stephen F. Parmley were the 
first to insert foreign DNA fragments into filamentous phage 
gene encoding p3 protein – one of the minor coat proteins 
that decorates in five copies the emerging tip of the filamen-
tous phage, to express p3-fusion peptides on the phage sur-
face [183]. Greg Winter subsequently created first phage 
libraries for humanized antibody discovery, alternative to 
the hybridoma technology [43]. To contruct peptide display 
phage libraries, genes encoding phage coat protein are mod-
ified to insert a stretch of DNA encoding random peptide 
sequences at a diversity of about one billion variants per 
library, close to the total number of theoretical permutations 
of a random 7-amino acid sequence (1.28E9). Phage display 
is widely used for peptide and antibody discovery based on 
different bacteriophage vectors such as T7, T4, M13, and f1. 
The importance of the phage display technology was 
acknowledged in 2018 by awarding the Nobel Prize in 
Chemistry to George P.  Smith and Sir Gregory P.  Winter 
“for their contribution in the phage display of peptides and 
antibodies.”

In the context of systemic affinity targeting, in vivo phage 
display has become an established agnostic tool for the iden-
tification of homing peptides and mapping sytemically 
accessible molecular heterogeneity in normal organs and dis-
eased tissues [143]. This technology has enabled assessment 
of the extent of the molecular specialization in the vascula-
ture and has contributed to identification of a number of new 
markers expressed in the tumor neovasculature [143, 165]. 
For in vivo selection, a peptide phage library is injected into 
the systemic circulation of animals, typically intravenously, 
followed by perfusion to remove the background phage, 
removal of target organs, amplification of the bound phage, 
and next round of selection (Fig. 1). Unlike in vitro and cell- 
free selection, in  vivo peptide phage selections have an 
inbuilt mechanism against selecting the promiscous pan- 
specific peptides due to their depletion in nontarget vascular 
beds [194]. For in vivo peptide display, our group prefers to 
use the lytic T7 bacteriophage system that, compared to lyso-

genic filamentous phage-based display systems, has a size 
and aspect ratio more similar to those of clinically developed 
nanoparticles (in the case of T7 the nucleocapsid diameter is 
~55–60 nm, whereas in the case of filamentous phage dimen-
sions are ~6 nm × 900 nm), is less restrictive for the amino 
acid sequence of displayed peptides, exhibits increased sta-
bility, and has a lower mutation rate. In the T7-Select system 
of Novagen, the peptide-encoding DNA is inserted at the 
C-terminus of the major coat protein 10A or 10B gene, dis-
playing density of foreign peptides maximum up to 415 
identical peptides/phage [50, 167, 194]. High-copy display 
results in high avidity binding, even in the case of low- 
affinity peptide ligands, and reduced off-rates. Using phage 
display, tumor-homing peptides can be discovered using two 
different strategies: either using cell-free biopanning on puri-
fied target receptor (top-down approach), or in vivo selection 
with no a priori knowledge of the receptors (bottom down, or 
agnostic screening approach). A representative selection of 
tumor-targeting peptide identification and application data 
are stored in TumorHoPe [94] and THPdb [197] databases.

2.2.1  In Vitro Biopanning for Homing Peptide 
Detection

For top-down selection, the target for affinity delivery is 
chosen based on its absence in healthy tissues, upregulation 
in malignancy(ies) of interest, and systemic accessibility in 
the tumor tissue. The target recombinant protein is expressed, 
purified, immobilized, and used for peptide phage biopan-
ning. The selection rounds are repeated until enrichment is 
achieved (usually in 3–6 rounds), followed by sequencing of 
peptide-encoding genomic DNA using Sanger or next- 
generation sequencing. The candidate peptide-phages are 
then back-cloned in the phage genomic DNA (to exclude 
contribution of mutations elsewhere in the phage capsid to 
binding) and validated for their target interaction (binding, 
specificity), and stability. A variation of the theme is to per-
form different rounds of biopanning on different target pro-
teins to develop multitargeted peptides, as we have recently 
done for tumor-associated isoforms of extracellular matrix 
proteins (tenascin C and fibronectin) [115]. In some cases, 
target receptors fail to maintain the structural integrity dur-
ing recombinant protein expression and engineered cells 
overexpressing target molecules can be used for biopanning. 
In the case of difficult targets, for example, members of 
highly conserved protein families, the specificity of the pep-
tides can be improved by addition of negative selection 
steps. A related problem is that cell-free and in vitro selec-
tions fail to eliminate promiscuous peptides that nonselec-
tively “stick” to nontarget components and thus lack 
intended selectivity. One possible way to address this prob-
lem is to combine in vitro biopanning with the in vivo selec-
tion described in the next section to deplete promiscuous 
peptides in nontarget organs.
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2.2.2  Agnostic In Vivo Peptide Phage 
Biopanning

In the second approach, phage display is applied to living 
animals to identify homing peptides that preferentially accu-
mulate in tumors [107, 194]. This approach takes into 
account the complexity and heterogeneity of the living ani-
mals and is closer to clinical applications. In vivo phage 
screening primarily probes the vascular beds, and peptide 
phages generally do not penetrate vascular walls into the 
tumor parenchyma [165]. Variations of in vivo biopanning 
besides “classic” intravenous route include alternative 
administration routes: trans- or intradermal, intratumoral, 
intraperitoneal (IP), subcutaneous (SC), and intranasal  – 
chosen based on the intended target site and screening strin-
gency, and taking into account the desired downstream 

applications [19, 39, 82, 201]. For detailed protocols on 
in vivo phage display, the readers are referred to a chapter in 
the Methods in Enzymology [194]. Briefly, independent of 
the administration route, the phage particles will be typically 
allowed to circulate for 10 min to 1 h, followed by perfusion 
of the circulatory system with a physiological buffer, such as 
phosphate-buffered saline, to remove the background of the 
unbound phages (in screens for internalizing peptides, the 
perfusion is carried out using a low-pH buffer that inactivates 
target bound noninternalized phages). The target organs and 
control organs are then collected for assessment of the titer 
of the recovered phages and amplified for the next round bio-
panning. These screening rounds are repeated until enrich-
ment is achieved in the tumor tissue. In typical screens under 
medium-high stringency conditions, during each round of 

Fig. 1 In vivo peptide phage biopanning. The genome of T7 bacterio-
phage is modified to express foreign peptides on the capsid of bacterio-
phage particles as C-terminal fusions of coat protein 10A of a 
bacteriophage. A peptide library is injected through the tail vein of tumor-
bearing mice. Ten min to 1 h after injection, the mice are perfused through 

the heart to remove background unbound phages, and organs are col-
lected for phage amplification in E. coli. The phage recovered from the 
tumor is amplified and reinjected in mice for additional selection rounds, 
until enrichment is seen. The phages from each round are subjected to 
DNA sequencing to identify tumor-targeting candidate peptides
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selection the diversity of peptide libraries collapses ~4-fold. 
Recently, our and other labs have started using next- 
generation sequencing of the peptide-coding segment of the 
phage genome and comprehensive assessment of peptide 
phage biodistribution patterns (custom analysis tool avail-
able at http://canbio.ut.ee) [82, 126]. The ability of candidate 
peptide phages from in vivo biopanning screens to home to 
intended targets is further validated in individual peptide 
phage biodistribution studies or in “in vivo play-off assay.” 
In play-off experiments, equimolar mix of candidate and 
control phages is administered in mice, followed by the 
assessment of representation of phages in control and target 
organs to evaluate the robustness and specificity of homing. 
The distinct advantage of the play-off experiment compared 
to individual phage homing tests is that they are internally 
controlled and interanimal variability does not affect the out-
come. After validation of peptides in the phage display for-
mat, the promising peptides are synthesized and tested for 
homing as fluorescent monomeric peptides and as targeting 
ligands of various payloads (drugs, imaging agents, and 
nanoparticles).

The target receptors of homing peptides need to be estab-
lished for understanding the mechanistic details of homing 
and potential bioactivity, for improvement of the efficiency 
of targeting and delivery, and for development of improved 
affinity ligands. Affinity chromatography is widely used 
technique for peptide receptor identification [127]. The pep-
tides immobilized on solid matrices are incubated with tumor 
tissue and cell lysate for allowing target receptors to bind to 
the immobilized peptide. The matrix complex is extensively 
washed and the target receptor is eluted with excess of free 
peptide. The elutes are analyzed by SDS-PAGE and silver 
staining, followed by receptor identification by mass spec-
trometry (MS) [192]. The candidate receptors are then vali-
dated using biochemical, immunological, and cell-based 
assays to confirm the peptide-receptor binding. Besides 
affinity chromatography, other methods such as chemical 
cross-linking and enzyme-based proximity labeling (with 
BioID and hydrogen peroxidase) can be used [24, 37, 79, 
97]. However, false-positive receptor identification remains 
a significant problem in all the receptor hunting  technologies.

2.3  Docking-Based Tumor Homing 
Peptides

2.3.1  Integrin-Targeting Homing Peptides
Already more than 3 decades ago, Ruoslahti and colleagues 
discovered that RGD tripeptide represents a minimal cell- 
binding sequence in extracellular matrix protein fibronectin 
(FN) [148, 149]. The identification of the RGD peptide 
paved the way for the discovery of many more RGD- 
containing extracellular matrix proteins such as vitronectin, 

type I collagen, fibrinogen, von Willebrand factor, osteopon-
tin, and platelet protein gp HIb/lIIa. Ruoslahti and co- 
workers were also the first to identify transmembrane 
integrins as receptors for extracellular RGD-containing pro-
teins and synthetic RGD peptides [155, 156, 170]. The inte-
grin family includes 24 structurally related heterodimeric 
transmembrane proteins consisting of α and β subunits that 
act as receptors for ECM proteins, including TGF-β, lam-
inin, vitronectin, fibronectin, fibrinogen, and collagens [51]. 
The RGD-binding site of integrins is formed by sequences 
from both α and β subunits. Over the years, multiple RGD- 
derived peptides and RGD-mimetic integrin ligands have 
been developed for targeted delivery of therapeutics, imag-
ing agents, macromolecules, and nanocarriers. One such 
example, Cilengitide  – c(RGDf-NMeVal) a potent antago-
nist of αvβ3, has been tested in glioblastoma multiforme 
phase-III clinical study by Merck [49, 51]. However, the trial 
failed to produce overall survival endpoints in GBM patients. 
Other RGD-containing peptides (e.g., cRGDfV, cRGDfK, 
and RGD4C) have been preclinically tested [102, 125]. The 
αvβ3 and αvβ5 integrins play important roles in angiogene-
sis [172]. The variants of RGDs peptide, including CRGDfK, 
cRGDfC, CRGDyK, have been tested in design of αvβ3 and 
αvβ5 integrin targeted drug delivery systems in multiple can-
cers in vivo. The RTDLXXL peptide motif identified by a 
phage display binds with nanomolar affinity to αvβ6 integ-
rin – another member of the integrin family overexpressed in 
many solid tumors [99]. These RGD-based integrin targeting 
probes have been used for noninvasive cancer imaging and 
for the development of biomarkers. RGD based positron 
emission tomography (PET) 18F- and 68Ga probes were 
developed and tested for imaging of solid cancers. Examples 
are 18F-fluciclatide [177] and 68Ga-linked bombesin-RGD 
[213] used in probing prostate tumors and metastases, 
124I-labelled RGD nanoparticle used in multimodal PET/
optical theranostic probes [25], radiolabeled A20FMDV2 
peptide explored in targeting αvβ6 in breast cancer [96], and 
NIR light-guided surgery in preclinical models ovarian car-
cinoma and gastric cancer [40, 91].

2.3.2  Aminopeptidase N Targeting Homing 
Peptides

Asn-Gly-Arg (NGR) homing motif first emerged in cell-free 
peptide phage biopanning against α5β1 integrins that resulted 
in the selection of different RGD-containing peptides and 
NGR motif-containing peptides [14, 101]. The relevance of 
the NGR motif for systemic delivery was confirmed by an 
in vivo phage display study in mice bearing human breast 
carcinoma xenografts that led to identification of tumor 
vasculature- homing peptide CNGRCVSGCAGRC [14, 
142]. The minimal cyclic peptide CNGRC inhibited the 
accumulation of the other NGR motif peptides [14]. NGR 
does not compete with RGD peptides, suggesting both binds 
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to different receptors. The NGR motif showed specific bind-
ing to aminopeptidase N (APN/CD13), a membrane-bound 
metallopeptidase involved in angiogenesis, cell migration, 
and proliferation, antigen presentation, and regulation of the 
activity of hormones and cytokines [119, 142]. The NGR 
peptide showed a high affinity to CD13 expressed on the sur-
face of the endothelial cells of tumor blood vessels [14]. The 
CD13 is overexpressed in angiogenic tumor vessels and 
under other pathologic conditions, such as inflammation and 
retinal disorders [27, 31, 33, 65, 204].

The NGR peptide is widely used as an affinity ligand to 
deliver anticancer drugs and imaging agents. Treatment of 
mice bearing orthotopic neuroblastoma, prostate, lung, and 
ovarian cancer xenografts with NGR-guided doxorubicin 
(DOX) liposomes resulted in dramatic destruction of the 
tumor vasculature and prolonged survival of the mice [60, 
144, 145]. CNGRC fusion to proapoptotic D(KLAKLAK)2 
peptides rendered the peptide selectively toxic for angio-
genic endothelial cells [56]. The NGR peptides have been 
conjugated to different classes of cargoes such as nanoparti-
cles, cytotoxic drugs, therapeutic proteins, proapoptotic pep-
tides, viral particles, DNA/RNA, and imaging agents. The 
recombinant NGR-hTNFα cytokine, in combination with 
chemotherapeutics, has been tested in preclinical and clinical 
trials (phase I, II and III) showing promising efficacy [62, 63, 
118]. NGR-hTNFα at low dose in combination with chemo-
therapeutic drugs (DOX, cisplatin; gemcitabine; pemetrexed, 
oxaliplatin) exerts synergistic effects and enhanced drug 
penetration, resulting in increased therapeutic response in 
various solid tumors in patients [119].

2.3.3  P32/qC1qR Targeting
The p32 is a small acidic mitochondrial chaperone that is 
expressed intracellularly in resting adult cells and displayed 
on the surface of tumor endothelial cells (blood and lym-
phatic), tumor cells, and tumor macrophages. First p32 tar-
geting peptide, Lyp-1 (CGNKRTRGC), was originally 
identified in an in vivo screen for peptides that home to lym-
phatic vessels in breast tumors [109]. The Lyp-1 binds p32 in 
tumor cells, tumor-associated macrophages, and tumor 
 lymphatics. It recognizes lesions from the premalignant lym-
phatic niche to fully metastatic tumors. Even though many 
normal cells express intracellular p32, it is a tumor-specific 
target as only the cell surface p32 present on malignant cells 
is accessible for cell-impermeable p32 ligands. Extracellular 
p32 ligands are taken up by the p32-displaying cells and 
become associated with the mitochondria, suggesting traf-
ficking between the cell surface and the mitochondria. 
Importantly, p32-binding ligands have an inherent pharma-
cological activity and display an apoptosis-inducing activity 
on cultured p32-displaying tumor cells.

Recently we identified a novel ligand of p32, TT1 peptide 
(active both as a disulfide-bridged cyclic CKRGARSTC and 

as linearTT1, AKRGARSTA) [137, 178]. Compared to 
parental LyP-1 peptide, the TT1 peptide showed improved 
affinity in cell-free binding studies and excellent homing 
in  vivo. In the same study, we reported a high-throughput 
screening of compound libraries that led to identification of 
a low molecular weight p32-targeting ligand (Cambridge 
compound #4014008) that shares the binding site with LyP-1 
[137, 178].

Lyp1 and TT1 compete with each other for p32 binding 
and both contain cryptic tumor-penetrating C-end Rule 
(CendR) elements (see below). Homing and extravasation of 
TT1 relies on multistep homing and tumor penetration path-
way: first, it binds to P32 protein on cell surface, followed by 
processing by a tumor-related protease, urokinase-type plas-
minogen activator (uPA), to expose conditional C-terminal 
CendR motif (AKRGAR) with newly acquired ability to 
bind to NRP-1 and to trigger vascular exit and internalization 
of the peptide [147, 173]. Similarly, Lyp-1 has been shown to 
be capable of penetrating tumors and to accumulate in the 
extravascular tumor parenchyma. Both P32 targeting pep-
tides have been evaluated in numerous preclinical studies. 
The p32 targeting peptides have been evaluated in preclinical 
efficacy studies as targeting ligands of paclitaxel-albumin 
nanoparticles, DOX-loaded liposomes and polymersomes. 
LyP-1 peptide was originally identified as a lymphatic endo-
thelial cell-homing peptide. Besides LyP-1, there are other 
lymphatic targeting peptides, such as AGR (CAGRRSAYC) 
and REA (CREAGRKAC) peptides shown to exhibit tumor 
tissue and stage-specific lymphatic homing patterns [114].

2.3.4  Homing Peptides for Targeting Fibrin–
Fibronectin Complexes

Tumors as “wounds that do not heal” are known to contain a 
meshwork of clotted plasma proteins in the tumor stroma 
and in the walls of the tumor blood vessels. This tumor ECM 
complex supports tumor cell migration, survival, and prolif-
eration and could serve as a potential target for affinity 
probes in the tumor microenvironment. Ruoslahti lab has 
used in vitro peptide phage library on plasma clots and iden-
tified peptides CGLIIQKNEC (CLT1) and CNAGESSKNC 
(CLT2) that specifically bind to clotted plasma proteins in 
tumors [150]. In mouse models of orthotopic breast cancer, 
fluorescein (FAM)-conjugated CLT1 and 2 peptides specifi-
cally homed to tumor ECM, whereas nonmalignant tissues 
remained negative. CLT1 peptide conjugated to PEG-PLA 
nanoparticles (CNP) loaded with paclitaxel significantly pro-
longed the survival in glioma-bearing mice [212]. CLT1 pep-
tide conjugated to Gd-DTPA for molecular imaging of 
fibronectin−fibrin complexes in tumor tissue with magnetic 
resonance imaging (MRI). CLT1-(Gd-DTPA) demonstrated 
significant tumor contrast enhancement for at least 60 min in 
mice bearing HT-29 human colon carcinoma xenografts 
[208].
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CREKA is another clotted plasma protein binding peptide 
identified by in vivo phage display screen with tumor- bearing 
MMTV-PyMT transgenic breast cancer mice [181]. CREKA 
peptide homes to extracellular meshwork in the tumor stroma 
of MMTV-PyMT tumors and MDA-MB-435 human breast 
cancer xenografts and also accumulated in malignant but not 
normal blood vessels [3, 181]. CREKA pentapeptide has a 
free sulfhydryl group not required for binding activity that is 
available for conjugation with nanoparticles, drugs, and 
imaging agents. CREKA-coated iron oxide nanoworms 
(NWs) act as a self-amplifying nanoparticle-delivery system 
that causes tumor-specific clotting to trigger binding of addi-
tional clot-homing particles. Systemic CREKA-NWs can be 
used for T2 MRI-based imaging and therapy of orthotopic 
human prostate cancer modeled in mice [4]. Creka- liposomes 
loaded with DOX (CREKA-Lipo-Dox), and platelet inhibi-
tor ticagrelor (CREKA-Lipo-T) showed enhanced antitumor 
and antimetastatic efficacy in metastatic breast cancer model 
[90, 215]. Systemic treatment of breast tumor mice with 
CREKA peptide fusion with the truncated extracellular 
domain of tissue factor (tTF-CREKA) induced tumor- 
selective intravascular thrombosis, reduced tumor blood per-
fusion, and resulted in inhibition of tumor growth. 
tTF-CREKA selectively blocks the tumor blood supply and 
can be applied to different types of solid tumors [179]. In 
various other diseases, complexes of CREKA with Fe3O4- 
PLGA- PFH and SPION nanoparticles have been used for 
invasive multimodal molecular imaging (ultrasound and 
photoacoustic imaging) and therapy in thrombosis and myo-
cardial ischemia models in mice and rats [185, 218].

2.3.5  Homing Peptides for Stage-Specific 
Tumor Targeting

The tumor stage-specific targeting peptides recognize neo-
plastic vascular signatures during different stages of tumor 
development [110, 164, 194]. A panel of such peptides and 
motifs were identified using in  vivo phage display in the 
RIP1-Tag2 transgenic model of islet cell carcinoma, squa-
mous cell carcinomas, pancreatic neuroendocrine tumor, and 
human MDA-MB-435 breast cancer [73, 93]. The peptides 
KAA (sequence: CKAAKNK) and KAR (sequence: 
CKGAKAR) were found to home preferentially to the estab-
lished tumor over angiogenic islets. The peptides RSR 
(sequence: CRSRKG) and EYQ (sequence: CEYQLDVE) 
showed angiogenic islet-specific homing, with little or no 
binding to tumor vessels and to normal islets of control 
organs. Finally, VGVA (sequence: FRVGVADV) and RGR 
(sequence: CRGRRST) were found to home to vasculature 
of both established tumors and angiogenic islets [93].

Stage-specific tumor-homing peptides have been used 
successfully for preclinical imaging and efficacy studies. For 
example, tumor-targeting peptide KAA-guided nanoparti-
cles loaded with anticancer drug gemcitabine showed robust 

homing to neovessels of pancreatic cancer in mice and thera-
peutic efficacy [198].

2.3.6  Malignant Extracellular Matrix Targeting 
Peptides

The extracellular matrix (ECM) is an important element of 
tissue architecture that provides structural and functional 
support for its cellular constituents. ECM is dynamic and 
adapts to changes in the microenvironment by remodeling its 
composition and topology, resulting in tissue and disease- 
specific ECM signatures [59, 86]. Compared to cell surface- 
homing peptide receptors, tumor ECM components are more 
abundant, thus providing a higher binding capacity [87, 115]. 
Notably, the oncofetal fibronectin Extra Domain-B 
(FN-EDB) and Tenascin-C (TNC) are overexpressed in 
many solid tumors and nearly absent in nonmalignant tissues 
[34, 140, 180]. There are various monospecific affinity 
ligands identified over the years to target FN-EDB or TNC, 
including for FN-EDB (ScFV L19 [132], ZD2 [67]) and 
TNC (ScFV G11 [180], TNC aptamer [47], and TNC- 
binding FHK peptide [98]). The FN-EDB and TNC antibod-
ies (FN-EDB ScFV L19, TNC-C ScFV G11, F16, and 81C6) 
are used for precision delivery of cytokines (e.g., IL2 and 
TNF) and radionuclides [105, 186]. These ECM protein tar-
geting ligands demonstrated their potential advantage in 
tumor targeting and delivery in various solid tumors.

Recently, we used cell-free screening to identify a 12 
amino acid peptide, PL1 (sequence: PPRRGLIKLKTS), 
that recognizes two tumor associated ECM molecules: 
FN-EDB and tenascin-C C domain (TNC-C) [115]. The 
simultaneous affinity targeting of the two targets with the 
same affinity ligand allows for more uniform tumor target-
ing by overcoming the spatiotemporal heterogeneity in 
expression of target molecules and alleviating issues related 
to the limited number of available receptors for targeting 
ligands [81]. Another advantage of a bispecific peptide is 
that it helps to achieve synergistic targeting and delivery 
compared to monospecific targeting. The intravenously 
injected PL1 nanoworms (NWs) and silver nanoparticles 
(AgNPs) showed robust accumulation in a panel of glioblas-
toma and prostate carcinoma xenografts modeled in mice 
[115]. The PL1 nanoparticle accumulation was at least par-
tially angiogenesis-dependent, as nonmalignant angiogenic 
neovessels induced by VEGF- overexpression we also found 
to take up PL1-NWs. The homing of nanoworms was depen-
dent on both TNC-C and FN-EDB targeting, as function-
blocking antibodies to either target alone decreased the 
homing, and a cocktail of both antibodies blocked the hom-
ing. Further, the experimental therapy of glioblastoma mice 
with proapoptotic nanoworms resulted in extended survival 
without apparent toxicity and PL1-NWs bound to the cryo-
sections of clinical glioblastoma, suggesting translational 
relevance [115].
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2.3.7  Hyaluronan Targeting Peptides
Hyaluronic acid (HA) is a nonsulfated glycosaminoglycan 
(GAG) that is negatively charged and contributes to the 
mechanical integrity of the ECM network with complex bio-
logical functions ranging from matrix organization, cell 
adhesion, migration, angiogenesis, morphogenesis, wound 
healing, and inflammatory responses to cancer metastasis 
[182, 214]. Recently, we reported intraperitoneal in  vivo 
phage display screens using the T7 CX7C library in mice 
with peritoneal carcinomatosis (xenografts of gastric and 
colon carcinoma) [82]. This screen led to identification of 
IP3 (sequence: CKRDLSRRC) 9-residue cyclic peptide that 
contains a HA-binding motif. Fluorescein-labeled mono-
meric IP3 peptide bound to immobilized HA in vitro and the 
intraperitoneal IP3-coated silver nanoparticles and free fluo-
rescent IP3 peptide showed preferential accumulation in 
peritoneal nodules of carcinomas of colon, gastric, and ovar-
ian origin [82].

Moreover, a synthetic 42-amino acid peptide, BH-P 
(sequence: CNGRCGGRRAVLGSPRVKWTFLSR 
GRGGRGVRVKVNEAYRFR), derived from human brain 
HA binding protein, was reported to bind to HA and possess 
antitumor activity both in vitro and in vivo [116].

2.3.8  Tumor-Associated Macrophage Targeting 
Peptides

Tumor-associated macrophages (TAMs) are part of the 
innate immune system and have been associated with poor 
prognosis in many types of solid tumors. TAMs promote 
angiogenesis and tumor cell growth, metastasis, and contrib-
ute to the immunosuppressive environment. TAMs are cate-
gorized into M1 (M1 TAMs) and M2 macrophages (M2 
TAMs). After chemotherapy, M2 TAMs accumulate around 
blood vessels in tumors, where they promote tumor revascu-
larization and relapse [78, 151]. Pro-tumoral M2-like TAMs 
in progressing neoplasms typically express characteristic 
surface molecules, such as various scavenger receptors, for 
example, the hemoglobin scavenger receptor CD163, scav-
enger receptor A (SR-A), and mannose receptor-1 (also 
known as CD206) [18, 174]. These cells secrete growth 
 factors, such as epidermal growth factor (EGF), which stim-
ulates proliferation of carcinoma cells and cytokines, and 
IL-1, that promote the accumulation of tumor cells at distant 
sites [38, 136, 205]. Due to the central role that TAMs play 
in tumor progression and therapeutic resistance, they are rec-
ognized as a translationally relevant target for cancer immu-
notherapy and triggered efforts aimed at their elimination or 
reprogramming. Protumoral TAMs are not a single uniform 
population; instead, they are composed of multiple distinct 
subpopulations with overlapping features depending on a 
variety of external factors. Defining, differentiating, and tar-
geting these subsets remains a challenging work-in-progress. 
Over the years a number of affinity ligands to target TAMs 

have been identified and several compounds are being evalu-
ated in clinical trials. However, these targeting ligands are 
promiscuous and target other cells besides TAMs. For exam-
ple, the peptide IDR RP-182 triggers a conformational 
change in CD206 on M2-like macrophages that shifts 
M2-like macrophages toward an M1 phenotype [88]. Another 
group identified by biopanning on isolated M2 macrophages 
the M2pep peptide (sequence: YEQDPWGVKWWY) that 
binds CD11b + Ly6G-F4/80high subpopulation of M2 mac-
rophages. M2pep fusion to D(KLAKLAK)2 was able to 
selectively reduce the M2-like TAM population, but not the 
M1 macrophages, in tumor-bearing animals [42].

Recently we reported the identification of a peptide 
(mUNO, sequence: CSPGAK) that binds to mouse CD206 
and homes to M2 TAMs in multiple solid tumor models, sug-
gesting that peptide homing is dependent on the presence of 
M2 TAMs and not on the tumor type [16, 175]. Systemically 
administered fluorescein-labeled mUNO homes exclusively 
to CD206high M2 TAMs in metastatic breast cancer, with no 
accumulation in tumor-free liver [16, 175]. Importantly, M2 
TAMs internalize FAM-mUNO complexes, suggesting that 
the peptide can be used for intracellular payload delivery. 
Molecular dynamics simulations, docking predictions and 
fluorescence anisotropy studies suggested that on CD206 
mUNO binds to a binding pocket between C-Type Lectin 
Domains-1 and -2 that is not involved in mannose binding. 
This observation provides an explanation for the improved 
selectivity of mUNO towards CD206 compared to mannose- 
based ligands such as Manocept™.

2.3.9  Nucleolin Targeting Peptides
Nucleolin is a multifunctional phosphoprotein found local-
ized ubiquitously in the nucleolus and cytoplasm in healthy 
cells and is overexpressed in the cell surface of activated 
cells in many types of solid tumors [26, 191]. Nucleolin- 
targeting F3 peptide (sequence: 
KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK), identi-
fied by biopanning with the cDNA phage library, corre-
sponds to 31-aminoacid fragment of the high mobility group 
protein 2 (HMGN2). The F3 peptide interacts with cell 
surface- expressed nucleolin on endothelial cells [152] and is 
able to translocate into the nucleus of tumors cells of differ-
ent origin [15, 154]. Fluorophore-labeled F3 peptide was 
found to internalize and translocate in the nuclei in human 
myeloid leukemia cells and in human breast cancer cells. 
The cellular uptake of F3 is specific as blocking F3-nucleolin 
interaction with antibodies abolished binding and internal-
ization. The F3 peptide has been used as a tumor-targeting 
ligand for nanoparticles, chemotherapeutics, and radiothera-
peutic agents [53, 95, 154, 157, 216].

Another nucleolin binding peptide, HB-19 pseudopeptide 
(5[Kpsi(CH2N)PR]-TASP), originally identified as a potent 
inhibitor of HIV-1 infection, inhibits angiogenesis and 
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growth of human breast tumor xenografts orthotopically 
modeled in mice, and reduces metastasis while causing no 
toxicities in normal tissues [52, 55, 134].

2.3.10  Epidermal Growth Factor Receptor 
Targeting Peptide

Members of the EGFR family of receptor tyrosine kinases, 
including HER1 (EGFR, ErbB1), HER2 (Neu, ErbB2), 
HER3 (ErbB3), and HER4 (ErbB4), are involved in a wide 
range of processes, including cell growth, proliferation, sur-
vival, migration, and tissue invasion and are overexpressed 
in many types of solid tumors including breast, colon and 
nonsmall cell lung cancer (NSCLC) [129, 217]. FDA- 
approved modulators of the EGFR pathway include mono-
clonal antibodies (cetuximab and panitumumab) and small 
molecular inhibitors (gefitinib, erlotinib, and afatinib).

EBP peptide (sequence: CMYIEALDKYAC) was devel-
oped by structural modeling of the natural EGFR ligand, 
EGF [103]. EBP conjugate with DOX showed enhanced 
anticancer efficacy and reduced systemic toxicity in ortho-
topic breast cancer xenograft mice [7, 8]. Liposomes func-
tionalized with another EGFR-targeting peptide, D4 
(sequence: LARLLT), were found to accumulate in EGFR 
expressing xenograft tumor tissues [184]. Recently, another 
EGFR-targeting peptide, GE11 (sequence: 
YHWYGYTPQNVI), identified by peptide phage display, 
was found to bind cultured MDA-MB-231 breast cancer 
cells and was able to systemically deliver gene/drugs to 
EGFR overexpressing cancer in  vivo [74]. Two additional 
peptidic affinity ligands to EGFR, KCCYSL, and LTVSPWY, 
were also discovered by phage display and have proven use-
ful for imaging and targeted drug delivery to EGFR-positive 
tumors [217]. Finally, two EGFR targeting peptides, EDA 
(sequence: PgYNPTTYQAha) and disruptin (sequence: 
SVDNPH), were biologically active and inhibit dimerization 
of EGFR and downstream signaling [5, 6, 70].

2.4  Tumor-Penetrating Peptides

Poor tissue penetration is a serious limitation of drug deliv-
ery to tumors, and owing to their size, nanoparticles and anti-
body drugs, in particular, suffer from this limitation [196]. 
The barriers are exit from the vasculature and penetration 
through tumor tissue. The frequently cited “leakiness” of 
tumor vessels permits passive extravasation, but it is not 
clear to what extent clinical tumors share this characteristic 
with the commonly used subcutaneous experimental tumors. 
Moreover, antiangiogenic treatments cause “normalization” 
of tumor vasculature [84], making it likely that nanodevices 
will be deployed with tumors whose vasculature is not leaky. 
High interstitial pressure in tumors constitutes a major bar-
rier to penetration of extravasated compounds within extra-

vascular tumor tissue, as does abundant fibrotic tissue, which 
is common in tumors such as pancreatic cancer [72, 85, 167].

About 15  years ago, the tumor homing LyP-1 peptide 
with the ability to target the lymphatic vessels and hypoxic 
areas in tumors was identified [108]. Systemically adminis-
tered LyP-1 phage was found to accumulate in macrophages 
and lymphatic vessels away from blood vessels. In 2009, we 
identified a family of internalizing and tumor-penetrating 
C-end Rule or CendR peptides that contain a R/KXXR/K 
recognition motif that needs to be carboxyterminally exposed 
for activity [188, 192]. The CendR receptor NRP-1 is a co- 
receptor of semaphorins, VEGF family members, and mul-
tiple other growth factors that play essential roles in vascular 
biology and progression of solid tumors [61, 128]. CendR 
tumor-penetrating peptides (TPP) activate an endocytic 
transport pathway related to but distinct from macropinocy-
tosis by engaging a complex process that involves binding to 
a primary, tumor-specific receptor, a proteolytic cleavage, 
and binding to a second receptor (Fig. 2). The binding to the 
second receptor NRP-1 activates the transport pathway [139, 
192]. The pathway is distinct from known endocytosis path-
ways and is partially characterized [139].

The first TPP to be discovered was iRGD peptide 
(sequence: CRGDKGPDC or CRGDRGPDC) [188] that is 
clinically developed by San Diego-based DrugCendR Inc. as 
CEND-1. The iRGD peptide combines the tumor homing 
ability of the RGD motif with conditional proteolytically 
activatable CendR tissue penetration switch, rendering it 
highly potent and tumor-specific. First, the RGD sequence 
motif drives the recruitment of the peptide to αvβ3 and αvβ5 
integrins on the surface of tumor angiogenic vascular endo-
thelial cells and tumor cells. Second, a tumor-derived prote-
ase cleaves iRGD to generate fragment with C-terminally 
exposed CendR motif (CRGDK/R). The truncated peptide 
loses integrin-binding activity but acquires ability to interact 
with b1 domain of tissue penetration receptor NRP-1. 
Interaction with NRP-1 then activates a CendR pathway 
(endocytotic/exocytotic transport pathway) for enhanced 
transport of drugs into tumors [188]. The αvβ3 and αvβ5 
requirement and involvement of a tumor-derived proteolytic 
convertase render iRGD activation tumor-specific. The 
iRGD peptide can carry a payload as large as a nanoparticle 
deep into tumor tissue. Surprisingly, the cargo does not have 
to be attached to iRGD; compounds co-administered with 
iRGD are also transported from the vasculature into the 
tumor parenchyma [189]. Co-injection of iRGD has resulted 
in enhanced tumor penetration and accumulation of each of 
the several compounds tested, and the phenomenon has been 
observed in a large number preclinical tumor models (trans-
genic models, xenograft and syngeneic implants of breast, 
pancreatic, prostate, and ovarian tumors), including metasta-
ses [189]. iRGD combination treatment does not affect the 
extent of the side effects, such as cardiomyopathy caused by 
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doxorubicin. Thus, iRGD broadens the therapeutic index of 
cancer drugs.

2.4.1  Novel Tumor-Penetrating Peptides
A defining feature of the CendR system is that the activity of 
the cell and tissue-penetrating CendR motif is strictly 
position- dependent and requires carboxy-terminal exposure 
of consensus element R/KXXR/K.  Proteolytic enzymes 
mediate diverse processes such as extracellular matrix 
remodeling, immunity, development, protein processing, cell 
signaling, and apoptosis [54]. Of approximately 700 pepti-
dases of the human degradome, nearly ¼ have cleavage spec-
ificities compatible with CendR exposure. Many of the 
proteases are expressed and secreted in a tissue or disease 
specific pattern. Incorporation of the CendR element in the 
context of a protease recognition and cleavage site can be 
applied for the activation of tissue-penetrating activity at a 
target site. CendR peptides of novel specificities can be con-
structed by combining CendR elements with protease cleav-
age sites and vascular homing modules – either by rational 
design or screening-based approaches. We have validated the 
concept by designing cryptic CendR peptides that are acti-
vated by urokinase-type plasminogen activator (uPA) [29]. 
The association of the uPA activity with tumorigenesis and 
its strong substrate selectivity make it an attractive candidate 
for protease-activated cancer targeting [29, 124, 182]. Our 
designer uPA-dependent tumor-penetrating peptide, uCendR, 
contains the following modules (starting from the 
N-terminus): a tandem RXXRXXR CendR element in the 

context of uPA cleavage site, and a vascular homing motif 
CRGDC. The uCendR peptide is recruited to tumor endothe-
lial cells and tumor cells, followed by cleavage by uPA and 
NRP-1 dependent penetration into tumor tissue.

Besides angiogenic integrins, other primary receptors 
have been used for TPP design. For example, the NGR tri-
peptide tumor homing motif that targets aminopeptidase N 
(CD13) was embedded in iRGD-derived cyclic peptide scaf-
fold, resulting in internalizing iNGR peptide (sequence: 
CRNGRGPDC) [9]. The iNGR peptide was found to home 
to CD13 in tumor vessels and, unlike parental NGR peptide, 
extravasate, and penetrate deep into the tumor parenchyma. 
For iNGR peptide-coupled paclitaxel nanoparticles and co- 
administered DOX, improved biodistribution and antitumor 
efficacy were observed [211, 219]. In recent studies, the 
iNGR peptide has been used to potentiate the tumor homing 
of lanthanide nanoclusters [206], and for targeted co- delivery 
of chemotherapeutic drugs and photosensitizer to treat 
treatment- resistant cancer [89].

The p32-targeting LyP-1peptide (sequence: 
CGNKRTRGC), discussed above, contains a cryptic CendR 
element, shows robust extravasation and parenchymal pene-
tration in tumor tissue, and is likely to use the CendR path-
way for tumor homing and penetration. The truncated version 
of LyP-1 with exposed CendR motif, tLyP-1 (sequence: 
CGNKRTR), binds to p32 and internalizes in cells through 
the CendR pathway [163]. Compared to parental peptide, 
tLyP-1 improves extravasation of a co-injected nanoparticle 
into the tumor tissue. As it uses a different primary receptor 

Fig. 2 CendR trans-tissue transport pathway. The TPP cell and tissue 
penetration pathway is based on a three-step process. First, the peptide 
is recruited to primary tumor-specific target receptors (e.g., αvβ3/αvβ5 
integrin in the case of iRGD; p32/ gC1qR in the case of LyP-1 and 

TT1). In the second step, the peptide is cleaved by proteases to unmask 
the cryptic CendR element (R/KXXR/K) at the C-terminus. Finally, the 
CendR motif interacts with neuropilin-1 (NRP-1) to trigger vascular 
and tumor tissue penetration
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that iRGD, it may act as complementary peptide for iRGD 
[163]. Recently, we have identified another P32-targeting 
cyclic peptide TT1 (sequence: CKRGARSTC) [137]. Similar 
to Lyp-1 peptide, TT1 (and its linear variant, linTT1, 
AKRGARSTA) showed homing and internalization in dif-
ferent tumor models in vivo [80, 173, 178]. TT1 and LinTT1 
peptides can be activated by cleavage by tumor-derived uPA 
to carboxyterminally expose the AKRGAR active CendR 
fragment [178]. Both tLyP-1 and TT1 peptides have applica-
tions for targeted drug delivery of anticancer drugs or imag-
ing agents to p32 overexpressing cancers.

2.4.2  Translational Development 
and Perspectives of TPP Technology

TPP enables specific tumor targeting, increasing the drug 
accumulation in the tumor, and promoting even drug distri-
bution throughout the tumor. A unique property of TPPs is 
that the peptides can be used without the need to couple the 
drug to the targeting agent [189]. The TPP acts through a 
three-step process involving binding to a receptor present 
only in tumors, at the surface of tumor vessels, in particular, 
a subsequent proteolytic cleavage, and transfer to another 
receptor. The binding of processed TPP to NRP-1 activates a 
vesicular transport pathway (CendR pathway) that is meant 
to carry nutrients into tissues [139]. The current hypothesis is 
that a drug co-administered with TPPs will be transported 
into tissue as if it were a nutrient. Because TPPs activate the 
transport pathway only in cancerous tissue, the drug will 
only accumulate and spread within tumors, not in normal tis-
sues, and the result is enhanced anticancer activity without 
an increase in side effects. There are currently nearly 200 
publications in the scientific literature on applications of pro-
totypic TPP iRGD and the CendR technology for improving 
the biodistribution and potentiation of a variety of com-
pounds ranging from low molecular weight compounds to 
macromolecules and nanoparticles, that come from a large 
number of laboratories located all over the world. In animal 
studies, iRGD has been shown to enhance the efficacy of 
kinase inhibitors, cytokines, antibodies, nucleic acid-based 
therapeutics siRNA, and even anticancer immune cells [209, 
220]. The increase in the activity of anti-cancer agents pro-
vided by iRGD has been shown for a variety of tumor types. 
Thus, iRGD/TPP can potentially become a platform technol-
ogy able of enhancing the activity of a variety of treatment 
(and imaging) modalities aimed at solid tumors. Alternatively, 
as the boost in anticancer activity is tumor specific, iRGD 
has the potential to reduce systemic toxicity of treatments.

The lead indication, currently under Phase I clinical 
development, is iRGD-enhanced gemcitabine/abraxane ther-
apy for treatment of pancreatic ductal adenocarcinoma 
(https://clinicaltrials.gov/ct2/show/NCT03517176). Clinical 
validation of iRGD as a method to enhance antitumor activ-
ity of co-administered gemcitabine and abraxane is expected 

to lead to broader efforts to combine iRGD and other TPPs 
that are currently in the preclinical development phase with 
anticancer agents. The use of iRGD will be a therapeutic 
booster that will not require patients to be removed from 
standard of care therapy. iRGD-based imaging approaches 
are also being developed that will serve as functional bio-
markers of iRGD-enhanced tumor uptake in the clinic. 
Preclinical studies with iRGD and contrast agents show 
robust signals for iRGD-mediated tumor uptake and penetra-
tion of the contrast agent in mouse models [193, 220], indi-
cating that iRGD-based imaging approaches could be used 
for patient stratification. The iRGD peptide is straightfor-
ward to manufacture and should provide a cost-effective 
therapeutic approach to improve the tumor localization, dis-
tribution, and efficacy of co-administered therapeutics.

3  Conclusions and Perspectives

Affinity targeting with tumor-homing peptides is an estab-
lished technology that can be used to achieve improved 
selectivity and efficacy of anticancer drugs to widen their 
therapeutic index. The current arsenal of tumor-homing pep-
tides allows targeted drug delivery with great precision to 
various components in malignant tissues: blood and lym-
phatic vascular trees, extracellular matrix, immune cells, and 
fibroblasts (Fig. 3). Translational potential of homing pep-
tides is further strengthened by their small size, low immu-
nogenicity, and biocompatibility. Peptides are usually not 
species-specific as they target functionally important binding 
pockets on target molecules, and these sites are highly con-
served among species. This circumstance increases the trans-
lational potential of peptides. Finally, vascular-homing 
peptides can be readily identified in an unbiased manner by 
in vivo phage display.

Among tumor-homing peptides, tumor-penetrating 
CendR peptides hold a great promise. Activating the CendR 
pathway in a tumor-specific manner provides a specific way 
of increasing the activity of conjugated and co-administered 
anticancer drugs and of enhancing tumor imaging. iRGD and 
other TPP (tLyP-1, iNGR)-based approaches are the only 
technologies that enable specific tumor targeting, promote 
even drug distribution throughout the tumor, and can be used 
without the need to couple the drug to the targeting agent. 
Thus, the tumor-penetrating CendR peptides represent a 
potentially transformative advance in cancer treatment. 
iRGD is currently undergoing clinical testing, and the next 
few years are expected to show to what degree the promising 
preclinical data on TPP are validated in clinical settings.

Refinement of intratumoral precision delivery strategies 
using the homing peptides is expected to be an important 
frontier in progress towards more efficacious and more toler-
able anticancer strategies. Intratumoral precision delivery 
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may be particularly relevant in the context of immunothera-
pies, where modulation of precisely defined cell populations 
(e.g., M2 TAMs, Tregs) may result in profound modulation 
of therapeutic response. For example, iRGD homes to Treg 
cells, the main immunosuppressive cells in tumors, and 
iRGD anticancer drug combination may be able to selec-
tively destroy these cells, while leaving the antitumor 
immune cells intact.

Homing peptides can have a transformative impact on the 
clinical development of precision-guided nanodrugs and 
imaging agents. Where 15 passively targeted nanocarriers 
are FDA-approved for clinical use, none of the actively tar-
geted nanodrugs have advanced past clinical testing and 
obtained approval [161]. Most of the nanodrugs approved to 
date have, compared to conventional drugs, demonstrated 
reduced toxicity and better tolerability rather than improved 
efficacy. Currently, there are more anticancer nanodrugs in 
clinical trials than any other drug classes [162]. In numerous 
preclinical studies, the application of the affinity targeted 

nanomedicine results in a high tumor concentration of drugs 
due to a combination of tumor receptor-dependent uptake 
and EPR-based accumulation. For example, DOX-loaded 
anti HER2-guided immunoliposomes showed significantly 
superior therapeutic results compared to control nontargeted 
liposomal DOX and free DOX [100, 141].

The final issue that needs to be addressed in the coming 
years is the limiting number of receptors for targeting 
ligands – a serious limitation of affinity targeting strategies 
that limits the capacity of the targeting systems [81]. This 
issue can be alleviated by using the peptide receptors that are 
highly abundant and accessible (such as ECM components) 
or combining targeting peptides of different binding speci-
ficities (multitargeting). Additional advantage of multitar-
geted tumor-homing peptides is that they can be used to 
overcome uneven tissue distribution of individual targets for 
more uniform payload delivery. In conclusion, peptide tar-
geted drug therapies will continue to contribute a significant 
innovation in targeted nanomedicine development for maxi-

Fig. 3 Tumor-homing peptides. Overview of tumor-homing peptides and their receptors
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mal treatment safety and efficacy for cancer therapy and 
diagnosis in the near future.
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Abstract

In the recent years, progress in nanotechnology has sig-
nificantly contributed to the development of novel phar-
maceutical formulations to overcome the drawbacks of 
conventional treatments and improve the therapeutic out-
come in many diseases, especially cancer. Nanoparticle 
vectors have demonstrated the potential to concomitantly 
deliver diagnostic and therapeutic payloads to diseased 
tissue. Due to their special physical and chemical proper-
ties, the characteristics and function of nanoparticles are 
tunable based on biological molecular targets and specific 
desired features (e.g., surface chemistry and diagnostic 
radioisotope labeling). Within the past decade, several 
theranostic nanoparticles have been developed as a multi-
functional nanosystems which combine the diagnostic 
and therapeutic functionalities into a single drug delivery 
platform. Theranostic nanosystems can provide useful 
information on a real-time systemic distribution of the 
developed nanosystem and simultaneously transport the 
therapeutic payload. In general, the diagnostic functional-
ity of theranostic nanoparticles can be achieved through 
labeling gamma-emitted radioactive isotopes on the sur-
face of nanoparticles which facilitates noninvasive detec-
tion using nuclear molecular imaging techniques, such as 
positron emission tomography (PET) and single-photon 
emission computed tomography (SPECT), meanwhile, 
the therapeutic effect arises from the potent drug released 
from the nanoparticle. Moreover, some radioisotopes can 

concurrently emit both gamma radiation and high-energy 
particles (e.g., alpha, beta, and Auger electrons), prompt-
ing the use either alone for radiotheranostics or synergis-
tically with chemotherapy. This chapter provides an 
overview of the fundamentals of radiochemistry and rel-
evant radiolabeling strategies for theranostic nanosystem 
development as well as the methods for the preclinical 
evaluation of radiolabeled nanoparticles. Furthermore, 
preclinical case studies of recently developed theranostic 
nanosystems will be highlighted.
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1  Introduction

The term theranostic coined by the merging of the terms 
“therapeutic” and “diagnostic,” refers to multifunctional 
nanosystems that are able to provide both therapeutic (e.g., 
delivery of a chemotherapeutic payload) and diagnostic (e.g., 
imaging or therapy monitoring) functions in the same plat-
form. Radioisotopes can be employed in two ways for the 
development of theranostic nanosystems. First, the nanosys-
tems can be radiolabeled with imaging-compliant isotopes 
such as those utilized for positron emission tomography 
(PET) or single-photon emission computed tomography 
(SPECT), which emit gamma radiation that can be detected 
and quantified noninvasively outside of the subject using 
dedicated imaging systems [1]. This will give information on 
the localization of the nanosystem in the body, including the 
targeting ability, kinetics of nanomaterial tumor accumula-
tion, the route and rate of nanosystem elimination, and the 
circulation time. This information provides vital feedback on 
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the performance of the nanosystem based on its structure–
activity relationship, and guides future structural optimiza-
tion for improved in  vivo behavior. Additionally, when 
radiolabeled with diagnostic radioisotopes, the nanosystems 
can be used to screen for patients who will have sufficiently 
high nanosystem tumor accumulation to permit the attain-
ment of therapeutically relevant payload concentrations in 
the tumor. In this way, the nanosystem itself can be used for 
patient stratification instead of a surrogate imaging bio-
marker. Second, the highly energetic particle radiation (α, β−, 
and Auger electrons), arising from radioactive decay of 
radioisotopes conjugated to the nanosystem, can be employed 
as a therapeutic strategy either alone or synergistically with 
chemotherapy [2]. Due to their high molar activity, therapeu-
tic radioisotopes are lucrative payloads for theranostic nano-
system development, as very small amounts of the 
radioisotope are often enough to impart therapeutically rele-
vant radioactive doses at the tumor. This is in contrast to the 
feasibility limitations set by a limited drug loading degree in 
many cancer-targeting nanosystems under development 
today.

In this chapter, we will give an overview of the current 
and emerging radiolabeling strategies for the radiolabeling 
of theranostic nanosystems either for imaging, radiotherapy, 
or combination of the two, as well as provide a basic outline 
for the biological evaluation of radiolabeled theranostic 
nanosystems. Finally, a review of selected contemporary 
examples of preclinical and clinical studies utilizing radiola-
beled theranostic nanosystems is given.

2  Key Concepts in Radiochemistry 
for Theranostic Nanosystem 
Development

2.1  Radioactive Decay and Properties 
of Radiolabeled Tracers

Radioactive decay results when a nucleus has too much mass 
or an improper proton-to-neutron ratio to remain stable: the 
nucleus becomes unstable and either emits a bulky particle to 
reduce its mass (α decay) or transfers one proton to a neutron 
or neutron to a proton to balance the proton-to-neutron ratio 
(β+ or electron capture decay or β− decay). In α decay, an 
energetic α particle (a nucleus of a helium atom) is emitted, 
whereas in a beta decay the outcoming particles are either β+ 
(positron) or β− (electron). In addition to these decays a num-
ber of different types of electromagnetic (gamma radiation, 
X-rays) and electron (conversion and Auger electrons) radia-
tion is emitted while the nuclei formed in excited state in the 
decay event will de-excite. All these modes of radiation are 
collectively known as ionizing radiation. A stable nucleus 
can be attained either by a single decay of an unstable nucleus 

(as for the isotope fluorine-18 (18F in Fig. 1a) or as a result of 
a decay chain, where the energy is lost in a series of decays 
through different daughter nuclei like in the case of the alpha 
emitter actinium-225 (225Ac, Fig. 1b).

The fundamental premise to the use of radiolabeled com-
pounds as tracers for the respective nonradiolabeled com-
pounds is that radioactive isotopes behave chemically 
identically to the nonradioactive isotopes of the same ele-
ment. The terms tracer, imaging probe, and imaging agent 
are used interchangeably in the literature and all refer to 
radiolabeled compounds used to track a structurally identical 
nonradiolabeled compound in vivo.

The most important properties of a radioisotope from the 
theranostic standpoint are the quality and energy of the emit-
ted radiation, the physical half-life (t1/2) of the radioisotope, 
and the chemical characteristics of the element in question. 
Highly tissue-penetrant gamma radiation is needed for non-
invasive nuclear imaging, whereas particle radiation is 
needed for the deposition of energy into the tumor tissue 
through the interactions between the tissue and the emitted 
charged particles. The amount of energy deposited in tissue 
is determined by the linear energy transfer (LET) value, and 
it is determined by the path length of the particle in the tissue 
and the energy of the radiation. Out of the charged particles, 
helium nuclei (α particles) and Auger electrons have the 
highest LET values with the path length tens of micrometers 
(α particles) or mere fractions of a micrometer (Auger elec-
trons), while higher-energy electrons (β particles and conver-
sion electrons) travel millimeters depending on their energy, 
and consequently have lower LET values as illustrated with 
an example of radioimmunoconjugates in Fig. 2. The range 
of the particle radiation in tissue should be matched to the 
dimensions of the tumor to ensure homogenous deposition 
of the energy in the tumor tissue as illustrated in Fig. 3.

The radionuclide half-life is determined by Eq. 1,

 
t1 2

2
/

ln
=

λ  
(1)

where λ is the decay constant for the radioisotope. The 
half-life tells us the amount of time required for the radioac-
tivity (A) of the material to decrease to one half of the origi-
nal value (A0) and can be used to calculate the amount of 
radioactivity remaining in a sample at a given time t as shown 
in Eq. 2.

 A A e At t t= = ×− −
0 0 2 1 2λ / /  (2)

The physical half-lives of radioactive isotopes vary from 
fractions of a second to billions of years. For isotopes rele-
vant for the development and radiolabeling of theranostic 
nanosystems, the half-lives are most typically in the order of 
hours to several days. This has a number of practical implica-
tions to the nanosystem development and choice of the radio-
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Fig. 1 Radioactive decay can occur with a single emission or by 
multiple decays referred to as a “decay chain”. The short-lived 
positron emitter 18F (a) decays predominantly by positron emission 

(the rest is by electron capture), whereas heavy 225Ac (b) decays by 
a series of alpha and beta decays through a number of daughter 
nuclei

Fig. 2 Illustration of the track of α-particles, β-particles, and Auger 
electrons emitted by radiolabeled monoclonal antibodies targeted to 
cancer cells. The short track length of α-particles (28–100 μm) and 
Auger electrons (<0.5 μm) results in high linear energy transfer (LET) 
values of 50–230 keV/μm and 1–23 keV/μm, respectively. β-Particles 

have a track length of 2–10  mm in tissue resulting in LET of 0.1–
1.0 keV/μm. The high LET of α-particles and Auger electrons makes 
these forms of radiation more powerful for killing cancer cells than 
β-particles. (Figure adapted from references [3, 4])

Fig. 3 Matching the range of the radioactive emission to the dimen-
sions of the target is important for the efficacy of the radiotherapy. 
Subpar effects will be seen in a small tumor treated with long-range 
(low LET) irradiation (a) or in a large mass treated with a short-range 

(high LET) irradiation with heterogenous distribution (b), whereas 
optimal results are achieved when a relatively homogenous distribution 
of an intermediate LET radioisotope is attained (c). (Figure adapted 
from reference [5])
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labeling strategy. First, the half-life of the isotope sets a 
practical limit to the maximum theoretical molar activity, the 
radioactivity per mole (usually expressed in gigabecquerels 
per micromole, GBq μmol−1), of the isotope that can be pro-
duced as shown in Eq. 3, where N is Avogadro’s number.

 
molaractivitymax = ×N

t

ln

/

2

1 2  
(3)

Second, as a guideline, the radiosynthetic procedures and 
purification of the radiolabeled tracer should be completed 
within ≈ 2 half-lives of the isotope to ensure meaningful 
molar activity (radioactivity per amount, usually expressed 
in gigabecquerels per micromole, GBq μmol−1) of the radio-
labeled product for in  vivo studies. Therefore, in order to 
obtain maximal molar activity radiolabels are best intro-
duced late in the radiosynthesis, which is often achieved by 
the use of a prosthetic group, a radiolabeled precursor that 
can be conjugated to the nonradioactive target molecule or 
material using fast and selective chemistry preferably in a 
single step [6]. Third, the half-life of the radioisotope con-
strains the timeframe over which the passage of the radiola-
beled compound can be tracked in vivo. For this purpose, the 
physical half-life of the radioisotope should be matched to 
the biological half-life of the vector, in this case the nanosys-
tem. This is perhaps best illustrated by the case of radiola-
beled antibodies, which have biological half-lifes in the 
order of days, and consequently only longer-lived isotopes 
such as zirconium-89 (89Zr, t1/2 = 78.41 h), indium-111 (111In, 
t1/2 = 2.80 d), iodine-124 (124I, t1/2 = 4.18 d), and iodine-131 
(131I, t1/2 = 8.03 d) can be used for the tracking of directly 
labeled antibodies. Other important concepts in the radio-
pharmaceutical development are the molar activity men-
tioned already earlier, specific activity, radiochemical yield, 
and radiochemical purity, the definitions of which will be 
reviewed next. The field of radiopharmaceutical chemistry 
today follows a consensus nomenclature compiled by 
Coenen et al. and set forward in 2017 [7].

The molar activity of a radiolabeled compound is defined 
as the amount of radioactivity per mole of compound, 
whereas specific activity refers to the amount of radioactivity 
per mass, most often denoted in GBq mg−1 or MBq mg−1. In 
most cases the exact molecular weight of the nanosystem is 
not known or reported, thus the specific activity gives a more 
meaningful denotation on how much radioactivity is incor-
porated to the nanosystem. Furthermore, if the final radiola-
beled product contains a nonradioactive starting material 
which cannot be removed, as is the case for most nanomate-
rials, the terms apparent molar activity and apparent specific 
activity should be used. The term radiochemical yield refers 
to the quantity (often expressed in percentage of the starting 
quantity) of the radioisotope incorporated to the radiolabeled 
product. Although analogous to chemical yield, an important 

notion of the radiochemical yield is that it needs to be always 
calculated using starting and final values for the same radio-
isotope which have been decay-corrected to the same point 
in time, typically, for example, the end of synthesis (EOS) or 
the end of bombardment (EOB) for the nuclear reaction pro-
ducing the radioisotope. The term radiochemical purity in 
turn is analogous to chemical purity and is used to describe 
the purity of the product with respect to the presence of other 
radiolabeled compounds in the final product, again decay- 
corrected to a fixed point in time. Typically, radiochemical 
purities exceeding 95% are considered adequate in terms of 
in vivo applications, but this level depends on the identity 
and pharmacokinetics of the impurity and more stringent cri-
teria to radiochemical purity might need to be applied 
accordingly.

2.2  Nuclear Reactions for Radionuclide 
Production

All the radionuclides used in nuclear medicine are artificially 
manufactured through nuclear reactions of stable isotopes. 
The production of radionuclides is commonly carried out 
using either particle accelerators or nuclear reactors. In 
radionuclide production, a nucleus of a stable element (the 
“target”) is bombarded with nucleons (protons and neutrons) 
or other nuclei of stable elements, such as helium and deute-
rium (the “projectile”). The target and the projectile react, 
forming a product nucleus. In most cases, the primary prod-
uct nuclei formed in the reaction are in an excited state and 
further emit out nucleons, small nuclei, or gamma radiation 
(the “ejectile”) to form the final product nucleus. The nuclear 
reactions are represented by the notation.

 
x A B y A x y B+ → + ( )or ,  (4)

where x is the projectile, A is the target, B is the final prod-
uct after the reaction, and y is the ejectile. Typical reactions 
used in the radionuclide production are presented in Fig. 4.

The nuclear reactions require energy enough to bring 
the positively charged projectile and target in contact over 
the repulsive Coulomb forces (“Coulomb barrier”). On the 
other hand, the possibly negative reaction Q value, that is, 
the difference of the masses before and after the nuclear 
reaction needs to be compensated by a proper projectile 
energy for enabling the reaction. These two energies define 
the minimum projectile energy needed for a nuclear 
reaction.

The probability for certain nuclear reaction to happen is 
called cross section. A unit of a cross section is called “barn” 
(b) and 1 b = 10−28 m2. Therefore, the cross section can be 
thought as an area that the projectile needs to hit – the larger 
the area, the more probable the reaction is. Cross section is 

S. Das et al.



53

defined for all the reaction types separately, and it is depen-
dent on the energy of the projectile. Therefore it is important 
to select an optimal energy for the projectile from the point 
of view of maximizing the production of the nuclide of inter-
est and minimizing the side reactions leading to impurities. 
In practice, the target material can be in gaseous, liquid, or 
solid form. Important things in target design are to ensure a 
safe manipulation of a highly active target after the irradia-
tion, and to have methods to separate the produced activity 
from the target material.

Different kinds of charged particles needed for nuclear 
reactions (e.g., protons, deuterons, and alpha particles) are 
formed and accelerated in particle accelerators. One most 
typical of them in radionuclide production is a cyclotron, 
where the protons are accelerated in the spiraling path. 
Typical nuclei produced with accelerators are, for example, 
yttrium-86 (via reaction 86Sr(p,n)86Y), indium-111 
(112Cd(p,2n)111In), gallium-67 (67Zn(p,n)67Ga), and fluorine-
 18 (18O(p,n)18F). For reactions requiring neutrons (e.g., radi-
ative capture (n,γ) and fission), usually pool-type research 
nuclear reactors are used. In many reactions, especially in 
radiative capture, thermal neutrons, that is, the neutrons with a 
speed of about 2000  m/s are utilized. These reactions are 
used, for example, in production of strontium-89 
(88Sr(n,γ)89Sr), technetium-99 (98Mo(n,γ)99Tc), and lutetium-
 177 (176Lu(n,γ)177Lu). Also (n,p) and (n, α) reactions can be 
utilised, as well as reactions proceeding through a short-lived 
intermediate product that decays to the desired radioisotope, 

such as iodine-131 which is produced via first making tellu-
rium- 131 in 130Te(n,γ)131Te reaction, and then letting the 131Te 
(t1/2 = 25 min) to decay by β− emission to 131I. In nuclear fis-
sion reactions (n,fission) neutron splits a heavy nucleus in 
two pieces with few neutrons emitted in process. Fissions 
induced by thermal neutrons are resulting in an antisymmet-
ric split with one heavier and one lighter mass nucleus. The 
commonly used target materials in fission reactions are ura-
nium- 235 (235U) and plutonium-239 (239Pu). The most rele-
vant fission products in nuclear medicine are 131I for 
theranostic applications and 99Mo for the use as radioactive 
parent in 99Mo/99mTc generators.

Radioisotope production is globally concentrated on 
facilities with accelerators and reactors. Smaller medical 
cyclotrons capable for the production of short-lived positron 
emitters (11C, 13N, 15O, 18F, 89Zr, 124I) are available at aca-
demic institutions and hospitals to account for the use of 
these isotopes in the clinic and the fact that some of them 
cannot be transported due to the short half-lives (<2 hours). 
Additionally, 99Mo/99mTc and 68Ge/68Ga generators are nowa-
days nearly ubiquitous in research and hospital laboratories 
because of their long usable life time which allows the users 
to dispense the radioisotope on demand. Longer-lived radio-
isotopes can be purchased through a number of vendors 
worldwide or acquired through academic collaborations in 
the case of more rare radioisotopes.

Fig. 4 The most common nuclear reactions in radionuclide production. Neutron activation and nuclear fission are carried out in nuclear reactor 
while high-energy charged particle bombardment is carried out in accelerators
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2.3  Principles for the Safe Handling 
of Radioactive Materials

Working safely with radioactivity requires a number of pre-
cautions and specialized working areas which are usually 
shared between many researchers at a given institute. The 
type of laboratory and shielding needed and the safe han-
dling practices employed depend on the radioisotope and the 
amount of radioactivity that needs to be handled at one time. 
The type of the work also matters as some tasks such as 
radiotracer administration to animals carry a greater risk of 
personnel exposure than, for example, the measurement of 
excised tissue samples in sealed tubes. Safe practices in 
working with radioactivity need to be followed at every step 
of the process from the radiolabeling synthesis to biological 
evaluation to disposal and storage of radioactive waste. The 
respective national and institutional regulations and guide-
lines are reviewed during introductory training on radiation 
safety and the radiation safety officer or department at the 
institute ensures personnel compliance by offering guidance 
and continued training. Dose monitoring needs to be offered 
to personnel working with radioactivity and medical clear-
ance is most often needed prior to starting the work. As a 
general guideline, the amount of radiation dose accumulated 
during a procedure can be greatly reduced by using appropri-
ate physical shielding (e.g., a fume hood with a lead-glass 
window or a remotely controlled synthesis apparatus), by 
increasing the distance from the radiation source (e.g., by 
handling radioactive vials with tongs or manipulators), and 
by minimizing the time spent handling the radioactive source 
(e.g., by careful planning of the procedure and practicing 
with mock runs with nonradioactive reagents). Additionally, 
the benefit gained using radioisotopes should always out-
weigh the risks associated with their use and the amount of 
radioactivity used should be kept as low as reasonably 
possible.

2.4  Radiometric Detection Methods 
and Nuclear Imaging

The inherent properties of radioactivity contribute to the 
superior detection sensitivity and ease of quantitation for 
radiometric methods. First, as most of the radioisotopes 
employed in radiopharmaceutical development are rare or 
nonexistent in natural systems as they have been artificially 
produced in nuclear reactions, there is no “natural” radioac-
tive signal with the same energy spectrum that could hamper 
the analysis. Naturally abundant radioactive isotopes of ele-
ments such as potassium-40 (about 0.012% of natural potas-
sium is 40K) will of course be present in biological samples, 
but the levels are several orders of magnitude lower to any 
injected radiotracer and can be excluded from the analysis 
based on the spectra of the emitted radiation. Second, the 
aforementioned energy spectra allow for the identification of 

the desired radionuclide in a mixture of radionuclides and 
background radiation, enabling the detection of two or more 
isotopes at the same time if the energies emitted by the iso-
topes are sufficiently different. Semiconductor gamma spec-
trometers of superior energy resolution are most often used 
in these applications. Finally, the number of radioactive dis-
integrations detected over a given time (count rate) is directly 
proportional to the number of radioactive atoms in the sam-
ple which greatly simplifies the quantification.

The quantification of radioactivity is relatively straight-
forward with radioisotopes emitting highly tissue-penetrant 
gamma radiation as this can be detected and quantified with 
minimal sample processing. The radioactivity content in 
excised tissue samples is, for example, determined simply by 
measuring the radioactivity in the freshly collected tissue 
using an automated gamma counter. The commercially avail-
able automated counters are the workhorses of both clinical 
and academic radiochemistry laboratories as they have a 
large sample handling capacity with automated sample 
changing, facile operation and robust well-type thallium- 
doped sodium iodide NaI(Tl) detectors which usually require 
minimal maintenance over their lifetime. With all radiation 
detection systems, one needs to take into account the fact 
that the systems are saturable. This means that the response 
of the detection system remains linear only over a certain 
radioactivity range and at activities exceeding this range the 
response of the detection system deteriorates. The reason for 
this is the detection system dead time, that is, the time the 
system remains unresponsive and thus unable to detect the 
radiation after detection of a radiation event. Care must 
therefore be taken to maintain the sample activities at the 
linear range of the detection system. Radioisotopes which do 
not emit any usable gamma radiation for detection purposes 
are rare especially in theranostic systems, but if needed, liq-
uid scintillation counting offers a convenient detection 
method for low-energy β- and α-emitting radioisotopes in 
biological samples. As the name implies, liquid scintillation 
counting relies on the detection of the light generated by the 
absorption of the energy emitted by the radioisotope in the 
scintillation medium, referred to as a cocktail. The liquid 
scintillation cocktails are commercially available solutions 
of solvents capable of absorbing the energy of the emitted 
radiation and organic scintillator molecules which in turn 
emit visible light in response to transfer of the energy from 
the solvent to the scintillator molecule. Unsurprisingly, 
energy-rich aromatic ring structures and oxazoles compose 
the backbone for both solvent and scintillator molecules in 
commercial cocktails. The sample preparation for liquid 
scintillation counting is slightly more complicated than that 
for gamma counting, as the homogenized tissue samples 
need to be solubilized to the solvent and the sample rendered 
colorless by the addition of, for example, hydrogen peroxide. 
The sample composition, particularly color and certain com-
pounds, can greatly affect the intensity of the detected light 
through quenching.
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Nuclear imaging refers to the detection of gamma radia-
tion emitted by a radioisotope outside of the living subject 
and subsequent process of reconstruction of the measured 
radioactivity distribution to an image. For nuclear imaging in 
diagnostic purposes, the radioisotope must have gamma 
emissions, these can either be the two coincident 511-keV 
annihilation gammas of positron emitters, or single-energy 
gamma quanta emitted by other isotopes. The former are 
detected using a technique called positron emission tomog-
raphy (PET) and the latter by single-photon emission com-
puted tomography (SPECT). The principles of image 
formation in PET and SPECT imaging are outlined in Fig. 5. 
Both PET and SPECT are fully translational imaging modal-
ities, meaning that the tracer design, imaging system and 
setup are the same in small laboratory animals and in the 
clinic. The instrument design obviously varies as the systems 
are miniaturized for the imaging of laboratory rodents under 
inhalation anesthesia, but the detection principle and the 
study workflow remain the same. Since the molar activity of 
radiotracers is typically high, they can be administered in 
doses significantly lower than those used to elicit a pharma-
cological response. This makes it possible to use expensive 
and potentially harmful or even toxic substances in  vivo 
without disturbance to the system under study. This micro-
dosing principle [8] has made possible the investigational 
use of radiotracers early on in the drug development pipeline 
to study the target engagement and elimination of new drugs. 
For theranostic nanosystems the microdosing principle 
might not in all cases be directly applicable, as a macrodose 
of the nanomaterial might be needed for concomitant drug 

delivery. Nevertheless, the high molar activity of radioiso-
topes means that they can be used in the radiolabeling reac-
tions in minute amounts and thus with minimal influence on 
the physicochemical properties of the nanosystem. A caveat 
in nuclear imaging modalities is the fact that they do not pro-
vide any anatomical information on the localization of the 
tracer except for what can be deduced from the tracer accu-
mulation to nontarget organs and knowledge on their loca-
tion in the body. Therefore, co-registration of the nuclear 
image with an image obtained using another imaging modal-
ity, for example, X-ray computed tomography (CT) or mag-
netic resonance imaging (MRI) is often necessary for the 
precise delineation of the sites of radiotracer accumulation. 
Conveniently, the large molecular weight of nanomaterials 
allows for the incorporation of both the radiolabel and a con-
trast agent for CT or MRI to be incorporated to the same 
construct, generating a multimodality tracer.

3  Radiolabeling Strategies

3.1  Radiometals

Radiometals are radioactive isotopes of metal elements 
which have become an important tool for radiopharmaceuti-
cal drug development in nuclear medicine. Radiometal labels 
have been employed for a multitude of radiotracers from 
radiometal-labeled small molecules to peptides, antibodies, 
and nanoparticles. Radiometal labeling strategies have sev-
eral advantages over other radiolabeling techniques, for 

Fig. 5 The principle of detection for positron emission tomography (PET) and single-photon emission computed tomography (SPECT). In PET 
(a), the detectors are arranged on a ring around the subject, and the coincident 511-keV gamma rays from the positron annihilation are detected. 
In SPECT (b), the tomographic image is generated by revolving an array of detectors and a collimator around the subject, and only the gamma 
quanta which are directly perpendicular to the collimator will pass through to the detectors for registration
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example, the easy commercial availability of many radio-
metals, the pairs of diagnostic and therapeutic radionuclides 
of the same element, high specific activity, and in often cases 
favorable radiation dosimetry. The most relevant radiometal 
isotopes and their properties for SPECT, PET, and theranos-
tics in the clinical and preclinical research have been listed in 
Table 1.

3.1.1  Chelator-Mediated Radiolabeling 
with Radiometals

The conjugation of radiometals to radiopharmaceuticals is 
typically achieved by chelation, the coordination of the radio-
metal cation by a chelating agent. In order to use the radiomet-
als in biological applications, the radiometal cation must form 
a stable complex with the chelator to avoid undesirable hydro-
lysis and transchelation (the displacement of the radiometal by 
other metal ions in chelator cavity) in vivo. For conjugation to 

the targeting vector, a number of bifunctional chelating agents 
(BFCs) have been designed and developed. BFCs generally 
contain nitrogen (N) and oxygen (O) atoms in their structures 
that can donate an electron pair to form dative covalent bonds 
with the metal ions. Moreover, at least one side chain of the 
BFCs is usually modified with a functional group that can be 
covalently conjugated to the targeting molecules. The func-
tional groups attached to the carbon backbone of the chelators 
are preferable due to the availability of all of the N and O 
atoms for the radiometal coordination, resulting in better sta-
bility of metal-chelator complex. A radiometal-labeled radio-
pharmaceutical consists of three parts: the chelating agent that 
forms complexes with radiometals, the spacer or linker that is 
covalently coupled between the chelate and the vector in order 
to keep the often charged radiometal complex away from the 
target binding motive, and the biomolecule or targeting vector, 
such as an antibody, peptide, or nanoparticle (Fig. 6).

Table 1 Overview of radiometals for SPECT, PET, and theranostics

Metal Radioisotope Half-life (t1/2) Decay mode βmax MeV (% intensity) γ keV (% intensity) Imaging modality Production method
Scandium (Sc) 44Sc 3.97 h β+/EC 1.474 (94.27) 1157 (99.9) PET Cyclotron

47Sc 3.3492 d β− 0.600 (31.6) 159.38 (68.3) SPECT/
theranostic

Cyclotron

Copper (Cu) 61Cu 3.339 h β+/EC 1.216 (51) 282.96 (12.2)
656.01 (10.8)

PET Cyclotron

62Cu 9.67 m β+/EC 2.937 (97.6) – PET Generator
64Cu 12.701 h β+/ β−/EC 0.653 (17.6) 511 (35.2) PET/

theranostic
Cyclotron

67Cu 61.83 h β−/γ 0.377 (51) 91.27 (7)
93.31 (16.1)
184.58 (48.7)

SPECT/
theranostic

Cyclotron

Gallium (Ga) 66Ga 9.49 h β+/EC 4.153 (51) 833.53 (5.9)
1039.22 (37)
2751.84 (22.7)

PET Cyclotron

67Ga 3.262 d EC/γ – 93.31 (38.81)
184.58 (21.41)
300.22 (16.64)
393.53 (4.56)

SPECT Cyclotron

68Ga 67.71 m β+/EC 1.899 (87.72) – PET Generator

Rubidium (Rb) 82Rb 1.258 m β+/EC 2.601 (13.13)
3.378 (81.76)

776.52 (15.08) PET Generator

Yttrium (Y) 86Y 14.74 h β+/EC 1.221 (11.9) 443.13 (16.9) PET Cyclotron
90Y 64 h β− 2.280 (99.99) – SPECT/

Theranostic
Generator

Zirconium (Zr) 89Zr 78.41 h β+/EC 0.902 (22.74) 909.15 (99.04) PET Cyclotron
97Zr 16.749 h β−/γ 1.916 (87.8) 743.36 (93.09) SPECT/

theranostic
Reactor

Technetium 
(Tc)

94mTc 52 m β+/EC 1.592 (8.9)
1.938 (4.1)
2.438 (67.6)
3.460 (12.8)

871.091 (94) PET Cyclotron

99mTc 6.01 h IT – 140.51 (89) SPECT Generator
Indium (In) 111In 2.8047 d EC/γ – 171.28 (90.7)

245.35 (94.1)
SPECT Cyclotron

Lutetium (Lu) 177Lu 6.647 d β−/γ 0.177 (11.61)
0.4983 (79.4)

112.95 (6.17)
208.37 (10.36)

SPECT/
theranostic

Reactor

Data retrieved from the NuDat2 database, http://www.nndc.bnl.gov/nudat2
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The physical and chemical properties of the radiometal- 
chelator complex affect the overall pharmacokinetic proper-
ties of the radiolabeled compounds. Most of the 
radiometal-chelator complexes are very hydrophilic and 
have a positive charge leading to rapid clearance from the 
biological system through renal excretion. Therefore, the 
chelating agent and the radiometal must be carefully matched 
to tailor the complex stability and charge. In general, the 
radiometal-chelator pair is selected based on the chelating 
agent and radionuclide properties, for example, ionic charge, 
ionic radius, cavity size in the chelator, the number of donor 
binding groups, and the rate of metal complex formation and 
dissociation. Table  2 shows the currently used radiometal 
chelators and their bifunctional derivatives, and the appropri-
ate radiometal and typical radiolabeling conditions [9]. Since 
it is preferable to conjugate the chelator to the nanosystem 
before the radiometal complexation to avoid losses of radio-
activity, the radiolabeling condition is as important as other 
factors mentioned previously as the construct needs to with-
stand the radiolabeling conditions. Room temperature and 
neutral pH conditions are superior when the labeled mole-
cules are heat and pH sensitive, such as in the case of nucleo-
tides and antibodies. Moreover, the labeling time is crucial 
when working with short half-life radiometals, such as scan-
dium- 44 (44Sc), copper-62 (62Cu), 68Ga, rubidium-82 (82Rb), 
and 94m/99mTc. Thus, the coordination kinetics must be fast 
(5–15 min reaction times) and yield high radiolabeling effi-
ciency. Macrocyclic chelators, having inherently constrained 
geometries where the coordinating groups are close to 
another creating a “scaffold” metal ion binding sites, undergo 
only minor conformational and loss in entropy upon radio-
metal coordination. In contrast, acyclic chelators such as 
desferrioxamine (DFO) must undergo a more drastic change 
in their geometry in order to arrange the donor atoms to coor-
dinate with the metal ion [9]. However, despite this thermo-
dynamic favorability of radiometal coordination to 
macrocycles, they generally require heating (60–90 °C) and 
longer reaction times (>30 min) to attain radiolabeling at a 
reasonable yield. In acyclic chelators the coordination often 
occurs at room temperature within 15  minutes. The 
radiometal- chelator complex stability should be validated in 
terms of thermodynamic stability, possibility of transchela-

tion (e.g., Fe3+, EDTA, and DTPA), acid catalyzed dissocia-
tion, and stability in physiological conditions relevant to the 
administration route.

Overall, several factors need to be taken into consider-
ation when designing chelator-mediated radiolabeling of 
theranostic nanosystems. The choice of the radiometal is the 
foremost consideration as the physical half-life should be 
matched to the timeframe of the experiment and the nuclear 
properties to the theranostic application. From the standpoint 
of the radiometal-chelator complex, the stability in vitro and 
in vivo, the radiolabeling conditions (media, pH, time, and 
temperature), and the conjugation chemistry available for 
nanosystem labeling all need to be taken into account.

3.1.2  Chelator-Free Radiolabeling
Chelator-based radiometal labeling has been widely 
employed in nuclear imaging and radiotherapeutic develop-
ment with radiometals. However, a number of challenges in 
the chelator-based radiolabeling approach still remain. First, 
the nanomaterials may not be able to tolerate the severe 
radiolabeling conditions, such as acidic pH and high tem-
perature, leading to instability and destruction. Second, the 
incorporation of the hydrophilic chelator onto the surface of 
nanosystems can change their overall pharmacokinetics, sur-
face charge, and hydrodynamic size, resulting in completely 
different properties from the native vector. Moreover, the 
coordination chemistry is vastly different between different 
chelators and radiometals necessitating a careful evaluation 
of radiometal and chelator suitability for the application. 
However, as radiometals can be directly coordinated to cer-
tain functional groups that either intrinsically exist in the 
nanoparticle structure or that are grafted on the surface of 
nanoparticles, chelate-free strategies have shown potential to 
maintain the native properties of the nanoparticles in a way 
that better reflects the behavior of nonradiolabeled nanopar-
ticles in vivo.

Several approaches to chelate-free radiolabeling of 
nanoparticles have been proposed to match different nanopar-
ticle surface characteristics and modifications. Chelator-free 
[64Cu]CuS nanoparticles have been developed as a platform 
for the simultaneous PET/CT imaging and photothermal 
therapy [10]. The [64Cu]CuS can be formed by direct synthe-

Fig. 6 The general design of radiometal-labeled radiopharmaceuticals
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sis from the radioactive precursor in which the 64Cu is incor-
porated into the building block of CuS and a high 
radiolabeling yield was achieved. A similar direct radiolabel-
ing approach has been documented in monoclonal antibody 
radiolabeling with rhenium-188 for radioimmunotherapy 
[11]. The protein disulfide bridges are firstly reduced with 
different reducing agents, generating thiol groups (R-SH) 
that can coordinate with reduced oxidation state of [188Re]
ReO4

− in the presence of stannous chloride (SnCl2) as a 
reducing agent.

The heat-induced radiolabeling (HIR) of radioactive cat-
ions has been employed in the radiolabeling of superpara-
magnetic iron oxide nanoparticles [12–14]. The thermal 
stability of iron oxide nanoparticles allows the high heat 
activation of the iron oxide core to coordinate with radio-
metals (e.g., 64Cu, 89Zr, 111In, and 59Fe) without changing the 
structure, magnetic properties, and size of the nanoparticles. 
In addition, the selective binding of radiometals to the sur-
face of nanoparticles has been reported. The layered double 
hydroxide (LDH) nanoparticles have demonstrated the 
potential to be readily radiolabeled with radiometals with-
out the aid of chelators [15]. Bivalent and trivalent cations 
(e.g., 64Cu2+ and 44Sc3+) can form stable coordination with 
high labeling efficiency into the brucite-like cationic layers 
of the LDH, while the tetravalent cation such as 89Zr4+ can-
not efficiently label onto the LDH layer due to the lack of 
compatibility between the ionic radius and the LDH crystal 
structure. Also, a similar strategy has been applied to inves-
tigate the stereotype of chelator-free radiolabeling nanogra-
phene with 64Cu [16]. The reduced graphene oxide (RGO) 
exhibits a superior intrinsically 64Cu radiolabeled to the 
nanographene due to the transition metal- π-electron inter-
action where the electron transfer takes place between 64Cu2+ 
and π-bond, providing an alternative approach to maintain 
the properties of nanographene in vivo. The direct implanta-
tion method of theranostic radiolanthanoid, dysprosium-159 
(159Dy) to thermally hydrocarbonized porous silicon 
(THCPSi)  nanoparticles has been reported [17]. The 
THCPSi substrates are irradiated with radioactive ion beam 
(RIB) of 159Dy at the intensity of 1010 particles over 39 h, 
resulting in the implantation of 159Dy ions on the mesopo-
rous layer substrate. The [159Dy]THCPSi nanoparticles 
demonstrated good stability in vivo after 7 days of intratu-
moral administration as the 159Dy remained embedded in 
THCPSi nanoparticles inside the tumor, prompting the use 
of other RIB-based radiolanthanoids for chelator-free radio-
labeling with mesoporous nanoparticles. Overall, the chela-
tor-free radiolabeling strategies reveal the potential of 
alternative approaches for radiolabeling with radiometals. 
However, understanding of the coordination mechanism 
between the radiometal and the nanoparticle itself as well as 
the stability of the radiometal complex are always warranted 
before in vivo applications.

3.2  Radiohalogenation

Radiohalogenation can be performed using typical organic 
chemistry techniques such as nucleophilic and electrophilic 
substitution. The chemistry is chosen such that the new bond 
is strong enough to withstand physiological conditions. The 
carbon-halogen bond energy decreases with increase in size 
of halogens from F−  <  Cl−  <  Br−  <  I−. The bond strength 
increases with increasing number of π bonds of the carbon. 
Aromatic carbon-halogens bonds have higher bond strengths 
compared to the aliphatic counterparts with hybridization. 
This makes radioiodination on aromatic substrates less prone 
to hydrolysis and β-elimination. Direct radioiodination tech-
nique uses electrophilic and nucleophilic substitutions as 
well as electrophilic addition to unsaturated compounds in 
certain cases.

Electron rich aromatic compounds such as those contain-
ing the activating hydroxyl, amine and methoxy functional-
ities can be radioiodinated using electrophilic aromatic 
substitution. The substitution of the hydrogen at the ortho or 
para positions relative to the activating groups is called 
iododeprotonation. The ortho and para positions relative to 
the electron donating group are substituted due to the higher 
delocalization of charge in the transition state as shown in 
Fig. 7 for the dopamine D2 receptor radioligand, IBZM.

For less activated aromatic rings, the synthesis is carried 
out in two steps with the formation of an activated derivative 
followed by the substitution with an electropositive radioio-
dine. The most commonly used organometallic precursors 
for iododemetallation are alkylstannyl compounds along 
with silyl and boronic acid derivatives. Carbon-metal bond is 
more activated for an electrophilic attack than a carbon- 
hydrogen bond. The drawback of using tri-alkyltin deriva-
tives is the toxicity of tin compounds. Silyl derivatives are 
less toxic, a desirable property when the radioiodinated com-
pound is to be used for in vivo studies. The silicon-carbon 
bond is stronger than tin-carbon bond which results in slower 
reaction rates for iododesilylation. Boron derivatives also 
have low toxicity and boron compounds such as boronate 

Fig. 7 Iododeprotonation of BZM
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esters and trifluoroborate salts are air stable crystalline solids 
making them ideal precursors for halodemetallation reac-
tions [18]. The boronate esters and trifluoroborate salts can 
be regioselectively prepared using the Miyaura borylation 
reaction which is the coupling of the bis(pinacolato)diboron 
with aryl/vinyl halides using palladium catalyst as shown in 
Fig. 8. Mild basic conditions for the borylation reaction is 
crucial to prevent activation of the borylated product and 
undergo Suzuki coupling reaction [19]. The ipso substitution 
of the metal with the iodine is regioselective under mild oxi-
dative conditions. [131I]MIBG has been prepared using iodo-
deboronation as shown in Fig. 9.

The radioiodine is generally obtained as sodium iodide. It 
has to be oxidized to its unipositive charged state for electro-
philic reactions. It can be oxidized using water soluble oxi-
dants such as chloramine-T, N-chlorosuccimide (NCS), and 
peracids [20]. Chloramine-T is a strong oxidant but may lead 
to by-products. Low reaction temperatures and fresh reagents 
are key to successful oxidation. Polymer bound chloramine 
called Iodobeads [21] have been developed to reduce the 
exposure of oxidant sensitive molecules. Iodogen is another 
chlorine-based oxidant but it is milder and hence can be used 
with proteins and peptides. Iodogen is water insoluble and it 
is typically used as a thin film on a glass vial. Iodogen is 
compatible with common detergents which makes it widely 
applicable for labeling biologics. Radiolabeled proteins have 
been shown to have different stabilities depending on the 

source of the oxidizing agent showing there are fundamental 
differences among the mechanisms of radioiodination [22]. 
Structure of some of the oxidants is shown in Fig. 10.

Radioiodination conditions are harsh for sensitive mole-
cules such as peptides and antibodies. To prevent such expo-
sure, indirect radiolabeling methods are used in which 
prosthetic groups such as Bolton-Hunter reagent are radioio-
dinated, which can then be conjugated to biomolecules [23]. 
A typical conjugation of a radioiodinated Bolton-Hunter 
reagent is shown in Fig. 11. Other spacers which are bifunc-
tional and can be used for radioiodination are shown in 
Fig. 12. These allow versatile bioconjugation to sulfhydryl 
and amine containing compounds.

Nucleophilic substitution is carried out in compounds which 
are functionalized with electron-withdrawing groups where the 
carbon is functionalized with good leaving groups such as 
mesylate, triflate, tosylate, or brosylate as shown in Fig. 13.

Aliphatic carbons can use either SN1 or SN2 mechanisms 
and aromatic compounds use SNAr mechanism. The rate- 
determining step for a SNAr reaction is the attack of the 
nucleophile and formation of the intermediate complex. For 
increasing the reaction rate, the labeling position needs to be 
activated by electron withdrawing groups such as -NO2, 
aldehyde, ketone, ester, and amide in the ortho- or para- 
positions or catalyzed by metal salts such as Cu-salts.

For aryl amines the classic Sandmeyer-type reaction can 
be performed by diazotization of the amine, followed by 

Fig. 8 Miyaura borylation reaction

Fig. 9 Synthesis of [131I]MIBG using iododeboronation (top) and PE2I using iododestannylation (bottom)
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copper(I) catalyzed radioiodination. Limitations of such a 
reaction are the harsh acidic conditions required for the for-
mation of the diazonium salt and the potentially explosive 
diazonium salts. A one-pot radioiodination was reported 
where the diazonium salts were formed under mild reaction 
conditions. This was achieved using a polymer-supported 
nitrite reagent and p-toluene-sulphonic acid as a proton 
source, followed by the direct radioiodination. The solid 
phase support allows for simple and rapid purification [24].

Substitution of an iodine substituent with radioiodine is 
called homo/isotopic exchange whereas that of a bromine sub-
stituent is called hetero/halogen exchange. These reactions are 
typically referred to as radioiododehalogenation. Even though 
commonly used, the isotopic exchange suffers from low molar 
activity since the parent molecule cannot be separated from the 
product. When a bromine is being substituted with radioiodine 
the product can often be separated using chromatographic 
methods leading to higher specific activity. Ammonium sul-
phate facilitates solid-phase exchange radioiodination of unac-
tivated aryl iodide. The process involves heating to partial 
decomposition of the salt to lower pH from 6 to 3 which is 
essential for the reaction as shown in Fig. 14.

Copper(I) catalyzes nucleophilic reactions by forming a 
3-membered intermediate complex. Typically the Cu(I) is 
produced in situby the reduction of Cu(II) by stannous chlo-
ride. The pH is maintained acidic to prevent nucleophilic 
attack by hydroxyl anions. The nucleophilic reaction can be 
also performed on boronated compounds as shown in Fig. 15. 
Higher radiochemical yields were obtained than electro-
philic iododeborylation for compounds containing both 
electron- donating and electron-withdrawing substituents.

3.3  Radiolabeling with Positron-Emitting 
Radionuclides

The most important positron emitters for radiolabeling of ther-
apeutic nanosystems for diagnostics purposes are 18F, 124I, 
64Cu, and 89Zr. All these radionuclides have sufficiently long 
half-lives for the radiolabeling of theranostic nanosystems, 
which typically have high molecular mass and slow pharma-
cokinetics (Table  3). From these nuclides, 18F has the most 
optimal imaging characteristics, but also the shortest half-life 
(t1/2 = 109.7 min). Therefore, it can be used for tracing nano-
systems with faster pharmacokinetics or by adapting a pretar-
geted radiolabeling strategy. 18F does not have any theranostic 
nuclide pair, but nevertheless is an excellent choice as a diag-
nostic radionuclide when tracing therapeutic drug delivery 
systems, for example, for cancer chemotherapy. 124I, 64Cu, and 
89Zr have their theranostic pairs as 131I, 67Cu, and 90Y respec-
tively, which are all β− emitters and widely used as radiothera-
peutic agents in anticancer therapies.

The stability of the radiolabeling position is of utmost 
importance for both the diagnostic and therapeutic use of the 
nanosystem. Detached radionuclide may hamper the diag-
nostic use of a theranostic system, as the nuclear imaging 
will not be able to make any difference between different 
radioactive species. Especially if the detached radionuclide 
is bound to plasma proteins it may be difficult to differentiate 
whether the signal in circulation or tumor is originating from 
the protein-bound free radionuclide or from the radiolabeled 
theranostic nanosystem itself. For the radiotherapeutic use, 
the radiolabel instability is even more serious because the 
detached therapeutic radioisotope may cause serious adverse 

Fig. 14 Nucleophilic exchange reaction for the synthesis of [125I]
(m-iodobenzyl)guanidine

Fig. 15 Copper(I) catalyzed nucleophilic radioiodination of boronated compounds

Table 3 Positron emitting diagnostic radionuclides for theranostic 
systems

Radionuclide
Decay 
mode

Half-life
(t1/2)

Emean β+ in MeV 
(%)

Theranostic 
pair

18F β+ 109.7 m 0.250 (98) None
64Cu β+, β− 12.7 h 0.278 (9) 67Cu
89Zr β+ 78.4 h 0.395 (13) 90Y
124I β+ 4.18 d 0.687 (12) 131I
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effects in radiation-sensitive healthy tissues such as the bone 
marrow, kidneys, and the intestinal epithelium. When using 
a true theranostic nuclide pair with different isotopes of the 
same element, the diagnostic and therapeutic nuclides exhibit 
identical chemical and pharmacokinetic properties and 
therefore the diagnostic system is perfectly suited for reli-
able evaluation of stability and biodistribution of the thera-
peutic system. In contrast, when radionuclides with different 
chemical properties are used, such as in case of 89Zr/90Y, 
more careful validation of the diagnostic accuracy of the sys-
tem needs to be carried out before therapeutic use.

In principle, the chemical toolbox available for the radiola-
beling of nanosystems is the same as in synthetic chemistry 
with stable isotopes. The only limitations for the use of short 
living radionuclides are the time available for the radiosynthe-
sis and characterization, and the limited selection of the radio-
active starting materials depending on production method of 
the selected radioisotope. The radioisotope production deter-
mines the chemical species of the produced radioisotope and 
the solvent or carrier gas in which they are delivered.

Fluorine can form stable covalent bonds with carbon and 
certain heteroatoms, such as silicon and boron. The formation of 
the carbon-[18F]fluorine bond is the most difficult to attain and 
anhydrous reaction conditions and high temperatures are needed 
in order to achieve high radiochemical yields, even with reac-
tions mediated by transition metals (Fig. 16). In all cases, the 
stability of the bond is influenced by the groups adjacent to the 
[18F]fluorine. As fluorine is the most electronegative element in 

the periodic table, it forms bonds which are strong, but highly 
polarized and can therefore be hydrolyzed by a nucleophilic 
attack. This can be overcome if the fluorine is stabilized by 
functional groups that can inductively compensate the positive 
partial charge of the fluorine binding atom and/or can sterically 
hinder it against the attack. The most stable carbon-[18F]fluorine 
bonds are between fluorine and an aromatic sp2-carbon, in 
which the delocalization of the partial positive charge to the aro-
matic ring can compensate for the bond polarization and 
decrease vulnerability of the bond against the nucleophilic 
attack. When fluorine is bound to a sp3-carbon, there is an addi-
tional mechanism which can lead to defluorination of the com-
pound; in favorable conditions [18F]fluorine can be eliminated 
together with an adjacent proton (Fig. 17). Silicon is one of the 
least electronegative compounds and predominantly forms 
bonds as sp3-hybridized silicon. Polarization of the fluorine 
bond is most prominent for silicon and careful structure optimi-
zation is required in order to achieve stable [18F]fluorination to 
silicon. In addition to carbon, silicon, and boron, fluorine can 
form stable coordination complexes together with aluminum by 
generating an [18F]AlF2+ complex, which can be chelated analo-
gously to several radiometals.

The radiolabeling methods for iodine-124 are described 
in Sect. 3.2. Only the radioiodination to sp2-carbon is stable 
in vivo. Radioiodination to a saturated position leads to quick 
elimination of the radiolabel and accumulation of the free 
iodine into the thyroid. The detachment of an iodine label 
can never be completely avoided, but accumulation into thy-

Fig. 16 Typical reaction conditions for [18F]fluorination
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roid can be minimized by pretreating the thyroid with iodine 
salts. Copper-64 and zirconium-89 are radiometals and can 
be incorporated to the nanosystems by chelation chemistry. 
As described already in Sect. 3.1., copper-64 exists predomi-
nately in oxidation state II and its coordination number var-
ies between 4 and 6. When using copper-64 for radiolabeling 
of nanotheranostics systems, it is especially important to 
notice its susceptibility to bind to endogenous proteins, such 
as ceruloplasmin and superoxide dismutase. The protein 
binding competes with binding to a chelator and may cause 
transchelation of the radiolabel from the nanostructure to the 
protein. Zirconium-89 is an emerging radionuclide in radio-
labeling of nanosystems, due to its long half-life and low 
positron energy. The main challenge with zirconium-89 is 
stable chelation  – all the existing chelators for 89Zr4+ have 
exhibited limited in vivo stability leading to bone accumula-
tion of the detached radiometal over time.

3.4  Pretargeted Radiolabeling Strategies

Instead of using direct labeling of nanosystems prior to their 
administration it is possible to utilize pretargeted radiolabel-
ing strategies. In a pretargeted strategy, nanosystems are 
radiolabeled in vivo by using radiotracers which specifically 
bind to the administered nanosystem either by weak interac-
tions or covalent bonds. One of the most investigated strate-
gies for pretargeted radiolabeling is the biotin-(strept)avidin 
system, in which the recognition is based on the high-affinity 
interaction between biotin and avidin [25]. Other investi-
gated pretargeted systems are, for example, systems based 
on hapten-antibody and DNA-DNA interactions [26, 27]. 
Recently, pretargeted strategies based on bioorthogonal 
chemical reactions have been under intensive investigation.

In bioorthogonal pretargeted strategies, the recognition 
between the tracer and a nanosystem is based on a chemical 
reaction, which leads to the formation of a covalent bond. 
Notably, the bioorthogonal reactions take place rapidly in 
physiological media without influencing the biological sys-
tem. Several reactions have been investigated for the purpose 

such as Staudinger ligation, strain-promoted cycloadditions 
and inverse electron-demand Diels-Alder cycloaddition 
(IEDDA). From these only the IEDDA reaction has been 
shown to exhibit fast enough kinetics in physiological condi-
tions for use in living animals. In the IEDDA reaction, a 
cycloaddition product is formed between two functional 
groups, namely a tetrazine and a strained alkene such as 
trans-cyclooctene (TCO) (Fig. 18). Typically, a radiolabeled 
tetrazine is used for radiolabeling of a TCO-conjugated 
nanosystem due to the improved metabolic stability of func-
tionalized tetrazines. Pretargeted PET imaging based on 
bioorthogonal chemical reactions has demonstrated great 
potential in nanotheranostic applications and may allow for 
the use of short-living radionuclides for tracing long- 
circulating nanosystems without unnecessary radiation 
exposure to the patient.

3.5  Radiolabeling with Alpha Emitters

Alpha emitters can be chelated to traditional chelators such 
as DOTA, but the recoil energy of the 225Ac daughters after 
an α decay is so energetic that about 30% of the radioactivity 
is lost from the chelate. Radium-223 (223Ra), lead-211 (211Pb), 
francium-221 (221Fr), and bismuth-211 (211Bi) are the pri-
mary daughter isotopes and cause renal toxicity. 225Ac and its 
daughter ions are oxophilic making it easy to bind to 
hydroxyl-rich surfaces such as that of titanium dioxide. To 
prevent the leaching of ions due to the alpha decay they have 
to be encapsulated in the nanosystem. TiO2  nanoparticles 
were functionalized with peptide fragments targeted to gli-
oma cells with PEG spacer. 225Ac was incorporated by ion 
exchange on the hydroxyl groups. After 10 days of incuba-
tion in physiological buffer, 95% of 225Ac and 221Fr were 
retained in the nanoparticle core [29]. This type of exchange 
reactions can also be carried out on nanozeolites. Although 
produced chemically, nanozeolites have been shown to have 
low toxicity similar to silicon nanoparticles. 223Ra labeled 
nanozeolites showed 90% retention after 6 days with up to 
5% release of 211Pb and 211Bi [30]. Medically relevant 

Fig. 17 The bond type and the position influences stability against defluorination
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poly(butadiene-b-ethylene oxide) was used to make liposo-
mal vesicles. 225Ac was chelated with ionophores such as 
calimycin and then incorporated into the liposomes. Recoil- 
ejected 213Bi and 221Fr could be separated from the unbound 
liposomes using DOWEX ion exchange resin and were 
found to be 47% and 31%, respectively [31].

Astatine-211 (211At) is another promising alpha emitter 
belonging to the halogen series. As for iodine, prosthetic 
groups such as succinimidyl astatobenzoate (SAB) can be 
used to functionalize biomolecules. SAB is synthesized from 
a stannyl precursor using electrophilic halodemetallation 
reaction with an oxidant as shown in Fig. 19. The limitation 
of using oxidizing conditions is the multiple oxidation states 
available for astatine, which leads to low reproducibility and 
hence limits clinical application. With this respect, At− is 
much easier to stabilize and hence nucleophilic reaction con-
ditions are preferable. Nucleophilic substitution of aryliodo-
nium salt containing prosthetic groups using At− (Fig.  20) 
was shown to have high radiochemical yields. The aryl group 
on the aryliodonium salt which should not be radioastati-
nated was chosen to be electron rich to prevent attack of At−. 
The p-anisyl group achieved the best radiochemical yields 
for radioastatination among p- isopropoxyphenyl and 
2- thienyl groups [32].

4  Preclinical Studies with Radiolabeled 
Tracers

Here, we give an overview of the standard preclinical in vitro, 
ex  vivo, and in  vivo methods employed in the biological 
evaluation of radiolabeled tracers including theranostic 
nanosystems. The focus is on methods where the output will 
be a measurement of the amount of radioactivity or visual-
ization of its biodistribution. Conventional therapeutic effi-
cacy and survival studies are to be used alongside to 
determine the therapeutic efficacy of the nanosystem.

Fig. 18 Pretargeted PET imaging of a TCO-conjugated porous silicon nanosystem (TCO-PSi) in mice. The TCO-PSis were injected 15 minutes 
before injection of a 18F-labeled tracer, [18F]TAF. PET imaging was performed 60 minutes after injection of the tracer and the TCO-PSis were suc-
cessfully traced in spleen (delineated by a box). Some accumulation also in liver was observed. The observed high levels of radioactivity in gall 
bladder, intestines and urinary bladder are caused by elimination of [18F]TAF and its radioactive metabolites. (Figure reprinted with permission 
from the American Chemical Society from reference [28])

Fig. 19 Synthesis of prosthetic group containing Astatine-211
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4.1  In Vitro Methods

The in vitro methods used in the evaluation of theranostic 
nanosystems include various radiolabel stability assays in 
physiologically relevant media and cell uptake studies for the 
determination of the nanosystem cellular interaction and 
internalization and to corroborate the specificity of the nano-
system targeting. Additionally, as a proof-of-concept, the 
therapeutic effects of theranostic nanosystems can be 
assessed in vitro using various cell viability assays, assays 
for reactive oxygen species (ROS) and inflammatory mark-
ers, as well as by immunofluorescence staining of cells for 
markers of radiation-induced DNA damage, apoptosis, 
senescence and by observing the radiation-induced synchro-
nization of the cell cycle with flow cytometry [33].

4.1.1  Radiolabel Stability Assays
Since the chemical identity of a radioactive species cannot be 
readily identified from nuclear images or radioactivity mea-
surements of excised tissues – in these the radioactive signal 
is related only to the radioisotope but not its chemical form – 
radiolabel stability needs to be rigorously evaluated in vitro 
before proceeding to in vivo studies. Typically, the radiola-
beled tracer is incubated in physiological media relevant for 
the administration route (plasma, serum, simulated gastric or 
intestinal fluids, simulated lung fluid, or cell culture media) 
at 37 °C over a period of time and samples are drawn from 
the incubations at designated time points and analyzed for 
the fraction of radioactivity remaining in the intact radio-
tracer. In the case of nanosystems, the nanoparticles are usu-
ally removed from the incubation by centrifugation or 
ultrafiltration and the amount of radioactivity remaining in 

the collected nanoparticles and in the solution is measured. 
Alternatively, analytical methods such as size-exclusion 
chromatography (SEC) thin layer chromatography (TLC) 
with radioactivity detection can be used to more closely 
monitor for the presence of the intact radiolabeled nanopar-
ticles and the free radiolabel. In this case, the analytical 
method needs to be set up so that the retention times for the 
two are sufficiently different and that a clear separation is 
obtained. Additionally, the level of radioactivity at the sam-
ple needs to be set up to a level that can provide a clear signal 
even after long incubations. The radiolabel stability should 
be followed for a duration of time meaningful for the in vivo 
application and for as long as reasonably permitted by the 
half-life of the radioisotope. If the theranostic nanosystem is 
intended for radiotherapy, for example, the stability should 
be followed for days, for an imaging study with a shorter- 
lived radioisotope a duration of few hours is often sufficient. 
The radiolabel stability should be exceeding 95% for the 
entire duration the stability assay.

4.1.2  Cell Uptake and Internalization Assays
Radioactivity is a convenient tool also for the quantification 
of the cellular internalization and targeting of theranostic 
nanosystems. In these assays, the radiolabeled nanoparticles 
are incubated with the targeted tumor cell line, and at desig-
nated time points the amount of radioactivity remaining in 
the media, on cell surface and in the cell lysate is determined 
by radioactivity measurement of the fractions. The specific-
ity of the cellular uptake can be studied by preventing the 
targeting using a large molar excess of a competing ligand or 
nanosystems modified with, for example, nontargeting con-
trol sequences. The time frame for the experiment depends 

Fig. 20 Using iodinium salts for nucleophilic substitution reactions
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on the system under study, but typically studies over a few 
hours or even 1–2 doubling times of the cell line can be done 
depending on the half-life of the radioisotope and its 
cytotoxicity.

4.1.3  Markers for Radiation-Induced Cellular 
Damage

Ionizing radiation induces a number of characteristic altera-
tions in mammalian cells, and all of these can be used to 
determine the radiotherapeutic potential of the theranostic 
nanosystem. The DNA double-strand breaks induced by 
high LET α and β− radiation can be visualized using γH2AX, 
a marker of histone phosphorylation which occurs in 
response to the double-strand break [34]. γH2AX has been 
shown to be a robust marker for radiation damage which is 
illustrated by the example in Fig. 21. The example from Graf 
and co-workers nicely illustrates by the number of γH2AX 
foci in rat pancreatic adenocarcinoma cells the differences 
between the LET values for theranostic β− emitter 177Lu and 
the α emitter 225Ac when delivered by the same vector, the 
somatostatin receptor targeting peptide DOTATOC [35].

Cells respond to the DNA damage elicited by ionizing 
radiation by the activation of two main pathways, one 
leading to apoptosis [36] and the other to premature 
aging, or senescence [37]. Staining for apoptosis using 
established markers such as TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling), active 
caspase-3, or Annexin V is widely used also in the con-
text of radiotherapy to study cellular and tissue-level 
effects of radiation treatment. Entry into the premature 
senescence or senescence-associated secretory pheno-
types (SASPs) can be studied using a number of hallmark 
markers for senescence, including senescence- associated 
β-galactosidase, decreased Ki67, and elevated trimethyl-
ated histone H3 lysine 9 (H3K9me3) [38, 39]. The DNA 
damage resulting from exposure to ionizing radiation 
activates checkpoint pathways that inhibit the progres-
sion of the cells through the G1 and G2 phases of the cell 
cycle and induce a transient delay in the progression 
through S phase. As a result, an arrest of cells in the G2/M 
checkpoint can be seen. This can be studied, for example, 
by flow cytometry [33, 40].

Fig. 21 Histone phosphorylation marker γH2AX can be used to quan-
tify the number of DNA double-strand breaks induced by radiation 
therapy. Number of γH2AX foci in AR42J cells at 24 and 48 h after 
incubation with 225Ac-DOTATOC (left) and 177Lu-DOTATOC (right). 

(a) shows representative images from all activity levels, (b) shows 
quantification of cH2AX foci and (c) shows two representative exam-
ples for pan nuclear staining after high dose 225Ac-DOTATOC treat-
ment. (Figure reprinted with permission from reference [35])
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4.2  Ex Vivo Biodistribution Studies 
and Autoradiography

The distribution of radiolabeled tracers in the body is in the 
preclinical setting most commonly determined in an ex vivo 
biodistribution study, where groups of animals (n = 3–5) are 
sacrificed at predetermined time points after administration 
and tissue samples are collected to pre-weighed tubes and 
measured on an automated gamma counter with weighed 
(approximately 10 μl) standards prepared from the formulated 
radiotracer solution. The output in biodistibution studies is the 
percentage of the injected (radioactive) dose per gram of tissue 
(%ID/g). The injected dose is determined using the standards 
when the weight of the administered formulation is known 
(from weighing the syringe before and after administration). 
Depending on the application, the ex vivo biodistribution stud-
ies can be preceded by or conducted alongside small animal 
PET or SPECT/CT imaging studies discussed next.

Autoradiography is a sensitive imaging technique to study 
the tissue-level distribution of radiolabeled tracers ex vivo in 
cryosections prepared from tissue samples. The autoradio-
graphic image can then be overlaid to a histological or immu-
nofluorescence staining image of the same or adjacent 
section to correlate the radioactivity accumulation, for exam-
ple, with the presence of the target of the theranostic nano-
system or physiological change elicited by the nanosystem 
accumulation. Today, most autoradiographic systems employ 
digital imaging plates instead of conventional X-ray films to 
record the autoradiographic image. In the digital imaging 
plate, the energy emitted by the radioisotope is stored by a 
phosphor layer of europium-doped barium fluoroborate crys-
tals and released through the excitation of the Eu2+ to unsta-
ble Eu3+ when the plate is scanned with a red (633 nm) laser 
resulting in emission of blue light (390 nm) as the Eu returns 
to the ground state from the areas of the plate that were 
exposed to radiation. The emission is called photostimulated 
luminescence (PSL) and the quantification is often carried 
out in units of PSL/mm2. Also real-time autoradiographic 
systems, where the tissue sample is encased in a parallel ion-
ization multiplier (PIM) chamber are available. In these sys-
tems, the signal is accumulated as true counts or count rate 
per area, and the measurement time can be increased accord-
ingly during the acquisition to improve the signal-to- 
background ratio in the image. In contrast, in digital 
autoradiography the autoradiographic trace is lost from the 
plate during the readout and in the case of short-lived iso-
topes only a single exposure will be possible.

4.3  Small Animal PET and SPECT/CT 
Imaging Studies

Small animal PET and SPECT/CT imaging technology 
allows for the noninvasive imaging of radiotracer biodistri-
bution in laboratory rodents. Imaging studies are typically 

conducted under inhalation anesthesia, and the commercial 
imaging systems contain solutions for the administration of 
anesthesia, warming the animals during the scan and nowa-
days also platforms for the imaging of multiple animals in a 
single scan. The power of imaging over the conventional 
ex  vivo biodistribution studies described above is that the 
entire biodistribution – including organs that are not neces-
sarily sampled for the gamma counting – can be seen in the 
image and thus possible unexpected accumulation will not 
go undetected. Furthermore, an individual animal can be fol-
lowed up longitudinally using imaging, which reduces the 
number of animals needed for a study as well as allows for 
the account of inter-individual differences such as tumor het-
erogeneity or stage and disease progression on the study out-
come. The ex  vivo biodistribution studies are, however, 
usually needed at some point of radiotracer development to 
validate the results of the imaging and to provide quantifica-
tion for images acquired with SPECT, a semiquantitative 
method. Imaging can be carried out through a dynamic 
acquisition protocol, where the imaging acquisition is started 
at the time of the radiotracer injection or immediately after to 
track the early passage of the radiotracer with sequentially 
acquired images typically over the first 60 minutes of injec-
tion. In static acquisition, the signal is collected over a fixed 
period of time or up to a desired number of counts giving a 
summed image of the radiotracer distribution. Most small 
animal imaging systems available today are hybrid systems, 
where an anatomical imaging modality such as CT or MRI is 
provided together with the nuclear imaging and workflows 
can be programed for the sequential acquisition of the two.

4.4  Radiotherapy Studies and Dosimetry

The radiotherapeutic effects of theranostic nanosystems are 
most commonly determined by following the tumor size and 
attainment of the experiment humane endpoints after the 
administration of the radiotherapy. This can be done by con-
ventional caliper measurements for subcutaneous or superfi-
cial orthotopic tumors, or, for example, by optical imaging of 
orthotopic tumors if a luciferase or fluorescent protein- 
expressing cell line is used, by regular weighing of the animals, 
and by the use of a technique called body condition scoring 
[41] to monitor the condition of the animals. In addition, the 
effects of the radiation exposure on the blood values (such as 
red blood cell count, hematocrit, white blood cell and plate-
let counts) of the animals are commonly studied as an indica-
tor for hematological toxicity and when comparing different 
dosing regimens [42]. Dedicated veterinary systems for 
blood analysis in the small volumes collected from labora-
tory rodents are available. Another important factor for the 
feasibility of the clinical translation of a theranostic nanosys-
tem will be the dosimetry, that is, the radioactive dose 
imparted by the nanosystem on the tumor and healthy tissues 
in the body. The dosimetry calculations are determined by 
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measuring the time activity curves (TAC) for the clearance of 
the radiotracer in selected organs (the %ID/g in each can be 
determined either by imaging or ex vivo biodistribution) and 
fitting a typically one or two-phase decay equation in the 
data. The area under the curve then gives the cumulative 
uptake which can be converted to the absorbed dose making 
the necessary assumptions for the absorbed fraction of the 
radiation and equilibrium absorbed dose constants depend-
ing on properties of the radioisotope. Human dosimetry for 
the same radiotracer can be extrapolated from the mouse 
data using a number of computational models and reference 
values such as those set forth by the International Commission 
for Radiation Protection (ICRP) [42–44].

5  Current Examples of Radiolabeled 
Theranostic Nanosystems

The nanostructured core of the theranostic nanosystems can be 
metallic, polymeric, or lipid based such as micelles and lipo-
somes. The surface of the nanosystem is modified to make it 
biocompatible and functionalized for the conjugation of bio-
logical targeting agents, radiolabels, or therapeutic molecules. 
The surface modifications allow for the extension of the circu-
lation half-life, the tailoring of pharmacokinetics (PK) and bio-
distribution (BD), the suppression of immunogenicity and 
antigenicity, the stabilization against enzymatic degradation, 
reduced efflux of drugs, improved cellular endocytosis, and 
change in solubility characteristics. Multimodal imaging is 
often used since the resolution and sensitivity of detection var-
ies across modalities, and different capabilities are needed for 
addressing phenomena at different levels of organization [45]. 
The combinations of imaging modalities for multimodal imag-
ing are chosen such that ideally anatomical, physiological and 

molecular information is acquired with high sensitivity as illus-
trated by Fig. 22.

While passive targeting is more suited for fast growing 
tumors and nanoparticles which have a long circulation time, 
most tumors have unpredictable extravasation of the nanopar-
ticle with varied sizes, shapes, and surface charge. Hence, 
targeting groups allow specific targeting beyond the effects 
of enhanced permeating and retention (EPR). This is particu-
larly important in poorly vascularized small metastasis 
which are below 100 mm3 [46–48].

Therapeutic agents loaded onto the nanoparticle can be 
released passively or with the stimuli of light or tumor micro-
environment. In certain types of therapy, the external stimuli 
directly modulate the therapy such as in laser assisted ablation 
therapy. Well known examples of such therapies are photody-
namic therapy (PDT) and photothermal therapy (PTT) where 
the light stimuli activate the photosensitizer which could be a 
small molecule or a nanoparticle. The imaging techniques that 
have been used are PET, SPECT, CT, MRI, optical/photo-
acoustic imaging, and contrast enhanced ultrasound [49, 50].

Diagnostic and therapeutic radioisotopes such as copper-
 64 and lutetium-177 can be bound to the same DOTA chela-
tor. They have been loaded onto DOTA containing liposomes 
and used for PET imaging and therapy. Using PET imaging 
the optimum PEGylation and its influence on the biodistribu-
tion and tumor accumulation can be determined. A high 
therapeutic dose (114 mGy/MBq) could be delivered to the 
tumor site for the lutetium-177 loaded liposomes [51]. 
Liposomal formulations using doxorubicin as a chemothera-
peutic agent in combination with rhenium-188 which has 
therapeutic properties as well SPECT imaging capabilities 
have been shown to greatly inhibit tumor growth and enhance 
the median survival time in a murine colon carcinoma model. 
The therapeutic results were better than singly functional-

Fig. 22 Precision and sensitivity of detection varies across imaging modalities
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ized rhenium-188-liposomes or doxorubicin-liposomes 
which shows that the synergistic effects of chemotherapy 
and internal radiation therapy are far more effective in ther-
apy [52]. Multifunctional liposomes have been reported 
which have been loaded with doxorubicin for therapy, gado-
linium ions for MR imaging, IRDye for NIR fluorescence 
imaging, technetium-99m for SPECT imaging, and copper-
 64 for PET imaging. In these dipalmitoyl phosphatidylcho-
line (DSPC)-based liposomes, the drug was encapsulated, 
technetium-99m was post loaded, while the copper-64 was 
conjugated to the DOTA chelators available on the liposome 
surface. The liposomes showed effective and correlated mul-
timodal imaging capabilities in a murine model of head and 
neck cancer [53]. The drug delivery and therapeutic response 
was quantified in a clinical study with copper-64 labeled 
HER2 targeted PEGylated liposomal doxorubicin (Doxil). 
This study provided evidence that the EPR effect is func-
tional in human tumor and imaging liposomal deposition can 
identify patients who are ideal for receiving therapeutic lipo-
somes. The concentration, rates of deposition, and washout 
of the liposomes in human tumor are compable to preclinical 
models, which is of high significance for future studies [54]. 
Such image-guided insights are useful to prescreen patients 
assigned to Doxil in order to identify which patients are 
likely to respond to therapy and which are not. The release of 
a doxorubicin from liposomes could be visualized using 
MRI by using MR contrast agents such as manganese ions 
which were mixed with doxorubicin and upon simultaneous 
liberation enhanced contrast due to increase in water 
exchange rates. Other studies with MRI contrast agents to 
follow drug release have used ProHance (Gd-HP-DO3A) 
[55, 56]. Alpha particles have short penetration depth and 
high linear energy transfer (LET) which gives them an 
advantage over beta or gamma radiation. Alpha particle 
emitters such as 225Ac, 223Ra and 224Ra have made it to the 
clinic. The limitations associated with alpha emitters are that 
the daughter ions when not retained at the tumor site can 
cause significant damage to healthy tissue. 211Bi causes renal 
toxicity which is a limiting factor for performing clinical 
studies. The 225Ac could be doped into the core of a nanopar-
ticle prepared from lanthanum chloride, gadolinium chloride 
and cross-linked with sodium tripolyphosphate. The core 
nanoparticle is then covered with layers of gadolinium phos-
phate and gold. The magnetic properties of gadolinium phos-
phate allow easy separation and the gold surface provides 
biocompatibility and easy attachment of targeting moieties. 
The multilayered structure allowed 99.9% retention of 225Ac 
and 98% retention of daughter ions. The gamma rays from 
the 221Fr allow SPECT/CT imaging. The nanoparticles with 
antibodies targeted to the thrombomodulin receptors of lung 
showed predominant lung uptake 1 h post injection [57].

Carbon-based nanomaterials include fullerenes, carbon 
nanotubes, graphenes, and carbon-based quantum dots. The 

intrinsic property of one-photon and two-photon fluores-
cence in the NIR II allows deep tissue optical imaging. Their 
biocompatibility and ease of functionalization make them 
interesting candidates for theranostic applications. A 64Cu 
labeled doxorubicin loaded polydopamine-gadolinium‐
metallofullerene (Gd3N@C80) core–satellite nanotheranos-
tics was prepared which was capable of MR/photoacoustic/
PET imaging and NIR triggered drug delivery in  combination 
with PTT. The gadolinium showed high T1 contrast and was 
retained well in the particles. The doxorubicin was bound to 
the polydopamine through π–π stacking and hydrogen- 
bonding interactions, which were disrupted with NIR, caus-
ing the release of doxorubicin. The PTT caused the tumor 
temperature to reach 46 °C with 808 nm laser in 10 min and 
the combination therapy slowed the tumor growth and was 
significantly more effective than the monotherapy [58]. 
Single wall carbon nanotube (SWCNT) have inherent Raman 
signature which allows the direct monitoring of the presence 
of nanotubes in mice tissue. They were covalently attached 
to DOTA or DFO to chelate to actinium-225 or zirconium-
 89, respectively. The SWCNT was attached to tumor neovas-
cular-targeting antibody E4G10. The alpha particles from 
225Ac have a travelling distance which match the vessel 
dimensions and delivers high linear energy transfer (LET) to 
the cells resulting in acute cytotoxicity making it ideal 
vascular- targeted radioimmunotherapy. The 89Zr labeled 
constructs allowed PET imaging and determination of phar-
macokinetics of the construct [59]. PET imaging and dosim-
etry of 90Y SIR-Sphere using 86Y and 89Zr radiolabeled 
surrogates could be performed, and showed in vivo stability 
for clinical application. Theranostic application could be 
easily envisioned with the similarity in half lives of 89Zr and 
90Y [60].

Gold nanoparticles can be prepared in different geome-
tries, such as nanospheres, nanoshells, nanorods, or nano-
cages, which along with size affect the photothermal 
conversion efficiency for photothermal therapy. The 
absorbed wavelength changes depending on the shape of the 
particle so it has to be tuned such that it absorbs NIR in the 
two biologically transparent optical windows available, 
650–850 nm and 950–1350 nm. The gold surface is ideal for 
binding to free thiol which makes it an ideal choice for bio-
conjugation. Copper sulphide nanoparticles are advanta-
geous to gold nanoparticles as they are considered 
biodegradable inorganic nanomaterials, the surrounding 
environment does not affect its absorption wavelength and 
lastly, the cost of production is much lower. CuS nanoparti-
cles were coupled to 64Cu using chelator-free methods and 
used for PTT therapy with 800 and 980 nm laser showing 
better photothermal effects with 980 nm laser. The photo-
thermal conversion efficiencies of the CuS nanoparticles 
were reported to be much higher than gold nanospheres and 
SWCNTs with 980 nm laser reaching 99.85 °C at 2 W/cm2 
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for 4 min. The biodistribution of the particles was assessed 
using PET imaging and image guided PTT could be per-
formed with a thermal mapping system equipped with an 
MRI scanner. In the orthotopic ovarian cancer mice model, 
this resulted in an effective therapeutic outcome [61]. To 
improve on the previous results in terms of the tumor avail-
ability of the nanoparticle, RGDfK peptides were attached 
to the CuS nanoparticles to target the αvβ3 integrins and 
labeled with 64Cu in a chelator-free fashion as before. For 
the therapy a lower wavelength of 808 nm at 3 W/cm2 for 
2 min was used which increased the tumor temperature to 
58.1 °C and resulted in 98% tumor tissue necrosis in U87 
tumor-bearing mice [62]. Similar constructs can be used to 
target other biomarkers such as folate receptors, which are 
overexpressed in ovarian, breast, lung, and head and neck 
cancers [63]. CuS nanoparticles were loaded in PLGA 
microspheres together with the chemotherapeutic paclitaxel 
and radiolabeled with 131I. These were used for PTT, chemo-
therapy, radiotherapy, photoacoustic imaging, and SPECT/
CT from a single construct. The trimodal combination ther-
apy with NIR irradiation eliminated tumor growth after 
intratumoral injection at relatively low doses in the ortho-
topic breast cancer model [64]. Theranostic Gd:CuS@BSA 
nanoparticles were prepared using copper(II) sulphide and 
gadolinium(III) ions with bovine serum albumin (BSA) as a 
scaffold. The 9 nm particles showed high photothermal con-
version efficiency and good photostability under near- 
infrared (NIR) laser irradiation. Mice with ovarian cancer 
xenograft showed tumor growth inhibition with 5 min irra-
diation using 980 nm laser irradiation with the tumor tem-
perature going up to 50 °C [65]. Defect-rich multifunctional 
Cu-doped layered double hydroxide (Cu-LDH) nanoparti-
cles were shown to have pH enhanced NIR PTT as well as 
pH-sensitive T1 weighted MRI properties. The peculiar 
microstructures gave these nanoparticles high photothermal 
conversion at 808 nm and pH sensitivity. Further these par-
ticles were loaded with the chemotherapeutic agent 5-FU to 
combine PTT with chemotherapy and dose-dependent cyto-
toxicity was observed. Mice with colon cancer xenografts 
could be MR imaged and showed complete ablation with 
the combination of PTT and chemotherapy [66].

A melanin-based nanosystem with inherently good bio-
compatibility, biodegradability, and intrinsic photoacoustic 
properties was functionalized with tyrosine kinase inhibitor, 
sorafenib using π–π interaction. In addition, these particles 
had the natural ability to bind 64Cu or ferric ions for PET or 
MR imaging studies. PET imaging allowed accurate and 
sensitive measurement of tissue penetration of the agent 
whereas the photoacoustic imaging allowed superficial infor-
mation due to limitations of the penetrability of the NIR 
laser. Significant tumor shrinkage was observed from a sin-
gle dose of the agent [67, 68].

Water-soluble superparamagnetic iron oxide (SPIO) 
nanoparticles such as ferumoxides and ferucarbotrans are 
clinically approved for MR imaging of the liver diseases. 
The approval of the SPIO makes them potential candidates 
for further approval as drug delivery candidates. PEGylated 
SPIOs were functionalized with cRGD for targeted tumor 
delivery. They were conjugated with 64Cu using NOTA as 
chelators for PET imaging. The pH sensitive drug delivery 
was achieved using hydrazone linked doxorubicin which 
showed effective release at pH  5.3. Quantifying the PET 
images showed that targeting the SPIOs with cRGD resulted 
in doubling of nanoparticle delivery [69].

The drug release from the nanoparticle can be triggered 
by various external stimuli such as ultrasound, light, thermal, 
or chemical environment changes. The success of the PDT- 
based treatment is not without its drawbacks. Since the pho-
tosensitizers are always in an “ON” state, patients are 
typically vulnerable to sunlight even after 4–6 weeks of the 
PDT therapy. Additionally, the hypoxic conditions of the 
tumor microenvironment hinder PDT therapy due to its 
inherent requirement for oxygen to generate reactive oxygen 
species. A nanoparticle (PcS-MA) formed from the host- 
guest interactions of water-soluble photosensitizer, zinc(II) 
phthalocyanine tetrasubstituted with 6,8-disulfonate-2- 
naphthyloxy groups, and the common anticancer drug, mito-
xantrone (MA) were quenched in supramolecular structure 
and showed no PDT effect or fluorescence signal. Upon 
interaction with nucleic acids, the construct disassembles 
resulting in PDT and chemotherapy, and could be imaged 
using fluorescence. MCF7 tumor-bearing mice which were 
injected with PcS-MA and irradiated with 1 W/cm2 for 5 min 
reached a maximum temperature of 42.7 °C at the tumor site 
and was able inhibit tumor growth. Thus, such an activatable 
theranostic strategy could circumvent the drawbacks of tra-
ditional PDT in clinical settings [66].

The onset of hypoxia from PDT has been used as a trigger 
for a hypoxia activated prodrug AQ4N. The liposomal sys-
tem was prepared by encapsulating AQ4N and hexadecylam-
ine conjugated Ce6 (hCe6) photosensitizer in PEGylated 
liposomes which had a size of 95 nm. Conjugating the hCe6 
with a positron emitter such as 64Cu allowed PET imaging 
along with the inherently available fluorescence and opto-
acoustic imaging. All three modalities allowed the visualiza-
tion of the liposomal delivery in the breast cancer model in 
mice with PET being the most sensitive. Biodistribution 
studies with the PET tracer also allowed quantification of the 
delivered dose. The therapy regiment showed that the syner-
gistic effects of PDT and the hypoxia driven drug activation 
resulted in stagnation of the tumor growth [70].

Delivery of the drug to the tumor site is a challenge due to 
the insufficient accumulation of the nanoparticle. The size of 
the nanoparticle has to be optimized to have the desired 
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blood circulation time. Other constraints which favor small 
particle size are inefficient tumor vascular extravasation, 
high interstitial fluid pressure, and dense extracellular matrix. 
Nanoparticles with smaller size are hence desired because of 
their high diffusion to the tumor tissue but a size less than 
5 nm results in rapid excretion through the kidneys. Another 
crucial factor is the charge of the nanoparticles which should 
be preferably positive for improved cellular interaction and 
internalization. However, immune responses such as opso-
nization occur more readily on positively charged particles 
and speeding up the elimination from the bloodstream. Xue 
et al. developed upPhD theranostic nanovehicles, which had 
a dual size and charge transformability from the acidic pH of 
the tumor microenvironment. The monomers (PhD) were 
synthesized by conjugating cytotoxic doxorubicin and the 
PDT agent, pheophorbide using pH sensitive hydrazone 
bonds. The monomers first self-assembled into ultra-small 
micelles (upPhD) of about 4 nm in size. The upPhDs were 
then pegylated using pH sensitive imine bonds to form par-
ticles (pPhD) with 79 nm in size. When pPhDs were exposed 
to acidic pH, hydrolysis of the pegylation resulted in revert-
ing to the smaller sized upPhD particles. The strong positive 
charge of upPhD (43 mV) was reduced to 12 mV upon the 
formation of the pegylated pPhD particles at neutral pH but 
reverted back to 35 mV at pH 6.8. The fluorescence of both 
the monomer components was also quenched in pPhD par-
ticles but was regained at a pH of 6.8. In subcutaneous and 
orthotropic tumor mice models, the pPhD particles showed 
100% cure rate and outperformed the upPhD particles show-
ing the importance of charge and size modulation. The large, 
slightly positive nanovehicles had a long circulation time but 
could be broken down into ultra-small nanoparticles with 
high positive charge near the tumor microenvironment, ideal 
for cell penetration. The particle accumulation at the tumor 
site could be followed using the fluorescence signal of the 
monomers as well as by MR imaging of manganese ions 
bound to the PDT agent [71].

Biomimetic design strategies such as the ones using cell- 
derived membranes to synthesize natural-mimicking vesicles 
are particularly interesting due to their excellent biocompat-
ibility, low toxicity, high tumor accumulation, and ability to 
evade the immune and reticuloendothelial systems. 
Multicompartment membrane‐derived liposomes (MCLs) 
have been prepared using 4T1 breast cancer cell membranes 
fused with surfactant, Tween-80, and had a size of 140 nm 
which was considerably smaller than without Tween-80. The 
quantitative biodistribution study using DFO conjugated 89Zr 
showed greater than 9% ID/g in the 4T1 breast cancer tumor 
model in mice and clearance mostly though the liver. 
Injection to the lymphatic system allowed imaging of the 
lymph nodes. PDT agent loaded liposomes showed reduc-
tion in the rate of growth of the tumor upon irradiation with 
660 nm laser [72].

6  Conclusion

In this chapter, we have outlined the primary ways of intro-
ducing therapeutic and diagnostic radioisotopes to theranos-
tic nanosystems of variable compositions and illustrated the 
vast potential of using radioisotope methods to monitor the 
behavior of the nanosystems in vivo as well as to deliver effi-
cient therapy. With this knowledge, we are hopeful that the 
reader is now equipped with an overview on how to go about 
designing radiolabeled theranostic nanosystems as well as 
the safe handling of radioisotopes and the principles of the 
analysis of data based on radioactivity. As we can see, the 
choice of the available radioisotopes, labeling chemistries, 
and nanomaterial scaffolds gives rise to an exceptionally 
wide array of radiolabeled constructs for different purposes. 
Furthermore, theranostic nanosystems are an ideal platform 
for the generation of multimodality imaging probes which 
can provide information on the nanosystem performance 
across imaging modalities and resolution barriers using the 
same imaging tracer.
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Boosting Nanomedicine Efficacy 
with Hyperbaric Oxygen Therapy
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Abstract

Nanomedicine has been a hot topic in the field of tumor 
therapy in the past few decades. Because of the enhanced 
permeability and retention effect (EPR effect), nanomedi-
cine can passively yet selectively accumulate at tumor tis-
sues. As a result, it can improve drug concentration in 
tumor tissues and reduce drug distribution in normal tis-
sues, thereby contributing to enhanced antitumor effect and 
reduced adverse effects. However, the therapeutic efficacy 
of anticancer nanomedicine is not satisfactory in clinical 
settings. Therefore, how to improve the clinical therapeutic 
effect of nanomedicine has become an urgent problem. The 
grand challenges of nanomedicine lie in how to overcome 
various pathophysiological barriers and simultaneously kill 
cancer cells effectively in hypoxic tumor microenviron-
ment (TME). To this end, the development of novel stimuli-
responsive nanomedicine has become a new research 
hotspot. While a great deal of progress has been made in 
this direction and preclinical results report many different 
kinds of promising multifunctional smart nanomedicine, 
the design of these intelligent nanomedicines is often too 
complicated, the requirements for the preparation pro-
cesses are strict, the cost is high, and the clinical translation 

is difficult. Thus, it is more practical to find solutions to 
promote the therapeutic efficacy of commercialized nano-
medicines, for example, Doxil®, Oncaspar®, DaunoXome®, 
Abraxane®, to name a few. Increasing attention has been 
paid to the combination of modern advanced medical tech-
nology and nanomedicine for the treatment of various 
malignancies. Recently, we found that hyperbaric oxygen 
(HBO) therapy could enhance Doxil® antitumor efficacy. 
Inspired by this study, we further carried out researches on 
the combination of HBO therapy with other nanomedicines 
for various cancer therapies, and revealed that HBO ther-
apy could significantly boost antitumor efficacy of 
nanomedicine- mediated photodynamic therapy and photo-
thermal therapy in different kinds of tumors, including 
hepatocellular carcinoma, breast cancer, and gliomas. Our 
results implicate that HBO therapy might be a universal 
strategy to boost therapeutic efficacy of nanomedicine 
against hypoxic solid malignancies.

Keywords

Tumor hypoxia · Hyperbaric oxygen therapy · 
Nanomedicine · Combination therapy

1  Introduction

As a fundamental characteristic of most solid tumors, hypoxia 
is caused by the imbalance between the supply and the con-
sumption of oxygen due to the aberrant vascular structure and 
the unrestrained cancer cell proliferation in tumor tissues [1–
3]. Hypoxia has been implicated in not only tumor progression 
and metastasis, but also drug resistance via various means [3, 
4]. First, molecular oxygen is indispensable for various cancer 
treatments, for instance chemotherapy, photodynamic therapy, 
and radiotherapy. In the hypoxic tumor microenvironment 
(TME), active oxygen radicals cannot be produced sufficiently 
to eradicate cancer cells. Second, hypoxia can increase the 
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intracellular expression of hypoxia induced factor (HIF) [5], 
which is a key transcription factor and regulates crucial path-
ways including cell cycle arrest, DNA repair, and apoptosis, 
altogether rendering tumor cells insensitive to cancer treat-
ments [6]. Therefore, alleviating a hypoxic TME can signifi-
cantly promote the antitumor efficacy of various cancer 
therapies. To this end, various strategies, including improving 
intratumor blood flow [7], delivering oxygen to tumor with 
carriers [8], producing oxygen in situ within tumor [9], and 
slowing down tumor oxygen consumption [10], have been 
actively pursued. However, these aforementioned strategies 
are still under study in the laboratory and have not yet been 
used in clinical settings.

Boasting the capability of revolutionizing the conven-
tional cancer chemotherapy, nanomedicine has been a 
research hotspot for the past few decades. With small sizes, 
typically in the range of 1 to 1000  nm, and large specific 
surface areas, nanomedicine can prolong the in vivo circula-
tion time of drugs by hydrophilic modification of the surface 
and accumulate selectively in tumor sites through the passive 
targeting via the EPR effect. In addition, they can realize 
active targeting at different levels by surface modifications 
with targeting ligands, thereby further improving tumor 
accumulation. As a consequence, nanomedicine can reduce 
the drug dose under the premise of ensuring the efficacy and 
mitigating side effects associated with conventional chemo-
therapeutic agents. For this reason, dozens of nanotherapeu-
tics, for instance Doxil®, Oncaspar®, DaunoXome®, and 
Abraxane®, have been approved by the Food and Drug 
Administration (FDA) for the treatment of various 
 malignancies in the past three decades. As expected, these 
nanoformulations overtly alleviated side effects of the encap-
sulated chemotherapeutic drugs. Nonetheless, compared 
with free drugs, nanomedicine provided limited survival 
benefits to cancer patients. This is because the pathophysio-
logical barriers critically restrict the delivery efficiency of 
nanomedicine. Due to the pathophysiological barriers, 
including renal clearance, reticuloendothelial system (RES) 
clearance, aberrant tumor vasculature, dense extracellular 
matrix (ECM), interstitial fluid pressure (IFP), and cancer 
cell fast growing accumulated solid stress, to name a few 
[11], nanomedicine delivery efficiency has been as low as 
0.7% (median) for the past decade [12]. To overcome these 
physical barriers and obtain a decent delivery efficiency, we 
proposed that the ideal nanomedicine should possess the fol-
lowing characteristics, including prolonged circulation time 
in blood, enhanced tumor accumulation, deep penetration, 
efficient cancer cell cellular internalization, and fast intracel-
lular drug release [13–16], which we collectively termed as 
“five features” principle for rational design of tumor target-
ing nanomedicine. Under the guidance of this principle, we 
have recently achieved drug delivery efficiency of 8% with 
tumor cell derived microparticles [17]. However, such bio-

inspired nanomedicine suffers the issue of potential tumori-
genicity. Furthermore, it might take another 10 years and 
cost additional billion US dollars to translate this bio-inspired 
nanomedicine to clinical applications. How to promote com-
mercialized nanomedicine delivery efficiency and antitumor 
efficacy is a pressing unmet need.

Recently, we rationally combined two FDA approved ther-
apies, HBO therapy and Doxil® for enhanced antitumor effi-
cacy. By overcoming tumor hypoxia, HBO therapy not only 
promotes Doxil® delivery efficiency but also sensitizes cancer 
cells to Doxil®, altogether contributing to enhanced antitumor 
efficacy. In this chapter, we will first summarize HBO therapy 
concisely and the applications of HBO therapy in three differ-
ent kinds of cancer therapies, including radiotherapy, photody-
namic therapy and chemotherapy, from bench and bedside 
perspectives. The advantages and limitations of HBO therapy 
as well as other strategies capable of improving tumor hypoxia 
will be compared. The combination of HBO therapy with 
nanomedicine will be discussed in detail. Finally, current chal-
lenges and future opportunities on boosting nanomedicine 
efficacy with HBO therapy will be provided.

2  Hyperbaric Oxygen Therapy

According to Underwater & Hyperbaric Medical Society 
(UHMS), HBO therapy is defined as intermittent respiration 
of 100% oxygen at more than one atmospheric pressure, 
typically in the range of 1.4 to 3 atmosphere absolute (ATA, 
1 ATA = 101.32 KPa). HBO therapy can increase oxygen in 
tissue, reduce edema, activate angiogenesis, and increase 
collagen synthesis [3]. Therefore, HBO is used as the main 
treatment for decompression disease (DCS), arterial gas 
embolism, exceptional blood-loss anemia, and severe carbon 
monoxide poisoning [18]. Table  1 shows the 13 types of 
HBO indications approved by UHMS [19].

Table 1 Thirteen UHMS approved indications for HBO

Air or gas embolism
Carbon monoxide poisoning; cyanide poisoning
Clostridial myositis and myonecrosis (gas gangrene)
Crush injury, compartment syndrome, and other acute traumatic 
ischaemia
Decompression sickness
Enhancement of healing in selected problem wounds
Exceptional blood loss (anemia)
Intracranial abscess
Necrotizing soft tissue infections
Osteomeylitis (refractory)
Skin flaps and grafts (compromised)
Delayed radiation injury (soft tissue and bony necrosis)
Thermal burns
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Currently, there are numerous ways to perform HBO ther-
apy in clinical settings. Among them, the most commonly 
used means is hyperbaric chambers, which include mono-
place (Fig. 1a) and multiplace chambers (Fig. 1b). Monoplace 
chambers are normally pressurized with pure (100%) oxy-
gen, while multiplace chambers are usually pressurized with 
air, with oxygen given via face-mask or endotracheal tube 
[19]. It is worth noting that fire safety is of utmost impor-
tance in these chambers.

2.1  Principle of HBO Therapy

HBO therapy is one of the most effective methods to allevi-
ate tissue hypoxia [2, 3]. The underlying mechanism lies in 
improving the amount of oxygen dissolved in blood and 
various tissues by taking pure oxygen at pressures greater 
than normal atmosphere (1 ATA). Henry’s Law states that 
the number of molecules that will dissolve in a liquid at a 
given temperature is directly proportional to the partial 
pressure of that gas. For example, at 37 °C, the amount of 
oxygen dissolved in the blood is 0.32 vol% when breathing 
air at normal atmospheric pressure. Administering 100 per-
cent oxygen at sea level (normobaric) pressure increases 
the amount of oxygen dissolved in the blood 6.53 fold to 
2.09 vol%, and at 2 ATA, the dissolved-oxygen content is 
approximately 4.44  vol%, which is about 14 times the 
amount of oxygen dissolved in the blood when breathing 
under normal condition. At this time, the delivery of oxy-
gen in blood is no longer dependent on hemoglobin. HBO 
therapy not only increases the amount of oxygen dissolved 
in the blood but also increases the speed and distance of 
oxygen diffusion from blood vessels to tissues. Fick’s first 
law states that the speed and distance of gas diffusion is 
directly proportional to the partial pressure of the gas. 
Under HBO therapy, a large amount of dissolved oxygen in 
the blood leads to a significant increase in the oxygen par-
tial pressure and the oxygen partial pressure difference 
between blood vessels and tissues increases, thereby sig-
nificantly increasing the speed and distance of oxygen dif-
fusion from the blood to tissue. As an example, under the 

condition of normal atmosphere, the distance of oxygen 
diffusion in the capillaries of human brain is about 30 μm 
whereas under the condition of 2 ATA in HBO therapy, the 
distance of oxygen diffusion can be increased to 100 μm. 
Therefore, HBO therapy can effectively improve the oxy-
gen partial pressure in tissues, including solid tumors, and 
alleviate tissue hypoxia.

2.2  Side Effects of HBO Therapy

When used according to standard protocols, with pressures 
not exceeding 3 ATA and treatment duration limited to a 
maximum of 120 minutes each time, HBO therapy is safe. 
However, some adverse effects, such as barotrauma, oxygen 
poisoning, and decompression [22], may happen during 
HBO treatment. Barotrauma is caused by pressure imbalance 
owing to the compression or expansion of closed gas vol-
ume, resulting in congestion, edema, and inflammatory 
response in the compression or decompression process of 
HBO therapy. Common symptoms in clinic include middle 
ear barotrauma, inner ear barotrauma, paranasal sinus baro-
trauma, and pulmonary barotrauma. Such adverse reactions 
are often caused by the too fast speed of pressure rise and fall 
or the pathological (such as cold, nasal polyp, etc.) and non-
pathological factors (the patient is unable to cooperate with 
the pressure regulating actions such as swallowing and open-
ing mouth) of patients themselves. These adverse effects can 
be effectively prevented by consulting and checking the 
patient’s physical conditions in advance and reducing the 
speed of pressure rise and fall during HBO treatment. 
Oxygen poisoning refers to the damage of the function and 
structure of some tissues or organs after the body has inhaled 
high-concentration oxygen for a certain period of time. Up to 
now, the mechanism of oxygen poisoning remains elusive, 
and might be related to oxygen free radicals and enzyme 
activity in the body. The most sensitive organs to oxygen 
include brain, lungs, and eyes. Accordingly, oxygen poison-
ing is usually manifested as convulsion, atelectasis, vision 
decline, and retinal damage. We can select the patients who 
are suitable for HBO treatment by oxygen sensitivity test, 

Fig. 1 Hyperbaric chambers. (a) Monoplace hyperbaric chamber. (b) A multiple walk in hyperbaric chamber. (Reproduced with permission from 
reference [20, 21], respectively)
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and strictly control the time of HBO treatment under differ-
ent pressure conditions or prevent the occurrence of oxygen 
poisoning by intermittent oxygen inhalation. Decompression 
sickness is caused by the formation of gas bubbles in the 
body tissues and blood due to the excessive drop of environ-
mental pressure and the rapid speed of pressure reduction. It 
is usually nitrogen in the body that forms gas embolism in 
the process of decompression, resulting in damage to skin, 
central nervous system, respiratory system, and circulatory 
system, thus causing adverse reactions. These kinds of situa-
tions are often caused by the too fast speed of pressure reduc-
tion during HBO treatment and can be solved by slowing 
down the speed of pressure reduction or carrying out pres-
sure rise treatment again. In other cases, HBO therapy might 
occasionally cause myopia and cataracts. Overall, HBO 
treatment is safe when patients are strictly examined and 
screened and appropriate HBO treatment procedures are 
established and performed.

2.3  Comparison Between HBO and Other 
Strategies in Overcoming Tumor 
Hypoxia

As mentioned above, in addition to HBO therapy, tumor 
hypoxia can also be alleviated by means of improving intra-
tumor blood flow, delivering oxygen to tumor with carriers, 
producing oxygen in situ within tumor, and slowing down 
tumor oxygen consumption. Herein, these five strategies will 
be compared directly, with the advantages and limitations of 
each strategy summarized in Table 2.

The most commonly used strategy is to deliver oxygen to 
tumors via carriers, such as modified hemoglobin (Hb) and 
perfluorochemicals (PFC). This strategy has been developed 
by numerous groups and systematically reviewed elsewhere 
[23]. Nonetheless, this strategy is limited by the available 
oxygen binding sites within Hb protein or the release of oxy-
gen from PFC to tumor tissue.

Drug molecules, photothermal therapy, or enzymes (such 
as hyaluronidase, HAase) are used to normalize tumor blood 
vessels, thereby improving the blood flow in tumor and over-
coming tumor hypoxia [23]. For example, Gong et al. dem-
onstrated that HAase could decompose hyaluronic acid, 
which is the main component of tumor ECM, and increase 
tumor vascular density and effective vascular area, together 
resulting in increased tumor perfusion and enhanced thera-
peutic effect of PDT [7]. This strategy can not only improve 
the chemotherapy effect by increasing the EPR effect of 
nanomedicine, but also improve and optimize other types of 
cancer therapy, such as radiotherapy. However, this strategy 
is limited by the inherent oxygen binding capacity of Hb in 
tumor blood vessels. Furthermore, drug molecules, photo-
thermal agents, and enzymes need to accumulate at tumor 
tissue and reach sufficient concentrations in advance.

In situ production of oxygen within tumor is a strategy to 
improve tumor hypoxia by catalytic decomposition of endog-
enous H2O2 with MnO2 or catalase (CAT). As an example, 
Meng et al. designed a ROS responsive nanoparticle ACF@
MnO2, which can react with over-expressed H2O2 in tumor 
tissue, increase oxygen tension, and inhibit HIF-1α, resulting 
in enhanced therapeutic efficacy in radiotherapy [9]. But this 
strategy is restrained by the amount of H2O2 available in 
tumor tissue.

Slowing down tumor oxygen consumption is also an 
effective way to relieve tumor hypoxia. Song et al. developed 
a Met-HCe6-liposome, in which Met suppressed tumor cell 
oxygen consumption and therefore improved tumor oxygen-
ation [10]. Nonetheless, this strategy does not increase oxy-
gen content in tumor tissue.

Overall, all these strategies are capable of relieving tumor 
hypoxia and enhancing various types of cancer therapies, 
including chemotherapy, PDT, and radiotherapy and have 
broad applications for the treatment of hypoxic solid tumors. 
With clear and controllable side effects and contradictions, 
HBO has more advantages because of its simple operation, 
low cost and wide clinical applications.

Table 2 Comparison of HBO and other strategies in overcoming hypoxia

Strategy Principal Advantages Limitations References
HBO therapy Directly improve oxygen content by physical laws Easy access

Low cost
Clinical use

Potential adverse effects [24, 25]

Delivering oxygen via 
carriers

Transport oxygen to the tumor site with carriers Clinical use Complicated synthesis 
process

[8, 26]

Improving intratumor 
blood flow

Normalizing tumor blood vessels with either drug 
molecules or enzymes

Enhanced EPR 
effect

Heavily rely on blood 
vessels

[7, 27]

Producing oxygen in situ Catalytic decomposition of H2O2 to produce O2 in 
tumor

Versatile Limited by H2O2 [9, 28]

Decreasing oxygen 
consumption

Relieve tumor hypoxia by reducing cancer cell oxygen 
consumption

Simple Poor efficacy [10, 29]
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2.4  Applications of HBO Therapy in Cancer 
Therapies

In the early twentieth century, people began to study the rela-
tionship between oxygen and cancer radiotherapy. In 1953, 
Gray et al. confirmed, for the first time, that hypoxia could 
induce radioresistance and affect the therapeutic effect of 
radiotherapy [30]. In 1986, HBO was proved to be able to 
sensitize head and neck tumors to radiotherapy [31]. Since 
then, increasing attention has been paid to the importance of 
HBO in cancer therapies, and a large number of studies have 
utilized HBO as adjuvant therapy for all kinds of malignan-
cies from both bench and bedside applications.

2.4.1  Application of HBO in Radiotherapy
As one of the main treatments, radiotherapy eradicates can-
cer cells by breaking their DNA double strand with high 
energy radiation rays. Key to DNA double strand break is the 
oxidation of DNA radicals induced by radiation while 
molecular oxygen is indispensable for this oxidation process. 
Therefore, the sensitivity of cancer cells to radiotherapy is 
significantly reduced under hypoxic TME.

HBO is the most effective method to solve tissue hypoxia, 
and it was first used for radiosensitization [32]. HBO has 
dual functions in cancer radiotherapy. First, it can be used as 
a radiation sensitizer. Second, it can serve as a therapeutic 
agent to reduce the damage caused by radiation [33]. As a 
radiotherapy sensitizer, HBO has improved the therapeutic 
effect of head and neck tumors, cervical cancer, and glioma 
to some extent in a series of clinical trials, but the curative 
effect in the treatment of skin cancer and bladder cancer is 
unsatisfactory [31, 34]. The results showed that HBO had a 
better sensitizing effect on radiotherapy when the radiother-
apy agent was given with fewer times at a higher dose [34]. 
As an adjuvant therapy for sensitizing radiotherapy, HBO 
therapy is usually performed before radiation, and perform-
ing radiotherapy 15 minutes after HBO treatment can have a 
better therapeutic effect and reduce damage to surrounding 
tissues [35, 36]. In addition to being a radiotherapy sensi-
tizer, HBO can also be used as a therapeutic agent to reduce 
the damage caused by radiation. Mayer et al. found that HBO 
treatment can significantly improve urinary and digestive 
system diseases in patients with prostate cancer after radio-
therapy [37]. Feldmeier et  al. systematically reviewed 74 
studies on the prevention or treatment of radiation-related 
injuries with HBO.  Among them, 67 studies showed that 
HBO could effectively prevent or cure radiation-induced 
injuries [38].

2.4.2  Application of HBO in Chemotherapy
Hypoxia was implicated as an important factor in tumor drug 
resistance and chemotherapy failure [1, 3, 39]. Although the 
mechanisms of hypoxia-induced drug resistance in tumor 

cells are related to the types of antitumor agents, in general, 
hypoxia induces tumor cells to achieve drug resistance 
through the following mechanisms. First, hypoxia reduces 
the intracellular concentration of chemotherapy drugs by 
increasing multidrug resistance protein, or P-Glycoprotein 
(Pgp), which could pump therapeutic drugs out. Second, 
hypoxia modulates the metabolic and signaling pathways of 
tumor cells. Third, hypoxia changes the redox condition of 
tumor cells. Fourth, hypoxia induces gene instability and 
mutation in tumor cells.

Using HBO to improve the hypoxic microenvironment of 
tumor tissues can help chemotherapeutic drugs kill cancer 
cells more effectively and improve the therapeutic effect of 
chemotherapy. Ohguri et al. combined HBO with paclitaxel, 
cisplatin, and hyperthermia for the treatment of non-small 
cell lung cancers [40]. The results showed that the combined 
therapy could significantly prolong the survival of patients 
without severe adverse reactions. Suzuki et al. used cisplatin 
in combination with HBO for the treatment of gliomas, and 
found that HBO could significantly increase the average 
retention time of cisplatin in the brain of cancer patients [41]. 
In addition to a series of clinical trials, a large number of 
in vivo and in vitro experiments also confirmed that HBO 
could indeed increase the therapeutic effect of numerous 
chemotherapy drugs. Bosco studied the impact of HBO 
treatment and gemcitabine administration sequence on the 
killing effect of the PANC-1 cell line in vitro, and demon-
strated that simultaneous administration of HBO and chemo-
therapeutic drugs achieved the highest killing effect than 
other sequence [42]. Petre et al. studied the killing effect of 
HBO combined with doxorubicin (DOX) on Mac-2 tumor 
cell line [43]. The results revealed that the combination 
killed significantly more tumor cells than that of DOX alone 
36  hours post administration. Takiguchi et  al. combined 
HBO with 5-fluorouracil to treat sarcoma [44]. After injec-
tion of 5-fluorouracil, HBO treatment was carried out imme-
diately, which together significantly suppressed tumor 
growth after 17 weeks of successive treatment. Furthermore, 
it was revealed that the content of 5-fluorouracil in the com-
bination group was significantly higher than that of the con-
trol group using 5-fluorouracil alone. In 2009, Moen et al. 
obtained similar results where the injection of 5-fluorouracil 
during or immediately after HBO treatment could signifi-
cantly increase the drug content in tumor tissues [45]. 
Furthermore, they found that multiple HBO treatments sig-
nificantly reduced the interstitial fluid pressure and collagen 
content in tumor tissues of dimetyl-α-benzantracene 
(DMBA) induced breast cancer. Kawasoe et al. utilized HBO 
as adjuvant therapy in combination with cisplatin for the 
treatment of osteosarcoma [46]. Their results showed that 
HBO therapy significantly improved the antitumor effect of 
low-dose cisplatin, effectively inhibited the growth of tumor 
and markedly prolonged the survival period of mice. All 
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these results corroborate that HBO has the potential to boost 
cancer chemotherapy.

2.4.3  Application of HBO in Photodynamic 
Therapy (PDT)

In cancer PDT, photosensitizers (PS) transfer energy from 
light to molecular oxygen in TME to form singlet oxygen 
and other reactive oxygen species (ROS) [47]. Therefore, the 
antitumor effect of PDT relies on three main parameters: PS, 
light, and molecular oxygen. As hypoxia is one of the main 
characteristics of solid tumors [48, 49], and PDT continu-
ously consumes oxygen in tumor tissue, the improvement of 
the oxygen content in tumor site is a key factor to enhance 
therapeutic effect of PDT.

HBO therapy, as the most effective way to increase the 
body’s oxygen supply, has therefore been used in combina-
tion with PDT to treat tumors for enhanced antitumor effi-
cacy. As early as 1987, Dong et al. utilized HBO to potentiate 
PDT on transplanted tumor in mice and demonstrated that 
the combination of HBO and PDT achieved better tumor 
inhibition than PDT alone [50]. Similar results had been 
obtained by Robert et al. on fibrosarcoma in mice [51]. In 
2001, Tomaselli et al. conducted a clinical trial in 30 lung 
cancer patients with the combination of HBO and PDT, and 
their results illustrated that after 1–4 weeks of treatment, the 
tumor size was significantly reduced and the Karnofsky per-
formance status of patients was significantly improved com-
pared to the group treated with PDT alone [52]. Although the 
number of patients was small, the combination therapy of 
HBO and PDT was proved to be safe, efficient and easy to 
operate. Along the same line, another study in 34 patients 
with malignant pleura tumor also showed that the combina-
tion of HBO and PDT had better antitumor effect than PDT 
alone [53]. Together, these reports corroborated that the 
combination therapy of HBO and PDT showed great poten-
tial in cancer treatment.

3  Potentiating Nanomedicine 
Antitumor Efficacy with HBO

Chemotherapy is still one of the three major means of cancer 
treatments, and nanomedicine plays an increasingly impor-
tant role in cancer chemotherapy. Doxil® was approved by 
the FDA in 1995 and became the first chemotherapeutic 
nanomedicine approved for clinical use. Doxil® is composed 
of a long circulating liposome and DOX. Because polyethyl-
ene glycol (PEG) is coupled on the surface of liposome, the 
probability of liposome being regulated by protein and 
engulfed by the reticuloendothelial system (RES) in vivo is 
reduced and the circulation time of DOX in blood is there-
fore significantly increased. As the liposome can passively 
accumulate at tumor tissue through the EPR effect, the con-

tent of DOX in the tumor tissue is increased. Correspondingly, 
the amount of DOX in the normal tissues and organs is 
decreased, reducing the side effects caused by DOX [54]. 
Doxil® was approved by the FDA for the treatment of 
Kaposi’s sarcoma, ovarian cancer, and breast cancer in 1995, 
1999, and 2003, respectively. In 2007, Europe and Canada 
granted Doxil® as a combination therapy for multiple 
myeloma. The approval of Doxil® for cancer treatment 
aroused great enthusiasm on nanomedicine [55].

However, the clinical efficacy of Doxil® is unsatisfactory. 
After 10 years since Doxil®‘s entry into the market, the US 
FDA and the European Medicines Evaluation Agency (EMA) 
investigated the clinical efficacy of Doxil® and found that 
Doxil® was slightly superior to free DOX in the treatment of 
Kaposi’s sarcoma and ovarian cancer, but exhibited no sig-
nificant improvement in the treatment of breast cancer and 
myeloma compared with free DOX.  However, all relevant 
studies corroborated that Doxil® could significantly reduce 
DOX induced side effects, especially cardiotoxicity. 
Therefore, Doxil® is only effective in controlling the side 
effects caused by DOX, but not in improving the antitumor 
effect. How to improve the clinical antitumor efficacy 
remains an urgent problem for Doxil®.

Hyperbaric oxygen therapy has already been used in com-
bination with radiotherapy and photodynamic therapy for the 
clinical combat of hypoxic solid tumors, as it can directly 
and effectively increase the oxygen content [56, 57]. But 
HBO therapy is seldom combined with chemotherapeutic 
agents that kill cancer cells by generating ROS, because 
HBO may promote the side effects of these chemotherapeu-
tic agents [33]. Accordingly, DOX and HBO are rarely 
administered at the same time in clinic. Considering Doxil® 
could significantly reduce DOX induced side effects, we 
rationally combined two clinical utilized therapies, HBO and 
Doxil®, hypothesizing enhanced therapeutic efficacy and 
reduced side effects [58].

Serious side effects prevent the combination of HBO with 
DOX. Thus, the first in vivo study performed was toxicity 
test. No obvious damage occurred when HBO therapy was 
administered alone. For DOX and DOX + HBO, obvious car-
diotoxicity was observed. The damage caused by 
DOX + HBO was more serious than that of DOX to cardio-
myocytes. On the contrary, almost no histological damage 
was detected in the groups of Doxil® and Doxil®  +  HBO, 
indicating a decrease in cardiotoxicity. In addition, we also 
evaluated creatine kinase (CK) activity: the CK value of 
treatment with DOX alone was significantly higher than that 
of the control group, confirming its high cardiotoxicity. The 
CK value of DOX combined with HBO was the highest, 
which confirmed that HBO exasperated the cardiotoxicity of 
DOX and supported the absolute contradiction of co- 
administration of HBO and DOX together. However, no 
marked difference was observed between the control group 
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and the Doxil® groups (Doxil® and Doxil® + HBO), suggest-
ing that Doxil® could indeed alleviate the side effects of 
DOX.

After addressing the toxicity issue, we combined HBO 
with Doxil® and evaluated its antitumor efficacy in ortho-
topic liver cancer model with the luciferase-transferred cell 
line Bel7402. The fluorescence in Bel7402 can be easily 
detected with a live animal imaging system. As shown in 
Fig.  2a, b, d, the tumors in the combination group 
(Doxil®  +  HBO) are the smallest among all the groups. 
Consequently, Fig. 2c shows that the survival from the com-
bination group is the longest. These results indicate that 
HBO enhance the antitumor efficacy of Doxil®. Another 
interesting observation is that HBO selectively benefits the 
antitumor efficacy of Doxil® but not of free DOX.

It is difficult to monitor the tumor growth in real time in 
the orthotopic model. Therefore, we performed two in vivo 
antitumor studies with the combination of HBO and Doxil® 
on H22 subcutaneous model. The difference in these two 
models was that tumor volumes in mice were different when 
the first injection of Doxil® was administrated. One group of 
mice started with a small initial volume of 80 mm3 (Fig. 3a, 
b), whereas the other group began with a relatively bigger 

initial volume of 150 mm3 (Fig. 3c, d). Overall, the trends are 
consistent. HBO boosts the antitumor efficacy of Doxil®. 
Once again, these two tumor models corroborate that HBO 
selectively promotes the antitumor efficacy of Doxil® but not 
of free DOX. It is worth noting that the combination group 
(HBO + Doxil®) achieves significantly higher tumor inhibi-
tion rates for three different models than that of Doxil® alone.

To understand why HBO only benefited the antitumor effi-
cacy of Doxil® but not of free DOX, we performed more stud-
ies in terms of pharmacokinetics and pharmacodynamics. We 
first studied the impact of HBO on tumor hypoxia and Doxil® 
delivery efficiency. Using a hypoxia-probe, pimonidazole, we 
evaluated the hypoxic area of tumor tissue after HBO treat-
ment. The hypoxic area stained by pimonidazole significantly 
decreased by 90% after a single HBO treatment. We further 
measured the amount of two critical parameters in tissue 
hypoxia and tumor microenvironment, HIF-1α and vascular 
endothelial growth factor (VEGF), so as to confirm that alle-
viation of hypoxic TME could indeed produce an evident 
effect. The expression of HIF-1 α and VEGF in the HBO 
group decreased significantly compared with those in the 
control group. Consistent results were also obtained in west-
ern blot assay. Taken together, these aforementioned studies 
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support that HBO modulates TME by effectively overcoming 
tumor hypoxia. Furthermore, HIF-1α mediates the expression 
of connective tissue growth factor (CTGF), which is the 
upstream factor mediating the deposition of collagen I. We 
studied the impact of HBO on CTGF and collagen I. A sig-
nificant down-regulation of transcription and translation for 
both CTGF and collagen I after HBO therapy was clearly 
seen. As collagen I is the main component of fibril in tumor 
ECM, we further revealed that the deposition of fibers 
decreased after the HBO treatment (Fig. 4a, b). We hypothe-
sized that decreased deposition of collagen I in ECM would 
promote the accumulation and deep penetration of Doxil® in 
tumor tissue. Therefore, we studied the tumor penetration of 
each group. The fluorescence intensity within the 
Doxil® + HBO group was significantly higher than that of any 

other group. It was worth noting that most of the red fluores-
cence (DOX) in the groups of DOX, DOX + HBO, and Doxil® 
was co-localized with the green fluorescence of the blood 
vessel, indicating their poor drug penetration. In stark con-
trast, the red fluorescence was well dispersed throughout the 
tumor section in the Doxil® + HBO group. Then, the simu-
lated scatter diagrams were used to calculate the penetration 
distances based on five confocal images. Doxil®  +  HBO 
exhibited the highest penetration distance (Fig. 4c). We also 
noticed that DOX had a close penetration distance with or 
without HBO; whereas, Doxil® had a much deeper penetra-
tion distance with HBO than that without HBO. Once again, 
this result indicates that HBO enhances the penetration of 
Doxil® rather than of free DOX in the tumor site. We further 
quantified the amount of DOX in tumor tissue (Fig. 4d). Due 
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to its optimum penetration, the Doxil® + HBO group achieves 
the highest DOX concentration in tumor tissue. Combined 
with HBO, the concentration of DOX in the HBO + Doxil® 
group increased by 40% compared with Doxil® whereas HBO 
had little effect on DOX. Our results reveal that HBO treat-
ment is beneficial for Doxil® in terms of tumor penetration 
and accumulation but not for free DOX. This could probably 
be involved in the reason that the circulation time of free 
DOX is not long enough. DOX has a half-life time t1/2 of 
8  hours, whereas Doxil® can circulate for 45  hours [59]. 
Because of its small molecular weight, free DOX is rapidly 
eliminated after entering blood circulation in vivo. In addi-
tion, although HBO treatment decreases tumor fibril deposi-
tion, free DOX could not accumulate sufficiently in tumor 
tissue. Being a small molecular chemotherapeutic drug, DOX 
is easily drained out from tumor tissue and has a low chance 
of tumor extravasation, penetration, and accumulation. In 
contrast, Doxil®, a nanomedicine with a size of around 80 nm, 
can retain in tumor parenchyma through EPR effect. In this 
case, the efficacy of HBO-assisted combination therapy with 
nanomedicine is better than that with small-molecule chemo-
therapeutic drugs. However, more researches are needed to 
support this conclusion.

Since most chemotherapeutic agents mainly produce a 
significant effect on fast growing cells, hypoxia-induced cell 
cycle arrest makes cancer cells insensitive to these drugs [60, 
61]. We revealed the impact of HBO on cell cycle and found 

that the percentage of cells in the G0/G1 phase decreased 
from 76% to 73% after HBO treatment. Although it was only 
3% decrease, it still constituted a significant difference. Our 
results implicate that HBO therapy would enhance the sensi-
tivity of cancer cells toward chemotherapeutic drugs by 
overcoming hypoxia-induced cell cycle arrest in vivo. Cell 
line was studied under different conditions in vitro to mimic 
in vivo hypoxic tumor and to better understand the effect of 
HBO therapy on cell cycle (Fig. 4e). Compared to the con-
trol, more cancer cells were arrested in the G0/G1 phase due 
to hypoxia. Because of this cell cycle arrest, cells were insen-
sitive to Doxil® in hypoxic condition. Compared with 73% of 
cells arrested in the G0/G1 phase in the hypoxia+Doxil® 
group, only about 66% cells were trapped after HBO treat-
ment, suggesting that HBO treatment “awakens” some 7% 
cells. This difference supports that HBO therapy renders 
tumor cells more sensitive to Doxil® by conquering hypoxia- 
induced phase arrest. Another important reason for cancer 
cells insensitivity to chemotherapy is insufficient drug accu-
mulation within cancer cells. The intracellular drug content 
under different conditions was therefore quantified by flow 
cytometry. Cells under hypoxia took less but secreted more 
DOX than the cells under normal condition. As a result, a 
lower intracellular DOX concentration was detected under 
hypoxia.

In summary, we rationally combined two FDA approved 
therapies, HBO and Doxil®, for the first time to treat hypoxic 
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hepatocellular carcinoma. By overcoming tumor hypoxia, 
HBO potentiated Doxil® antitumor efficacy. In detail, HBO 
overcame hypoxia, resulting in down-regulation of  HIF-1α/
CTGF/Collagen I and promoted Doxil® delivery efficiency, 
and in the meantime, escape of cell cycle arrest and enhanced 
intracellular DOX concentration (Scheme 1). Collectively, 
these properties contributed to enhanced antitumor efficacy 
of Doxil®.

As HBO could decrease the collage in tumor ECM, we 
wondered if HBO would increase tumor metastasis. To 
address this concern, we first studied tumor metastasis 
in vitro with transwell assay. Our results indicated that HBO 
would not increase cancer cell invasion potential, and instead 
HBO would suppress tumor migration. We further performed 
the experiment in in  vivo settings in mice. After 10 HBO 
therapies, no significant promotion of metastasis could be 
observed (Fig.  5). Therefore, HBO would not accelerate 
tumor metastasis.

Besides, we also investigated the impact of HBO on 
tumor cell proliferation. Our data showed that HBO did not 
facilitate tumor cell proliferation. Actually, HBO suppressed 
the growth of all cells. We further investigated the impact of 
HBO on tumor stemness by culturing tumor cells in fibrin 
gels. The results presented in Fig. 6 demonstrated that HBO 

did not enhance the stemness of tumor cells. Indeed, HBO 
suppressed the stemness of tumor cells, including HepG-2, 
MCF-7, and H22 cells.

Collectively, the results from tumor metastasis (Fig. 5), 
proliferation, and stemness (Fig. 6) corroborated that HBO 
was safe for cancer treatment. Inspired by these data, we fur-
ther combined HBO with home-made nanomedicine for 
enhanced cancer chemotherapy, photodynamic therapy, and 
photothermal therapy, respectively. All our results confirmed 
that HBO enhanced the antitumor efficacy of 
 nanomedicine- mediated chemotherapy, photodynamic ther-
apy, and photothermal therapy.

Temozolomide (TMZ) is the first choice for the treatment 
of gliomas [62]. However, because of the severe toxicity, the 
dosage in clinic is strictly controlled, leading to insufficient 
curative effect and poor prognosis [63]. Considering that 
porous silicon nanoparticles (PSi NPs) have adjustable pore 
size, large drug loading capacity, autofluorescence property, 
and favorable biocompatibility [64, 65], we prepared TMZ 
loaded porous silicon nanoparticles (TMZ/PSi NPs) and 
combined with HBO for gliomas treatment [66]. We revealed 
that HBO enhanced C6 cell sensitivity to TMZ and TMZ/PSi 
NPs by inducing cell cycle arrest in the G2/M phase. 
Importantly, the combination treatment group (TMZ/

Scheme 1 Schematic illustration of combination therapy based on 
HBO and Doxil®. By mitigating tumor hypoxia, HBO decreases colla-
gen content, resulting in the enhanced penetration of Doxil® into the 

tumor. HBO also notably interrupts cancerous cell cycle arrest, render-
ing cancer cells more sensitive to Doxil®. (Reproduced with permission 
from reference [58])

X. Wang et al.



87

PSi  +  HBO) achieved the highest tumor inhibition rate 
(84.2%) among all groups, Fig.  7. Nonetheless, free TMZ 
group was missing in in  vivo antitumor effect evaluation, 
making it impossible to assess the impact of HBO on free 
TMZ. It is therefore unclear if HBO selectively boosts anti-
tumor efficacy of TMZ/PSi NPs in gliomas or not.

PDT achieves modest efficacy for the treatment of deep 
tumors because of hypoxic TME and limited penetration of 
PS to cancer cells distant from blood vessels. To tackle these 
issues, we proposed a therapeutic strategy that combined 
HBO with upconversion nanophotosensitizers (UNPSs) to 
remodel ECM for enhanced PDT [67] (Scheme 2). The 
UNPSs were designed to have a Nd3  + −sensitized sand-
wiched structure, wherein upconversion nanoparticles 
(UCNPs) served as light transducers to transfer energy from 
light to the neighboring PS, Rose Bengal (RB), to produce 

ROS.  With HBO, the photodynamic process can generate 
abundant ROS in hypoxic 4 T1 tumor. We revealed for the 
first time that HBO-assisted PDT depleted collagen in ECM 
and thus facilitated the diffusion of oxygen and penetration 
of UNPSs into the tumor core. Such a synergistic effect ulti-
mately resulted in a significantly enhanced therapeutic effi-
cacy at a low laser power density as compared with that 
using UNPSs alone, Fig. 8.

Differently from the previous study, in which the deposi-
tion of collagen I was inhibited by HBO via the pathway of 
HIF-1α/CTGF/Collagen I, collagen I was decomposed by 
PDT generated ROS. Quantitative analysis of the average 
fluorescence degree of the collagen content in tumor slices 
revealed that the collagen in UNPSs+NIR  +  HBO treated 
group was 14.6, 9.9, and 4.2 times less than PBS, 
UNPSs+NIR, and HBO groups, respectively. By means of 

Fig. 5 The impact of HBO on tumor metastasis with a 4  T1 tumor 
model. (a) Representative pictures of lung tissues after treatment, the 
yellow dots represent metastatic nodules. (b) Lung weight after treat-

ment. (c) The number of pulmonary metastatic nodules. Data as 
mean ± S.E. (n = 9). N.S. represents not significant
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Fig. 6 The effects of HBO treatment on stemness of different tumor cells. (a) Pictures of cell colony in Fibrin gels after HBO treatment. The scale 
bar was 20 μm for all pictures; (b) Colony number of different tumor cells in Fibrin gel; (c) Colony size of different tumor cells in Fibrin gel. Data 
as mean ± S.E. (n = 5). *P < 0.05
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Scheme 2 Schematic illustration of synergizing UNPSs with HBO for depleting collagen in ECM to achieve better oxygenation and deeper 
penetration of nano-PSs, together contributing to the enhanced PDT antitumor efficacy. (Reproduced with permission from reference [67])

sirius red staining to quantify the [Gly-X-Y] tripeptide heli-
cal structure on collagen fibril, we further corroborated that 
the combination group (UNPSs+NIR + HBO) could reduce 
the collagen I amount to 35%, whereas the control group 
(UNPSs+NIR) only decreased it to 83%. The remodeled 
ECM resulted in deeper penetration of both UNPSs and 
molecular oxygen, altogether contributing to enhanced PDT.

Our two studies support the hypothesis that HBO decom-
posed collagen I in cancer treatment. By stark contrast, HBO 
accelerated collagen synthesis and therefore promoted 
wound healing [68]. At first sight, these two conclusions 
seemed to contradict each other. In cancer chemotherapy, 
HBO overcame tumor hypoxia, interrupted the pathway of 

HIF-1α/CTGF/Collagen I and ultimately decreased collagen 
fibril deposition [58]. In PDT, HBO overcame hypoxia and 
facilitated the formation of ROS, which broke down collagen 
fibril in the ECM [67]. In ischemic wounds, fibroblast prolif-
eration and collagen synthesis could not proceed effectively 
without sufficient oxygen [68]. HBO improved hypoxia in 
wounds and the raised oxygen tension resulted in enhanced 
fibroblast activity and collagen synthesis [69]. In essence, 
the fibroblasts in hypoxic TME are markedly different from 
those in ischemic wounds. For this reason, HBO has played 
distinctive roles in these different situations, and these results 
do not conflict each other. Both results are reasonable in dif-
ferent contexts.
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Extensive evidence suggested that hypoxia played a piv-
otal role in the formation of cancer stem cells (CSCs), which 
can lead to drug resistance, tumor recurrence, and poor prog-
nosis [70, 71]. Mild thermal therapy (40–44  °C) could 
enhance the therapeutic effect of drugs and reduce the killing 
of normal cells [72]. Hence, we leveraged TMZ/PSi NPs as 
photothermo−/chemo- therapeutic agent and combined with 
HBO therapy for elimination of glioma stem cells (GSCs) 
and inhibition of glioma growth [73] (Scheme 3). By means 
of spherical colony formation assay, we revealed that com-
bined therapy (TMZ/PSi + PTT + HBO) could effectively 
inhibit GSCs self-renewal completely compared to TMZ 
alone (Fig. 9a, b). We further studied specific markers for the 
self-renewal and stemness maintenance of GSCs (SOX2, 
Nestin) and hypoxia related molecules HIF-1 and VEGF and 
revealed that the expression of these four factors decreased 
in both NCH-421 K and C6 cells after the combined treat-
ment. We also studied the antitumor effect of TMZ/PSi NPs 
in combination with PTT and HBO in vivo and demonstrated 
that the combined treatment group (TMZ/PSi + PTT + HBO) 
achieved the best antitumor effect. Importantly, we studied 

the expression of tumor stem cell markers in  vivo. The 
expression of SOX2, Nestin, HIF-1α and VEGF decreased 
consistently after TMZ/PSi NPs combined with PTT and 
HBO (Fig. 9c). However, several critical control groups are 
not included in this study, making it impossible to evaluate 
the contribution from photothermal therapy and HBO ther-
apy on the inhibition of GSCs.

4  Summary and Perspectives

While dozens of nanotherapeutics, such as Doxil®, 
Oncaspar®, DaunoXome®, and Abraxane®, have been 
approved by the FDA, their antitumor efficacy in clinical set-
tings is unsatisfactory. Therefore, improving the clinical effi-
cacy of these nanomedicines is of utmost significance. In this 
chapter, we summarized some of our preliminary results on 
boosting the nanomedicine efficacy with HBO. In detail, our 
results demonstrated that HBO promoted tumor inhibition 
rates of Doxil®, UNPSs, and TMZ/PSi NPs. Despite some 
progress that has been made on leveraging HBO for enhanced 

Fig. 8 In vivo PDT evaluation on 4 T1 breast cancer bearing mice. (a) 
Changes of relative tumor growth curves upon different treatments. (b) 
Average weight of excised tumor after different treatments. (c) 
Changing curves of mice body weight upon different treatments. (d) 

Picture of tumors obtained from each group of mice 2 weeks after treat-
ments started. The data were shown as mean ± S.D. (n = 5). *P < 0.05. 
**P < 0.01. (Reproduced with permission from reference [67])
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therapeutic effect of nanomedicine, there are numerous fun-
damental challenges and opportunities ahead.

First, the universality of boosting commercialized nano-
medicine with HBO needs to be further expanded. The find-
ing that HBO can improve the Doxil® delivery efficiency and 
antitumor efficacy has significant implications on other com-
mercialized nanomedicine, including Oncaspar®, 
DaunoXome®, and Abraxane®. However, it is not clear 
whether other chemotherapeutic nanomedicines also benefit 
from this combination therapy strategy. Despite HBO 
 promoting the antitumor efficacy of home-made nanothera-
peutics, UNPSs, and TMZ/PSi NPs, for photodynamic ther-
apy, chemotherapy, and photothermal therapy, respectively, 
these nanomedicines are distinctively different from com-
mercialized nanomedicine. Based on the mechanistic studies 
we performed on the combination of HBO and Doxil®, HBO 
not only promoted Doxil® tumor penetration and accumula-
tion via decreasing the collagen deposition at the tumor ECM 
but also sensitized tumor cells to Doxil®, altogether contrib-
uting to the enhanced antitumor efficacy. It is worthy to com-
bine HBO with other commercialized nanomedicine, 
Oncaspar®, DaunoXome®, and Abraxane® and evaluate the 
antitumor efficacy on versatile hypoxic solid tumors, includ-
ing breast cancer and pancreatic cancer.

Second, the mechanisms by which HBO sensitizes Doxil® 
await further investigation. All previous studies involved 
with HBO for cancer therapy focused solely on oxygen and 
hypoxic TME.  In addition to raised oxygen content, how-

ever, HBO exerts another very important impact, which is 
pressure, typically in the range of 1.4 to 3 ATA. Recently, it 
was revealed that physical forces exerted a significant influ-
ence on tumor immune microenvironment, tumor progres-
sion and metastasis, and tumor therapy [74]. Whether 
elevated pressures exert a beneficial or detrimental effect on 
Doxil® and other nanomedicine alike is still an open ques-
tion. To answer this question, more systematic studies, based 
on the combination of normobaric oxygen or compressed air 
with Doxil®, are needed.

Third, key to the combination therapy is the clinical effi-
cacy of HBO  +  Doxil®. While both HBO and Doxil® are 
approved by the FDA and routinely used in widespread clin-
ics and practices, the clinical translation of their combination 
is impeded by several concerns. The safety is the most con-
cerning issue. While the combination therapy (HBO + Doxil®) 
exhibited negligible side effects, the results were obtained in 
tumor bearing and normal mice. Murine models are incline 
to underestimate toxicity associated with chemotherapeutic 
drugs. In particular, HBO increases oxygen tension and gen-
erates more ROS nonspecifically through the entire body. 
HBO might thus exasperate the toxicity in Doxil® in clinics. 
Another hurdle is the selection of tumor type. In our prelimi-
nary study, the combination of HBO and Doxil® achieved 
enhanced antitumor efficacy on two different hepatocellular 
carcinoma models, human Bel7402 and murine H22. 
However, Doxil® has not been approved for liver cancer. 
Whether the combination therapy could achieve similar 

Scheme 3 Scheme of TMZ/PSi nanomedicine combined with mild 
photothermal therapy and hyperbaric oxygen for treatment of glioma. 
The mice bearing tumor were intratumor injected with TMZ/PSi NPs 

followed with PTT and HBO treatments. The combination treatment 
reduced the stemness and enhanced the sensitivity of glioma tumor 
cells to TMZ. (Reproduced with permission from reference [73])
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results in breast cancer is unclear. Different tumors have dis-
tinctive pathophysiological features. To initiate a clinical 
trial on the combination therapy of HBO and Doxil®, the tox-
icity profile in advanced animal models and the antitumor 
efficacy on the breast cancer model are essential 
prerequisites.

Fourth, could HBO boost cancer immune therapies? 
Hypoxia itself promotes immunosuppressive microenviron-
ment, inhibits immune response, and reduces the activity of 
effector immune cells, including T cells and NK cells [75]. 
By overcoming tumor hypoxia, can HBO enhance PD-1 and 
PD-L1 antibodies-mediated immune therapy? In essence, 
these antibodies are biomacromolecules with nanometer- 
scale size. Could HBO promote the delivery of such antibod-
ies? In addition, for chimeric antigen receptor (CAR) T-cell 

therapy, the difficulty in T-cell infiltration is the key to limit 
its clinical therapeutic effect on solid tumors [76]. Could 
HBO promote T cells to enter the tumor core, improve T-cell 
survival, and boost tumor killing activity? Addressing these 
questions have significant implications on cancer immune 
therapies.

Finally, most of the current nanomedicine is developed 
for the treatment of cancers. Could the combination of HBO 
and nanomedicine be used for the treatment of other dis-
eases, such as ulcerative colitis? Clinical trials demonstrated 
that HBO could significantly improve the symptoms of 
ulcerative colitis [77] while nanomedicine had been used to 
cure ulcerative colitis with high malignancy [78, 79]. It is 
tempting to propose that HBO would boost the therapeutic 
effect of nanomedicine in ulcerative colitis.
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Fig. 9 TMZ/PSi nanomedicine combined with mild photothermal 
therapy and HBO therapy for treatment of GSCs. (a) NCH-421 K cell 
clone number after different treatments on day 7 (n = 10; *P < 0.05, 
**P < 0.01, ***P < 0.001). (b) NCH-421 K sphere size in 1 week after 

different treatments (n = 4; ***P < 0.001). (c) mRNA changes of SOX2, 
Nestin, HIF-1α and VEGF in C6 tumor tissues after combination treat-
ment (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001). (Reproduced with 
permission from reference [73])
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Mesoporous Silica Nanoparticles 
as Carriers for Biomolecules in Cancer 
Therapy
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Abstract

Mesoporous silica nanoparticles (MSNs) offer many 
advantageous properties for applications in the field of 
nanobiotechnology. Loading of small molecules into 
MSNs is straightforward and widely applied, but with the 
upswing of both research and commercial interest in bio-
logical drugs in recent years, also biomacromolecules 
have been loaded into MSNs for delivery purposes. MSNs 
possess many critical properties making them a promising 
and versatile carrier for biomacromolecular delivery. In 
this chapter, we review the effects of the various structural 
parameters of MSNs on the effective loading of biomac-
romolecular therapeutics, with focus on maintaining sta-
bility and drug delivery performance. We also emphasize 
recent studies involving the use of MSNs in the delivery 
of biomacromolecular drugs, especially for cancer 
treatment.
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1  Introduction

Amorphous silica is classified as GRAS (generally recog-
nized as safe) by the FDA and has in nanoparticulate form 
recently received FDA approval for stage I human clinical 
trials of fluorescence-based cancer imaging [1–3]. MSNs 
offer many advantageous properties for applications in the 
field of nanobiotechnology, e.g., as controllable particle size 
and pore size, robust morphology, large surface area, ease of 
inner/outer surface modification, high cargo loading capacity 
and efficient cargo transfer efficiency, low cytotoxicity, 
excellent biocompatibility and biodegradability properties, 
and cost-effective production [4–6]. For all these reasons, 
MSNs with small particle size but large pore size have great 
potential to e.g.  effectively overcome multiple drug resis-
tance (MDR) by delivering biomacromolecules (peptides, 
proteins, or nucleic acids) into drug-resistant cancer cells [6]. 
Numerous MSN nanocarriers smaller than 200 nm in diam-
eter can penetrate tumor tissues due to the enhanced perme-
ability and retention (EPR) effect. However, as for any 
prospective nanopharmaceuticals, there are some obstacles 
in the application of MSNs for tumor treatment such as 
tumor targeting deficiency and strong affinity of MSNs to 
blood proteins. In order to increase the active targeting abil-
ity, zero premature drug release and release at the targeted 
cancer sites should be considered based on differences 
between intratumoral and normal cell microenvironments. 
Therefore, surface functionalization is necessary to equip 
them with the ability to target tumors and increase the stabil-
ity of blood circulation in vivo [7, 8]. In addition, the biode-
gradability of MSNs should be optimized to prevent 
unwanted accumulation in the body that may cause acute or 
subacute inflammation or long-term biosecurity risks [9].

Biological medicines (biologicals, biologics) are one of 
the most promising areas for the implementation of MSNs as 
drug/gene delivery carriers. It has previously been well doc-
umented that proteins maintain increased activity and stabil-
ity when loaded into the pores of MSNs, since the solid 
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inorganic framework can efficiently protect proteins from 
denaturation [10]. To date, MSNs with different morpholo-
gies have been synthesized: hollow mesoporous nanocap-
sules, branched mesoporous nanoparticles, yolk-shell 
mesoporous structures, and so forth. Particularly in the diag-
nosis/imaging and treatment of cancer, functional nanopar-
ticles such as magnetite, gold, quantum dots, and anticancer 
drugs incorporated as core materials in core-shell designs, 
doped into the mesoporous silica matrix, or loaded into the 
pore channels have shown great application potential in the 
field of biological medicines [11].

2  Synthesis of MSNs

MSNs are commonly synthesized using a cetyltrimethylam-
monium bromide (CTAB) micelle-templated sol-gel tech-
nique. The main disadvantage of this method is that the pores 
of the MSNs produced are small, and the particle size homo-
geneity is insufficient. In the CTAB micelle-templated sol- 
gel technique, tetraethyl orthosilicate (TEOS) is first 
hydrolyzed and produces negatively charged silicate oligo-
mers that approach and interact with positively charged 
CTAB micelles by electrostatic interaction. The condensa-
tion of the silicate oligomers then leads to the collection of 
silica nanoparticles and micelles (self-assembly). 
Aggregation ends when the surface net negative charge is 
high enough to prevent further growth, which results in the 
formation of MSNs with specific morphologies [4].

Mesoporous silica materials such as MCM-41, SBA-15, 
MCF, and FMS have been successfully used as supports for 
the immobilization of biomolecules (see Fig. 1). However, the 
2D pore architecture and relatively small pore volume of these 
materials limit the diffusion and transport of biomolecules. To 
overcome this problem, researchers have synthesized mesopo-
rous silicas with 3D cubic pore channels such as FDU-12, 
KIT-5, and KIT-6. These materials have more accessible pores 
due to the interconnected cage-type pore structures and, thus, 
can effectively increase the guest species adsorption capacity. 
The silica framework is negatively charged at neutral pH, 
making it inherently suitable for loading of biomolecules with 
an isoelectrical point (IEP/pI) over 7 (i.e., positive charge at 
neutral pH). However, most therapeutically active proteins and 
all nucleic acids are negatively charged at neutral pH, creating 
electrostatic repulsion with the carrier material at suitable 
loading conditions. Thus, the mesoporous silica surface can be 
functionalized with different organic groups such as thiol, 
phenyl, vinyl, amine, and carboxylic acid to increase the appli-
cation potential in different fields and enhance the affinity to 
the full range of biomacromolecules [12].

The surfactant-micelle-templating method is a widely 
used method also in the synthesis of MSNs with large pores, 
suitable for the encapsulation of macromolecules. In this 
method, the micelle size is adjusted by adding a swelling 

agent as well as changing the surfactant. However, the swell-
ing agent tends to induce irregularity or heterogeneity in the 
resulting structures. It has been reported that when the swell-
ing agents have moderate solubility in the surfactant micelles, 
well-defined micelle-templated structures with substantially 
enlarged pores can occur. For example, for Pluronics having a 
high hydrophobic block fraction, such as Pluronic P123, it is 
advantageous to use low or moderately soluble swelling 
agents therein to prevent over-swelling. On the other hand, 
Pluronics having a low hydrophobic block fraction, such as 
Pluronic F127, work well with stronger swelling agents and 
allows the synthesis of silicas and organosilicas with large 
spherical mesopores. The resulting large-pore silicas and 
organosilicas with spherical and cylindrical mesopores have 
thick walls, and thermal treatments can maintain the original 
pore shape and symmetry to ensure the formation of closed 
porous silicas. A variety of compounds were shown to act as 
micelle expanders, including benzene and its alkyl- substituted 
derivatives (most notably, 1,3,5- trimethylbenzene (TMB), 
1,3,5-triethylbenzene (TEB), and 1,3,5- triisopropylbenzene 
(TIPB)), linear hydrocarbons (hexane), cyclic hydrocarbons 
(cyclohexane), and long- chain amines [14].

2.1  Large-Pore MSNs for Macromolecular 
Drugs

Although delivery of small molecules has been shown to be 
quite successful in numerous examples, even in clinical stud-
ies [15], encapsulation of large therapeutic biomolecules 
such as proteins or DNA is limited due to the small pore size 
of conventional MSNs ranging from 2 to 5 nm. Compared to 
traditional MSNs, large-pore MSNs (LPMSNs) with pore 
sizes reaching the upper limit of mesopores (6–50 nm) have 
desirable properties for encapsulation of large molecules 
such as nucleic acids, enzymes, or peptides into their porous 
structure [16].

Recently, two main approaches have been developed to 
produce LPMSNs. The first one is a solvent evaporation- 
induced self-assembly approach using high molecular weight 
block copolymers as the pore template. In this method, it is 
essential to use an unusual and costly fluorocarbon surfactant 
to control particle growth. Although the products obtained in 
this case have ultra-large pore channels, they have generally 
had irregular particle morphologies and micrometer particle 
sizes, which are unsuitable for intracellular delivery applica-
tions. The second approach is the use of pore expansion 
agents such as TMB during the synthesis of MSNs. 
Unfortunately, the pore expansion agent used causes irregu-
larity and even complete destruction of the resulting meso-
structure. Furthermore, the nanoparticles formed generally 
have a particle size of greater than 250 nm, which is expected 
to result in rapid removal of the particles from the circulation 
and a significant reduction in cellular uptake efficiency [11, 
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16, 17]. Recently, large-pore mesoporous organosilica NPs 
[18], large-pore hollow dendritic MSNs [19, 20], and extra- 
large- pore MSNs (XL-MSNs) [21] have been synthesized 
for the delivery of macromolecules with different structures. 
Despite extensive efforts to develop large-pore MSNs, there 
are still some critical limitations to their use in macromo-
lecular drug delivery. Therefore, new approaches and syn-
thetic pathways are already needed for the synthesis of 
MSNs with accessible large pores (>10 nm), small particle 
sizes (<200 nm), and well-regulated mesostructures.

Despite recent studies on the preparation of large-pore 
MSNs using co-solvents, block copolymers, and swelling 
agents, the preparation of discrete LPMSNs with high col-
loidal stability remains a challenge for efficient in vivo deliv-
ery [21, 22]. Kwon et  al. (2017) synthesized uniform 
XL-MSNs in sizes 100, 150, and 180 nm with large pores 
over 30  nm for MSN-based in  vivo cytokine delivery for 
immune cell modulation. To prepare large mesopores by pro-

viding high colloidal stability, CTAB-stabilized iron oxide 
nanoparticles were used in the sol-gel reaction as well as a 
high proportion of ethyl acetate as a pore expansion agent 
(Fig. 2). To investigate the effect of iron oxide nanoparticles, 
the MSNs were prepared without CTAB-stabilized iron 
oxide nanoparticles but with the addition of a high propor-
tion of ethyl acetate. Although the formed MSNs have large 
pores, the particle morphology was observed to be irregular, 
and the pore size distribution was not as distinct as XL-MSNs. 
This suggests that CTAB-stabilized iron oxide nanoparticles 
serve as the initiator of the silica sol-gel reaction to form 
uniform XL-MSNs. The prepared XL-MSNs have also been 
shown to be applicable for loading proteins of different sizes. 
The loading of ovalbumin (OVA), bovine serum albumin 
(BSA), and glucose oxidase in 180 nm XL-MSNs was found 
to be 3.5-, 9.3-, and 6.2-fold higher than that in conventional 
MSNs, respectively. In this study, bioactive IL-4 was suc-
cessfully delivered to macrophages by phagocyte targeting 

Fig. 1 Design aspects of mesoporous silica SBA-15, highlighting their 
possible application to address intra- and extra-particle challenges that 
are especially relevant in biomacromolecular delivery. (Reproduced 

from J. Siefker et al. [13] under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0))
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and induced M2 macrophage polarization in  vivo [21]. 
Similar to this study, Cha et al. (2018) synthesized XL-MSNs 
as a cancer vaccine through the delivery of OVA and CpG 
oligonucleotide. To prepare large mesopores while maintain-
ing high colloidal stability in MSNs, they employed a large 
amount of ethyl acetate, an organic additive, as a pore expan-
sion agent in the presence of CTAB-stabilized iron oxide 
nanoparticles and seed material in a silica sol-gel reaction. 
Pore size distribution showed that XL-MSNs had bimodal 
pores that peaked at 3.2 nm and around 25 nm in the range 
between 10 and 30 nm. Amine-modified XL-MSNs resulted 
in significantly higher loading of OVA and CpG oligonucle-
otide compared with conventional small-pore MSNs [22]. In 
another study, Zhang et  al. (2011) synthesized magnetic 
MSNs using TEOS as the source of silica, cationic surfactant 
CTAB as template, and TIPB/decane as pore swelling agent. 
While adding the amount of TIPB in a limited range increased 
pore size, further use of TIPB resulted in severe particle 
coalescence and irregular pore structure. On the other hand, 
effective pore expansion of the magnetic MSNs was achieved 
by adding a suitable amount of decane together with a lim-
ited amount of TIPB. The obtained magnetic MSNs yielded 
smaller particle sizes (about 40–70 nm in diameter), tunable 
pore sizes (3.8–6.1 nm), high surface areas, and large pore 
volumes. In addition, a strong correlation was found between 
increasing pore size and drug loading, and the maximum 
loading capacity of the salmon sperm DNA (375 mg/g) was 
obtained using a magnetic MSN sample with the largest pore 
size of 6.1 nm [23].

Recently, large-pore dendritic MSNs with hollow cavi-
ties have been synthesized and demonstrated superior 
advantages over dendritic MSNs in protein loading and 
controlled release. Hollow cavity reduces pore density 
and increases pore volume and, hence, loading efficiency 
[19]. Dendritic MSNs with opening pore channels are 
promising carriers with large pore sizes (34–45 nm). They 
have a high accessible internal surface area for the deliv-
ery of large molecule therapeutic agents such as plasmid 
DNA (pDNA) and proteins into cells. Meka et al. (2016) 
produced amine- functionalized hollow dendritic MSNs 
with a core cavity of 170 nm and a mesopore in the shell 
of 20.7 nm. IgG (658 μg/mg) and β-galactosidase (391 μg/
mg) were found to be loaded in high amounts into the 
MSNs. Cellular uptake of β-galactosidase by hamster 

ovary cells (CHO-K1) increased, and MSNs maintained 
its catalytic properties within the cell. In this study, it was 
stated that using both TEOS and (3- aminopropyl) 
triethoxysilane (APTES) as the silica source is the most 
important parameter for the formation of large porous 
dendritic organic MSNs with hollow cavity. In the absence 
of APTES, hollow structures were not formed, and in the 
absence of TEOS, aggregates of amorphous silica mole-
cules were obtained [19]. Hong et al. (2018) synthesized 
polydopamine and chelated Ti4+ modified dendritic MSNs 
with a central-radial pore structure for  phosphopeptide 
enrichment. The synthesized MSN formulation had a par-
ticle size of approximately 150 nm and a wide pore size of 
18.8  nm. This formulation was compared with conven-
tional MSN and commercial TiO2 in terms of phospho-
peptide enrichment in various biological samples 
(including standard phosphoprotein, nonfat milk, human 
serum, and HeLa cell extracts). Low phosphopeptide 
detection limit of 0.2 fmol/μL and an extremely high 
specificity (>95%) of phosphopeptides identified from 
HeLa cell extracts were obtained [24].

MSNs are also of great importance for enzyme immobi-
lization. Once the enzymes have been loaded into MSNs, 
their enzymatic activity is maintained over a wide pH 
range and even after exposure to enzyme degrading agents 
such as proteases [25]. For use as a support for immobili-
zation of enzymes, it is very important to effectively con-
trol both the textural and surface properties of mesoporous 
silica. If the molecular size of the enzyme is close to the 
pore size, it is stated that adsorbate molecules have diffi-
culty in reaching the active regions in the mesoporous 
channels and diffusion limitations occur. It is noted that 
this diffusion problem can be solved by using large-pore 
mesoporous silicas with pore diameters greater than twice 
the largest enzyme size [12]. In the study of Saikia et al. 
(2019), large-pore cubic mesoporous silica SBA-1 MSNs 
of 500–700 nm functionalized with COOH were synthe-
sized for papain immobilization. The pore size, specific 
surface area, and pore volume were increased using the 
pore-expanding agent TMB in the reaction mixture.  
The -COOH-functionalized MSNs having a pore size of 
5.3  nm exhibited a higher papain adsorption capacity 
(1138  mg/g) than a pore size of 3.2  nm (995  mg/g). 
Immobilized papain exhibited higher thermal stability 

Oleic acid-stabilized

CTAB
(phase transfer)

CTAB-stabilized Fe3O4 NP
and CTAB micelles

TEOS

Ethyl acetate

Extraction

Extra-Large Pore MSN

Sol-gel reaction

Fe3O4 NP in chloroform

Fig. 2 Synthesis of XL-MSNs. (Reproduced from Kwon et al. [21])
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over a wider pH range compared to free papain [12]. 
Kalantari et  al. (2017)  synthesized octadecylalkyl-modi-
fied mesoporous silica nanoparticles (C18-MSNs) with 
tunable pore sizes (1.6–13 nm) for lipase immobilization. 
It has been shown that the pore size slightly larger than the 
size of the lipase is responsible for the high performance 
of the immobilized lipase. The optimized C18-MSNs hav-
ing an average particle size of 60 nm were found to have a 
high lipase loading capacity of 711  mg/g and a specific 
activity of 5.23 times higher than that of the free enzyme 
[26]. Kao et al. (2014) tested the activity and stability of 
lysozyme immobilized in MSNs of various pore sizes by 
testing secondary and tertiary structures of proteins by 
methods such as circular dichroism and activity assay. 
When the pore size was close to the protein size, the activ-
ity of lysozyme in immobilizing in the pores of MSNs was 
found to be higher than pure lysozyme [10] (Table 1).

3  Gatekeepers for Controlled Drug 
Release

Recently, the establishment of stimuli-responsive controlled 
drug release systems for targeted drug delivery has attracted 
considerable attention. MSNs are ideal nanocarriers for con-
trolled drug or gene delivery sensitive to stimuli because of 
their superior structural properties. A critical step in develop-
ing the stimuli-responsive controlled drug release system is 
to create “gatekeepers” on the surface of MSNs and to block 
the drug molecules inside the pores with “zero premature 
release” and trigger the release of drug molecules upon spe-
cific stimulation [34]. These gatekeepers include polymers, 
cyclodextrin, inorganic nanoparticles, and biomacromole-
cules developed for efficient capping of the pores [35]. The 
functional design of the pore surface of MSNs with organic 
or inorganic moieties defined as gatekeepers may regulate 

Table 1 Examples of LPMSNs loaded with macromolecular drugs

Sample
Size 
(nm)

Pore size 
(nm)

Pore volume 
(cm3/g)

Specific 
surface area 
(m2/g)

Pore expansion 
agent Macromolecular drug

Drug loading 
capacity Ref.

LPMSN 174–
207

8–10 0.6–0.8 220–230 – Bcl-2 converting peptide 15–43% [6]

LPMSN 230 10 – 506 – Cytochrome-c 470 μg/mg [27]

LPMSN 265, 
933

5.4, 
14.5

1.82 1061 Mesitylene Cytochrome-c 415 mg/g [28]

LPMSN <150 4.6 1.14 1053 – Cytochrome-c 230 mg/g [17]
LPMSN 293 16.7 1.2 315 – Plasmid-encoding VEGF 

short hairpin RNA
26.7 μg/mg [11]

LPMSN <200 13.4, 
27.9

1.09 313 TMB Twenty-one-nucleotide 
(oligo) DNA

57 μg/mg [29]

LPMSN 150 17.2, 
20.5

0.46 135 – pDNA 9.7 μg/g [30]

XL-MSNs 180 3.6, 30 0.7 450 Ethyl acetate IL-4 1030 μg/mg [21]

Amine-modified 
XL-MSNs

100–
200

3.2, 25 1.05 686 Ethyl acetate OVA
CpG oligonucleotide

~1000 mg/g
~80 μg/mg

[22]

Large-pore hollow 
MSNs

150–
200

3.1 1.11 893.8 Decane TRP2
HGP100

88%
20.6%

[31]

Amine-functionalized 
hollow dendritic MSNs

242 20.7 2.67 – – IgG
β-Galactosidase

658 μg/mg
391 μg/mg

[19]

LPMSN
Hollow organosilica 
nanoparticles

100
228–
460

3–7
26

– 817
58

TEB Pepstatin A 32%,
18%

[20]

Mesoporous 
organosilica 
nanoparticles

50.75 6.2 2.19 613.9 – TAT pDNA 66.67 μg/mg [32]

Carboxylic acid-
functionalized LPMSNs

500–
700

5.3 0.88 777 TMB Papain 1138 mg/g [12]

PEI-functionalized 
hollow MSNs

270 >5.4 19.36 84.27 – GFP-DNA 37.98 mg/g [5]

Large-pore magnetic 
MSNs

150 12 1.13 411 Hexane siRNA targeting 
polo-like-kinase 1

2% [16]

Large-pore magnetic 
MSNs

40–70 3.8–6.1 0.44–1.54 700–1100 TIPB/Decane Salmon sperm DNA 375 mg/g [23]

PEI-Fe-LPMSN 299 4.6, 9.2 0.3316 217.4 TMB Twenty-one-nucleotide 
(oligo) DNA

18 μg/mg [33]
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the release of guest molecules under the control of external 
stimuli such as certain chemicals, temperature, redox reac-
tions, and photo-irradiation or internal stimuli such as pH, 
redox, and enzymes [28].

The gatekeepers are opened only in the presence of spe-
cific internal or external stimuli, and “zero premature release” 
is achieved before reaching the targeted cancer cells, so that 
normal cells are not damaged. Various delivery strategies 
have been reported targeting cancer-specific stimuli, such as 
low pH, hypoxia, high H2O2, and glutathione (GSH) levels. 
In recent years, biomolecule-responsive nanosystems have 
attracted increasing attention as abundant extracellular 
enzymes (e.g., phospholipase A, hyaluronidase, lipase, and 
matrix metalloproteinase) which are highly expressed and 
active within the tumor microenvironment and could be uti-
lized as drug delivery stimuli with enhanced selectivity and 
sensitivity [36].

3.1  External Stimuli

3.1.1  Magnetic Field
The combination of MSNs with magnetic properties has 
enabled it to be used in areas such as magnetic targeting and 
magnetic resonance imaging (MRI). “Magnetofection” stud-
ies are carried out to increase the efficiency of DNA transfec-
tion by using magnetic MSNs applied under a magnetic 
field. Although intensive efforts have been made to develop 
magnetic LPMSNs for macromolecular drug delivery, there 
are still some critical limitations to their use. The production 
of magnetic LPMSNs generally consists of complex multi- 
stage processes, and particle sizes are often too large 
(>200  nm) for effective cellular uptake and lead to rapid 
excretion from the circulation. In addition, low saturation 
magnetization (<20  emu/g) occurs, often due to the low 
 loading efficiency of the magnetic component. Thus, there is 
a need for magnetic LPMSNs with small particle size, large 
open pores, high pore volume, high magnetization density, 
and controlled release properties for macromolecular drug 
delivery [16].

There are many studies showing that magnetic-guided 
conduction can effectively promote the enrichment of nano-
carriers in the tumor site. In a study by Li et al. (2018), meso-
porous silica-coated iron oxide-based nanoparticles were 
synthesized, and a peptide sensitive to the MMP-2 enzyme 
was covalently bound to the surface of nanoparticles to 
encapsulate doxorubicin (DOX) in the porous cavities 
(peptide- Fe3O4@MSNs/DOX) (Fig.  3). Peptide-Fe3O4@
MSNs/DOX were cultured with NIH/3T3 and HT1080 cells 
to test the specificity of normal cells and cancer cells. The 
cell viability after 24  hours was found still approximately 
80% in NIH/3T3 cells, while it was about 50% in HT-1080 
cells. In tumor-bearing mice, uptake of peptide-Fe3O4@

MSNs/DOX into tumor cells by passive targeting was found 
to be much lower than that treated with magnet. The in vivo 
peptide-Fe3O4@MSNs/DOX- and magnet-treated group was 
found to have the smallest tumor size, indicating successful 
suppression of tumor growth. This phenomenon has demon-
strated that magnetic-guided conduction can effectively pro-
mote the enrichment of nanocarriers in the tumor site [37]. 
Portilho et al. (2018) developed an intelligent delivery sys-
tem, based on trastuzumab-loaded radiolabeled magnetic 
core@shell MSNs for in  vivo breast cancer imaging and 
treatment. The results showed that nanoparticles were 
58.9 nm in size with a specific surface area of 872 m2/g, pore 
volume of 0.85  cm3/g, and a pore diameter of 3.15  nm. 
Entrapment efficiency of trastuzumab into the magnetic 
core@shell MSNs was found as 97.5%. Biodistribution stud-
ies showed systemic uptake of 7.5% and intralesional tumor 
uptake of 97.37%, whereas less than 3% were absorbed by 
healthy tissues. During a 6-hour post-injection period, a 
tumor-limited barrier was not crossed, which supported its 
use as intralesional nanodrug [38].

Magnetic MSNs have also been used for gene delivery to 
cancer cells. Xiong et al. (2016) developed a large-pore mag-
netic core@shell silica nanoparticle for small interfering 
RNA (siRNA) delivery. These nanoparticles were produced 
by coating superparamagnetic magnetite nanocrystal clus-
ters with radial large-pore mesoporous silica. To prepare 
large mesopores, hexane (an organic additive) was used as a 
pore expander. The amine-functionalized nanoparticles were 
found to have small particle sizes around 150 nm, large radial 
mesopores of 12 nm, and magnetization of 25 emu/g. Thus, 
these nanoparticles were found to have both siRNA loading 
capacity of 2% and strong magnetic response under an exter-
nal magnetic field. The tannic acid coating also increased the 
dispersion stability of the siRNA-loaded carrier and provided 
a pH-sensitive release. Using tannic acid-coated magnetic 
silica nanoparticles as the carrier, functional siRNA was suc-
cessfully delivered to the cytoplasm of human osteosarcoma 
cancer cells, and the delivery was significantly increased 
with the help of an external magnetic field [16]. In another 
study, Hartono et  al. (2014) reported the synthesis of 
LPMSNs loaded with iron oxide and covalently modified by 
polyethylenimine (PEI) as a carrier for gene delivery. The 
functionalized LPMSNs were found to have a particle size of 
300 nm and a large cavity size of 9.2 nm with an entrance 
size of 4.6 nm. The amount of oligo-DNA adsorbed by func-
tionalized LPMSNs was 18 μg/mg. Cellular uptake studies 
showed a 12% intensity increase under magnetic therapy 
when compared to the group without application of a mag-
netic field. The functionalized LPMSNs delivered siRNA- 
PLK1 effectively into osteosarcoma cancer cells resulting in 
a higher cell viability inhibition of 80%, compared to the 
50% reduction when the same siRNA dose was administered 
by a commercial product, oligofectamine [33].
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Albeit not primarily for delivery purposes, the surface of 
magnetic MSNs can be functionalized with aptamers for 
 targeting to cancer cells. Siminzar et  al. (2019) designed 
mucin-1 (MUC-1)-conjugated mesoporous silica magnetic 
nanoparticles for the targeted delivery of doxorubicin to 
breast cancer cells. Superparamagnetic iron oxide nanopar-
ticles (SPIONs) were synthesized using thermal decomposi-
tion technique and then coated with mesoporous silica to 
modify their biocompatibility and reduce undesired cyto-
toxic effects. Doxorubicin was then loaded into the silica 
porous structures, which was then grafted with 5′-amine- 
modified MUC-1 aptamers. Transmission electron micros-
copy and particle size analysis showed spherical and 
monodisperse nanoparticles with a size range of 5–27 nm. 
MUC-1-grafted SPIONs coated with mesoporous silica were 
applied to MUC-1-positive MCF-7 cells, resulting in higher 
cytotoxicity and higher uptake [39]. In another study, 
Sakhtianchi et  al. (2019) synthesized an aptamer- 
functionalized PEG-coated SPION/mesoporous silica core- 
shell nanoparticle for simultaneous cancer targeted therapy 
and magnetic resonance imaging. Doxorubicin was loaded 
into the MSNs, which were then coated with di-carboxylic 
acid-functionalized polyethylene glycol, and AS1411 aptam-
ers were covalently attached to MSNs. The synthesized 
nanoparticles were found to be 89 nm in size, and the doxo-
rubicin loading degree was 13.17%. The cytotoxicity assay 
demonstrated a significantly higher toxicity of decorated 
MSNs to MCF7 cells. Aptamer-decorated MSNs induced the 
highest signal intensity reduction in T2-weighted images 
during in vitro MRI assay [40].

3.1.2  Photodynamic Therapy
Photodynamic therapy (PDT) is a non-invasive and innova-
tive cancer therapy based on the photodynamic effect. In 
combination with light and molecular oxygen, photosensitiz-
ers, which are applied during PDT, produce reactive oxygen 
species (ROS) to destroy tumor tissues and cells. PDT exhib-

its spatiotemporal selectivity because ROS production occurs 
in the light-exposed region, and the resulting chemical pro-
cesses take place within about 50  nm of this location. In 
addition to this inherent selectivity, PDT has demonstrated 
the advantages of non-invasivity, having a relatively broad- 
spectrum anticancer effect, allowing repeated treatments 
without initiating resistance, and providing an immune 
response. Besides its advantages, the typical PDT approach 
suffers the drawback that patients must stay in the dark for a 
long time (usually 4–6  weeks) after treatment, so that the 
photosensitizers can be removed from the body. Otherwise, 
photosensitivity of the skin and damage to other tissues may 
occur [41].

Er et  al. (2018) synthesized MSNs targeted with cetux-
imab, a monoclonal antibody that targets the epidermal 
growth factor receptor (EGFR), and loaded with zinc(II) 
2 , 3 , 9 , 1 0 , 1 6 , 1 7 , 2 3 , 2 4 - o c t a ( t e r t - bu t y l p h e n o x y ) )
phthalocyaninato(2-)-N29,N30,N31,N32 (ZnPcOBP) 
against pancreatic cancer cells to determine the singlet oxy-
gen production, intracellular uptake, and PDT potential 
in vitro. Upon irradiation, concentration and light fluence- 
dependent decrease in cell viability was observed in pancre-
atic cell lines. The results in this study demonstrated that 
nanoparticles coated with PEG and cetuximab could be an 
efficient vehicle for delivery of the photosensitizer ZnPcOBP 
to tumoral pancreatic cells with targeted high EGFR expres-
sion [42]. Li et  al. (2019) developed a sequential protein- 
responsive activatable photosensitizer (PcC4-MSN-O1) based 
on zinc(II) phthalocyanine derivative (PcC4)-entrapped 
MSNs and a wrapping DNA (O1) as a biogate. First, MSNs 
with particle sizes of about 50 nm were synthesized because 
this size range is claimed to be preferred for tumor passive 
deposition through the EPR effect. Second, the MSNs were 
modified with APTES, resulting in positively charged sur-
faces. Finally, MSN-NH2 were loaded with PcC4 and then 
sealed with the negatively charged O1 to form a PcC4- 
MSN- O1 nanosystem. In this nanosystem, the loading of 
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Fig. 3 Schematic illustration of surface-functionalized magnetic MSNs for tumor site-specific delivery. (Reproduced from Li et al. [37])
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PcC4 was calculated as 77.6  nmol/mg MSN-NH2, and the 
adsorption amount of O1 was calculated as 0.3 μmol/g PcC4- 
MSN. The cytotoxicity of PcC4-MSN-O1 upon illumination 
with white light was tested. PcC4-MSN-O1 exhibited 
concentration- dependent phototoxicity against HeLa cells 
(telomerase overexpressed) but did not show significant pho-
totoxicity against normal cells (HEK-293) under the same 
conditions, indicating its selective effect on cancer cells. 
They also investigated the in  vivo PDT efficacy of PcC4- 
MSN- O1 on tumor-bearing mice, and compared with the 
control group (laser irradiation only), the group treated with 
PcC4-MSN-O1 exhibited significant deposition of formula-
tion in HeLa tumors and a significant inhibition in tumor 
growth in the presence laser irradiation [41].

In another study, Fang et  al. (2019) designed a hollow 
MSN gated with BSA integrated manganese dioxide 
nanoparticles (BSA-MnO2) for both chemotherapy and O2- 
induced photodynamic therapy. The BSA-MnO2 nanoparti-
cles were then attached to the surface of hollow mesoporous 
silica nanospheres (BMHDC) co-loaded with chemothera-
peutic drug doxorubicin and photosensitizer chloride e6 
(Ce6) by formation of disulfide bonds. BSA-MnO2 was used 
not only as a gatekeeper to prevent early release of drugs 
from hollow MSNs, but also as an oxygen generator to elimi-
nate tumor hypoxia. Furthermore, the BSA component has 
also been noted to increase the stealthiness of nanoparticles 
during blood circulation. Under acidic pH and GSH, decom-
position of MnO2 caused the gatekeeper to open and simulta-
neously release doxorubicin and Ce6 (Fig. 4). In addition, O2 
generation supported the kinetics of O2 production to 
improve PDT outcomes. The produced BMHDC nanoplat-
form was able to effectively limit human cervical carcinoma 
through synergistic PDT and chemotherapy demonstrated in 
both in vitro and in vivo experiments [43].

3.1.3  Ultrasound
The surface of the MSNs can be functionalized to control 
cargo release by ultrasound effect. Paris et al. (2019) demon-
strated the possibility of inducing gene transfection using 
ultrasound-responsive MSNs, without generating significant 
toxicity to the decidua-derived mesenchymal stem cells 
(DMSCs), by using a PEI coating. Ultrasound-responsive 
MSNs were obtained by grafting the polymeric gate poly-(2-
(2-methoxyethoxy) ethylmethacrylate-co-2- 
tetrahydropyranyl methacrylate) to MSNs. When exposed to 
ultrasound, the monomer tetrahydropyranyl methacrylate in 
the polymeric coating is converted into a much more hydro-
philic monomer (methacrylic acid). This change modifies the 
overall hydrophilicity of the system and induces a conforma-
tional change of the polymeric gate, thus exposing the 
nanoparticle pores to the environment and enabling cargo 
release (Fig. 5). This developed nonviral transfection agent 
was used to transfect DMSCs with an expression plasmid 
comprising two suicide genes consisting of the sequences for 

cytosine deaminase and uracil phosphoribosyltransferase, 
which provided them the capability of converting non-toxic 
5-fluorocytosine into toxic 5-fluorouridine monophosphate. 
It has been found that DMSCs transfected with suicide genes 
can induce cell death in co-cultured NMU cancer cells when 
exposed to non-toxic prodrug 5-fluorocytosine [44].

3.2  Internal Stimuli

3.2.1  Release Based on pH
One of the most commonly used stimulants in triggered drug 
release is pH. In cancer drug delivery, drug carriers coated 
with gatekeepers can prevent drug release in the blood-
stream, but when the nanoparticle reaches the tumor micro-
environment by EPR and/or enters the target cell via 
endocytosis, drug release from the nanocarriers is triggered 
either around the tumor where pH is lower than in healthy 
tissue or intracellularly. Because of the abundance of H+ in 
the endosomes, the pH in this cellular organ where nanopar-
ticles reside after endocytosis is estimated to be pH 5.0 and 
is lower than the cytosolic medium of the cell [45].

Many substances and polymers with different chemical 
structures have been utilized for pH-sensitive functionaliza-
tion of MSNs. In the study of Shen et  al. (2019), 
benzimidazole- functionalized MSN was prepared to provide 
pH-triggered release of doxorubicin. β-Cyclodextrin (β-CD) 
was used as a gatekeeper, and release of doxorubicin sensi-
tive to pH was confirmed by in  vitro release experiments 
[46]. Xiong et  al. (2016) developed a large-pore magnetic 
core@shell silica nanoparticle for siRNA delivery. The acid- 
liable surface coating of tannic acid was reported to act 
simultaneously as a pore capping agent for effective protec-
tion of siRNA and as a pH-sensitive switch for intracellular 
release of siRNA [16]. Zahiri et al. (2019) developed a new 
pH-responsive formulation in which polycarboxylic acid 
dextran was electrostatically adsorbed to the amine groups 
on the surface of doxorubicin-loaded dendritic MSNs. They 
claimed that under physiological condition (pH 7.4), the sil-
ica channels were coated and sealed by dextran polysaccha-
rides, but positively charged hydrogen ions in the citrate 
buffer (pH 5.4) interacted with carboxylate group of dextran 
and became protonated. Therefore, it has been noted that 
electrostatic interaction between surface amine groups and 
dextran carboxylate groups could be compromised by a com-
petitive binding with H+, resulting in the release of doxorubi-
cin [45]. Liu et al. (2019) introduced a biocompatible, simply 
structured, and tumor-acidic environmentally sensitive drug 
delivery system by using CaCO3 as a gatekeeper and cloak-
ing cancer cell membrane on MSNs. It was reported that the 
synthesized MSNs were monodisperse nanoparticles with a 
size of about 100 nm, and that the modification of the surface 
did not affect the morphology of the nanoparticles. Negligible 
early release at pH 7.4 and rapid release under tumor-acidic 

B. Küçüktürkmen and J. M. Rosenholm



107

medium were confirmed. Furthermore, doxorubicin-loaded 
CaCO3-capped MSNs showed a positive antitumor effect in 
the LNCaP-AI tumor model, evidenced by significant tumor 
growth delay, destruction of tumor cells, and reduced tumor 
cell proliferation [47]. Kuang et  al. (2019) prepared 
doxorubicin- loaded MSNs coated with ZnO, onto which 
poly-L-lysine (PLL) and 2,3-dimethylmaleic anhydride- 
functionalized PLL (PLL(DMA)) were subse-
quently adsorbed on the surface. The outer part of the carriers 
was negatively charged PLL(DMA), and due to the charge-
reversal property, the carriers were found to be difficult to 
uptake cellularly at pH 7.4, but were able to enter the HeLa 
cells more easily after accumulation in weakly acidic tumor 
tissues (pH  6.5), as the hydrolysis of β-carboxylic amide 
revealed the positive charged PLL. The lower pH in the can-

cer cell (4.5–6.5) caused the dissolution of the “cap” ZnO to 
release doxorubicin for cellular apoptosis [48].

3.2.2  Release Based on Glutathione
Recently, glutathione (GSH) has been widely exploited to 
develop a stimulus-sensitive system by breaking down the 
disulfide bond in the structures using the large concentra-
tion differences between extracellular (2–10 μM) and intra-
cellular (2–10  mM) conditions. Importantly, the GSH 
concentration in cancer cells was found to be several times 
higher than normal cells, and this could be utilized by differ-
ent drug delivery systems for selective cancer treatment [49]. 
Yang et  al. (2016) designed disulfide bond-bridged and 
large-pore MSNs for intracellular RNase A delivery. These 
disulfide bond-bridged MSNs exhibited a GSH-sensitive 
degradation behavior that exhibited a higher rate of degrada-
tion in cancer cells but a lower rate in normal cells [49]. Wu 
et  al. (2016) formulated a redox-sensitive gene release by 
decorating poly(β-amino esters) via a disulfide binder based 
on the large pore size of HMONs (hollow mesoporous 
organosilica nanoparticles). These redox-sensitive intelligent 
nanocarriers were used to co-deliver P-glycoproteins (P-gp) 
modulator siRNA and anticancer drug doxorubicin to reverse 
the multidrug resistance of breast cancer cells both in vitro 
and in vivo [18].

Fig. 5 Schematic representation of MSN before and after ultrasound 
treatment. (Reproduced from Paris et al. [44])

Fig. 4 Schematic representation of drug release from MSNs based on the photodynamic effect. (Reproduced from Fang et al. [43])
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Many studies have shown that GSH-sensitive release is 
combined with other stimulants to give MSN dual-sensitive 
properties. Shao et  al. (2018) developed oxidative/redox 
dual-responsive large-pore organosilica nanoparticles to 
deliver RNase A for cancer treatment. These diselenide- 
bridged MSNs were able to load cytotoxic RNase A into the 
internal pores of 8–10 nm by electrostatic interaction. RNase 
A-loaded MSNs exhibited oxidative/redox dual-responsive 
protein release behavior and improved in vitro and in vivo 
anticancer activity with low systemic toxicity [50]. In the 
study of Zhang et al. (2019), a functionalized dual-sensitive 
MSN formulation was prepared for both redox-responsive 
drug release and enzyme-responsive drug release (Fig.  6). 
Apoptotic peptide (KLAKLAK)2 was attached to the MSN 
surface by disulfide bonds and was expected to release by 
responding to GSH in tumor cells. Then they chose reductive 
agent dithiothreitol (DTT) as an alternative to GSH, to mimic 
reductive environment inside cells. The release rate of apop-
totic peptide from the MSN-SS-KLA with DTT was found to 
be significantly faster than that without DTT, and the drug 
release rate increased as DTT concentration increased. This 
is due to the cleavage of the disulfide bonds between KLA 
and MSN under reductive conditions. To investigate the 
effect of enzyme on drug release, BSA was used as the outer 
layer of the MSN-based drug carrier. Since trypsin is capable 
of degrading BSA, in vitro release experiments containing 
trypsin at different concentrations were performed. Drug 
release rate from the doxorubicin-loaded MSN-SS-KLA/
BSA was found to be significantly faster with trypsin than 
that without trypsin. Therefore, they concluded that a dual- 
sensitive drug delivery system (doxorubicin@MSN-SS- 
KLA/BSA) capable of achieving the expected off-on release 

behavior has great potential for antitumor application as 
smart carriers [51].

3.2.3  Release Based on Biomolecular 
Recognition

Recently, biomolecules such as antigen-antibody interaction, 
hybridization of single-stranded DNA, and enzymes have 
been used as gatekeepers to control drug release. The devel-
opment of enzyme-gated MSN makes it possible to prepare 
specific sequences that can provide fine selectivity in the 
design of advanced gatekeepers. The enzymes may act as a 
primary sensor to detect the presence of target compounds to 
be recognized as the INPUT signal and may further catalyze 
their conversion into a specific stimulus capable of “open-
ing” the gates. These enzymes can be used as binary systems 
as control elements and gate molecules or can be immobi-
lized as a control unit [52].

Agostini et al. (2012) prepared an ethylene glycol-capped 
hybrid material for the controlled release of molecules in the 
presence of esterase enzyme. The resulting organic-inorganic 
hybrid solid S1 was synthesized by a two-step procedure. In 
the first step, the pores of an inorganic MCM-41 support (in 
the form of nanoparticles) were loaded with the ruthenium 
complex, and then, in the second step, the pore outlets were 
functionalized with ester glycol moieties that acted as molec-
ular caps. In the absence of an enzyme, release of the com-
plex from aqueous S1 suspensions at pH 8.0 was inhibited 
due to the steric barrier imposed by the bulky ester glycol 
moieties. Upon addition of esterase enzyme, delivery of the 
ruthenium complex was observed due to enzymatic hydroly-
sis of the ester bond in the bounded ester glycol derivative 
which induced the release of oligo(ethylene glycol) frag-

Fig. 6 The cleavage of disulfide bonds by the highly concentrated GSH in the cytoplasm of tumor tissue leading to the release of chemotherapeu-
tics. (Reproduced from Zhang et al. [51])
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ments. Hydrolysis of the ester bond allowed the release of 
the entrapped cargo (Fig. 7). The S1 nanoparticles were not 
toxic for cells, as demonstrated by cell viability assays with 
HeLa and MCF-7 cell lines, and were found to be associated 
with lysosomes as demonstrated by confocal microscopy. 
However, cells treated with the cytotoxic drug 
 camptothecin- loaded S1 nanoparticles underwent cell death 
as a result of cellular internalization and subsequent cellular 
enzyme- mediated hydrolysis followed by opening of the 
molecular gate that induces the release of camptothecin [53].

Nanosystems responsive to tumor-specific enzymes are 
considered as a highly attractive approach for intracellular 
drug release in targeted cancer therapy. The most important 
point for successful chemo-responsive release is to select 
the appropriate combination of enzyme media and capping 
agent to trigger the drug release. In this context, Qiao et al. 
(2019) developed an enzyme-sensitive drug delivery system 
that targets the specific intracellular microenvironment in 
tumor tissues and releases loaded therapeutic agents only in 
the presence of indoleamine 2,3-dioxygenase 1 (IDO1) 
enzyme. MSNs were capped with tryptophan-mediated 
cucurbit[8]uril complex together with Fe3O4 to minimize 
the premature drug leakage to deliver the payload on demand 
in target tissue. The supramolecular interaction between 
tryptophan and cucurbit[8]uril is impaired in the presence of 
IDO1 enzymes which are overexpressed in various cancer 
cells and intracellular release of therapeutics exclusively in 
tumor cell. The MTT and FACS results confirmed that drug 
release is triggered only in the presence of the highly selec-
tive IDO1 enzyme and induces significant cytotoxicity 
against HepG2 cells as well as the superior antitumor effects 
in vivo [36]. In another study, Yu et al. (2018) constructed a 
Mg2+-dependent DNAzyme-functionalized hollow MSNs 
loading with anticancer drug doxorubicin. Mg2+-dependent 
DNAzyme on the surface of HMSNs nanopores acted as a 
gatekeeper locking the doxorubicin in the nanostructure of 
HMSNs and unlocking the nanopores of hollow MSNs to 

release doxorubicin when triggered by Mg2+ ions. These 
Mg2+ ions originated from the biodegradation of hollow 
MSNs that release Mg2+ ions in slightly acidic microenvi-
ronment of tumor tissues. In addition, the anticancer activity 
of chemotherapeutic drugs assisted by these biodegradable 
smart nanocarriers was increased. Tumor growth of Mg2+-
dependent DNAzyme- functionalized hollow MSNs-treated 
mice compared to control and free doxorubicin groups 
showed enhanced tumor growth inhibition efficiency, and 
tumor-suppressing effect of functional hollow MSNs loaded 
with anticancer drug doxorubicin could reach up to 68.75% 
[9]. Although different strategies have been developed to 
achieve chemo-responsive release, particularly in the tumor 
region, further studies are needed to understand biodistribu-
tion and bioaccumulation of these systems and reduce 
immunogenic responses.

4  Macromolecular Drug Delivery by 
MSNs for Cancer Diagnosis 
and Therapy

Cancer has been one of the leading causes of death world-
wide for decades. Traditional cancer chemotherapy is still 
a common treatment, but toxicity problems are inevitable 
due to the similarity between healthy human and cancer-
ous cells. Cancer is generally believed to be a special site 
with unique microenvironment with a low pH, high GSH 
concentration, hypoxia, and tumor-specific enzymes. 
Therefore, the design of therapeutic nanoplatforms with 
novel properties that can respond to specific characteristics 
of the tumor microenvironment has been considered a 
promising strategy to achieve the desired therapeutic effi-
cacy. In addition, nanoplatforms with flexible properties 
that can increase blood circulation time and their accumu-
lation in tumors are highly desirable, especially for cancer 
nanoproducts [43].

Fig. 7 Hydrolysis of the ester bond in the presence of a specific enzyme (esterase) and the release of the entrapped cargo. (Reproduced from 
Agostini et al. [53])
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4.1  Peptide/Protein Delivery

Intracellular protein delivery allows biomedical applications 
such as cancer therapy, vaccination, and administration of 
enzyme-based therapeutics. However, therapeutic proteins 
are susceptible to high and low pH environments or proteoly-
sis and denaturation, limiting their activity in the body [27, 
54]. Therefore, there is a need for novel delivery systems 
capable of delivering therapeutic proteins to the site of action 
while maintaining their stability. In this context, the use of 
MSNs for intracellular protein delivery has many advan-
tages. The large pore volumes of MSNs (>1 cm3/g) allow for 
loading a measurable amount of protein into the particles. 
The chemically and mechanically stable inorganic oxide 
framework of MSNs protects protein molecules from expo-
sure to proteases and denaturation chemicals. In many appli-
cations, such as cancer therapy and immunotherapy, protein 
therapeutics need to function within cells; however, bare pro-
tein cannot automatically cross cell membranes [55]. MSNs 
have been found to be advantageous not only for the entry of 
proteins into cells but also for their release into the cyto-
plasm [28].

There are many studies investigating the use of therapeu-
tic proteins in cancer imaging and therapy through MSNs. 
Xu et al. (2019) prepared arginine-glycine-aspartic acid-N- 
ɛacryllysine (RGD-Acrk)-conjugated MSNs as potential 
fluorescence imaging nanoprobes of breast cancer tissues 
in  vivo. RGD peptides are known to selectively bind to 
αVβ3/αVβ5 integrin proteins overexpressed on the surface 
of breast cancer cells. In vitro confocal and fluorescent imag-
ing showed that these nanoprobes have good binding affinity 
for the surfaces of breast cancer cells (4T1), resulting in the 
internalization and accumulation in the cytoplasm of 4T1 
cells. RGD-Acrk-conjugated MSN nanoprobe was applied 
in vivo to detect tumors of breast cancer mice. It has been 
noted that these nanoprobes are non-toxic, targeted fluores-
cent probes that selectively accumulate in cancer cells and 
tissues for early detection and monitoring of tumor growth 
in vivo [55]. MSNs with large pores and different geometries 
have been tested for higher loading of peptides/proteins and 
increased uptake and cytotoxicity of cancer cells. Rahmani 
et  al. (2019) synthesized LPMSNs and hollow MSNs and 
loaded pepstatin A into both formulations, with a loading 
efficiency of 32% and 18%, respectively. TEB was used as 
pore-expanding agent in these formulations. Although 
LPMSNs have higher loading capacity, pepstatin A-loaded 
LPMSNs lead to 20% cell death in MCF-7 breast cancer 
cells, while approximately 60% cell death is observed in hol-
low MSNs. It has been suggested that this may be due to the 
release of pepstatin A in cancer cells prior to endocytosis and 
the binding of pepstatin A to HOSNP with a stronger interac-
tion [20]. In another study, a new type of MSNs featuring a 
cuboidal-like geometry and large pores (10 ± 1 nm) was syn-

thesized by Yang et al. (2017). The maximum cytochrome-c 
loading capacity of these cuboidal MSNs was determined to 
be 470  μg/mg MSNs. To increase the colloidal stability, 
MSNs/cytC were decorated with a fusogenic lipid bilayer, 
and the hydrodynamic diameter observed by dynamic light 
scattering of the nanoparticles was found to be 230 nm. The 
lipid bilayer acted as a physical barrier and reduced the early 
release of cytC, thereby retaining the protein better in MSNs. 
The delivery and bioactivity of cytC using lipid bilayer- 
coated MSNs resulted in 55% of apoptosis after 48 hours, 
due to increased uptake and release of cytC into the cytosol 
of the HeLa cells [27]. Gu et al. (2013) synthesized monodis-
persed MSNs using cationic surfactants as templating agents, 
neutral amine of N,N-dimethylhexadecylamine as a pore 
size mediator, and triblock copolymer of F127 as a particle 
growth inhibitor/dispersant. The obtained MSNs exhibited a 
highly ordered mesostructure and tunable pore diameter up 
to 4.6 nm and monodispersed particle sizes less than 150 nm. 
A model protein, cytC, was loaded (230 mg/g) in the resul-
tant MSNs. To demonstrate their potential as a protein deliv-
ery vehicle, the uptake of the cytC-MSNs by HeLa cancer 
cells was investigated, and it was determined that MSNs 
were efficiently internalized into cancer cells and could 
escape from endosomes [17].

It is important to evaluate the pore width and particle size 
together for the efficient uptake of macromolecules by the 
cells. Slowing et  al. (2007) synthesized a MCM-41-type 
MSN with a large pore diameter by adding a pore-expander 
TMB to a CTAB-templated synthesis. The BJH method 
yielded two pore size distributions centered on 5.4 nm (major 
peak) and 14.5 nm (minor). Two different particle size distri-
butions (265 and 933 nm) were measured by dynamic light 
scattering. The cytochrome-c-encapsulated MSNs were 
internalized by living human cervical cancer cells (HeLa), 
and the protein could be released into the cytoplasm. The 
uptake of MSNs observed in this study was found lower than 
previously observed for MSNs with the smaller pore size. 
This difference in uptake efficiency was mainly attributed to 
the difference in particle size, since the smaller-pore MSNs 
have an average size around 150  nm, whereas the pore- 
enlarged MSNs are larger than that [28]. This is the first 
known example of intracellular protein delivery by MSNs.

A unique advantage of MSNs is the nanoparticle mor-
phology with two independent surfaces (Fig. 1). MSNs have 
an inner pore surface and an outer surface that can not only 
serve for different critical functions in the biomacromolecu-
lar delivery process (see Fig. 8) but can also be selectively 
and independently functionalized. Thus, chemical and bio-
logical material can be applied together using these surfaces 
of MSN. For example, Zhang et al. (2019) designed multi-
functional MSNs for sub-cellular co-delivery of drug and 
therapeutic peptide to tumor cells. Firstly, a kind of cell 
apoptosis peptide (KLAKLAK)2 (KLA) was anchored on the 
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MSN surface to help the MSN drug carrier escape from 
endosome after being internalized by tumor cells and release 
the loaded drug in the cytoplasm. The anticancer drug doxo-
rubicin hydrochloride was then loaded into the pores of 
MSNs. Then, the drug-loaded MSNs were coated with BSA 
to achieve a biologically stable MSN-based drug delivery 
system for cancer synergetic therapy and were able to keep 
well dispersed in serum for more than 24 hours. After accu-
mulating by EPR effect in the tumor site, the KLA peptide- 
anchored doxorubicin-loaded BSA-coated MSNs were able 
to be effectively phagocytosed by HeLa cells and release 
apoptotic peptide KLA with doxorubicin, which simultane-
ously respond to reductive stimulus inside the cells. In vitro 
results showed that the resulting MSN formulation exhibited 
better inhibition on HeLa cells compared to pure doxorubi-
cin; this demonstrated the success of co-delivery of KLA and 
doxorubicin to achieve synergetic cancer therapy [51]. In the 
study of Xu et  al. (2018), hydroxyl-, amine-, thiol-, and 
carboxyl- functionalized MSNs loaded with Bcl-2-converting 
peptide were synthesized by different surface functionalities 
to treat multidrug-resistant cancer cells. The resulting large- 

pore (8–10 nm) MSNs having a small particle size of 174–
207  nm exhibited a high Bcl-2-converting peptide loading 
efficiency of over 40%, especially in those modified with the 
thiol group. In addition, the amine-modified surface of MSNs 
has been shown to have a greater effect on the cell apoptosis- 
inducing effects of peptide compared to others [6]. Tambe 
et  al. (2018) synthesized PEG and triptorelin ligand- 
conjugated MSNs and characterized them for targeted drug 
delivery to GnRH-overexpressing cancer cells. Internalization 
studies showed higher uptake and significant cytotoxicity of 
doxorubicin-loaded targeted MSNs as compared to 
doxorubicin- loaded bare MSNs in breast (MCF-7) and pros-
tate (LNCaP) cancer cell lines [56]. Bhattacharyya et  al. 
(2012) synthesized poly(ethylene glycol) (PEG)-coated 
MSNs with an average particle size of 120 nm containing 
trypsin inhibitor (TI), a model protein molecule for growth 
factors. The pore size of the MSNs was expanded by a hydro-
thermal treatment prior to TI incorporation. 16% loading of 
TI was achieved for pore-expanded MSNs. In the PEG- 
coated MSNs, zero-order release was achieved for 4 weeks 
[57].

Fig. 8 Illustration of how the inner and outer MSN surfaces can be of benefit during the delivery process considering two different routes of 
administration (IV/parenteral and oral/enteral). (Reproduced with permission © 2019 Virginia E. Fulford)
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As mentioned in the studies above, MSNs allow various 
modifications to suitably protect the protein structure against 
physiological conditions. However, although MSN pores are 
enlarged so that proteins can be loaded, for larger proteins, 
there is still a size limit. Only small proteins can be loaded 
successfully because larger ones will not fit in the pores. In 
this respect, the development of MSN’s properties for pro-
tein delivery is an area that needs to be improved.

4.2  Gene Delivery

Gene therapy is a promising strategy to treat cancer and other 
diseases. However, the transfer of a desired gene into host 
cell nucleus to treat genetic disorders is a complex process 
with various limitations. Successful gene delivery requires 
an efficient system to deliver genes to specific cells because 
naked nucleic acids alone can be rapidly degraded by endog-
enous nucleases and can be difficult to penetrate through cell 
membranes. Therefore, an effective gene delivery vector 
should be able to load a sufficient number of genes, provide 
a protective environment, and effectively penetrate into cells. 
In addition, the preparation for an ideal gene carrier should 
be easy, and the carrier system should not be toxic [5].

4.2.1  pDNA Delivery
MSNs usually have a relatively small 2–3 nm pore size that 
is not applicable for gene loading and delivery. However, it 
has been reported that MSNs with pores larger than 5.4 nm 
are favorable for the absorption of DNA (2000 bp) into the 
internal pores [58]. The benefit of using LPMSNs as a DNA 
carrier is to achieve high DNA loading and to provide 
enhanced protection of DNA against DNase degradation. 
However, the successful application of LPMSNs for delivery 
of nucleic acid-based drugs requires surface modification of 
the silica to produce enough binding affinity for the nega-
tively charged nucleic acids. A variety of techniques have 
been applied to introduce positively charged functional 
groups in silica materials, either through noncovalent inter-
actions or by covalent bonding. Amino silanes and polyca-
tion polymers have been widely used as chemical agents for 
modifying silica surfaces [29]. However, there is still a need 
to develop a simple synthetic methodology for producing 
MSNs with large pore sizes and ultrasmall particle sizes for 
intranuclear gene delivery as well as high biocompatibility 
and transfection efficiency [32].

Numerous studies have been conducted for cancer ther-
apy by introducing genes through MSNs. Niu et al. (2014) 
developed monodispersed LPMSNs with ordered, accessi-
ble, and interconnected pore channels and smaller particle 
dimensions by employing common polystyrene-b- 
poly(acrylic acid) as pore template and CTAB as structure- 
stabilizing agent. By controlling the amount of CTAB added, 

LPMSNs with different mesostructures (hexagonal, cubic, 
and lamellar) were synthesized. In addition, the morphology 
of the MSNs varied from large-pore MSNs to hollow MSNs 
using block copolymers having shorter or longer PAA 
lengths as pore templates. The well-defined and monodis-
perse nanospheres with a hydrodynamic diameter of 293 nm 
and mesopore diameter of ∼16.7 nm were produced. Finally, 
to assess the loading capacity of amino-functionalized 
LPMSNs, the plasmid-encoding VEGF short hairpin RNA 
(pDNA) was selected as model gene. The loading amount of 
the pDNA was found to be 26.7 μg/mg. The transfection effi-
ciency of pDNA-loaded LPMSNs into human hepatocarci-
noma cell line (SMMC-7721 cells) and in vivo tumor gene 
therapy in SMMC-7721 tumor-bearing mice were also inves-
tigated. Compared to the control group, the VEGF mRNA 
level was downregulated in cells treated with pDNA-loaded 
amine-modified LPMSNs, which showed remarkable down-
regulation ability in targeting the VEGF gene. The pDNA- 
loaded amine-modified LPMSN-treated mice significantly 
reduced tumor volumes by 47% in 21 days, as compared to 
the control group. It has been concluded that amine-modified 
LPMSNs could act as effective plasmid carriers to knock-
down VEGF both in vitro and in vivo and demonstrate their 
potential for application in future cancer treatment [11]. In 
another study, Chang et al. (2019) developed MSNs that can 
deliver a Sleeping Beauty system to permanently integrate 
the asparaginase gene into the genome of human lung adeno-
carcinoma cells. The Sleeping Beauty (SB) transposon sys-
tem is a nonviral vector that mediates the stable integration 
of therapeutic transgenes into the genomes of treated cells 
and provides sustained expression over a long period of time. 
Two vectors, the transfer vector pSB-ASNase and the 
Sleeping Beauty vector SB100, were co-delivered by the 
PEI-absorbed MSNs into the human lung adenocarcinoma 
cells. The intracellular asparaginase expression led to the cell 
cytotoxicity for PC9 and A549 cells. In addition, the combi-
nation of the chemotherapy and the asparaginase gene ther-
apy enhanced the cell cytotoxicity of PC9 and A549 cells. 
The cisplatin treatment alone resulted in 48% cell death of 
PC9, while co-treatment of the cisplatin and MPT increased 
the death rate to 69%. Similarly, the doxorubicin treatment 
alone caused only 22% of A549 cell death, while the doxoru-
bicin and MPT co-treatment increased the cell death to 63% 
[59].

Gene loading and transfection efficiency were increased 
by surface modification of LPMSNs with positively charged 
functional groups, and genes were protected against enzy-
matic destruction. Zhan et al. (2017) prepared hollow MSNs 
with large pore size (~10 nm) and functionalized with less 
toxic 1.8 kD PEI. The maximum loading capacity of green 
fluorescent protein labeled DNA in the NPs was 37.98 mg/g, 
an indication that both hollow and large pores contributed to 
the increase in DNA adsorption. PEI-HMSNs doubled 
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 transfection of loaded GFP-DNA plasmid compared to 25 
kD PEI confirmed by confocal microscopy [5]. Wu et  al. 
(2015) synthesized mesoporous organosilica nanoparticles 
(MONs) with micelle/precursor co-templating assembly 
strategy. Synthesized MONs possessed large nanopores 
(6.2 nm) and ultrasmall particle sizes (50.75 nm), a large sur-
face area, and a high pore volume. In addition, the unique 
large mesopores and ultrasmall particle sizes of the MONs 
have been successfully used for high-throughput intranuclear 
gene transfer after the stepwise surface conjugations with 
PEI and TAT pDNA. The loading amount of TAT pDNA was 
found to be 66.67 μg/mg and two times higher than MSN 
(33.3 μg/mg). The nuclear targeting gene delivery nanoplat-
form TAT pDNA-loaded MONs improved protection for 
loaded genes and enhanced transfection efficiencies of plas-
mids and was found superior to traditional MSNs of small 
pore sizes [32]. In another study, Gao et al. (2009) reported 
LPMSNs with 150 nm in size and uniform pores with the 
large pore entrance size (17.2  nm) and cavity diameter 
(20.5 nm) by a low- temperature (10 °C) synthetic method in 
the presence of a dual surfactant system. Pluronic F127 used 
as supramolecular template and co-assembled with hydro-
lyzed silica species to develop a partially ordered mesophase 
with face-centered cubic symmetry, a fluorocarbon surfac-
tant with high surface activity (FC-4) surrounded the silica 
particles through interactions and limited their growth. 
Furthermore, functionalization of these LPMSNs with ami-
nopropyl groups allowed adsorption of pDNA and protected 
it from enzymatic cleavage [30].

4.2.2  Aptamers for Targeted Delivery of MSNs
Aptamers are synthetic single-stranded oligonucleotides and 
have a three-dimensional structure that specifically recog-
nizes and binds to target molecules with high affinity. They 
are desirable candidates for systemic administration and 
treatment because of their excellent molecular recognition 
capability, high specificity to target molecules, and lower 
immunogenicity compared to peptides and antibodies [45, 
60]. Nejabat et  al. (2018) fabricated nucleolin-targeted 
hybrid nanostructure based on hollow MSNs. The surface of 
doxorubicin-encapsulated hollow MSNs was coated with 
acetylated carboxymethyl cellulose and then covalently con-
jugated to the AS1411 aptamer for targeted delivery to nucle-
olin overexpressed cancerous cells. The size and shell 
thickness of surface-modified hollow MSNs were measured 
as 150 nm and 30 nm, respectively. AS1411 aptamer showed 
significant enhancement in cellular uptake and cytotoxicity 
to MCF-7 and C26 cells in vitro compared to non-targeted 
doxorubicin nanoparticles and free doxorubicin and specifi-
cally targeted nucleolin-overexpressing MCF-7 and C26 
cells. Furthermore, the in  vivo tumor inhibitory effect of 
AS1411 aptamer-conjugated formulation also confirmed the 
efficiency in inhibiting tumor growth and improving the sur-

vival rate in comparison with non-targeted and free 
doxorubicin- treated mice [60]. Zahiri et  al. (2019) synthe-
sized doxorubicin-loaded dextran-capped MSNs and 
attached an RNA aptamer against a cancer stem cell marker 
CD133 covalently to the carboxyl groups of dextran (Fig. 9). 
The in  vitro evaluation of cellular uptake and cytotoxicity 
demonstrated that the produced nanosystem specifically tar-
gets colorectal cancer cells (HT29) [45].

Multifunctional MSNs can combine different materials 
on a functionalized platform. Since the targeting parts can be 
easily attached to the MSN surface, intelligent designs can 
be made. Shen et  al. (2019) fabricated a HApt aptamer- 
functionalized pH-sensitive β-CD-capped doxorubicin- 
loaded MSN (MSN-BM/CD-HApt@DOX) with 218.2  nm 
in size for targeted delivery and selective targeting of HER2- 
positive breast cancer. MSN functionalized with 1-methyl- 
1H-benzimidazole was used to load and obtain pH 
stimuli-responsive release of the doxorubicin. β-CD exhib-
ited stable hydrophobic interactions with 1-methyl-1H- 
benzimidazole at physiological pH (7.4), thus introduced as 
a gatekeeper for encapsulated doxorubicin. HApt was a 

Fig. 9 Conjugation of CD133-RNA aptamer to the surface of MSNs 
and specific transportation of encapsulated anticancer drug to CD133- 
overexpressing cancer cells. (Reproduced from Zahiri et al. [45])

Mesoporous Silica Nanoparticles as Carriers for Biomolecules in Cancer Therapy



114

selective HER2-targeting moiety and biotherapeutic agent, 
and the β-CD-SH was then functionalized with HApt-SH by 
disulfide bonding. MSN-BM/CD-HApt@DOX underwent 
HER2-mediated endocytosis and was found to be more 
cytotoxic to HER2-positive SKBR3 cells than HER2-
negative MCF7 cells. MSN-BM/CD-HApt@DOX also 
exhibited better uptake and stronger growth inhibition in 
SKBR3 cells than the control MSN-BM/CDNCApt@DOX 
functionalized with a scrambled nucleotide sequence on 
CD. Overall, intracellular delivery of doxorubicin and bio-
therapeutic agent HApt resulted in synergistic cytotoxic 
effects in HER2- positive cancer cells compared to doxorubi-
cin or HApt alone [46].

4.2.3  siRNA Delivery
By inhibiting the expression of targeted genes, small inter-
fering RNAs (siRNAs) are considered as promising thera-
peutics for the treatment of cancer and genetic disorders. 
However, the use of siRNA as a therapeutic agent is restricted 
by its poor cellular uptake and short half-life [61]. MSNs 
have received increasing attention to overcome degradation 
of siRNA by RNases and to improve intracellular uptake 
delivery. Hartono et  al. (2012) synthesized LPMSNs less 
than 200 nm in size and functionalized with PLL consisting 
of cage-like pores organized in a cubic mesostructure. 
LPMSNs were synthesized by a combination of a dual sur-
factant system, that is, a combination of triblock copolymer 
(F127) acting as the cubic pore structure directing agent and 
a fluorocarbon surfactant (FC-4) to control particle growth. It 
is noted that the usage of low temperature increases the pen-
etration of the swelling agent TMB into the hydrophobic 
core of micelles during synthesis, which ultimately results in 
an extra enlargement of the pore size. The cavity size of 
LPMSNs was obtained as 27.9 nm, with an entrance size of 
13.4 nm. A significant increase of the nanoparticle binding 
capacity for oligo-DNAs (57 μg/mg) was observed with par-
ticle modification by PLL, and functionalized nanoparticles 
showed a strong ability to deliver oligo-DNA-Cy3 to HeLa 
cells. Consequently, PLL-functionalized nanoparticles 
exhibited a strong ability to deliver oligo-DNA-Cy3 (a model 
for siRNA) to HeLa cells. The system has also been tested to 
deliver functional siRNAs against minibrain-related kinase 
(Mirk) and polo-like kinase 1 (PLK1) in osteosarcoma can-
cer (KHOS) cells, and the cellular viability of osteosarcoma 
cancer cells was significantly reduced [29].

Recent research has shown that MSN-based gene therapy 
can be combined with chemotherapy to overcome drug resis-
tance and explore potential therapeutic benefits for the treat-
ment of many complex diseases. Zhang et  al. (2019) 
developed a hybrid MSN using a layer-by-layer assembly 
method. Hybrid MSNs were coated with hyaluronic acid 
(HA), and both disulfide bonds and HA coating of hybrid 
MSNs facilitated controlled drug release in the tumor micro-

environment. Hybrid MSN-HA nanoparticles with negative 
surface charge were grafted with PEI to increase cellular 
uptake and gene loading efficiency. In vitro release studies 
indicated that hybrid MSN/HA/PEI can prevent doxorubicin 
leakage before reaching tumor tissues and is sensitive to 
intracellular stimuli of hyaluronidase and GSH. Furthermore, 
the PEI-grafted nanovector showed high siBcl-2 binding 
efficacy and effectively protected siBcl-2 against enzymatic 
degradation. Additionally, siBcl-2 and doxorubicin co- 
loaded hybrid MSNs exhibited the greater growth inhibition 
against MCF-7 cells compared to single doxorubicin or 
siBcl-2 showing the synergistic treatment effect of gene and 
chemical drug on breast cancer [7]. Wang et al. (2018) devel-
oped the MSN formulation containing MDR1-siRNA to 
block MDR1 expression, as well as being able to transport 
doxorubicin to cancer cells without the effect of multidrug 
resistance. They modified the surface of MSNs with cationic 
polymer PEI to obtain positive charge on the surface that 
would enable them to carry MDR1-siRNA and doxorubicin. 
Transfection efficacy experiments have shown that modified 
MSNs are efficiently transfected into doxorubicin-resistant 
(KBV) cells of human oral squamous carcinoma in  vitro. 
KBV cells transfected with MSNs were able to effectively 
reduce gene expression of MDR1 (~70% increase after 
72 hours of treatment) and induce apoptosis of KBV cells 
in vitro (24.27% after 48 hours of treatment). MSNs dramati-
cally reduced tumor size (81.64% reduction after 28  days 
post-treatment) and significantly slowed tumor growth rate 
compared to the in vivo control group [62]. Wu et al. (2016) 
used a selective bond breakage strategy based on the differ-
ence in stability for the fabrication of large-pore (24  nm) 
HMONs. The basis of this strategy was found to be the 
expansion of the pore size in the shell as a result of the selec-
tive degradation of the weak Si-C bonds due to the difference 
in chemical bond stability within the framework where the 
Si-C bond was significantly weaker than the Si-O bond. 
Subsequently, these mesopores formed larger pores by con-
tinuously fusing or merging with each other with the break-
age of more Si-C bonds by increasing the hydrothermal 
temperature (160 °C). A redox-responsive gene release was 
provided by functionalization with poly(β-amino esters) via 
a disulfide linker. These functionalized nanocarriers were 
further used to co-deliver P-gp modulator siRNA (high RNA 
loading up to 200  μg/mg) and doxorubicin to reverse the 
MDR of breast cancer cells. The P-gp expression on  MCF-7/
ADR membrane was remarkably downregulated by the 
developed formulation. The introduction of siRNA signifi-
cantly increased the doxorubicin concentration in MCF-7/
ADR cancer cells, further confirmed by cell apoptosis and 
cell cycle change analyses. Antitumor effect was evaluated in 
mice bearing MCF-7/ADR tumor xenograft. The tumor vol-
ume of the free doxorubicin-treated group was 45.12% of the 
control group at the end of experiments. Comparatively, the 
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doxorubicin-loaded functionalized HMON group exhibited 
improved tumor growth inhibitory effect, resulting in a 
72.2% reduction in tumor volume. In the functionalized 
HMON group where siRNA and doxorubicin were loaded 
together, the highest antitumor activity was obtained, with a 
tumor volume only 7.61% of the control group [18].

Pan et al. (2018) synthesized an ultra-thin ZIF-8 film for 
pore blockage on the MSN surface and fabricated a pH- 
responsive drug delivery system below 100 nm for efficient 
delivering siRNAs and therapeutic drugs (Fig. 10). The dual 
delivery of siRNAs and drugs using the ZIF-8-coated MSNs 
was demonstrated by electrostatic adsorption of Bcl-2 siRNA 
(98.11%) at the positively charged ZIF-8 film and loading of 
doxorubicin (59.73%) into the pores. It is noted that the 
ZIF-8 film can convert the charge of MSN-COOH from neg-
ative to positive for efficient loading of siRNA through elec-
trostatic interactions and protect siRNA from nuclease 
degradation. The pH sensitivity of ZIF-8-coated MSNs was 
confirmed by release studies and TEM. In addition, the ZIF-8 
film was reported to dissociate in the acidic endolysosome 
and induce the intracellular release of siRNA and doxorubi-
cin, leading to a significantly enhanced chemotherapeutic 
efficacy for multidrug-resistant cancer cells including 
MCF-7/ADR and SKOV-3/ADR [63].

4.2.4  MicroRNA Delivery
MicroRNAs (miRNAs) are a class of small endogenous non-
coding RNAs of 18–25 nucleotides in length that functions 
in RNA silencing and gene expression at the post- 
transcriptional level. Aberrant expressions of miRNAs have 
been shown to be associated with tumor onset, progression, 
and metastasis. Unlike siRNAs with one specific target 
mRNA, miRNAs can achieve gene-silencing effect by regu-

lating multiple mRNAs, making them effective tools for the 
treatment of complex multigenic diseases such as cancers. 
Restoring miRNA function by mimicking miRNA and inhib-
iting the function of a miRNA with antisense miRNA oligo-
nucleotides (anti-miRs) are the two main strategies of 
modulating miRNA activity [64]. Li et  al. (2018) reported 
MSNs loaded with anti-miR-155 and modified with polydo-
pamine and AS1411 aptamer (modified MSNs) for the tar-
geted treatment of colorectal cancer. Modified MSNs 
significantly inhibited the expression of miR-155 and NF-κB 
(P65) in SW480 cells. Due to the high selectivity, modified 
MSNs effectively inhibited tumor growth in SW480 tumor 
xenograft nude mice compared to the saline control group. 
The developed modified MSN formulation was also exam-
ined to overcome 5-FU resistance occurring in ~90% of 
patients with colorectal cancer. Combined treatment of free 
5-FU and modified MSNs exhibited higher cytotoxicity on 
SW480 and SW480/ADR cells, indicating that modified 
MSNs successfully increased the sensitivity of SW480 cells 
to 5-FU. The researchers also evaluated combined antitumor 
therapy in nude mice with SW480 tumor xenograft. 
Antitumor therapy of free 5-FU and modified MSNs could 
inhibit tumor growth more effectively than free 5-FU [64].

The surface of MSNs is generally functionalized with 
positive groups to increase the loading of microRNAs and 
then coated with polymers to increase miRNA stability. In 
the study of Hu et  al. (2019), anti-miR21 and resveratrol- 
loaded HA-conjugated MSNs with 155  nm hydrodynamic 
size were developed to enhance therapeutic efficacy in gas-
tric carcinoma. They modified the MSN surface with PEI to 
load anti-miR21. Since the presence of a protective coating 
is believed to increase the stability of charged anti-miR21 
and can target cancer tissues, the surface was conjugated 

Fig. 10 Schematic view of a pH-sensitive drug delivery system for effective delivery of siRNAs and chemotherapeutics. (Reproduced from Pan 
et al. [63])
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with HA, which specifically targets receptors in the tumor 
and potentially enhances cellular internalization. Confocal 
laser scanning microscopy and flow cytometry analysis con-
firmed higher cellular internalization of HA-conjugated 
MSNs. In vitro cytotoxicity and apoptosis assays confirmed 
the superior anticancer effect of the functionalized formula-
tion and synergistic effects of anti-miR21 and resveratrol in 
gastric cancer cells with apoptosis and cell necrosis mecha-
nisms. A threefold higher tumor regression effect compared 
to treatment with free resveratrol and a double tumor regres-
sion effect compared to MSNs without HA conjugation were 
achieved with HA-conjugated MSNs [65]. Yang et al. (2019) 
designed oxaliplatin- and miRNA-204-5p-loaded PEI-based 
MSNs with surface conjugated with HA. In addition to the 
tumor-suppressing effect of miR-204-5p, the anticancer 
effect of oxaliplatin was aimed to increase synergistically. 
The oxaliplatin loaded in the pores of the MSN and presence 
of PEI allowed the loading of miRNA. The final particle size 
was 138.4 nm with a narrow size distribution. Presence of 
surface-bound HA promoted the selective targeting of its 
native ligand, CD44 receptors, on the colon cancer cells. The 
target specificity of functionalized formulation was exam-
ined in HT-29 cells, and improved cellular internalization 
was observed compared to that of untargeted nanoparticles. 
Oxaliplatin- and miRNA-204-5p-loaded PEI-based MSNs 
with surface conjugated with HA exhibited a higher cell 
cytotoxicity than the other formulations, indicating that 
internalization by CD44 receptor-mediated endocytosis was 
effective. Furthermore, this formulation caused a marked 
inhibition of tumor growth [66]. Wang et  al. (2018) fabri-
cated doxorubicin-loaded MSNs, conjugated miR-31 onto it, 
and coated it with PEI/HA.  The doxorubicin and miR-31 
loading were found to be 6.35  μg/mg and 8.6  nmol/mg, 
respectively, and drug release was triggered by acidic tumor 
environment. Co-delivery of miR-31 with doxorubicin 
within this formulation inhibited the growth of HeLa cells 
more efficiently than administration of miR-31 or doxorubi-
cin alone [67].

5  MSNs for Cancer Immunotherapy

Cancer immunotherapy is currently one of the most promis-
ing strategies for cancer treatment. It stimulates the immune 
system to increase the effectiveness of cancer therapy. 
Consequently, both tumor recurrence and metastasis can be 
prevented. Recent studies have focused on the use of meso-
porous silica-based adjuvants due to their excellent proper-
ties such as large surface areas, adjustable pore size, various 
morphologies, easy adjustment of surface properties, and 
good biocompatibility. However, there are some limitations 
in the use of MSN-based adjuvants for antitumor immunity. 
For example, when preparing MSNs with large mesopores to 

load antigens of larger molecular structure, the particle size 
also increases and may enter the micron size range. A com-
parison of antigen-loaded particles of both nanoscaled and 
micron sizes (17 μm, 7 μm, 1 μm, and 300 nm diameter) has 
shown that the smaller-sized particles were more readily 
taken up by bone marrow-derived dendritic cells and conse-
quently also more efficient at stimulating antigen-specific 
effector immune responses in  vivo [68]. Subunit vaccines 
aiming at induction of cellular (type I) immunity (e.g., can-
cer vaccines) should thus benefit from encapsulating the 
antigen in nanoparticles, which consistently outperform mic-
roparticles at inducing cytotoxic T cells [69]. In the study of 
Mathaes et  al. (2015), the nanoparticle adjuvant vaccine 
delivery vehicles displayed a stronger DC activation than the 
corresponding microparticle counterparts [70]. Furthermore, 
their therapeutic efficacy as an immunoadjuvant is not satis-
factory. Therefore, there is still a need to develop a useful 
and multifunctional MSN adjuvant to overcome obstacles 
[71].

Recent studies showed that mesoporous silica materials 
having different particle sizes, pore structures, and surface 
functionalities can modulate T cell activation and proinflam-
matory cytokine production. Xie et  al. (2017) developed a 
monodisperse and stable large-pore hollow MSN formula-
tion for administration of two melanoma-derived antigenic 
peptides, HGP100 and TRP2, with different hydrophobici-
ties. The loading efficiencies of the peptides were found as 
88% and 20.6%, respectively, by adsorption of the hydro-
philic HGP100 peptide after the modification of the hollow 
core of MSNs with NH2 and hydrophobic TRP2 peptide after 
COOH modification in porous channels. Hollow MSNs 
loaded with HGP100 and TRP2 were further encapsulated 
with liposomes containing the monophosphoryl lipid A 
(MPLA) adjuvant to improve the stability and biocompati-
bility of hollow MSNs. This strategy also prevented the leak-
age of loaded peptides through lipid coating and enhanced 
antitumor immune responses with the aid of MPLA.  The 
developed hollow MSNs encapsulated HGP100 (in the hol-
low core) and TRP2 (in the porous channels) together with 
MPLA-loaded liposomes (on the outer surface of MSNs) 
stimulated dendritic cells efficiently, resulting in maturation 
of dendritic cells and secretion of TNF-α, IFN-γ, IL-12, and 
IL-4. Active CD8+ and CD4+ T lymphocytes which secreted 
IFN-γ in local lymph nodes were also significantly increased 
in vivo. In addition, this formulation led to the inhibition of 
tumor growth in both B16-F10 prophylactic and lung metas-
tasis models, and the delivery system was thought to have 
great potential for both preventive and therapeutic cancer 
vaccination [31]. Lee et al. (2019) reported a click reaction- 
assisted immune cell targeting (CRAIT) strategy that uses 
inflammatory CD11b+ cells as active carriers to deliver 
doxorubicin- loaded MSNs to the less vascularized regions of 
the tumor. For rapid and catalyst-free reaction in vivo, they 
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used tetrazine/trans-cyclooctene (TCO) cycloaddition to 
selectively target doxorubicin-loaded MSNs to CD11b+ cells 
in blood circulation and tumor microenvironment. Primary 
administration of TCO-modified CD11b+ antibodies allowed 
Tz-functionalized MSNs (MSNs-Tz) to be subsequently 
conjugated onto CD11b+ cells. Real-time intravital imaging 
of 4T1 tumor-bearing mice showed that CD11b+ cells tagged 
with MSNs-Tz are highly mobile, crawling and rolling in 
tumor vasculatures. CD11b+ cell-mediated delivery showed 
more uniform distribution and deeper tumor penetration of 
MSNs-Tz than a conventional passive targeting strategy. In 
the avascular regions of the tumor, MSNs-Tz delivered by 
the CRAIT strategy showed two times more accumulation 
than the nanoparticles transported by the EPR effect. 
Furthermore, doxorubicin delivery rapidly reduced the tumor 
burden in an aggressive 4T1 breast cancer model without 
systemic toxicities [72].

Ding et  al. (2018) produced large-pore mesoporous 
silica- coated upconversion nanoparticles (UCMSs) below 
100  nm and evaluated its use as an immunoadjuvant. 
Merocyanine 540 (MC540) as photosensitizer, chicken 
OVA as model antigen, and CT26 tumor cell fragment (TF) 
as tumor antigen were loaded to UCMSs and successfully 
used in colon cancer tumor-bearing BALB/c mice for in vivo 
vaccine delivery. The prepared MC540- and OVA-loaded 
UCMSs showed the best synergistic immunopotentiation 
effect under near-infrared irradiation at 980  nm. MC540- 
and TF-loaded UCMS nanovaccine was able to inhibit 
tumor growth more effectively compared to PDT or immu-

nological therapy alone [73]. In another study, Cha et  al. 
(2018) demonstrated the use of amine-modified XL-MSNs 
as a cancer vaccine through the delivery of OVA (a model 
antigenic protein) and CpG oligonucleotide (toll-like recep-
tor 9 (TLR9) agonist). After culture of bone marrow-derived 
dendritic cells (BMDCs) with antigen and TLR9 agonist-
loaded XL-MSNs, the antigen protein and TLR9 agonist 
were successfully taken up to the cytosol. This led to an 
increased maturation and antigen presentation of the DCs 
and increased secretion of proinflammatory cytokines. In 
the in vivo study, effective targeting to lymph nodes, stimu-
lation of adapted immune responses including antigen-spe-
cific cytotoxic T cells, suppression of tumor growth after 
vaccination, and prevention of tumor growth after substan-
tial vaccination of cancer cells into vaccinated mice due to a 
significant generation memory T cells were observed 
(Fig. 11) [22]. These results showed that MSNs for cancer 
immunotherapy increase the efficacy and clinical potential 
of immunotherapy as immunoadjuvant.

6  Conclusions and Future Perspectives

The development of various syntheses for LPMSNs has 
enabled these to be successfully used as delivery vehicles for 
biomacromolecules. The ceramic silica framework provides 
efficient protection from the outside environment, providing 
shelter and stability to the fragile and sensitive biomolecules. 
The robust inorganic structure further provides ample oppor-

Lymph node targeting and
delivery to dendritic cells

XL-MSNs loaded
with OVA and CpG

Tumor growth suppression
OVA-specific

cytotoxic T lymphocyte

Antigen presenting
mature dendritic cells

Naïve CD8+ T cell

Fig. 11 Schematic illustration of the overall vaccination process using XL-MSNs loaded with antigen and TLR9 agonist for suppressing tumor 
growth. (Reproduced from Cha et al. [22])
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tunities for the design of stimuli-responsive drug delivery 
systems, especially via the gatekeeping approach. Tuning of 
the surface chemistry of the carrier can ensure maximized 
affinity between biomolecular cargo and carrier upon load-
ing. Consequently, numerous examples have been show-
cased for in vitro and in vivo delivery of biomacromolecules 
with the aid of (LP)MSNs as delivery systems.

Recently, there have been many studies aimed at increas-
ing the pore size in order to load higher amounts of biomac-
romolecules into MSNs. However, expanding the pore size 
of MSNs for loading biomacromolecules also causes an 
increase in the MSN size, which hampers the uptake of the 
final carrier system by cells. Therefore, it is important to con-
sider the pore size and particle size in parallel. In addition, 
pore sizes slightly larger than the biomacromolecular size 
are useful for not limiting the diffusion of the biomolecules 
to the active sites of mesoporous channels, increasing the 
amount of loading and enhancing immobilization.

The ability of MSNs to carry multiple bioactive molecules 
together holds great potential particularly in cancer therapy, 
to produce a synergistic effect to enhance therapeutic effi-
cacy. Co-delivery of chemotherapeutic agents and biomole-
cules by MSNs with targeting function can increase the 
cancer cell accumulation and create synergisms in cancer 
treatment. Despite the proven efficacy of MSNs in numerous 
preclinical studies, as with any promising nanopharmaceuti-
cal, more efforts are needed for their clinical translation.
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Clearable Nanoparticles for Cancer 
Photothermal Therapy

Jun Zhao, Xin Long, and Min Zhou

Abstract

Nanoparticles are important mediators for cancer photo-
thermal therapy (PTT) where they can efficiently convert 
photon energy into heat and ablate the surrounding cancer 
cells with superior spatial and temporal precision. Recent 
decades have witnessed a booming development of 
numerous formulations of PTT nanoparticles that exhibit 
outstanding anti-tumor efficacy in preclinical studies. 
However, their clinical translation has been mined by 
safety concerns, especially their long-term impact on 
human body. Biodegradable nanoparticles that can be 
excreted after PTT, therefore, are gaining popularity due 
to their biocompatibility and improved safety profiles. 
This chapter provides an update on the progress in clear-
able PTT nanoparticles for cancer treatment. We discuss 
their design, synthesis strategy, and physicochemical 
properties relevant to photothermal performance. We also 
review their biodistribution patterns and in  vivo anti- 
tumor efficacy, along with their degradation mechanism 
and clearance kinetics. Lastly, we present a brief over-
view of the imaging techniques to noninvasively monitor 
the degradation of PTT nanoparticles.

Keywords

Clearable nanoparticles · Cancer treatment · 
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1  Introduction

Photothermal therapy (PTT) is an emerging technique with 
growing popularity in cancer treatment [1]. As a localized ther-
apy, PTT can deliver a specific amount of photon energy to 
tumor mass with superior temporal and spatial resolution and 
thereby minimize the toxic side effects that are common for con-
ventional cancer therapies [2]. Recent studies also revealed that 
localized PTT can elicit an abscopal anti-tumor immune reaction 
to reject distant tumor metastases and therefore have further 
expanded the horizon for PTT application [3]. Near-infrared 
(NIR) laser is the most widely used light source for PTT. However, 
the lack of tissue absorption to NIR laser greatly limits the effi-
ciency of photo-to-thermal energy conversion. The non-specific 
laser absorption by tumor and non-tumor tissues may also cause 
potential thermal damage to the healthy surrounding tissues. To 
overcome such limitations, NIR-absorbing nanoparticles with 
tumor- homing capabilities are developed to exert a tumor-spe-
cific PTT [4]. A plethora of PTT nanoparticles have been pre-
pared and evaluated in the past decades, including those based on 
carbon (C) [5], gold (Au) [6], and copper (Cu) [7].

Although PTT nanoparticles have exhibited impressive 
anti-tumor efficacy in preclinical animal studies and yielded 
numerous publications including those in highly prestigious 
journals, none of them has so far received approval for treat-
ing cancer patients [8, 9]. Such a dramatic discrepancy has 
cast a gloomy doubt on the feasibility of clinical translation 
for not only the PTT nanoparticles but also nanomedicine in 
general [10]. The foremost concern for the clinical usage of 
any nanoparticles lies in their safety profile, including acute 
and long-term toxicities. While extensive studies have shown 
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that the acute toxicities can be mitigated through a careful 
design of the chemical composition of nanoparticles, the 
long-term fate of nanoparticles in human body remains 
poorly understood [11]. Indeed, most PTT nanoparticles are 
composed of transition metal elements that are not naturally 
existing in human body, and their continual deposition in 
normal organs can be hazardous to the already-ailing cancer 
patients. For example, the deposition of non-degradable 
nanoparticles in human body is known to cause mesotheli-
oma [12].

Nanoparticles are excreted via two main routes: renal or 
hepatobiliary route [13]. Nanoparticles with a hydrodynamic 
diameter below 6  nm are rapidly via kidney into urine, 
because their size is below the filtration threshold of glomer-
ular membrane [14]. The renal clearance of nanoparticles is 
desirable due to the rapidity of this process. The hepatobili-
ary route of non-degradable nanoparticles, on the other hand, 
is much slower. Gad et al. [15] reported that approximately 
85% of injected silica@gold nanoshells was still entrapped 
in the liver and spleen at 28  days after injection. The 
nanoshells were not cleared even at 400 days after injection. 
In this regard, recent research has shifted toward the design-
ing of PTT nanoparticles that can be excreted fairly quickly 
after PTT. In this chapter, we provide an up-to-date review of 
this category of nanoparticles, focusing on their synthesis, 
degradation mechanism, photothermal conversion, biodistri-
bution, and anti-tumor efficacy.

2  Two Important Characteristics of PTT 
Nanoparticles

The extinction coefficient (α) measures how strongly a laser 
at a certain wavelength (λ) is absorbed by the dispersion of 
PTT nanoparticles, usually at the unit mass density. It can be 
calculated using the Lambert-Beer Law:

 A L Cλ α( ) = × ×  

where A(λ) is the absorbance at the wavelength λ, L is the 
path length (in unit of cm), and C is the concentration of 
nanoparticles (g·L−1). The value of α can then be derived 
from the slope of the linear fit of A(λ) against C.

The photothermal conversion efficiency (η) measures 
the capability of PTT nanoparticles to convert photon 
energy into thermal energy [16]. The value of η can be 
calculated from the time-dependent heating and cooling 
process of a nanoparticle dispersion. In a typical experi-
ment, the  dispersion at a certain particle concentration is 
first equilibrated at the environmental temperature (Ten) 
and irradiated with the laser until the dispersion reaches 
its maximum temperature (Tmax). The laser is then shut off 
to allow the dispersion to cool down by itself, during 

which period the dispersion temperature (Tt) and its cor-
responding time elapsed from the start of cooling (t) are 
recorded.

A dimensionless driving force temperature (θ) is expressed 
as:
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The time elapsed (t) is then plotted against the negative 
natural logarithm of θ using the following equation:

 t = −τ θs ln  

where the time constant (τs) can be derived from the slope of 
linear fit of t against −ln(θ).

The value of photothermal conversion efficiency (η) is 
calculated as:
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where h and A are the coefficient of heat transfer and the 
surface area of the contained, I is the power density of the 
laser, A is the absorbance of the nanoparticle dispersion for 
the laser source, and QDis is the heat dissipated due to laser 
being absorbed by the container. The product of h and A can 
be calculated using a simplified formula:
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where m and Cp is the mass and heat capacity of the solvent. 
The Cp value for water is 4.2  J·g−1. QDis can be measured 
independently using a sample container with pure water in a 
similar laser-heating and cooling experiment as follows:
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3  Enzymatically Degradable 
Nanoparticles

Carbon-based nanomaterials, including graphene oxide 
(GO) and reduced graphene oxide (rGO), are useful tools for 
applications such as biosensors, drug delivery, cellular imag-
ing, and PTT due to their tunable properties. Graphene oxide 
(GO) sheets consisted of several layers of hexagonal or hon-
eycomb lattice of carbon atoms. While the exact structure of 
GO sheets is still under debate, one theoretical model pro-
poses that GO consisted of sp2 basal planes with scattered sp3 
domains, where tertiary alcohols, epoxy functional groups 
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are attached. The edge of GO is decorated with carboxylic 
acid, keto, and five- or six-membered lactol groups [17]. As 
a result, GO can absorb NIR light due to the delocalized 
electron orbitals. The abundant surface functionality groups 
on GO allow further modification of biocompatible poly-
mers to increase their stability in physiological conditions 
and alleviate their toxicities. However, the highly oxidized 
form of GO restricts its efficiency of photothermal conver-
sion; therefore, higher doses of GO as well as higher laser 
power are required to achieve a satisfactory photothermal 
therapy [18].

Some recent studies have explored doping GO sheets with 
other NIR-absorbing nanoparticles, such as copper sulfide 
(CuS) [19] and iron oxide [20], to improve the photothermal 
conversion. A more popular method, however, is to restore 
the network of π electron of GO by synthesizing reduced 
graphene oxide (RGO). Robinson et  al. [21] first broke 
down micrometric GO sheets by sonicating in the presence 
of amine-terminated poly(ethylene glycol) (PEG-NH2) to 
form 20-nm-sized nano-GO sheets and then reduced them 
with hydrazine at 80  °C.  A dramatic color change from 
yellow to black indicated the restoration of the π electron 
network [22], and the reduction was further confirmed by 
the decrease in oxygen content via Auger spectroscopy. The 
resultant nano- RGO was further stabilized with amphiphilic 
C18- poly(maleamide-alt-1-octadecene)-block-PEG to pre-
vent aggregation. Compared with nano-GO, the nano-RGO 
exhibited 6.8-fold higher absorbance for 808-nm laser. When 
both dispersions at 20 mg·L−1 was irradiated with the 808- 
nm laser at 0.6 W·cm−2, 30 °C of temperature elevation was 
observed for nano-RGO, while that of nano-GO was merely 
10 °C. Similar results were also reported by Hashemi et al. 
[23] to confirm the improvement of RGO in photothermal 
conversion.

Yan et  al. [24] prepared folic acid-functionalized PEG- 
coated nano-RGO to conduct PTT in combination with 
immunotherapy via indoleamine-2,3-dioxygenase (IDO) 
inhibition [25] and programmed cell death ligand 1 (PD-L1) 
blockade [26]. The formed RGO-PEG-FA nanosheets were 
about 200 nm in size and 8 nm in thickness. Fluorescence 
tracking revealed a specific accumulation of RGO-PEG-FA 
in CT-26 murine colon cancer xenograft as compared to the 
non-targeting RGO-PEG. At 12 h after intravenous injection 
of 0.2-mg RGO-PEG-FA per mouse, photothermal therapy 
with 808-nm laser at 1 W·cm−2 for 8 min heated the tumor to 
over 53 °C, causing an immunogenic cell death that activated 
dendritic cells and subsequently induced a potent anti-tumor 
immune response with the help of IDO inhibition and PD-L1 
blockade. While the primary tumor was completely 
 suppressed for 16 days after the treatment, an abscopal effect 
was also observed, where the increased infiltration by T lym-
phocytes and natural killer (NK) cells significantly sup-
pressed the growth of distant tumor.

Peroxidase-mediated degradation in the presence of 
hydrogen peroxide is the main route of degradation for 
carbon- based nanomaterials, including GO and RGO [27]. 
For example, horseradish peroxidase contains a single proto-
porphyrin IX heme group at a ferric (Fe3+) oxidation state 
when inactive. Hydrogen peroxide binds to the ferric center 
and then is converted to oxywater complex through the His 
42 and Arg 38 residues [28] to form Compound I, which is 
composed of a ferryl oxo iron (Fe4+ = O) and a porphyrin π 
cation radical. At a redox potential as high as 950  mV, 
Compound I can oxidize the epoxy groups of GO into car-
bonyl groups, subsequently causing the breakage of C-C 
bonds and disintegration of the GO nanoparticles into even 
smaller graphene quantum dots [29]. The enzymatic degra-
dation requires a close proximity between the GO surface 
and the catalytic center of peroxidase. Indeed, minimal deg-
radation was observed when the GO surface was coated with 
PEG that hinders enzyme docking [30]. The type of peroxi-
dase seems to impact the toxicity of degradation products. 
While the degradation products by myeloperoxidase are gen-
erally nontoxic, those by horseradish peroxidase are able to 
cause DNA damage [31]. In addition, carbon-based materi-
als can also be degraded by hydrogen peroxide in the pres-
ence of ferrous salt via the Fenton reactions [32].

The clearance of GO or RGO nanoparticles is mediated 
by the phagocytosis via macrophages or giant cells [33]. 
Yang et al. [18] studied the body clearance of PEGylated GO 
nanosheets with a size range of 10–50  nm. While GO 
nanosheets were initially deposited in reticuloendothelial 
system (RES) organs such as the liver and spleen, a gradual 
clearance was observed after 3–15 days, and there was no 
residual GO nanosheets at 3 months after injection [34].

4  Degradation by Oxidation

Chen et  al. [35] prepared ultrasmall vanadium disulfide 
(VS2) nanodots that can be degraded by oxidation. The 
nanodots were synthesized by sonicating VS2 nanosheets 
in the presence of 1,2-dioleoyl-sn-glycero-3-phosphate 
(DOPA). As the phosphate group of DOPA formed coor-
dinate bonds with the V4+ cations, the interaction between 
V4+ and S2− anions was weakened, causing the dissemina-
tion of nanosheets into the ultrasmall nanodots of 2 nm in 
size. Once formed, the nanodots were encapsulated in situ by 
the DOPA molecules and self-assembled into liposome-like 
structures of about 35 nm in size. PEGylation was then per-
formed to further improve their stability under physiologi-
cal conditions. The semi-conductivity of VS2 nanosheets, 
with a band gap of 0.77  eV, was preserved in the VS2@
lipid-PEG formulation. As a result, VS2@lipid-PEG exhib-
ited a strong absorbance to NIR laser with a photothermal 
conversion efficiency of 31.5%. No deterioration of heating 
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capacity was observed after five laser-on/off cycles, indicat-
ing a satisfactory laser stability of VS2@lipid-PEG. Similar 
to other transition metal dichalcogenide nanoparticles, VS2 
nanosheets were radiolabeled with 99mTc4+ in the absence of 
chelators with a radiolabeling efficiency of 78.5 ± 2.7%. The 
ensuing biodistribution study in the 4T1 murine breast can-
cer xenograft model showed that the tumor uptake of VS2@
lipid-PEG was 5.1  ±  1.2%ID·g−1 (percentage of injected 
dose per gram of tissue) at 24 h after intravenous injection. 
PTT at 24 h after intravenous injection of VS2@lipid-PEG 
at a dose of 20 mg·kg−1 using 808-nm laser at 0.6 W·cm−2 
heated the tumor over 58  °C and completely suppressed 
tumor growth for up to 14  days. The degradation of VS2 
nanodots was mediated by oxygen dissolved in the medium. 
Exposure of the nanodots dispersion to open air for 30 days 
significantly reduced the optical absorbance, while nitrogen 
protection prevented this reduction. X-ray photoelectron 
spectroscopy (XPS) confirmed that the V3+/V4+ cations in the 
VS2 nanodots were oxidized into water-soluble V5+ species. 
Accordingly, VS2@lipid-PEG was gradually cleared from 
body after injection. The vanadium concentration in the liver 
and spleen was only 1.2  ±  0.3%ID/g and 2.9  ±  0.8%ID/g 
at 30  days post-injection, respectively. In comparison, the 
liver and spleen uptake of vanadium were as high as 37% 
ID/g and 20% ID/g, respectively, at 24 h post-injection. In 
the meanwhile, the level of vanadium in feces gradually 
increased, suggesting that the excretion was mainly through 
the hepatobiliary route.

Zhang et  al. [36] prepared PEGylated tungsten nitride 
(WN) nanoparticles that can also be degraded via oxidation. 
The WN nanoparticles were originally designed as the pho-
tocatalyst for water splitting, exhibiting strong absorbance in 
the NIR region. They were synthesized via a two-step route 
[37]. First, ammonium tungstate and hydrochloric acid were 
mixed and dried to form the intermediate H2WO4. Then 
H2WO4 was heated at 600 °C in a gaseous ammonia atmo-
sphere to yield the black WN nanoparticles. PEG-thiol 
(PEG-SH) and 11-mercaptoundecanoic acid-conjugated 
(2-hydroxypropyl)-β-cyclodextrin (MUA-CD) were added 
to coat the nanoparticles via W-S bond in a deoxygenated 
solution. Chemotherapy drug doxorubicin was successfully 
loaded into the MUA-CD layer at a weight ratio of 9.8%. The 
resultant nanoparticles were 156 nm in hydrodynamic size 
with a strong absorbance across the UV to NIR region and a 
photothermal conversion efficiency of 33%. They remained 
stable after five cycles of 10-min laser irradiation and 10-min 
cooling. PTT at 8 h after intravenous injection of PEG-WN- 
DOX nanoparticles at a dose of 0.6 mg·kg−1 using 808-nm 
laser at 1.5  W·cm−2 for 4  min heated the CT-26 tumor to 
about 52 °C. The combination of doxorubicin chemotherapy 
and PTT suppressed the tumor growth for 12 days, causing 
substantial necrosis and apoptosis inside the tumor. After 
30 days of exposure to open air, the dispersion of PEG-WN 

nanoparticles exhibited a steady decrease in NIR absorbance, 
along with a color shift from black to light blue. Transmission 
electron microscopy (TEM) also revealed that no particles 
were present after 30 days. Accordingly, inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) confirmed 
that 22% of injected dose (%ID) and 12%ID were excreted 
via feces and urine, respectively, on the first day of nanopar-
ticle administration. More than 80%ID was already excreted 
within 1 week.

5  Degradation by H2O2

Hydrogen peroxide (H2O2), superoxide anion (O2
−), and 

hydroxyl radicals (·OH) all belong to the family of reactive 
oxygen species (ROS) whose levels are elevated in almost all 
cancer types [38]. While mostly produced by mitochondria, 
NADPH oxidase (NOX) complexed in cell membrane, per-
oxisome, and endoplasmic reticulum, the overproduction of 
ROS is associated with several important oncogenic pro-
cesses including neoplastic transformation, abnormal growth 
and proliferation, and resistance to apoptosis [39]. The intra-
tumoral concentration of H2O2 can reach as high as 
1  ×  10−3  M, making it a viable regulator for nanoparticle 
degradation.

Cupric oxide (Cu2O) is a p-type semiconductor with 
strong absorbance for lasers with a wavelength above 
600  nm. Coating Cu2O shell onto noble metal cores is a 
viable method to prepare novel plasmonic nanoparticles for 
PTT [40]. Tai et al. [41] prepared Cu@Cu2O nanoparticles 
by first reducing CuCl2 with hydrazine in the presence of an 
amphiphilic polymer poly(styrene-alt-maleic acid) (PSMA). 
The as-formed Cu-PSMA nanoparticles were then partially 
oxidized by a brief heating in deionized water with exposure 
to open air to produce the Cu2O coating. The resultant Cu@
Cu2O@PSMA nanoparticles were 50  ±  8  nm in hydrody-
namic diameter with a spherical Cu/Cu2O core of 18 ± 6 nm 
in diameter. The Cu2O coating caused a red shift of the sur-
face plasmon resonance (SPR) peak from a narrow 580 nm of 
Cu-alone nanoparticles to a broad band spanning from 570 to 
800 nm. The PTT efficacy of Cu@Cu2O@PSMA was exam-
ined ex vivo by irradiating a 50-ppm dispersion with 660-nm 
laser at 0.61 W·cm−2. A temperature increase of 28 °C was 
observed in 10 min. The degradation of Cu@Cu2O@PSMA 
was induced by H2O2: 30% of the Cu core was degraded in 
1 h by 0.3 mM H2O2, while 90% of the Cu core was degraded 
in 1 h once the H2O2 concentration increased to 3 mM. X-ray 
absorption spectroscopy (XAS) revealed that 15 μg of cop-
per was excreted daily via urine after intravenous injection 
of Cu@Cu2O@PSMA at a dose of 20 mg·kg−1. Interestingly, 
the Cu2O protected the copper from a rapid degradation and 
subsequently mitigated the acute cytotoxicity of Cu2+ ions. It 
is known that the  cytotoxicity of Cu-based nanoparticles is 
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caused by the generation of intracellular ROS [42] as well as 
the release of DNA- damaging Cu2+ ions [43]. Such a protec-
tion effect was further confirmed in vivo as 75% of the mice 
injected with 20-mg·kg−1 Cu-PSMA died of toxicity, while 
all the mice injected with 20-mg·kg−1 Cu@Cu2O@PSMA 
survived.

Miao et al. [44] prepared PEGylated rhenium (Re) nano-
clusters for PTT that can degrade into renal clearable ReO4

− 
ions. Re is a transition metal with a high atomic number 
(Z  =  75). Its radioactive isotope188Re has been evaluated 
for positron emission tomography (PET) or radiotherapy in 
clinical trials [45]. Notably, the 50% lethal dose (LD50) of 
ReO4

− is 2800 mg/kg, underscoring the biocompatibility of 
this compound. The Re nanoclusters were synthesized by 
reducing ammonium perrhenate (NH4ReO4) with NaBH4 in 
the presence of PEG-SH. The resultant nanoclusters were 
irregular spherical particles of about 1–2  nm in diameter 
by TEM and about 7.6 nm in hydrodynamic diameter. With 
a mass extinction coefficient of 2.6 L·g−1·cm−1 for 808-nm 
laser, the nanoclusters exhibited a photothermal conversion 
coefficient of 33.0% and withstood five laser-on/off cycles 
without much loss in the heating capacity. Pharmacokinetics 
study showed a half-life of blood circulation at 2.62  h, 
indicating a fast blood elimination. Biodistribution study 
revealed that the liver and spleen are the two major sites 
for nanocluster deposition. At 6–24  h after intravenously 
injection, the uptake values were about 25%ID/g for the 
liver and 15%ID/g for the spleen, respectively. PTT was 
performed after intratumoral injection of 50-μg Re nano-
clusters using 808-nm laser at 1 W·cm−2 for 10 min, which 
completely suppressed the 4T1 tumor xenograft for up to 
16 days. The degradation was tested in buffers containing 
H2O2. After incubation with 0.25% to 1% H2O2 for 24 h, the 
nanocluster structures were completely dissolved as indi-
cated by TEM images.

The oxidation process was postulated to be a two-step 
reaction. First, the Re nanoclusters were partially oxidized 
into rhenium oxides (ReOx) by the oxygen dissolved in the 
dispersion, while the nanocluster structure was maintained. 
Once H2O2 was added to the system, however, ReOx was fur-
ther oxidized into water-soluble perrhenate (ReO4

−) that is 
nontoxic and renal clearable. The tendency toward oxidation 
also limited the storage stability of Re nanoclusters. In this 
regard, vitamin C was added to the dispersion to prevent oxi-
dation by dissolved oxygen. Storage at −20  °C also pre-
vented the premature degradation of the nanoclusters.

Tang et  al. [46] prepared hydrangea-structured manga-
nese dioxide (MnO2) nanoparticles for PTT. The nanoparti-
cles were synthesized by reducing potassium permanganate 
(KMnO4) with formamide in water. Doxorubicin and aza- 
BODIPY, a photosensitizer, were then adsorbed to the sur-
face of nanoparticles, which was followed by coating with 
poly(vinyl pyrrolidinone) (PVP) for surface stabilization. 

The resultant nanoparticles were about 54 nm in hydrody-
namic diameter with a large surface area (117 m2·g−1) and 
pores of about 34  nm in diameter. The presence of aza- 
BODIPY provided the nanoparticles with a strong absor-
bance at 853 nm. PTT was conducted in an HCT-116 human 
colon cancer xenograft model at 6 h after intravenous injec-
tion of the nanoparticles at a dose of 2 mg·kg−1 using a xenon 
lamp at 20 mW·cm−2 for 1 min. There was a moderate eleva-
tion of temperature at the tumor site for about 
10 °C. Nevertheless, the combination of chemotherapy, PTT, 
and photodynamic therapy still managed to eradicate the 
tumor after 4 weeks. The nanoparticles degraded rapidly in 
the presence of 100 μM H2O2: 50% of nanoparticles degraded 
after 1 h of incubation at pH 7.4, while acidic environment 
(pH 6.5) further accelerated the degradation. The degrada-
tion was accompanied by production of singlet oxygen (1O2) 
as well as the release of oxygen, which is favorable for the 
photodynamic efficacy.

Tian et  al. [47] prepared poly(dopamine) melanin 
nanoparticles as a biodegradable PTT agent. The polymeric 
nanoparticles were synthesized via self-polymerization of 
dopamine hydrochloride in a mixture of ethanol, water, and 
ammonium. A bromodomain and extra-terminal inhibitor, 
JQ1, was encapsulated in situ to downregulate the expression 
of programmed cell death ligand 1 (PD-L1). The resultant 
nanoparticles (PDMN-JQ1) were uniform spheres of 
148 ± 3.2 nm in hydrodynamic diameter. The degradation of 
nanoparticles was evaluated in a buffer with 10 mM H2O2, 
leading to a decrease of UV-Vis absorbance by 80% over 
14  days. The dispersion of PDMN-JQ1 at 100  μg/mL in 
water was irradiated with 808-nm laser at 1  W·cm−2 for 
300  s, leading to a temperature increase for about 
25 °C. Similar photothermal effect was observed after four 
on-off cycles (300  s on, 400  s off). Notably, intratumoral 
injection of PDMN-JQ1 followed by photothermal therapy 
exerted immune-stimulatory effect in the 4T1 model. In both 
peripheral blood and tumor, the frequency of CD3+, CD4+, 
and CD8+ T cells increased by more than twofold compared 
to the PBS control, which was accompanied by the release of 
TNF-α, IFN-γ, and IL-12 in serum. Memory T cell popula-
tions were also higher in the PDMN-JQ1 + laser group. As a 
result, the photothermal therapy by PDMN-JQ1 successfully 
suppressed the growth of 4T1 tumor for 30 days after treat-
ment started.

6  Degradation by Reduction

Liu et  al. [48] prepared two-dimensional ultrathin manga-
nese dioxide (MnO2) using a chemical exfoliation method 
[49] and modified the nanosheet surface with soybean 
phospholipid to provide dispersion stability under physio-
logical conditions. The resultant nanosheets maintained the 
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 crystalline framework of bulk MnO2 particles, with an aver-
age diameter around 295.0 nm and a thickness of 2 nm. The 
nanosheets absorbed 808-nm laser with an extinction coef-
ficient of 5.0 Lg−1 cm−1, with a moderate photothermal con-
version efficiency of 21.4%. The photothermal stability was 
confirmed, and four cycles of laser irradiation (1.5 W·cm−2) 
successfully heated the nanosheet dispersion within 40 min 
without significant deterioration of heating capacity. PTT 
was performed in 4T1 tumor model at 4 h after intravenous 
injection of 60 μg MnO2 nanosheets using 808-nm laser at 
1.5  W·cm−2 for 5  min, and the tumor region experienced 
a temperature elevation from 37  °C to 57  °C.  Complete 
tumor regression was achieved without recurrence up to 
18  days after PTT.  The degradation of MnO2 nanosheets 
was induced in mildly acidic condition (pH 5.0) and reduc-
ing environment (GSH 5.0 mM) to mimic the tumor micro-
environment, where the nanosheet structure completely 
disintegrated within 3  min. Notably, degradation also 
enhanced the nanosheets’ contrast for T1-MR imaging due 
to the release of paramagnetic Mn2+ ions. The r1 relaxivity 
was 0.89 mM−1·s−1 at neutral condition and then increased 
to 5.45 mM−1·s−1 at pH 5.0 and 4.81 mM−1·s−1 in the pres-
ence of 5.0 mM GSH. T1-MRI scan of tumor-bearing mice 
also showed a rapid increase of T1 signal at the tumor region 
within 4 h of nanosheet injection, which then continued to 
grow until 24 h after injection.

Ascorbic acid is derived from the deficiency of 
L-gulonolactone oxidase and therefore is not present in living 
system under normal conditions [50]. Several groups have 
explored using ascorbic acid to artificially control the degrada-
tion of PTT nanoparticles. Liu et al. [51] prepared manganese 
oxide (Mn3O4) capped with bovine serum albumin (BSA) and 
ethylenediaminetetraacetic acid (EDTA). Hydrophobic oley-
lamine-coated Mn3O4 was first synthesized by hydrothermal 
treatment of Mn(NO3)2 and oleylamine at 160 °C for 24 h. 
The hydrophobic ligand oleylamine was removed by mixing 
with nitrosyl tetrafluoroborate, after which the ligand-free 
nanoparticles were resuspended in saturated citric acid solu-
tion and coated with polyallylamine and poly(acrylic acid) in 
a layer-by-layer manner. BSA was finally conjugated using 
the 1-ethyl-3-(3- dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) chemistry 
to improve the nanoparticles’ biocompatibility and increase 
their stability in buffers. EDTA was adsorbed to provide a neg-
ative surface charge. The resultant nanoparticles were about 
50  nm in hydrodynamic diameter. With a molar extinction 
coefficient of 6.6 × 108 M−1 cm−1 at 785 nm, the nanoparticles 
exhibited a photothermal conversion coefficient of 34.7% and 
a satisfactory laser stability. MONP-BSA-EDTA also func-
tioned as a dual T1–T2 magnetic resonance imaging (MRI) 
contrast agent (r1 = 8.75 mM−1·s−1, r2 = 40.09 mM−1·s−1) and 
successfully delineated the HCT-116 subcutaneous tumor 
in both T1 and T2-MRI scans. After intravenous injection of 

the nanoparticles at a dose of 10 mg/kg, PTT using 785-nm 
laser at 0.64 W·cm−2 for 3 min heated the tumor to 52  °C 
and suppressed tumor growth for up to 14 days. The degrada-
tion of nanoparticles was initiated by adding ascorbic acid: a 
complete degradation was confirmed by TEM after 10 min 
of incubation with 100 ppm ascorbic acid, leaving only sub- 
10- nm nanoparticles and water-soluble Mn2+ cations. While 
the sub-10-nm nanoparticles can be excreted without causing 
significant toxicity, the Mn2+ cations are known to be toxic. 
In this regard, the adsorbed EDTA was able to capture Mn2+ 
cations with an efficiency up to 99.74% over a time period 
of 72 h, therefore substantially mitigating the toxicity. The 
in vivo degradation was accomplished by intravenous injec-
tion of ascorbic acid at a dose of 15 mg·kg−1, and more than 
50%ID of Mn element was excreted within 3 days of inject-
ing ascorbic acid. Interestingly, ascorbic acid also altered the 
biodistribution pattern of the Mn3O4-BSA-EDTA nanopar-
ticles. Mn uptake was mostly in the kidney (25%ID·g−1) and 
lung (12%ID·g−1) at 2 h after ascorbic acid injection, while 
the Mn uptake was the highest in the liver (20%ID·g−1) with-
out ascorbic acid.

Yun et al. [52] prepared BSA-coated cobalt oxide (BSA- 
Co3O4) nanoparticles using a similar chemistry [53]. 
Doxorubicin was also adsorbed at an encapsulation effi-
ciency of 43.2%. The resultant nanoparticles were about 
36 nm in hydrodynamic diameter with strong absorbance in 
the 600- to 900-nm NIR region. With a molar extinction 
coefficient of 5.74 × 107 M−1 cm−1, BSA-Co3O4 exhibited a 
photothermal conversion efficiency of 46.19% at 808  nm. 
Inductively coupled plasma mass spectroscopy (ICP-MS) 
analyses found that the BSA-Co3O4 nanoparticles gradually 
accumulated in the HCT-116 subcutaneous tumor xenograft, 
with an uptake value of 12%ID·g−1 and 15%ID·g−1 at 4 h and 
24 h after intravenous injection, respectively. PTT was per-
formed at 4–24  h after the intravenous injection of BSA- 
Co3O4- DOX nanoparticles (10 mg·kg−1) using 808-nm laser 
at 1  W·cm−2 for 5  min which heated the HCT-116 tumor 
xenograft to above 45  °C, and the combination of chemo- 
photothermal therapy eradicated the tumor at 14 days after 
the treatment started. BSA-Co3O4 was stable in the absence 
of ascorbic acid regardless of pH values. The degradation 
was initiated by ascorbic acid and further accelerated in 
mildly acidic condition (pH 5.5), leading to the formation of 
irregular particles of 3  nm in diameter within 10  min. 
Interestingly, the degradation process can be monitored non-
invasively using MRI.  BSA-Co3O4 was a typical T2-MRI 
contrast agent with a r2 relaxivity of 5.99 mM−1·s−1 and a r1 
relaxivity of 0.17 mM−1·s−1 (r2/r1 = 35.24), while Co2+ ions 
from degraded nanoparticles can be used for T1-MRI [54]. 
Within 30 min of ascorbic acid injection, the T2-MRI inten-
sity at tumor regions decreased by 30%, while the T1-MRI 
intensity increased by 60%. Meanwhile, the liver region also 
brightened on the T1-MR images.
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7  Degradation by pH

Chen et al. [55] prepared pluronic F127-coated molybde-
num oxide (MoOx) nanosheet for encapsulation of doxo-
rubicin and PTT.  The MoOx nanosheets were first 
synthesized by hydrothermal treatment of an emulsion 
made of (NH4)6Mo7O24·4H2O and HCl in water and oleyl-
amine in cyclohexane at 180  °C for 24  h [56]. Pluronic 
F127 was then coated on the surface of nanosheets to 
improve their dispersity in water. The resultant nanosheets 
exhibited a diameter of 80–100  nm with a thickness of 
about 1.5  nm, and doxorubicin was loaded at a weight 
ratio of 65%. The nanosheets showed a surface plasmon 
resonance peak around 800 nm. Consequently, irradiation 
of the nanosheet dispersion at 10 μg·mL−1 with an 808-nm 
laser at 1 W·cm−2 for 5 min elevated the temperature to 
14.6 °C. The nanosheets also had excellent photothermal 
stability: showing no change in the ultraviolet-visible 
(UV-Vis) spectrum after ten cycles of laser irradiation and 
each cycle yielding similar heating effects. PTT in 4T1 
tumor model was conducted at 24  h after intravenous 
injection of 3-mg·kg−1 nanosheets with 808-nm laser at 
1 W·cm−2. The tumor region reached a peak temperature 
of 54.9 °C, and the combination of doxorubicin and pho-
tothermal therapy eradicated 50% of 4T1 tumor without 
causing significant toxicities. In contrast to most acid-
degradable nanoparticles, the MoOx nanosheets were sta-
ble in acidic buffers with pH lower than 5. Incubation at 
pH 11.4 for 2 h at 37 °C caused complete disintegration of 
the nanosheets.

Zhao et al. [57] prepared β-cyclodextrin-capped mesopo-
rous platinum nanoparticle (MPNP) that was degradable at 
acidic pH values. MPNPs were synthesized by reducing 
K2PtCl4 with ascorbic acid in the presence of poly(ethylene 
oxide)-block-poly(methyl methacrylate). The nanoparticles 
were then surface-modified with 1-mercaptoadamantane, 
loaded with doxorubicin, and then finally capped with 
β-cyclodextrin. Doxorubicin was loaded at a weight ratio of 
7.6%. The resultant nanoparticles were around 58  nm in 
hydrodynamic diameter with a surface area of 14 m2·g−1 and 
an average pore size of 2.1 nm. The nanoparticles had strong 
absorbance in the NIR region. When irradiated with an 808- 
nm laser at 2 W·cm−2, the 200 μg·mL−1 particle dispersion 
exhibited a 40  °C temperature increase over 10  min. PTT 
was evaluated in an MCF-7 human breast cancer model at 
24 h after intravenous injection of MPNP-DOX at an equiva-
lent doxorubicin dose of 0.2 mg·kg−1 using 808-nm laser at 
1 W·cm−2 for 5 min. The chemo-photothermal combination 
therapy suppressed tumor growth for 11 days, causing more 
tumor necrosis and apoptosis than other treatment groups. 
Particle degradation was induced by acidic pH values. After 
24 h of incubation at pH 5.0 at 37 °C, the particles broke into 
irregularly shaped debris, while no significant changes were 

detected after incubation at pH 7.4. ICP-MS also confirmed 
that the changes of structure were accompanied by a release 
of Pt ions into the buffer.

8  Laser-Inducible Degradation

Dibaba et  al. [58] developed antimony nanoparticles that 
degraded upon the irradiation with NIR laser. The nanopar-
ticles were synthesized by reducing antimony chloride 
(SbCl3) with sodium hydroborate (NABH4), which were then 
loaded with doxorubicin and coated with poly(acrylic acid). 
The resultant nanoparticles were monodispersed spheres 
with an average diameter between 34 and 42 nm under TEM 
and about 112 nm in hydrodynamic diameter. Doxorubicin 
was absorbed onto the negatively charged surface of anti-
mony nanoparticles with a loading capacity of 26.5 ± 1.1%. 
X-ray diffraction (XRD) spectrum showed that the nanopar-
ticles consisted of mostly antimony (0) in the trigonal phase 
with a hexagonal lattice, while a small fraction of antimony 
oxide (Sb2O3) was also present. The photothermal conver-
sion coefficient was 44.6%. While the nanoparticles were 
stable in both water and phosphate-buffered saline (PBS) for 
up to 8  days in storage, irradiation with 808-nm laser at 
1.5 W·cm−2 induced a rapid degradation of the nanoparticles 
within 10 min, as evidenced by the decrease of absorbance at 
808 nm. Theoretical simulation suggested that the degrada-
tion was mediated by the splitting of water molecules into H 
and OH at the antimony surface during laser irradiation, 
which was followed by the formation of Sb-H and Sb-OH 
bonds. The release of doxorubicin was accelerated by acidic 
pH and laser irradiation. Cell culture studies showed that the 
combination of chemo-photothermal therapy had higher 
anti-tumor efficacy than the monotherapy groups.

Qiu et  al. [59] prepared copper sulfide (CuS)-based 
surface- enhanced Raman scattering (SERS) probes that 
degraded upon continuous laser irradiation. Hollow CuS 
nanoshells were synthesized in a two-step approach. Cu2O 
nanoparticles were first formed by adding hydrazine into the 
alkaline solution of CuCl2 and PVP. Na2S was then added to 
convert the Cu2O nanoparticles into CuS hollow shells by 
stirring at 60 °C for 2 h [60]. Organic Raman reporter mole-
cules, including 3,3′-diethylthiatricarbocyanine iodide 
(DTTC), 3,3′-diethylthiacarbocyanine iodide (DTC), and 
3,3′-diethylthiadicarbocyanine iodide (DTDC), were then 
loaded into the cavity of nanoshells to form the SERS probe. 
The resultant probes were monodispersed spherical shells of 
about 126 nm in hydrodynamic diameter, with a photother-
mal conversion efficiency of 52.3%. The probes were intra-
tumorally injected at a dose of 5 mg·kg−1 for PTT to prevent 
tumor regression after the surgical resection of PC-3  M 
orthotopic human prostate cancer xenograft model. 
Irradiation with a 980-nm laser at 0.8 W for 5 min heated the 
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residual tumor to over 50  °C and suppressed the tumor 
relapse for over 45 days. Degradation study was performed 
using 980-nm laser at a power of 0.8  W.  The individual 
nanoparticles started to agglomerate during the first 3 min of 
laser irradiation. The dense CuS shell then became loose, 
and the central cavity was filled with floccule-like clusters in 
the 4th minute, and a complete disintegration of the 
nanoshells into sub-20-nm nanoparticles was observed in the 
5th minute. The degradation was attributed to the dissemina-
tion of the polycrystalline structures of hollow spheres into 
individual crystals due to laser heating. Interestingly, the 
photothermal effect was not impaired by the structural 
change. Similar levels of temperature elevation were pro-
duced after five laser-on/off cycles to about 85 °C. A possi-
ble explanation was that the photothermal capacity of CuS 
was due to the d-d energy band transition of Cu2+ ions, rather 
than the structure-dependent surface plasmon resonance 
[61]. Laser irradiation also accelerated the nanoparticle 
clearance from the tumor.

At 28  days after nanoparticle injection, only 4.2%ID 
remained in the laser-treated tumor, while 21.7%ID was 
present in the control tumor.

We have previously prepared ultrasmall CuS nanodots 
with a hydrodynamic diameter of only 4.2  nm, by co- 
precipitation of CuCl2 and Na2S in the presence of PVP [62]. 
Pharmacokinetics study showed a rapid distribution phase 
(half-life  =  0.43  ±  0.12  h) and an elimination half-life of 
11.69 h. Compared to the 19-nm counterpart, the ultrasmall 
nanodots had a slower distribution and faster elimination. 
The nanodots were rapidly cleared via urine: 60%ID was 
excreted in 4 h, and almost 95%ID was excreted by 24 h. 
Dynamic light scattering (DLS) and UV-Vis spectrum con-
firmed that Cu was excreted as intact nanodots. However, the 
tumor uptake of nanodots, which peaked to 3.62 ± 0.50%ID/g 
at 2 h after injection and dropped to only 0.22 ± 0.04%ID/g 
at 24 h after injection, is severely limited by the fast clear-
ance. CuS nanodots exhibited a distinct absorbance peak at 
990 nm. PTT was performed at 2 h after intravenous injec-
tion of the nanodots at 4  mg·kg−1 using 808-nm laser at 
2.0 W·cm−2 for 2 min, which heated the 4T1 tumor xenograft 
to 45.8 °C. Pathological analyses revealed more than 90% of 
tumor was necrotic, which is consistent with the durable 
tumor suppression for 17 days (Fig. 1).

In order to improve the tumor uptake of CuS nanoparti-
cles while preserving their renal clearance property, we have 
recently explored encapsulating the ultrasmall CuS nanodots 
in laser-degradable matrix. Ji et  al. [63] embedded the 
ultrasmall CuS nanodots into a biodegradable poly(lactic-co- 
glycolic) acid (PLGA) core and coated it with F-127 micelles. 
Doxorubicin was co-encapsulated in the PLGA core at the 
same time. The resultant temperature-sensitive nanoclusters 
(TSNS) were 40 nm in hydrodynamic diameter, and the CuS 
nanodots were about 5 nm. Irradiation with 808-nm laser at 

2 W·cm−2 on a 100-μg/mL dispersion elevated the tempera-
ture by over 50 °C in 10 min. Pharmacokinetics study found 
that the blood circulation followed a two-compartment model 
with a rapid distribution phase (half- life = 0.25 ± 0.12 h) and 
a slow elimination phase (half- life = 7.20 ± 0.35 h). At 24 h 
after intravenous injection, the tumor uptake was 8.02%ID/g, 
more than twofold higher than that of individual 5-nm CuS 
nanodots (3.27%ID/g). The tumor uptake was corroborated 
by the photoacoustic imaging, which showed increasing 
signal intensity at the tumor region within 24 h of particle 
injection. The combination of chemo-photothermal ther-
apy by TSNS suppressed the tumor growth of 4T1 model 
for 18  days and significantly suppressed metastases to the 
liver and lung. In addition, the photothermal therapy also 
efficiently eliminated cancer stem cells. The degradation of 
TSNS was induced by laser treatment, which broke down the 
TSNS into uniform spheres of 6–7 nm in size (Fig. 2).

Wei et al. [64] prepared doxorubicin-loaded mesoporous 
silica nanoparticles capped with ultrasmall CuS nanodots. 
The mesoporous silica nanoparticles were first synthesized 
via the conventional sol-gel method, followed by loading 
doxorubicin via physical absorption. The MSN-DOX was 
then impregnated with CuCl2 solution followed by adding 
Na2S in the presence of PVP as surfactant stabilizer. CuS 
ultrasmall nanodots (~5.8 nm) were then formed and sealed 
the pore opening to prevent the premature release of doxo-
rubicin. The resultant MSN-DOX-CuS nanoparticles were 
120  nm in hydrodynamic diameter with a DOX loading 
ratio of 20.2% by weight. Irradiation of the particle disper-
sion at 80  μg/mL with 2.0  W·cm−2 808-nm laser elevated 
the temperature for about 50  °C.  Pharmacokinetics study 
showed that MSN-DOX-CuS had a rapid distribution phase 
(half- life = 0.64 ± 0.17 h) and a prolonged elimination phase 
(15.87 ± 0.14 h). Biodistribution study found a tumor uptake 
of 7.14%ID/g at 24 h post-injection, almost two times higher 
than that of CuS nanodots (3.62%ID/g). The liver uptake was 
around 22%ID/g, and spleen uptake was around 4%ID/g. 
Anti-tumor efficacy was examined in MBA-MDA-231 
human breast cancer xenograft and HepG2 human live cancer 
xenograft models. PTT was performed at 24 h after injection 
using 808-nm laser at 1 W·cm−2 for 5 min, leading to a tem-
perature increase to 60 °C at the tumor region. The combi-
nation of chemo-photothermal therapy induced a complete 
tumor regression after 21 days from the treatment, which was 
further confirmed by the 18F-fluorodeoxyglucose (FDG) PET 
scan and pathology examination. MSN has been established 
as biocompatible and biodegradable under physiological con-
ditions. The degradation product is soluble silicic acid that 
can be excreted via urine [65]. The degradation of MSN- 
DOX- CuS was induced by laser irradiation. There was a sig-
nificant size reduction and particle agglomeration at 1 h after 
laser irradiation, while no discrete particular structure was 
visible at 24 h after. TEM examination of urine samples at 4 h 
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after injection found individual CuS nanodots. The UV-Vis 
spectrum also revealed the characteristic peak of CuS nanodot 
absorbance at 995 nm, indicating the CuS nanodots detached 
from the clusters and were excreted separately from the MSN 
matrix. ICP-MS found that the clearance of silicon element 
was much slower than that of copper, which is consistent with 
its hepatobiliary route. Nevertheless, less than 1%ID was 
present in major organs at 30 days after injection (Fig. 3).

Prasad et  al. [66] prepared fluorescent carbon dots of 
2–3  nm in diameters by chemical slicing [67] of carbon 
fibers in concentrated hydrosulfuric acid. The obtained 
 carbon dots were then assembled in liposomes with Janus 
architecture and an average diameter of about 200 nm. ROS 
was generated during photothermal therapy. However, 
 photothermal therapy also disrupted the liposomal structure, 
and the nanoparticles coalesced into smaller particles of 

Fig. 1 Pharmacokinetics, biodistribution, and PET/CT images of 
64Cu-labeled CuS nanoparticles. (a, b) Time-activity curves of blood 
activity (a) and biodistribution (b) at 24 h after injecting the nanoparti-
cles. (c, d) Representative co-registered PET/CT maximum intensity 

projection images. (e, f) Representative two-dimensional slice of PET/
CT images acquired at 10 min after injecting 5.6-nm CuS nanodots. 
Statistical difference was determined by Student’s t test (**p < 0.001, 
*p < 0.01). (Figure was adapted from Ref. [62] with permission)
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15–40 nm. These particles are expected to be aggregates of 
even smaller individual carbon dots, therefore enabling their 
excretion in urine.

9  Degradable Matrix

Hydrogels are used in a wide variety of applications 
including drug and gene delivery and tissue engineering. 
Hydrogel- based drug delivery system allows a localized, 
sustained release of therapeutic cargos to improve drug 
bioavailability and minimize adverse effects. In addition to 
the chemotherapy drugs, PTT nanoparticles have also been 
encapsulated into hydrogels to prevent their premature 
leakage from the injection site, so that repeated PTT can 
be applied over an extended time. The use of biodegradable 
hydrogels, in this regard, allows the gradual clearance of 
PTT nanoparticles.

Wang et al. [68] embedded poly(amido amine) (PAMAM) 
dendrimer-encapsulated ultrasmall platinum nanoparticles 

(2–3  nm in diameter) in an alginate-calcium cross-linked 
hydrogel. The nanoparticles were synthesized by reducing 
H2PtCl6 with NaBH4 in the presence of PAMAM, followed 
by acetylation of amine groups with acetic anhydride [69]. 
The nanoparticles were then mixed with alginate and then 
cross-linked with CaCO3. Irradiation of the hydrogel with 
808-nm laser at 5.8 W·cm−2 for 10 min resulted in a tempera-
ture elevation over 25 °C. Notably, as many as ten PTT treat-
ments were successfully applied over 1 month at the tumor 
injected with the hydrogel. The degradation of hydrogel was 
induced by co-injection of small-molecular chelators for the 
calcium cations, such as EDTA, sodium citrate, and diethyl-
enetriaminepentaacetic acid (DTPA). In situ injection of the 
chelators initiated the hydrogel degradation within 3  days 
after injection, which was confirmed by the reduction of pho-
tothermal efficiency. Although the study did not elucidate the 
excretion of individual platinum nanoparticles, they were 
expected to be cleared with a 2-nm diameter.

Huang et al. [70] embedded gold nanorods into a poly-
peptide matrix using disulfide bond as the cross-linker and 

Fig. 2 Characterization of temperature-sensitive nanoclusters (TSNC) 
based on CuS-embedded PLGA polymeric micelles. (a) TEM image of 
TSNC with high-resolution images in the inset. (b) Particle size distri-
bution of TSNC measured with DLS. (c) UV-Vis-NIR spectra. (d) 

Temperature elevation curves ex vivo. (e) TEM image of laser-degraded 
TSNC. (f) Particle size distribution of laser-degraded TSNC measured 
with DLS. (Figure was adapted with permission from Ref. [63])
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then loaded the matrix with a heat-shock protein (HSP) 
90 inhibitor, 17-(allylamino)-17-demethoxygeldanamy-
cin (17- AAG). The resultant matrix was heated to above 
45 °C when irradiated with 808-nm laser at 25 W·cm−2 for 
10 min, which not only killed surrounding cancer cells via 
thermal effect but also rapidly released 17-AAG to enhance 
the effects of thermal killing. The hydrogel degraded after 
adding molecules with thiol groups, such as dithiothreitol 
(DTT) within 30 min of adding 10 mM dithiothreitol (DTT) 
at 4 °C.

10  Mesoporous Silicon Nanoparticles

Zhang et  al. [71] prepared biodegradable mesoporous sili-
con/carbon nanoparticles for PTT.  The nanoparticles were 
synthesized in two steps. First, silica nanoparticles (SiO2) 
were prepared via sol-gel method, coated with 
poly(acrylonitrile) that was subsequently oxidized to for the 
carbon coating. The silica core was then annealed in a hydro-
gen/argon flow and reduced into silicon. Doxorubicin load-
ing and PEGylation were then performed to give the final 

Fig. 3 Degradation and clearance of MSN-DOX-CuS nanoparticles. 
(a) TEM images of nanoparticles after NIR irradiation. (b, c) Time- 
dependent element uptake in major organs (N  =  3). (d, e) TEM and 

UV-Vis spectra of urine samples at 4 h after intravenous injection of 
nanoparticles. (f) Schematic illustration of nanoparticle clearance. 
(Figure was adapted with permission from Ref. [64])
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multifunctional theranostic nanoparticles (PEG-Si/C-DOX) 
of hollow architecture with an average diameter around 
237 nm. The presence of Si/C provided a strong absorbance 
for NIR lasers of wavelength between 700 and 1000  nm, 
with a photothermal conversion efficiency of approximately 
40.7%. Biodistribution analyses via the ICP-AES analyses 
of silicon element found that the tumor uptake was around 
19%ID/g at 2 h post intravenous injection and decreased to 
around 12%ID/g at 12 h post-injection. Photoacoustic imag-
ing (PAI) also corroborated the tumor uptake of nanoparti-
cles, where the PAI signals peaked at 2 h post-injection and 
then waned off to slightly above baseline at 12  h post- 
injection. PTT was performed at 24  h after injection of 
2 mg·mL−1 nanoparticles using 808-nm laser at 1 W·cm−2 for 
5 min, leading to a temperature increase to 50 °C at the tumor 
region. The combination of the doxorubicin chemotherapy 
and photothermal therapy eradicated subcutaneous A549 
human lung cancer xenograft, while the photothermal treat-
ment group also suppressed the tumor growth. The degrada-
tion study was performed in PBS at 37 °C for over 30 days 
with continuous shaking: 8.4% of silicon (by weight) was 
dissolved from the original nanoparticles, which was con-
firmed by the collapse of the hollow mesoporous structure 
under TEM examination.

11  Methods to Monitor Degradation

Real-time monitoring of nanoparticle degradation, especially 
in vivo, provides valuable information about the metaboliza-
tion and probable fate of nanoparticles after they are admin-
istrated. Some indirect methods have been adopted in vitro, 
including the fluorescence imaging of peroxidase activity for 
carbon-based material degradation [32] or photoluminescent 
imaging of degradation products such as the graphene quan-
tum dots degraded from graphene oxide [30]. The changes in 
r1 or r2 relaxivity are also useful for noninvasive detection of 
Co- and Mn-based nanoparticles through MRI [48, 52].

Photoacoustic imaging is a novel imaging technique via 
measurement of ultrasonic waves induced by the biological 
absorption of laser pulses [72]. By switching to tissue- 
penetrating NIR lasers and NIR-absorbing nanoparticles as 
contrast agents, photoacoustic imaging was able to detect 
tumor lesions as deep as 5–7 cm from tissue surface [73]. Shi 
et al. [74] prepared thermosensitive PEGylated CuS nanopar-
ticles and studied their in  vivo degradation with real-time 
multispectral optoacoustic tomography (MOST). The 
nanoparticles were prepared via a one-pot reaction by heat-
ing CuCl2 and Na2S in the presence of PEG-SH at 95 °C for 
15  min. The resultant nanoparticles were about 11  nm in 
hydrodynamic diameter. Degradation was induced by the 
oxygen dissolved in the dispersion, which was further accel-
erated at 37 °C. As shown by inductively coupled plasma- 
optical emission spectrometry (ICP-OES), the S2− anions 

were oxidized to SO4
2−, which forms water-soluble salt with 

Cu2+. The photoacoustic signals in the liver region were 
monitored via MOST for up to 7 days after injection. The 
signal intensity peaked at 3 h and slightly decreased at 24 h 
after injection. At 7 days after injection, however, the photo-
acoustic signals returned to baseline, indicating a complete 
degradation and subsequent clearance of CuS-PEG.

12  Conclusions

Degradable and clearable photothermal nanoparticles are 
considered as promising agents for targeted cancer therapy. 
When combined with other therapeutic modalities such as 
chemotherapy, radiotherapy, and immunotherapy, they are 
able to generate a significant synergistic response without 
causing substantial acute or chronic toxicity concerns. 
However, the superior anti-tumor efficacy of multifunctional 
PTT nanoparticles has so far been limited to preclinical stud-
ies, while the clinical translation has not seen much progress. 
With the current effort in developing degradable nanoparti-
cles and understanding their fate in vivo, we seem to finally 
be able to see the light at the end of the tunnel.
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Abstract

During the last 20+ years, research into the biomedical 
application of nanotechnology has helped in reshaping 
cancer treatment. The clinical use of several passively tar-
geted nanosystems resulted in improved quality of care 
for patients. However, the therapeutic efficacy of these 
systems is not superior to the original drugs. Moreover, 
despite extensive investigations into actively targeted 
nanocarriers, numerous barriers still remain before their 
successful clinical translation, including sufficient blood-
stream circulation time and efficient tumor targeting. The 
combination of synthetic nanomaterials with biological 
elements (e.g., cells, cell membranes, and macromole-
cules) is presently the cutting-edge research in cancer 
nanotechnology. The features provided by the biological 
moieties render the particles with prolonged bloodstream 
circulation time and homotopic targeting to the tumor 
site. Moreover, cancer cell membranes serve as sources of 
neoantigens, useful in the formulation of nanovaccines. In 
this chapter, we will discuss the advantages of biohybrid 
nanosystems in cancer chemotherapy, immunotherapy, 
and combined therapy, as well as highlight their prepara-
tion methods and clinical translatability.
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1  Introduction

Biohybrid materials are defined as a combination of biologi-
cal and non-biological substances [1]. They can range from 
robots powered by living cells, to bacteria engineered for 
drug delivery, and to solar cells where the energy conversion 
is powered by enzymes [2–4]. In the biomedical field, biohy-
brid materials are researched as drug delivery carriers, vac-
cine platforms, detoxifying agents, microbots, and scaffolds 
[5–9]. The broader term of biohybrid materials indicates 
both biomimetics and biointegrated systems [10]. Biomimetic 
is the results of a nature-inspired new synthetic material, like 
the development of specific synthetic hydrogels mimicking 
specific functions of 3D microenvironment (e.g., presence of 
growth factors, conductivity, mechanical properties) [11]. 
Alternatively, biointegration  can refer to the addition  of 
organic materials within synthetic scaffolds [10]: examples 
include the integration of neurons within circuits [12] or 
cells within hydrogel scaffolds to restore insulin production 
[13]. All the different types of biohybrid materials have a 
fundamental role in the development of patient-tailored, per-
sonalized medicines [10]. Biohybrid materials can contrib-
ute to improved sensing and diagnostic for different 
biomolecules (e.g., glucose and choline), pathogenic con-
taminants, and amplification of endogenous signal cascades 
[14]. Moreover, these materials demonstrated excellent 
properties for tissue engineering, particularly as artificial 
extracellular matrices useful for tissue regeneration [14]. 
Finally, one of the main applications is drug delivery in the 
form of drug depots or nanocarriers [14]. Enzyme-responsive 
drug depot can deliver the therapeutics locally with proven 
efficacy in vivo in neovascularization or wound healing [14, 
15]. As for nanocarriers, multiple biohybrid systems (e.g., 
stimuli- responsive) have been developed for drug delivery in 
multiple therapeutic applications [16].
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In this book chapter, we introduce the last research in 
terms of nature-derived top-down biohybrids, the use of cells 
or cell membranes to enhance the properties of nanocarriers, 
improving their navigation between the different pathophysi-
ological barriers [16]. In the next section, we also introduce 
the toolboxes and recipes established for the formulation of 
this type of carriers, followed by the sections illustrating 
selected applications in cancer chemotherapy, 
 immunotherapy, photothermal therapy, and photodynamic 
therapy. Finally, we discuss the pros and cons of this 
approach, together with a clinical outlook.

2  Biohybrids: Toolboxes and Recipes

Biohybrid materials can be classified, according to the struc-
ture and/or the preparation method, in top-down and bottom-
 up approaches. In particular, cell ghosts, cell 
membrane-wrapped materials, and cellular carriers are top- 
down techniques starting from whole cells to move to the 
nanocarriers, while adsorption or direct binding between 
biological features and the materials are bottom-up, starting 
from biomolecules to functionalize the nanocarriers. The 
characteristics and preparation method for each type of 
material are summarized in Table 1.

In this section, we provide the reader with a toolbox of 
techniques and protocols widely employed in the preparation 
of biohybrid nanosystems. Cell ghosts are reformed from the 
membrane of cells after a process of isolation of the mem-
branes from the cytosolic components, as evaluated by Oieni 
et  al. [20]. The cells are lysed in hypotonic buffer, before 
undergoing homogenization. The membranes are then puri-
fied by cycles of centrifugation and sonication to eliminate 
all the cytoplasmic contaminants. The nano-ghosts are resus-
pended in different buffers according to different sources, 
but Oieni et  al. suggested the use of a sucrose buffer to 
improve the stability of the ghosts. The empty nano-ghosts 

can be further modified (e.g., PEGylated, labelled with fluo-
rescent probes or radiolabels) and loaded with the payload of 
interest by electoporation [20]. Different parameters influ-
ence the manufacturing of nano-ghosts: duration and speed 
of the homogenization and centrifugation time and speed 
influence the purity of the vesicles and the removal of the 
other contaminants. As for the size uniformity, both extru-
sion and sonication produce vesicles with an average size 
distribution of 166 nm. Moreover, nano-ghosts can be stored 
for short term (up to 1 week) in PBS at −20 °C or −80 °C, 
without changes in size or zeta (ζ)-potential [20].

The process of enveloping cell membranes around nano-
carriers or fibers is somewhat similar with the preparation of 
cell nano-ghosts. The first steps still rely on the isolation and 
purification of cell membranes via series of centrifugations 
[23, 38, 39]. Following the isolation, membrane fragments 
and vesicles are resuspended in a buffer where the stability of 
the nanocarrier will be highest: in our own experience, small 
changes of pH from 7.4 to 7.2 can increase the stability of 
hydrophobic porous silicon nanoparticles [38], or more elab-
orate buffer screenings, including the use of glucose or 
sucrose, are required [40]. Moreover, the physicochemi-
cal  characteristics of the nanocarrier have an effect on the 
coating: Luk et  al. coated polymeric nanoparticles up to 
340 nm with RBC membrane by extrusion, while the coating 
of positively charged particles still remains an issue (Table 2 
and Fig. 1). The negatively stained TEM pictures of positively 
charged (3-aminopropyl)triethoxysilane thermally carbon-
ized porous silicon (APTS-TCPSi) nanosystems reveal the 
presence of agglomerates also in the conditions deemed as 
the best in Table 1 (sucrose 0.3 M, with tip sonication before 
and after extrusion). The input of energy through tip sonica-
tion before the extrusion helps to keep the nanoparticles well 
suspended in the solution, but it may also introduce new 
breakage of the particles, exposing different types of surface. 
As for the sonication following the extrusion, this energy can 
help in preventing the vesicles from sticking to each other.

Table 1 Properties and preparation methods of the most widely used biohybrid nanosystemsa

Type Biological material Synthetic material Preparation References
Cell ghosts RBC

WBC
Cancer cells
SC

Buffer
Drugs
pDNA

Homogenization/disruption of original cells
Isolation of cell membranes by ultracentrifugation
Extrusion/sonication to reform vesicles

[17–22]

Cell membrane-wrapped 
materials

RBC
WBC
SC
Platelets
Cancer cells

Polymeric NPs/
nanogels
Inorganic NPs
Electrospun 
nanofibers

Homogenization/disruption of original cells
Isolation of cell membranes by centrifugation
Extrusion/sonication to coat the synthetic material 
with the membranes

[23–31]

Cellular carriers RBC
SC

Drugs
Oncolytic viruses
NPs

Direct uptake of NPs within the cells
Infection of the cells with oncolytic viruses
Conjugation of NPs on the surface of the cells

[32–35]

Adsorption/chemical 
binding

Biomacromolecules Polymeric NPs
Inorganic NPs

Functionalization of NPs with stealth peptides derived 
from CD47
Precoating with protein corona of precise composition

[36, 37]

aAbbreviations: NPs nanoparticles, pDNA plasmid DNA, RBC red blood cells, SC stem cell, WBC white blood cell
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Another important nanocarrier parameter to evaluate in 
the formulation of biohybrid cell membrane-coated nanocar-
riers is the hydrophilicity/hydrophobicity of the system, 
which will mainly influence the choice of a suitable buffer 
for the coating [40]. The type of cell membrane, at least con-
sidering cell membranes derived from different cancer cell 
lines, does not seem to influence the coating procedure.

In the case of cellular carriers, nanosystems can be either 
internalized by the cell or associated/bound with them. As for 
the internalization, the nanosystems are put into contact with 
the cells in well plates, left interacting for an appropriate time 
(different based on the type of particles and on the cells), 
before rinsing the cells with medium [33, 41]. The retention 
of the particles within the cells can be quantified in vitro by 
incubating the cells with fresh medium for different time 
points, before washing and analysis of the particle content by 
flow cytometry or more precise quantifications, like induc-
tively coupled plasma-optical emission spectroscopy [33].

In case of association or binding of the nanocarriers on 
the external membrane, the properties of the particles are 
fundamental in determining the effectiveness of the attach-
ment and the presence of any modification or toxic effect on 
the carrier cells [34, 42]. Moreover, the pre-adsorption of 
proteins (e.g., IgG or albumin) increases the association 
between commonly used nanocarriers and the RBCs [43]. 
Alternatively, gentle methods for covalent binding of nano-
carriers on the cell membrane employ biotin-avidin reac-
tions, but the authors do not provide any analysis of the 
toxicity on the carrier cells [44].

Finally, for the modification with biomacromolecules, 
common chemical reactions like 1-ethyl-3-(3- 
dimethylaminopropyl)-carbodiimide (EDC)-N- 
hydroxysuccinimide (NHS) or click chemistry can be useful 
in the functionalization of the particle surface with the 
desired molecule [36, 45]. Alternatively, in the case of pre- 
adsorption of specific protein corona, the particles are pre- 
incubated in a suitable medium [37].

Notwithstanding the composition and preparation meth-
ods of biohybrid materials in biomedical applications, all 
these systems share few fundamental characteristics that 
regulate bio-interfacing and its efficacy [46]. First, the pres-
ence of cell membranes, cells, or specific biomacromolecules 
on the surface of the materials provides a stealth coating [16, 
47]. The intrinsic stealthiness of the biohybrid component 
facilitates the prolongation of circulation time in the blood-
stream in the case of micro- and nanoparticles and also 
reduces the inflammatory response and the formation of a 
fibrotic capsule surrounding bigger implants [48–50]. The 
mechanisms underlying the prolonged circulation and the 
stealth effect rely on the presence of specific biomolecules 
(e.g., CD47) grafted or naturally present on the surface mod-
ification of the material, which act as “do-not-eat-me” sig-
nal. CD47, naturally found on the surface of cells (e.g., red 
blood cells, RBCs), interacts with different proteins (e.g., 
integrins) while having a role in the activation of dendritic 
cells (DCs) and T cells [51]. Most importantly, CD47 binds 
with the protein signal-regulatory protein α (SIRPα) 
expressed on the surface of macrophages, effectively pre-
venting their phenotype shift to M1 proinflammatory and 
stopping the uptake [36]. CD47 modification has been 
employed also in combination with major histocompatibility 
complex (MHC) alloantigen and FS-7-associated surface 
antigen (FAS) to prevent the rejection in skin grafts [52]. The 
modification with CD47 preferentially inhibits the uptake by 
M1 macrophages, while the classical stealth coating of poly-
ethylene glycol (PEG) prevents the uptake in all the popula-
tions of macrophages [53].

Secondly, by masking the surface of particles with bio-
logical molecules or backpacking them onto cells, the bio-
distribution of the systems is altered [54, 55]. In particular, 
the association of particles with macrophages or the coating 
with leukocyte or neutrophil cell membrane can effectively 
transport them to the site of inflammation, be it a tumor, an 
inflamed articulation, or injured blood vessels [29, 56–58].

Table 2 Effect of nanocarriers surface charge (positive, APTS-TCPSi, or negative undecylenic acid modified thermally hydrocarbonized porous 
silicon (UnTHCPSi) and thermally carbonized porous silicon – TCPSi) and hydrophilicity (APTS-TCPSi, TCPSi)/hydrophobicity of the surface 
(UnTHCPSi)

PSi NPs Buffers Tip sonication Size (nm) PDI ζ-potential (mV) Effect
APTS-TCPSi Sucrose 0.3 M Before Aggregated n.d.a + 8.8 ± 1.3 −

Before and after 304 ± 100 0.30 ± 0.04 −6.3 ± 1.1 ++

Milli-Q water Before 334 ± 20 0.30 ± 0.049 +31.2 ± 0.5 +
Before and after Aggregated n.d. −5.7 ± 7.1 −

UnTHCPSi Sucrose 0.3 M Before 575 ± 200 0.50 ± 0.07 −21.2 ± 0.3 −
Before and after 303 ± 200 0.15 ± 0.007 −23.7 ± 0.2 ++

Milli-Q water Before 649 ± 300 0.24 ± 0.2 −15.1 ± 7.1 +

Before and after Aggregated n.d. −8.7 ± 0.9 −
TCPSi Milli-Q water No sonication 410 ± 180 0.5 ± 0.1 −20.6 ± 6.5 −

After Aggregated n.d. −19.8 ± 4.9 −
Before 246 ± 100 0.180 ± 0.03 −22.1 ± 5.2 ++

Sucrose 0.3 M Before 289 ± 100 0.3 ± 0.07 −23.0 ± 5.9 +

Reproduced with permission from Ref. [40]
an.d not disclosed

Biohybrid Nanosystems for Cancer Treatment: Merging the Best of Two Worlds



138

Finally, for nano-ghosts and cell membrane coating, the 
top-down production process allows for the development of 
reproducible and cost-effective extraction and formulation 
methods when compared to the always increasing complex-
ity in the bottom-up systems [20, 46].

In this chapter, we will focus on the applications of biohy-
brid materials in cancer, presenting how this technology has 
been developed during the last years to achieve homotopic 
targeting therapies combined with stealthiness to enhance 
drug delivery, or the role of cancer cell membrane as anti-
genic source in the development of cancer vaccines.

3  Applications of Biohybrids in Cancer 
Therapy

3.1  Cancer Therapy

The term “cancer” defines a heterogeneous group of dis-
eases all presenting several hallmarks of uncontrolled pro-
liferation [59–61]. The conventional treatment of cancer is 
based on surgery, radiotherapy, chemotherapy, hormone 
therapy, and targeted therapy [62]. However these treat-

Fig. 1 Negatively stained TEM pictures evaluating the coating with 
cell membrane in (a) positively charged, hydrophilic, APTS-TCPSi; (b) 
negatively charged, hydrophobic, UnTHCPSi; (c) negatively charged 

and hydrophilic TCPSi nanocarriers. (Reproduced with permission 
from Ref. [40])
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ment modalities are plagued by excessive and unspecific 
toxicity, or by the presence or acceleration of a drug-resis-
tant clonal selection, leading to non-effective treatment 
[63]. Some of these downsides can be ameliorated by dif-
ferently formulating the drug molecules to reduce the sys-
temic toxicity and retard the insurgence of drug-resisting 
clones. The progress in nanotechnology, with the develop-
ment of micro- and nanosystems, brought along few mar-
keted products whose main feature is the decrease in 
systemic side effects [64, 65].

Micro- and nanoparticles display a range of advantages 
over conventional formulations [66]. In particular, loading a 
compound within a nanosystem results in controlled biodistri-
bution and enhancement in the efficacy or reduction in the tox-
icity of the compound [67]. These advantageous characteristics 
are partially provided from the encapsulation of drugs, leading 
to a control over their release, as well as to increased solubility 
for poorly water-soluble compounds (e.g., sorafenib repre-
sents one of the most famous examples) [68–70]. Moreover, 
the passive biodistribution of drugs is influenced by the size of 
NPs and by the systemic conditions of the patient [71]. Indeed, 
the biodistribution is altered in presence of different diseases 
(e.g., cardiac ischemia [72], cancer [73], diabetes [74], and 
obesity [75, 76]) or different patients’ ages [77]. Often, dis-
ease-specific alteration in the blood circulation (like the 
enhanced permeation and retention (EPR) effect in cancer and 
the extravasation through leaky vasculature and subsequent 
inflammatory cell- mediated sequestration in rheumatology) 
has been investigated to increase the accumulation of nano-
therapeutics in the site of interest [78–80].

Passive targeting of NPs relies on the characteristics of 
the NPs (size, surface) and the pathophysiological charac-
teristics of the blood vessels to enable the accumulation in 
the tissue of interest without the presence of any active tar-
geting moiety [81]. One key feature to enable the passive 
targeting is to provide the nanosystem with the highest level 
of stealthiness achievable, in order to reduce its interactions 
with the complement system and with the reticuloendothe-
lial system (RES), increasing its chance to extravasate in the 
site of interest [81]. The gold standard is represented by the 
functionalization of the particle surface with hydrophilic 
polymers, whose function is to create a hydration layer sur-
rounding the NPs, decreasing the interactions with the RES 
[81]. The most famous example of these polymers is poly-
ethylene glycol (PEG) [82, 83]. Yet, as reported both in clin-
ics and preclinical studies, the recurrent administration of 
therapeutics decorated with PEG is impaired by the devel-
opment of anti-PEG antibodies [84]. The widespread use of 
PEG in different products (e.g., cosmetics) has increased the 
number of patients presenting a pre-existing immunity to 
PEG [85]. In practical terms, patients eligible for treatment 
with PEGylated nanoformulations can have immunoglobu-
lins (Ig) G and M already circulating in the bloodstream. 

The presence of antibodies against PEG determines a faster 
clearance of the nanoformulation, causing lower efficacy of 
the drug [84]. Alternative polymers, like hyaluronic acid or 
gangliosides, are currently being evaluated as alternative 
stealth moieties, as well as modifications in the therapeutic 
schedule [84]. Researchers could take inspiration from the 
oncolytic virus’ field [86, 87], where the problem of neutral-
izing antibodies has been extensively evaluated in the last 
years, with possible solutions proposed [88].

Alternatively, the tissue or cell of interest can be actively 
targeted by functionalizing the surface of the nanosystems 
with targeting moieties (e.g., peptides, antibodies, aptamers, 
and sugars) towards receptors expressed in the tissue or cell 
of interest [89]. The three main functions of active targeting 
moieties are specific homing, augmenting the retention at the 
tumor site, and direct involvement in the uptake by target 
cells [90]. Concerning the homing peptides, these “vascular 
zip codes” are usually discovered by phage screening and 
identify peptides suitable for the homing to the vasculature 
in specific body areas or districts [91]. Such peptides, whose 
most famous example is RGD, bind to the receptor overex-
pressed in the tumor vasculature and, if they obey to CendR 
rule, they mediate the activation of an endocytic/exocytic 
transport to allow migration from the vessel within the tumor 
tissue [91]. As for moieties increasing the retention at the 
tumor site, NPs usually get entrapped within the ECM 
matrix, close to the extravasation site; instead RGD and sim-
ilar peptides are useful in increasing the retention in the 
tumor area [62]. Finally, intracellular delivery of the payload 
is needed for drugs whose mode of action relies on intracel-
lular delivery (e.g., small interfering RNA, siRNA). To 
improve the intracellular delivery, active targeting [81] can 
be employed to provide targeting moieties to a single cancer 
cell [62]. Targeting moieties frequently described for cancer 
cell targeting and intracellular delivery include trans-activat-
ing transcriptional activator (TAT) peptides, transferrin fol-
lowed by octaarginine, etc. [92, 93]

However, despite 20+ years of active research in cancer 
nanomedicine, the proof of concept of a “magic bullet” able 
to target and kill the cancer cells is still missing. A recent 
meta-analysis of the preclinical studies and the results of sev-
eral clinical trials phases II and III have questioned the effec-
tiveness and utility of the currently developed nanomedicines 
in the treatment of cancer [94, 95], prompting the research 
for alternative strategies.

Biohybrid systems are currently regarded as a potential 
solution to improve the clinical efficacy of nanosystems, 
reducing at the same time the degree of complexity needed 
for the production of a complex, actively targeted system. In 
the next section, we will present the applications of biohybrid 
systems in cancer therapy for the delivery of chemotherapeu-
tics and their combination with other therapies, including 
photodynamic (PDT) and photothermal therapy (PTT).

Biohybrid Nanosystems for Cancer Treatment: Merging the Best of Two Worlds



140

3.2  Biohybrid Nanoparticles for Cancer 
Therapy

The paradigm of a successful cancer therapy requires an 
effective concentration of drug in the tumor site while lower-
ing as much as possible the systemic side effects. 
Nanotechnology in general has already contributed to a 
reduction or change in the side effects while enabling also an 
increase in the dose administered [62].

The development of biohybrid nanosystems brought 
along two important contributions towards successful cancer 
therapy. In particular, particles hitchhiking cells or particles 
covered with cell membrane show prolonged circulation 
time when compared with conventional NPs [49, 96]. 
Moreover, when the particles or viruses are attached or taken 
up by mesenchymal stem cells, antigen-specific T cells, and 
macrophages, the fraction delivered to the tumor increased 
[54, 97]. A similar increase in the NP fraction, and conse-
quently drug, delivered to the tumor was observed for biohy-
brid NPs coated with membranes derived from homologous 
tumors or from stem cells, or for nano-ghosts derived from 
stem cells [30, 98–100]. Therefore, biohybrid nanosystems 
have been heavily investigated as drug carriers and for com-
bined therapies in cancer treatment.

3.2.1  Biohybrid Systems as Chemotherapeutic 
Carriers

As a general rule, an optimal nanocarrier for cancer applica-
tions has a high drug loading degree, can circulate in the 
bloodstream for long time, and can specifically target the 
tumor tissue. Currently, no nanocarrier has all three desirable 
characteristics. However, biohybrid nanosystems can pro-
vide optimal circulation times and homotopic tumor target-
ing. Next, we will present selected examples of NPs based on 
the source of the biomaterial and specifically on the cell type. 
A summary of further examples can be found in Table 3.

Red Blood Cells (RBCs)
When NPs are adsorbed on the membrane or RBCs, they will 
accumulate in the first organ downstream for the injection 
point [43]. In practical terms this means that after intrave-
nous administration, the RBCs will go through the lungs, 
where they will deposit their payload [43]. The enhanced 
organ targeting to the lungs has been employed for the deliv-
ery of doxorubicin (DOX) to established lung metastases 
(Fig. 2) [96].

The platform developed in the study by Zhao et  al. is 
composed of spherical, positively charged poly(lactic-co- 
glycolic acid) NPs loaded with DOX, presenting an average 
size diameter of 136.0  nm [96]. The association with the 
RBC was carefully optimized in the ratio of NPs/erythrocyte 
with the ratio 200:1 resulting in 81.6% association, increas-

able to more than 96% by prolonging the incubation time 
between the particles and murine RBC. In the case of human 
RBCs, the association efficiency is lower (between 38.7% 
and 45.7%). Most importantly, the association of the parti-
cles did not induce any morphological change in the RBCs. 
The proposed mode of action of the system relies on the nar-
rowing of the capillaries in the lungs to increase the shear 
stress experienced by the particles, which will then detach 
and deposit in the lungs. This mechanism was proven in vitro, 
and the administration of the RBC doped with NPs increased 
the accumulation of the NPs in the lungs, controlling the 
 progression of lung metastasis and prolonging the overall 
survival of mice in early and late stages of B16F10 Luc 
model [96]. Finally, the authors evaluated the possibility to 
extend this system to other chemotherapeutics, demonstrat-
ing an efficient binding for NPs loading, among others, 
camptothecin, paclitaxel, and docetaxel [96].

The use of RBC is quite convenient since the cell source 
is widely available in the blood banks and will be tailored to 
the patient based on the blood type. However, the effect of 
the adsorption of NPs on the RBC has to be carefully evalu-
ated. As reported by Pan et al., by changing the particle type 
while keeping the concentration constant, polystyrene NPs 
induced agglutination of the RBC, together with osmotic, 
mechanical, and oxidative stress. In particular, the adsorp-
tion of polystyrene NPs induced changes in the RBC (differ-
ent stiffness and exposure of phosphatidylserine on the 
surface) typical of a RBC undergoing apoptosis and thereby 
rapidly cleared from the circulation. At the same time, 
lysozyme- dextran nanogel did not show any effect on RBCs 
[34]. Further studies are needed to optimize the type of par-
ticle, type of surface, and size for an optimal adsorption on 
RBC to prolong the circulation time.

The use of RBC cell membrane to wrap NPs was first 
proposed in 2013 by Hu et  al. as stealth modification pre-
serving the membrane CD47 density as the parent cell [101]. 
This type of particle coating inhibits the uptake by macro-
phages and can actively prolong the circulation time of 
poly(lactic-co-glycolic acid) (PLGA) NPs up to almost 40 h, 
when a control coated with PEG extends the circulation only 
up to 16  h [102]. These biohybrid particles can be easily 
loaded with chemotherapeutics like DOX and paclitaxel 
(PTX) [103–105]. Moreover, it is possible to modify the 
membranes with bifunctional linkers, such as succinimidyl-
[(N-maleimidopropionamido)-PEG] ester (NHS-PEG- 
maleimide), to introduce other functions to the RBC, as 
functional enzymes to disrupt the tumor microenvironment, 
allowing for a deeper tumor penetration of the nanosystems 
(Fig. 3) [106]. In this case, human recombinant hyaluroni-
dase was bound to red blood cell membrane via a bi-reactive 
PEG linker. The linker was attached to the membrane of 
RBC by EDC/NHS reaction, while the enzyme was success-
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Table 3 Examples of biohybrid systems in cancer chemo and combined therapy

Cell type Material
Type of final 
formulation Outcome Application Ref

RBC Screening of 100 nm DOX-loaded 
particles made of different polymers

RBC as cell carrier 
of NPs

Increased delivery of NPs to 
lung metastases after 
retro-orbital injection in mice

Treatment of melanoma 
metastasis in the lungs

[134]

Poly (lactic acid) (PLA) NPs; <100 nm; 
DOX loaded or chemically conjugated

RBC cell 
membrane as 
coating to increase 
the blood 
circulation time

Long-term stability of the 
particles, increased 
cytotoxicity of DOX in vitro

IV administration of 
DOX

[103]

Methoxy poly(ethylene glycol)-block- 
poly (D,L-lactide) NPs loaded with 
PTX dimer and 
5,10,15,20-tetraphenylchlorin for 
combined photodynamic therapy/
chemotherapy

RBC membranes 
as outer shell to 
prolong the blood 
circulation

Increased therapeutic efficacy 
in HeLa xenografts

IV administration of 
PTX chemotherapy 
combined with 
photodynamic therapy

[104]

PTX-loaded polymeric NP, 
1,1-dioctadecyl-3,3,3,3- 
tetramethylindotricarbocyanine iodide 
inserted into the membrane of the RBC 
shells for combined photothermal 
therapy/chemotherapy

RBC membranes 
as outer shell to 
prolong the blood 
circulation

Laser-dependent accumulation 
at the tumor site. Increased 
control over tumor growth in 
4T1 breast cancer model

IV delivery of a 
combined photothermal/
chemotherapy

[105]

Melanin NPs from living cuttlefish; 
128 ± 22 nm

RBC membranes 
as outer shell to 
prolong the blood 
circulation

Increased tumor accumulation 
after 4 h, possibility to image 
the tumor with ultrasound, 
control over the tumor growth 
in A549 lung cancer model

Photoacoustic imaging 
and PTT of the tumor

[25]

Iron oxide magnetic nanoclusters; 
134 ± 16 nm

RBC membranes 
as outer shell to 
prolong the blood 
circulation

Increased passive tumor 
accumulation; MRI tumor 
imaging; control in tumor 
growth and tumor eradication 
in MCF breast cancer model 
by combination of NIR laser 
and magnetic field

MR imaging of tumor 
and PTT

[135]

Cancer 
cells

PLGA NPs; 110 nm B16.F10 
melanoma cancer 
cell membrane for 
homotypic 
targeting and as 
antigen source
MDA-MB-435 
cell membrane 
used for the 
homotypic 
targeting assay

First example of biohybrid 
NPs coated with cancer cell 
membrane; in vitro proof of 
concept of homotypic targeting 
and potential as cancer vaccine

IV homotypic tumor 
targeting and cancer 
vaccine

[24]

PLGA NPs; 79.8 nm U87 and U87- 
CXCR4 cancer 
cells with high and 
low expression 
levels of CXCR4

Inhibition of cancer cell 
migration towards fibroblasts 
in vitro; reduction in the 
formation of metastasis 
in vivo; active vaccination with 
priming of CD4 and CD8 T 
cells

Prevention of metastasis 
formation and cancer 
vaccine

[136]

Iron oxide magnetic NPs; DOX loaded; 
295 ± 2.8 nm in dextran solution

Human squamous 
carcinoma cells; 
HeLa cells; COS-7 
cells

Homotypic targeting proven 
in vitro over three other cell 
lines and in vivo in two 
different tumors; control over 
tumor growth for homotypic 
tumors with increase in 
apoptotic cancer cells

Homotypic targeting, 
MR imaging, 
chemotherapy

[107]

(continued)
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Table 3 (continued)

Cell type Material
Type of final 
formulation Outcome Application Ref

Poly(caprolactone)-pluronic F68 NPs; 
PTX loaded; ≈ 150 nm

4T1 breast cancer 
model

Homotypic targeting towards 
4T1 demonstrated in vitro and 
in vivo; high efficacy in 
controlling tumor growth up to 
22 days while avoiding the 
formation of any metastatic 
nodule in the lungs

IV injection; homotypic 
tumor targeting; 
chemotherapy

[137]

DOX-loaded gold nanocages 4T1 cells Almost complete inhibition of 
tumor growth and metastasis 
formation

IV injection of 
combined chemo/
photothermal therapy

[98]

Indocyanine green-loaded PLGA NPs; 
197.3 nm

MCF-7 cancer 
cells; PEGylated

Complete tumor eradication 
without any relapse in the 
animals after 18 days

IV administration of 
PTT active agent with 
homotypic tumor 
targeting

[138]

DOX-indocyanine green NPs; 100 nm HeLa cells Control over tumor growth up 
to 18 days following NIR 
irradiation and PTT-induced 
drug release

IV injection of 
combined 
chemotherapy/PTT

[139]

DOX and PD-L1 siRNA-loaded PLGA 
NPs; 70 nm

HeLa cells In vitro proof of concept of 
homotypic targeting

Combined chemo and 
immunotherapy

[140]

Mesoporous silica NPs loaded with 
glucose oxidase

B16.F10 cells The combination of starvation 
therapy and checkpoint 
inhibitors can control tumor 
growth more efficiently than 
each of the single treatments

Combined starvation 
and immunotherapy 
with immune checkpoint 
inhibitors

[141]

Stem 
cell

DOX-loaded PLGA NPs; 
150.3 ± 2.7 nm

Mesenchymal 
stem cells as cell 
vehicle

Fast uptake in stem cells (1 h); 
tumor tropism in vitro in 
different models (including 3D 
spheroids); tumor tropism to 
metastasis in 3 h in vivo, 
determining a decrease in the 
number of metastatic nodules 
in the lungs

IV administration of 
NPs-loaded stem cells 
for tumor-targeted 
chemotherapy

[142]

PTX-loaded PLGA NPs Mesenchymal 
stem cells as 
carrier

Uptake of NPs in stem cells 
within 4 h; control over the 
tumor growth of a lung model 
with approx. 10 times less dose 
of drug administered

IV administration of 
NPs-loaded stem cells 
for chemotherapy

[143]

PTX-loaded PLGA NPs; 
126.3 ± 1.2 nm

Mesenchymal 
stem cells as 
carriers

Successful contralateral 
migration towards the tumor 
upon injection in the opposite 
brain hemisphere in vivo, 
prolonging the mean survival 
time to 35.5 days

Intracranial 
administration of stem 
cells to mediate targeted 
delivery of 
chemotherapeutic to 
gliomas

[144]

Curcumin-loaded chitosan NPs; 
652 ± 10 nm

TRAIL-expressing 
mesenchymal stem 
cells

Inhibition of tumor growth in 
4T1 breast cancer model; 
increase in the fraction of 
apoptotic cells in vitro

Peritumoral injection of 
stem cells with a 
combined chemo- and 
immunotherapy

[145]

TAT-functionalized, PTX-loaded, 
PLGA NPs; 225 ± 7 nm

Mesenchymal 
stem cells as 
cellular carrier

TAT functionalization 
increases NPs loading within 
the cells: Inhibition of tumor 
growth and prolonged survival 
in orthotopic model of lung 
cancer

IV administration of 
stem cells for targeted 
tumor chemotherapy

[146]

Soluble form of TRAIL ligand Nano-ghosts 
derived from 
mesenchymal stem 
cells; 180 nm

In vitro selective targeting to 
prostate cancer cells; in vivo 
safe targeting to the tumor, 
with improved control over 
tumor growth

IP injection of 
tumor-targeting 
chemotherapeutic

[17]

(continued)
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Table 3 (continued)

Cell type Material
Type of final 
formulation Outcome Application Ref

Negatively charged pDNA coding for 
C-terminal fragment of human matrix 
metalloprotease-2

Nano-ghosts 
derived from 
mesenchymal stem 
cells; 204 nm

Short-term safe therapy; 
in vivo efficacy in 
subcutaneous prostate cancer 
model and in orthotopic 
metastatic lung cancer model

IV injection of non-viral 
vectors for cancer 
therapy

[19]

DOX-loaded gelatin nanogels; 140 nm Mesenchymal 
stem cell 
membrane as outer 
wrapping

In vivo selective tumor 
targeting and improved 
efficacy in subcutaneous HeLa 
tumors

IV administration of 
tumor-targeting 
chemotherapeutics

[30]

Gold NPs, pH-sensitive; 10 nm 
nanospheres

Mesenchymal 
stem cells

Accumulation of aggregated 
gold NPs in stem cells’ 
endosomes; increased tumor 
targeting resulting in increased 
PTT effect with increased 
tumor temperature and 
antitumor efficacy

Cellular tumor-targeted 
delivery of gold 
nanoparticles for PTT

[115]

Gold NPs coated with alpha-synuclein; 
30.2 nm and 19.3 nm; graphene oxide 
flakes coated with gold NPs

Mesenchymal 
stem cells

Increased control over tumor 
growth in HT-1080 human 
fibrosarcoma subcutaneous 
model

IV administration of 
stem cells as carriers for 
PTT

[116]

Iron oxide NPs loaded with siRNA 
against Plk1 gene

Mesenchymal 
stem cell 
membrane

Increased tumor accumulation 
in subcutaneous DU145 
xenografts with improved 
anticancer efficacy

IV injection of a 
multimodal system for 
the delivery of siRNA, 
MR imaging, and PTT

[117]

Immune 
cells

MFG-LacZ retroviral particles Antigen-specific T 
cells

Adsorption of the viral vectors 
on the T cells; hand-off in the 
proximity of malignant cells 
and enhanced by T-cell 
activation; prolonged overall 
survival

IV administration of 
antigen-specific T cells 
for tumor delivery of 
viral vectors. Cancer 
immunotherapy

[147]

Nanoporous silicon microparticles Leukocyte cell 
membranes

In vitro reduced interaction 
and uptake from cells of the 
RES; in vivo tumor targeting 
with lower liver clearance

IV injection of 
tumor-targeting 
RES-cloaking 
microparticles for 
chemotherapy

[27]

DOX-loaded mesoporous silica 
nanocapsules; 47.8 nm

Macrophage cell 
membrane

Prolonged circulation 
associated with increased 
antitumor efficacy in 4T1 
breast cancer model

IV injection of 
tumor-targeting, 
RES-cloaking NPs for 
chemotherapy

[148]

Upconversion NPs; ≈ 80 nm Macrophage cell 
membrane

Prolonged stability up to 
15 days; increased blood 
retention time together with 
tumor accumulation and 
precise tumor imaging

IV administration of 
upconversion NPs for 
imaging purposes

[149]

Emtansine-loaded liposomes; 64.5 nm Macrophage cell 
membrane

Increased targeting to 4T1 
metastatic tumor model (lung 
metastasis); decreased number 
of metastasis, with a 87.1% 
inhibition rate

IV administration of 
tumor-targeting 
chemotherapy

[122]

Celasterol-loaded PEG-PLGA NPs; 
142.7 ± 2.8 nm

Neutrophil cell 
membrane

Increased tumor accumulation 
in GFP-PAnc02 model. 
Doubled overall survival 
compared to the free drug

IV injection of 
pancreas-targeting NPs 
for chemotherapy

[123]

Carfilzomib-loaded PLGA NPs; 
75.2 ± 5.3 nm

Neutrophil cell 
membrane

Increased association with 
cancer cells under shear flow 
in vitro; depletion of 
circulating tumor cells and 
control over the progression of 
metastasis already formed

IV administration of 
chemotherapy to prevent 
and treat lung metastasis 
in breast cancer models

[124]

(continued)
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Table 3 (continued)

Cell type Material
Type of final 
formulation Outcome Application Ref

DOX-loaded liposomes; 121 ± 2 nm 
hydrated

NK cell 
membranes

NK receptors-mediated 
recognition and uptake in 
cancer cells; increased efficacy 
against MCF-7 breast cancer 
xenograft model

IV administration of 
biomimetic systems for 
enhanced tumor 
accumulation and 
chemotherapy

[125]

Magnetic iron oxide NPs; ≈ 80 nm Macrophage cell 
membrane

Safe nanosystems with 
cancer-specific targeting and 
improved anticancer efficacy 
after PTT treatment

IV administration of 
stealth nanosystems 
with enhanced tumor 
accumulation for PTT

[126]

Janus polyelectrolyte multilayer 
microcapsules; silica coated with gold

Leukocyte cell 
membrane

Mechanism-based study on 
how the capsules can kill 
cancer cells also after uptake 
and the mechanism governing 
the PTT effect

In vitro proof of concept 
of PTT mechanism

[127]

Iron oxide NPs; ≈ 80 nm Myeloid-derived 
suppressor cell 
membranes

Increased tumor targeting 
compared to RBC-coated NPs; 
MRI of the tumor and 
enhanced PTT

IV administration of 
combined MRI and PTT 
NPs

[128]

4,4′,4″,4″′-(porphine-5,10,15,20-tetrayl) 
tetrakis (benzoic acid)-loaded 
mPEG-PLGA NPs; 80 ± 1.5 nm

NK cell membrane Complete eradications of the 
primary tumors and control 
over the growth of the distal 
tumors

PDT with abscopal 
effect to induce 
immunogenic cell death, 
macrophage 
repolarization, and 
activation of the 
immune system

[150]

NIR dye-loaded and gadolinium- 
conjugated PLGA NPs; 190 ± 2.8 nm

NK cell membrane Prolonged circulation time and 
increased tumor accumulation. 
Possibility of in vivo NIR 
fluorescent imaging and 
ex vivo MRI

IV administration of 
dual imaging NP probe

[151]

PTX-loaded PLGA NPs; 
165.9 ± 1.0 nm

Cytotoxic T-cell 
membranes

Enhanced accumulation after 
low-dose irradiation through 
chemoattraction; tumor growth 
inhibition in the 88% of the 
animals with two complete 
remissions in gastric cancer 
model

Combined low-dose 
irradiation with 
chemotherapy

[129]

IR780-loaded mesoporous silica NPs; 
105 nm

Chimeric antigen 
receptor T-cell 
membrane 
recognizing 
GPC3+ cancer 
cells

Specific tumor targeting both 
in vitro and in vivo; control 
over tumor growth and tumor 
imaging

Multimodal platform for 
the precise targeting, 
PTT, and imaging for 
hepatocellular 
carcinoma

[152]

Others Magnetic beads (magnetic NPs); 
100 nm

Platelet-leukocyte 
hybrid cell 
membrane with a 
conjugate 
anti-EpCAM 
antibody

Increased sensitivity in the 
isolation in complex samples 
(full blood) compared to 
commercial immunomagnetic 
beads

Immunomagnetic beads 
for the ex vivo detection 
and isolation of 
circulating tumor cells

[130]

Melanin NPs; 64 nm RBC-cancer cell 
(MCF-7) hybrid 
membrane

Prolonged blood circulation 
time compared to particles 
coated only with cancer cell 
membrane; improved tumor 
targeting and accumulation 
compared to RBC membrane- 
coated particles; possibility of 
imaging through photoacoustic 
signal

IV administration of 
NPs for PTT

[153]

(continued)
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fully attached to the linker by reaction between thiol groups 
on the enzyme of interest and maleimide on the linker. 
Different lengths of the spacer were evaluated, and the lon-
ger one (MW: 3400) can retain the enzyme activity better 
than the shorter ones. The presence of the recombinant extra-
cellular matrix-degrading enzyme can facilitate the diffusion 
of the particles in in vitro models of matrix-mimicking gels 
and PC3 prostate cancer extracellular matrix while retaining 
prolonged circulation time in vivo [106].

Combined Therapy
RBC cell membranes can provide stealth coating to differ-
ent types of NPs with PTT or PTD properties (melanin 
NPs, magnetic clusters of iron oxide, near-infrared dyes, 
photosensitizers like 5,10,15,20-tetraphenylchlorin), 
altering their biodistribution in favor of a passive tumor 
accumulation. The enhanced accumulation results in 
enhanced antitumoral efficacy of the various bare 
nanosystems.

Table 3 (continued)

Cell type Material
Type of final 
formulation Outcome Application Ref

DOX-loaded hollow copper sulfide 
NPs; 190 nm

RBC cancer cell 
(B16.F10) hybrid 
membranes

Prolonged circulation together 
with homotypic targeting. 
Complete control over 
melanoma with remissions

IV injection of 
combined chemo and 
PTT

[154]

Iron oxide NPs; 80 nm Cancer stem cell 
platelet-hybrid 
membranes

Prolonged circulation and 
tumor-targeting ability; 
enhanced PTT in 
immunocompetent mice

IV administration of 
PTT in head and neck 
squamous cell 
carcinoma

[155]

Polypyrrole NPs RBC-platelet 
hybrid membranes

Prolonged circulation and 
targeting provided by platelets 
upon induction of 
microthrombosis in the tumor 
tissue

IV administration of 
PTT

[132]

Fig. 2 Schematic illustration of NPs hitchhiking RBC for delivery to 
lung metastases. Biocompatible and biodegradable drug-loaded NPs 
are adsorbed on the surface of RBCs. Upon intravenous injection, 
RBCs pass through the lungs; there they deposit the NPs due to changes 

in the shear force. The increase in the fraction of NPs available at the 
tumor site leads to a reduction in the number of metastatic nodules. 
(Reproduced with permission from Ref. [96] ©2019, The authors)
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Cancer Cells
The use of cancer cells is limited to the extraction of their 
membranes or nano-ghosts with the primary aim of achiev-
ing tumor-specific targeting. In particular, the use of cell 
membrane as wrapping moiety was first described by Fang 
et  al. in 2014, highlighting the potential applications as 
source of antigens for vaccines and for drug delivery [24]. 
The self-targeting properties of cancer cell membrane-coated 
particles were proved by Zhu et al., preparing two different 
sets of DOX-loaded magnetic cell membrane-coated parti-
cles, different in the source of the cells used [107]. These 
particles selectively accumulated in the homologous tumor 
in vivo. Finally, the tumor self-targeting was demonstrated 
also in patient-derived xenograft with cisplatinum-loaded 
NPs [99]. In this study, the authors compared the tumor 
accumulation of bare gelatin NPs, RBC-coated NPs, or 
homologous xenograft cells NPs: the normalized accumula-
tion of cancer cell membrane-coated particles was more than 
double of the RBC-NPs ones. Furthermore, xenografts 
derived from different patients displayed different membrane 
signatures, meaning that a selective homotypic tumor accu-
mulation was observed when comparing accumulation in 
two different patient xenografts [99]. However, some differ-
ences in the ability to effectively deliver cisplatin chemo-
therapy and in its efficacy are present among the different 
xenografts.

Combination
The exquisite homotypic targeting provided by the presence 
of cancer cell membrane contributes to an increase in the 
efficacy of combined therapy with PTT and PDT or the 

implementation of a theranostic platform for imaging. 
Furthermore, it is possible to induce starvation in cancer by 
developing a cascade bioreactor based on glucose oxidase 
and catalase; the enzymes are loaded within a porphyrin 
metal-organic framework that is sensitive to NIR irradiation, 
resulting in PDT (Fig. 4) [108].

The rationale behind the work is to combine the biomi-
metic properties and homotypic targeting provided by the 
cancer cell membrane (4T1 cancer cells) with a photody-
namic core of metallic organic framework and starvation 
therapy mediated by the presence of two enzymes, glucose 
oxidase and catalase. A NIR laser is shone over the tumor, 
activating the metallic organic frameworks and resulting in 
the production of ROS, while the two enzymes consume the 
available glucose, determining the starvation of the cells 
[108]. This system effectively contributed to a control over 
the tumor growth.

Stem Cells
Stem cells are highly migratory and are attracted by inflamed 
areas, like tumors or sites of cardiovascular diseases, migrat-
ing selectively towards the tumor site [109, 110]. Owing to 
tumor-specific targeting properties, stem cells, and in par-
ticular mesenchymal stem cells (MSC), have been loaded 
with NPs, oncolytic viruses, and drugs and modified to add 
further targeting moieities [111, 112].

However, the use of MSC in the clinics is complicated by 
their potential to increase the metastatic ability of tumors 
[113]. This mechanism is primarily due to the secretion of 
different factors from the MSC; thereby, the development of 
MSC nano-ghosts, where the cytoplasmic material is 

Fig. 3 Schematic illustration of modification of RBC cell membrane 
with NHS-PEG-maleimide and hyaluronidase. RBCs were modified 
with a linker, followed by the reaction to attach the hyaluronidase 
enzyme to the membrane. Biohybrid NPs decorated with hyaluronidase 

can cut through the hyaluronan in the cell matrix, reaching deeper 
within the tumor tissue. (Reproduced with permission from Ref. [106], 
under a Creative Commons License 4.0)
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removed from the cells, is currently pursued, as well as the 
loading of nano-ghosts with antagonists of selected receptors 
involved in the cross-talk between MSC and cancer cells [114]. 
The targeting ability of the nano-ghosts can be tailored by 
changing the culture conditions of the parent MSC. Nano-
ghosts derived from MSC cultured in presence of cancer 
media display higher targeting towards immune cells, while 
nano-ghosts derived from MSC cultured with proinflamma-
tory cytokines achieve the highest tumor targeting [100].

Combination
The tumor-targeting properties of stem cells and stem cell 
membranes have been exploited for the loading of different 
cargos (gold NPs, iron oxide NPs) to enhance their tumor 
accumulation, improving the PTT efficacy, or providing 
multimodal systems for delivery of therapeutic cargo, imag-
ing, and PTT [115–117].

Immune Cells
The immune system plays a complex role in its interactions 
with cancer, as presented in Sect. 3.1. Importantly, immune 
cells are recruited in the tumor microenvironment [118]. T 
cells or DCs have been initially proposed as cell therapy, 
with one treatment successfully in the clinic as cancer 
 vaccine [119]. The costs deriving from the manipulation of 

cells and the type of facilities needed have sprung the 
research into alternative biohybrid materials, conserving the 
features of immune cells. The first examples used membrane 
derived from leukocytes to create leukolike vectors able to 
prolong the circulation and extravasate in inflamed areas, 
accumulating within B16 melanoma tumors [27]. The leuko-
cyte membrane promotes the activation of intercellular adhe-
sion molecule 1 (ICAM) on the endothelial cells, which 
leads to enhanced vascular permeability, adhesion to the 
tumor vasculature, and enhanced tumor perfusion (Fig.  5) 
[120].

Alternatively, membranes derived from macrophages 
have been investigated for the preferential targeting to 
inflamed sites, including tumors, for the delivery of chemo-
therapeutics. The highly effective targeting was combined to 
a sequentially controlled drug release of PTX from nanogels 
in the tumor microenvironment and tumor cell responding to 
the different stimuli in the tumor microenvironment (Fig. 6) 
[121]. In particular, the macrophage membrane coating 
allows the NPs to escape the RES while efficiently targeting 
the tumor site. Upon extravasation, with the lowering of the 
physiological pH typical of the tumor microenvironment, the 
poly  β-amino esters forming the nanoparticles, modified 
with 2-aminoethyldiisopropyl groups to tune the pH, expand 
via proton sponge effect, breaking apart the cell membrane 

Fig. 4 Schematic illustration of the combined starvation/PDT wrapped 
with cancer cell membrane. (a) Preparation of the nanosystem by com-
bining the photosensitive particles with cancer cell membranes. Glucose 
oxidase and catalase are then added to the systems. (b) Upon intrave-
nous injection, and due to the homotypic targeting provided by the can-
cer cell membrane, the NPs are accumulating in the tumor site. (c) Then, 

upon uptake of the NPs by the cancer cells, the two enzymes will con-
sume glucose, determining a starvation status in the cancer cells. At the 
same time, a NIR laser will be shone onto the tumor, interacting with 
the NP’s core and determining the production of reactive oxygen spe-
cies. (Reproduced with permission from Ref. [108] © 2017, American 
Chemical Society)
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and freeing the cellular peptidic targeting moiety. A D-form 
oligopeptide of sequence cskc was chosen as the targeting 
moiety because of its high affinity for the insulin-like growth 
factor receptor 1, quite commonly expressed by cancer cells. 
Upon interaction with the receptor and cellular internaliza-
tion, the further drop in pH recorded into endosomes results 
in the rupture of the NPs, allowing for an intracellular deliv-
ery of PTX. In terms of antitumoral efficacy, the presence of 
the macrophage cell membrane combined with the targeting 
peptide can increase the most the number of apoptotic cells 
intratumorally, prolonging the control over the tumor growth 
in a 4T1 model.

Moreover, macrophage cell membrane determines an 
effective targeting of the payload also to metastasis (e.g., the 
lung metastasis in a breast cancer model) [122]. Interestingly, 
the cell membrane of neutrophils can help the payload cross 
the blood-pancreas barrier [123]. Moreover, neutrophils can 
specifically target the circulating tumor cells responsible for 
the formation of metastasis [124]. Natural killer (NK) cells 

routinely patrol the body looking for infected or tumor cells; 
the combination of DOX-loaded liposomes with cell mem-
brane derived from NK cells increased the circulation time 
and the tumor targeting, with increased efficacy in a MCF-7 
tumor xenograft compared to DOX alone [125].

Combination
The coating with macrophage cell membrane was proposed 
also to extend the circulation time of iron or gold nanoparti-
cles, as well as Janus microcapsules, increasing their tumor 
accumulation and their PTT efficacy [48, 126, 127]. Myeloid- 
derived suppressor cell membranes were wrapped around 
iron oxide nanoparticles to extend their circulation profile 
and increase their tumor targeting. These particles were used 
in PTT, resulting in a decrease in the metabolic activity of the 
tumor together with reprogramming of tumor-infiltrating 
macrophages to a proinflammatory phenotype [128]. In an 
interesting application, low-dose irradiation was needed to 
increase the delivery of cytotoxic T-cell membrane-coated 

Fig. 5 Comparison between bare NPs and leukolike vectors’ interac-
tions with tumor vasculature in a 4T1 tumor model. (a) Intravital micro-
scope images showing the presence of the particles in the tumor 
vasculature (scale bar = 100 μm). (b) Number of particles present in the 
vasculature analyzed from image (a). (c) Merged images from 20  s 
movies presenting the stability of the binding between leukolike vectors 
and the tumor vasculature (scale bar  =  50  μm). (d) Numerical data 

quantifying the different fractions of particles (stably bound, newly 
bound, detached). (e) Particle motion analysis to evaluate the move-
ment of single particles on x and y axes. Moving particles present 
askew lines, while stable particles are identified by straight lines. (f) 
Velocity of the NP movements compared to the bound leukolike vec-
tors. (Reproduced with permission from Ref. [120])
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NPs, with almost 90% of growth inhibition in a gastric can-
cer model in nude mice [129].

Others
In some cases, the optimal properties of a biohybrid nanopar-
ticle derive from the combination of different cells; thereby, 
hybrid systems have been developed [130]. For example, the 
membrane of RBCs, which provides extended bloodstream 
circulation but does not allow the targeting to the site of 
interest, can be combined with the membrane of platelets, 
allowing for tumor targeting and retaining the properties of 
both the original cells [131]. As for the treatment of cancer, 
the desired properties are prolonged circulation with evasion 
of the RES and active targeting to the tumor site, to increase 
the tumor accumulation. Thereby, the stealth effect provided 
by RBCs can be combined with the homotypic targeting of 
the cancer cell membranes to prolong circulation time and 
increase tumor accumulation and efficacy of the cargo. 
Platelet membrane can represent also a targeting source 
when the tumor vasculature is injured by radiation and plate-
lets are recruited to the microthrombosis sites created, 
increasing the distribution of the particles in the tumor tissue 
and, consequently, the efficacy of PTT [132]. Additionally, 
cancer cell membranes can be combined with leukocyte 

membranes in leutusomes, PTX-loaded liposomes formed 
from the two membranes. Their accumulation at the tumor 
site was 79% of the injected dose/g of tumor, representing a 
major increase compared to the tumor accumulation of con-
ventional nanosystems (Fig. 7) [133]. The presence of leuko-
cyte cell membrane features in the coating highly decreased 
the interactions and the uptake from immune cells. The 
applications of these particles are not limited only to cancer 
treatment but can also provide a reliable diagnostic source, 
as shown by Rao et  al., where the combination of platelet 
membrane and leukocyte membrane allowed for the specific 
binding to circulating tumor cells provided from platelets 
while avoiding unspecific interactions with the leukocytes 
present in the blood sample [130].

4  Applications in Cancer 
Immunotherapy

4.1  Cancer Immunotherapy

The development of more effective and safer cancer treat-
ments is strongly needed due to the intrinsic limits of conven-
tional cancer therapies (e.g., surgery, radiotherapy, 

Fig. 6 Schematic illustration of stepwise, stimuli-responsive, biohybrid 
nanosystem wrapped in macrophage cell membrane. The system is pro-
duced by self-assembly of a polymer, can efficiently load PTX, and is 
then coated with macrophage cell membrane. Upon intravenous adminis-
tration, the cell membrane ensures a correct targeting to the site of inflam-
mation (the tumor), facilitating the extravasation. Then, in the tumor 

microenvironment, the system will escape from the cell membrane 
through a proton sponge effect, releasing the single particles. The target-
ing moiety present on each particle (insulin-like growth factor 1 receptor, 
IGF1R) will facilitate the targeting and intracellular uptake of the parti-
cles, which will then release the drug at cytoplasmic level, upon a further 
decrease in the environmental pH. (Reproduced with permission from 
Ref. [121])
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chemotherapy, hormone therapy, and targeted therapy) [62]. 
The need is especially high against advanced cancer, for which 
conventional cancer therapies present limited efficacy [156].

Since the introduction of cancer immunotherapy, the par-
adigm of cancer treatment shifted [157]. Immunotherapy has 
been regarded as a rising therapeutic approach since the 
approval of the first marketed immunotherapy for cancer by 
the US Food and Drug Administration (FDA) in 1986, which 
consisted in recombinant versions of the cytokine interferon-α 
(IFNα) for the treatment of hairy cell leukemia [158]. 

Recently, owing to immune checkpoint inhibitors’ (ICIs) 
clinical success, immunotherapy became a new pillar of can-
cer treatment [159].

Cancer immunotherapy aims to induce antitumor immune 
response by stimulating the host immune cells in lymphoid 
tissues and antitumor immune cells in the tumor microenvi-
ronment, such as effector T cells, dendritic cells (DCs), NK 
cells, and tumor-associated macrophages (M1-like macro-
phages) to recognize and kill tumor cells [159]. This 
approach is based on the cancer immunoediting concept, 

Fig. 7 Stealth effect of leukocyte cell membrane. The addition of leuko-
cyte cell membrane to the cancer cell one reduces the interactions and 
slows the uptake of the leutusomes by monocytes and neutrophils. For 
shorter time points (2 h and 6 h), as seen both in the less marked shift of 

the fluorescence in the cell population and in the quantification of the 
MFI, the fraction of leutusomes taken up is comparable with systems 
prepared from the membrane of leukocytes, while the cancer cell mem-
brane-derived systems show a higher uptake. (Reproduced with permis-
sion from Ref. [133])
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which consists in an extrinsic tumor suppressor mechanism 
divided into three sequential phases: elimination, equilib-
rium, and escape. The concept attempts to integrate the 
diverse effects of the immune system on tumor development 
and outgrowth [160]. These phases take place only when 
intrinsic tumor suppressor mechanisms have failed, as 
shown in Fig. 8.

The first phase, elimination, comprises the immune 
surveillance stage, in which developing tumors are 
destroyed by a competent immune system long before 
they become clinically apparent. The second phase may 
occur when sporadic tumor cells are not destroyed in the 
elimination phase, entering the equilibrium phase. Thus, a 
state of tumor cells’ functional dormancy is maintained 
by T cells, IL-12, and IFN-γ. In this phase due to the enor-
mous plasticity of the cancer cell genome, edit of tumor 
immunogenicity occurs, yielding potential resistance to 
an immune attack. In the third and final phase of the pro-
cess, the escape phase, tumors’ outgrowth is no longer 
blocked by immunity, becoming clinically apparent. It 
may occur due to (i) lower cellular immunogenicity, adap-
tive immunity no longer recognizing tumor cells; (ii) 
increased cell survival, tumor cells becoming insensitive 
to immune effector mechanisms; or (iii) the formation of 
a multifaceted immunosuppressive tumor microenviron-
ment (TME) [160, 162].

Therefore, cancer immunotherapy focuses on three main 
approaches towards an effective antitumor immune 
response: (1) adoptive T-cell therapy, (2) reversing immu-
nosuppressive TME, and (3) vaccination [162]. By initiat-
ing a self- sustaining cycle of cancer immunity, this 
approach enables a treatment with fewer off-target effects 
than conventional cancer therapies, which directly kill can-
cer cells [157, 163].

4.2  Biohybrid NPs for Cancer 
Immunotherapy

Effective antitumor immunity is related to the presence of 
T cells directed at cancer neoantigens, which exhibit 
exquisite tumor specificity [164]. Cancer neoantigens, a 
class of human leukocyte antigen-bound peptides, derive 
from tumor-specific mutations [165]. Thus, they allow the 
immune system to distinguish cancer cells from non-cancer 
cells [166].

Biohybrid NPs have been gaining increased attention as 
an attractive candidate for cancer immunotherapy due to 
their ability to combine the unique functionalities of cellular 
membranes, which mimic the function of their source cells, 
and the potentiality of synthetic nanomaterials [136]. By 
leveraging the complex antigenic profile present on cell 

Fig. 8 The process of cancer immunoediting. (a) Transformed cells 
due to danger signals emitted and neoantigens are recognized by a 
variety of immune cells in the elimination phase. (b) This phase can 
progress to the tumor suppression or evolve to tumor dormancy and 
editing, the equilibrium phase. (c) When the tumor outgrowth is no 
longer blocked, escape phase starts, and the tumor becomes clini-

cally apparent. The initial tumor cells are depicted in blue, clonal 
variation of the initial tumor cells are presented in orange, while the 
stroma and normal cells surrounding the tumor are grey. Leukocytes 
are directly identified in the figure, while small orange spheres repre-
sent cytokines and white flashes the activity of cytotoxic T cells 
against tumor cells. Reproduced with permission from Ref. [161]
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membranes, NPs coated with them reveal enhanced immu-
nogenicity. Therefore, cancer vaccines bestowing biohybrid 
NPs are under hefty investigation to prime tumor-specific 
immunity [167].

4.2.1  Activation of Antigen-Presenting Cells 
(APCs)

To generate robust antitumor immune responses in vivo, 
therapeutic cancer vaccines immunize the patient against 
neoantigens [168]. Nevertheless, by the time malignant stage 
is reached, the most immunogenic neoantigens have been 
potentially eliminated via negative selection [5, 169, 170]. 
Therefore, to improve vaccine potency, vaccine formulations 
based on biohybrid nanotechnology typically incorporate 
cell membrane-coated NPs with immunostimulatory adju-
vants to enhance the activation of APCs, boost in situ DCs’ 
maturation, induce T-cell responses, and, lastly, lead to the 
creation of tumor-specific antitumor immune memory 
[171, 172].

Cancer Cell Membrane-Coated NPs
In the first proof of concept, Fang et al. developed cancer cell 
membrane-coated NPs (CCNPs). B16−F10 mouse mela-
noma cells were coated onto polymeric NP cores made of 
PLGA polymer with toll-like receptor 4 agonist, monophos-
phoryl lipid A (MPLA), as an adjuvant attached on the sur-
faces [24]. The resulting particles facilitated the uptake of 
membrane-bound neoantigens by APCs for efficient presen-
tation and downstream immune activation. Furthermore, 
homotypic binding mechanism was observed since the 
CCNPs and their source cells shared the same cell adhesion 
molecules, and increased affinity enabled a targeted cancer 

drug delivery [24]. Therefore, this platform allowed the 
development of two distinct anticancer modalities, as shown 
in Fig. 9.

Alternatively, Fontana et al. developed a multistage nano-
system composed of porous silicon (PSi) NPs encapsulated 
within a polymeric matrix of acetylated dextran as immuno-
stimulant adjuvant core, and they wrapped cell membrane 
from a human breast cancer cell line (MDA-MB-231) 
(Fig.  10) [23]. In this proof-of-concept study, the authors 
demonstrated that the vaccine formulation can efficiently 
induce the maturation of APC in vitro, together with a selec-
tive antitumor ability of PBMC primed against the cell mem-
brane antigens.

Another interesting work swapped inorganic NPs as 
the vaccine core for oncolytic adenoviruses. Oncolytic 
adenoviruses can replicate only in cancer cells defective 
in mechanisms preventing their proliferation. As a result 
of the viral replication, cancer cells tend to explode, effec-
tively reducing the tumor burden. Furthermore, the 
immune system has been shaped by millennia of interac-
tion with viruses; thereby, viruses serve as excellent adju-
vant platforms. However, the use of oncolytic viruses has 
also some downsides, including the need for a specific 
receptor for the cellular internalization whose expression 
differs among different cancers and the presence or pro-
duction of neutralizing antibodies in the blood of the 
patients. Fusciello et  al. creatively wrapped oncolytic 
adenovirus with the cell membrane derived from cancer 
cell (ExtraCRAd) and evaluated its efficacy as preventive 
and therapeutic vaccine in different tumor models 
(Fig.  11) [173]. The vaccination was highly effective in 
controlling the tumor growth in therapeutic settings, due 

Fig. 9 Cancer cell membrane-coated NPs as cancer vaccines. 
Schematic presentation of CCNP fabrication. Cancer cell membrane 
with neoantigens is collected from cancer cells and coated onto 

 polymeric NPs. These biomimetic NPs can be used for antigen delivery 
and homotypic targeting. (Reproduced with permission from Ref. [24])
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to the priming of a tumor-specific response. Moreover, the 
coating of the virus with cell membrane increased the 
internalization of the virus in a receptor-independent way. 
The wrapped virus showed also enhanced protection 
against neutralizing antibodies [173].

RBC Membrane-Coated NPs
Ascribable to their inherent biocompatibility, RBCs, also 
known as erythrocytes, represent a promising cell-mediated 
drug delivery system [174]. Within the spleen, damaged or 
senescent RBCs are eliminated by scavenger cells [175, 
176]. There, as cells from the immune system are particu-
larly abundant, damaged RBCs could potentially deliver 
neoantigens to APCs and induce robust cytotoxic T-cell 
responses [176].

Guo et al. developed a mannose-RBC membrane-coated 
PLGA-NP with hpg100(25–33) (a melanoma-associated 
antigenic peptide) entrapment and MPLA as adjuvant to 
enhance DCs’ targeting and neoantigen presenting efficiency 
[172]. The entrapment of hpg100(25–33) potentiated 
vaccine- induced antitumor immune response [177]. 
Furthermore, mannose-modified NPs delivered the vaccine 
into draining LNs. Thus, the particles allowed an active tar-
geting of APCs in lymphatic organs, inhibited tumor growth 
and suppressed tumor metastasis, prolonging the overall sur-
vival of the animals in an aggressive melanoma model 
(Fig. 12) [172].

4.2.2  Combined Therapies 
with Immunotherapy

As a result of the lack of tumor-infiltrating effector T cells, 
presentation of neoantigens alone may not be able to over-
come the immunosuppressive TME. Therefore, many cancer 

patients do not respond to single-agent therapy. A combina-
tion of multiple cancer therapies may be required to achieve 
effective tumor elimination and durable tumor inhibition 
post-treatments [178, 179]. As such, efforts have shifted 
towards the rational design of combinatorial approaches, as 
discussed below.

PDT and Immunotherapy
Cytomembrane-Coated NPs
Taking advantage of the features of cancer cells above 
explained and DCs, Liu et  al. created  NPs coated with a 
hybrid cytomembrane [179]. Due to the fusion of cancer 
cells with DCs and combination with photosensitizers- 
containing metal-organic frameworks (MOFs), the platform 
permitted a combination of immunotherapy and PDT 
(Fig. 13).

The cytomembrane was composed of cancer cells, 
murine mammary carcinoma tumor (4T1) cells; therefore, it 
effectively expressed neoantigens. Additionally, DCs are 
APC, which process and present neoantigens in the form of 
antigen peptide-MHC (pMHC) molecules on cell surface, 
regulating in T-cell immunity [180]. Consequently, the 
fusion of cancer cells and DCs allowed the presentation and 
processing of neoantigens [179]. Thereby, due to the pres-
ence of neoantigens and immunological co-stimulatory 
molecules derived from the cytomembrane, the platform 
allowed for targeting of homotypic tumors, had lymph 
node-homing ability, and increased immune responses [107, 
179].

Moreover, the combination of the hybrid cytomembrane 
and the ultrahigh antitumor effects of MOFs inhibited prolif-
eration of the primary tumors post-PDT treatment by facili-
tating the diffusion of the produced reactive oxygen species, 

Fig. 10 High-resolution scanning electron microscopy images of the layers in the multistage nanosystem. (a) PSi NPs, (b) acetalated dextran 
encapsulating the PSi NP, (c) wrapping with cell membrane derived from MDA-MB-231 cells. (Reproduced with permission from Ref. [23])
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while the priming of an immune response suppressed the 
proliferation of distant tumors [179].

Natural Killer Cell Membrane-Coated NPs
Another strategy was elaborated by Deng et al. by combining 
immunotherapy based on biohybrid NPs and PDT. The plat-
form was composed of NK cell membranes-cloaked photo-
sensitizer 4,4′,4′′,4′′′-(porphine-5,10,15,20-tetrayl) tetrakis 
(benzoic acid) (TCPP)-loaded NPs (NK-NPs) with vaccine- 
like functions in situ [150].

NK cells are innate immune cells with potent cytolytic 
function, which do not require previous antigen-specific 
stimulation to eliminate target cells [181]. Moreover, NK 
cells secrete a variety of cytokines (e.g., tumor necrosis 
factor-α), promoting the maturation of APCs and, conse-
quently, the production of proinflammatory cytokines and 
stimulation of T-cell responses [182, 183]. In cancer immu-
notherapy, NK cell membrane can induce proinflammatory 
M1 macrophages polarization and stimulate the immune 
system [150].

Fig. 11 Therapeutic efficacy of artificially wrapped adenovirus 
(ExtraCRAd) in melanoma and lung adenocarcinoma models. (a) 

Efficacy in B16.OVA melanoma. (b) Efficacy in B16.F10 melanoma. 
(c) Efficacy in LL/2 lung adenocarcinoma model. All the animals were 
injected four times with the vaccine, every 2 days
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Thus, Deng et al. used NK-NPs to induce the polariza-
tion of M1 macrophages.  Additionally, the loading with 
TCPP enabled a direct eradication of primary tumor cells 
through PDT and triggered dying cells to produce damage-
associated molecular patterns, leading to the activation of 
APC.  Altogether, this strategy increased the immunoge-
nicity of cancer cells and the immune response. 
Furthermore, the treatment with the biomimetic nanostruc-
ture resulted in an abscopal effect inhibiting distant 
untreated tumors [150].

PTT and Immunotherapy
Myeloid-Derived Suppressor Cell 
Membrane-Coated NPs
Myeloid-derived suppressor cells (MDSCs) have emerged as 
major immune response regulators in cancer due to their 
immunosuppressive trait [184, 185]. Myeloid cells (e.g., 
macrophage, DCs, and neutrophils) when terminally differ-
entiated activate in the presence of a pathologic condition 
towards elimination of potential threats (e.g., abnormal cells, 
infectious agents, or damaged tissue). When the steady state 
is not reached, a heterogeneous population of immature 
myeloid lineage cells, MDSCs, are produced [184]. 

Therefore, MDSCs are present in low concentration in 
healthy individuals, but as a result of chronic inflammation 
mediated by cytokines and chemokines produced by malig-
nant cells, MDSCs are exponentially produced and accumu-
late in the tumor [185, 186].

By leveraging MDSC intrinsic features, Marvel and 
Gabrilovich developed a MDSC membrane-coated iron 
oxide magnetic NP for PTT-induced tumor killing [185]. The 
MDSC coating allowed an efficient immune escape and 
tumor targeting. In the tumor, MNP modulated M2 macro-
phages to M1, which were synergized with PTT-enhanced 
immunologic cell death [185].

Combined Immunotherapies
The modulation of the suppressive TME is essential for the 
success of immunotherapy; therefore, the combination of 
immunotherapies is expected to have a positive impact in 
increasing efficacy and reducing side effects [167].

Fontana et al. developed thermally oxidized PSi NPs and 
acetalated dextran formulated into a nanocarrier, which were 
coated with a layer of cancer cells, B16.F10 and B16.OVA, 
depending on the disease model to form CCNPs [167]. The 
biomimicking nanocarrier was administered in synergy with 

Fig. 12 Efficacy of RBC-coated hybrid NPs as preventive vaccination in B16.F10 melanoma model. (a) Schematic of the experiment with three 
vaccinations, every 7 days; 14 days after the last vaccination, the mice were injected with B16.F10 cells, and the growth of the tumor was then 
followed. (b) Percentage of tumor-free mice over time; (c) tumor volume at day 28. (Reproduced with permission from Ref. [172])
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immune checkpoint inhibitors (ICIs), such as CTLA-4 
blocking antibodies [187]. As the rate of ICIs-responsive 
patients remains limited [188], mainly due to the absence of 
antigen-specific T cells into the TME, this strategy was par-
ticularly important to assess the synergistic potential of ICIs 
and CCNPs [167].

The platform successfully increased the maturation of 
DCs, the expression of pMHC, and the infiltration rate of 
DCs and T cells, synergizing with anti-CTLA-4 treatment. 
Thus, the present strategy elicited an antitumor immune 
response and improved the antitumor efficacy of ICIs in the 
treatment of melanoma [167].

Fig. 13 Schematic of the composition and mechanism of action of 
cytomembrane-coated MOFs for combined PTT and immunotherapy. 
(a) A NIR-responsive molecule (TCPP) was combined with clusters of 
zirconium to form MOFs. The cell membranes from 4T1 cells and DCs 
were then combined in a hybrid cell membrane used to coat the MOF 
NPs. (b) Mode of action of the biohybrid MOFs: after IV injection, the 

NPs will accumulate in the tumor, where, after NIR irradiation and 
PTT, cancer cells die, releasing antigens. At the same time, NPs can be 
uptaken by immature DC, contributing to their maturation and the prim-
ing of a tumor-specific immune response able to control the tumor 
growth also in distal tumors not irradiated with NIR laser. (Reproduced 
with permission from Ref. [179])
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5  Advantages, Disadvantages, 
and Clinical Outlook

The main advantages of biohybrid nanosystems in cancer 
treatment can be summarized in prolonged circulation 
(stealthiness), efficient active targeting, and presentation of 
neoantigens. Each of these characteristics has profoundly 
innovated the field of nanomedicine.

The surface modification of NPs with PEG has been the 
gold standard for some decades, with uncountable examples 
in the clinics or described in the literature. However, the effi-
ciency of this coating is quite limited compared with the nor-
mal circulation time of corpuscular elements in the blood. 
The use of cells or cell membranes has led to a major increase 
in the blood circulation time, in the order of tens of hours 
more. Nevertheless, when compared with the actual lifespan 
of the plain cells (e.g., RBC), this increase is still limited and 
needs further research and optimization of the physical prop-
erties of the system (e.g., shape and elastic modulus), mov-
ing away from conventional spherical rigid polymeric 
particles.

Cells or receptors on their cell membranes provide mul-
tiple sources of active targeting to the tissue and cell of inter-
est without the need to introduce foreign targeting agents. 
The natural affinity and binding of biohybrid systems do not 
depend on the ratio between targeting agents and PEG or on 
the formation of the protein corona. However, particularly in 
the case of cancer cell membrane-coated particles, all the 
proof-of-concept studies have been in immunodeficient ani-
mals, without evaluating the interaction with a complete 
immune system. In the case of leutusomes, cancer cell mem-
brane was combined with leukocyte cell membrane, mini-
mizing the interactions with RES and increasing the dose 
delivered to the tumor in a fully immunocompetent model 
[133]. Thereby, further investigations in immunocompetent 
animals and in larger animal are needed to effectively dem-
onstrate the homotopic targeting.

The possibility to create a cancer vaccine delivering neo-
antigens without the need for a costly and time-consuming 
discovery is providing a powerful alternative. However, the 
composition of the cell membrane is not homogenous, which 
means that the membrane composition over the particles is 
not standardized. Moreover, experiments in larger animals 
collecting the tumor from biopsy are needed to evaluate 
whether the amount of material retrieved from a biopsy or a 
surgery is enough to prepare a nanovaccine.

The main disadvantages are associated with the cost of 
setting up suitable facilities at hospital or higher level. Some 
of these particles can be standardized and formulated in 
advance from a pharmaceutical company (e.g., platelet- 
based and different formulations of RBC based on the differ-
ent blood types), while others are intrinsically personalized 
and require treatment facility at the bedside. Furthermore, 

the techniques commonly employed for the preparation of 
these materials are suitable for a small laboratory scale with 
mg of particles processed, while for the clinics higher 
amounts are needed. Thereby a suitable scaling-up of the 
protocols and instrument is fundamental to ensure the clini-
cal success of these innovative systems.

Finally, the regulatory landscape has to convene on an 
optimal classification for this type of systems to facilitate 
their development and clinical testing. These systems can be 
ascribed both to the NPs and the extracellular vesicle catego-
ries; thereby, further clarifications from the regulatory bodies 
may incentivize pharma companies towards biohybrid 
nanosystems research.

6  Conclusions

Overall, in this book chapter, we presented the recent 
research on biohybrid materials for cancer treatment, both 
conventional and immunotherapy-based applications. 
Biohybrid nanosystems still represent the cutting edge of 
nanotechnology, providing valid alternatives or solutions to 
conventional nanoparticles. The use of cell membrane as 
outer layer of conventional nanoparticles brings along 
extended circulation, active targeting, and tumor neoantigens 
enabling more efficient chemo, PTT, PDT, and immunother-
apy. In the near future, a careful optimization of the coating, 
together with an evaluation of the costs for a viable scaling-
 up and translational applications, will indicate the actual 
feasibility of the technique into the clinics.
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Abstract

Lately, a remarkable progress has been recorded in the 
field of electrospinning for the preparation of numerous 
types of nanofiber scaffolds. These scaffolds present some 
remarkable features including high loading capacity and 
encapsulation efficiency, superficial area and porosity, 
potential for modification, structure for the co-delivery of 
various therapies, and cost-effectiveness. Their present 
and future applications for cancer diagnosis and treatment 
are promising and pioneering. In this chapter we provide 
a comprehensive overview of electrospun nanofibers 
(ESNFs) applications in cancer diagnosis and treatment, 
covering diverse types of drug-loaded electrospun 
nanofibers.
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1  Introduction

Cancer is the deadliest disease yet to be cured by humans so 
far, despite the researches of its treatment technologies being 
widely supported by funding agencies. Currently, surgery 
and radiotherapy are still the most commonly used methods 
for the treatment of non-metastatic and local tumors, while 
chemotherapy and targeted drugs are the main strategies for 
the treatment of metastatic and recurrent cancers.

Chemotherapy is the predetermined treatment strategy for 
most cancer; it is highly toxic to most cancer cells and there-
fore shows with a relatively high therapeutic efficacy [1]. 
However, chemotherapeutic drugs have also a series of 
downsides [2, 3]. In order to overcome these shortcomings, 
drug delivery systems (DDS) have been widely explored. 
Typically, DDSs are able to deliver the drugs in a more con-
trolled manner (release time and rate) and allow the drug 
concentration to be maintained at a level within the effective 
therapeutic window. Researchers have made a lot of efforts 
to improve blood circulation and the stability and delivery 
efficacy of drug delivery systems.

Typically, microparticles [4–6], micelles [7–9], and lipo-
somes [10, 11] have been the most important particle forms 
of the systemic DDSs (SDDSs). The diameter of the gap 
between vascular endothelial cells in tumor tissue is larger 
than in normal tissue, leading to the extravasation of 
nanoscale particles in the blood circulation, according to the 
enhanced permeation and retention (EPR) phenomenon [12, 
13]. However, the EPR effect has not been proven yet in 
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clinical trials of several nanoparticles. The particle size able 
to exploit EPR to extravasate is in the range between 30 and 
200 nm [14].

Nevertheless, anticancer drugs usually circulate around 
the body in SDDSs [15]. Thereby, a maximum concentration 
of the drug is reached right after administration and then rap-
idly cleared by the biological system, which ultimately leads 
to limitations in the therapeutic effect and significant toxic 
side effects [16]. Unfortunately, although great efforts have 
been made by the researchers to avoid excessive distribution 
in the normal tissues [17], data from the last decade still 
show that the DDSs’ delivery efficiency to tumors was as 
low as 0.7% (median). Therefore, it is necessary to explore 
new drug delivery vehicles with different mechanistic prin-
ciples to improve the delivery efficiency while reducing tox-
icity and achieving better drug release management.

Local DDSs (LDDSs), whose development began in the 
1960s, ensured a certain degree of therapeutic efficiency 
when a system made of silicone rubber combined with a 
therapeutic agent was implanted [18]. The drug-loading sys-
tem implanted into the tumor allowed local drug delivery, 
avoiding excessive circulation of the drug in the body, 
thereby limiting its systemic toxic and side effects. The ther-
apeutic dose could be maintained inside the tumor site while 
ensuring a low concentration of the systemic drugs.

With the advantage of improving the anticancer efficacy 
while avoiding repeated administrations [19–21], LDDSs 
have many potential applications in cancer treatment. The 
first application is in cancer patients whose treatment status 
is not ideal, such as patients with multiple diseases and 
elderly patients. In this case, anticancer drug can be loaded 
within the LDDSs and be implanted into the tumor tissue by 
a minimally invasive surgery and positioned assisted by the 
imaging system. The second application is the treatment of 
malignant tumors such as pancreatic cancer, which is possi-
bly locally infiltrated or systemically disseminated and can-
not be readily resected surgically. In this case, therapeutic 
agents can be delivered from the implanted site to the metas-
tasis tumor through blood and lymphatic circulation and thus 
efficiently inhibit the cell proliferation and kill tumor cells. 
The third application is to prevent possible cancer recurrence 
and eliminate residual cancer cells by implanting the drug- 
loaded LDDSs into the postoperative cavity site. Therefore, 
such platforms have gradually been recognized as a promis-
ing candidate to address current issues related to DDSs for 
cancer therapy.

Various forms of LDDSs have been fabricated, such as 
gels, drug-eluting wafers, films, and rods [21]. In particular, 
nanofibers synthesized by electrospinning have exhibited 
unique properties, such as high surface area [22], compatible 
microstructure [23], various matrix materials [24], and high 
porosity. These characteristics could promote proliferation, 
cell adhesion, mass transport properties, and drug delivery 

[25]. Thereby, these remarkable structure-related character-
istics represent an optimal potential for application in cancer 
therapy. Moreover, the development of advanced electros-
pinning technology has also provided a new way for the 
loading and release of insoluble drugs.

Electrospinning is an ideal technology to develop small 
diameter fibers with a diameter in the range between several 
nanometers and micrometers. The electrostatic force produc-
tion of fibers began in the 1930s, after which the electrospin-
ning process has been widely used in many engineering 
fields, including filtration [26–28], fabrics/masks [29, 30], 
sensors [31, 32], and energy-related applications [33]. A 
comprehensive overview of the process of electrospinning 
and its application in tissue engineering and drug delivery 
can be found in other works [34–43]. In this chapter, we 
present a comprehensive overview of electrospun nanofibers 
for cancer applications, including different types of drug- 
loaded nanofibers, and their use in the diagnosis and treat-
ment of cancer.

2  Drug-Loaded Electrospun Nanofibers 
for Cancer Therapy

Electrospun nanofibers for drug delivery were firstly 
described by Kenawy et al. in 2002 [43]. From then on, elec-
tron nanofiber membranes have been regarded as carriers for 
the delivery of diverse drugs, thanks to their advantageous 
features including ease of drug incorporation during electro-
spinning, high superficial area-to-volume ratio, porous and 
interconnected architecture, and flexibility in material prop-
erties which derive from the versatility in polymer composi-
tion, allowing for an enhanced control over the drug release 
profiles [39]. Up to date, the different types of drugs incorpo-
rated into the electrospun nanofibers ranged from small mol-
ecule drugs to large biomacromolecules such as antibiotics, 
proteins, DNA, siRNA, and oligo-/polypeptides. Here, we 
introduce several typical electrospun fibers aimed at cancer 
therapy.

2.1  Oil-Soluble Drug-Loaded Electrospun 
Fibers

The majority of small molecule antitumor drugs are hydro-
phobic, so oil-soluble drug-loaded electrospun fibers are 
widely reported in cancer therapy [44, 45], due to their 
remarkable strengths including high operating efficiency, 
reduced toxicity, and improved therapeutic effect [46].

Zeng et al. [47] studied the influence of surfactants and 
anticancer drugs on the diameter and uniformity of electron 
PLLA fibers. Different types of anticancer drugs including 
doxorubicin hydrochloride (Dox) and paclitaxel (PTX) were 
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also studied. The results indicated that the anticancer drugs 
were encapsulated inside the nanofibers and their release in 
the presence of proteinase K followed zero-order kinetics 
controlled from the degradation of the PLLA nanofibers.

Moreover, Zeng et al. [48] demonstrated the influence of 
solubility and compatibility of the drugs in the drug-polymer 
system. The results showed that PLLA has good compatibil-
ity with both Dox and PTX.

Electrospun amphiphilic PEG-PLLA diblock copolymer 
fiber mats containing Dox were successfully prepared using 
water-in-oil emulsion electrospinning [49]. Compared with 
the suspension electrospun fiber mats, the emulsion- 
electrospun fiber mats display better continuous release of 
Dox.

The long-term delivery of 1,3-bis(2-chloroethyl)-1- 
nitrosourea (BCNU), one of the most extensively used anti-
neoplastic agents for the treatment of malignant gliomas 
[50], was assayed by Xu et al. through the fabrication of an 
electrospun-biodegradable PEG-PLLA diblock copolymer 
fiber carrier [51]. The results indicated that the BCNU/PEG- 
PLLA fibers have a significant effect on controlling the 
release of BCNU and are appropriate for postoperative che-
motherapy on cancers. A variety of applications of the 
 oil- soluble nanofibers in cancer drug delivery and therapy 
are discussed in Table 1.

2.2  Water-Soluble Drug-Loaded 
Electrospun Fibers

Although a wide variety of agents can be incorporated into 
electrospun fibers [60], most examples of sustained drug 
release up to at least 7 days have been primarily limited to 
small hydrophobic molecule drugs or large biological mac-
romolecules, which are more amenable to sustained release 
owing to their poor solubility, large size, and preferential 
partitioning into insoluble polymers. In contrast, small 
hydrophilic molecule drugs face a major challenge in sustain 
release because of their high solubility within the release 
media, poor partitioning, and low solubility in a couple of 

polymers that are hydrophobic. The drug-polymer compati-
bility can be correlated with the ability to fully encapsulate 
drugs and accomplish sustained release. Small hydrophilic 
molecule drugs, which have low solubility within a nonpolar 
solvent-polymer system, will more likely partition to the 
fiber surface and result in uncontrolled release.

The majority of the studies investigating small hydro-
philic molecule drug loaded and released from electrospun 
fibers have focused on antibiotics and some antiviral com-
pounds (Table  2). However, the sustained release of drug 
molecules from the nanofibers could represent an effective 
treatment for cancer tharapy [61–64]. The physicochemical 
diversity of small molecule drugs with respect to parameters 
such as aqueous solubility, partition coefficient, ionization 
and pKa, molecular dipole, glass transition, and melt tem-
perature is an important factor that will contribute to its 
interaction with the solvent and polymer in both solution 
and the final solid dispersion [65]. Also, the use of model 
hydrophilic compounds to extrapolate structure-function 
relationships between the fiber formulation characteristics 
and the drug release kinetics should be interpreted with cau-
tion. For example, a recent study by Carson et al. [66] dem-
onstrated the ability to tune the release of tenofovir, using 
PCL/PLGA electrospun fibers. The study suggests a rela-
tionship between the concentration of PCL/PLGA and the 
release behavior of tenofovir. The aim is to generalize the 
PCL/PLGA electrospun fiber platform for other small 
hydrophilic molecule drugs. However, the release of azido-
thymidine, maraviroc, raltegravir, and tenofovir disoproxil 
fumarate was much faster compared to tenofovir when using 
equivalent  PCL/PLGA fiber formulations. These results 
suggest that even slight differences in the chemical struc-
tures of these compounds compared to tenofovir can affect 
release rates. Therefore, in order to have a deeper under-
standing of the interaction between the drug, polymer, and 
solvent in electrospun process, the access to new compounds 
is essential.

The large drug concentration needed for clinical applica-
tions that require high daily dosing (10–100 mg/dose) pres-
ents further challenges for a sustained drug release from the 

Table 1 Various nanofibers for cancer therapy

Materials Antitumor drug Cancer cells Functions Ref
PLA Dichloroacetate Cervical carcinoma Reduce tumor volume [52]
Chitosan nanofibers with hyaluronic acid PTX Prostate cancer cells Inhibit the proliferation of tumors [53]
PCL/MWCNT Green tea polyphenol Hepatocellular carcinoma High antitumor effect [54]
PLLA Titanocene dichloride Lung tumor cells Inhibitory activity [55]
PEG-PLA Hydroxycamptothecin MCF-7 cells High inhibitory activity [56]
Peptide nanofibers Self-assembling peptides Breast cancer cells Phenotypic reversion [57]
PLA nanofiber mats Different Hepatocellular carcinoma Local chemotherapy [58]
PEG-PCL/folate Hydrophobic doxorubicin 4T1 cells Efficient and safe [59]

PLA polylactic acid, PTX paclitaxel, PCL polycaprolactone, MWCNT multi-walled carbon nanotube, PLLA poly(L-lactide), PEG polyethylene 
glycol, MCF-7 cells human breast cancer cell, 4T1 cells mouse breast cancer cells
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fibers. A higher drug loading often results in increased burst 
release due to larger amounts of surface-associated drug and 
the high superficial area of fibers. In fact, the sustained 
release of small molecule drugs from fibers has been typi-
cally performed with low drug loading (below 1  wt.%), 
which limits the clinical applications for treating and pre-
venting many bacterial and viral infections. For example, 
Ball et al. [79] fabricated nanofibers evaluating different bio-
degradable polymers for sustained release. In their studies, 
several microbicides such as maraviroc, azidothymidine, 
acyclovir, and glycerol monolaurate were all successfully 
incorporated into nanofibers without any toxicity to various 
cells. Although the nanofibers provided sustained release for 
some of agents abovementioned, they were all loaded at only 
1  wt.%, which is not clinically relevant for the proposed 
applications. In a separate example for the same clinical pur-
pose, Huang et al. [80] loaded tenofovir disoproxil fumarate, 
a water-soluble antiretroviral prodrug, into fibers electrospun 
from a polymer which would undergo dissolution in response 
to the pH change induced by semen. However, none of them 
demonstrated sustained release of the prodrug or provided 
any analytical data to describe the solid drug dispersion in 
the final fibers.

2.3  Protein-Loaded Electrospun Nanofibers

Growth factors (GF) are a group of endogenous proteins hav-
ing the ability to bind cell surface receptors and promote cel-
lular activities resulting in the regeneration of new tissue 
[81]. Delivery of exogenous GFs to the tissue of interest is 
recommended to be an effective therapy for the healing pro-
cess and tissue production [82].

Chew et al. studied the possibility of encapsulating human 
b-nerve growth factor (NGF) in a copolymer of ethyl ethyl-
ene phosphate and e-caprolactone [83]. Consequently, a con-
tinuous release of NGF by diffusion can last for at least 
3 months.

Patel et al. studied the effects of immobilizing basic fibro-
blast growth factor (bFGF) onto nanofibers on neurite exten-
sion in  vitro in one study [84], while the bFGF was in a 
soluble manner. In this study, the conjugated nanofibers pre-
sented two advantages. One is that the electrospun fibrous 
scaffolds can function as a delivery vehicle for specific tar-
gets without inducing systemic effects. The other is that only 
a small amount of bFGF is required to achieve its effects, 
which is similar to those achieved with soluble bFGF in 
medium.

Table 2 Drug release behavior from different electrospun nanofibers

Materials

Drugs Release (units) References
Name Loading wt.% 1 h 24 h 7d 14d

Uniaxial fibers
PLGA PTX 10 10% 22% 40% 50% [67]

Cefoxitin 5 70% 72% 80% – [68]
PLA Tetracycline 5 35% 35% 35% – [43]

Metronidazole 40 5% 25% 45% – [69]
Amoxicillin 7 10% 15% 20% 20% [70]

PLLA PTX 15 0–1% 0–1% – – [48]
DOX hydrochloride 1.6 70% 87% – – [48]
DOX 1.6 20% 20% – – [48]

Polyurethane Itraconazole 40 2 μg/cm2 20 μg/cm2 – – [71]

Ketanserin 10 2 μg/cm2 10 μg/cm2 – – [71]

Coaxial fibers
PEG/PBS Triclosan 5 75% – – – [72]

Curcumin 5 90% – – – [72]
Different concentrations of 
zein

Ketoprofen 10 5% 100% – – [73]

PCL/gelatin Metronidazole 33.4 5% 60% 95% 100% [74]
PCL/PVA Metoclopramide hydrochloride 1 5% 55% 65% 68% [75]
PLLA/PVA Metoclopramide hydrochloride 1 2% 12% 22% 25% [75]
PLGA/PVA Metoclopramide hydrochloride 1 5% 38% 62% 72% [75]
PCL/PEG Salicylic acid 10 10% 25% 40% – [76]
PEG/PLA Salicylic acid 15 0.1 mg/

ml
0.2 mg/ml – – [76]

PEG/cellulose acetate /gelatin Amoxicillin 3.7 22% 100% – – [77]
PMMA/nylon 6 Ampicillin 20 100 μg/

ml
300 μg/ml 600 μg/

ml
800 μg/
ml

[78]

PLGA poly(lactic-co-glycolic acid), PVA polyvinyl alcohol, PMMA poly(methyl methacrylate)
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Sahoo et  al. introduced two types of PLGA nanofiber 
scaffolds integrated with bFGF.  Some nanofibers are pro-
duced using the easy method of electrospinning and blend-
ing (group I) or by the more complex method of coaxial 
electrospinning (group II) [85]. Although both scaffold 
groups result in bone marrow stem cell (BMSC) attachment 
and consequent proliferation, cells cultured on group I 
revealed amplified collagen construction and upregulated 
gene expression of specific extracellular matrix (ECM) pro-
teins, representative of fibroblastic differentiation. The 
results of the study illustrate that the electrospinning method 
could be used to extend the growth factor release from scaf-
folds. Important applications of nanofibers in growth factor 
delivery are listed in Table 3.

2.4  Gene-Loaded Electrospun Fibers

At present, the most popular treatments for cancer therapy 
are chemotherapy and its combination. However, side effect 
is one of the major problems in cancer chemotherapy, which 
would give a fatal damage to other healthy cells [92]. Gene 
delivery has become a significant technology in biomedical 
application, including stem cell therapy, cancer therapy, and 
tissue engineering. Plenty of goals can be achieved by the 
external stimulus of the targeted cells, such as the differen-
tiation of the targeted cells to the desired cells, such as liver 
cells or other types of cells [93–95], the activation of apopto-
sis signal of cancer cells [96, 97], the generation of cellular 
factors from tissues [98, 99], and the production of cellular 
therapeutics [100]. Each of the functions of gene delivery is 
essential and may provide the promising strategies for curing 
an illness. When a gene malfunction results in a faulty pro-
tein, gene therapy can introduce a new specific gene to recu-
perate the function of that protein by modifying the signal 
transduction pathway [101].  Researchers are using vectors as 
their carriers now, due to difficulties correlated with the 
direct implantation of DNA or RNA into the target cell. And 
the vectors consist of viral and non-viral vectors. In order to 
deliver the DNA into the cells, viral vectors are usually mod-
ified by nucleic acids. However, different viral vectors are 
used in different types of gene or tissue. Sometimes, even a 
very small gene can cause mutation. On the other hand, non- 
viral vectors are more welcomed because of their big poros-

ity and surface area, controlled toxicity, and the ability to 
deliver various kinds of genes [102].  Even though some 
problems associated with electrospun nanofiber scaffolds, 
such as the inappropriate nucleic acid encapsulation and low 
transfection efficiency, are still unsolved, nanofiber scaffolds 
are widely used as non-viral carriers. Several attempts, such 
as the core/shell, surface modification, coating, encapsula-
tion, incorporation, and interfacing electrostatic interaction, 
have been investigated to protect the nucleic acid 
[103–128].

Electrospun nanofibers have been widely used as tem-
plates in monitoring the structure and function of extracel-
lular matrices (ECMs), to protect the cellular morphology 
and deliver molecules to the targeted cells [41, 129]. 
Therefore, electrospun nanofibers could be widely used in 
many biomedical applications, including drug or gene deliv-
ery and tissue engineering [130]. Highly porous structures of 
nanofibers have been extensively used as powerful templates 
in a temporally or spatially regulated way for delivering the 
intended gene [41, 129, 130] for many purposes, such as tis-
sue engineering, cancer therapy, and stem cell study. Non- 
viral gene vectors have been mainly introduced into 
electrospun nanofibers, because they are easier to produce 
and obtain the ability to maintain integrity [112, 118, 124]. 
In order to improve the efficiency of gene delivery and pro-
long the continuous time of gene expression, the viral vec-
tors produced by the combination of the intended gene with 
viral capsid have been loaded within electrospun nanofibers 
[88, 111, 131].

Nanofibers represent a potential strategy for cancer ther-
apy to silence the gene expression by delivering small- 
interfering RNA (siRNA). The delivery of siRNA has been 
studied in systems such as the encapsulation of microsphere 
and nanoparticle composition [132, 133]. Although it showed 
great transfection efficiency and cellular response, it was 
limited in biomedical application due to its transient effect. 
Electrospun nanofibers may serve in a potential siRNA 
delivery, because they can provide a sustained delivery to 
tumor. It is a report that Rujitanaroj and co-workers identi-
fied the feasibility of introducing the siRNA and transfection 
reagent into nanofibers, which showed a sustained drug 
release for 28  days and a high efficacy of gene knockout 
[122]. They introduced plasmid DNA connecting with cell 
cycle special protein Cdk2 and encoding shRNA into the 

Table 3 Different nanofibers used for the delivery of gene

Types of nanofibers Gene Cell/tissues Functions Ref
CS/PVA nanofibers Nerve GF SKNMC cells and U373 cells Improve the proliferation [86]
Polyelectrolyte complex Fibroblast GF Ovine bone stem cells Exhibit mitogenic activity [87]
Polyelectrolyte complex Angiogenic GF Skeletal myoblasts isolated Increase network infiltration [88]
PLCL nanofibers VEGF Pig iliac endothelial cells Promote proliferation [89]
PCL nanofiber mesh Recombinant VEGF Rat liver Improve rat liver regeneration [90]
Biopolymer nanofibers Fibroblast GF Rat mesenchymal stem cells Improve proliferation [91]
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PCL nanofibers [134]. The electrospun nanofibers carrying 
DNA can deliver the intact and bioactive plasmid DNA for 
more than 21 days, resulting in 40% decrease proliferation of 
MCF-7 cells. Stem cells can be used for cancer therapy. 
Human mesenchymal stem cells can be genetically modified 
for secreting more effective antitumor agent, such as the 
apoptosis-inducing ligand related to tumor necrosis factor 
[135]. Glioblastoma is predicted to be treated by the engi-
neered stem cells. Similar to the traditional stem cell therapy 
for regenerative medicine, retaining the engineering stem 
cells in operating cavity is a huge challenge after resecting 
the glioblastoma. In order to solve this problem, Bago and 
Pegna et  al. [136] designed TRAIL secreting stem cells 
seeded on the PLA electrospun nanofibers, which could 
release antitumor protein TRAIL. The results showed that it 
could control the growth of the glioblastoma left and pro-
longed the median living time after implanting surgery.

However, the nanofibers could protect the encapsulated 
DNA from denaturation or degradation and also prolong 
their release for several months. In a study, the researchers 
used the copolymer nanofibers consisting of PLGA and 
PEG-PDLA (poly(ethylene glycol)-poly(D,L-lactide)) as the 
carriers to deliver plasmid DNA [115].  The  release of the 
plasmid DNA from these promising nanofiber scaffolds can 
be controlled over 20 h, with a burst release appearing within 
2  h. The plasmid DNA released from it showed a higher 
transfection efficiency and specific protein encoding proper-
ties. In another study, various fiber mesh scaffolds were 
designed and processed by the coaxial electrospinning 
method. The scaffolds contained the plasmid DNA and a 
non-viral gene delivery vector inserted both in the core of 
poly(ethyleneimine)-hyaluronic acid and in the sheath of 
poly(ethylene) glycol and poly(caprolactone) of the fiber 
scaffolds. The non-viral vector and plasmid DNA were grad-
ually released from the scaffolds for more than 2  months, 
increasing the transfection efficiency [124].   Although nano-
fibers have been modified to protect the encapsulated plas-
mid, mixing the plasmid and spinning solution alone does 
not protect it well. As a consequence, the plasmid DNA will 
be unevenly distributed inside the nanofiber fibers, resulting 
in slow drug release. Therefore, modifying the surface with 
cationic polymers may solve these problems. Kim and Yoo 
et  al. prepared DNA-loaded modified nanofibers for the 
delivery of epidermal gene and controlled release response 
to matrix metalloproteinases (MMPs). Here, they used 
MMP-responsive linker connecting the polymer PEG-PCL 
with linear polyethylenimine (LPEI). When the responsive 
linker met the MMPs, they will be broken to release the 
DNA-loaded polymers [109].  And the results showed that 
over 80% DNA and LPEI could be released from the nanofi-
bers over a period of 72 hours.

Nowadays, the materials for preparing nanofibers are 
mainly divided into natural polymers and synthetic poly-

mers. In order to successfully deliver genetic material to a 
target location, researchers also have mixed natural and syn-
thetic polymers to make better fibers. Recently, nanofibers 
for siRNA delivery have attracted wide attention because of 
their ability to silence the expression of the specific gene, 
which is able to develop genetic mutations, resulting in 
excess cell proliferation that may lead to cancer. To date, 
siRNA can be delivered into the cell by various electrospun 
nanofiber scaffolds. As the siRNA delivery scaffolds, PCL 
nanofibers could help siRNA have a higher loading effi-
ciency and cellular transfection, lower toxicity, and better 
gene silencing property [103, 105, 114].

Peptide-based nanofiber scaffolds have also been used as 
a siRNA nanocarrier targeting neurodegenerative disease. 
The siRNA is able to be released and accumulated in the 
targeted brain region, which is hopeful for the gene silence 
and genetic intervention [116].  In addition, scientists first 
proposed a siRNA delivery system based on zein nanofibers 
with high loading efficiency and sufficient release of 
siRNA. Moreover, this zein-based electrospun nanofiber can 
preserve the efficiency of siRNA successfully [108].   Various 
nanofibers, other than PCL, such as PEG (polyethylene gly-
col), PCLEEP (poly(Ɛ-caprolactone-co-ethyl ethylene phos-
phate)), ZnGa2O4:Cr (chromium-doped zinc gallate), 
P-G3A3KRK (palmitoyl-GGGAAAKRK peptide), zein, 
PECL (poly(Ɛ-caprolactone)), PEG-b-P4VP ((poly(ethylene 
glycol)-b-poly(4-vinylpyridine)), PLGA (poly(lactide-co- 
glycolide)), LPEI (linear polyethylenimine), ELP (elastin- 
like polypeptides), PDLLA (poly(D,L-lactide)), and many 
more are used as a nucleic acid carrier  [104, 108, 116, 
119–122].

2.5  Other Drug-Loaded Electrospun 
Nanofibers

Traditional therapeutic practices have been the focus of some 
practical repurposing in the absence of approved alternative 
treatment methods. Similar to the novel therapeutic plat-
forms highlighted in the review, the systemic administration 
of chemotherapeutic drugs has, unsuccessfully, tried to 
improve delivery efficiencies by incorporating cancer- 
targeting moiety. A median of only 0.7% of the injected che-
motherapeutic agents reach solid tumors upon systemic 
administration, according to a recent 10-year-long literature 
survey [128]. Examples of improved systemic treatment 
using combinatorial chemotherapy and photodynamic ther-
apy nanohybrids [137] or synergistic nanoparticle/chemo-
therapeutic drug hybrids have been reported [138]; however, 
interests have changed from the systemic administration to 
local methods. Electrospun nanofibers may mitigate the cur-
rent problems with systemic administration; but several 
obstacles still remain before electrospun nanofiber DDS 

H. Luo et al.



169

transition to clinical trials. The essential ones are the poten-
tial hazard of residual solvent from the manufacturing pro-
cess, secondary removal surgery of nonbiodegradable 
scaffolds, and the biological challenge of foreign-body 
administration [139]. As the mechanisms involved in hinder-
ing systemic drug delivery become better understood, func-
tional ESNF, out-of-the-box DDSs, may be formulated to 
address these limitations [140]. For instance, active-targeting 
micelles have been encapsulated in core/shell NFs by coaxi-
ally electrospinning micelle-doped poly(vinyl alcohol)/
cross-linked gelatin. Compared with the traditional adminis-
tration of micelles for cancer treatment, the implantable 
doxorubicin micelle-loaded NF reduced the frequency of 
administration while retaining high effect against solid 
tumors [59]. More recently, an implantable hierarchical 
structured fiber device developed via microfluidic electros-
pinning could synergistically co-deliver doxorubicin (DOX)-
loaded micelles, encapsulated within ESNFs, with the 
tyrosine kinase inhibitor apatinib (AP), loaded into the 
ENSF’s matrix [141]. This system aims to inhibit 
P-glycoprotein (P-gp), an ATP-dependent efflux pump, by 
preventing the overexpression of the protein to overcome 
multiple drug resistance (MDR). The device was implanted 
in nude mice bearing multidrug-resistant human mammary 
adenocarcinoma (MCF-7/Adr) tumors. The sustained release 
of AP inhibited the P-pg efflux pump continuously, allowing 
an increased intracellular uptake of DOX. The system pre-
sented low systemic toxicity and significantly decreased 
tumor volumes in comparison to the single drug ESNFs and 
the intravenously injected mice.

3  Functional Electrospun Nanofibers 
for Cancer Diagnosis

3.1  Electrospun Nanofibers for Cancer Cell 
Capture

Electrospun nanofibers present some remarkable features of 
superficial area and porosity, good biocompatibility, easy 
preparation and modification, and potential for mimicking 
natural extracellular matrix. Therefore, they are also widely 
used in cancer cell capture [142].

3.1.1  Static Cancer Cell Capture
Nanofibers have unique advantages, especially the surface 
fixation of targeting molecules, enabling the effective and 
specific capture of cancer cells [142]. Static cancer cell cap-
ture refers in particular to the capture of cancer cells using 
nanofibers under static conditions, including static, mixed, or 
shaking incubation and blending separation. In general, by 
incubating nanofibers with blood samples or cell suspen-
sions containing cancer cells for a certain time under static 

condition, cancer cells attach onto the surface of nanofibers 
by the interaction with the topographic features of nanofibers 
and/or the fixed targeting molecules. The nanofibers are then 
rinsed to remove non-specifically attached blood cells or 
other cells, leaving the attached cancer cells onto the nanofi-
bers for further analysis.

In a recent study by Zhao et al. [143], HA-modified PVA/
PEI nanofibers were prepared (Fig. 1) and applied for cancer 
cell capture. Suspended HeLa or U87MG cells were incu-
bated with nanofibrous mats in culture medium at 37 °C, 5% 
CO2 with a time gradient (10–240 min). By cell counting, 
scanning electron microscopy (SEM), and qualitative confo-
cal microscopy observation, it was found that the capture 
efficiency of HA-PVA/PEI-Ac nanofibers to HeLa cells 
reached 85.0% at 240 min, much higher than PVA/PEI-Ac 
nanofibers without HA modification. As for U87MG cells 
(not expressing the CD44 receptor), the capture efficiencies 
of HA-PVA/PEI-Ac nanofibers and PVA/PEI-Ac nanofibers 
at the same time points were very close, indicating that HA 
modification made PVA/PEI nanofibers have specific capture 
capabilities for cancer cells overexpressing the CD44 recep-
tor. In addition, cellulose acetate (CA) fiber pads modified by 
folic acid (FA) were cut into 14-mm-diameter circles and 
placed into a 24-well plate. Subsequently, KB cells overex-
pressing FA receptor were seeded onto the plate at a density 
of 5 × 104 cells per well and incubated at 5% CO2 and 37 °C 
for a 10–60-minute time gradient. The results showed that 
KB cells could be captured by FA-modified CA nanofibers 
with a maximum efficiency of 82.7% at 60 min [143, 144]. 
In another work by Wang et  al. [145], FA-functionalized 
ɣ-PGA (ɣ-PGA-G2.NH2-FA NFs) nanofibers were reported 
to be capable of specifically capturing KB cells through 
ligand-receptor interactions.

Another work (Fig. 2a) reported that a trap effect of 3D 
optical fiber network was proposed to capture cancer cells 
efficiently [142]. Static cell capture experiments were con-
ducted to compare the cancer cell capture function of a 
smooth PS substrate modified with anti-EpCAM antibody 
and three other types of 3D fibrous interfaces (nanofibers 
(NF), microfibers (MF), nanofiber/microbead composites 
(NFs/MBs)). After incubation for 30 minutes in MCF7 cell 
suspension, the 3D fibrous interfaces showed a capture effi-
ciency of 67.1–82.2%; however, less than 40.0% of MCF7 
cells were captured by the anti-EpCAM-modified smooth PS 
substrate. The results suggested that 3D fibrous interfaces 
could significantly improve the capture efficiency of cancer 
cells, probably due to the efficient capture effect of the 3D 
fibrous interface (Fig.  2b). For both EpCAM-positive cell 
lines (MCF7, PC3) and EpCAM-negative cell lines (Daudi, 
Jurkat, and HeLa), the 3D fibrous network showed high cap-
ture efficiency and specificity (shown in Fig. 2b), indicating 
the great capacity to capture different cell lines. Moreover, in 
clinical applications, a capture efficiency of 52–63% for 
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spiked MCF7 cells was obtained from whole blood with a 
30-minute incubation, indicating the great potential of 3D 
fibrous interfaces in capturing rare circulating tumor cells 
(CTCs).

EpCAM-immobilized TiO2 nanofibers (TiNFs) on a sili-
con substrate were prepared by Zhang et al. with the inor-
ganic nanofibers as the capture substrates [146]. In this work, 
four cancer cell lines were used, two EpCAM-positive(gastric 
carcinoma cell line BGC823 and colorectal cancer cell line 
HCT116) and two EpCAM-negative (chronic myelogenous 
leukemia cell line K562 and cervical cancer cell line HeLa). 
The cell lines were used in static cell capture assays to opti-
mize the incubation time and TiNF packing density. 
Furthermore, to test the clinical applicability of TiNFs, 
peripheral blood samples from gastric and colorectal cancer 
patients were used to identify and count CTCs via a gener-
ally used tricolor immunocytochemistry method. As for the 
cell lines, over 45% of spiked HCT116 cells were recovered 
from the artificial blood samples, while for clinical utility 
estimation, 0 to 19 CTCs per 0.5  mL blood sample were 
detected in 7 of 7 gastric cancer patients and 2 of 3 colorectal 
cancer patients.

Additionally, antibody-immobilized lipid nanofibers were 
also reported for the capture of lymphoma Granta-22 cells 
(human mantle cell lymphoma) [147, 148]. Nanofibers mod-
ified with anti-CD20 were incubated for 45 min in the sus-
pension of Granta-22 cells, and the captured cells were 
observed under microscope after being stained with DAPI 
(40,6-diamidino-2-phenylindole). The results indicated that 
anti-CD20 immobilization increased the ability of nanofibers 
to efficiently capture Granta-22 cells. Furthermore, SEM 
analysis showed that the fibers had the ability to wrap or bury 
the cancer cells, which might be another important factor in 
enhancing cell capture in addition to the specific function of 
antibody.

In a recent study, with the help of poly(carboxybetaine 
methacrylate) (pCBMA), EpCAM-positive cancer cells were 

captured using DNA aptamer-modified chitosan nanofibers 
(CNFs) [149]. After incubation for 50 minutes, the capture 
efficiency of the human gastric cancer cell line used in this 
study (Kato III cells) on the aptamer-modified CNFs was as 
high as 96%, suggesting the great efficiency of the nano-
structures of CNFs for cancer cell capture. Additionally, the 
surface capture effects of naked, pCBMA-coated, and 
pCBMA-aptamer-coated CNF surfaces were compared, and 
the results showed that CNFs can effectively inhibit the non- 
specific cell adhesion. The clinical application study also 
revealed that chitosan nanofibers with DNA aptamer had a 
high capacity of capturing the Kato III cells in whole blood, 
with more than 1% purity.

Different from the static cells captured by solid fibrous 
mats described above, ethanol-dispersed nanofibers were 
also reported to capture EpCAM-positive cancer cells from 
whole blood or cell culture medium and finally established 
3D models [150]. When the cell density is in the range 
10–1,000,000 cells/10  m  mL, the capture efficiency was 
59–67%. In particular, the captured cells could be directly 
cultured in the ethanol-dispersed nanofibers to form cancer 
cell clones, indicating the potential use of anti-EpCAM- 
modified nanofibers in the future.

3.1.2  Dynamic Cancer Cell Capture
For the capture of CTCs, static capture cannot meet the 
requirements of high-efficiency, high-velocity, and high- 
sensitivity detection of CTCs because of the specific recep-
tors expressed on the surface of different CTCs and the 
uneven physical characteristics. The combination of various 
technologies, especially the application of microfluidic tech-
nology for CTC capture and analysis, has attracted wide 
attention [151]. The geometry size of the microfluidic chan-
nel matches the shape and size of the cell quite well. 
Therefore, by controlling the flow field around cells or by 
cutting the microstructure of the microfluidic channel, vari-
ous operations can be performed. In addition, microfluidic 

Fig. 1 The preparation of HA-PVA/PEI-Ac nanofibers
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Fig. 2 (a) (a) Fabrication of the different types of nanofibers. (b) SEM 
image of the smooth PS substrate. (c) SEM image of MFs. (d) SEM 
image of NFs. (e) SEM image of NFs/MBs. (b) Capture efficiency of 
different groups. (a) Different groups of nanofibers at different incuba-

tion times. (b) The capture efficiency of MCF7 after incubation for 
30 min. (c) Cell capture efficiency of different cells in NFs/MBs. (d) 
Schematic illustration of the cancer cell capture. (Reprinted with the 
permission from Ref. [142])
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chip has become the most ideal tool for the isolation of CTCs 
from blood because of its advantages such as small sample 
demand, small size, and accurate operation [152, 153]. 
Therefore, the dynamic capture of cancer cells by nanofiber 
combined with microfluidics chips has been proposed. 
Cancer cells contained in blood samples or cell suspensions 
can be captured dynamically by nanofiber-integrated micro-
fluidic chips. Through the interaction with the fiber matrix, 
cancer cells can be captured on nanofiber mats, while other 
cells or blood cells that are not captured can flow out from 
other channels in the chip, determining the separation of can-
cer cells.

Typically, electrospun nanofibers are used as the sub-
strates, and the microfluidic channels are used as the cover 
plates for nanofiber-integrated microchips. In order to cap-
ture and collect cancer cells, Liu et  al. [154] reported the 
integration of MnO2 nanofibers with a microchannel. MnO2 
nanofiber-coated glass substrates and serpentine PDMS 
microchannels were used to make the nanofiber-integrated 
microchips. Minimized optimization experiments showed 
that the capture efficiency was highly dependent on flow 
rates and decreases dramatically when the flow rates were 
over 0.2 mLh−1. Nevertheless, the developed microfluidic 
chip could efficiently and specifically capture EpCAM- 
positive expression cancer cells such as HCT116.

In another work, a NanoVelcro chip embedded with 
PLGA nanofiber was reported to isolate CTCs from the 
blood of prostate cancer patients [142]. The developed 
NanoVelcro chip is composed of an anti-EpCAM-coated 
transparent substrate and a PDMS chaotic mixer chip, includ-
ing three layers. The top layer is a PLGA nanofiber for the 
immobilization of anti-EpCAM and the capture of CTCs, 

and the middle layer is a polyphenylene sulfite laser capture 
microdissection films (PPS LCD) for the separation of the 
capture cells, while the bottom layer is a glass substrate 
(Fig.  3). Their results indicated that the NanoVelcro chip 
embedded with PLGA nanofibers was capable of achieving 
82% high capture efficiency at a flow rate of 0.5 mL h−1 and 
was effective in capturing CTCs from blood samples of pros-
tate cancer patients. Moreover, in another study [155], a dif-
ferent PLGA nanofiber-embedded NanoVelcro chip with 
anti-CD146 was developed for separation and further analy-
sis of single CMCs. Based on these results, it is shown that 
the NanoVelcro chip integrated with PLGA can capture 
CMCs efficiently.

Avidin-coated PCL/PEI nanofibers (ABx@NF) were 
deposited in a microfluidic channel by Son et  al. to selec-
tively capture biotinylated cells [156]. Avidin-coated nanofi-
brous mats were used to selective capture the biotinylated 
cells through avidin-biotin interaction under continuous flow 
conditions in the PDMS microchannel. Under an inlet flow 
rate of 0.5 mL h−1, the capture efficiency of AB100@NF to 
biotinylated cells reached 98.0%. By controlling the density 
of biotinylation on the nanofibers, the capture efficiency of 
biotinylated cells could be precisely regulated.

3.2  Electrospinning Sensors

Although the medical treatment technology is constantly 
improving, the survival rate of some cancers, such as liver 
cancer, pancreatic cancer, and other malignant tumors, is still 
very low, mainly due to a variety of comprehensive factors, 
such as the relative lag of early diagnosis techniques and the 

Fig. 3 The design of the NanoVelcro chip embedded with PLGA nanofibers. (Reprinted with the permission from Ref. [142])
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lack of standardized treatment [156]. Based on this, biosen-
sors are considered to have an important role in the early 
diagnosis of cancer because of their rapid detection, low 
cost, good biocompatibility, and portability. It is worth not-
ing that the development of electrospun nanotechnology can 
significantly improve the accuracy and sensitivity of 
 biosensors via the amplification of biometric signals. Thus, 
electrospun nanofibers could be used as an ideal substrate to 
isolate and detect CTCs [157, 158].

3.2.1  Electrochemical Biosensor
The electrochemical DNA biosensors immobilize a sensor of 
sequence-specific oligonucleotide probes that can recognize 
and complement the complementary targeting sequences. 
Based on this, many researchers have prepared nanofiber- 
based biosensors. The preparation of the electrochemical 
biosensor is shown in Fig. 4. This type of sensor can be used 
to detect macromolecules such as glucose [159–161], genes 
[162], and proteins [163–165]. A multi-walled carbon nano-
tube electrochemical biosensor (MWCNT-PA6-PTH) doped 
with nylon 6/poly(methionine) was prepared, and its detec-
tion limit for hybridization detection of mutated K-ras gene 
was as low as 30 fM [166].

Currently, the most mature biosensing devices are electro-
chemical biosensors (ECBSs) [167]. This variant of biosen-
sor was derived from microelectronic circuits, which have 
many advantages such as easy scalability, robustness, porta-
bility, and excellent detection limits even though the analyte 
volume is very small. In principle, the ECBS works by 
extracting an electrical response signal from a biological 
analysis which electrochemically reacts with the surface of 

the working electrode. The response signal can be a measur-
able potential (potentiometer; significant logarithmic con-
centration dependence), a dielectric measurable conductivity 
between two electrodes (conductometric), or a measurable 
current (current method; significant linear density depen-
dence) [168]. An enzyme is typically used as the recognition 
element for its selective binding between the bioreceptor and 
analyte and high catalytic activity [168]. Additionally, immu-
nosensors, in which antibodies can be coupled to electro-
chemical transducers, have been widely developed to 
measure cancer markers, particularly in the detection of 
prostate-specific antigens [169].

As the transducing element of the biosensor, a minimum 
of three electrodes in the ESNF matrix are needed for electro- 
active responses. In order to compare the measurement val-
ues, the reference electrode, commonly made of silver, is 
usually separated from the surface reaction and kept at a 
fixed potential. The working electrode (anode or positive 
electrode) converts the measured electrochemical response 
signal; simultaneously the auxiliary electrode connects the 
electrolyte solution to the working electrode to induce an 
operating current [170]. The properties of the electrode 
material can affect the stability, response time, and sensitiv-
ity of the biosensor, but the immobilized enzymes often 
resulted in inadequate electron transfer in signal transduction 
[171]. This is an adverse effect of the presence of the enzyme 
on the electrode surface, which inhibits a smooth and rapid 
exchange of electrons. Therefore, the sensitivities of ECBSs 
need to be altered before allowing for biomarker detection. 
In fact, it is possible to improve the signal-to-noise ratio and 
sensitivity of ECBSs by facilitating the electron transport 

Fig. 4 The scheme of the preparation of the electrochemical biosensor. (Reprinted with permission from Ref. [166])
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between the electrode and bioreceptor [172]. Consequently, 
a transducer with high chemically stable additives and con-
ductive such as metal nanoparticles, quantum dots (QDs), 
and carbon nanotubes (CNTs) can achieve this requirement 
[168]. In addition, studies have shown that these nanoscale 
building blocks have strong adsorption capacity for enzymes, 
thus improving the sensitivity, response time, and stability of 
ECBSs by minimizing enzyme expansion [173]. To ensure 
good absorption performance, these nanoscale building 
blocks must be evenly and homogeneously distributed, so 
the dispersion strategies of nanoscale components in 
ESNFECBS need to be continuously improved.

3.2.2  Fluorescent Chemosensors
Many fluorescent probes consisting of DNA, peptides, and 
proteins have been developed for molecular biological detec-
tion [164, 174]. Fluorescent chemical sensors have evolved 
into an efficient and simple detection technique and have 
been widely used in the detection of amines in solution. 
Recent studies have demonstrated that histamine in the urine 
is an important marker of cancer, acting as a crucial mediator 
in the occurrence and development of cancer [175]. Studies 
on a fluorescent chemosensor based on dendritic zinc por-
phyrin (Den-Por (Zn)) electrospun nanofibrous membranes 
showed that the intensity of the fluorescence spectrum is 
greatly influenced by the concentration of histamine. As 
described in Fig. 5, for increasing histamine concentrations, 

Fig. 5 (a) Schematic diagram of the synthetic routes of dendritic porphyrins. (b) SEM micrographs of PCL-Por(Zn) nanofibers. (c) Fluorescence 
intensity of the PCL-Por(Zn) exposed to different concentrations of histamine. (Reprinted with permission from Ref. [176])
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the fluorescence intensity (λex  =  420  nm) was reduced, 
 indicating that the automated system for histamine test at 
low concentrations is feasible [176].

3.2.3  Gas Sensor for Lung Cancer
At present, hundreds of volatile organic compounds can be 
detected from the air exhaled by human. Among these mol-
ecules, aromatic amines [177] and toluene [178] are well- 
known biomarkers that can be used to predict lung cancer. 
Studies based on gas chromatography/mass spectrometry 
demonstrated that the exhaled toluene level of lung cancer 
patients (about 80–100 ppb) is two to three times higher than 
that of healthy people [179]. How to optimize the sensitivity, 
selectivity, stability, and response speed of the sensor is a 
great challenge in the future.

Chemically resistive gas sensors based on semiconduct-
ing metal oxide nanofibers (such as ZnO [180], SnO2 [181], 
In2O3 [182], WO3 [183], ZrO2, and TiO2) exhibit good stabil-
ity, fast response time, excellent gas response, low cost, and 
high reproducibility. In particular, in order to promote gas 
sensing reactions, some noble metal nanoparticles such as 
Au, Pt, and Pd have been used in semiconductor metal oxide 
nanofibers [184].

By functionalizing the surface of the nanofibers, the gas 
response can be increased, while the activation energy and 
the maximum operating temperature of the sensor can be 
reduced. Kim et al. [185] described an excellent sensor that 
can be used as a diagnostic biomarker detector (Rair/

Rgas  =  5.5 at 1  ppm) for lung cancer and was relatively 
insensitive to H2S through the use of multifunctional semi-
conductor nanofibers (Rair/Rgas  =  1.36 at 1  ppm). These 
sensors were prepared by the addition of the PdCl2 to the 
WO3 nanofibers. As shown in Fig. 6 with the threshold detec-
tion level of 20 ppb at 350 °C, the results indicated that the 
functional nanofibers have an excellent detection perfor-
mance (Rair/Rgas = 1.32).

3.2.4  Immunosensor
Particularly owning to their accuracy and inherent specific-
ity, immunosensors performing immunoassays based on 
antigen and antibody interaction have become important in 
the detection of the biomarkers in body fluids of cancer 
patients [186]. Nanomaterials are increasingly being used to 
improve the analytical capabilities of electrodes because of 
their extremely high diffusion rates and high active catalyst 
loading [187].

Electrospun nanofibers having epidermal growth factor 
receptor 2 (EGFR2) and mesoporous zinc oxide (ZnO) con-
jugated on the surface have been developed for the detection 
of EGFR2-positive breast cancer. The immunosensor was 
label-free, highly efficient, highly sensitive, and reproduc-
ible [188]. The 3D structure of nanofibers comparatively 
improved the loading of EGFR2, leading to higher stability, 
higher reliability, and higher sensitivity of the immunosen-
sor. Therefore, an immunosensor using electrochemical sen-
sor technology possessed high sensitivity (7.76 KΩ μM−1), 

Fig. 6 (a) Schematic illustration of different types of (a) WO3 NFs, (b) 
Pd-embedded WO3 NFs, (c) Pd-NPs/WO3 NFs, and (d) Pd-NPs/
Pd-embedded WO3 NFs. (b) SEM images of Pd-embedded WO3 NFs, 

Pd-NPs/WO3 NFs, and Pd-NPs/Pd-embedded WO3 NFs. (c) The cyclic 
response levels of different types of nanofibers. (Reprinted with permis-
sion from Ref. [185])
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and thus the detection limit can be as low as 1 fM 
(4.34 × 10−5 ng mL−1). At the same time, due to the excellent 
sensitivity of the immunosensor, fast detection (128 s) was 
possible in a wide detection range of concentrations from 1.0 
fM to 0.5 μM.

4  Nanofibers for Intelligent Cancer 
Therapy

4.1  Nanofibers with Switchable Drug 
Release for Cancer Therapy

Stimuli-responsive polymers for cancer therapy have 
attracted extensive attentions around the world in recent 
years. Stimuli-responsive systems are dependent upon the 
sensitivity of the responsive materials to the external stimuli. 
Let’s take the nanofiber as an example; compared to other 
materials, nanofibers stand out among response materials 
due to their high surface area-to-volume ratio [189, 190]. It 
is reported that stimuli-responsive electrospun nanofibers 
can respond to different stimuli, such as magnetic-responsive 
nanofiber, pH-responsive nanofiber, light-responsive nanofi-
ber, thermal-responsive nanofiber, and so on.

4.1.1  Magnetic-Responsive Nanofiber
As a special type of colloidal solution, magnetic nanoparti-
cles (MNPs) are extensively used in biomedical application. 
This system is able to give a response to external magnetic 
environment. When an external magnetic field is applied, the 
magnetic nanoparticles will be transported to the target area. 
Therefore, they are widely explored in biomedical applica-
tion for cancer therapy. Apart from transporting conventional 
medicine to the tumor, magnetic nanoparticles [191, 192] 
can also produce magnetic heat to exert tumor treatment 
effects by the application of alternating magnetic field 
(AMF) [193–195]. The magnetic thermal agent delivered to 
the tumor site is able to produce heat (over 42  °C) under 
external magnetic fields, leading to apoptosis and acute 
necrosis of tumor cells. However, the application of free 
magnetic nanoparticles has been greatly limited, because the 
free magnetic nanoparticles have poor tumor targeting, high 
variability in the accumulation, and position uncertainty 
without AMF.  In order to solve these problems, magnetic 
nanoparticles are formulated by electrospinning into electro-
spun fibers for drug delivery and tumor therapy.

It is significant that magnetic nanoparticles with a reduced 
cell compatibility in vitro are accepted by the human body. 
In fact, once they get into cells, they degraded immediately 
[196]. The magnetic nanoparticles will be degraded into oxy-
gen and iron inside the lysosome of macrophage, and the 
ratio of degradation will be influenced by several conditions, 
such as hydrolytic enzymes, related protein, and pH. In par-

ticular, the iron oxide nanoparticles degraded in vivo by iron 
mobilization and other methods [197]. In addition, magnetite 
is one of the iron oxide derivatives that has been approved by 
FDA for investigation in vivo [198].

In a study by Feng et al. [199], GO/Fe3O4-IN-PAN nano-
fibers were prepared by electrospinning to adjust cellular 
behavior. They cut these nanofibers into pieces and then dis-
solved them in tert-butanol solvent, which show strong mag-
netic properties. In order to verify the function of nanofibers 
to guide cellular behavior, the researches inoculated breast 
cancer cells on the surface of the magnetic nanofiber mem-
brane. Indeed, the nanofibers show a great biocompatibility 
with the help of graphene oxide, which is able to promote the 
adhesion of cell membrane proteins. Finally, it is proved that 
magnetic fiber membranes can guide part of the behavior of 
cells. Huang and Soenen et  al. [200] prepared polystyrene 
(PS) nanofibers containing 50 nm iron oxide nanoparticles. 
To fabricate iron oxide nanoparticles, Fe3O4 nanoparticles 
were dispersed into THF under ultrasonication and then fol-
lowed by adding PS into mixture for electrospinning. When 
the fibers were exposed to an AMF, they can produce heat 
due to their high loading capacity. Relying on their stable 
structure, the magnetic fibers can be heated to the same tem-
perature several times without releasing Fe3O4 nanoparti-
cles. Actually, researches modified a layer of collagen on the 
surface of polystyrene fibers to increase the cell adhesion of 
the fiber membrane. Finally, they incorporated human 
SKOV-3 tumor cells into the fibers to verify its magnetic 
thermal capacity. After 10  minutes of the application of 
AMF, the cells deposited on the fibers died. These systems 
can be used for in vivo investigation mainly for two reasons: 
one is that magnetic nanoparticles can be used in a controlled 
method and the other is that the magnetic nanofibers can be 
localized in body by magnetic resonance imaging (MRI). 
Sasikala and Unnithan et al. [201] prepared an implantable 
composite magnetic nanofiber, which can be applied not 
only for magnetic thermal therapy but also for responsive 
drug release to achieve synergistic effect for tumor therapy. 
This study investigated a protease inhibitor called bortezo-
mib (BTZ), a borate-containing, frequently used in cancer 
therapy. They first mixed Fe3O4 nanoparticles and PLGA 
solutions together with ultrasonication and then electrospun 
them. In addition, a layer of polydopamine was added on the 
surface of nanofibers by dipping to improve cellular adhe-
sion. These magnetic scaffolds with plenty of catechol moi-
eties had the ability to bind and release bortezomib. They 
first prepared Fe3O4 nanoparticles and PLGA electrospun 
nanofibers as shown in Fig.  7a, b. Then they mix them 
together to get the composite magnetic nanofibers, which 
were observed by both SEM and TEM (Fig. 7c, d), showing 
an excellent morphology. The TEM image shows the local 
structure, proving that Fe3O4 nanoparticles are successfully 
encased by the nanofiber. They examined the magnetocaloric 
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effects of BTZ-loaded magnetic nanofibers on 4T1 tumor 
cells, demonstrating that 4T1 cancer cells underwent apopto-
sis and necrosis after three cycles (15 min/24 h) of thermal 
therapy.

In another study reported by Song and Wang et al. [202], 
they synthesized polyurethane nanofibers containing super-
paramagnetic iron nanoparticles for magnetic thermal ther-
apy. This magnetic nanofiber is able to reach the temperature 
of 43 °C with just the application of an AMF for 70 s. At the 
same time, Radmansouri and Bahmani et al. [203] prepared 
TiO2/cobalt ferrite/chitosan electrospun nanofibers com-
bined with DOX for the synergistic cancer therapy of chemo-
therapy and magnetic therapy. In order to get higher 
temperature, they first mixed cobalt ferrite together with 
TiO2 and then electrospun with chitosan for nanofibers. The 
fibers achieved a synergistic effect of the components dis-
playing higher cytotoxicity and lower side effect in vivo.

A work [204] (as shown in Fig.  8) reported that they 
selected the mixture of γ-Fe2O3 and Fe3O4 as MNPs due to 
the instability of the single MNPs. DOX and MNPs were 
mixed and dispersed in the temperature-responsive copoly-
mers of N-hydroxymethylacrylamide and NIPAAM called 
poly(NIPAAm-coHMAAm). When the magnetic field 
(AMF) was applied, the MNPs in the nanofibers would pro-
duce heat, which can activate the temperature-responsive 

copolymers to collapse the networks. The swelling ratio of 
the nanofibers will change by the intervention of 
AMF. Consequently, the drug release of DOX will also be 
influenced by the AMF in an “NO-OFF” manner. The major-
ity of cancer cells died when they are incubated with nanofi-
bers under the application of an AMF for 5 minutes. These 
magnetic-responsive nanofibers can be defined as a switch-
able drug carrier for smart cancer therapy.

4.1.2  pH-Responsive Nanofibers
The acidic environment of the tumor is being exploited for 
cancer therapy. At the moment, pH-responsive nanodrugs 
have been widely used in tumor therapy because they can 
have a quick release of antitumor drugs in tumor tissues in 
response to the changeable pH [205]. Demirci and Celebioglu 
et al. [206] have synthesized a pH-responsive polymer called 
poly(4-vinylbenzoic acid-co-(ar-vinylbenzyl) trimethylam-
monium chloride), which was employed as carrier to load 
ciprofloxacin by electrospinning. The drug release behavior 
of ciprofloxacin was performed in neutral, acidic, and basic 
medium to check the pH responsiveness, as shown in Fig. 9. 
In this study [207], the authors have investigated the drug 
release nearly for 12 hours. However, the time is not long 
enough to study the mechanism of drug release. It is known 
that the solubility of ciprofloxacin is pH dependent. However, 

Fig. 7 (a) TEM image of Fe3O4 nanoparticles; (b) SEM image of PLGA nanofiber; (c) SEM image of BTZ-loaded magnetic nanofibers; (d) TEM 
image of BTZ-loaded magnetic nanofibers. (Reprinted with permission from reference [201])
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in order to know the release mechanism, it’s better to increase 
the time of drug release, because both ciprofloxacin and 
polymer are pH-responsive.

In order to study the delivery of 5-fluorouracil 
(5-Fu), Illangakoon and Yu et al. [208] fabricated pH-
responsive nanofibers using the polymer called ES100, 
an ionic copolymer of methyl methacrylate and meth-
acrylic acid. They first employed a mixture of ethyl 
cellulose, poly(vinylpyrrolidone), and the drug 5-Fu 
for electrospinning. Then ES100 was electrospun on 
the surface of the fibers for pH responsiveness. The 
results of drug release indicated that the release of drug 
was controlled due to the pH-responsive ES100. The 
fibers would break because of the depolymerization of 
the pH- responsive polymer, which enhanced the release 
of 5-Fu. Actually, the researchers prepared nanofibers 
with a core/shell structure. ES100 was for the shell, 
while Eudragit L100 (EL100) was for the core. This 
special nanofiber can be used as a carrier for controlled 
release of drugs at certain pH [209]. Similarly, for the 
purpose of controlling the drug release, Tran and 
Hernandez et  al. [210] used pH- and temperature- 
responsive polymers to deliver ibuprofen. A mixture 
consisting of ibuprofen and PCL represented the con-

trol, while the innovative mixture included ibuprofen 
and the responsive polymer called poly(N-
isopropylacrylamide- co-methacrylic acid). As a result, 
the control nanofibers showed no significant increase 
in drug release when they were exposed to the tempera-
ture at 22–40  °C or at pH  1.7–7.4. But the ibuprofen 
could be released from the responsive nanofibers in 
control when the temperature got up to their lower crit-
ical solution temperature (LCST) or the pH was below 
the pKa of acids. However, compared to the environ-
ment with temperature higher than 30 °C and pH lower 
than 2, the ratio of drug release from the nanofibers 
was ten times higher than at room temperature. 
Furthermore, other nanofibers were developed from 
cationic chitosan and PAA and possessed different lev-
els of CS deacetylation. In other words, the property of 
these nanofibers was determined by the level of CS 
deacetylation and pH [211]. L-Lactide-co- caprolactone 
and gelatin were used as a carrier to deliver ciprofloxa-
cin and sodium bicarbonate as nanofibers. The gelatin 
and sodium bicarbonate are responsive to low pH, while 
L-Lactide-co-caprolactone had no response to pH 
[212]. These nanofibers had a good biocompatibility in 
L929 cell. In addition, they can also promote cell pro-

Fig. 8 The scheme of magnetic-responsive nanofibers for cancer therapy. (Reprinted with permission from reference [204])
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liferation. DOX was loaded within modified pH-sensi-
tive PCL nanofibers, and drug release experiments were 
performed at different pH (from 2.5 to 7.4). The results 
showed that the release of the nanofibers at pH 2.5 was 
the highest. Furthermore, the cytocompatibility of these 
nanofibers was also evaluated in HEK cells, and the 
results indicated that the scaffolds obtained at pH  7.2 
had higher cell viability than those at pH 6 because of 
the difference of release behavior in different pH con-
ditions [213].

In another study reported by Toncheva and Paneva et al. 
[214], ciprofloxacin was added into poly(L-lactide-co-D,L- 
lactide) solution in crystalline form for electrospinning. The 
results of the release study in pH 7.4 showed that there was a 
burst release of 50% in 400  minutes, and further study of 
drug release didn’t have any significant increase in the 
amount released, indication of an uncontrolled drug release. 
Researchers in this study also clarified that the ratio of drug 
release could be increased by the addition of PEG, because it 
is easier for release media to permeate by the addition of 
hydrophilic polymer.

4.1.3  Light-Responsive Nanofiber
Light-responsive materials could be easily focused into the 
specific area for therapy. This kind of material is often sensi-
tive to the light, and the structure will be changed between 
the different wavelengths [215].

Ultraviolet Light-Responsive Fibers
Cis-trans isomerization of azobenzene structures usually led 
to the change of shape, polarity, and dipole moment of the 
molecule, which have been extensively used in different sys-
tems [216–218]. These molecules are able to change from 
trans structure to cis structure under the irradiation of UV 
and have a reverse conversion when heated or exposed to the 
irradiation whose wavelength is over 400 nm.

Cyclodextrins (CDs) thanks to the particular hosting fea-
tures have been widely studied for more than half a century 
[219]. CDs are consist of hydrophilic outer surface and 
hydrophobic inner cavity, which forms a unique combina-
tion. It is well known that azobenzene in trans structure is 
able to bind effectively with CDs, but cannot bind to it in cis 
structure [220]. Based on the theory of UV-responsive struc-
ture, Fu and Xu et al. [221] reported a drug release system of 
electrospun nanofibers that can be activated by UV light. The 
block copolymers consisted of glycidyl methacrylate and 
vinylbenzyl chloride, which were electrospun into nanofi-
bers. Then, they added the azide into the surface of the nano-
fibers, promoting the reaction with 4-propargyloxyazobenzene. 
After the reaction was successfully completed, 5-Fu was 
conjugated with α-CD by the interaction of host to guest. It 
is reported that electrospun nanofibers showed a great con-
trol over the release of 5-Fu under the irradiation of UV light. 
The drug was released quickly into the solution when the 
nanofibers were exposed to the UV light and the max release 

Fig. 9 The scheme of drug release from stimuli-responsive nanofibers. (Reprinted with permission from [207])
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was achieved after irradiating with UV light for 30 minutes. 
Importantly, this drug release system showed a special 
response to the UV light. The drug release can happen imme-
diately when exposed to the UV and be quickly interrupted 
when the UV light disappears.

Near-Infrared Light-Responsive Fibers
A downside of the UV light is its quick attenuation in tissues. 
Near-infrared (NIR) light could take the place of UV light 
because of its deep penetration depth in tissues and low risk 
of damage for healthy organs [222]. The raw materials for 
synthesizing NIR light-responsive materials are photo- 
sensitive structural molecules with strong absorption in the 
near infrared [223–226]. In particular, gold nanorods 
(AuNRs) can be used for cell imaging and photothermal 
therapy because of the adjustable localized surface plasmon 
resonance [227]. When AuNRs are used as carriers of antitu-
mor drugs, the heat produced by the AuNRs is able to trigger 
the drug release. Combined with thermal-responsive poly-
mers, AuNRs will produce heat and trigger the depolymer-
ization of the polymers under the irradiation of NIR light, 
leading to controlled drug release [228–230]. Vyas et al. had 
reported NIR light-responsive electrospun nanofibers com-
posed of AuNRs and poly(N-isopropylacrylamide-co- 
polyethylene glycol acrylate) (PNPA), which showed that 
the drug release of BSA was controlled. By the integration of 
thermal-responsive pNIPAM with AuNRs, the ratio of drug 
release would be increased. AuNR was able to increase the 
temperature of pNIPAM under the irradiation, which 
decreased the volume of polymer and enhanced the drug 
release. However, after removing the NIR light, the electros-
pun nanofibers would suddenly swell and decrease the drug 
release immediately. This study first demonstrated the ability 
of electrospun nanofibers to control the drug release under 
NIR irradiation, with great clinical relevance.

4.1.4  Thermal-Responsive Nanofibers
At present, there are plenty of studies investigating the prep-
aration of thermal-responsive nanodrugs, which are exten-
sively used in biomedical applications because of their 
degradability and injectability. Their properties could be 
used for the transport of antitumor drugs to the targeted 
tumor location and controlled release such as degradable 
electrospun nanofibers [231]. The study of the synergistic 
effect of chemotherapy and thermal therapy may have a bet-
ter therapeutic result as well as decreased dose of the drugs. 
Liu and Bai et  al. [232] have prepared thermal-responsive 
nanofibers by the copolymers poly(N-vinyl caprolactam-co- 
methacrylic acid) (PNVCL-co-MAA), loading ketoprofen 
and captopril inside. The results showed that the nanofibers 
had a slow release at 40 °C, but burst into release in few sec-
onds at 20 °C, following the mechanism of the Korsmeyer- 
Peppas model. The authors stated that the polymer was 

hydrophilic when the temperature was below lower critical 
solution temperature and the drug release is in diffusion con-
trol. In contrast, the polymer was hydrophobic, and the drug 
release became slower with more dependence of the degra-
dation of polymers for higher temperatures.

Slemming-Adamsen and Song et  al. [233] reported an 
innovative way to add DOX into thermal-responsive 
pNIPAM- NHS/gelatin nanofibers by the interconnection of 
N-hydroxysuccinimide (NHS) with N′-(ethylcarbonimidoyl)-
N,N-dimethylpropane-1,3-diamine monohydrochloride 
(EDC). They mixed a solution of pNIPAM-NHS/gelatin with 
another solution of EDC, NHS, and DOX. In this way, EDC 
is able to trigger the conjugation by bonding with the car-
boxyl of the polymers. Then the conjugated EDC polymer 
will react with NHS by taking the place of EDC with amine 
ester bond. Finally, the primary amine will replace NHS, act-
ing as a bridge to connect carboxyl polymers with amine 
polymers. The mixture was then electrospun to get the cross- 
linked pNIPAM/gelatin nanofibers carrying the antitumor 
drugs that can be released in response to temperature. In fact, 
when the temperature was higher than LCST of the polymer, 
DOX would be released from the cross-linked nanofibers and 
decreased the cell viability of human cervical cancer cells.

Zhang and Niu et al. [234] prepared thermal-responsive 
electrospun nanofibers in core/shell structure with a core of 
PLA and a shell of pNIPAM. First of all, the biodegradable 
polymers of PLA were used to encapsulate combretastatin 
A4(CA4)by electrospinning. Then these PLA nanofibers 
were introduced into the solution of pNIPAM with the aid of 
cross-linker of N,N-methylenebisacrylamide. The drug- 
loaded PLA nanofibers were coated and cross-linked with 
the shell of pNIPAM after exposure to the UV light. They 
detected the water contact angle at different temperatures 
around the LCST of the polymers to confirm the wettability 
of the nanofibers. And they also found the different release 
behaviors at different temperatures. For instance, the shell of 
pNIPAM was able to limit the ratio of drug release of CA4 
below the LCST. But the release ratio of CA4 would increase 
significantly above the LCST. Cicotte and Reed et al. [235] 
used the thermal-responsive pNIPAM electrospun nanofiber 
films for the attachment and separation of the cells due to 
their property of fast adhesion to mammal cells. The authors 
studied the influence of various parameters on the effect of 
electrospun fibers, such as molecular weight of polymer, col-
lecting time, needle, and so on. Moreover, they investigated 
the reversible attachment of the pNIPAM nanofibers in 
MC3T3-E1 cells and EMT6 cells. Once attached, the cells 
would promote a quick swelling of pNIPAM nanofibers. In 
recent years, various multi-stimuli-responsive nano- 
formulations have been designed, such as poly(N- 
isopropylacrylamide- co-acrylic acid) nanofibers, which are 
sensitive to pH and temperature. Therefore, we can regulate 
the release behavior by changing these two parameters [236]. 
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In another study, the authors used pH-responsive polymers 
Eudragit®L100–55 and thermal-responsive polymers pNI-
PAM polymers to fabricated multi-stimuli-responsive nano-
fibers by electrospinning [237]. The nanofibers demonstrated 
a drug release of ketoprofen sensitive to the pH and tempera-
ture and had no cytotoxicity to fibroblast even in a high con-
centration. Another typical multi-stimuli nanofibers were 
fabricated by the mixture polymers of poly(N- 
vinylcaprolactam), ethyl cellulose (EC), and EL100 with 
twin-jet electrospinning [238]. The ketoprofen loaded in 
these nanofibers showed a continuous drug release in 
response to the pH and temperature, and the nanofibers also 
had a great biocompatibility in fibroblasts. In order to study 
the cytocompatibility of nanofibers, L929 cells were seeded 
on the surface of cover slips. After being incubated with the 
fibers for 1, 3, and 5 days, the cell viability was determined 
by MTT assay. These nanofibers tend to show a great bio-
compatibility. However, there are many other kinds of nano-
fibers displaying better biocompatibility, such as the 
nanofibers prepared by the mixture of EC and poly(di(ethylene 
glycol)methyl ether methacrylate) (PDEGMA) [239]. A spe-
cial stimuli-responsive nanofiber for the delivery of antitu-
mor drugs is constituted of electrospun self-immolative 
polymer (SIP)/polyacrylonitrile (PAN) fibers [240], which 
would be depolymerized immediately and released the trans-
ported molecules instantly when exposed to external stimu-
lus with the addition of TFA.

4.2  Electrospun Nanofibers for Effective 
Immunotherapy of Cancer

Self-assembling peptides have been extensively employed in 
immunotherapy and vaccines due to its outstanding modular-
ity [241]. Rudra and Tian et al. [242] used Q11 (short fibril-
lizing peptides) as a vaccine adjuvant. When Q11 
encapsulated OVA (a 17-amino acid peptide from chicken 
egg ovalbumin) into the nanofibers, a strong antibody 
response was observed against OVA, but not observed to 
Q11. Recently, they have also titrated the concentration of 
the universal T cell epitope on the nanofibers and discovered 
that T cell polarization was successfully turned into follicu-
lar helper T cell (Tfh) direction [243]. When the protein anti-
gens were fused to a β-tail sequence, they could also be 
displayed. β-Tail remained soluble during expression and 
purification, but it could be co-assembled with the help of 
Q11 [244].

Wen and co-workers [245] introduced the histidine tags 
(His-tag) into the peptide nanofibers by the co-assembly of 
EAK16-II (self-assembling peptide) with its histidinylated 
analogue EAKIIH6. The density of histidine tags can be reg-
ulated by the concentration of histidinylated peptide. This 
design allowed the exhibition of any IgG molecule on the 
nanofibers by the hexameric adaptor protein A/G [246]. It 

has been proved that this universal antibody system was 
capable of self-assembling in the anatomical site when 
exposed to saline [246–248]. The antibody display systems 
were beneficial, because it can extremely reduce the body 
exposure. Wen and Liu et al. [247] prolonged the retention 
time of antibodies targeting the tumor cytokine and trans-
forming growth factor-β from 24  h to 120  h. This brings 
along advantages in the immunotherapy for cancer, because 
the host immunity could be activated by neutralizing the 
tumor-promoting cytokines, such as TGF-β. More impor-
tantly, in order to ease the acute rejection, the antibodies 
against antigen-presenting cells were displayed at the graft 
sites in mice skin transplantation model [247]. The results 
showed that these systems can stay in transplant site for over 
7 days and captured donor antigen-presenting cells to attenu-
ate host T cell responses. This antibody display system has 
been used in the development of functional T cells recently 
[249]. They introduced the antibody against epithelial cell 
adhesion molecule into the peptide electrospun nanofibers, 
which could form 3D clusters with thymic epithelial cells 
and retained their original morphology. They have detected 
circulating CD45+CD3+T cells after 5  weeks. The most 
important is that activated CD4+ T cells and naive CD8+ T 
cells survived in the secondary lymphoid organs. The 
research demonstrated that antibody display systems have 
great potential to recover the immunity of T cells.

4.3  Electrospun Nanofiber Composite 
for Synergistic Therapy

Synergistic cancer therapy has arisen to great attention in 
clinical practice to overcome the shortcoming of single can-
cer treatment and achieved a great success. For example, just 
making use of localized drug delivery systems (LDDSs) for 
single chemotherapy may result in a strong drug resistance 
[250, 251]. In addition, chemotherapy may lead to inevitable 
side effects. In contrast, the synergistic cancer therapy could 
achieve a combined efficacy in a low concentration curing 
multiple drug-resistant cancer cells. Therefore, more and 
more studies have been carried out in multifunctional nano-
fibers combining two or more drugs to increase the effect.

Zhang and Wu et al. [252] introduced Pt prodrug micelles 
and (dichloroacetate) DCA into PVA electrospun nanofibers, 
forming a new M/DCA nanofiber with dual-drug delivery 
device as shown in Fig.  10. The different mechanisms of 
DCA and Pt could have an effective synergistic effect against 
cancer cells. Compared with systemic therapy, M/DCA 
micelles showed a prolonged retention time in tumor site, 
lower toxicity, and greater effect after implantation in vivo.

Effective cancer therapies are able to be achieved by the 
design of a smart nanofiber systems combining chemother-
apy and thermal therapy. Niiyama and co-workers [253] 
demonstrated the antitumor effects of nanofibers by the 
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delivery of antitumor drugs. The results of drug release 
in  vitro showed that PTX would be released at least for 
6 weeks in a slowly speed. Compared with free PTX, this 
drug system was able to have a continuous drug release and 
prolonged therapy. Moreover, the synergistic effect can be 
achieved by the activation of an alternating magnetic field 
because the magnetic nanoparticles in nanofibers would pro-
duce heat and induce the cancer to apoptosis and enhance the 
chemotherapy by PTX.

5  Conclusions and Future Perspectives

Electrospun nanofibers have been widely developed as a 
localized cancer therapy in the past 10 years. This kind of 
implantable localized drug delivery systems has been rec-
ognized as one of most promising approaches for cancer 
therapy. In this chapter we have summarized different 
types of drug-loaded nanofibers for cancer therapy, includ-
ing oil- soluble drug-loaded electrospun fibers, water-solu-
ble  drug- loaded electrospun nanofibers, protein-loaded 
electrospun nanofibers, gene-loaded electrospun nanofi-

bers, and other drug-loaded electrospun nanofibers. These 
kinds of nanofibers can be widely used in diagnosis and 
treatment of cancer. Two methods are widely used in the 
diagnosis: cancer cell capture and electrospinning sensors. 
Moreover, we have also discussed nanofibers for intelli-
gent cancer therapy. However, there are plenty of chal-
lenges before clinical trials.

In order to satisfy the urgent demand in clinical medicine, 
two scientific researches need to have a breakthrough. One is 
the degradable nanofibers, which could be degraded gradually 
in  vivo, avoiding a secondary surgery for the removal. The 
other is the mechanism of the curing molecules released from 
the electrospun nanofibers to the diseased site. As for the gene 
therapy, the uptake efficacy of gene is still really low because 
of the absence of the carriers. Therefore, the combination of 
nanoparticles and nanofibers has been recognized as a poten-
tial approach for cancer gene therapy.
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Fig. 10 (a) The illustration of the structure of Pt(IV) micelle; (b) the fabrication of Pt/DVA nanofibers for synergistic cancer therapy. (Reprinted 
with permission from [252])
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Nanoneedle-Based Materials 
for Intracellular Studies

Julia E. Sero and Molly M. Stevens

Abstract

Nanoneedles, defined as high aspect ratio structures with 
tip diameters of 5 to approximately 500 nm, are uniquely 
able to interface with the interior of living cells. Their 
nanoscale dimensions mean that they are able to penetrate 
the plasma membrane with minimal disruption of normal 
cellular functions, allowing researchers to probe the intra-
cellular space and deliver or extract material from indi-
vidual cells. In the last decade, a variety of strategies have 
been developed using nanoneedles, either singly or as 
arrays, to investigate the biology of cancer cells in vitro 
and in vivo. These include hollow nanoneedles for soluble 
probe delivery, nanocapillaries for single-cell biopsy, 
nano-AFM for direct physical measurements of cytosolic 
proteins, and a wide range of fluorescent and electrochem-
ical nanosensors for analyte detection. Nanofabrication 
has improved to the point that nanobiosensors can detect 
individual vesicles inside the cytoplasm, delineate tumor 
margins based on intracellular enzyme activity, and mea-
sure changes in cell metabolism almost in real time. While 
most of these applications are currently in the proof-of-
concept stage, nanoneedle technology is poised to offer 
cancer biologists a powerful new set of tools for probing 
cells with unprecedented spatial and temporal resolution.
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The 2010s witnessed a “Cambrian explosion” in the fabrica-
tion of nanoscale materials. Nanoneedles have emerged as a 
core technology for probing living cells due to their ability to 
interface directly with the cytoplasm and cause minimal dis-
ruption to normal cellular functions. Here we use the term 
“nanoneedles” as a catch-all term for high aspect ratio nano-
structures, meaning materials with tip diameters of less than 
~500 nm and 1–10 microns in length (Fig. 1a). High aspect 
ratio nanostructures have been fabricated from a variety of 
materials, from inorganic semiconductors to metals to car-
bon (Fig. 1b–f). The nanoneedle literature has a varied and 
often inconsistent nomenclature, including nanowires, nano-
spears, nanocapillaries, nanostraws, nanopipettes, nano-
tubes, nanopillars, nanoelectrodes, and more. Nanoneedles 
can be solid structures, such as porous Si pillars [1] and filled 
nanoelectrodes [2], or hollow tubes, such as alumina 
nanostraws [3], quartz nanopipettes [4], and double- barreled 
nanopipettes. They may be used as single probes for indi-
vidual cells or as arrays that can interact with cellular popu-
lations. Nanoneedles can be used to deliver cargos, remove 
cellular contents, or measure electrochemical signals  – or 
even all of these at once. Many excellent recent reviews have 
explored the larger theme of nanoneedles and nanoscale sen-
sors in cell biology [5–9]. In this chapter, we will focus on 
advances in the use of nanoneedles for intracellular biosens-
ing over the last decade and on how these technologies have 
been, or could be, applied to cancer research.

1  Types of Nanoneedles Used 
for Intracellular Sensing

Nanoneedles that directly access the intracellular space can 
be classified as solid or hollow structures and as single-cell 
probes or multicell arrays. Solid nanoneedles have been fab-
ricated by a combination of microfabrication techniques, 
such as wet and dry etching of silicon wafers. These 
approaches can be tailored to produce nanopillars with well- 
defined geometries which can be sharpened into conical tips. 
The processing used to shape nanoneedles can also be used 
to alter their material properties. For example, wet etching 
can be used to form solid nanoneedles of mesoporous  silicon. 

Such nanoneedle arrays have been used to deliver cargos, 
such as nucleic acids, and as carriers of biological probes 
[10, 11]. Alternatively, nanowires composed of silicon and 
other inorganic semiconductor materials can be grown on 
substrates by the vapor-liquid-solid mechanism to produce 
vertical arrays [12]. Atomic force microscopy (AFM) tips 
may be sharpened to nanoscale points that can penetrate cell 
membranes [13]. Hollow nanoneedles include nanostraw 
arrays, nanopipettes or nanocapillaries, carbon nanotubes, 
and AFM tips with micro- or nanochannels. Nanostraw 
arrays are fabricated by coating porous polycarbonate mem-
branes with metals and then etching the support to reveal 
nanometer-diameter tubes [14]. Fluid force microscopy 
combines sharpened AFM tips with micro- or even nano-
fluidic channels [15–17]. Probes such as nanoendoscopes 
made from carbon nanotubes benefit from being cylindrical, 
rather than conical or pyramidal, with well-defined radii of 
50–200 nm that have less potential to damage cells [18]. 
Nanoelectrodes can be fabricated in many ways to form 
either solid or hollow probes. For example, filled nanoelec-
trodes may be pulled around a conductive material such as Pt 
wire, filled with Pt black, or flame-etched to expose a 
nanoscale carbon fiber tip [19, 20]. Hollow nanocapillary 
electrodes provide multifunctionality, as they can deliver or 
extract material as well as measure electrochemical signals 
[21]. Moreover, electrochemical signals can be used to guide 
probes into position as well as detect analytes [22–24].

Methods for intracellular sensing can be broadly subdi-
vided into direct in situ interfacing with the cytosol, delivery 
of bioprobes, and extraction of cellular contents. Direct 
interfacing strategies include insertion of nanoelectrodes, 
nanoneedle-bound optical or electrochemical sensors, and 
antibody-functionalized nanoneedles that bind to cytoplas-
mic proteins. Nanoneedle-mediated delivery can be used to 
load cells with membrane impermeant chemicals or materi-
als. Cellular contents can be extracted with single nanocapil-
laries or by using arrays of nanostraws or nanoneedles. Many 
of these strategies overlap and most can be multiplexed. 
Readouts for intracellular sensing can be optical (generally 
fluorescent), mechanical, and/or electrical. Electrical sensors 
are multifunctional, as they can measure changes in conduc-
tance that denote cell penetration, the presence of cell-gener-
ated reactive oxygen species (ROS) that are involved in cell 
metabolism, and the production of ROS such as hydrogen 
peroxide from enzymatic reactions.

2  The Cell-Nanoneedle Interface

The size of nanoneedles means that they are uniquely able to 
interact with biological structures on the cellular scale. For 
example, caveolae are membrane invaginations involved in 
endocytosis that are similar in size to the smaller end of 
nanoneedle tips in use today, typically 60–80 nm in diameter 
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[25, 26]. Caveolae and clathrin pits are clearly visible around 
mesoporous Si nanoneedles by focused ion beam-scanning 
electron microscopy (FIB-SEM), in which thin sections of 
cellular material are milled away and consecutive SEM 

images are acquired (Fig. 1g) [27, 28]. Furthermore, extra-
cellular matrix components such as collagen fibrils in tissues 
are on the order of 10–300 nm [29, 30], which is in the mid-
range of nanoneedle tips used for intracellular studies. Thus, 

Fig. 1 (a) Nanoneedle scales relative to one another and the cellular 
scale. Scale bar in inset = 2 μm. Nanostructures depicted: (A) Si pillar, 
(B) diamond nanoneedle, (C) Si nanowire, (D) Plasmonic micropillar, 
(E) Porous Si nanoneedle, (F) hollow Si nanowire, (G) nanoelectrode, 
(H) diamond nanoneedle, (I) Si micropillar, (J) quartz nanopillar, (K) 
hollow nanostraw, (L) carbon fiber nanoelectrode tip. (Reproduced 
with permission from [9]. Copyright 2020, Wiley). (b) SEM of cell 
adhering to silicon nanowires. (Adapted with permission from [179]. 
Copyright 2007, American Chemical Society). (c) Carbon nanopi-
pettes. (I) Schematic of nanopipette cross section. (II) Photograph of 
a carbon nanopipette fabricated from a pulled capillary. (III) SEM 
side view of carbon nanopipette tip. (IV) SEM axial view of a 200 nm 
carbon nanopipette tip. Dotted lines indicate the quartz-carbon inter-
face. (Reproduced with permission from [2]. Copyright 2014, IOP 
Publishing). (d) SEM images of microchanneled cantilevers for flu-
idic force microscopy (FluidFM). (I) Perspective view of cantilever 

with pyramidal tip. (II) Zoomed-in image of the aperture of a tipless 
probe. (III–IV) Zoomed-in images of the microchannel and hollow 
pyramid after FIB sectioning. (V) Zoomed-in image of lithographi-
cally obtained 300  nm aperture in correspondence with pyramidal 
apex. (VI) Zoomed-in image of FIB-drilled triangular 300 nm aper-
ture. (Reproduced with permission from [16]. Copyright 2014, 
Elsevier). (e) SEM image of spearhead field-effect transistor dual car-
bon electrode. Inset: cross section of tip after FIB milling. (Adapted 
with permission from [109]. Copyright 2016, American Chemical 
Society). (f) SEM of the tip of a conical carbon fiber nanoelectrode 
used for intracellular vesicle electrochemical cytometry. (Adapted 
with permission from [125]. Copyright 2015, Wiley). (g) FIB-SEM 
image of engulfed nanoneedle showing two classes of endocytic ves-
icles, clathrin-coated pits (orange arrows) and caveolae (green 
arrows). Scale bars = 100 nm. (Adapted with permission from [28]. 
Copyright 2019, The Authors)

Nanoneedle-Based Materials for Intracellular Studies



194

distortions of the plasma membrane and underlying cyto-
skeleton induced by nanoneedles are in the realm of sizes 
that cells have evolved to experience. However, the extent of 
cytosolic interaction with different kinds of nanostructures 
and the circumstances under which membrane penetration 
occurs are contingent upon a number of factors. The inter-
face between cells and nanoneedles remains an open area of 
investigation, and many questions remain to be answered 
about how or when membrane penetration occurs.

In order for nanoneedles to access the cytoplasm, they 
must breach the plasma membrane and underlying cortical 
cytoskeleton as well as any extracellular barriers, such as the 
glycocalyx. When cells settle on nanoneedles by gravity, the 
plasma membrane has time to adapt to the nanotopography 
and deform around the nanostructures [31, 32]. Nanoneedles 
may be thus be engulfed, their cargo may be endocytosed, 
and/or the cell membrane may be ruptured and resealed 
around the obstruction (Fig. 2a). Spontaneous penetration is 
rare in the absence of membrane disruption by applied forces 
(micromanipulation or hypergravity) or electroporation [33–
39]. Chemical modifications such as phospholipids [40] or 
hydrophobic molecules [41, 42] can also enhance membrane 
penetration. Current evidence suggests that in addition to the 
interfacing force between nanoneedle and cell membrane, 
the key factors for penetration are membrane fluidity, speed 

of insertion, and tip sharpness [43, 44] (Fig. 2b). The sharp-
ness of the nanoneedle tip is also critical for cell viability, as 
under some circumstances, tips greater than 400 nm in diam-
eter begin to compromise cellular function [45]. Current 
in silico models of the cell membrane-nanoneedle interface 
indicate that these effects are also highly dependent on other 
geometric parameters, such as the relative spacing between 
nanoneedles [31, 46]. The architecture of the cortical cyto-
skeleton and the composition of the plasma membrane play 
important roles in determining whether nanoneedles can 
access the cytoplasm [34, 36, 37]. Cancer cells show charac-
teristic changes in stiffness and membrane fluidity [47–49] 
that may complicate nanoneedle-based experiments but 
could also be useful as diagnostic metrics [27]. For in-depth 
discussions of the mechanics of membrane penetration by 
nanoneedles, see [5, 9].

Electrical conductance is a well-established tool for 
detecting cellular contact and cell penetration. Changes in 
ionic current at the probe tip indicate when cell penetration 
has occurred [2, 50] (Fig. 3a, c, d). Nanoneedle probes are 
often integrated with scanning ion conductance microscopy 
(SICM) to precisely control their position and detect cell 
membrane penetration. SICM works by measuring the 
increase in resistance in a micro- or nanopipette probe as it 
approaches a nonconductive or poorly conductive surface. 

Fig. 2 Nanoneedle-cell interactions. (a) Cell membrane interactions on 
nanoneedle arrays. Cells can engulf nanostructures and spontaneous pen-
etration is rare unless additional membrane rupture is induced, e.g., by 
electroporation. Endocytosis is enhanced around nanoneedles. 
(Reproduced with permission from [9]. Copyright 2020, Wiley). (b–d) 
Cell penetration by AFM-operated nanoneedles depends on membrane 

fluidity, insertion speed, temperature, surface chemistry, and cell stiff-
ness. (b) Scanning ion microscopy image of AFM cantilever nanoneedle. 
(c) Side view confocal microscopy images and schematics of nanoneedle 
(green) insertion through the plasma membrane (red). (d) Unsuccessful 
insertion shown by red signal from the membrane surrounding the nanon-
eedle. (Reproduced under Creative Commons license from [44])
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This method is commonly used as a noncontact method for 
mapping cell surface topography [22, 23, 51]. For example, 
Gopal et al. used SICM to show that seeding human mesen-
chymal stem cells on nanoneedle arrays led to increased for-
mation of membrane ruffles on the apical surface [28] 
(Fig. 3b). Electrical conductance measurement can thus be 
combined with intracellular cargo delivery or sampling using 
hollow nanocapillaries.

3  Delivery of Molecular Probes 
to Monitor Cellular Processes

Nanoneedle-based strategies can efficiently introduce a 
wide range of unbound probes directly into the cytosol, 
including cell-impermeant molecules, and can even deliver 
cocktails of cargos for multistep reactions and multiplexed 
sensing. Intracellular probes label cellular components and 

Fig. 3 Hollow nanoelectrodes used for cell surface mapping, detection of 
membrane penetration, and delivery of biomolecular probes. (a) 
Penetration and microinjection using carbon nanopipettes. Top: micro-
graphs of carbon nanocapillary interfaced with a cell (dotted line) over 
time. Bottom: changes in capacitance (red) and resistance (blue) over 
time during cell penetration, injection, and probe removal. (Adapted with 
permission from [2]. Copyright 2014, IOP Publishing). (b) Topographical 
mapping of the cell surface by scanning ion conductance microscopy 
(SICM). Increased membrane ruffling was observed on the apical surface 
of cells seeded on arrays of mesoporous silicon nanoneedles (nN) com-
pared to cells seeded on flat Si wafer (FSW). Left: 3D topographical 
SICM maps. Middle: 2D SICM scan (10 μm × 10 μm). Right: SEM 
images of apical membranes. Scale bars = 5 μm. (Adapted with permis-
sion from [28]. Copyright 2019, The Authors). (c) Single- barreled nano-

pipette and approach curve. The nanopipette is initially positioned 
~20 μm above the cell. The counter electrode is placed in the culture 
medium and the initial voltage is set to ±60 mV, leading to an ionic cur-
rent of 70–100 pA. As the tip approaches the cell (green bar) and pene-
trates the plasma membrane (yellow line), the ionic current decreases 
sharply (yellow bar). (d) Double-barreled nanopipette and approach 
curve. During the approach, applying positive voltage between electrodes 
leads to a weak ionic current (green bar). Upon penetrating the cell (yel-
low line), the ionic current increases (yellow bar). (e) Schematic of 
nanoinjection. Single living cells can be specifically labeled by injecting 
probes using a nanopipette with tip diameter ~100 nm. Once inside the 
cell, increasing or reversing the voltage leads to diffusion of the mole-
cules out of the cell by electrophoresis. (Reproduced with permission 
from [59]. Copyright 2015, American Chemical Society)
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are used to monitor biological processes based on electro-
chemical or fluorescent readouts. Over the last decade, 
many methods to deliver molecular and nanoparticle 
probes directly into cells have been developed using 
nanoneedles [52], nanowires [53], carbon nanotubes [54], 
nanopipettes [55, 56], nanofluidic devices [15, 57], and 
nanoelectrodes [58]. Hennig et  al. used electrophoretic 
nanoinjection of fluorescent probes to label DNA, actin, 
microtubules, and organelles in living cells with signal-to-
noise ratios that enabled rapid super- resolution imaging 
(dSTORM) [59] (Fig.  3e). They showed that  nanoneedle 
tip diameter was an important factor in determining cell 
viability following electrophoresis, and best results were 
obtained using nanopipettes with tip diameters of 100 nm 
or less [45]. Espinosa and colleagues developed “nano-
fountain probes” (NFP), nanocapillaries fabricated from 
etched AFM tips with sub-100 nm resolution that act like 
fountain pens delivering ink through capillary action, to 
inject cells with fluorescent- labeled nanodiamonds [57] 
and nucleic acids [60] (Fig. 4a). They found that applying 
an electrical pulse enhanced NFP cargo delivery without 

compromising cell viability [61]. They used this localized 
electroporation system to deliver DNA- and RNA-based 
molecular beacons that detect specific mRNAs (GAPDH) 
in live HeLa cells [62]. Molecular beacons are nucleotide 
hairpins that contain a fluorophore at one end and a 
quencher at the other; when hybridized to the target, the 
resulting spatial separation of the 5′ and 3′ ends produces 
a change in the fluorescent signal [63] (Fig. 4b).

Abnormal protein glycosylation drives cancer cell sig-
naling, adhesion, migration, and stem cell maintenance, 
and many cell surface tumor markers are glycoproteins 
[64]. Hollow nanocapillaries called nanostraws are an 
effective way to deliver cell-impermeable probes [3, 65, 
66] (Fig.  5a–d). To fabricate these arrays, nanoporous 
track-etched polycarbonate membranes are coated with 
metal (Al, Au, or Pt) by a conformal technique such as 
atomic-layer deposition, and then the membrane is etched 
on one side to expose protruding nanostraws. Nanostraws 
used for cell interfacing experiments are on the order of 
100 nm in diameter and 1 μm in height depending on the 
etch time. The spacing of the nanostraws depends on the 

Fig. 4 Nanofountain probe-mediated delivery of fluorescent molecular 
beacons. (a) Schematic of nanofountain probe AFM tip for cell injec-
tion. (Copyright (2015) Wiley. Used with permission from [57]). (b) 

Schematic of DNA- and RNA-based molecular beacons (MB) used to 
detect GAPDH mRNA in live cells. (Copyright (2009) Wiley. Adapted 
with permission from [62])
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Fig. 5 Nanostraw arrays for cargo delivery and extraction. (a) 
Schematic of nanostraw microfluidic system, cross section (not to 
scale). (b, c) SEM images of cells (green) cultured on 100-nm-diameter 
nanostraws at a density of 108 nanostraws/cm2. (d) Top: cross-sectional 
SEM image of a cell cultured on nanostraw electrodes. Bottom: magni-
fied image of inset showing cell membrane wrapped around the hollow 
nanostraw and impingement of the nuclear envelope (dashed line). (e) 
Schematic of nanostraw-mediated delivery of azido sugars, which are 
converted into sialic acid groups and incorporated into cell surface gly-
coproteins. The azide moiety is then labeled with a fluorophore-conju-

gated probe (DBCO). (f) Schematic of 3D hollow nanoelectrode device 
for gold nanorod delivery. Electroporation is induced by pulsed voltage. 
Nanorods are delivered from the lower to the upper chamber through 
nanostraws due to a direct current potential between two Pt wire elec-
trodes. A laser beam excites the Raman signals of the gold nanorods 
inside the cell. (a–c reproduced with permission from [3]. Copyright 
2011, American Chemical Society. d and f adapted with permission 
from [83], https://pubs.acs.org/doi/10.1021/acs.nanolett.8b03764. 
Copyright 2019, American Chemical Society. e adapted with permis-
sion from [67]. Copyright 2017, Wiley)

https://pubs.acs.org/doi/10.1021/acs.nanolett.8b03764
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porosity of the polycarbonate membrane or ion beam 
 milling parameters. Nanostraw-bearing membranes are 
overlaid onto microfluidic channels, and cells are seeded 
in the upper chamber. Agent delivery, or cellular contents 
extraction, is controlled from the lower channel. 
Spontaneous contact between the nanostraw interior and 
cytosol is rare when cells adhere to nanostraw arrays 
because the plasma membrane has time to engulf the nano-
structures while remaining intact [35]. Electroporation of 
cells on nanostraws increases cargo delivery, for example, 
improving plasmid transfection efficiency from 5–10% to 
60–70% [3, 65]. The electroporation step briefly disrupts 
the membrane, which can then reseal around nanostraws 
that have penetrated the cell. Melosh and colleagues used 
nanostraws to deliver cell-impermeant molecules called 
azido sugars into cells in order to map protein glycosyl-
ation [67]. Loading cells with azido sugars allowed modi-
fied glycoproteins to be detected by fluorescent probes 
conjugated with click chemistry. Other cell-impermeable 
metabolite or analogue probes, such as modified ATP or 
synthetic cross-linkers, could be delivered to the cytosol 
this way [64] (Fig. 5e).

4  Delivery of Probes for Multiplexed 
Biosensing

In addition to combining cargo delivery and sensing, nanon-
eedles are now being used for multiplexed cancer marker 
detection. Biodegradable Si nanoneedles were recently used 
to deliver multicomponent, enzymatically active probes to 
detect both miRNA and protein cancer biomarkers using 
rolling circle amplification and fluorophore-coupled nucleo-
tide probes [68] (Fig. 6). Rolling circle amplification (RCA) 
is a process in which a short nucleotide primer is amplified to 
form long single-stranded DNA or RNA molecules through 
the action of unique polymerases. The whole RCA process 
can take place at 37°C in a complex biological environment, 
such as a cell. Mesoporous Si nanoneedles, about 1 μm long 
and 100 nm in diameter, were fabricated using metal-assisted 
chemical etching and functionalized with (3-Aminopropyl)
triethoxysilane (APTES), a silicon-binding surface chemis-
try that is frequently used to promote the attachment of 
probes and biocargos. The nanoneedles were then detached 
from the substrate and loaded with nucleotide “padlock” 
probes, FAM- and Cy5-conjugated oligonucleotide probes, 

Fig. 6 Porous biodegradable nanosyringes for multiplexed biosensing. 
(a) One-step intracellular rolling circle amplification (RCA). Upon 
delivery of the “padlock probe,” binding of Let-7a miRNA leads to ring 
formation catalyzed by splintR ligase, followed by amplification cata-
lyzed by phi29 polymerase. An aptamer structure that binds VEGF was 
designed in the middle of the padlock probe to form a quadruplex in the 
presence of the protein. In leukemia cells with both Let-7a and VEGF, 
the RCA products hybridize with the FAM probe, resulting in a green 

fluorescence (I). In the absence of VEGF, both the Cy5 probe and the 
FAM probe hybridize to the amplification products, leading to orange 
fluorescence (II). Cells loaded with siRNA against VEGF therefore 
showed orange emission due to downregulation of the protein (III). (b) 
SEM top-sectional view of nanoneedles before detachment. (c) SEM 
cross-sectional view of nanoneedles before and after detachment 
(inset). (Adapted with permission from [68]. Copyright 2019, The 
Royal Society of Chemistry)
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and polymerase and ligase to amplify the padlock probe in 
the presence of Let-7a miRNA. The padlock probe also con-
tained an VEGF-binding aptamer sequence. The resulting 
“nanosyringes” were taken up by endocytosis and dissolved 
within 16  h, similar to porous nanoneedles fabricated by 
Stevens and colleagues [1, 11, 28, 69]. In the presence of 
Let-7a transcript and VEGF protein, amplification of the 
padlock probe and binding to targets produced a green fluo-
rescent signal, whereas in the absence of VEGF, the interac-
tion of FAM and Cy5 produced an orange fluorescent signal. 
The nanosyringes were also loaded with siRNA targeting 
VEGF, which resulted in decreased VEGF protein signal due 
to transcript depletion. Let-7a and VEGF were detected 
in  vitro in cell uptake experiments and in  vivo following 
injection into mouse xenograft tumors. These studies dem-
onstrate the efficacy of using nanoneedles to detect nucleo-
tides and proteins inside cells as part of a multiplexed 
strategy for tumor detection and gene therapy.

5  Delivery of Nanoparticles as Probes

Nanoneedles have been demonstrated to deliver nanoparti-
cles, such as quantum dots and gold nanoparticles, to the 
cytosol [1, 70]. Nanoparticles have high surface area-to- 
volume ratios and the capacity for binding multiple probes. 
Tang and colleagues showed that Au nanoparticles function-
alized with multiple molecular beacons could identify four 
different intracellular mRNA transcripts [71]. They also 
developed fluorescent nanoprobes that could distinguish nor-
mal and cancer cells based on tumor marker mRNA tran-
scripts (TK1 and GalNAc) and matrix metalloproteinases 
(MMP-2 and MMP-7) [72]. A number of examples of nano-
probes that target specific MMPs and detect their activity in 
tumors have been reported [73–75], including one that 
detects both MMP-2 and urokinase-type plasminogen activa-
tor, which is upregulated in many cancers [76]. Gold-coated 
magnetic nanoparticles modified with redox-labeled DNA 
probes have also been reported as an ultrasensitive detection 
method for circulating tumor miRNA in blood [77]. These 
types of metallic particles could be adapted for intracellular 
electrochemical sensing by nanoinjection or coupling to 
nanoneedle probes. Additionally, carbon-based nanomateri-
als can be utilized to sense a variety of analytes, pH, and 
even temperature [78].

Biocompatible Au or Au-coated nanoparticles are 
becoming increasingly popular for label-free sensing using 
 surface- enhanced Raman scattering (SERS). SERS pro-
vides highly sensitive and rapid detection of molecules and 
nanoparticles without the necessity of a fluorescent or reac-
tive probe [79–81]. In 2018, Hanif et al. reported the use of 
gold-coated nanopipettes (~100  nm tips) functionalized 
with organic nitrile cyanide to measure Fe3+ in live cells 

[82]. In 2019, De Angelis and colleagues used hollow 
nanoelectrodes to deliver gold nanorods into cells. 
Biomolecules colocalized with the gold nanorods could 
then be detected by the enhanced localized Raman scatter-
ing [83] (Fig.  5f). Another novel combination of nanopi-
pettes, nanoparticles, and Raman spectroscopy was reported 
the same year as a way to measure hypoxia in cells and 
tumors [84] (Fig.  7). In this study, sharp-edged gold 
nanostars were coupled to nanopipettes, and SERS was 
used to measure intracellular redox potential. Clear differ-
ences in Raman spectra were observed between triple-neg-
ative breast cancer cells and non-tumor MCF10A or 
nonmetastatic cancer cells in response to hypoxia [84]. The 
gold nanostar-loaded nanopipettes were then demonstrated 
to be able to detect hypoxic regions in 3D cell culture and, 
importantly, in subcutaneous tumors in mice [84]. 
Nanoneedle-mediated nanoparticle delivery combined with 
SERS offers a powerful set of tools for cancer research 
in vitro and tumor detection in vivo.

6  Nanoneedle-Bound Optical Probes

Optical probes can be chemically conjugated to nanonee-
dles to act as biosensors [85]. An early example of this 
strategy used a cleavable FRET probe conjugated to an 
AFM nanoneedle (400 nm tip) to detect caspase-3 activa-
tion in live cells [86]. Here, a change in the FRET signal 
was observed when the Alexa546 fluorophore was cleaved 
from the GFP portion of the probe by active caspases in 
apoptotic HeLa cells. Caspase-cleavable fluorescent probes 
were also used in a nanoneedle “sandwich assay,” in which 
cells held in place on an adherent nanoneedle array were 
interfaced with Si nanoneedle arrays decorated with cova-
lently linked TAMRA- labelled peptides [87] (Fig. 8a). In 
the presence of active caspase in the cytosol, the TAMRA 
tag was cleaved, resulting in red fluorescence in the cells 
after removal of the probes (Fig. 8b). In the same study, the 
sandwich assay was used to monitor protein tyrosine phos-
phatase (PTP) and protein kinase A (PKA) activity in cells 
by inserting nanoneedles conjugated with peptide kinase/
phosphatase substrates. In the latter cases, however, peptide 
phosphorylation was determined by MALDI-TOF mass 
spectroscopy rather than fluorescence [87]. Nakamura and 
colleagues used fluorescent molecular beacons coupled to 
arrays of Si nanoneedles by biotinylation to detect GAPDH 
mRNA [88, 89]. Similar to the sandwich assay [87], nanon-
eedles were inserted into the apical side of adherent cells. 
However, in the latter study, penetration was controlled by 
piezoelectric-driven oscillating mechanism so that force 
and depth could be precisely controlled, and interfacing 
times with cells were much shorter (10–30 minutes com-
pared with 24 h) [89].

Nanoneedle-Based Materials for Intracellular Studies



Fig. 7 Raman-based hypoxia detection using a nanopipette and gold 
nanostars. (a) Schematic of the working principle. Gold nanostars 
were assembled on nanopipette tips and functionalized with 4-nitro-
thiophenol (4NTP). Spectral changes for the 4NTP redox group 
(nitro-NO2) resulting from intracellular oxygen were quantified. (b) 
In vivo detection of hypoxia in different regions of subcutaneous 
mouse tumors using the gold nanostar probe. (c) 2D TEM and 3D 
tomography images of Au nanostars showing spikes at tilt angles 

−60° and 60°. (d) Raman probes were used to measure spectra in 
normal breast myoepithelial cells (MCF10A), nonmetastatic breast 
cancer cells (MCF7), and metastatic breast cancer cells 
(MDA-MB-231) under normoxia and hypoxia. (a) Raman probe inter-
acting with cells. (b) Surface-enhanced Raman spectra for cells in 
each condition. (c) Quantification of peak ratios that are indicative of 
changes in redox state inside cells (***p < 0.001). (Adapted with per-
mission from [84]. Copyright 2019, Wiley)
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7  Nanoneedle-Bound Probes for Cancer 
Biomarkers

Nanoneedles with covalently bound molecular probes have 
been reported for measuring intracellular pH and enzymatic 
activities in cancer cells. Dysregulation of pH homeostasis 
is a common characteristic of tumor cells, which often have 
higher intracellular pH and lower extracellular pH than 
healthy cells [90]. Intracellular pH has been measured using 
nanoneedles with optical and electrochemical functionaliza-
tion. Chiappini and Stevens used porous Si nanoneedles 
(tips <100 nm) conjugated with a pH-sensitive fluorophore 
and a reference fluorophore to measure the pH of interfaced 
cells by ratiometric imaging. Cells can be injected either 
from the bottom- up by seeding directly on top of the nanon-
eedles, or from the top- down by pressing the nanoneedle 

array against the apical surface [1], which was previously 
shown not to impair cell viability [11]. Chiappini et al. also 
used a cleavable TAMRA- peptide probe to sense cytosolic 
cathepsin B (CTSB) in order to detect cancer cells seeded 
on Si nanoneedle arrays [10] (Fig. 8d–e). CTSB is a cyste-
ine protease that is a cancer biomarker associated with poor 
prognosis in many solid tumors [91]. Transformed cells 
could be distinguished from normal cells in a mixed popula-
tion based on cleavage of TAMRA by fluorescence micros-
copy. Furthermore, when nanoneedle sensors were applied 
to human tissue samples, high CTSB activity was revealed 
by fluorescence in esophageal tumors and in regions diag-
nosed by histopathology as having premalignant Barrett’s 
dysplasia (Fig. 8f). Application of the nanosensor array to a 
tumor margin also showed clear demarcation between dis-
eased and healthy tissue [10]. Proteolytic CTSB activity has 

Fig. 8 Nanoneedle-bound optical probes. (a) Nanoneedle “sandwich 
assay.” Cells are immobilized on the one nanoneedle array. Then 
another array, functionalized with a bound caspase-3 probe (b), is inter-
faced with the cells. When the fluorescent-labeled peptide that immobi-
lizes on the nanoneedles is in contact with active caspase-3 in cells, the 
red probe is released into the cytoplasm. (c) Cells are labeled in green 
(top). Caspase-3 activity is indicated by red fluorescence in cells treated 
with staurosporine, which induces apoptosis (bottom). (Adapted with 
permission from [87]. Copyright 2013, American Chemical Society). 

(d) Porous Si nanoneedle (green) arrays functionalized with the cathep-
sin B (CTSB) probe (yellow) interface with cells, either by seeding 
directly on top of the nanoneedle arrays or by pressing against tissue 
samples. When CTSB (red) is active, the fluorescent probe is cleaved 
from the peptide substrate. (e) A cell growing on a nanoneedle array 
(SEM). (f) Esophageal tissue stamped with nanoneedle biosensor on 
the tumor margin. Yellow fluorescence indicates CTSB activity in the 
tumor region. (Adapted under the terms of CC BY license from [10]. 
Copyright 2015, The Authors)
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also been measured using peptide- coupled nanoelectrode 
arrays in breast cancer cell lysates [92].

8  Nanopipette Electrodes to Monitor 
Cell Metabolism

Nanocapillary electrodes have been used to monitor changes 
in cell metabolism, which are hallmarks of cancer biology 
[93]. The range of nanoelectrode varieties used to measure 
analytes via redox chemistry is summarized in Fig.  9 and 
reviewed in depth by Lin et al. [94]. For recent reviews of 
nanoelectrode fabrication, see [58, 95].

Nanocapillaries can be used to deliver unbound probes 
that produce electrochemically active analytes, such as 
hydrogen peroxide. Chen and colleagues report delivery of 
“nanokits” comprised of commercial enzymatic assay com-
ponents into cells, where metabolites are detected via H2O2 
generation [96, 97]. They used glass nanocapillaries fabri-

cated with Pt ring electrodes with tips ~200–300 nm in diam-
eter and tip openings of ~130 nm [96]. These nanocapillaries 
were used to deliver femtoliter quantities of 1) glucose oxi-
dase to detect glucose in HeLa cells and 2) a cocktail of 
sphingomyelin, alkaline phosphatase, and choline oxidase to 
measure sphingomyelinase activity in J774 macrophage-like 
mouse reticulum sarcoma cells [96, 97]. After nanocapillary 
insertion, voltage was applied to induce electroosmotic flow, 
resulting in the capillary contents being pumped into the 
cytosol. Enzymatic reactions that occurred in the vicinity of 
the electrode were limited by diffusion, so analyte detection 
was spatially localized [97]. At the same time, intracellular 
calcium concentrations were measured fluorometrically 
using Fluo-3. Ca2+ did not change significantly during nano-
capillary insertion or voltage application, indicating that 
cells were functioning normally. In another study, Pan et al. 
used nanocapillary ring electrodes to deliver the contents of 
an ion assay kit comprised of maltose phosphorylase, malt-
ose, mutarotase, and glucose oxidase into HeLa cells to mea-

Fig. 9 Schematics of the operating principles of typical electrochemi-
cal scanning probe microscopy electrodes. (a) SECM feedback (FB) 
mode. (b) SECM substrate generation/tip collection (SG/TC) mode. (c) 
SECM redox (RC) competition mode. (d) Pt-based nanoelectrode for 
noninvasive intracellular recordings. (e) Microbiosensor for specific 

metabolite detection. (f) Dual electrode SECM tip. (g) SICM for topo-
graphic mapping. (h) Nano-FET for specific metabolite detection. (i) 
SECM-SICM for constant distance mode electrochemical imaging. 
(Reproduced under the terms of CC BY license from [94]. Copyright 
2018, The Royal Society of Chemistry)
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sure intracellular phosphate ion concentrations [98]. 
Electroosmotic flow through quartz nanocapillaries with 
~100 nm tips has also been employed for ultrafast monitor-
ing of mitochondrial membrane potential in MCF7 breast 
cancer cells [99]. In this study, Qian and colleagues applied 
a voltage to inject cells with inactive fluorescent dyes or 
JC-10, which selectively accumulates in mitochondria and 
reversibly changes from green to red as membrane potential 
increases. Red fluorescence, indicating mitochondrial activ-
ity, was observed within 20 s after nanoinjection, compared 
with 20–30  minutes for passive loading by incubation in 
aqueous JC-10 solution. This method detected rapid changes 
in mitochondrial metabolism in single cells in response to 
metformin, a drug used in diabetes and cancer treatment that 
inhibits mitochondrial electron transport complex I [100].

Over the past 10  years, Pourmand and colleagues have 
developed a variety of nanopipette electrode probes func-
tionalized with biomolecular sensors to measure a number of 
metabolic processes implicated in cancer in single cells [6]. 
In 2015, they reported a method for monitoring intracellular 
pH using single-cell nanoprobes (tips <100 nm) [101]. These 
nanoprobes were comprised of quartz nanopipettes coated 
with chitosan, a polysaccharide biopolymer that undergoes 
reversible structural changes depending on pH [102], and 
coupled to a potentiostat with Pt wire. Changes in the ionic 
current at the nanopipette tip are detected by the electrode as 
rectification of the output current measured by the system, 
when stimulated by an oscillating input voltage signal [103, 
104]. Nanoprobes were inserted into cells using a custom- 
built scanning ion conductance microscope. Changes in pH 
could be monitored in real time as cells were treated with a 
Cl− channel blocker, and cytosolic pH measurements were 
found to be lower in cancer cells than in healthy fibroblasts. 
The Pourmand group also developed nanopipettes modified 
with glucose oxidase (GOx) as single-cell, real-time glucose 
sensors [105] (Fig. 10a–e). In the presence of glucose, GOx 
activity leads to the production of hydrogen peroxide and 
current rectification is detected by the nanoelectrode. These 
studies revealed cell-to-cell variations as well as differences 
between cell lines, with cancer cells having higher levels of 
intracellular glucose and increased rates of glucose uptake 
than normal fibroblasts.

A common feature of cancer cells is switching from oxi-
dative phosphorylation to anaerobic respiration as their main 
means of ATP generation, which is called the Warburg effect 
[106]. The final step of glycolysis is the conversion of pyru-
vate to lactate. A carbon fiber microelectrode coated with 
lactose oxidase mixed with chitosan, deposited by electrode-
position, was reported to detect lactate fluctuations in brain 
tissues via H2O2 production [107]. This type of probe could 
also be adapted for intracellular glycolysis measurements. 
Korchev and colleagues have developed nanometer-scale 
dual carbon electrodes (DCE) for high-resolution sensing 
and topological mapping [108]. The addition of polypyrrole 
(Ppy) to the DCE nanopipette tip enhanced pH sensing and 

temporal resolution, and the spear shape enhanced spatial 
resolution. This group also reported a similar spearhead 
probe consisting of hexokinase immobilized on a pH-sensi-
tive Ppy nano field-effect transistor (FET) as selective ATP 
biosensor [109] (Fig.  10f). Hexokinase cleavage of ATP 
leads to a stoichiometric generation of protons, which is 
detected as a localized change in pH. Thus, carbon nanoelec-
trodes have many potential applications for investigating 
oxidative metabolism of living cells.

A new class of nanocapillary probes termed asymmetric 
nanopore electrodes (ANE) were reported to enable real- 
time sensing of cellular respiration in breast cancer cells and 
were used to monitor the effects of anticancer drugs on cell 
metabolism [110] (Fig. 11). Instead of a wire sealed in the 
electrode, the ANE’s interior is coated with Au and acts as 
the redox sensing interface which has high temporal and spa-
tial resolution. The tip (~90 nm) of the gold interior of the 
nanocapillary is polarized as the cathode, and the opposite 
terminal acts as the anode; an ionic current is generated when 
the reducing agent NADH diffuses into the tip. Importantly, 
the ANE was modified with electrochemically reactive 
4-thio-catechol (4TC). Reduction of 4TC at the tip led to the 
generation of H2 nanobubbles and thus amplified the signal 
severalfold. Intracellular NADH was measured inside live 
MCF7 breast cancer cells, and decreases in NADH induced 
by taxol treatment were reliably detected. This method could 
be extended to other redox sensors using either reduction- 
induced H2 or oxidation-induced O2 nanobubbles.

9  Multimodal Fluorescent 
and Electrochemical Detection 
of mRNA

A multimodal strategy for mRNA detection was reported by 
Huang et  al., who developed “signal-on” or “signal-off” 
assays based on photocleavable molecular beacons to detect 
manganese superoxide dismutase (MnSOD) transcripts in 
MCF7 breast cancer cells in [111] (Fig.  12). MnSOD, or 
SOD2, is a mitochondrial enzyme that regulates the metabo-
lism of reactive oxygen species (ROS), converting superox-
ide into hydrogen peroxide. High MnSOD expression is a 
common feature of tumor cells and is associated with the 
switch to glycolysis [112]. These experiments used nano 
fiber-optics to selectively irradiate cells and nanopipettes to 
record electrochemical signals. In the “signal-on” experi-
ments, single cells were irradiated with UV light, which led 
to spatially localized activation of DNA probes. The probes 
consisted of two oligonucleotides, one with a green fluoro-
phore and the other with a red fluorescent quencher. The 
quencher also contained a photocleavable hairpin. Upon irra-
diation, the quencher could be displaced from the signal 
probe, leading to an increase in green fluorescent signal 
(Fig. 12a, b). In the “signal-off” assays, a nanoelectrode was 
conjugated to a thiol-modified oligonucleotide and comple-
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Fig. 10 Single-cell metabolic nanosensors. (a) Schematic of surface mod-
ifications for the immobilization of glucose oxidase in the nanopipette tip. 
The inner surface is coated with poly-L-lysine (PLL) and then treated with 
glutaraldehyde to cross-link the amino group of PLL to glucose oxidase 
(GOx). (b) Electrochemical characterization of the nanopipette after each 
step in the fabrication process. (c) SEM image of the nanopipette tip. Inset: 
side view of the nanopipette. (d) The chemistry of enzymatic conversion 
of glucose to gluconic acid. (e) Single-cell readings using the glucose 
nanosensor. As the sensor tip approaches the cell membrane, the potential 
increases sharply. Once the tip has penetrated the cytoplasm, the potential 

drops to a steady state of fluctuations caused by localized peroxide genera-
tion. After the nanopipette is withdrawn, the potential drops back to base-
line. (Adapted with permission from [105]. Copyright 2016, American 
Chemical Society). (f) Spearhead nano-FET.  A nanometer-scale field-
effect transistor was fabricated by deposition of a thin layer of semicon-
ductor material (polypyrrole) on the tip of dual carbon electrodes, made by 
pyrolytic decomposition of butane, that serve as drain and source. Redox- 
generating molecules (e.g., hexokinase) immobilized on the transistor pro-
vide selective FET sensing. (Reproduced with permission from [109]. 
Copyright 2016, American Chemical Society)
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mentary methylene blue (MB)-modified hairpin probe. In the 
absence of irradiation and target mRNA, the nanoelectrode 
signal was high due to MB redox. When the hairpin was 
cleaved and MnSOD mRNA was present, displacement of 
the MB led to depletion of the electrical signal (Fig. 12c, d) 
[111].

10  Nanopipette Electrodes to Monitor 
Reactive Oxygen Species Generation

Metabolic reprogramming in cancer leads to changes in the 
production of ROS and oxidative stress [113, 114]. Platinized 
carbon nanoelectrodes have long been used to investigate cel-
lular redox chemistry and ROS generation. Pt black is a fine 
powdered form of Pt that is widely used for improving elec-
trode efficiency by greatly increasing the reactive surface area. 
Early studies of single-cell ROS detection were performed by 

Amatore and colleagues in the 1990s using platinized carbon 
fiber microelectrodes, but cells had to be punctured to release 
their contents [115]. In 2008, Mirkin and colleagues reported 
the use of platinized glass nanoelectrodes with ~40 nm tips in 
diameter to perform intracellular voltammetry in living 
MCF10A non-tumor breast epithelial cells [116]. Scanning 
electrochemical microscopy (SECM) [24] was used to posi-
tion the tip of the electrode, map cell topography, measure 
membrane potential, and detect redox reactivity inside cells. A 
current was observed when the probe was in the hydrophilic 
redox buffer outside the cell and disappeared when the tip pen-
etrated the plasma membrane, indicating that the membrane 
had resealed around the probe and was not leaky. A redox buf-
fer containing Ru(NH3)6

3+, which cannot cross the plasma 
membrane, is commonly used to confirm cell penetration and 
membrane resealing in nanoelectrode studies. SICM-coupled 
carbon nanoelectrodes functionalized with Pt were reported in 
2014 by Korchev and colleagues, who fabricated disk-shaped 

Fig. 11 Wireless asymmetric nanopore electrode (ANE) for real-time 
sensing of cellular respiration. (a) Schematic of the ANE. The applied 
bias potential drives the potential difference between the two terminals 
of the Au- and 4-thiol-catechol (4TN)-coated nanopores. The tip open-
ing (cis) is polarized as the cathode and the opposite terminal (trans) 
acts as the anode. Reduction occurs at the cathode and oxidation occurs 
at the anode. (b) Intracellular redox species (e.g., NADH) diffuse into 
the cis tip of the ANE, and a pair of redox reactions takes place at the 
cathode and anode. A transient ionic current response is generated 
(inset) which allows a high degree of temporal resolution. (c) Traditional 
carbon nanoelectrode schematic with a solid tip that generates a cyclic 

voltammogram (inset) with poor temporal resolution. (d) The bare 
nanopore does not produce any current in response to NADH. (e) The 
unmodified ANE generates a stable baseline signal. (f) The 4TN-coated 
ANE generates an enhanced current signal due to the generation of H2 
bubbles at the cathode. Left: 4TN is oxidized electrochemically at the 
anodic pole while a small amount of H2 is produced at the cathodic 
pole, generating a weak signal. Right: in the presence of NADH, the 
catechol conversion is mediated by the redox pair NADH/NAD+, lead-
ing to the production of H2 bubbles and an amplified current response. 
(Reproduced with permission from [110]. Copyright 2018, American 
Chemical Society)
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Fig. 12 Multimodal mRNA detection of MnSOD mRNA in MCF-7 
breast cancer cells. Top box: the “signal-on” strategy. (a) Principle of 
the photoactivated toehold-mediated displacement reaction for the opti-
cal mRNA sensing probe. The probe consists of an oligonucleotide with 
a green fluorophore (FAM), conjugated to a cell surface receptor- 
binding aptamer, and a hairpin oligonucleotide carrying a quencher red 
fluorophore (Dabcyl-TAMRA). The hairpin is photocleavable due to 
the inclusion of an o-nitrobenzylphosphate linker. Binding of the probe 
aptamer to nucleolin facilitates uptake by cancer cells. A single cell is 
irradiated with UV light using a micro or nano optical fiber to cleave the 
probe hairpin, allowing the FAM probe to bind to complementary 
mRNA.  This association displaces the quencher, resulting in green 
emission from the fluorophore. (b) Red TAMRA fluorescence shows 

uptake of the probe in all cells. (c) Green fluorescence is observed only 
in the photoactivated cell (red line). Bottom box: the “signal-off” strat-
egy. (d) Schematic of the electrochemical mRNA sensing probe. The 
nanoelectrode is functionalized with a thiol-modified capture probe 
(CPE) which is bound to a complementary methylene blue (MB)-
modified photocleavable hairpin signal probe (SPE-MB). When the 
hairpin is cleaved upon UV irradiation in the presence of target mRNA, 
the electrochemical signal at the nanopipette decreases. (e) Micrograph 
of cells under illumination with intracellular nanoelectrode probe. (f) 
Voltammetric response of a single cell before (I) and after (II) 30 min of 
UV irradiation. (g) Voltammetric recordings of a single cell at 30-min 
intervals without irradiation. (Adapted with permission from [111]. 
Copyright 2018, American Chemical Society)
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carbon electrodes with radii as small as 5  nm [108]. These 
nanoelectrodes were used to measure O2 consumption in brain 
tissue explants and inside single melanoma cells. In 2018, 
Pourmand and colleagues used SICM- coupled nanopipettes 
(~40 nm pore) to specifically detect superoxide (O2

*−) in living 
cells [117]. These nanoprobes were covalently modified with 
cytochrome-c, an electron acceptor that converts O2

*− to O2. 
Current rectification was sensed by the coupled electrode in 
the presence of O2

*−. Superoxide levels increased as expected 
in MCF10A breast myoepithelial cells exposed to carbonyl 
cyanide 3- chlorophenylhydrazone, a protonophore that 
induces the generation of ROS in mitochondria, and adding 
superoxide dismutase (SOD), a ROS scavenging enzyme, had 
the opposite effect.

Much of the recent work on detecting ROS in live cells 
has been performed using macrophages, which produce 
superoxide both to combat pathogens and as part of the 
monocyte differentiation process [118]. In the former sce-
nario, a macrophage subjects an engulfed pathogen to an 
intense burst of ROS and reactive nitrogen species (RNS) 
contained in vacuoles called phagolysosomes, and the debris 
and leftover ROS/RNS are then ejected from the cell. In the 
latter, tumor-associated macrophages take on a chronic 
inflammatory phenotype due in part to the superoxide- 
mediated signaling. Amatore and colleagues used Pt black- 
coated nanoelectrodes (>100  nm tips), fabricated using a 
novel AFM-controlled method, to detect ROS/RNS in live 
macrophages [119]. However, these probes lacked specific-
ity as the applied potential could oxidize other compounds, 
such as uric acid. Carbon electrodes coated with the electro-
catalyst Prussian Blue were reported to more selectively 
detect hydrogen peroxide in mouse macrophages [120]. 
Rawson et  al. used single-walled carbon nanotubes 
(SWCNTs) functionalized with an osmium catalyst, osmium 
bipyridine (Osbpy), to specifically detect H2O2 production in 
RAW 264.7 cells stimulated with lysophosphatidic acid 
(LPS) [121] (Fig.  13). Here, the SWCNT electrodes were 
interfaced with cells by centrifugation. LPS stimulation led 
to generation of intracellular ROS, and electron transfer from 
Osbpy to ROS resulted in a drop in current at the nanoelec-
trode (Fig. 13a). This process could be blocked by the addi-
tion of ROS inhibitors (Fig. 13b, c). In 2020, a novel tungsten 
nanoelectrode was used to selectively measure hydroxyl 
radicals (*OH) in RAW 264.7 macrophages [122]. Tungsten 
wires were etched to conical nanoneedles and sheathed with 
Au nanoparticles and then coated with a self-assembled 
monolayer of 1-hexanethiol, which blocked the electrochem-
ical signal until attacked by *OH.  Hoechst 33258 and 
MitoTracker were used to label cellular organelles and estab-
lish the subcellular positioning of nanoelectrodes. Hydroxyl 
bursts were observed following stimulation with 
LPS.  Interestingly, the *OH bursts were many times lower 
inside cell nuclei than in the cytosol and twofold higher in 

close proximity to mitochondria, which suggests that these 
ROS were by-products of mitochondrial respiration.

Two recent studies used nanoelectrodes to measure ROS/
RNS specifically inside phagolysosomes of living macro-
phages [123, 124]. Zhang et al. used cylindrical silicon car-
bide nanowire electrodes (300–500  nm diameter) inserted 
into RAW 264.7 macrophages to detect intracellular ROS/
RNS. They recorded transient spikes in current, which were 
determined to be phagolysosomes colliding with the nanow-
ire. A similar study was performed using carbon fiber nano-
electrodes to measure neurotransmitter contents in PC12 
cells [125]. Hu et al. also probed RAW 264.7 macrophages 
but used smaller platinized carbon nanopipettes (tip 
<100 nm) and distinguished four species of analytes (H2O2, 
ONOO−, NO*, and NO2

−). This was accomplished by record-
ing currents over a periodic sequence of potentials, because 
each ROS/RNS is oxidized at a different potential. Besides 
investigating macrophages, Mirkin and colleagues previ-
ously used similar platinized carbon nanoelectrodes to mea-
sure the contributions of four ROS/RNS in non-tumour 
(MCF10A) and triple-negative breast cancer cell lines 
(MDA-MB-231 and MDA-MB-468) [126]. They found that 
ROS/RNS levels were lowest in the non-tumor and highest in 
the MDA-MB-231 cells. They then measured ROS genera-
tion in MCF10A cells treated with diacylglycerol (DAG)-
lactone, which induces the activation of protein kinase C 
(PKC), which is overexpressed in many human breast 
tumors. A series of oxidative bursts were recorded from 
about 25  minutes after DAG-lactone addition, suggesting 
that PKC activity induces oxidative stress which in turn 
drives cancer malignancy.

11  Nanoelectrodes for Metal Ion 
Detection

Metal-sensing-functionalized nanoelectrodes show promise 
as intracellular probes for cancer research. For example, 
many important signaling pathways that are involved in 
tumor growth and metastasis rely on calcium ions, such as 
cell adhesion and actomyosin dynamics [127]. The Pourmand 
group used nanoprobes conjugated with immobilized 
calmodulin, a Ca2+-binding protein, to measure extracellular 
calcium ions [4]. Intracellular calcium ion detection was also 
achieved by Son et al. using SWCNT FETs in nanocapillar-
ies [128]. The SWCNTs were functionalized with Fluo- 
4- AM dye, which acted as both an electrochemical sensor 
for Ca2+ binding and as a fluorescent probe.

Although they have not yet been used in living cells, 
biomolecule- coated quartz nanocapillary electrodes have 
been developed to measure the levels of various other metal 
ions in solution. Iron plays a key role in aerobic respiration 
and ROS generation, and dysfunctional iron metabolism has 
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been implicated in cancer [129]. An iron-binding protein 
from H. influenzae was used to detect ferrous ions in solution 
[130]. Other heavy metals also play roles in normal cellular 
processes and contribute to the production of ROS, DNA 
damage, inflammation, and tumorigenesis in high concentra-
tions [131, 132]. Divalent copper ion nanopipette sensors 
have been fabricated from a combination of chitosan and 
polyacrylic acid [133] and from the copper-binding domain 
of prion protein [134]. Baker and colleagues used imidazole- 
modified nanopipettes to measure cobalt ions in solution 
[135]. An intracellular optical probe could be also adapted 
from fluorophore-conjugated Si nanowires, which were used 

to measure free copper ions in liver and HeLa cell lysates by 
fluorescence quenching [136].

12  Nanoelectrode Arrays for Cell Sensing 
on the Population Scale

To scale up from the single-cell level, nanoelectrodes can be 
fabricated as multielectrode arrays (MEA). The majority of 
these studies have been performed on neuronal cells [137–
140] or cardiomyocytes [141], which are the most obvious 
cell types for electrical assays. It should be noted that the 

Fig. 13 Reactive oxygen species measurements in live macrophages 
using single-walled carbon nanotube (SWCNT) probes. Typical cur-
rent amperograms over time measured in RAW 264.7 macrophages 
interfaced with SWCNT functionalized with osmium bipyridine 
(Osbpy) (a–c) or without functionalization (d). (a) Addition of LPS 
induces the generation of ROS. Electron transfer from Osbpy to ROS 
results in a rapid decrease in current. (b, c) ROS generation and cur-

rent decrease is blocked in the presence of ROS inhibitors, N-acetyl 
cysteine (NAC), and diphenyleneiodonium (DPI). (d) No current is 
observed in the absence of Osbpy. (Reproduced with permission from 
[121], https://pubs.acs.org/doi/10.1021/acsami.5b06493. Copyright 
2015, American Chemical Society. Further permissions related to the 
material excerpted should be directed to the ACS)
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majority of systems require cells to be electroporated in situ 
in order to facilitate intracellular access and sensing of intra-
cellular (rather than extracellular) voltages, which may 
impart unknown changes on cell electrophysiology. However 
more recently, en masse electrical activity in electrically 
coupled cell populations was observed, without the need for 
electroporation, using Au nanowire arrays in fibroblasts as 
well as myotubes and neuronal networks [142] (Fig. 14a–d). 
Cells were found to adhere to the nanowires and remained 
viable for many days in culture. Paxillin-containing focal 
adhesions formed around the base or along the side of the 
nanowires (Fig. 14e, f). The majority of nanowire interfaces 
had paxillin complexes only at the base, suggesting cytosolic 
penetration (Fig.  14e). Electrical oscillations recorded by 
these MEAs were attributed to cellular contractility events 
involving localized Ca2+ waves.

Metal nanoelectrodes can also be combined with SERS to 
allow both electrical and chemical properties to be sensed 
from the same cell populations. SERS offers a powerful tool 
for studying cells interfaced with nanoelectrodes, because 
Raman spectroscopy provides information about lipids, pro-
teins, and nucleotides. Caprettini et al. plated U2OS osteo-
sarcoma cells on gold MEAs and monitored Raman spectra 
after electroporation [143]. They detected changes in lipid 
and amino acid peaks consistent with membrane rupture and 
resealing and also observed DNA peaks which suggested 
nuclear penetration or at least nuclear envelope disruption. 
Mapping physiological and molecular probe-induced elec-

trochemical readouts and Raman spectra from cultured can-
cer cells or living tissues using MEAs could provide valuable 
information about cellular activities in wider population 
contexts.

13  Probing Cytoskeletal Mechanics 
with Antibody-Conjugated AFM Tips

Cancer cells undergo significant changes in cytoskeletal orga-
nization and mechanics. Changes in actomyosin contractility, 
the formation of actin-based protrusions, and remodeling of 
cell-cell and cell-matrix adhesions are hallmarks of tumori-
genesis and epithelial-to-mesenchymal transition (EMT) [48, 
144]. Another cytoskeletal marker of EMT in cancer is the 
intermediate filament vimentin, which promotes cell stiffen-
ing, migration, and loss of E-cadherin at cell-cell junctions 
[145]. Nakamura and colleagues have used various antibody-
conjugated Si nanoneedles operated by AFM to probe the ten-
sile strength of cytoskeletal elements in living cells. High 
aspect ratio nanoneedles were fabricated by etching AFM tips 
into 12 μm-long cylinders with diameters of 200 nm and then 
functionalized with antibodies against the cytoskeletal pro-
teins actin [13] (Fig. 15), tubulin [146], vimentin [44, 147], 
and nestin [147, 148]. Nanoneedle probes were inserted into 
cells, allowed to bind targets, and retracted slowly (e.g., 
10 μm/s for actin), while the force was measured by AFM 
cantilever deflection [13]. The pulling forces on the probe 

Fig. 14 Gold multielectrode arrays (MEA) used for measuring electri-
cal activity in adherent cells. (a) Schematic of the MEA system. (b) 
Fibroblasts seeded on gold nanowire arrays stained to label the plasma 
membrane (wheat germ agglutinin, red), cytosol (CellTracker, green), 
and DNA (DAPI, blue). Scale bar = 20 μm. (c) SEM images of a fibro-
blast growing on gold nanowires. White arrow = interfacing electrode. 
Scale bars = 5 μm and 1 μm (inset). (d) SEM images of fracture cross 
sections of cell-electrode interface. Scale bars  =  5  μm and 200  nm 

(inset). (e, f) Schematic illustrations (top) and z-projections (bottom) of 
paxillin staining around nanoelectrodes. In 87% of cases, focal adhe-
sions were only observed around the base of electrodes, and in 7% of 
cases paxillin was observed along the length of the electrodes. Scale 
bars = 2 μm. (Adapted with permission from [142], https://pubs.acs.
org/doi/10.1021/acs.nanolett.9b00784. Copyright 2019, American 
Chemical Society. Further permissions related to the material excerpted 
should be directed to the ACS)
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during the retraction stage, termed “fishing forces,” corre-
spond to antibody-target unbinding events (Fig. 15e). Cells 
could be repeatedly probed (10–20 times) without affecting 
viability [13, 148]. For anti-actin antibody-conjugated nanon-
eedles, fishing forces in the 1–2.5 nN range were detected 
during the retraction stage (twofold higher than observed 
with nonfunctionalized probes) [13]. Decreased fishing 
forces, indicative of changes in actin mechanics, induced by 
treating cells with low doses of cytochalasin D, which depo-
lymerizes F-actin, or Y-27632, which inhibits ROCK-
mediated myosin-II activity leading to stress fiber disassembly, 
were detected by AFM within 5 minutes, before any decrease 

in actin polymerization could be seen by staining with fluo-
rescent phalloidin. The Nakamura group has also investigated 
the mechanics of the intermediate filament protein nestin in 
breast cancer cells. Mouse breast cancer 4T1E cells selected 
for high metastatic potential had higher fishing forces using 
anti-nestin conjugated nanoneedles than parental cells, cor-
responding to higher expression of nestin [148]. Nestin deple-
tion reduced these cells’ capacity for directional migration 
and metastasis [147]. Yamagishi et al. also showed that nestin 
depletion affected the tensile strength of vimentin, likely via 
its association with cortical actin, using anti-vimentin func-
tionalized nanoneedles [147].

Fig. 15 Antibody-conjugated AFM tips for probing cytoskeletal 
mechanics. (a) Focused ion beam image of nanoneedle etched from an 
AFM tip. Scale bar = 4 μm. (b, c) Schematics of antibody-conjugated 
nanoneedle insertion and binding to actin fibrils. (d, e) Typical force-
distance curves recorded by AFM during approach and retraction of the 
nanoneedle. The force drop occurs when the nanoneedle initially pene-

trates the cell membrane. (d) Retraction of a nanoneedle with no func-
tionalization results in a smooth force curve. (e) Retraction of an 
anti-actin antibody- conjugated nanoneedle results in a jagged curve and 
significant “fishing force” peak resulting from antibody-actin unbinding 
events. (Reproduced with permission from [13]. Copyright 2012, 
Elsevier)
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14  Extraction of Cellular Contents 
with Nanoneedle Arrays

Antibody-functionalized nanoneedles can also be used to 
extract proteins from cells. This strategy may be used to per-
form a spatial biopsy or for immunoprecipitation (IP) or 
ELISA type assays. Wang et  al. used diamond nanoneedle 
arrays functionalized with protein-binding aptamers to cap-
ture and extract cytosolic NF-κB in order to study inflamma-
tory signaling dynamics in cancer cells and neurons [149]. 
Exposure to double-stranded DNA triggers the degradation of 
IκB proteins that sequester NF-κB in the cytosol, leading to 
NF-κB nuclear translocation. The aptamer-conjugated 
“molecular fishing rods” were interfaced with cells by super-
gravity, i.e., centrifugation, for 90 seconds and then removed. 
Temporary disruption of the plasma membrane during this 
step also allowed for the concurrent delivery of dsDNA into 
cells. Cells were probed repeatedly following dsDNA expo-
sure for 40 minutes, and captured NF-κB was detected on the 
nanoneedles by immunofluorescence staining. Fluorescence 
intensity on the nanoneedles decreased significantly over 
time in the dsDNA-treated samples but not in controls, indi-
cating (1) that the protein had translocated to the nucleus in 
response to foreign DNA and (2) that the nanoneedles had 
penetrated the plasma membrane but not the nucleus. 

Antibody-functionalized Si nanowire arrays have also been 
used to capture proteins from living cells [150] (Fig. 16). A 
human chronic myelogenous leukemia (CML) cell line that 
grows in suspension and only weakly interacts with Si nanow-
ires was chosen in order to minimize adhesion to the arrays, 
which were also blocked with polyethylene glycol (PEG) 
after functionalization. Nanowires functionalized with anti-
RFP antibodies were able to pull out the fluorescent protein 
from transiently transfected cells. Nanowires bearing anti-c-
Abl antibodies pulled out endogenous Bcr- Abl fusion pro-
teins, as shown by immunofluorescence staining. Furthermore, 
anti-Abl conjugated nanowires were positive for Grb-2, 
which binds to phosphorylated Brc-Abl, indicating that these 
arrays could be used to co-IP proteins [150] (Fig. 16d).

15  Extraction of Cellular Contents: 
Hollow Nanostraw Arrays

Arrays of hollow nanoneedles, or nanostraws, were devel-
oped by Melosh and colleagues to allow direct fluid access to 
cell interiors in order to deliver cargos or sample cellular con-
tents [3] (Fig. 5). The Melosh group has reported using alumi-
num oxide nanostraws to sample intracellular proteins and 
mRNA from the same cells repeatedly over many hours and 

Fig. 16 Silicon nanowire pull-down assay for intracellular sam-
pling. (a, b) Schematic of the assay. Cells interface transiently with 
nanowires that are conjugated with biotinylated antibodies for target 
protein capture. (c) SEM images of K562 cells on top of Si nanow-
ires 24 h after plating. Scale bars = 50 μm (left) and 4 μm (right). 
Inset shows a cross- sectional view of a nanowire at the same scale. 

(d) Co-immunoprecipitation on Si nanowires. Left: schematic of pull-
down strategy. Right: intensity of fluorescently labeled secondary anti-
body relative to negative control (no cell) substrates showing co-IP of 
Grb2 using anti c-Abl-conjugated nanowires. Data represent mean ± 
SD (n = 5). **p < 0.01. (Adapted with permission from [150]. Copyright 
2016, Royal Society of Chemistry)
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even days in culture with minimal (<5%) cell death [21]. 
Sampling efficiency was confirmed by measuring fluorescent 
proteins extracted from GFP-expressing CHO cells. The cells 
were also transfected with RFP prior to sampling, and extracts 
showed a gradual increase in red fluorescence over the course 
of 16 hours. Heat shock protein 27 (HSP27) was also extracted 
from human iPSC-derived cardiomyocytes over a time course 
following heat shock. Protein levels were quantified by 
ELISA and mRNA was measured using qRT- PCR. The levels 
of protein and mRNA from nanostraw extractions were in 
good agreement with those from cell lysates and were not 
present in the absence of electroporation. More recently, Cao 
et al. reported further optimization of this system for RNA, 
DNA, and protein delivery [151]. Stamping cells from above 
with gold nanostraw arrays was also shown to be an efficient 
means of delivering cargo to adherent cells [152]. This is 
likely due to the relative speed of insertion compared to cell 
settling [33, 34, 36]. Magnetic nanoparticles, such as carbon 

nanotubes, that bind to cytosolic proteins or other molecules 
can also be loaded into cells and extracted using nanostraws 
in a magnetic field [153]. Xie and colleagues have also 
employed hollow nanoneedles with electroporation to repeat-
edly sample intracellular proteins and deliver cargos [38, 154, 
155]. He et al. found that larger alumina nanostraws (450 nm 
diameter) were able to extract greater quantities of lactate 
dehydrogenase B (LHDB) from adherent cells, as measured 
by ELISA [38]. Subsequently, they used a branched nanostraw 
(BNS) electroporation platform to capture circulating tumor 
cells (CTC) from a mixed cell suspension, deliver cargos, and 
extract cytosolic proteins [154] (Fig. 17). MCF7 breast can-
cer cells were specifically captured by coating nanostraws 
with antibodies against EpCAM, a CTC marker [156]. The 
400-nm-diameter BNS had highly branched surfaces, which 
facilitated cell capture by greatly increasing surface area 
(Fig. 17b, c). GFP- encoding plasmid vectors and propidium 
iodide (which cannot penetrate the intact membrane of living 

Fig. 17 Multifunctional branched nanostraw-electroporation platform 
for tumor capture and sampling. (a) Schematic of the multifunctional 
branched nanostraw (BNS) platform. Circulating tumor cells (CTCs) 
are captured on BNS coated with anti-EpCAM antibody. Captured cells 
are electroporated to introduce cargo and/or sample cellular contents 

from the underlying microfluidic channel. (b, c) SEM images of the 
branched nanostraw array. (d, e) Captured MCF7 cells on unbranched 
(d) and branched (e) nanostraws. (Adapted with Permission from [154]. 
Copyright 2019, American Chemical Society)
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cells) were delivered to cells following electroporation, and 
cellular proteins were extracted. Intracellular protein sam-
pling was verified by measuring caspase-3 over time after 
cells were treated with staurosporine to induce apoptosis. 
Wen et al. also reported fabrication of nanostraw arrays from 
Au, Pt, and the conductive polymer poly(3,4)ethylenedioxy-
thiophene (PEDOT) and showed that these could be used for 
both cargo delivery and protein extraction [155].

16  Extraction of Cellular Contents: 
Single-Cell Nanobiopsy

Measuring proteins, mRNA, and metabolites in single cells 
is essential for understanding the heterogeneity of cancer 
cells. Nanoneedles and nanocapillaries have been used to 
remove genetic material from individual cells with high spa-
tial precision. In 2007, Uehara et  al. used a conventional 
AFM tip to extract mRNA from different points within rat 
fibroblasts and confirmed the spatial location of ACTB 
mRNA by fluorescence in situ hybridization (FISH) [104]. 
Nawarathna and Wickramasinghe also used AFM probes 
coated with Pt to create a dielectrophoretic force that 
improved nucleotide capture to profile mRNA extracted 
from living cells, including breast cancer cells [157, 158]. In 
both cases, the extracted mRNA was analyzed by 
qPCR.  Pourmand and colleagues used SICM to carefully 
control nanopipette penetration and extracted the contents of 
single cells using electrowetting [159] (Fig.  18a–d). The 
nanocapillary was filled with a hydrophobic liquid whose 
surface tension changes when a voltage is applied. This 
change causes the aqueous solution to be drawn into the 
nanopipette under negative voltage and flow out when the 
bias is reversed. Extracted mRNA transcripts were analyzed 
by qRT- PCR. In addition, they extracted individual mito-
chondria labeled with the vital dye MitoTracker and used 
next- generation sequencing to sequence the mitochondrial 
DNA. This method was later used to sample mRNA from 
cell bodies and neurites of individual neurons to measure the 
spatial localization of transcripts [160]. Nashimoto et  al. 
used double-barreled nanopipettes guided by SICM to sam-
ple mRNA from the nucleus or peripheral cytoplasm of 
MCF7 cells and quantified the abundance of GAPDH and 
ACTB transcripts [161]. Another sampling strategy employed 
a microfluidic probe (MFP) that can simultaneously inject 
and aspirate liquid using the principle of hydrodynamic flow 
confinement [162]. Kashyap et  al. used vertically oriented 
MFPs to locally lyse cancer cell cocultured monolayers and 
collect DNA/RNA from specific subpopulations, though not 
from individual cells [162].

Fluidic force microscopy (FluidFM) also uses hollow can-
tilever AFM tips to dispense or collect picoliter or sub- picoliter 
volumes of liquid [15] (Fig. 1d). FluidFM nanofluidics in the 

cantilevers act as pressure-controlled nanopipettes. Guillaume-
Gentil et al. found that large proportions of the cytoplasm, up 
to 4 pl, could be extracted from HeLa cells without causing 
immediate cell death [163]. This method has been employed 
by sample intracellular protein from cell nuclei and cytoplasm, 
and extracted contents have been examined by electron 
microscopy, enzymatic assays, and qPCR [163].

A variety of nanobiopsy methods have been used to per-
form metabolomic profiling of single cells. (For a review of 
single-cell metabolomics, see [164].) Much of the work on 
single-cell sampling for mass spectroscopy (MS) has been 
done in plants [165–167], but a number have been performed 
on mammalian cells. For example, Guillaume-Gentil et  al. 
used FluidFM to sample live cells for MALDI mass spec-
trometry analysis of metabolites in HeLa cells [168]. 
Previously, Masujima extracted cellular contents for single- 
cell MALDI-TOF/MS using nano-electrospray (NES) tips 
[169]. Aerts et al. used patch clamp pipettes to withdraw up 
to 2 pl of cytoplasm from rat neurons and observed signifi-
cant cell-to-cell heterogeneity across 60 analyzed metabo-
lites [170] (Fig. 18e, f). Zhang and Vertes sampled human 
hepatocarcinoma (HepG2) cells and quantified over 60 
metabolites [171]. Mitochondria were also captured from 
live HepG2 cells using a nano-electrospray tip, and MS anal-
ysis revealed unique steroids specific to these organelles 
[172]. Given the extent of metabolic changes that occur in 
tumors and tumor stroma, analyzing metabolites on the sin-
gle cell and population scales will provide valuable informa-
tion for cancer detection and therapeutics.

17  Future Directions

Nanoneedle probes for intracellular sensing have a great 
potential to provide insight into cancer dynamics and to 
expand our ability to detect tumor cells in vivo. Single-cell 
sampling offers an unprecedented level of spatial resolution 
and characterization of cell-to-cell heterogeneity. 
Multiplexed fluorescent and electrochemical reporters mean 
that dynamic processes can be monitored in real time. As 
probes grow ever smaller, we are more able to interface with 
living tissues without cellular destruction. Rapid advances 
are being made in the use of nanowires and nanoelectrode 
arrays to probe brains and neuronal cells [173, 174], and 
these technologies may be adapted for tumor diagnostics or 
super localized therapeutics. Nano fiber-optics are being 
developed that can illuminate, irradiate, and manipulate cells 
with ever-finer spatial resolution [175]. Recently, an ultra-
sensitive nanomechanical AFM detector comprised of a thin 
tin dioxide wire coated with PEG and studded with gold 
nanoparticles was shown to be able to sense forces as low as 
160 femtonewtons and acoustic signals down to −30 deci-
bels [176]. In 2019, Jayant et al. reported the use of flexible 
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Fig. 18 Extraction of cellular contents for biochemical analysis. (a–d) 
Nanobiopsy for mRNA analysis. (a) Schematic of nanocapillary needle 
controlled by SICM to withdraw a small volume of cellular contents. (b) 
SEM of nanocapillary tip (100  nm diameter, inset). (c) Post-biopsy 
qPCR analysis of GFP mRNA from HeLa cells, showing positive con-
trol from total cell lysate (~100 cells) in red, negative control (no input) 
in black, and single-cell nanobiopsy in blue. (d) qPCR analysis of four 
nanobiopsies of the same cell lysate using four different nanoneedles  
showing good reproducibility. (Adapted with permission from [108]. 
Copyright 2014, American Chemical Society. e–f) Patch clamp pipet tip 

collection of cellular contents for mass spectroscopy. (e) Schematic of 
sample collection. Electrophysiology experiments are conducted on an 
upright microscope under video observation. Intracellular contents are 
removed by applying negative pressure. Only cells whose membranes did 
not rupture during extraction were collected for analysis. Once the patch 
pipette is removed, the tip is broken off (~1 mm) into a collection tube for 
MS analysis. (f) Photomicrograph of patch tip. (Adapted with permission 
from [170], https://pubs.acs.org/doi/10.1021/ac500168d. Copyright 2014, 
American Chemical Society. Further permissions related to the material 
excerpted should be directed to the ACS)
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quartz nanopipettes with diameter of 10–25 nm for intracel-
lular electrophysiological recording in the brains of live mice 
[177]. Another recent innovation was the fabrication of verti-
cal Si nanoneedle arrays on a flexible, transparent elastomer 
patch which enables direct interfacing with various cell and 
tissue types as well as real-time imaging [178].

The challenge in the next decade is to bring together this 
diverse mixture of chemistry, physics, materials science, 
engineering, and biology to develop platforms that can be 
readily applied by cancer researchers with clear and targeted 
readouts. Engineers and cancer researchers will benefit from 
working together to select from the wide range of nanonee-
dle innovations those which will provide the most valuable 
insights into cancer physiology. This can be achieved by 
clear definitions of biomedical goals (e.g., to build a diagnos-
tic platform that can readily distinguish cancer cells subtypes 
in vivo or to probe tumor cells to fine-tune personalized med-
icine) and will be aided by the increasing accessibility of 
off-the-shelf nanoscale probes for cell biologists and cancer 
researchers. Most excitingly, there is now substantial evi-
dence that nanoneedle-based approaches can be upscaled 
using established microfabrication technologies, moving 
away from the limits of single-cell studies into a regime of 
network- based analytics and ensemble measurements that 
can capture the complexity of cancer heterogeneity.

Acknowledgements Thanks to Stuart Higgins (Imperial College, 
London) for expert advice and invaluable support.

References

 1. Chiappini, C., et al. (2015). Biodegradable nanoneedles for local-
ized delivery of nanoparticles in vivo: Exploring the biointerface. 
ACS Nano, 9(5), 5500–5509.

 2. Anderson, S. E., & Bau, H. H. (2014). Electrical detection of cel-
lular penetration during microinjection with carbon nanopipettes. 
Nanotechnology, 25(24), 245102.

 3. VanDersarl, J. J., Xu, A. M., & Melosh, N. A. (2012). Nanostraws 
for direct fluidic intracellular access. Nano Letters, 12(8), 
3881–3886.

 4. Vilozny, B., et al. (2011). Reversible cation response with a protein-
modified nanopipette. Analytical Chemistry, 83(16), 6121–6126.

 5. Chiappini, C. (2017). Nanoneedle-based sensing in biological sys-
tems. ACS Sensors, 2(8), 1086–1102.

 6. Bulbul, G., et  al. (2018). Nanopipettes as monitoring probes 
for the single living cell: state of the art and future directions in 
molecular biology. Cell, 7(6), 55.

 7. Neves, M., & Martin-Yerga, D. (2018). Advanced nanoscale 
approaches to single-(bio)entity sensing and imaging. Biosensors 
(Basel), 8(4), 100.

 8. McGuire, A. F., Santoro, F., & Cui, B. (2018). Interfacing cells 
with vertical nanoscale devices: Applications and characterization. 
Annual Review of Analytical Chemistry (Palo Alto, California), 
11(1), 101–126.

 9. Higgins, S.  G., et  al. (2020). High-aspect-ratio nanostructured 
surfaces as biological metamaterials. Advanced Materials, 32, 
e1903862.

 10. Chiappini, C., et  al. (2015). Mapping local cytosolic enzymatic 
activity in human esophageal mucosa with porous silicon nanon-
eedles. Advanced Materials, 27(35), 5147–5152.

 11. Chiappini, C., et  al. (2015). Biodegradable silicon nanoneedles 
delivering nucleic acids intracellularly induce localized in  vivo 
neovascularization. Nature Materials, 14(5), 532–539.

 12. Hobbs, R. G., Petkov, N., & Holmes, J. D. (2012). Semiconductor 
nanowire fabrication by bottom-up and top-down paradigms. 
Chemistry of Materials, 24(11), 1975–1991.

 13. Silberberg, Y. R., et al. (2013). Evaluation of the actin cytoskel-
eton state using an antibody-functionalized nanoneedle and an 
AFM. Biosensors & Bioelectronics, 40(1), 3–9.

 14. He, G., et al. (2018). Fabrication of various structures of nanostraw 
arrays and their applications in gene delivery. Advanced Materials 
Interfaces, 5(10), 1701535.

 15. Meister, A., et al. (2009). FluidFM: Combining atomic force micros-
copy and nanofluidics in a universal liquid delivery system for sin-
gle cell applications and beyond. Nano Letters, 9(6), 2501–2507.

 16. Guillaume-Gentil, O., et al. (2014). Force-controlled manipulation 
of single cells: From AFM to FluidFM. Trends in Biotechnology, 
32(7), 381–388.

 17. van Oorschot, R., et  al. (2015). A microfluidic AFM cantilever 
based dispensing and aspiration platform. EPJ Techniques and 
Instrumentation, 2(1), 4.

 18. Singhal, R., et  al. (2011). Multifunctional carbon-nanotube cel-
lular endoscopes. Nature Nanotechnology, 6(1), 57–64.

 19. Shen, M., & Colombo, M.  L. (2015). Electrochemical nano-
probes for the chemical detection of neurotransmitters. Analytical 
Methods, 7(17), 7095–7105.

 20. Clausmeyer, J., & Schuhmann, W. (2016). Nanoelectrodes: 
Applications in electrocatalysis, single-cell analysis and high- 
resolution electrochemical imaging. Trac-Trends in Analytical 
Chemistry, 79, 46–59.

 21. Cao, Y., et  al. (2017). Nondestructive nanostraw intracellular 
sampling for longitudinal cell monitoring. Proceedings of the 
National Academy of Sciences of the United States of America, 
114(10), E1866–E1874.

 22. Hansma, P. K., et al. (1989). The scanning ion-conductance micro-
scope. Science, 243(4891), 641–643.

 23. Page, A., Perry, D., & Unwin, P. R. (2017). Multifunctional scan-
ning ion conductance microscopy. Proceedings of the Royal 
Society A: Mathematical, Physical and Engineering Sciences, 
473(2200), 20160889.

 24. Sun, P., Laforge, F. O., & Mirkin, M. V. (2007). Scanning elec-
trochemical microscopy in the 21st century. Physical Chemistry 
Chemical Physics, 9(7), 802–823.

 25. Parton, R. G., & Simons, K. (2007). The multiple faces of caveo-
lae. Nature Reviews. Molecular Cell Biology, 8(3), 185–194.

 26. Wang, Z., et  al. (2009). Size and dynamics of caveolae studied 
using nanoparticles in living endothelial cells. ACS Nano, 3(12), 
4110–4116.

 27. Zhao, W., et  al. (2017). Nanoscale manipulation of mem-
brane curvature for probing endocytosis in live cells. Nature 
Nanotechnology, 12(8), 750–756.

 28. Gopal, S., et  al. (2019). Porous silicon nanoneedles modulate 
endocytosis to deliver biological payloads. Advanced Materials, 
31(12), e1806788.

 29. Bancelin, S., et al. (2014). Determination of collagen fibril size via 
absolute measurements of second-harmonic generation signals. 
Nature Communications, 5, 1–8.

 30. Maurer, T., et al. (2018). Structural characterization of four differ-
ent naturally occurring porcine collagen membranes suitable for 
medical applications. PLoS One, 13(10), e0205027.

 31. Buch-Manson, N., et  al. (2015). Towards a better prediction of 
cell settling on nanostructure arrays-simple means to complicated 
ends. Advanced Functional Materials, 25(21), 3246–3255.

Nanoneedle-Based Materials for Intracellular Studies



216

 32. Buch-Manson, N., et al. (2017). Mapping cell behavior across a 
wide range of vertical silicon nanocolumn densities. Nanoscale, 
9(17), 5517–5527.

 33. Obataya, I., et al. (2005). Mechanical sensing of the penetration of 
various nanoneedles into a living cell using atomic force micros-
copy. Biosensors & Bioelectronics, 20(8), 1652–1655.

 34. Xie, X., et al. (2013). Mechanical model of vertical nanowire cell 
penetration. Nano Letters, 13(12), 6002–6008.

 35. Xu, A. M., et al. (2014). Quantification of nanowire penetration 
into living cells. Nature Communications, 5, 3613.

 36. Aalipour, A., et al. (2014). Plasma membrane and actin cytoskele-
ton as synergistic barriers to nanowire cell penetration. Langmuir, 
30(41), 12362–12367.

 37. Xie, X., et  al. (2015). Determining the time window for 
dynamic nanowire cell penetration processes. ACS Nano, 9(12), 
11667–11677.

 38. He, G., et al. (2018). Hollow nanoneedle-electroporation system 
to extract intracellular protein repetitively and nondestructively. 
ACS Sensors, 3(9), 1675–1682.

 39. Dipalo, M., et al. (2018). Cells adhering to 3D vertical nanostruc-
tures: Cell membrane reshaping without stable internalization. 
Nano Letters, 18(9), 6100–6105.

 40. Duan, X., et al. (2011). Intracellular recordings of action poten-
tials by an extracellular nanoscale field-effect transistor. Nature 
Nanotechnology, 7(3), 174–179.

 41. Angle, M. R., et  al. (2014). Penetration of cell membranes and 
synthetic lipid bilayers by nanoprobes. Biophysical Journal, 
107(9), 2091–2100.

 42. Lee, J. H., et al. (2016). Spontaneous internalization of cell pen-
etrating peptide-modified nanowires into primary neurons. Nano 
Letters, 16(2), 1509–1513.

 43. Han, S.  W., et  al. (2005). Gene expression using an ultrathin 
needle enabling accurate displacement and low invasiveness. 
Biochemical and Biophysical Research Communications, 332(3), 
633–639.

 44. Kawamura, R., et  al. (2016). High efficiency penetration of 
antibody- immobilized nanoneedle thorough plasma membrane 
for in situ detection of cytoskeletal proteins in living cells. Journal 
of Nanobiotechnology, 14(1), 74.

 45. Simonis, M., et al. (2017). Survival rate of eukaryotic cells follow-
ing electrophoretic nanoinjection. Scientific Reports, 7, 41277.

 46. Zhou, J., et al. (2018). The effects of surface topography of nano-
structure arrays on cell adhesion. Physical Chemistry Chemical 
Physics, 20(35), 22946–22951.

 47. Swaminathan, V., et al. (2011). Mechanical stiffness grades meta-
static potential in patient tumor cells and in cancer cell lines. 
Cancer Research, 71(15), 5075–5080.

 48. Cross, S. E., et al. (2007). Nanomechanical analysis of cells from 
cancer patients. Nature Nanotechnology, 2(12), 780–783.

 49. Handel, C., et al. (2015). Cell membrane softening in human breast 
and cervical cancer cells. New Journal of Physics, 17, 083008.

 50. Anderson, S. E., & Bau, H. H. (2015). Carbon nanoelectrodes for 
single-cell probing. Nanotechnology, 26(18), 185101.

 51. Novak, P., et al. (2009). Nanoscale live-cell imaging using hop-
ping probe ion conductance microscopy. Nature Methods, 6(4), 
279–281.

 52. Yum, K., et al. (2009). Mechanochemical delivery and dynamic 
tracking of fluorescent quantum dots in the cytoplasm and nucleus 
of living cells. Nano Letters, 9(5), 2193–2198.

 53. Shalek, A. K., et al. (2010). Vertical silicon nanowires as a uni-
versal platform for delivering biomolecules into living cells. 
Proceedings of the National Academy of Sciences of the United 
States of America, 107(5), 1870–1875.

 54. Chen, X., et al. (2007). A cell nanoinjector based on carbon nano-
tubes. Proceedings of the National Academy of Sciences of the 
United States of America, 104(20), 8218–8222.

 55. Adam Seger, R., et al. (2012). Voltage controlled nano-injection 
system for single-cell surgery. Nanoscale, 4(19), 5843–5846.

 56. Peer, E., et al. (2012). Hollow nanoneedle array and its utilization 
for repeated administration of biomolecules to the same cells. ACS 
Nano, 6(6), 4940–4946.

 57. Loh, O., et al. (2009). Nanofountain-probe-based high-resolution 
patterning and single-cell injection of functionalized nanodia-
monds. Small, 5(14), 1667–1674.

 58. Ying, Y. L., et al. (2017). Advanced electroanalytical chemistry at 
nanoelectrodes. Chemical Science, 8(5), 3338–3348.

 59. Hennig, S., et al. (2015). Instant live-cell super-resolution imaging 
of cellular structures by nanoinjection of fluorescent probes. Nano 
Letters, 15(2), 1374–1381.

 60. Yang, R., et  al. (2018). Monoclonal cell line generation and 
CRISPR/Cas9 manipulation via single-cell electroporation. Small, 
14(12), e1702495.

 61. Kang, W., et  al. (2013). Nanofountain probe electroporation 
(NFP-E) of single cells. Nano Letters, 13(6), 2448–2457.

 62. Giraldo-Vela, J. P., et al. (2015). Single-cell detection of mRNA 
expression using nanofountain-probe electroporated molecular 
beacons. Small, 11(20), 2386–2391.

 63. Tan, W., Wang, K., & Drake, T.  J. (2004). Molecular beacons. 
Current Opinion in Chemical Biology, 8(5), 547–553.

 64. Mereiter, S., et  al. (2019). Glycosylation in the era of cancer- 
targeted therapy: Where are we heading? Cancer Cell, 36(1), 
6–16.

 65. Xie, X., et  al. (2013). Nanostraw-electroporation system for 
highly efficient intracellular delivery and transfection. ACS Nano, 
7(5), 4351–4358.

 66. Caprettini, V., et  al. (2017). Soft electroporation for delivering 
molecules into tightly adherent mammalian cells through 3D hol-
low nanoelectrodes. Scientific Reports, 7(1), 8524.

 67. Xu, A.  M., et  al. (2017). Direct intracellular delivery of cell- 
impermeable probes of protein glycosylation by using nanostraws. 
Chembiochem, 18(7), 623–628.

 68. Shen, X., et al. (2019). Biodegradable nanosyringes for intracellu-
lar amplification-based dual-diagnosis and gene therapy in single 
living cells. Chemical Science, 10(24), 6113–6119.

 69. Hansel, C.  S., et  al. (2019). Nanoneedle-mediated stimula-
tion of cell mechanotransduction machinery. ACS Nano, 13(3), 
2913–2926.

 70. Pandey, S., et  al. (2013). Gold nanorods mediated controlled 
release of doxorubicin: Nano-needles for efficient drug deliv-
ery. Journal of Materials Science. Materials in Medicine, 24(7), 
1671–1681.

 71. Pan, W., et  al. (2013). Multiplexed detection and imaging of 
intracellular mRNAs using a four-color nanoprobe. Analytical 
Chemistry, 85(21), 10581–10588.

 72. Pan, W., et  al. (2015). Simultaneous visualization of multiple 
mRNAs and matrix metalloproteinases in living cells using a fluo-
rescence nanoprobe. Chemistry, 21(16), 6070–6073.

 73. Hong, Y., et al. (2014). Molecular recognition of proteolytic activ-
ity in metastatic cancer cells using fluorogenic gold nanoprobes. 
Biosensors & Bioelectronics, 57, 171–178.

 74. Lee, H., & Kim, Y.  P. (2015). Fluorescent and bioluminescent 
nanoprobes for in vitro and in vivo detection of matrix metallo-
proteinase activity. BMB Reports, 48(6), 313–318.

 75. Sun, L., et  al. (2018). MMP-2-responsive fluorescent nano-
probes for enhanced selectivity of tumor cell uptake and imaging. 
Biomaterials Science, 6(10), 2619–2626.

 76. Zhan, R., et al. (2020). An Au-Se nanoprobe for the evaluation of 
the invasive potential of breast cancer cells via imaging the sequen-
tial activation of uPA and MMP-2. Analyst, 145(3), 1008–1013.

 77. Tavallaie, R., et  al. (2018). Nucleic acid hybridization on an 
electrically reconfigurable network of gold-coated magnetic 
nanoparticles enables microRNA detection in blood. Nature 
Nanotechnology, 13(11), 1066–1071.

 78. Li, C., et al. (2020). Intracellular sensors based on carbonaceous 
nanomaterials: A review. Journal of the Electrochemical Society, 
167(3), 037540.

J. E. Sero and M. M. Stevens



217

 79. Navas-Moreno, M., et  al. (2017). Nanoparticles for live cell 
microscopy: A surface-enhanced Raman scattering perspective. 
Scientific Reports, 7(1), 4471.

 80. Bruzas, I., et  al. (2018). Advances in surface-enhanced Raman 
spectroscopy (SERS) substrates for lipid and protein characteriza-
tion: Sensing and beyond. Analyst, 143(17), 3990–4008.

 81. Szekeres, G. P., & Kneipp, J. (2019). SERS probing of proteins in 
gold nanoparticle agglomerates. Frontiers in Chemistry, 7, 30.

 82. Hanif, S., et al. (2017). Organic cyanide decorated SERS active 
nanopipettes for quantitative detection of hemeproteins and 
Fe(3+) in single cells. Analytical Chemistry, 89(4), 2522–2530.

 83. Huang, J. A., et al. (2019). On-demand intracellular delivery of 
single particles in single cells by 3D hollow nanoelectrodes. Nano 
Letters, 19(2), 722–731.

 84. Nguyen, T.  D., et  al. (2019). Nanostars on nanopipette tips: A 
Raman probe for quantifying oxygen levels in hypoxic single cells 
and tumours. Angewandte Chemie (International Ed. in English), 
58(9), 2710–2714.

 85. Yum, K., et  al. (2011). Biofunctionalized nanoneedles for the 
direct and site-selective delivery of probes into living cells. 
Biochimica et Biophysica Acta, 1810(3), 330–338.

 86. Kihara, T., et  al. (2009). Development of a method to evaluate 
caspase-3 activity in a single cell using a nanoneedle and a fluo-
rescent probe. Biosensors & Bioelectronics, 25(1), 22–27.

 87. Na, Y. R., et al. (2013). Probing enzymatic activity inside living 
cells using a nanowire-cell “sandwich” assay. Nano Letters, 13(1), 
153–158.

 88. Kihara, T., et al. (2010). Development of a novel method to detect 
intrinsic mRNA in a living cell by using a molecular beacon- 
immobilized nanoneedle. Biosensors & Bioelectronics, 26(4), 
1449–1454.

 89. Matsumoto, D., et al. (2015). Oscillating high-aspect-ratio mono-
lithic silicon nanoneedle array enables efficient delivery of func-
tional bio-macromolecules into living cells. Scientific Reports, 5, 
15325.

 90. White, K. A., Grillo-Hill, B. K., & Barber, D. L. (2017). Cancer 
cell behaviors mediated by dysregulated pH dynamics at a glance. 
Journal of Cell Science, 130(4), 663–669.

 91. Szpaderska, A.  M., & Frankfater, A. (2001). An intracellular 
form of cathepsin B contributes to invasiveness in cancer. Cancer 
Research, 61(8), 3493–3500.

 92. Swisher, L. Z., et al. (2015). Quantitative electrochemical detec-
tion of cathepsin B activity in breast cancer cell lysates using car-
bon nanofiber nanoelectrode arrays toward identification of cancer 
formation. Nanomedicine, 11(7), 1695–1704.

 93. DeBerardinis, R.  J., & Chandel, N. S. (2016). Fundamentals of 
cancer metabolism. Science Advances, 2(5), e1600200.

 94. Lin, T. E., et al. (2018). Electrochemical imaging of cells and tis-
sues. Chemical Science, 9(20), 4546–4554.

 95. Fan, Y., Han, C., & Zhang, B. (2016). Recent advances in the 
development and application of nanoelectrodes. Analyst, 141(19), 
5474–5487.

 96. Pan, R., et  al. (2016). Nanokit for single-cell electrochemical 
analyses. Proceedings of the National Academy of Sciences of the 
United States of America, 113(41), 11436–11440.

 97. Pan, R., & Jiang, D. (2019). Nanokits for the electrochemical 
quantification of enzyme activity in single living cells. Methods in 
Enzymology, 628, 173–189.

 98. Xu, H., et al. (2019). Phosphate assay kit in one cell for electro-
chemical detection of intracellular phosphate ions at single cells. 
Frontiers in Chemistry, 7, 360.

 99. Qian, R. C., Lv, J., & Long, Y. T. (2018). Ultrafast mapping of 
subcellular domains via nanopipette-based electroosmotically 
modulated delivery into a single living cell. Analytical Chemistry, 
90(22), 13744–13750.

 100. Pernicova, I., & Korbonits, M. (2014). Metformin--mode of action 
and clinical implications for diabetes and cancer. Nature Reviews. 
Endocrinology, 10(3), 143–156.

 101. Ozel, R. E., et al. (2015). Single-cell intracellular nano-pH probes. 
RSC Advances, 5(65), 52436–52443.

 102. Lee, H. S., et al. (2012). Reversible swelling of chitosan and qua-
ternary ammonium modified chitosan brush layers: Effect of pH 
and counter anion size and functionality. Journal of Materials 
Chemistry, 22(37), 19605–19616.

 103. Cervera, J., et  al. (2006). Ionic conduction, rectification, and 
selectivity in single conical nanopores. The Journal of Chemical 
Physics, 124(10), 104706.

 104. Umehara, S., et  al. (2009). Label-free biosensing with func-
tionalized nanopipette probes. Proceedings of the National 
Academy of Sciences of the United States of America, 106(12), 
4611–4616.

 105. Nascimento, R. A., et al. (2016). Single cell “glucose nanosensor” 
verifies elevated glucose levels in individual cancer cells. Nano 
Letters, 16(2), 1194–1200.

 106. Liberti, M.  V., & Locasale, J.  W. (2016). The Warburg effect: 
How does it benefit cancer cells? Trends in Biochemical Sciences, 
41(3), 211–218.

 107. Smith, S. K., et al. (2018). Carbon-fiber microbiosensor for moni-
toring rapid lactate fluctuations in brain tissue using fast-scan 
cyclic voltammetry. Analytical Chemistry, 90(21), 12994–12999.

 108. Actis, P., et al. (2014). Electrochemical nanoprobes for single-cell 
analysis. ACS Nano, 8(1), 875–884.

 109. Zhang, Y., et al. (2016). Spearhead nanometric field-effect transis-
tor sensors for single-cell analysis. ACS Nano, 10(3), 3214–3221.

 110. Ying, Y. L., et al. (2018). Asymmetric nanopore electrode-based 
amplification for electron transfer imaging in live cells. Journal of 
the American Chemical Society, 140(16), 5385–5392.

 111. Huang, F., et  al. (2018). Photoactivated specific mRNA detec-
tion in single living cells by coupling “signal-on” fluorescence 
and “signal-off” electrochemical signals. Nano Letters, 18(8), 
5116–5123.

 112. Dhar, S.  K., et  al. (2011). Manganese superoxide dismutase is 
a p53-regulated gene that switches cancers between early and 
advanced stages. Cancer Research, 71(21), 6684–6695.

 113. Moloney, J. N., & Cotter, T. G. (2018). ROS signalling in the biol-
ogy of cancer. Seminars in Cell & Developmental Biology, 80, 
50–64.

 114. Wang, K., et  al. (2019). Targeting metabolic-redox circuits for 
cancer therapy. Trends in Biochemical Sciences, 44(5), 401–414.

 115. Arbault, S., et al. (1995). Monitoring an oxidative stress mecha-
nism at a single human fibroblast. Analytical Chemistry, 67(19), 
3382–3390.

 116. Sun, P., et al. (2008). Nanoelectrochemistry of mammalian cells. 
Proceedings of the National Academy of Sciences of the United 
States of America, 105(2), 443–448.

 117. Ozel, R. E., et al. (2018). Functionalized quartz nanopipette for 
intracellular superoxide sensing: A tool for monitoring reactive 
oxygen species levels in single living cell. ACS Sensors, 3(7), 
1316–1321.

 118. Zhang, Y., et al. (2013). ROS play a critical role in the differentia-
tion of alternatively activated macrophages and the occurrence of 
tumor-associated macrophages. Cell Research, 23(7), 898–914.

 119. Wang, Y., et al. (2012). Nanoelectrodes for determination of reac-
tive oxygen and nitrogen species inside murine macrophages. 
Proceedings of the National Academy of Sciences of the United 
States of America, 109(29), 11534–11539.

 120. Marquitan, M., et  al. (2016). Intracellular hydrogen peroxide 
detection with functionalised nanoelectrodes. ChemElectroChem, 
3(12), 2125–2129.

 121. Rawson, F. J., et al. (2015). Fast, ultrasensitive detection of reac-
tive oxygen species using a carbon nanotube based- electrocatalytic 
intracellular sensor. ACS Applied Materials & Interfaces, 7(42), 
23527–23537.

 122. Ding, S., et  al. (2020). Sensitive and selective measurement of 
hydroxyl radicals at subcellular level with tungsten nanoelec-
trodes. Analytical Chemistry, 92(3), 2543–2549.

Nanoneedle-Based Materials for Intracellular Studies



218

 123. Zhang, X. W., et al. (2017). Real-time intracellular measurements 
of ROS and RNS in living cells with single core-shell nanowire 
electrodes. Angewandte Chemie (International Ed. in English), 
56(42), 12997–13000.

 124. Hu, K., et al. (2019). Electrochemical measurements of reactive 
oxygen and nitrogen species inside single phagolysosomes of 
living macrophages. Journal of the American Chemical Society, 
141(11), 4564–4568.

 125. Li, X., et al. (2015). Quantitative measurement of transmitters in 
individual vesicles in the cytoplasm of single cells with nanotip 
electrodes. Angewandte Chemie (International Ed. in English), 
54(41), 11978–11982.

 126. Li, Y., et al. (2017). Direct electrochemical measurements of reac-
tive oxygen and nitrogen species in nontransformed and metastatic 
human breast cells. Journal of the American Chemical Society, 
139(37), 13055–13062.

 127. Clapham, D.  E. (2007). Calcium signaling. Cell, 131(6), 
1047–1058.

 128. Son, D., et al. (2011). Nanoneedle transistor-based sensors for the 
selective detection of intracellular calcium ions. ACS Nano, 5(5), 
3888–3895.

 129. Petronek, M. S., et al. (2019). Linking cancer metabolic dysfunc-
tion and genetic instability through the lens of iron metabolism. 
Cancers (Basel), 11(8), 1077.

 130. Bulbul, G., et  al. (2019). Employment of iron-binding protein 
from Haemophilus influenzae in functional nanopipettes for iron 
monitoring. ACS Chemical Neuroscience, 10(4), 1970–1977.

 131. Kim, H. S., Kim, Y. J., & Seo, Y. R. (2015). An overview of carci-
nogenic heavy metal: Molecular toxicity mechanism and preven-
tion. Journal of Cancer Prevention, 20(4), 232–240.

 132. Leyssens, L., et al. (2017). Cobalt toxicity in humans-A review of 
the potential sources and systemic health effects. Toxicology, 387, 
43–56.

 133. Actis, P., et  al. (2011). Voltage-controlled metal binding on 
polyelectrolyte-functionalized nanopores. Langmuir, 27(10), 
6528–6533.

 134. Actis, P., et al. (2012). Copper sensing with a prion protein modi-
fied nanopipette. RSC Advances, 2(31), 11638–11640.

 135. Sa, N., Fu, Y., & Baker, L. A. (2010). Reversible cobalt ion bind-
ing to imidazole-modified nanopipettes. Analytical Chemistry, 
82(24), 9963–9966.

 136. Miao, R., et al. (2014). Silicon nanowire-based fluorescent nano-
sensor for complexed Cu2+ and its bioapplications. Nano Letters, 
14(6), 3124–3129.

 137. Abbott, J., et al. (2020). A nanoelectrode array for obtaining intra-
cellular recordings from thousands of connected neurons. Nature 
Biomedical Engineering, 4(2), 232–241.

 138. Abbott, J., et  al. (2017). CMOS nanoelectrode array for all- 
electrical intracellular electrophysiological imaging. Nature 
Nanotechnology, 12(5), 460–466.

 139. Robinson, J. T., et al. (2012). Vertical nanowire electrode arrays 
as a scalable platform for intracellular interfacing to neuronal cir-
cuits. Nature Nanotechnology, 7(3), 180–184.

 140. Xie, C., et al. (2012). Intracellular recording of action potentials 
by nanopillar electroporation. Nature Nanotechnology, 7(3), 
185–190.

 141. Lin, Z.  C., et  al. (2017). Accurate nanoelectrode recording of 
human pluripotent stem cell-derived cardiomyocytes for assaying 
drugs and modeling disease. Microsystems & Nanoengineering, 3, 
16080.

 142. Staufer, O., et al. (2019). Adhesion stabilized en masse intracel-
lular electrical recordings from multicellular assemblies. Nano 
Letters, 19(5), 3244–3255.

 143. Caprettini, V., et al. (2018). Enhanced Raman investigation of cell 
membrane and intracellular compounds by 3D plasmonic nano-
electrode arrays. Advanced Science (Weinheim), 5(12), 1800560.

 144. Deville, S.  S., & Cordes, N. (2019). The extracellular, cellular, 
and nuclear stiffness, a trinity in the cancer resistome-a review. 
Frontiers in Oncology, 9, 1376.

 145. Liu, C.  Y., et  al. (2015). Vimentin contributes to epithelial- 
mesenchymal transition cancer cell mechanics by mediating cyto-
skeletal organization and focal adhesion maturation. Oncotarget, 
6(18), 15966–15983.

 146. Silberberg, Y. R., et al. (2014). Detection of microtubules in vivo 
using antibody-immobilized nanoneedles. Journal of Bioscience 
and Bioengineering, 117(1), 107–112.

 147. Yamagishi, A., et  al. (2019). The structural function of nestin 
in cell body softening is correlated with cancer cell metastasis. 
International Journal of Biological Sciences, 15(7), 1546–1556.

 148. Mieda, S., et al. (2012). Mechanical force-based probing of intra-
cellular proteins from living cells using antibody-immobilized 
nanoneedles. Biosensors & Bioelectronics, 31(1), 323–329.

 149. Wang, Z. X., et al. (2015). Interrogation of cellular innate immu-
nity by diamond-nanoneedle-assisted intracellular molecular fish-
ing. Nano Letters, 15(10), 7058–7063.

 150. Choi, S., et  al. (2016). Probing protein complexes inside living 
cells using a silicon nanowire-based pull-down assay. Nanoscale, 
8(22), 11380–11384.

 151. Cao, Y., et  al. (2018). Universal intracellular biomolecule 
delivery with precise dosage control. Science Advances, 4(10), 
eaat8131.

 152. Zhang, B., et al. (2019). Nanostraw membrane stamping for direct 
delivery of molecules into adhesive cells. Scientific Reports, 9(1), 
6806.

 153. Yang, Z., et al. (2014). Molecular extraction in single live cells by 
sneaking in and out magnetic nanomaterials. Proceedings of the 
National Academy of Sciences of the United States of America, 
111(30), 10966–10971.

 154. He, G., et  al. (2019). Multifunctional branched nanostraw- 
electroporation platform for intracellular regulation and monitor-
ing of circulating tumor cells. Nano Letters, 19(10), 7201–7209.

 155. Wen, R., et al. (2019). Intracellular delivery and sensing system 
based on electroplated conductive nanostraw arrays. ACS Applied 
Materials & Interfaces, 11(47), 43936–43948.

 156. Munz, M., Baeuerle, P. A., & Gires, O. (2009). The emerging role 
of EpCAM in cancer and stem cell signaling. Cancer Research, 
69(14), 5627–5629.

 157. Nawarathna, D., et  al. (2011). Targeted messenger RNA profil-
ing of transfected breast cancer gene in a living cell. Analytical 
Biochemistry, 408(2), 342–344.

 158. Nawarathna, D., Turan, T., & Wickramasinghe, H.  K. (2009). 
Selective probing of mRNA expression levels within a living cell. 
Applied Physics Letters, 95(8), 83117.

 159. Actis, P., et  al. (2014). Compartmental genomics in living cells 
revealed by single-cell nanobiopsy. ACS Nano, 8(1), 546–553.

 160. Toth, E. N., et al. (2018). Single-cell nanobiopsy reveals compart-
mentalization of mRNAs within neuronal cells. The Journal of 
Biological Chemistry, 293(13), 4940–4951.

 161. Nashimoto, Y., et  al. (2016). Evaluation of mRNA localization 
using double barrel scanning ion conductance microscopy. ACS 
Nano, 10(7), 6915–6922.

 162. Kashyap, A., et al. (2016). Selective local lysis and sampling of 
live cells for nucleic acid analysis using a microfluidic probe. 
Scientific Reports, 6, 29579.

 163. Guillaume-Gentil, O., et al. (2016). Tunable single-cell extraction 
for molecular analyses. Cell, 166(2), 506–516.

 164. Duncan, K.  D., Fyrestam, J., & Lanekoff, I. (2019). Advances 
in mass spectrometry based single-cell metabolomics. Analyst, 
144(3), 782–793.

 165. Gong, X., et al. (2014). Single cell analysis with probe ESI-mass 
spectrometry: Detection of metabolites at cellular and subcellular 
levels. Analytical Chemistry, 86(8), 3809–3816.

J. E. Sero and M. M. Stevens



219

 166. Yin, R., Prabhakaran, V., & Laskin, J. (2018). Quantitative 
extraction and mass spectrometry analysis at a single-cell level. 
Analytical Chemistry, 90(13), 7937–7945.

 167. Yin, R., Prabhakaran, V., & Laskin, J. (2019). Electroosmotic 
extraction coupled to mass spectrometry analysis of metabolites 
in live cells. Methods in Enzymology, 628, 293–307.

 168. Guillaume-Gentil, O., et al. (2017). Single-cell mass spectrometry 
of metabolites extracted from live cells by fluidic force micros-
copy. Analytical Chemistry, 89(9), 5017–5023.

 169. Masujima, T. (2009). Live single-cell mass spectrometry. 
Analytical Sciences, 25(8), 953–960.

 170. Aerts, J. T., et al. (2014). Patch clamp electrophysiology and cap-
illary electrophoresis-mass spectrometry metabolomics for single 
cell characterization. Analytical Chemistry, 86(6), 3203–3208.

 171. Zhang, L., & Vertes, A. (2015). Energy charge, redox state, and 
metabolite turnover in single human hepatocytes revealed by cap-
illary microsampling mass spectrometry. Analytical Chemistry, 
87(20), 10397–10405.

 172. Esaki, T., & Masujima, T. (2015). Fluorescence probing live 
single- cell mass spectrometry for direct analysis of organelle 
metabolism. Analytical Sciences, 31(12), 1211–1213.

 173. Zhao, Y. L., et al. (2019). Scalable ultrasmall three-dimensional 
nanowire transistor probes for intracellular recording. Nature 
Nanotechnology, 14(8), 783–790.

 174. Tullii, G., et al. (2019). High-aspect-ratio semiconducting polymer 
pillars for 3D cell cultures. ACS Applied Materials & Interfaces, 
11(31), 28125–28137.

 175. Li, Y.  C., Liu, X.  S., & Li, B.  J. (2019). Single-cell biomagni-
fier for optical nanoscopes and nanotweezers. Light-Science & 
Applications, 8, 1–12.

 176. Huang, Q., et al. (2017). Nanofibre optic force transducers with 
sub-piconewton resolution via near-field plasmon-dielectric inter-
actions. Nature Photonics, 11(6), 352–355.

 177. Jayant, K., et al. (2019). Flexible nanopipettes for minimally inva-
sive intracellular electrophysiology in vivo. Cell Reports, 26(1), 
266–278 e5.

 178. Kim, H., et al. (2018). Flexible elastomer patch with vertical sili-
con nanoneedles for intracellular and intratissue nanoinjection of 
biomolecules. Science Advances, 4(11), eaau6972.

 179. Kim, W., et al. (2007). Interfacing silicon nanowires with mam-
malian cells. Journal of the American Chemical Society, 129(23), 
7228–7229.

Nanoneedle-Based Materials for Intracellular Studies



Part III

Test, Repeat, and Test Again



223© Springer Nature Switzerland AG 2021
F. Fontana, H. A. Santos (eds.), Bio-Nanomedicine for Cancer Therapy, Advances in Experimental Medicine  
and Biology 1295, https://doi.org/10.1007/978-3-030-58174-9_10

In Vitro Assays for Nanoparticle—
Cancer Cell Interaction Studies
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Abstract

Nanotechnology is a rapid-growing field with an extreme 
potential to revolutionize cancer treatments. However, 
despite the rapid advances, the clinical translation is still 
scarce. One of the main hurdles contributing for this set-
back is the lack of reliable in vitro models for preclinical 
testing capable of predicting the outcomes in an in vivo 
setting. In fact, the use of 2D monolayers, considered the 
gold-standard in vitro technique, leads to the creation of 
misleading data that might not be completely observed in 
in vivo or clinical setting. Thus, there is the need to use 
more complex models capable of better mimicking the 
tumor microenvironment. For that purpose, the develop-
ment and use of multicellular tumor spheroids, three- 
dimensional (3D) cell cultures which recapitulate 
numerous aspects of the tumors, represents an advanta-
geous approach to test the developed anticancer therapies. 
In this chapter, we identify and discuss the advantages of 

the use of these 3D cellular models compared to the 2D 
models and how they can be utilized to study nanoparticle- 
cancer cell interaction in a more reliable way to predict 
the treatment outcome in vivo.

Keywords
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1  Introduction

Cancer, a complex and multifactorial disease, is one of the 
major threats to global health due to its high rates of inci-
dence and mortality. In fact, this disease is one of the leading 
causes of death worldwide having, according to the report on 
global burden of cancer worldwide (GLOBOCAN 2018) by 
the World Health Organization (WHO), been responsible for 
9.6 million deaths in 2018. Moreover, it is expected that this 
value will keep increasing over the years [1].

Commonly, anticancer therapy relies, on the initial stage, 
on chemotherapy treatment in order to reduce the tumor 
mass followed, if possible, by surgery to remove the rest of 
the tumor. Subsequently, chemotherapy and radiotherapy are 
applied to eliminate the remaining cancer cells [2]. Despite 
being the main strategy, this method still faces many hurdles 
as the existence of numerous and severe adverse effects, due 
to the nonspecificity of these approaches. Furthermore, che-
motherapeutics also show lack of efficacy due to their physi-
cochemical characteristics, leading to poor accumulation in 
the tumor site, short blood circulation, and the existence of 
tumor resistance mechanisms [3].

Nanoparticles (NPs), owing to their physicochemical 
properties, have emerged as powerful tools to improve  cancer 
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treatments and counteract the aforementioned hurdles [4–6]. 
Nowadays, it is possible to produce NPs from a myriad of 
materials (polymers, lipids, inorganic materials, etc.) and 
precisely tune their production to achieve specific character-
istics [4, 7]. Hence, NPs can be produced to load different 
types of molecules, control their pharmacokinetic and phar-
macodynamic profiles, protect them from degradation, and 
increase their stability and accumulation in the targeted tis-
sues [8]. Altogether, it permits to boost the therapeutic effect 
of the treatments while diminishing their off-target side 
effects.

However, while NPs have been showing promising results 
in preclinical testing, their clinical translation is still limited 
[4]. One of the major hurdles for NP clinical translation is 
the lack of preclinical models that can resemble the hetero-
geneity of the different tumors and their phenotypes [9–11]. 
In fact, NP interaction with cancer cells is usually tested in 
in vitro 2D cellular models which lack the complexity of bio-
logical tissues and thereby cannot fully replicate the exis-
tence of diverse physiological barriers and the interplay 
between the different components of the tumors (e.g., cells, 
extracellular matrix, soluble molecules). Thus, these assays 
can only provide limited results which ultimately do not cor-
respond to what is observed on an in vivo and clinical set-
ting. It is then imperative to develop new relevant in vitro 
cancer models capable of better recapitulating the tumor 
microenvironment (TME) [11].

The development of three-dimensional (3D) cellular 
models, which mimic several aspects of the TME, can bridge 
the gap between 2D models and in vivo and ease the devel-
opment and screening of new nanomedicines for cancer 
treatment [9, 12]. By using these more accurate models, it is 
possible to obtain more reliable results and also use them to 
tune the NP properties based on the biology of the target 
population, leading to the development of effective therapies 
[9].

Hence, in this chapter we present an overview on 3D 
in  vitro models to study the interaction between NPs and 
cancer cells in order to better predict the outcome of the 
treatments and facilitate the translation of the therapies.

2  2D Versus 3D Models

To date, two-dimensional (2D) cell culture monolayer mod-
els have been the gold-standard technique to preclinically 
develop and study anticancer therapies, due to their easiness, 
simplicity, reproducibility, quickness, and low cost [13–15]. 
These models are mostly produced from immortal tumor cell 
lines, as they are an unlimited self-replicating source capable 
of growing in large quantities [16]. Additionally, these cell 
lines are relatively molecular homogeneous, and their genetic 
profile is known and described [16]. To increase the predic-

tive value of the gathered data, it is possible to use primary 
cells isolated from living tissue [17, 18]. Although these cells 
maintain the genomic and phenotypic profiles of the descen-
dant tissue, they are hard to culture and have limited self- 
replication, which hamper their use [18]. Moreover, 2D 
models cannot mimic crucial aspects from the tumors, such 
as the heterogenicity of the TME, composed by various types 
of cells and noncellular structures as the extracellular matrix 
(ECM), failing to emulate the in vivo conditions and provide 
physiological relevance. The existent 3D spatial conforma-
tion of tumors results in a heterogeneous and diffusion- 
limited exposure to various nutrients, signaling molecules, 
oxygen, and metabolites, among other physical and chemical 
cues, which cannot be mirrored in 2D cultures [19–22]. 
Moreover, this 3D spatial organization is also known to 
influence cell-cell interactions, impacting their morphology, 
adhesion, viability, proliferation, and biological response to 
soluble factors and physical stimuli [23–25]. For example, 
these morphological and biological changes are responsible 
for a slower proliferation rate of cells in 3D compared to 2D 
models [26, 27], impacting their response to different com-
pounds, including anticancer molecules [27]. As such, 2D 
models, by failing to simulate the reciprocal interactions 
between different cells and the TME, influence the obtained 
outcomes to the tested therapies, leading in the end to poor 
prediction of their real in vivo effect.

To avoid the production of misleading preclinical data 
and improve the translation of new anticancer therapies, 
there is the need to bridge the gap between 2D models, in 
vivo whole-animal tumor models, and clinical trials. To that 
end, 3D cellular models have been extensively studied as 
they permit the simulation of numerous physiological aspects 
of the tumors, being more relevant and better predictive 
models than the 2D ones [12, 20, 28, 29]. In the past decades, 
various 3D models have been developed, including microflu-
idic models, scaffold-based models, tumor tissue explant 
models, and multicellular tumor spheroids (MCTS) [30].

2.1  Multicellular Tumor Spheroid 
Production Techniques

MCTS are formed without resorting to any exogenous artifi-
cial platforms to promote cell growth [31]. To produce 
MCTS, several techniques can be applied, being the most 
commonly used agitation-based, hanging drop, and liquid 
overlay techniques (Fig. 1). All these techniques have as base 
the use of nonadherent surfaces to promote cell-cell interac-
tions and consequent aggregation [31]. In agitation-based 
techniques, single-cell suspensions are kept agitating, for 
example, in spinner flasks, in order to reduce the effect of 
gravity and promote spontaneous aggregation [32, 33]. 
While this method is appropriate for long-term culture and 
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can mimic the dynamic conditions found in the body, it car-
ries several disadvantages as the need of specific material, 
formation of heterogeneous spheroids, and difficulty to han-
dle [34]. Moreover, the shear fluid force may induce damage 
and/or changes in the used cells [35]. In the hanging drop 
method, cell cultures are suspended and due to the gravita-
tional forces cells tend to sediment and spontaneously aggre-
gate in the liquid-air interface [36]. Using this method it is 
possible to produce uniform spheroids of mono- and co- 
cultures [37]. However, since spheroids are suspended in a 
low volume of media, it is time-consuming and difficult to 
handle and cannot be maintained for long periods [37]. At 
last, liquid overlay technique represents a more convenient 
and easier procedure, capable of producing uniform spher-
oids and which is possible to adapt for high-throughput 
screening (HTS) [33]. In this technique, cell suspensions are 
placed in nonadherent surfaces, as agarose or poly(2- 
hydroxyethyl methacrylate) (poly-HEMA), enhancing cell- 
cell interactions in spite of the cell-surface interactions [38]. 
Currently, it is possible to use commercial molds in which 
these materials (e.g., agarose) are casted, allowing the simul-
taneous production of numerous spheroids in a homoge-
neous manner [39, 40].

2.2  MCTS Advantages

MCTS are one of the most commonly used 3D tumor mod-
els, consisting of spherical cellular self-aggregates that pro-

duce their own ECM, being capable of recapitulating several 
aspects of the TME, and are recognized as nonvascularized 
tumor models [41]. This type of model possesses a similar 
growth kinetics to real tumors, starting with an exponential 
cell expansion, followed by a delayed growth due to a 
decrease in proliferative cells, and increase in quiescent and 
necrotic cells [42]. As the MCTS grow, a gradient of oxy-
gen, nutrients, and metabolic waste is formed, leading to an 
hypoxic core with necrotic cells and an outer rim formed by 
proliferative cells in the outer layer and quiescent cells in 
the inner layer. This hollow structure is estimated to be 
formed in spheroids with diameter over 400–500 μm, with 
the outer rim having usually 100–220 μm of thickness [42–
45]. Furthermore, combined with the formed 3D spatial 
organization and its cell-cell and cell-ECM interactions, this 
leads to cellular heterogeneity, affecting protein expression 
and leading to different genetic profiles, which were found 
to resemble the physiological conditions existent in human 
tumors [46]. These protein expression and genetic changes 
highly impact the function of different anticancer therapies, 
inducing several mechanisms of drug resistance [47]. 
Another aspect of human tumors that is recapitulated in 
MCTS is the existence of an acidic microenvironment. Due 
to the generation of a hypoxic core, tumor cells, in response 
to the lack of oxygen, increase the production of lactate, 
which promotes an acidification of the microenvironment 
(pH  6.5–7.2) [28, 48]. This acidic TME directly impacts 
anticancer molecules protonation, influencing their uptake 
and efficacy [49].

Fig. 1 Multicellular tumor spheroid production techniques, their advantages, and limitations. (Imaged partly generated using Servier Medical Art)
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Additionally, MCTS can be optimized to mimic the cel-
lular heterogeneity of human tumors by co-culturing tumor 
cells with different stromal cells as fibroblasts, as well as 
immune and endothelial cells [50, 51]. It is known that the 
intricate relationship of tumor and stromal cells promotes 
several pro-tumor events as angiogenesis, invasion, metasta-
sis, and resistance to anticancer drugs [51, 52]. Stromal cells 
will influence tumor cell activity by secreting soluble factors 
(e.g., cytokines and growth factors) [53], producing ECM 
proteins, which interact with different signaling pathways 
[54] and that create a physical barrier that limits the penetra-
tion of different molecules [55, 56]. Altogether, these factors 
contribute to a higher resistance of the tumor cells to the anti-

cancer treatments when compared with 2D models, resem-
bling in a better fashion what happens in an in vivo situation 
(Fig. 2).

Also, the ability to produce uniform spheroids with mono- 
and co-cultures; to tailor their size and controlling their prop-
erties, for example, by adjusting the initial cell density and 
duration of culture; and to use them for HTS purposes makes 
them valuable tools to study tumor biology and treatment. For 
instance, spheroids can be used to study the signaling cross 
talk in the TME, tumor cell growth kinetics, migration and 
invasion, and the response to several anticancer therapies, 
including radiotherapy, chemotherapy, immunotherapy, and 
the use of biomaterials such as nanoparticles [15, 57, 58].

Fig. 2 Main aspects of 3D spheroids that recapitulate tumor character-
istics and are essential for anticancer therapy screening. (a) 
Heterogenicity of tumors (cancer and stromal cells). (b) Gradient of 
nutrients, oxygen, and pH, formation of necrotic core, and senescent 
and proliferative layers. (c) Formation of physical barrier by extracel-

lular matrix deposition and cell-cell interaction. (d) Correlation between 
the growth kinetics of spheroids and solid tumors: initial exponential 
growth (avascular growth phase) and plateau state. (e) Closer gene 
expression patterns to in vivo solid tumors. (Reprinted with permission 
from Ref. [55])
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2.3  Disadvantages/Limitations

Despite the current advances, the employment of 3D mod-
els for preclinical testing still faces several adversities. The 
major existent shortcomings are the lack of standardiza-
tion in terms of protocols for spheroid production and 
evaluation/testing (e.g., characterization, imaging, drug 
and other therapies screening purposes), high costs, highly 
laborious, cell- type limitation to form spheroids, and dif-
ficulty to produce homogeneous spheroids for HTS pur-
poses [59, 60]. However, the use of 3D models for 
preclinical testing is growing exponentially [61], and in 
the next years, with the advances on 3D model formation 
and standardization of the characterization and testing 
assays, they will likely substitute 2D cell culture models 
for in vitro preclinical research [62].

3  Multicellular Tumor Spheroids 
for Assessing Nanomaterials

One important application of MCTS is to test the cellular 
association, biocompatibility, and efficacy of nanomaterials, 
as it can provide valuable data on their interaction and effect 
in the tumors, as well as in the specifically in the different 
components of the TME, predicting their impact in  vivo. 
Therefore, it allows to improve the nanoformulations before 
proceeding to animal studies, reducing the number of used 
animals and expediting the development of successful thera-
pies. Thus, it is of utmost importance to start testing the 
developed nanomaterials in more relevant models than the 
standard 2D cultures, since 2D models can create misleading 
data.

3.1  Cellular Association/Tumor Penetration

When assessing NP cellular association, the absence of ECM 
which creates a physical barrier and diffusion gradient 
through tissue highly impacts the results in 2D when com-
pared to 3D [63, 64]. For instance, even if high cellular 
uptake is observed both in the 2D and 3D cell models, in the 
3D cell model, the NPs might be predominately taken up by 
cells in the periphery without being able to deeply penetrate 
in the tumor [42]. This will consequently have an effect on 
the antiproliferative ability of the developed nanosystems, 
which might show a higher effect on the 2D cell models (i.e., 
a lower IC50 value) [65, 66]. Furthermore, several studies 
have shown a correlation between high NPs and drug accu-
mulation and penetration, with an enhanced cytotoxic effect 
[67, 68]. Thus, the use of MCTS is extremely useful to study 
the penetration ability of the NPs into the tumors and assess 
their anticancer efficacy [33].

It is known that the physicochemical characteristics (e.g., 
size, charge, morphology, and surface functionalization) of 
the NPs will highly impact their interaction and penetration 
into tumors (Fig. 3). Therefore, this subsection will discuss 
the impact of the NP physicochemical properties on interac-
tion cells in 3D in vitro models and compare to 2D in vitro 
cellular models and in vivo assays (Table 1).

3.1.1  Size
The size of the NPs is one of the most crucial parameters 
affecting their interaction with cancer cells. Thus, several 
studies have been performed to try to analyze its impact in 
the penetration and uptake of NPs in tumors. For example, in 
one study, Tchoryk et al. [69] have cultured HCT116 colorec-
tal cancer spheroids and incubated them with polystyrene 
NPs with different sizes (30, 50, and 100 nm) (Fig. 4). After 
24 h incubation, the smaller NPs (30 and 50 nm) were taken 
up by over 90% of the cells, while the larger particles 
(100 nm) were only taken up by 22%. Furthermore, while 
the smaller NPs were able to reach the core of the spheroid, 
the larger NPs were mainly located in the periphery. This 
study demonstrated a size-dependent uptake and penetration 
of NPs into tumors. Another study [70], also using polysty-
rene NPs but with bigger sizes (20, 100, and 500 nm), has 
compared in  vitro cellular uptake and penetration in 2D 
monolayers of pancreatic cancer cells (BxPC-3 and PANC- 
1) and in spheroids prepared with the same cell lines. 
Interestingly, in this study it was found that there was a size- 
dependent uptake in BxPC-3 monolayers 
(20 > 100 > 500 nm), while in PANC-1 monolayers, 100 nm 
NPs were the ones with higher uptake. This was attributed to 
the fact that BxPC-3 cells exclusively used clathrin- 
dependent mechanisms for the uptake of all the NPs and in 
PANC-1 cells, there were multiple endocytic routes involved 
in the uptake of 100 nm NPs and only one mechanism for 
NPs with the other sizes. Further, when incubated with the 
spheroids, it was observed a size-dependent uptake, showing 
linear correlation with the BxPC-3 cellular uptake in 2D and 
no correlation with the data obtained with the PANC-1. This 
has shown that the mechanisms of uptake, transport, and 
penetration may vary between the 2D and 3D in vitro models 

Fig. 3 Illustration of the physicochemical characteristics that affect NP 
interaction with the tumors. (Imaged partly generated using Servier 
Medical Art)
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and between different 3D models. Like the previously men-
tioned study, only the smaller NPs could penetrate into the 
tumors, while the others were mainly retained in the periph-
ery of the spheroid. Moreover, the addition of fibroblasts to 
the spheroid model significantly enhanced ECM deposition, 
leading to a poorer penetration of the NPs into the spheroid 
and blocking their access to the core. However, due to trans-
cytosis mediated by fibroblasts, 100  nm NPs accumulated 
more efficiently than the other NPs.

Other studies using gold NPs with size ranging from 2 to 
100 nm (2, 6, 15, 50, and 100 nm) [71, 72] have also shown 
a size-dependent uptake and penetration of the NPs in 2D 
monolayers and spheroids, with the smaller NPs being taken 
up and penetrating in a higher extent. NPs with size >15 nm 
were found mainly in the periphery of the spheroids, show-
ing similar pattern to what was observed in the aforemen-
tioned studies. Moreover, in these studies, there was 
correlation between the in vitro results and the in vivo, where 
it was also observed a size-dependent tumor accumulation 
after intravenous injection of the NPs.

Taking this into account, it is possible to observe that 
smaller NPs (<100 nm) have a higher penetration in spher-
oids [67, 71–73], while larger NPs, despite having limited 
penetration, may accumulate in spheroids’ periphery. 

Moreover, several studies have found that 50 nm is the opti-
mal size for a better balance between NP penetration and 
accumulation [71, 74].

3.1.2  Surface Charge
Surface charge is another critical parameter with high influ-
ence in NP penetration and accumulation in tumors, and that 
can be studied using 3D in vitro cellular models [68, 75]. For 
example, Solomon et al. [67] incubated lung cancer spher-
oids with positively (53 ± 7 mV) and negatively (−56 ± 3 mV) 
charged liposomes for 1  h and analyzed their uptake and 
ability to penetrate in the tumor spheroids. Positively charged 
NPs were taken up at a higher extent than negatively charged 
NPs, possibly due to interaction of the NPs with the nega-
tively charged membranes of the cells. Moreover, positively 
charged NPs accumulated in the periphery of the spheroid, 
with low capacity of penetration, while the negatively 
charged NPs were able to penetrate the spheroid. Interestingly, 
after loading these NPs with a chemotherapeutic drug (pacli-
taxel), it was observed a higher cytotoxic effect for the posi-
tive NPs, attributed to a higher accumulation of the NPs and 
consequently of the drug, even if in the periphery of the 
spheroid. Similar findings were obtained in other studies, for 
example, using positively and negatively charged liposomes 
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Fig. 4 Size-dependent penetration of polystyrene NPs with sizes of 30, 
50, 100 nm after 24 h incubation with HCT116 spheroids. (a) Confocal 
microscopy images of HCT116 spheroid cross-sections after incubation 

with the NPs. (b) Overtime NP penetration into spheroids measured by 
flow cytometry. (c, d) Distribution of the NPs in the spheroids. (Adapted 
with permission from Ref. [69])
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in melanoma spheroids [76] and positively and negatively 
charged gold NPs in breast cancer spheroids [77], with posi-
tive NPs accumulating in the periphery and negative NPs 
being able to penetrate into the core of the spheroids. 
Moreover, negative gold NPs contrarily to positive NPs were 
able to induce a higher hyperthermia effect after being radi-
ated by near-infrared laser [77].

The same observations were not totally obtained in a dif-
ferent study performed by Tchoryk et al. [69] In this study, 
50  nm polystyrene NPs positively charged (aminated) and 
negatively charged (carboxylated or plain NPs) were incu-
bated for 24 h with HCT116 colorectal cancer spheroids. As 
expected, positively charged aminated NPs were highly 
taken up, and their penetration was limited to the outer cell 
layers of the spheroids. However, while negatively charged 
plain NPs were also able to be highly taken up by the cancer 
cells and penetrate deeply into the spheroid, negatively 
charged carboxylated NPs were only taken up at a low extent 
(20% after 24  h) and could barely penetrate the spheroid. 
The authors justify this due to the different protein content 
that might be adsorbed to the NPs upon protein corona for-
mation. This highlights that both the surface charge and also 
the constitution of the NPs have an effect on NP interaction 
that should be considered. Also, it is hypothesized that the 
presence of ECM restricts the diffusion of charged NPs due 
to electrostatic interactions [78].

Altogether, these findings allow to rationally tailor the 
NPs according to the needs of the treatment, taking into con-
sideration that positively charged NPs are commonly retained 
in the superficial layers of spheroids, while negatively 
charged NPs, depending on their surface chemistry, are able 
to penetrate deeper into the spheroids [67, 79]. Furthermore, 
while positive charge might impede NP deep penetration 
into the tumor tissue, it can enhance their retention [79, 80].

3.1.3  Shape
Shape is another factor impacting the NPs’ interaction with 
tumors and whose influence can be studied using 
MCTS. Some studies in MCTS have shown that rod-shaped 
NPs have a faster diffusion rate and extended accumulation 
than spherical NPs [81–83], which is in agreement with 
in  vitro and in  vivo observations [84, 85]. For example, 
Zhang et al. [86] have produced three types of polystyrene 
NPs with different shapes (spherical and elongated) and 
aspect ratio (AR) but with fixed volume, identical chemical 
composition, and similar surface charge (+50 mV) (Fig. 5). 
The produced NPs were incubated with HeLa cells in 2D 
monolayer and HeLa spheroids, and their uptake and pene-
tration was evaluated. In the 2D culture, the cellular uptake 
was directly related to the AR, as a decreased AR lead to 
higher cellular uptake, with spherical NPs being taken up 
more extensively than rod-shaped NPs. Contrariwise, short 
rod-shaped NPs had a higher uptake and penetration in 

spheroids than spherical NPs and long rod-shaped NPs. 
However, it is difficult to generate NPs with comparable 
parameters, for which there is still limited information in the 
literature and several contradictory reports [42, 83].

3.1.4  Surface Modifications
MCTS are also an important tool to comprehend and evalu-
ate how different surface modifications, for example, to 
avoid clearance and prolong lifetime of the NPs or to improve 
treatment by targeting specific cells, etc., affect the penetra-
tion in tumors. For example, PEGylation of NPs, commonly 
used to prolong their blood circulation time, was shown to 
reduce NP accumulation in spheroids [67, 79, 80] and 
increase NP penetration [42, 87].

The use of targeting moieties and cell-penetrating pep-
tides can increase the uptake of NPs by the spheroids. In 
order to assess the efficacy of using targeting moieties on 
NPs for enhanced tumor uptake and anticancer efficacy, 
Figueiredo et al. [88] performed an extensive study testing 
modified lignin NPs in three different cell lines, PC3-MM2 
(prostate cancer), MDA-MB-231 (breast cancer), and A549 
(lung cancer), both in 2D monolayers and 3D MCTS model 
(Fig. 6). Here, lignin NPs were modified with either the den-
tin phosphophoryn-derived (DSS) or with iRGD cell- 
penetrating peptides, forming spherical NPs with size ca. 
300  nm and surface charge of −25  mV.  Unmodified and 
modified NPs were incubated with the cells both in 2D and 
3D, and their uptake was analyzed by confocal microscopy 
and flow cytometry. In both cellular models, NPs modified 
with DSS had an enhanced internalization in all the cells 
lines compared to the control, while iRGD-NPs had an 
enhanced internalization in PC3-MM2 and MDA-MB-231 
cells but not on A549. However, in general, the cellular 
uptake in 2D was superior to the cellular uptake in 3D. The 
NPs were then loaded with a chemotherapeutic and their 
anticancer efficacy assessed in the same models. Interestingly, 
in the 2D models, despite the difference in uptake of modi-
fied NPs, there were barely any differences in the IC50 of the 
different treatments. However, in the MCTS models, modi-
fied NPs were able to induce an enhanced antiproliferative 
effect on the PC3-MM2 MCTS model, while no differences 
were observed on the other models. Nonetheless, the IC50 
obtained in 2D were lower than the ones obtained in the 3D 
models, displaying a higher resistance to the treatment that 
might be encountered in vivo. In another study, Wang et al. 
[89] have modified NPs with a targeting peptide (tLyP-1), 
which promotes tumor homing and penetration, and studied 
its targeting ability in 2D monoculture, in spheroids, and in 
an in vivo tumor model of 4 T1 breast cancer cells. Modified 
NPs presented increased uptake in 2D and in the MCTS, 
being able to penetrate into the spheroid. Furthermore, in 
vivo, the targeting ligand also enhanced the penetration of 
NPs after intratumoral injection and enhanced the accumula-
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tion and penetration of NPs in the tumor tissue after intrave-
nous injection, validating the in vitro results. Antibodies can 
also be used as targeting moieties and tested in 3D cultures. 

Hortelão et  al. [90] have modified mesoporous silica NPs 
with PEG and antibody anti-fibroblast growth factor receptor 
3 (FGFR3), a protein overexpressed in bladder cancer, and 

Fig. 5 (a) Quantitative cellular uptake of Z1 (spherical, AR = 1), Z2 
(elongated, AR = 2.8), and Z3 (elongated, AR = 7.5) polystyrene NPs 
after incubation with HeLa cell monolayer. (b) And respective MFI. (c) 
Quantitative cellular uptake of Z1, Z2, and Z3 polystyrene NPs after 
incubation with HeLa cell spheroids. (d) And respective MFI. (e) 

Analysis of NP penetration in HeLa spheroids. Quantitative fluorescent 
intensity of different sections. (f) Representative fluorescence images of 
spheroids after 4  days incubation with the different NPs. Scale bars 
represent 150 μm. (Adapted with permission from Ref. [86])
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analyzed their penetration and anticancer efficacy in bladder 
cancer MCTS. The modification with the antibody enhanced 
the internalization fourfold compared to the control and 
induced also antiproliferative effect due to the interaction 
between the antibody and antigen.

Other studies have also shown the increment of NP uptake 
by spheroids and deeper penetration when decorated with tar-
geting moieties or coadministered with tumor-homing peptides 
[91–93]. However, it is necessary to take into consideration that 
several targeting strategies will only increase the uptake by the 
superficial layers, and an increment in the penetration will only 
be achieved if the uptake mechanisms are reversible and the 

NPs are released again from the cells [42, 94]. Moreover, there 
is also the possibility of coating the NPs’ surface with ECM-
degrading enzymes, such as collagenase, or loading the NPs 
with ECM-degrading drugs to increase their accumulation in 
the tumor tissue [95–97]. For example, Wang et al. [97] have 
shown that by functionalizing the surface of nanogels with col-
lagenase, there was an increment on the penetration of the NPs 
into HepG2 MCTS due to ECM degradation, leading also to 
higher drug accumulation and enhanced growth inhibition. 
Furthermore, these results were also confirmed in in vivo 
assays, where the presence of collagenase leads to an enhanced 
tumor permeation and antitumor effect.

Fig. 6 (a) Transmission electron microscopy images of lignin NPs 
(LNPs) and lignin NPs modified with i-RGD (LNPs-iRGD) and with 
DSS (LNPs-DSS). Scale bars represent 200  nm. (b) Cellular uptake 
after incubation of unmodified and modified LNPs with either 2D 

monolayers or spheroids of PC3-MM2, MDA-MB-231, and A549 cells, 
for 3 h. Results represent mean ± s.d. (n = 3). Statistical significance 
was set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001, and 
ns is nonsignificant. (Adapted with permission from Ref. [88])
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3.2  Cytocompatibility and Efficacy

MCTS, due to their morphological and biological differ-
ences when compared to 2D cultures, are an important tool 
to assess in vitro the biocompatibility and the anticancer effi-
cacy of the developed NPs, as they might produce different 
results from 2D cultures [27]. For example, Shi et al. [65] 
reported much higher IC50 values for HCT116 and HCT-8 
MCTS (16 and 17  μg/mL, respectively) compared to 
HCT116 and HCT-8 monolayers (1.4 and 1.1 μg/mL, respec-
tively) after treating the cells with NPs loaded with the che-
motherapeutic 5-fluorouracil. The same observation was 
made in several reports in the literature using various NPs 
and chemotherapeutics [98–101]. This shows an increased 
resistance of the cells when cultured in 3D compared to 2D 
which can be crucial when deciding dosages to test in vivo. 
Therefore, it must be taken into account when developing 
NPs for cancer therapy.

Also, since some NPs can promote toxic effect, for exam-
ple, by promoting inflammation, it is important to develop 
in  vitro models for risk assessment of NPs. In this regard, 
Leite et al. [102] have evaluated the neurotoxic effect of dif-
ferent types of NPs, gold NPs functionalized with sodium 
citrate or PEG and polylactic acid NPs, in two 3D neural 
models, of neurons (LUHMES) and of iPSC-derived brain 

spheroids. To do so, NPs were incubated with the spheroids, 
and their viability, morphology, secretion of cytokines, 
growth factors, and chemokines and gene expression were 
evaluated. In the monoculture model, NPs have demonstrated 
some degree of toxicity toward the neurons. However, when 
incubated with the more complex spheroid model, the NPs 
did not exert toxic effect probably due to the existent glial 
cells. Yet, gold NPs promoted some cell physiology alteration 
that might increase susceptibility to other harmful agents.

Other studies, as, for example, the one performed by Zhou 
et  al. [103], demonstrate the applicability of the MCTS to 
predict the results in vivo. In this study, the authors devel-
oped Ru-Pt bimetallic metallacage encapsulated NPs (5-NPs) 
as photosensitizers for photodynamic therapy for cancer and 
tested them in 2D, 3D, and in vivo (Fig. 7). The developed 
5-NPs were spherical and had size average of 260 nm. When 
tested in 2D monolayers of A549 lung cancer cells, these 
NPs were rapidly taken up, showed high cytocompatibility, 
and exerted increased toxicity when excited by light. 
Furthermore, 5-NPs have also shown high cytocompatibility 
in 3D A549 MCTS model and stimuli-dependent antiprolif-
erative effect. In fact, after light irradiation, spheroids treated 
with NPs shrank to a volume of 80.4% after 1 day, while the 
control groups volume growth to ca. 180%. These results 
were confirmed in  vivo, as there was a significant tumor 
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Fig. 7 (a) Spheroid viability. Representative confocal microscopy 
images of spheroids after treatment. (b) Representative bright-field 
images of spheroids after treatments. Scale bars represent 200 μm. (c) 

Mice tumor growth curve after different treatments. (d) Representative 
images of tumors in mice after different treatments. (Adapted with per-
mission from Ref. [103])
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reduction (to 65% of original volume) in A549 tumor- bearing 
animals treated with the 5-NPs intratumorally and irradiated 
by laser, when compared to the controls which had a 12-fold 
increase.

4  Conclusions and Future Perspectives

Currently, numerous NPs with different physicochemical 
characteristics and loaded with different anticancer mole-
cules have been designed and tested for their efficacy in 
MCTS models and compared to their effect in vivo [42, 68]. 
Interestingly, the observed results in spheroids regarding NP 
penetration and accumulation, as well as their effect on 
tumor growth inhibition, are similar to the ones obtained 
in vivo [68]. Taking this into account, 3D cellular models, 
despite not being able to fully recreate every aspect of the 
tumor milieu, have shown to have a more physiological func-
tion than 2D cell cultures, with a consequent superior predic-
tive effect than the 2D monoculture cell models [104, 105].

Despite MCTS being revolutionizing preclinical testing, 
there are still numerous challenges to be addressed before 
they can be applied as standard methods for NP testing. 
Firstly, the focus should be directed to the development of 
standardized protocols for spheroid formation and evaluation 
(e.g., metabolic activity, size, development of necrotic core). 
Next, the protocols for the different assays to assess NP 
interaction with cancer cells/MCTS should also be standard-
ized (e.g., viability, cellular uptake, penetration, antiprolif-
erative effect) in order to facilitate the comparison of results 
between different studies. Also, there is the need to perform 
systematic studies changing only one variable at a time, to 
allow the proper evaluation of its effect on 2D, 3D, and 
in vivo models. Finally, fully characterized MCTS models 
with higher complexity must be developed in order to further 
mimic the TME and create better predictive tools to ease the 
translation of NPs to the clinic.

Nevertheless, after surpassing the current challenges, 
MCTS models have the potential to become the gold- 
standard in vitro models to assess NPs, highly impacting the 
design of in vivo studies and accelerating the translation of 
the developed systems into the clinics.
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Abstract

The anticancer activity of compounds and nanoparticles 
is most often determined in the cell monolayer. However, 
three-dimensional (3D) systems, such as tumor spheroids, 
are more representing the natural tumor microenviron-
ment. They have been shown to have higher invasiveness 
and resistance to cytotoxic agents and radiotherapy com-
pared to cells growing in 2D monolayer. Furthermore, to 
improve the prediction of clinical efficacy of drugs, in the 
past decades, even more sophisticated systems, such as 
multicellular 3D cultures, closely representing natural 
tumor microenvironment have been developed. Those 
cultures are formed from either cell lines or patient- 
derived tumor cells. Such models are very attractive and 
could improve the selection of tested materials for clinical 
trials avoiding unnecessary expensive tests in vivo. The 
microenvironment in tumor spheroids is different, and 
those differences or the interaction between several cell 
populations may contribute to different tumor response to 
the treatment. Also, different types of nanoparticles may 
have different behavior in 3D models, depending on their 
nature, physicochemical properties, the presence of tar-
geting ligands on the surface, etc. Therefore, it is very 
important to understand in which cases which type of 

tumor spheroid is more suitable for testing specific types 
of nanoparticles, which conditions should be used, and 
which analytical method should be applied.
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1  Introduction

Spheroids are thought to be the most suitable in vitro model for 
drug testing in oncology due to their ability to reproduce the 
main features found in solid tumors in vivo, such as cellular 
heterogeneity, cell-cell signaling, internal structure (composed 
of different cell layers), extracellular matrix (ECM) deposition, 
ECM-cell and cell-cell physical interactions, growth kinetics, 
gene expression, drug resistance, and much more [1]. It is gen-
erally recognized that the 3D cell- cell interaction may influ-
ence responses such as the cytoskeleton formation while also 
regulating the signaling related to cell migration and differen-
tiation [2, 3], thereby having an important role in the develop-
ment of resistance to chemotherapy [4]. Numerous 3D cancer 
cell models have been specifically developed in cancer research 
to mimic more closely the natural tumor architecture and dis-
play the biological process to as great an extent as possible. 
These models are constructed in different ways starting from 
different kinds of cancer cell materials and are divided into 
multicellular tumor spheroids model (MCTS) [5–7], organo-
typic slices of cancer tissue [8, 9], multilayered cell cultures 
[10], and scaffolds [11].

During the last decades, tumor spheroids gained a lot of 
attention from researchers as they could be used for different 
applications in nanoparticle development process. It is a con-
venient model for testing cytotoxicity as 3D cultures much 
better mimic the real tumor microenvironment compared to 
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cells grown in monolayer [12]. It has already proven that 
data obtained in 3D cultures better represent the results 
obtained in preclinical or even clinical trials [13, 14]. Also, it 
is a convenient model to test nanoparticle penetration inside 
the tumor – this process is critical in vivo and is one of the 
most important physiological barriers to reach the therapeu-
tic site of action at effective concentrations [15]. Moreover, 
tumor spheroids could be used for such application when 2D 
cell models could not be applied at all, e.g., to evaluate 
nanoparticle effect on cell-cell interaction which represents a 
critical parameter for spheroid formation [16]. Nowadays 
more and more attention is paid to high-throughput screen-
ing strategies, and there are also many microfluidic devices 
made both for spheroid formation and their analysis that 
allow to make the whole process more time- and cost- 
efficient [17, 18].

However, it is very important to choose the right model 
for testing different types of nanoparticles or evaluating spe-
cific parameters of their penetration, cytotoxicity, or other 
cancer treatment and development-related processes. There 
is a huge variety of analytical methods for different applica-
tion, and all of them have their own strengths and weak-
nesses; thus, combination of different analytical methods 
could represent a better choice [16, 19]. Indeed, there is still 
a lack of standardized protocols that could help to compare 
the results obtained by different research groups. Thus, it is 
very important to know the features of the different 3D 
model systems and specificities of different methods and 
also to understand how the main critical steps could be 
related to the possible wrong interpretation of obtained 
results. This is fundamental particularly when experiments 
are done with nanoparticles, as many factors related to their 
nature, size, charge targeting abilities, etc. may influence the 
results obtained in biological assays [20].

In this chapter, we will discuss the advantages of 3D 
tumor spheroid models vs. cells grown in monolayer, review 
methods used for screening nanoparticles in 3D systems, and 
describe the main challenges of testing nanoparticles in 
spheroids.

2  3D Tumor Spheroid Model Versus 
Monolayers of Cancer Cells In Vitro

2.1  Characteristics of 3D Tumor Spheroid

3D spheroids are cellular aggregates, often 100–600 μm of 
diameter [21, 22], that have been widely used to assemble 
models of different cancer types in vitro [1]. After formation, 
these in vitro models are able to mimic various properties 
and features of real solid tumors. Tumor spheroids can be 
formed exclusively of cancer cells (homotypic spheroids) or 

of cancer cells with other cell types (heterotypic spheroids) 
such as fibroblasts, endothelial cell, or immune cells [1].

Spheroid size and complexity depend on the growth 
kinetics of individual cell types, cell density during seeding, 
duration of culture, and spatial limitations, such as the diam-
eter of culture wells [23]. Spheroids can be well-organized, 
round-shaped, or irregular-shaped aggregates of cells resem-
bling masses or clusters of grapes (Fig. 1) [24].

Similar to solid tumors, the internal structure of spheroids 
is composed of different cell layers [1, 25]. Normally there 
are three main layers in spheroids: an outer layer composed 
of highly proliferating and migratory cells, senescent cells in 
the middle layer, and necrotic cells in the core layer (Fig. 2) 
[1, 26]. The peripheral cells closely resemble the in  vivo 
environment of actively proliferating tumor cells next to cap-
illaries, while distant inner cells stay quiescent or die through 
necrosis and apoptosis [6]. The outer surface of well-formed 
tumor spheroids is quite smooth, and it is difficult to distin-
guish individual cells [27]. The high proliferation rate of 
cells in the spheroid periphery can be explained by their 
easier access to oxygen and nutrients [28]. The development 
of a necrotic core and senescent cell layer can be attributed 
to insufficient oxygen and nutrient supply [28, 29]. However, 
it is possible to control the formation of the spheroid’s 
necrotic central area, as the necrosis starts only in bigger 
spheroids (>400  μm in diameter) [27, 30]. This is very 
important since particular spheroids can be developed to suit 
specific experiments.

Spheroids can replicate various inside conditions of in 
vivo tumors. Three-dimensional compact cell architecture, 
close cell-cell interactions, and junctions in spheroids 
decrease diffusion of various compounds (nutrients, oxygen, 
metabolites, etc.) creating various gradients (Fig.  2) [26]. 
Large tumor spheroids (>500 μm in diameter) display phys-
iochemical gradients similar to micrometastases and small 
tumors, due to limited diffusion of CO2, nutrients, metabolic 
waste, and soluble factors (cytokines, growth factors, and 
chemokines) [23, 31]. Hypoxia induced by O2 deficiency 
triggers changes in gene expression, promoting aerobic gly-
colysis and lactic acid production to obtain energy [23, 32]. 
This process is known as the Warburg effect [33]. During this 
process, lactate accumulates inside of spheroid and acidifies 
the extracellular space by 0.6 pH units (to 6.5–7.2) [23, 28, 
33], which is also common in tumors in vivo. Additionally, 

Fig. 1 Different shapes of tumor spheroids
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metabolic waste buildup forms in inner layers of spheroid 
due to the decreased outward diffusion and increases the 
necrotic death of the cells [23].

Cells within tumor spheroids deposit extracellular matrix 
(ECM) constituents such as collagen, laminin, fibronectin, 
tenascin, and other components that are embedded in a gel of 
glycosaminoglycans and proteoglycans, while monolayer 
cultures do not produce these elements or produce them in 
very small quantities [1, 27, 29, 34]. However, the composi-
tion of ECM may be different in tumors, spheroids, and 
monolayer cultures [35]. The polysaccharide gel is involved 
in cell proliferation, cell differentiation, cell recognition, and 
tumor cell invasion and metastasis [29]. Some data demon-
strate that tumor spheroids produce similar or the same quan-
tities of ECM constituents compared to xenograft tumors 
from the same cell lines [29]. Different cell types synthesize 

ECM constituents in xenografts and spheroids. In tumors, 
fibroblasts produce ECM macromolecules, and the tumor 
cell might regulate the synthesis to generate a favorable envi-
ronment for its own growth, whereas in spheroids the tumor 
cells have to produce the constituents of the ECM by them-
selves in order to form multicellular arrangements [29]. This 
microenvironment acts as a regulating factor influencing cell 
proliferation, differentiation, and tumor growth [36]. In addi-
tion, it closely mimics the physical barriers found in real 
solid tumors, which decrease the free penetration of drugs 
through the whole mass [1, 36].

Available data show that three-dimensional tumor spher-
oids resemble the morphology of in  vivo tumors much 
closely rather than monolayer cultures of the same cancer 
cells.

2.2  3D Culture Comparison to 2D 
Monolayer Cultures

Available literature shows that most cancer and tumor bio-
logical studies are based on two-dimensional (2D) mono-
layer cell models [37, 38]. Traditional 2D models can be 
effectively applied for explaining various cancer cell behav-
iors and interpreting possible mechanisms. However, 2D 
models cannot effectively mimic the interactions between 
cells-cells and cells-ECMs of real physiological tissues, due 
to insufficient structural, mechanical, and biochemical attri-
butions. In most cases, cells in a 3D environment are exposed 
to other cells or ECMs but in a 2D model are often limited to 
exposure to fluid, intermediate, and flat culture substrate 
[37].

Recent studies show that gene expression in 3D spheroids 
is more similar to real tumors [6]; therefore, a 3D modeling 
environment can affect or model different cancer cell behav-
ior, such as cell differentiation, drug metabolism, gene 
expression, and protein synthesis, morphology, proliferation, 
and viability [39–42]. Cells in a 3D environment behave fun-
damentally different from cells in a monolayer culture 
(Table 1). For example, hepatocytes rapidly lose their normal 
phenotype after they are taken out of the body and put in 2D 
cell culture, but this loss can be attenuated or even reversed 
by 3D culturing methodology [43, 44]. Additionally, multi-
potent mesenchymal stromal cell-derived hepatocytes main-
tain their key functions, such as albumin and urea synthesis, 
ammonia, and drug clearance better in a 3D environment 
compared to 2D monolayer model [45]. Also, oncogenic sig-
nals resemble gene expression profiles of orthotopic in vivo 
models and spontaneous clinical human cancers in 3D 
model, but not in 2D model [39]. Similar to real human 
tumors, 3D spheroids are composed of cells with different 
phenotypes (proliferating, nonproliferating, necrotic). 
Cellular heterogeneity within these tumor models caused by 

Fig. 2 The structure of pancreatic cancer cell (MIA PACA-2) spheroid. 
Due to the compact architecture of tumor cells and cell-cell contact, the 
concentration of oxygen, nutrients, and metabolites decreases toward 
inner layers of a spheroid. In addition, the concentration of carbon diox-
ide, catabolites, and waste increases toward inner layers, increasing the 
rate of cell death and the diameter of the necrotic area

Table 1 Main features of tumor cells in monolayer, spheroids, and 
in vivo tumors

Features
Cell 
monolayer Spheroids

In vivo 
tumor

Spatial restriction of cells Yes No No
Concentration gradient of O2, 
nutrients, and metabolic waste

No Yes Yes

Cell heterogeneity No Yes Yes
Hypoxic core No Yes Yes
Biological zones – proliferative, 
senescent, necrotic

No Yes Yes

Glucose flux rate Low High High
Gene expression profile Different Similar Similar
Complex cell architecture No Yes Yes
ECM No Yes Yes
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mass transport limitations resembles multiple phenotypes of 
cells found in solid epithelial tumors and is more realistic 
compared to homogeneity found in monolayer culture [46].

Many differences between 2D and spheroid culture are 
caused by different cell-cell and cell-matrix interactions, 
which are not represented very well in cell monolayer cul-
tures [43]. A well-defined geometry, stromal elements, and 
ECM in 3D spheroids make them resemble micrometastases 
more authentically, compared to 2D cell monolayer. A com-
plex 3D structure and cell-cell and cell-ECM interactions 
affect cellular RNA and protein expression, the distribution 
and functions of biomodulators, and also the penetration, 
binding, and bioactivity of therapeutic drugs and drug candi-
dates [6]. Cells of the spheroid are more resistant to cyto-
toxic agents and radiotherapy than the same cells grown as 
monolayers [47, 48]. Increased resistance to cytotoxic agents 
can be addressed to multiple factors, such as physical pene-
tration barrier, altered signaling pathways of a particular tar-
get, modulation of DNA damage and repair mechanisms, 
and in vivo-like distribution of biological response modifiers 
and survival signals, which are not so common to 2D mono-
layer cultures [6]. Due to pathophysiological gradients 
inside, cell-cell and cell-ECM interactions, spheroids are 
more versatile drug research model compared to monolayer 
cultures. For example, spheroids can be used in the study of 
therapeutic problems related to 3D metabolic and prolifera-
tive gradients [26]. Also, the spheroids are more valuable in 
the studies of tumor cell response to therapeutic agents; 
therefore, they can serve as excellent models for testing drug 
delivery systems [26].

In addition to morphology, gene expression, and cell-cell 
and cell-ECM interactions, 3D spheroids also closely 
 resemble in vivo solid tumors in their growth dynamics [27]. 
Monolayer cultures grow exponentially, while 3D spheroid’s 
growth, similar to in vivo tumors, can be characterized by an 
early exponential phase followed by a period of retarded 
growth (Fig.  3) [49]. The first phase does not depend on 
external factors, while the second depends on the size of the 
tumor spheroid and the decreasing diffusion of nutrients and 

O2 in the interior of the spheroids. Many mathematical mod-
els were applied to demonstrate similarities between solid 
tumor and tumor spheroid growth. 3D spheroid growth 
curves, similar to solid tumors, were described with three 
successive phases – geometric, linear, and plateau (Fig. 3) 
[27, 49]. The geometric phase relates to early aggregation 
and proliferation of small spheroids, while the linear and pla-
teau phases represent the development of a nonproliferative 
inner region and the formation of a necrotic center in the 
spheroids, respectively [27].

Cell monolayer models are easier to manipulate and can 
be used in high-throughput screening. However, 2D cell 
models do not reflect the biological features of tumor tissues, 
therefore limiting its use in research of anticancer agents 
[50]. Tumor spheroids preserve the characteristics of original 
tumors (Table  1), making them more convenient in the 
research of tumor biology/physiology or effects of antican-
cer agents.

3  Types of Tumor Spheroids

3.1  Tumor Spheroid Cellular Heterogeneity

The concept of 3D spheres is based on the creation of spher-
oid structures in which cells are located in various layers. 
This structure mimics the physical and biochemical features 
of a solid tumor mass in vivo. Morphological analysis of 40 
cancer cell lines (originating from glioblastoma, astrocy-
toma, Wilms’ tumor, neuroblastoma, head and neck squa-
mous cell carcinoma, melanoma, and lung, breast, colon, 
prostate, ovarian, hepatocellular, and pancreatic cancers) 
cultured as 3D spheroid models has been performed, and 
three distinct groups were distinguished according to the 
architecture of spheroid shapes: (1) tight spheroids, (2) com-
pact aggregates, and (3) loose aggregates [51, 52].

On the other hand, tumor spheroids can be formed exclu-
sively of cancer cells (homotypic spheroids) or of cancer 
cells cultured with other cell types (heterotypic spheroids) 
such as fibroblasts [1], endothelial cells [53], or immune 
cells [54]. As an example, homotypic spheroid model could 
be multicellular tumor spheroids (MCTS) that are micro- 
sized cellular aggregates, comprised exclusively of cancer 
cells grown on synthetic biomaterials that prevent cell adhe-
sion to the substrate while maintaining high cell viability 
[55]. This type of spheroids can be obtained from single cell 
lines or even single cells (monocellular or homotypic spher-
oids) [56, 57]. However, 3D model formed only from cancer 
cells might be displaying different phenotypes due to homo-
typic cell-cell interaction, like those of quiescent versus pro-
liferating cells depending upon the cell signaling molecules 
[58]. Thus, homotypic spheroids do not represent tumor 
microenvironment in vivo very well and could be useful only 

Fig. 3 Schematic comparison between growth of monolayer cell cul-
ture and the same cell spheroid. Monolayer cell culture (blue line) 
grows exponentially over time, while 3D spheroid (red line) growth is 
characterized by three phases – exponential (A), linear (B), and plateau 
(C)
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when it is enough to include only the interaction of the same 
types of cancer cells in tumor model.

Heterotypic spheroids are formed from cancer cells and 
somatic or other types of cells to more closely represent 
tumor structure and features in vivo. Like in solid tumor tis-
sue, such spheroids consist of a heterogeneous mixture of 
cells, where cancer cells are surrounded by disorganized 
blood vessels formed by endothelial cells, lymphatic vessels, 
infiltrated immune cells (T cells, natural killers (NKs), and 
macrophages), adipocytes, fibroblasts, and MSCs [59, 60]. 
Different cell types in the solid tumor have the influence of 
tumor cell proliferation, invasion, metastasis formation, and 
drug response [61]. Thus, the best way to more closely mimic 
the tumor microenvironment heterogeneity and cancer cell- 
stromal cell (e.g., fibroblast, mesenchymal stromal cells, 
immune cells, endothelial cells, etc.) interaction in vitro is to 
create 3D heterotypic spheroids [62].

To improve insight into tumor development and chemo-
therapeutic approaches, it is most important to understand 
the interplay between specific tumor microenvironment 
(TME) components, the associated cellular communication 
processes, and resultant interactions of this network between 
cancer cells and the various tumor-associated cell popula-
tions. Focusing on heterotypic spheroid models on the 
molecular communication between stromal cells, mainly 
MSCs and cancer cells, and the cell-to-cell signaling role 
and its effect on chemotherapy efficiency could help more 
understand solid tumor’s anticancer drug resistance and 
tumor’s development process [63].

Moreover, heterotypic spheroids can be developed with 
different ratios of cancer to stromal cells (e.g., fibroblast), 
since cancer cell behavior and pharmaceutical therapeutic 
efficacy can be affected by the surrounding stroma [64, 65]. 
Jaganathan et al. [66] showed that 3D breast tumor models 
with different ratios of breast cancer cells and fibroblasts 
(50:50, 70:30, 30:70) determined different drug penetration 
into tumor spheroids: transport was less efficient into spher-
oids with more stroma. It has been found that tumor-stroma 
ratio could be a prognostic factor for cancer with higher stro-
mal components contributing to poor prognosis and increased 
risk of relapse [67].

Furthermore, cell-cell direct physical contact, which is 
observed in 3D spheroids, is reported to play an important 
role in the mechanisms of cancer invasion through actions of 
adhesion molecules such as N-cadherin and extracellular 
matrix metalloproteinase inducer [68]. This physical 
 communication and signaling pathways are observed in solid 
tumors in vivo [69]. For example, the combination of differ-
ent cell types in spheroid leads to evaluate cell-cell and cell- 
matrix interaction in a 3D microenvironment where immune 
cells can infiltrate and migrate toward both tumor cells and 
fibroblasts, thereby improving the predictability of in vitro 
testing of immunotherapy agents. This study demonstrated 
that 3D heterotypic spheroid targeted by immunocytokine 

(interleukin-2 variant; IgG-IL2v) and tumor- or fibroblast- 
targeted T-cell bispecific antibody (TCB) are promising can-
didates for combination treatments in cancer immunotherapy 
[56]. The 3D heterotypic spheroid model is applied to 
research of drug targets and immune cell infiltration, activa-
tion, and cytotoxicity in response to novel cancer immuno-
therapy agents.

Three-dimensional cancer cell models represent the dif-
ferent types of cell heterogeneity which is also observed 
in  vivo. Heterogeneous 3D model cultures that combine 
cancer and stromal cells more precisely represent one of the 
important features in 3D culture model  – heterotypic cell 
interaction (cross talk) [70]. Among the various types of 3D 
models, we focus here on spherical cancer models that are 
classified into four groups: (1) multicellular tumor spher-
oids (from single-cell suspension), (2) tissue-derived 
tumorospheres (from cancer cells after partial dissociation 
of tumor tissues), (3) tumorospheres (from cancer stemlike 
cells), and (4) organotypic multicellular spheroids (from 
tumor tissue).

3.2  Multicellular Tumor Spheroids (MCTS)

MCTS (alternative names: spheroids, tumoroids, mixed 
spheroids, nodules, heterospheroids, organoids [22, 71–75]) 
is a model generated from single-cell suspension culture and 
more often is originated from cancer cell lines than tumor 
cell suspension from tumor tissue (Fig. 4a).

Not all cell lines are able to form compact MCTS [76]. To 
form MCTS, various methods can be used [76], but the main 
principle is the same – to provide conditions where adhesive 
forces between cells are stronger than for the substrate on 
which cells are plated. In this way, cells due to cell-cell adhe-
sion process form a well-rounded spheroid structure.

The first MCTS was formed from cancer cells in mono-
culture to represent micrometastasis [77]. Later heteroge-
neous MCTS became rapidly very popular and led to the 
study of heterogeneous interaction in MCTS [23]. In addi-
tion to cancer cells, the most often used cell types for MCTS 
formation are immune cells, fibroblasts, and endothelial 
cells. Stromal cells could be added after MCTS are formed 
from cancer cells, and thus the stromal cell would be around 
the MCTS [78, 79], or MCTS could be formed from both 
cancer and stromal cells mixed in cell suspension at the 
beginning [70]. These different MCTS formation ways allow 
to observe MCTS growth, sensitivity to various compounds, 
and other processes that exist in the tumor.

MCTS can reach a 3-mm-diameter size and differ in com-
pactness depending on the cancer cell line [80]. In larger 
MCTS, a necrotic core and viable edge are developed due to 
the growth factor deprivation, nutrients, and oxygen diffu-
sion gradient, as it was described in a previous section. 
Moreover, the MCTS growth rate resembles a solid tumor 
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C. Tissue-derived tumor spheres

D. Organotypic multicellular spheroids
Tumor tissue sample

B. Tumorospheres

Cancer cells

Cancer cells +
somatic cells
in suspension

Cancer cells +
somatic cells

Compaction

Cancer stem cell

Compaction

Compaction

A. Multicellular tumor spheroids
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Cutting Rounding
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Fig. 4 Types of cancer cell spheroids. (a) Multicellular tumor spheroids derived from cell suspension from a cell line. (b) Tumorospheres are 
derived from one cancer cell by clonal proliferation. (c) Tissue-derived tumor spheres derived from tissue sample after partial tumor tissue disso-
ciation. (d) Organotypic multicellular spheroids derived from cut tumor tissue without any sample dissociation
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in  vivo which is characterized in the early tumor growth 
stage in patients [81]. In later stages of tumor growth, the 
rate is slowed down due to the increased amount of necrotic 
cells [82].

MCTS is a much more accurate model for drug sensitivity 
or resistance behavior studies than cancer cell monolayer (2D) 
model. Experts recommend to use the MCTS model in major 
research for testing or screening anticancer drugs [83]. MCTS 
models are widely used for modeling and studying multidrug 
resistance due to different mechanisms: hypoxia, apoptosis 
inhibition, permeability, and cell cycle changes. Cancer cells 
are less sensitive to anticancer drugs in MCTS compared to 2D 
monolayer cell culture models [84, 85]. It indicates that MCTS 
culture is a convenient model to test various new drugs or treat-
ment strategies and expect the same or very similar effect as in 
tumors. Cell sensitivity to some compounds or drugs is 
increased or decreased, but information received from the use 
of MCTS models can potentially provide more exact results of 
drug’s/compound’s activity in vivo.

3.3  Tumorospheres

Tumorospheres is a cancer stemlike cells (CSCs) which are 
grown in a serum-free medium supplemented with growth 
factors under nonadherent conditions and are one of the most 
commonly used cancer spheroid models [86]. In this way, 
tumorospheres are formed from tumor samples after mechan-
ical and enzymatic dissociation into a single-cell suspension 
(Fig. 4b). Also, CSC culture could be performed from cell 
lines, or tumorospheres can be formed with circulating tumor 
cells (CTCs) from peripheral blood [87].

Knowledge about tumorospheres biology is low, but usually 
this model aims to study CSC more deeper but not to mimic 
tumor tissue [88]. It was observed that cells in CSC spheroids 
are organized hierarchically with self-renewal potential. To 
evaluate phenotypical changes of CSC is still impossible due to 
the lack of CSC cell surface markers, but these changes are 
evaluated by morphological and functional changes [89].

The CSC multi-lineage differentiation ability was observed 
in several studies by testing their ability to form heterogeneous 
tumorospheres. In the case of colorectal cancer, three types of 
CSC tumorospheres were detected [90]: (1) the rare CSCs that 
maintain growth of tumor/tumorospheres, (2) the tumor (or 
tumorospheres)-initiating cells (these cells possess limited self-
renewal capacity in the later stages of tumorospheres growth), 
and (3) the latent subgroup of CSCs (these types of CSC were 
activating tumorospheres growth in the second or later cell pas-
sages) [91]. Another evidence of CSC tumorospheres plasticity 
(ability to change phenotype) was observed in the study which 
showed that CSC phenotypes are more stable in monolayer-
growing cells than in tumorospheres, where phenotypes are 
changing due to cell interaction and microenvironment influ-
ence on cells [92].

Due to heterogeneity and cell plasticity properties, CSC 
tumorospheres is a useful model to study chemoresistance 
[93]. After cancer treatment, the remaining CSCs might cause 
tumor recurrence due to the cell plasticity and increased resis-
tance to drugs. Tumorospheres have a low number of stromal 
cells, and they lack such microenvironment components as 
ECM, but it was observed that cancer cells within tumoro-
spheres are able to produce some components of ECM and 
create a CSC favorable microenvironment [94]. Also, tumoro-
spheres could be cultured with various medium supplements 
to create different CSC microenvironments (niches). For 
example, addition of stem cell factor (SCF) and granulocyte 
colony-stimulating factor (G-CSF) is creating niches like bone 
marrow where breast cancer metastases are formed [95].

3.4  Tissue-Derived Tumorospheres (TDTS)

TDTS are obtained from partly dissociated tumor tissue, and 
this model is a contrast to the MCTS model, where spheres 
are formed from single-cell suspension (Fig. 4c).

TDTS could be categorized into several subcategories: 
cancer tissue-originated spheroids (CTOs) [96], colospheres 
[97], and MARY-X spheroids [98]. CTOs are formed from 
tumor tissue by using mechanical and enzymatic dissocia-
tion and can be cultured in suspension without any extracel-
lular matrix [96]. Colospheres is a TDTS model which is 
formed directly from colorectal cancer tissue by its dissocia-
tion [97, 99]. MARY-X is a spontaneously formed spheroid 
model from inflammatory breast cancer tissue and resembles 
tight, compact aggregates of cells. Such spheroids could be 
cultured up to 3 months [98].

TDTS models are obtained by dissociation of various 
types of tumor tissue including bladder, lung, breast, and 
prostate cancer [100]. TDTS are formed from tissue after 
partial dissociation. After all procedures, TDTS are com-
posed only of cancer cells (without nonneoplastic cells) 
[101]. Thus, in TDTS, strong cell-cell interactions between 
carcinoma cells are observed, while the interaction between 
carcinoma and nonneoplastic cells might be lost due to par-
tial tissue dissociation. Moreover, it was observed that espe-
cially E-cadherin (residual from tissue sample) has been 
involved in cell-cell interaction in TDTS models [101].

Due to such cell organization and interaction, and adhe-
sion to each other, cells in TDTS models could avoid anoikis 
(programmed cell death) and remain viable for several 
weeks. A major TDTS feature that distinguishes them from 
other spheroids is their capacity to mimic some tumor micro-
regions by the histological features, gene expression, muta-
tions in various genes, and metastatic properties [101]. For 
example, MARY-X spheroids display internal lumen-like 
structures that were observed in in vivo conditions, but this 
phenomenon wasn’t detected in the MCTS model [102]. 
These cells’ properties in TDTS lead them to survive for a 
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longer period and grow larger. TDTS models represent 
tumors in vivo, but they are not very suitable for transfection 
or chemosensitivity studies, as it was shown that TDTS were 
more sensitive to anticancer drugs than in  vivo conditions 
[97].

3.5  Organotypic Multicellular Spheroids 
(OMS)

The OMS (alternative names: biopsy spheroids, fragment 
spheroids, organotypic spheroids, organotypic tumor 
 spheroids, primary spheroids, spherules [76, 103–106]) is a 
3D model that consists of ex vivo fragments of tumors with-
out any fragment dissociation [107].

To get OMS model, the tumor fragment is cut into small 
pieces and incubated in a cell culture medium depending on 
cancer cell types from 2 to 18  days. Then fragments get 
round shape form and make OMS [106] (Fig.  4d). OMS 
could be cultured for several weeks. Among various in vitro 
3D models, OMS spheres are the closest to in vivo tumor 
conditions, because all tumor fragment dissociation is used 
and all cell types and microenvironment components are 
maintained. Thus OMS biology is similar to the original 
tumor tissue with macrophages, vessels, fibers of collagen, 
and fibroblasts [9]. Some studies show that even long-term 
culturing of OMS did not change the cell properties and 
maintained cell stability compared to tumors observed 
in vivo [105].

OMS were used in studies of cancer cell chemosensitiv-
ity to anticancer drugs [51, 52, 108]. Cell resistance to anti-
cancer drugs could be explained by cell heterogeneity in 
tumors and also in OMS. For example, tumor in vivo and 
OMS in  vitro derived from glioblastoma demonstrated 
resistance to doxorubicin, cisplatin, and etoposide [108], 
and OMS from human mesothelioma showed resistance to 
cycloheximide [51]. A few radio-response studies have 
been also performed on human OMS glioblastoma. 
Radiation induces a low effect on glioblastoma OMS, 
which is observed also in in vivo studies, and this resistance 
may be related to vessel presence in glioblastoma tumor 
and OMS [109].

Thus, OMS model is useful to explore the new treatment 
strategies, because it is closest to the real tumors and the 
response effects in OMS and in patients are similar, and its 
does not loose tumorigenicity, even after cryopreservation 
[105].

Table 2 Advantages and disadvantages of commonly used spheroid 
formation techniques

Method Advantages Disadvantages
Magnetic 3D 
cell culturing

Suitable for forming 
both mono- and 
hetero-type spheroids
Easy to handle
Magnetic tools allow 
spheroid transferring 
between containers
Spheroids are easily 
accessible
Easy to adjust the 
spheroid size by seeding 
different number of cells
It is possible to make 
many spheroids of the 
same type and size at the 
same time
Spheroids can be made 
in a few days

Pre-coated low- 
adhesion plates and 
special magnetic 
nanoparticles are 
expensive
Changing medium or 
spheroid transfer may 
affect spheroid 
integrity and is 
time-consuming

Liquid overlay 
(forced- 
floating)

No specialized 
equipment is needed
Suitable for forming 
both mono- and 
hetero-type spheroids
Spheroid production can 
be scaled up by using 
automatic techniques
Requires a relatively low 
volume of medium and 
testing materials
Spheroids are easily 
accessible
Easy to adjust the 
spheroid size by seeding 
different number of cells
Relatively simple and 
generally reproducible 
method

Pre-coated low- 
adhesion plates are 
expensive and coating 
plates is a time- 
consuming step
Short storage time of 
the coated plates
Changing medium or 
spheroid transfer may 
affect spheroid 
integrity and is 
time-consuming

Hanging drop Easy to adjust the 
spheroid size by seeding 
different number of cells
Relatively simple 
method
Suitable for forming 
both mono- and 
hetero-type spheroids
No need of coating the 
plates with substrates, as 
required in liquid 
overlay culture 
technique
Spheroids show low 
variability in sizes
Spheroids are easily 
accessible

The volume of the 
seeding suspension is 
generally limited and 
does not provide 
enough nutrients for a 
long-term culture
Changing medium or 
spheroid transfer may 
affect spheroid 
integrity and is 
time-consuming
Not suitable for 
high-scale application

(continued)
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4  Tumor Spheroid Formation 
Techniques

Various techniques have been developed to form 3D cell cul-
tures. They can be classified into two categories: scaffold- 
free and scaffold-based methods [110]. Scaffold-free 
methods include magnetic 3D cell culturing (magnetic levi-
tation and magnetic bioprinting), liquid overlay (forced- 
floating) method, hanging drop, agitation-based methods 
(spinner flask and rotational culture systems), and 
microfluidics.

Eligible spheroid formation techniques should be easy to 
handle, time- and cost-effective, and reproducible. However, 
there is no perfect method for 3D cell culturing, and all of 
them have their advantages and disadvantages (Table 2).

4.1  Magnetic 3D Cell Culturing

Using this technique, a cell suspension is incubated with 
nanoparticles composed of iron, gold, and cell-adhesive pep-
tides (e.g., poly-L-lysine) [111]. Nanoparticles electrostati-
cally attach to the cell membranes via cell-adhesive peptides, 
and the cells obtain magnetic properties [112]. Such magne-
tized cells are seeded into ultralow attachment multiwell 

plates and externally affected with a magnetic field to form 
spheroidal structures [111].

According to the position of the magnets, magnetic 3D 
cell culture can be classified into two groups: magnetic levi-
tation and magnetic bioprinting (Fig. 5) [113]. Using mag-
netic levitation method, magnetic drive is placed on the 
multiwell plate and covered with a lid (the magnets are posi-
tioned above the cell suspension). In this way, magnetic 
forces cause cell levitation and cell-to-cell interaction, which 
results in spheroid formation [111]. Meanwhile, using bio-
printing technique, multiwell plates with seeded cells are 
placed directly on the top of the magnetic drive (the magnets 
are positioned under the cell suspension). On the contrary to 
magnetic levitation, using bioprinting technique, cells start 
to aggregate at the bottom of the multiwell plate [113].

This is a simple method that does not require a special 
equipment. Nanoparticles used in these methods must be 
biocompatible without any effect on cell functions and 
 viability. After magnetization, nanoparticles remain attached 
to the cells for at most 7–8 days [113]. Using magnetic pens, 
spheroids can be picked and transferred to other containers 
[114].

4.2  Liquid Overlay (Forced-Floating) 
Method

It is a relatively simple and low-cost method based on the 
cell culturing above nonadhesive surfaces that prevent cells 
from adhesion to the vessel surface [115]. As a result, forced- 
floating cells start to attach to each other, thus forming 3D 
cell aggregates [115]. As nonadhesive surfaces, thin layers of 
agar/agarose, poly-hydroxyethyl methacrylate (pHEMA), or 
Matrigel can be used [114].

The most widely used substances are agar and agarose 
because of their low cost and easy manipulation [116]. In 
order to prepare the plates, these substances are dissolved in 
the water or serum-free medium and sterilized. After that, the 
bottom of the plate is covered with a thin layer of a prepared 
solution and is kept at room temperature for a few minutes 
until the solution jellifies. Prepared plates cannot be stored 
for a long time because water evaporation results in disrup-
tion of the coating [116]. It is recommended to use fresh agar 
or agarose solutions because before usage they must be 
heated, and heat may reduce the stability of substances or 
change the concentration of the solution. The formation of 
spheroids usually takes 1–3 days for most cell lines [116]. It 
is important to mention that agar influences the growth of 
fibroblasts because of sulfate groups in its structure [117].

Besides agar or agarose, pHEMA solution in 95% ethanol 
can be used, as well. Sterilization of pHEMA solution is per-
formed by filtering the solution through 0.22 μm pore mem-

Table 2 (continued)

Method Advantages Disadvantages
Agitation- 
based methods

Allow long-term culture
Suitable for large-scale 
production
Easy to culture cells
The motion of culture 
assists nutrient transport 
and waste removal 
mimicking transport 
in vivo
Spheroids are easily 
accessible

Difficult to control 
spheroid size
Spheroids are 
nonuniform; thus, 
manual selection of 
similarly sized 
spheroids is 
mandatory before 
further assay
The collision of the 
cells with the impeller 
and a turbulent flow 
may cause cell 
damage
Specialized equipment 
and a large amount of 
culture medium are 
required

Microfluidics Suitable for continuous 
production of highly 
controlled aggregates
Very low reagent 
consumption
Its microscale 
dimensions are 
compatible with those of 
many microstructures 
and environments native 
to in vivo systems

Cost of microfluidic 
devices
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brane filters. Such a solution can be stored at 4  °C for 
2 months. However, the preparation of this solution is a time- 
consuming process because it takes a few hours to dissolve 
pHEMA and the evaporation of ethanol takes around 48 h at 
37 °C [116].

Also, commercially available pre-coated plates can be 
used to reduce the time of preparation, but it significantly 
increases the expenses.

In order to obtain round-shaped spheroids, it is important 
to choose plates with U- or V-shaped bottoms. It was 
observed that spheroids formed in plates with flat surfaces 
tend to be elongated and disorganized and have an irregular 
shape [65]. Also, it was observed that horizontal stirring or 
centrifugation enhances spheroid formation by increasing 
physical contact among cells [65]. Some cell lines are unable 
to form dense cellular aggregates; thus, various additives 
(e.g., methylcellulose) or extracellular matrix components 
(e.g., fibronectin, laminin, collagen) may be added to the cell 
suspension. Furthermore, in order to better represent tumor, 
cancer cells can be mixed with fibroblasts [65]. This also 
facilitates spheroid formation. It is important to mention that 
some cell lines do not form compact spheroids. They accu-
mulate next to each other by forming only loose cell aggre-
gates. Spheroid size using this method can be easily adjusted 
by modifying the number of seeded cells [118].

4.3  Hanging Drop Method

Hanging drop method is a relatively simple technique based 
on the surface tension to hang small cell suspension droplets 

on the underside of a tissue culture dish lid [119]. Due to the 
gravitation force, the cells accumulate at the apex of the drop-
let (at liquid-air interface) and aggregate into a spheroid [36].

When forming spheroids using this method, a small 
amount (typically 20–50 μL) of cell suspension is pipetted 
into the wells of a special tray (Fig. 6a). The cell suspension 
forms hanging drops that stay in place because of surface 
tension. At the tip of the drop, accumulated cells form a 
spheroid (Fig. 6b) [120].

This method does not require any special equipment 
[121]. Also, in this technique, any matrices or scaffolds, 
which may affect 3D structures, are not used [120]. Hanging 
drop method is suitable for cocultivation by mixing cell pop-
ulations [121]. When the plate is placed directly in an incu-
bator, the medium tends to evaporate fast. Therefore, it is 
recommended to place the plate in a container with a water 
reservoir to maintain moisture levels and prevent drying-out 
[122]. Also, the volume of the test medium is limited to not 
more than 50  μL since the surface tension cannot keep 
attached larger volumes [120].

4.4  Agitation-Based Methods

Using the agitation-based methods, cell suspension is kept in 
motion in special containers by gently stirring in spinner 
flask bioreactors (spinners) or due to the rotation of the rota-
tional culture systems (rotating wall bioreactors) (Fig.  7). 
This increases cell-to-cell interactions and prevents cell 
attachment to the container wall and sedimentation [120, 
123].

Fig. 5 Spheroid formation using magnetic 3D cell culturing
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These methods are not recommended for drug screening 
because they do not mimic the in vivo microenvironment and 
require a big volume of cell medium. Depending on the size 
of bioreactor, approximately 100–300  mL of cell medium 
may be required [123]. In order to use them for drug screen-
ing, spheroids have to be retrieved from the devices and 
placed into multiwell plates or other cell culture platforms 
[123]. Also, spheroids formed using these methods are non-
uniform; thus, a manual selection of similar-sized spheroids 

is required for subsequent analysis [123]. To avoid this step, 
spheroids may be primarily be formed using the liquid over-
lay method and then transferred to the bioreactor for the cul-
turing [120].

4.4.1  Spinner Flask Bioreactors (Spinners)
Spinner flask bioreactors consist of a container where the 
cell suspension is placed and a stirring element continuously 
mixes the cell suspension. Due to the dynamic high-speed 
stirring, the cells aggregate to each other and form spherical 
structures [120]. Depending on the size of the bioreactor, 
spheroid production can be scaled up to produce large yields 
of spheroids [120].

However, using this method, cells may be damaged due to 
their collision with the impeller and created turbulent flow. 
This may affect cell physiology, proliferation, metabolism, 
and spheroid formation [124]. On the other hand, the flow of 
fluids improves the transport of nutrients to cells and the 
removal of waste products [120].

4.4.2  Rotational Culture Systems
The method is very similar to the spinner flask technique. In 
this approach, instead of using a tank with a rotor, the biore-
actor itself rotates about a horizontal axis. This constant rota-

Fig. 6 Spheroid formation using hanging drop method: (a) schematic of hanging drop plate; (b) steps of the spheroid formation procedure

Fig. 7 Spheroid formation using agitation-based methods: spinner 
flask bioreactors and rotating wall bioreactors
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tion prevents cells from adhesion to the tank walls and 
creates low sheer force. Rotational culture systems are also 
suitable for large-scale production of spheroids.

4.5  Microfluidic Cell Culture Platforms

Microfluidics is a technology of using a small volume of 
fluids in microchannels [123]. The most common microflu-
idic spheroid formation techniques are emulsion-based 
spheroid formation and microwell-based spheroid forma-
tion [123].

Using emulsion-based spheroid formation method, usu-
ally cell suspension in oil is generated (Fig. 8a) [123]. When 
applying the double-emulsion technique, cell suspension in 
oil in culture medium or cell suspension in hydrogel in the 
culture medium is formed [123].

Using microwells, spheroids are formed by filling the 
microchambers of the device with the cell suspension. The 
cells enter the microwells and deposit on the bottom, and due 
to cell-cell interactions, they aggregate to each other by 
forming spheroid structures. Those cells that did not enter 
the microwells are pushed out so that they would not clog the 
microchannels (Fig. 8b) [123].

Microfluidics is suitable for high-throughput drug screen-
ing. Also, it requires minimal volumes of reagents. One of 
the main limitations of this method is difficulty to retrieve 
formed spheroids.

4.6  Scaffold-Based Culture Systems

In this method, natural or synthetic polymers are used to 
mimic natural extracellular matrix and serve as physical sup-
port matrices on which cells aggregate, differentiate, and 
proliferate [93, 120, 125]. Cells can migrate in an interstitial 
space between the fibers of these scaffolds, and by their divi-
sion and binding to one another, they form 3D cell cultures 
[110, 120].

The 3D cell culture formation using scaffolds involves 
either the encapsulation of cells into a base material by mix-
ing cells with scaffold monomers in a liquid state (Fig. 9a) or 
the preparation of microwells by pouring liquid precursor 
solutions into micro-molds and, after the formation of hydro-
gel, seeding them with cells (Fig. 9b) [126].

However, according to studies, scaffold constituents 
may affect spheroid growth [114]. Natural polymers are 
based on various extracellular matrix components and 
include hydrogels, such as collagen, laminin, chitosan, 
hyaluronic acid, agar, fibrin, or silk fibroin protein [93, 
125]. The advantage of natural polymers is high biocom-
patibility [110, 120]. On the other hand, biodegradation in 
cell culturing is an unwanted characteristic as it may affect 
cell growth in unknown ways [110]. Also, scaffolds made 
from natural materials are highly variable, and their 
mechanical properties are limited [110]. One of the main 
commercially available natural polymers used for scaffold 
preparation is Matrigel. Matrigel consists of collagen IV, 

Fig. 8 Application of microfluidics in spheroid generation: (a) emulsion-based spheroid formation; (b) microwell-based spheroid formation
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laminin, perlecan, entactin, matrix metalloproteinase-2, 
and growth factors that are obtained from Engelbreth-
Holm-Swarm mouse tumor basement membranes [127]. 
This polymer mimics in vivo microenvironment and allows 
cell-extracellular matrix signaling, natural cell differentia-
tion, and spheroid growth.

Synthetic materials, such as polymers, self-assembled 
peptides, titanium, and bioactive glasses, are favorable 
because of their defined chemical composition, adjustable 
mechanical properties, and reproducibility [110, 125]. On 
the other hand, synthetic polymers may provide not enough 
sites for cell adhesion and are less biocompatible [110]. 
Also, in order to better mimic natural cellular conditions, 
these polymers may require coating with extracellular matrix 
proteins [110].

Scaffolds can be distinguished into hydrogels and solid- 
state scaffolds [125]. Hydrogels are porous polymeric mate-
rials with high water content [120, 128]. These microstructures 
are formed of physically or chemically cross-linked materi-
als, such as hyaluronic acid, collagen, laminin, alginate, aga-
rose, or polyethylene glycol [110, 128]. Their mechanical 
properties are similar to soft tissues [126]. Hydrogels can be 
used to produce cell microcarriers that enable the formation 
of small, up to 500 μM diameter, spheroids using a small 
volume of medium [120].

Solid-state scaffolds are better reproducible, and their 
chemical and structural surface features can be easier manip-
ulated [125, 129].

In order to isolate spheroids from scaffolds, they can be 
enzymatically, mechanically, or chemically disrupted or 
photodegraded [126, 128]. However, this may affect spher-
oid integrity [128]. Some hydrogels are temperature- sensitive 
and may be liquified by changing temperature [128].

5  Methods for Screening Nanoparticles 
in Spheroids

Nanoparticles are typically tested in cancer cell 2D cultures, 
as this model is relatively simple and cheap. After in vitro 
experiments, in most cases, tests are performed in animals. 
However, in 2010, the European Commission has proposed 
to replace animals with other models wherever possible, and 
researchers are widely discussing this request and trying to 
fulfill it [130]. In order to replace animal models, scientist 
are developing more sophisticated strategies compared to 

Fig. 9 Spheroid formation using scaffold-based methods: (a) spheroid generation by cell encapsulation into porous matrices; (b) spheroid genera-
tion using micro-molds

Fig. 10 Evaluation of nanoparticle toxicity in 3D cultures according to 
spheroid size change by using microscopy
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conventional 2D models that could help to mimic physiolog-
ical properties of in  vivo systems [131, 132]. Despite the 
advances in 3D systems, they still possess many limitations, 
especially in assessing the toxicity of nanoparticles [131].

Tumor spheroids are one of the most popular models of 
3D cell cultures used as a more advanced system for testing 
the anticancer effect of nanoparticles in vitro [133].

5.1  Methods for Evaluating Nanoparticle 
Toxicity in Spheroids

Most often spheroids are used as the model for nanoparticle 
cytotoxicity. One of the most often used methods to estimate 
the potential effect of tested substances on spheroid growth 
is to measure the size of spheroids during experiment and 
compare it with the control (Fig.  10) [134–136]. Spheroid 
pictures could be taken on any light microscope, and later 
obtained images might be analyzed by using Image J soft-
ware (NIH, Bethesda, Maryland, USA) or any other soft-
ware, also MATLAB program, or different macros [137]. In 
the case when spheroids are made from fluorescent-labeled 
cells, their size change could be monitored using a fluores-
cence microscopy [138].

This is a very simple method that allows noninvasive 
monitoring of spheroid size and morphology changes over 
time and to select the endpoint of the experiment at the most 
convenient time for investigator. In addition, the researcher 
may employ any other additional method to test the spheroid 
final status (test the cell viability, analyze histology of spher-
oid, etc.).

In most cases, spheroids are treated when they reach 300–
400 μm [139] or 250–300 μm in diameter [135]. Spheroids 
could be incubated with nanoparticles for different duration: 
usually they are treated for 24, 48, or 72 h [136, 139, 140] 
and sometimes for 4 days [134], 7 days [141, 142], or even 
14 days [138] or 30 days [136].

If spheroids are imaged in the same dish where they were 
produced, some issues could be related to the picture quality. 
It was observed that images are of better quality when spher-
oids are imaged in ultralow attachment 96-well plates com-
pared to 96-well hanging drop plates [141]. In some cases, 
spheroids need to be transferred to different plates for imag-
ing, and there is also a risk of probability to lose them by 
following this procedure or changing the media. This may 
affect the results due to the remaining low number of spher-
oids in some groups [119]. Indeed, as experiments in spher-
oids are more complicated than in conventional 2D cultures, 
scientists often use a limited number of spheroids per group. 
Mostly group consists from 3 to 5 spheroids [139], only 
sometimes ≥10 spheroids are used [134], and more often the 
number of spheroids in one group is not mentioned at all.

However, toxicity evaluation in spheroids by microscopy 
has several disadvantages. Spheroids can become very loose 
or disintegrate during the experiment, and then analysis 
becomes quite complicated. Researchers also noticed that 
the medium change during experiment can also influence the 
results [134]. Indeed, the evaluation of cytotoxicity by mea-
suring the size of spheroid is questionable since it was found 
that spheroid size is not necessarily related to DNA content 
[143].

Also, the effects of nanoparticles on spheroids are quite 
often evaluated using cell viability assays.

For testing nanoparticle toxicity in cells, lactate dehydro-
genase release (LDH) [144], 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) [145], and MTS 
assay [146] are the most widely used methods [147]. Most of 
them are also applied to test cell viability in spheroids, with 
only some modifications.

For example, in the case of MTT assay application in 
spheroids, scientists extend incubation with MTT for up to 
1 day (instead of 4 h) [141]. In general, the procedure is the 
same: 5 mg/mL MTT solution is applied to spheroids at the 
ratio of 1:100, and after the formazan crystals are formed, 
they are dissolved in dimethyl sulfoxide. The absorbance is 
measured at 570 nm and results are calculated using Hill for-
mula (Fig. 11a). This method allows to evaluate cell viability 
in spheroids only once, usually at the end of the experiment. 
Thus many different commercial kits were designed (e.g., 
CellTiter Glo®3D Cell Viability assay, Perfecta3D-Cell via-
bility assay) to perform cell viability studies in spheroids at 
different time points, up to 72 h or even longer incubation 
period (Fig. 11b).

Also it is possible to measure cell viability in spheroids by 
trypan blue assay [148]. In this case, at the end of experiment 
or separate treatments, spheroids are disrupted and washed, 
then trypan blue solution is added, and cells are counted by 
conventional methods in counting chambers or using auto-
mated technique [136] (Fig. 11c).

Similarly, LDH release can be determined in spheroids, 
e.g., using colorimetric assays. The spheroids are treated 
with a special substrate, and the color that appears after incu-
bation is proportional to the number of cells with disrupted 
cellular membrane [149]. The mathematical evaluation is 
done by measuring the absorption [140] (Fig. 11d).

Effects of nanoparticles on mitochondrial membrane 
potential (MMP) and cell viability could be evaluated by 
using specific staining with dyes such as MitoTracker® Red 
CMXRos [140] and analyzing the fluorescence intensity of 
spheroids. Cell viability in spheroids is also measured by 
caspase activity assay kits [150]. Specific gene regulatory 
changes related to potential toxicity of nanoparticles could 
be analyzed [140]. In some cases, the release of chemokines, 
cytokines, and growth factors are evaluated, e.g., in 3D cul-
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tures made from neural cells that produce lower levels of 
chemokines and cytokines compared to immune cells [140]. 
However, Leite et al. after analysis of chemokine and cyto-
kine release revealed that nanoparticles tested in neural 
spheroids do not necessarily induce direct toxicity but are 
capable to unbalance cell physiology. This means that, in 
addition to cell viability tests or morphology analysis, addi-
tional studies on the secreted factors or gene expression are 
recommended. It is known that physicochemical reactivity of 
some nanoparticles, especially metal ones, could lead to the 
formation of free radicals or reactive oxygen species (ROS) 

[151]. Thus researchers also test ROS production in spher-
oids after their treatment.

Immunohistochemistry is an option to analyze spheroid 
morphology [139], especially the bigger ones, and some-
times is also used to test nanoparticle penetration inside 
them [19, 150]. In most cases after the treatment or at the 
end of experiment, spheroids are fixed, washed with etha-
nol, and embedded in agarose gel. Then they are embedded 
in paraffin, cut into slices (usually 3–4 μm), deparaffinized, 
dehydrated, and stained with hematoxylin and eosin or 
specific antibodies for imaging. In some cases, cryosec-

Fig. 11 Main cell viability assays used for testing nanoparticle toxicity in spheroids. (a) MTT assay; (b) special commercial assay for testing cell 
viability in spheroids; (c) trypan blue assay; (d) LDH release assay
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tions of spheroids could be made (about 10  μm) [150]. 
This method enables to analyze the protein expression in 
the spheroid, thus providing a better understanding of the 
mechanisms of the tested nanoparticles. Indeed, the pro-
cess of making spheroid sections requires special skills 
and is not appropriate in such cases when spheroids are 
very small or loose.

The morphology changes of spheroids are also analyzed 
by electron microscopy [118, 140]. This method allows to 

evaluate the complex structure of 3D cultures, to establish 
structural features, e.g., the spatial organization of cells. 
However, both transmission and scanning electron micros-
copy (TEM and SEM) require even more technical skills 
than the immunohistochemistry method described above and 
are therefore used less frequently. Indeed, there are some 
very detailed protocols specifically designed for spheroid 
imaging by electron microscopy, with recommendations and 
tips for researchers [152].

Fig. 12 Methods for evaluating nanoparticle penetration into spheroids. (a) Confocal microscopy of the whole spheroid or its section; (b) induc-
tively coupled plasma mass spectrometry; (c) flow cytometry; (d) analytical chromatography
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5.2  Methods for Evaluating Nanoparticle 
Penetration into Spheroids

Tumor spheroids are used quite often to assess nanoparticle 
penetration inside them, as this process mimics one of the 
most important barriers to nanoparticle entry into the tumor 
in  vivo. Many factors, such as nanoparticle size, shape, 
charge, targeting ability, etc., could influence their cell inter-
nalization and diffusion into the deeper cellular layers inside 
spheroid [153]. Accordingly, scientists have developed and 
adopted many different methods for evaluating the transport 
of nanoparticles in 3D cultures.

Penetration of fluorescent-labeled nanoparticles or those 
containing fluorescent materials inside may be easily studied 
both in live or fixed spheroids by fluorescent or confocal 
microscopy [140, 154, 155] (Fig. 12a). In this case, images 
are usually analyzed and the depth of nanoparticle penetra-
tion and the amount of nanoparticles are estimated. To obtain 
more accurate results by confocal microscopy, multiple 
Z-stack images should be captured by scanning spheroids 
from the bottom up at the same depth interval [156]. However, 
scientists are discussing the possibility of quenching of fluo-
rescence depending on the depth from the spheroid surface. 
In order to reduce the quenching effect, cryosections of 
spheroids could be used. Durymanov et al. tested fluorescent 
latex beads in pancreatic tumor spheroid 10  μm sections 
stained with Hoechst 33342 [150].

Several different approaches could be used together to 
overcome the fluorescence quenching issues. For example, 
besides confocal microscopy, Leite et al. analyzed penetra-
tion of modified gold nanoparticles in spheroids quantita-
tively by inductively coupled plasma mass spectrometry 
(IPC-MS) method [140] which is considered the gold stan-
dard method for metallic detection in cells and organs due to 
the very high sensitivity of the technique [149, 157] 
(Fig. 12b). However, this method is not suitable to determine 
location of nanoparticles within a sample. Thus, ICP-MS is 
often combined with other techniques, e.g., TEM or other 
microscopy methods [157]. Multiphoton fluorescent micros-
copy or two-photon photoluminescence (TPPL) could be 
used as an alternative imaging strategy to observe internal 
structure of spheroids and to evaluate fluorescent nanoparti-
cle delivery into live spheroids [118, 158]. Those nonde-
structive techniques enable to image nanoparticles even in 
deeper layers of spheroids.

Spheroid incubation with Hoechst 33342 facilitated dis-
crimination between cells in the core and periphery by flow 
cytometry (Fig.  12c). Hoechst 33342 has been recognized 
about 40 years ago as the dye allowing to distinguish and sort 
the cells in different layers of 3D cell system [159]. Tchoryk 
et al. used staining with Hoechst 33342 to evaluate doxoru-
bicin and its liposomal formulation transport into different 

layers of HCT116 spheroids [19]. Doxorubicin is naturally 
fluorescent, and it is easy to track it in cells by fluorescent 
microscopy or fluorescence-activated cell sorter (FACS); 
thus, it is used quite frequently by many scientists to study 
nanoparticle transport [155, 160–162]. In the case of doxoru-
bicin or other fluorescent substances or nanoparticles, it is 
possible to analyze its extent of penetration and also evaluate 
its accumulation by mean fluorescence intensity in cells 
[118, 154]. Leite et  al. applied double fluorescent signal 
detection method for evaluation of nanoparticle 
 internalization by flow cytometry: in addition to fluorescence 
signal from nanoparticles, signal from fluorescent-labeled 
targeted protein inside spheroid cells was used [140]. 
However, even more modern techniques are applied, such as 
imaging flow cytometers, that enable to visualize each single 
cell separately and to analyze intracellular localization of 
individual nanoparticles [140].

Instead of the whole nanoparticles, the drug released from 
them could be tested by analytical chromatography 
(Fig. 12d). Lu et al. [142] evaluated accumulation of albumin- 
polycaprolactone nanoparticles encapsulating albendazole in 
pancreatic spheroids. After the treatment, they washed, 
lyophilized, and lysed the spheroids, then extracted albenda-
zole with acetonitrile, and evaluated its concentration by 
high-pressure liquid chromatography (HPLC).

In most cases, the spheroids are treated with nanoparticles 
under static conditions that do not correlate well with the 
actual situation in vivo. Zhang et al. [156] slightly modified 
experimental procedure by adding nanoparticles to the HeLa 
spheroids in 24-well plates and then horizontally rotating 
them at 50  rpm for different times (1, 2, 3, and 4  days). 
Fluorescent cells (with nanoparticles) were imaged by confo-
cal microscopy after spheroid disintegration. In order to study 
the mechanism of penetration, spheroids were pretreated with 
verapamil for 2 h before adding nanoparticles [156], trypsin-
ized, and then imaged for positively fluorescent cells.

5.3  Evaluation of Other Effects in Spheroids

3D tumor spheroids also allow evaluation of some other 
effects that could not be tested in monolayer-grown cell cul-
tures. For example, tested nanoparticles can be added to cells 
prior to spheroid formation to analyze whether they can 
affect cell-cell interactions [16].

It is also possible to test cell migration from spheroids 
(antimetastatic effect of nanoparticles). Lu et al. [142], after 
spheroid treatment with albendazole-loaded nanoparticles, 
washed them, suspended in collagen, and cultured in 
collagen- growth medium matrices for 3 days. The cell migra-
tion from spheroids was analyzed by contrast phase 
microscopy.
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5.4  High-Throughput Methods Developed 
for Spheroid Assays

Recently high-throughput methods both for spheroid forma-
tion and testing are gaining more attention [17, 18, 163]. 
Scientists acknowledge that current methods (both 2D and 
3D) are quite static and do not meet the expectation of closely 
mimicking physiological conditions in vivo, and this is par-
ticularly important for the development of nanoparticles. 
Microfluidic systems that could simulate body fluid flow, 
TME, and the gradient of tested materials are becoming 
more popular [164].

First, they provide an opportunity to perform longer 
experiments and make them easier, as the device can perfuse 
spheroids while simulating natural blood flow in vivo [165, 
166]. Due to this possibility, some constructed microfluidic 
systems could serve as models for the study of tumor angio-
genesis, as well as tissue ischemia, or even to simulate the 
transvascular migration of tumor cells [167].

Several systems are used to test nanoparticle uptake, 
accumulation, and toxicity in 3D cultures. Mitxelena- 
Iribarren et al. [168] designed a microfluidic platform 
that could be used for both nanoparticle uptake and 
toxicity in tumor spheroids. Its advantage is that at the 
same time it allows different drugs or their nanoformu-
lations to be tested simultaneously. Real-time monitor-
ing device for penetration of nanoparticle into tumor 
spheroids was designed in order to mimic the dynamic 
administration of drugs [169]. This system enables to 
study materials in a mimic-organ level. Polystyrene 
nanoparticle penetration into spheroids has been tested 
in a microfluidic device that enables to image quanti-
tatively the depth of penetration by using confocal 
laser microscopy [170].

Electrical sensing microfluidic device was adopted to test 
carboplatin nanoparticle efficacy in 3D TME and to evaluate 
cell susceptibility and resistance [171]. It allows to get the 
results in less than 12 h, which could save a lot of time for 
cancer researchers. For drug efficacy evaluation, there are 
also more elaborated vascularized 3D tumor models, allow-
ing scientists to test TME changes, tumor invasion, and 
metastasis processes, in the presence or absence of testing 
compounds or nanoparticles [172].

6  Challenges in Testing 
of the Nanoparticles in 3D Tumor 
Spheroids

Despite 3D tumor spheroids mimicking the real 
tumors closer than 2D models do, some problems 
may occur during evaluation of nanoparticle effectiv-
ity and interpretation of obtained results. 

Physicochemical properties of nanoparticles, spher-
oid characteristics, spheroid properties, and the 
experimental setup might influence the final result 
(Fig.  13). These determinants should be considered, 
especially when comparing results obtained by using 
different nanoparticles.

6.1  Challenges Arising 
from Physicochemical Properties 
of the Nanoparticles

Physicochemical properties of the nanoparticles greatly 
influence their behavior in vitro and in vivo, including their 
therapeutic or imaging efficiency, accumulation and penetra-
tion in tumor, biodistribution in the organism, and toxicity. 
Nanoparticles behave and diffuse differently compared to a 
simple soluble chemical compound [173]. It may agglomer-
ate (reversible process held by weak interactions), aggregate 
(irreversible process, conditioned by strong physical interac-
tion), and/or sediment, and all these processes affect nanopar-
ticle diffusion and uptake by the spheroid [174]. Medium 
properties also influence the aforementioned processes.

Agglomeration and aggregation of the nanoparticles is an 
important issue to consider as it changes the real nanoparti-
cle amount, which could be uptaken by the cells in the spher-
oid. Nanoparticles that are smaller in size and/or nonspherical 
are shown to be more easily agglomerated. Moreover, 

Fig. 13 Some of the factors that influence effectivity testing results of 
nanoparticles in cancer cell 3D models
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agglomeration of the nanoparticles is also dependent on the 
parameters of the medium which is used in their dispersion, 
such as pH, the composition of the salts, ion concentrations, 
and the presence of serum proteins [173]. As these factors 
lead to a change in the effective nanoparticle dosages, it 
should be always considered while comparing the results 
between different nanoparticles or the same nanoparticle in 
different media. Agglomeration of the magnetic nanoparti-
cles is found to positively affect the efficiency of the hyper-
thermia effect to the tissues; however, to this date, this effect 
has only be studied in 2D tissues [175]. The tendency of the 
nanoparticles to aggregate, also known as stability, is usually 
investigated before the in vitro tests; however, the medium 
used in vitro could contribute to the undetermined aggrega-
tion of the nanoparticles [176].

The dose of the nanoparticles reaching the spheroid should 
be considered in the static conditions as the sedimentation 
effect occurs during the time in some types of the nanoparti-
cles (such as metal, inorganic) [177]. This effect is often 
related only to 2D experiment failure. After nanoparticles 
sediment, their concentration on the surface of the seeded 
cells is increased, and the nanoparticle transportation to the 
cells could be driven because of diffusion, further showing 
inadequate response comparing to possible in  vivo effect 
[178]. The uptake of the cells, in this case, is determined to be 
independent on the physicochemical properties of the 
nanoparticles (size, shape, surface coating) and even its initial 
concentration [179]. However, diffusion and sedimentation 
effects have been deeply investigated on 2D models, and 
computational analysis methods are developed in order to 
investigate the particokinetics in a solution [177, 180]. Still, 
the particle sedimentation and diffusion effects have not been 
investigated in 3D models yet. In such models, strong partico-
kinetic behavior could lead to the opposite result. Nanoparticle 
sedimentation and its lowered effective concentration can 
reduce nanoparticle uptake by spheroids and cells in 3D 
experiment [136]. Sedimentation in in  vivo systems is not 
considered a problem due to the presence of permanent fluid 
flow. Inaccuracies arising from sedimentation could be 
resolved by the use of dynamic flow assays, such as microflu-
idic devices or other continuous medium mixing devices 
[181, 182]. Constant flow condition has also been shown to 
enhance NP penetration into the spheroid [170].

Penetration and accumulation of the nanoparticles inside 
the spheroid is shown to be dependent on the physicochemi-
cal properties of the nanoparticles and might be preliminary 
predicted by computational analysis [183]. These physico-
chemical parameters include size, charge, shape, surface 
properties, ligand attachments, etc. However, computational 
analysis could not replace experiment, because of a change 
in medium, or spheroid formation technique could lead to 
unpredicted penetration, accumulation, and afterward effec-
tivity of nanoparticles.

The size of the nanoparticles plays a huge role in the pas-
sage of the nanoparticles into the spheroid. Smaller nanopar-
ticles penetrate deeper in 3D tumor spheroids due to the 
easier movement through ECM pores [19]. Garcia et  al. 
tested gold nanoparticles of 2, 5, and 14 nm diameter cou-
pled with DNA drug on 3D spheroids and observed that 
smaller nanoparticles penetrate deeper into the spheroid and 
can even enter the cell nucleus. Cellular uptake of 14  nm 
nanoparticles was shown to be higher than those of smaller 
size, but the payload was less likely to reach the nucleus. 
Different particle sizes have their advantages as well as dis-
advantages, and the study again proves that penetration depth 
does not always correlate with long-term efficiency [184]. 
Mikhail et al. have compared the size of the block polymer 
micelles’ influence to their penetration into MCTS and tumor 
xenografts and observed that spheroids properly exhibit size 
reduction benefits for increased penetration rate into the 
tumor. However, smaller nanoparticles in  vivo are rapidly 
eliminated from the tumor site and excreted from the organ-
ism, while the larger ones achieve prolonged retention [185]. 
This tendency was also seen with Fe3O4 nanoparticles, as 
smaller ones penetrated better to the spheroid, but larger 
ones exhibited enhanced accumulation in prolonged experi-
ments, which led to higher multicellular spheroid growth 
inhibition [186]. This shows that optimal experiment time 
should be chosen especially when comparing the effect of 
different size nanoparticles.

It should be noted that NP accumulation could differ 
because of the cell line used and should be evaluated when 
comparing the results. For example, it has been shown that 
pancreatic cancer cells BxPC-3 and PANC-1 uptake polysty-
rene beads differently, and these results correlate with their 
accumulation and penetration in 3D models [187]. 
Furthermore, the spheroids typically exhibit relatively small 
sizes which only represent small tumors and do not show 
nanoparticle fate before it reaches the target, in other words, 
its biodistribution. Small-size nanoparticles, depending on 
their nature, would probably aggregate, be absorbed by 
serum proteins, and be excreted by the liver or kidney in the 
organism. Therefore, this so-called nanoparticles size 
dilemma is lately been solved by constructing nanoparticles 
uploaded with smaller ones [188] or by producing shrinking 
nanoparticles [189].

The charge of nanoparticles also plays a huge role in pene-
tration. Negatively charged nanoparticles diffuse deeper into a 
spheroid, while positively charged nanoparticles are more eas-
ily uptaken by the individual cells, bound by serum proteins 
and stuck in the periphery of the spheroid [190]. Even so, the 
accumulation of nanoparticles with positive charge could be 
greater, due to the nanoparticle-cell interaction as shown with 
amino group-decorated dendrimers [191]. The penetration 
depth into the spheroid is often monitored by confocal micros-
copy, and if the nanoparticles are not fluorescent itself, they are 
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attached with fluorescent molecule markers. These dyes could 
change the surface characteristics of the nanoparticle and its 
behavior, and even if the zeta potential remains the same, the 
behavior could be changed. Tchoryk et  al. have compared 
50 nm polystyrene nanoparticles and observed that even car-
boxylated and unmodified nanoparticles had the same zeta 
potential in HEPES and similar zeta potential in medium; 
unmodified ones penetrated more deeply into the spheroids 
than carboxylated ones [19]. Protein corona, which is formed 
on the surface on the nanoparticles in the presence of proteins, 
also influences the penetration depth of nanoparticles as it 
affects the nanoparticle- cell affinity [170]. Protein corona more 
often forms on the positively charged nanoparticles and further 
changes its behavior. This should be noted while comparing 
results obtained from experiments performed in different 
media. Nanoparticles of different charges behave differently 
due to ECM used for the spheroid formation, and this is dis-
cussed in the bottom section [118].

6.2  Challenges Related to the Spheroid 
Formation and Growth

A major problem in using 3D spheroids as a system to inves-
tigate nanoparticles is that there are no standardized proto-
cols for tumor formation and analysis for clinical 
investigation. The reproducibility of data obtained could be a 
challenging factor [24]. Nanoparticle’s access to its target is 
dependent on tumor tissue. They could be restored in 3D 
spheroid models; however, they have to maintain appropriate 
size, show the binding site barrier, and have the ECM. These 
are the main challenging factors to maintain them the proper 
way, and even the absence of only one of the factor could 
lead to the further failure of the nanoparticle in vivo.

The size of the spheroid is related to nanoparticle activity as 
they better penetrate into the smaller spheroids than in larger 
ones [190]. There is a linear dependency of seeded cell number 
and spheroid size [192]. Hereupon, the challenge arises because 
different cell number for different cell line is needed to form a 
spheroid; thus, cells have their specific tightness of packing the 
spheroid [193]. Therefore, the comparison of the results 
obtained from different cell lines could be misguiding. Bigger 
spheroids have more cells in it which have to undergo metabolic 
adaptation due to the lack of the nutrients; in other words, the 
bigger is the spheroid, the more hypoxic cells are in it [194]. The 
challenge arises on how to produce spheroids with controllable 
and reproducible hypoxic regions, as consumption of oxygen is 
a very important property to the spheroid, but it is not easily 
assessed [195]. The size of the spheroid should be at least 
around 300–400 μm to have hypoxia inside of it, as it is known 
that the diffusion limitation of the oxygen is about 150–200 μm 
[196]. Yet, not all the spheroids are produced in a perfectly 
spherical shape, and this is dependent on its formation tech-
nique [197].

Eccentricity and physical dimensions should be checked 
to ensure the hypoxic environment presence inside the spher-
oid [198]. Nanoparticle activity could be reduced due to the 
presence of hypoxia because hypoxia is often associated 
with cell resistance to the treatment [199]. Also, the activity 
of nanoparticles for PDT and ROS producer carriers is 
dependent on the oxygen amount, and the hypoxic area size 
influences their activity [200]. The penetration to the deeper 
regions of the spheroid could be limited for the nanoparticle 
with negative charge as they would probably be stuck in this 
acidic hypoxia region [201]. Moreover, the hypoxic region 
presence monitoring is very important while investigating 
nanoparticles specifically targeting hypoxic cells.

Cell types used to form spheroid also leads to a diverse 
nanoparticle activity. Homotypic spheroids could be mis-
guiding due to the lack of stromal cells appearing in the 
tumor; thus, heterotypic spheroids are also related to thera-
peutic resistance. Stromal cell existence inside the tumors is 
also related to nanoparticle failure in  vivo, for example, 
because of the binding site or stromal barrier [202]. To obtain 
conditions closer mimicking tumors in  vivo, heterotypic 
spheroids are formed often by including fibroblasts inside 
the spheroid, often by simply mixing them together and then 
forming a spheroid [14]. However, fibroblast barrier to the 
effect of nanoparticles could be obscured in such case and 
give no meaningful results, because fibroblasts, due to their 
tight adherence, tended to organize in the spheroid core 
[203]. Therefore, some scientists test how nanoparticles 
could overcome the barrier by coating spheroids with fibro-
blasts [204]. Another problem related to heterotypic spher-
oids is discerning which cells were actually affected by 
nanoparticles inside of the spheroid [155].

It has been observed that nanoparticles show a reduced dif-
fusion rates in collagen-rich tumors [205]. Therefore, the use 
of collagen, fibronectin, or other proteins of the so-called 
ECM for spheroid formation is desired for the appropriate 
experimental model. Nanoparticles diffuse deeper in the 
spheroid through ECM pores, and their size influences NP 
movement through the spheroid. Some researchers attach 
matrix digesting enzymes on the surface of the nanoparticles, 
which “eat” their way to the spheroid core. ECM together with 
close cell interaction contributes to an increased interstitial 
fluid pressure of the spheroid or tumor, which leads to a 
reduced nanoparticle performance [14]. Moreover, the cell 
proliferation rate and its behavior could be nonrealistic in the 
absence of ECM. The presence of negatively charged ECM is 
a barrier for positively charged nanoparticles [19]. However, 
some studies reveal that the proteoglycans in the tumor consti-
tute a barrier for negatively charged agents as well [206]. 
Therefore, the challenge here arises on how to construct a 
spheroid which mimics tumor ECM as close as possible. 
Another issue is how to maintain the same ECM amount in 
spheroids while investigating ECM targeting nanoparticles 
[207]. Experimental setup where spheroid is surrounded by 
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ECM, and medium is on the top of it, might also be challeng-
ing [192]. To perform longer experiments and maintain spher-
oids longer, the medium has to be changed. Hereupon, 
nanoparticle dosage problems could arise not only because of 
possible nanoparticle sedimentation on collagen layer but also 
due to their penetration and entanglement within it. Also, it 
should be noted that spheroid size together with its functional-
ity could vary due to the hydrogel properties when spheroids 
are cultivated in hydrogels [208].

Medium composition could as well influence spheroid 
structure, particularly the necrotic core thickness. Baye et al. 
observed that spheroids grown in the microfluidic device 
with the constant medium flow with different glucose con-
centration have the same size, but different necrotic core 
[209]. When spheroids are grown without constant medium 
flow, the necrotic core is dependent on medium change peri-
odicity which could also influence nanoparticle penetration 
inside the spheroid depth.

A lack of perfusion is also a dilemma studying nanoparticle 
effect on cell spheroids. Microfluidic devices have been applied 
to mimic dynamic organism conditions; however, such systems 
are not yet applied for massive manufacturing [190].

6.3  Challenges in Observing the Effect

The possibility to observe nanoparticle penetration inside the 
spheroid is very important. Imaging is complicated in such 
systems due to the size and spherical shape. The penetration 
depth of the nanosystems inside the 3D tumor spheroids is 
sometimes difficult to compare because of completely differ-
ent systems used. For example, the fluorescence signal of the 
nanoparticle is measured in one case and by drug or release 
agent in another. As mentioned before, the fluorescent mol-
ecule binding for nanoparticle monitoring could change its 
behavior in 3D system [118].

It is important to mention that the penetration depth of the 
nanoparticles inside the spheroid is not a crucial sign of its 
effectivity. If the tested nanoparticle is a nanocarrier, the 
release of the payload and its penetration is most important 
[7]. However, payloads of the nanoparticle track are more 
complicated, especially for molecules that are not fluores-
cent [210].

7  Conclusions and Future Perspectives

In the last decades, many types of nanoparticles are increasingly 
being developed as drug carriers for cancer therapy. Many of 
them are already applied in clinics for therapeutic and diagnos-
tic purposes. However, the process of nanoparticle introduction 
into clinical practice remains a great challenge as nanoformula-
tions require more sophisticated models to evaluate and predict 
their performance in vivo than small-size molecules.

3D tumor spheroids provide a great opportunity to assess 
nanoparticle suitability for cancer treatment as they mimic 
the real tumor microenvironment much better than conven-
tional 2D cell cultures do. There is a huge variety of tumor 
spheroid formation methods with their own advantages and 
disadvantages. Different types of 3D cultures also possess 
different properties and are suitable for different purposes. 
Thus, it is very important to choose the right tumor model for 
specific nanoparticles and carefully design the whole experi-
ment: to choose the right cell type and spheroid formation 
technique, to decide when to begin the treatment with 
nanoparticles and for which duration, to choose the right 
parameters for the efficacy assessment, and also to choose 
the right analytical method. Combination of several analyti-
cal methods is recommended to evaluate possible effect of 
nanoparticles as each of them has its own limitations. 
Experimental results also should be interpreted carefully, 
especially when comparing them with the data from other 
research groups or even with the previously obtained results 
in the same group.

It is important to have in mind that more complex biologi-
cal system more precisely mimics the real conditions, but at 
the same time it is more dynamic and it becomes more com-
plicated to control all its variables. Even the cell and nanopar-
ticle are not simple systems; thus, it is of great importance to 
make the right decision when choosing an optimal model 
that could be manageable during the whole experiment and 
provide reproducible and reliable results.
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Abstract

Multiple studies about tumor biology have revealed the 
determinant role of the tumor microenvironment in can-
cer progression, resulting from the dynamic interactions 
between tumor cells and surrounding stromal cells within 
the extracellular matrix. This malignant microenviron-
ment highly impacts the efficacy of anticancer nanoparti-
cles by displaying drug resistance mechanisms, as well as 
intrinsic physical and biochemical barriers, which hamper 
their intratumoral accumulation and biological activity.

Currently, two-dimensional cell cultures are used as 
the initial screening method in vitro for testing cytotoxic 
nanocarriers. However, this fails to mimic the tumor het-
erogeneity, as well as the three-dimensional tumor archi-
tecture and pathophysiological barriers, leading to an 
inaccurate pharmacological evaluation.

Biomimetic 3D in  vitro tumor models, on the other 
hand, are emerging as promising tools for more accurately 

assessing nanoparticle activity, owing to their ability to 
recapitulate certain features of the tumor microenviron-
ment and thus provide mechanistic insights into nanocar-
rier intratumoral penetration and diffusion rates.

Notwithstanding, in vivo validation of nanomedicines 
remains irreplaceable at the preclinical stage, and a vast 
variety of more advanced in  vivo tumor models is cur-
rently available. Such complex animal models (e.g., 
genetically engineered mice and patient-derived xeno-
grafts) are capable of better predicting nanocarrier clini-
cal efficiency, as they closely resemble the heterogeneity 
of the human tumor microenvironment.

Herein, the development of physiologically more rele-
vant in vitro and in vivo tumor models for the preclinical 
evaluation of anticancer nanoparticles will be discussed, 
as well as the current limitations and future challenges in 
clinical translation.
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1  Introduction

In the last decades, the active research in the area of cancer 
cell biology and tumor etiology have unveiled the critical 
role of the tumor microenvironment (TME) in tumor pro-
gression, invasion, and metastasis [1]. It has been recognized 
that cancer results from a multistep process, supported by the 
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dynamic interactions between malignant and nonmalignant 
neighboring cells, rather than solely depending on the genetic 
and epigenetic alterations on both oncogenes and tumor sup-
pressor genes of single cells [2]. The TME is a complex and 
heterogeneous organ-like structure divided into two main 
regions: the tumor parenchyma, containing highly prolifera-
tive cancer cells, and the stromal compartment, harboring 
different cell populations, including endothelial cells from 
the blood and lymphatic vessels, pericytes, cancer-associated 
fibroblasts (CAFs), and adaptive and innate infiltrating 
immune cells (Fig. 1). [3]. The stromal cells are settled in an 
extracellular matrix (ECM) composed of an intricate net-
work of glycoproteins, collagen fibers, hyaluronan, sulfated 
glycosaminoglycans, and proteoglycans (Fig. 1) [4, 5].

The cross talk between cancer and stromal cells, includ-
ing cell-matrix dynamic interplay, is driven by both bio-
chemical (i.e., growth and angiogenic factors, cytokines, cell 
adhesion molecules, etc.) and biophysical (i.e., matrix 
 stiffness, contraction, topography and composition, etc.) 
cues that provide insights into the tumor three-dimensional 
architecture and malignant behavior [5, 6]. In fact, tumor 
stroma- mediated interactions involving CAFs and matrix 

components have shown to promote malignant phenotypes 
in benign tissues [7]. Conversely, the addition of nonmalig-
nant components to preestablished epithelial tumors has 
demonstrated to normalize cell phenotype and regenerate 
normal tissue organization [8, 9]. These facts further support 
the critical role of the TME in determining tumor cell fate, by 
regulating their morphology, signaling pathways, prolifera-
tion rates, and metastatic behavior [10].

To further maintain growth and survival of cancer cells, 
the tumor exhibits both drug class-specific (e.g., metabolic 
drug inactivation or lack of drug activation and loss, down-
regulation or mutation of specific therapeutic tumor targets) 
and multidrug resistance mechanisms (e.g., overexpression 
of cell membrane efflux pumps, enhanced antiapoptotic sig-
naling, alterations in cell cycle checkpoints, activation of 
alternative compensatory signaling pathways, enhanced acti-
vation of DNA damage repair mechanisms, etc.) [11, 12]. In 
addition, the TME’s abnormal angiogenic vasculature, with 
subsequent increase of interstitial pressure in the center of 
solid tumors, and dense interstitial matrix protect cancer 
cells from cytotoxic agents by limiting their deeper tumoral 
penetration [13, 14]. Other intrinsic barriers related to (1) the 
tumor chemical milieu, which exhibit low partial oxygen 
pressure, acidic conditions (due to the accumulation of meta-
bolic waste), as well as inhibitory cytokines and growth fac-
tors; (2) the inherent tumor cell molecular heterogeneity; and 
(3) tumor-stroma dynamic interactions further promote 
microenvironment-mediated drug resistance [15, 16], limit-
ing the pharmacodynamics of both free-drug chemothera-
peutics and drug-loaded nanotechnology-based platforms.

Considering the critical role of the TME in the clinical 
success of anticancer nanotherapies, this chapter will firstly 
address the specific barriers posed by the TME that affect the 
pharmacodynamics of nanoparticles at the tumor site. 
Secondly, the development of physiologically more relevant 
in vitro and in vivo tumor models, capable of reproducing the 
TME, will be discussed, further detailing the different types 
of models available, screening applications, and limitations 
and challenges to be overcome in clinical translation.

2  The Impact of the Tumor 
Microenvironment on Cancer 
Nanomedicine

2.1  Targeting Nanoparticles Toward 
the Tumor Microenvironment

In the context of cancer treatment, the administration of 
drug-loaded nanoparticles has shown critical advantages 
over conventional free-drug chemotherapy, particularly in 
modulating pharmacokinetics, enabling a significant reduc-
tion of treatment-related toxicities [17–20]. The primary 

Fig. 1 Schematic representation of the tumor microenvironment. In 
the tumor niche, cancer cells are surrounded by other host cellular com-
ponents including adaptive and innate infiltrating immune cells, endo-
thelial cells from the blood and lymphatic circulation, and 
cancer-associated fibroblasts. These supporting cells regulate ECM 
dynamics (i.e., variable composition and three-dimensional arrange-
ment), as well as malignant behavior of cancer cells, upon secreting 
growth factors, cytokines, and other signaling molecules
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rationale for delivering nanoparticles to solid tumors is 
ascribed to the enhanced permeability and retention (EPR) 
effect, which predicts that systemically administered nano-
carriers tend to accumulate in the tumor site, owing to the 
tumor’s leaky blood vessels and insufficient lymphatic drain-
age [21, 22]. In fact, most clinically approved nanomedicines 
for cancer treatment, including liposomes [18, 19, 23–25], 
albumin-bound nanoparticles [17, 26, 27], and polymeric 
micelles [28], are exclusively based on EPR-mediated pas-
sive targeting. However, from those, few have demonstrated 
significant clinical benefit, in terms of increased survival and 
therapeutic efficacy, over free-drug chemotherapy [17, 24]. 
The cause may be attributed to inefficient tumor drug deliv-
ery, owing to the heterogeneity of the EPR effect in patient 
tumors. Briefly, multiple aspects of nanoparticle’s intrinsic 
properties (e.g., size, shape, charge, surface chemistry, inter-
nal composition, etc.) and systemic biodistribution (e.g., cir-
culation halftime, clearance rate by the mononuclear 
phagocytic system, off-target interactions, tissue penetration, 
etc.), as well as the tumors’ own biological features, can 
influence the extent of the EPR and subsequent drug distri-
bution throughout the tumor tissue [29]. For example, poorly 
vascularized tumors show size-dependent restrictions on 
nanoparticle extravasation and intratumoral penetration, 
owing to the decreased extent of this effect [30]. Hence, the 
EPR effect does not enable uniform drug delivery to all 
regions of the tumor, being highly heterogeneous within and 
between both tumor types (i.e., intra- and inter-tumor vari-
ability) and patients [29, 31].

Although not affecting overall tumor localization, func-
tionalizing nanoparticles’ surface with ligands (including 
antibodies or their fragments) that specifically recognize 
overexpressed molecules on cancer cells has demonstrated to 
enhance the mechanism of cellular uptake [32]. Briefly, 
ligand-mediated targeting enables cell internalization by 
receptor-mediated endocytosis, leading to increased intracel-
lular drug delivery [33–36]. In this context, long-circulating, 
ligand-mediated targeted nanocarriers capable of co- 
delivering synergistic chemotherapeutic combinations spe-
cifically at the tumor site are less prone to tumor-mediated 
resistance mechanisms, in contrast to their nontargeted and 
free-drug counterparts [37–40].

Given the role of the TME in cancer progression and 
tumor-mediated drug resistance, as well as its influence on 
the extent of the EPR effect, several drug-loaded nanoparti-
cles targeting tumor-surrounding cells and other stromal 
components have been developed [41]. Promising targets 
include endothelial cells from the tumor vasculature [42, 43], 
CAFs [44], tumor-infiltrating immune cells such as antigen- 
presenting cells [45] and tumor-associated macrophages 
(TAMs) [46, 47], or even matrix components, like the glyco-
protein tenascin-C [48, 49] and matrix metalloproteinases 
[50, 51]. Multi-targeting strategies toward both malignant 

and nonmalignant cells at the tumor site potentiate 
nanoparticle- mediated modulation of the tumor pathophysi-
ology, further reducing cancer cell viability [52–55].

A different approach, also exploiting the TME’s general 
features to improve selective drug delivery to the tumor, con-
sists of designing stimuli-responsive nanoparticles. These 
trigger-dependent nanocarriers only release their payloads 
when exposed to specific properties of the TME, for instance, 
its acidic conditions [56–58], abnormal redox environment 
[59–61], or overexpression of activated matrix metallopro-
teinases [62, 63], allowing for precise spatiotemporal control 
of drug release kinetics.

2.2  The Tumors’ Intrinsic Barriers 
to Nanomedicine

It is noteworthy that both ligand-coated and stimuli- 
responsive nanoparticles also depend on efficient passive tar-
geting to reach their target sites, thus being susceptible to the 
same limitations of passively targeted nanocarriers [64], 
except for vascular-targeting nanoplatforms where tumor 
accumulation does not depend on the EPR effect. Once at the 
tumor site, both targeted and nontargeted nanoformulations 
are strongly affected by the intrinsic pathophysiological bar-
riers of the TME [64].

Briefly, systemically administered anticancer nanoparti-
cles, after overriding undesirable clearance by the mononu-
clear phagocytic and renal systems, flow to different regions 
of the tumor through blood vessels [65]. The abnormal orga-
nization of the angiogenic tumor vasculature, harboring tor-
tuous and hyperpermeable vessels, leads to spatiotemporal 
heterogeneities in blood perfusion, limiting nanoparticle uni-
form distribution from the systemic circulation to the tumor 
[66]. Notwithstanding the potential of the EPR effect in 
delivering nanomedicines to solid tumors, the combination 
of leaky tumor vessels with dysfunctional lymphatic drain-
age results in high interstitial pressure, which has a detri-
mental effect in nanoparticle extravasation and interstitial 
transport (Fig. 2) [66]. The composition of the ECM, mainly 
its content in collagen fibers, also strongly contributes for 
interstitial hypertension. For example, highly dense, 
collagen- rich desmoplastic tumors prevent nanoparticle deep 
intratumoral penetration to a greater extension than low- 
collagen ones, further promoting their retention in perivascu-
lar regions (Fig. 2) [66, 67]. Moreover, the presence of highly 
proliferative cancer cells within the stroma compartment 
leads to solid stress, causing vessel compression and col-
lapse, which further hinders nanoparticle interstitial penetra-
tion [67].

Apart from the physical barriers, upon reaching the tumor, 
nanoparticles face a hostile environment featuring hypoxic 
regions, tight cell-cell and cell-matrix interactions, low pH, 

In Vitro and In Vivo Tumor Models for the Evaluation of Anticancer Nanoparticles



274

necrotic core, heterogeneous molecular landscape, etc. that 
fuel intrinsic drug resistance, as detailed above. Unwanted 
interactions with stromal cells, such as nonspecific uptake by 
TAMs, may also hinder nanoparticle diffusion [68]. 
Surprisingly, Miller and coworkers have shown that TAMs 
can act as local drug depots, gradually releasing the payload 
of the internalized therapeutic nanoparticles to the TME 
[69].

Strategies to overcome these barriers and improve 
nanoparticle penetration into the tumor interstitium often 
include complementary preconditioning therapies aiming at 
normalizing the TME’s physiological abnormalities [70]. 
For example, vascular normalization through inhibition of 
vascular endothelial growth factor (VEGF)-mediated signal-

ing has demonstrated to enhance the transvascular delivery 
of intermediate-size nanoparticles (20–40  nm) within the 
ECM [71]. Another approach consists of ECM normalizing 
the extracellular matrix upon pretreatment with losartan, an 
angiotensin II receptor blocker (ARB) responsible for reduc-
ing collagen production, leading to a dramatic reduction in 
stromal collagen. This in turn enabled enhanced tumoral 
penetration and subsequent therapeutic efficacy of liposomal 
doxorubicin in desmoplastic tumor models [72].

In summary, the aberrant vasculature, high interstitial 
pressure, and variable matrix composition of the TME pre-
vent nanoparticle homogeneous intratumoral distribution 
and subsequent uniform drug delivery throughout the tumor 
tissue. Moreover, the TME’s hostile chemical milieu and het-

Fig. 2 The barriers of tumor microenvironment to nanomedicine deliv-
ery. The tumor vasculature high permeability along with vessel com-
pression (subsequent to the physical forces arising from proliferating 
cancer and stromal cells) and poor lymphatic drainage lead to spatio-
temporal heterogeneities in tumor perfusion, which prevent nanoparti-
cle uniform distribution. Upon extravasation from tumor vessels, 
nanoparticles face a hostile environment characterized by interstitial 
hypertension (i.e., high hydrostatic pressure outside the blood vessels 

further increased by dense ECM rich in collagen fibers), hypoxia, and 
acidosis. Unwanted interactions with stromal cells, namely, with 
immune infiltrating cells, may also hinder nanoparticle diffusion. The 
abnormal tumor vasculature combined with high interstitial pressure 
and hostile chemical conditions prevents nanoparticle deeper tumoral 
penetration, promoting their perivascular accumulation. Hence, the 
TME poses a challenging barrier to the delivery and efficacy of cancer 
nanomedicine
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erogeneous molecular landscape limit the biological effects 
of nanotechnology-based platforms, decreasing their thera-
peutic benefit. Accordingly, understanding the complex role 
of the TME on the regulation of nanoparticle antitumor effi-
cacy is of utmost importance upon the rational design of 
novel nanotechnology-based platforms for cancer treatment, 
particularly for the ones aiming at targeting and modifying 
its features. Therefore, given the impact of the TME in anti-
cancer nanomedicines, as well as the potential of nanotech-
nology to modulate the tumor in its favor, the incorporation 
of TME’s key features on both in vitro and in vivo screening 
systems emerges as a crucial factor to consider, within the 
preclinical evaluation of cancer nanomedicine. The genera-
tion of tumor models that more closely mimic the pathophys-
iology of human cancers, in order to provide more predictive 
therapeutic results, will be discussed below.

3  Preclinical Evaluation of Anticancer 
Nanoparticles In Vitro

3.1  Conventional Two-Dimensional 
Systems

3.1.1  General Features and Limitations
The concept of cell culturing was first introduced in 1907 by 
Harrison, who developed a method for maintaining biologi-
cally viable cells (i.e., active proliferation and differentia-
tion) outside their organism of origin [73, 74]. Cell cultures 
have now been used for over a century as in vitro research 
models to lighten up the fundamental aspects of cell molecu-
lar biology and biochemical pathways, tissue morphogenesis 
and engineering, regenerative medicine, and mechanisms of 
disease, as well as to preform pharmaceutical studies [75–
77]. In two-dimensional (2D) culture systems, cells previ-
ously isolated from living tissues grow homogeneously as 
monolayers attached to rigid plastic or glass substrates in 
culture flasks, Petri dishes, multi-well plates, or glass slides, 
filled with growth medium. These systems present  significant 
advantages being well established models widely available 
with high robustness, low-cost maintenance, easy handling, 
and ability to perform high-throughput drug screening tests 
in a timely manner [78, 79].

Albeit the conventional use of 2D models as reliable tools 
for biomedical research and drug discovery, they exhibit sev-
eral limitations, poorly representing the physiological pat-
terns of cell differentiation, morphology, cytoskeletal 
organization, metabolism, migration, and signal transduction 
(Fig. 3) [76, 80–82]. Briefly, in a physiological environment, 
cells grow surrounded by different cell types in a three- 
dimensional architecture, within a complex matrix contain-
ing extracellular ligands responsible for regulating cell 

adherence and migration pathways [83]. In this network, 
cell-cell and cell-matrix communications are driven by both 
biochemical and mechanical cues, which in turn are respon-
sible for maintaining the tissue’s specificity and homeostasis 
[83, 84]. However, on 2D monocultures lacking a supportive 
matrix, these dynamic interactions and their inherent bio-
logical cues and molecular gradients are lost, leading to the 
dysregulation of innumerous biological processes, including 
cell migration, functional differentiation, proliferation, sig-
nal transduction, and stimuli responsiveness [82, 85]. 
Without environmental signaling, cultured cells significantly 
reduce their production of matrix proteins and undergo mor-
phological changes, becoming progressively flatter with 
increased spreading capacity (i.e., abnormal proliferation 
leading to unnatural growth kinetics) [81, 86]. Moreover, on 
2D conditions, cell surface receptors preferentially cluster on 
the cell parts directly exposed to the culture media, rich in 
nutrients, growth factors, and other ligands, rather than on 
the attached side of the cell. Nonphysiological orientation 
and clustering of cell receptors are likely to affect not only 
both intra- and intercellular signaling and subsequent pheno-
typic differentiation [86, 87] but also the binding efficiency 
of drugs designed to directly target those receptors [88].

The inherent limitations associated with rigidly adhered 
monolayer cultures become even more unwieldy in tumor 
biology studies, where the lack of structural features of the 
TME, namely, its heterogeneous stromal cell population and 
complex three-dimensional extracellular matrix, further 
decreases the physiological relevance of these models [89–
91]. The conventional use of immortalized cell lines in can-
cer research is supported by their well-established genetic 
and histological classification, for each cancer type [92, 93]. 
However, it has already been shown that gene expression 
profiles of cultured tumor cells differ from their correspond-
ing tumor tissues in vivo, which further highlights the impact 
of the TME three-dimensional architecture and cellular cross 
talk in determining tumor cell expression patterns, and sub-
sequent biological activity [94–97]. In addition, mRNA 
splicing patterns have also demonstrated to be altered in 
tumor cells cultured under 2D conditions [98].

3.1.2  Screening Cancer Nanoparticles in 2D 
Models

In the field of cancer nanomedicine, established cancer cell 
lines are routinely used as the main in vitro model, preceding 
animal studies, for the initial preclinical evaluation of the 
effectiveness and safety of potentially therapeutic nanopar-
ticles. Consequently, cell-based cytotoxicity assays assume a 
determinative role on the construction of “stop/go” decisions 
concerning the initial steps of nanomedicine development 
[99]. However, testing nanotechnology-based platforms in 
oversimplified 2D systems lacking general features of the 
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TME – herein demonstrated to play a critical role in regulat-
ing nanoparticle intratumoral distribution and antitumor effi-
cacy – might lead to misleading results, not reflective of the 
behavior in  vivo [91]. For instance, while tumor cells on 
static 2D cultures are settled in a uniform environment with 
unlimited access to nutrients and oxygen, cells on solid 
tumors are exposed to chemical gradients and heterogeneous 
fluid supplies that influence their malignant behavior [100]. 
The lack of physical barriers on 2D models provides nanopar-
ticles straightforward access to tumor cells, enabling uni-
form drug delivery, which starkly contrasts with their 
heterogeneous distribution in solid tumors, owing to the 
intrinsic barriers of the TEM [66]. Moreover, the absence of 
tumor-stroma interactions precludes the generation and 
maintenance of microenvironment-mediated drug resistance 
mechanisms [16, 101], rendering cells on 2D cultures more 
sensitive to chemotherapeutic nanoparticles [102].

Accordingly, positive results provided by 2D screening 
platforms, concerning the efficacy of novel nanoformula-
tions, demand critical assessment, avoiding overinterpreta-
tion, as nanoparticles are optimized to be highly effective on 

biased preclinical systems, rather than on real pathophysio-
logical conditions [91].

3.2  Emerging Three-Dimensional Tumor 
Models

The awareness of the biological limitations and poor predic-
tive power of 2D tumor cell cultures in cancer research and 
drug discovery has highlighted the critical role of including a 
third dimension on cell-based assays [103]. This paradigm 
shift has prompted the development of biomimetic three- 
dimensional (3D) cell cultures, capable of more closely 
reflecting the complexity of the human TME in vivo [104]. 
For example, Mina Bissel’s group, one of the pioneers of 
organotypic tumor models (i.e., coculture of both tumor and 
stromal cells within a naturally derived ECM in 3D condi-
tions), soon realized the importance of the tumor architecture 
in vitro [103]. They have shown that breast cancer cells cul-
tured in 3D conditions underwent morphological and polar-
ity changes, generating disorganized proliferative masses 
that closely resembled the ones observed in  vivo during 

Fig. 3 Strengths and limitations of 2D and 3D cell culture systems. 
Two-dimensional cell culture has been the mainstay of cancer research 
due to its simplicity, cost-effectiveness, and reproducibility. However, 
its inherent limitations have prompted the development of 3D cell cul-
ture systems. By mimicking normal cell-matrix and cell-cell interac-

tions, complex 3D tumor systems more closely represent the 
TME. Notwithstanding, the added expense, the laborious production, 
and the low reproducibility of 3D models decrease their experimental 
tractability when compared to monoculture systems
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tumor progression [105, 106]. Indeed, it has been demon-
strated that gene expression profiles of 2D cultured cells 
highly differ from those of the same cells cultured in 3D con-
ditions, which in turn are similar to those observed in clinical 
tumor samples [107–109], such as the upregulation of genes 
encoding chemokines (e.g., interleukin-8) and angiogenic 
factors (e.g., angiopoietin and vascular endothelial growth 
factor) [110].

Nevertheless, despite the large improvement in the patho-
physiological relevance, one should be aware of the chal-
lenges associated with 3D models, arising from their higher 
biological complexity [111]. Compared to well-established 
2D systems, the generation of 3D models is time-consuming 
and poorly cost-effective, requires trained handling, and 
lacks reproducibility between research groups, owing to the 
inefficient standardization of experimental protocols (Fig. 3) 
[79]. Moreover, the methods applied to characterize or screen 
drug-induced modifications in these models must be adjusted 
to their 3D architecture and physical properties [112] and 
thus possibly differ from those used to evaluate the same 
parameters in 2D cultures. This theme will be further 
assessed on Sect. 3.2.2.

Regarding drug response, in contrast to cells cultured in 
monolayers, 3D cell systems have revealed significantly 
reduced sensitivity to chemotherapeutic agents in several 
studies [113–115], including to anticancer nanoparticles 
[116]. These outcomes highlight the capacity of 3D systems 
to reproduce some of the tumor-mediated drug resistance 
mechanisms, mainly due to their intrinsic tumor tissue- 
specific properties and cell-cell/cell-matrix dynamic cross 
talk, which are hardly achieved/maintained in 2D cell cul-
tures [117]. Therefore, the inclusion of a third dimension on 
the preclinical evaluation of anticancer drugs, mainly anti-
cancer nanoparticles, is of outmost importance to obtain 
more accurate results, capable of better predicting their anti-
tumor efficacy in vivo. In this respect, the development of 3D 
in vitro tumor for drug screening has risen dramatically over 
the past years [102, 118, 119], and currently, a wide range of 
different 3D models are being applied in the preclinical eval-
uation of anticancer nanoparticles, as discussed below.

3.2.1  Types of 3D Models and Screening 
Applications

Multicellular Tumor Spheroids
The concept of multicellular tumor spheroids (MCTS) was 
first introduced by Costachel and colleagues who demon-
strated that cancer cells cultured in a nonadhesive agar sub-
stratum were capable of forming proliferative aggregates in 
suspension (cell islands) [120]. MCTS are 3D constructs, 
with a diameter range from 100 μm to 1000 μm, based on the 
self-assembly of tumor cells cultured in suspension, deprived 
from attaching to a growth-promoting substrate [121].

There are several approaches described to generate 
MCTS, such as the liquid overlay and hanging drop meth-
ods, the use of ultralow attachment plates and rotatory biore-
actors (e.g., stirred culture vessels/spinner flasks and gyratory 
rotation systems) for large-scale production, or magnetic 
levitation/bioprinting techniques [122, 123]. It is noteworthy 
that the formation of MCTS can be enhanced by the addition, 
into the culture media, of ECM components, like collagen or 
fibronectin [124, 125] or materials like methylcellulose 
[126]. These additional components provide external cell- 
matrix support amplifying cell-cell and cell-matrix interac-
tions, thus promoting spheroid assembly. Details on these 
methods can be consulted in Table 1.

These spherical models are one of the most well charac-
terized and versatile methods to culture cancer cells in 3D, 
allowing for the generation of physiologically relevant 
in vitro models for the preclinical evaluation of nanoparticles 
[143, 144]. Briefly, owing to their 3D arrangement and 
endogenous deposition of extracellular matrix, MCTS pres-
ent increased cell-cell contacts, including tight junctions, 
and cell-matrix interactions [121, 145], which are responsi-
ble for the discrepancies in gene and protein expression pat-
terns between these cells and their monolayer counterparts 
[146, 147]. MCTS with ≥200 μm radii (the diffusion limit to 
oxygen is about 150–200 μm) exhibit differential cell prolif-
eration rates throughout the spheroid, featuring a highly pro-
liferating region on the outer rim and a quiescent region on 
the inside, owing to the limitations in oxygen and nutrient 
diffusion [148, 149]. Larger MCTS (≥400–500 μm diame-
ter) present a concentrically layered structure with a necrotic 
hypoxic core containing apoptotic cells, surrounded by qui-
escent cells and followed by actively dividing, peripheral 
tumor cells, closely mimicking the pathophysiological orga-
nization of poorly vascularized regions of solid tumors 
in  vivo [145, 148]. Therefore, MCTS are able to emulate 
both physical and biochemical barriers of the TME, owing to 
their inherent cell-cell and cell-matrix interactions, as well as 
gradients in oxygen and glucose distribution, accumulation 
of metabolic waste leading to acidosis, and different prolif-
eration profiles [117, 149, 150]. Moreover, coculture-derived 
MCTS, harboring tumor cells and other cell types from the 
TME, like endothelial cells [151, 152] or stromal fibroblasts 
[127, 153], constitute more advanced 3D cell cultures capa-
ble of better recapitulating in vitro the intercellular signaling 
pathways and tumor tissue-specific properties observed 
in vivo. For instance, Priwitaningrum et al. have developed 
two 3D coculture spheroid models, harboring human breast 
cancer cells/pancreatic tumor cells and fibroblasts, to evalu-
ate the penetration level of silica and PLGA nanoparticles 
[154]. In this study, spheroids containing stromal fibroblasts 
(heterospheroids) presented decreased extent of nanoparticle 
penetration, relative to tumor cell-derived spheroids (homo-
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Table 1 Multicellular tumor spheroid forming methods

Method Description Schematic figure References
Liquid overlay Culture of suspended cells on a 

nonadherent surface (e.g., agar, 
agarose, polyHEMA)

[127, 128]

Matrix-based MCTS Matrix on 
top

Cells are seeded on the top of 
solidified matrix and spontaneously 
aggregate into spheroids and remain 
attached to the matrix

[129–132]

Matrix 
embedded

Cells or preformed spheroids are 
suspended in liquified matrix and 
dispensed onto pre-coated wells. 
Cells get embedded within the 
matrix upon gelation

Ultralow attachment plates (same principle of 
liquid overlay method)

Cells are seeded in plate wells 
coated with an inert substrate, 
which prevents cell attachment. 
Cells aggregate into visible 
spheroids

[133, 134]

Bioreactors
  Computer-controlled culture 

systems that provide monitoring 
and automated control of 
environmental culture variables 
like temperature, pH, and 
oxygen.

Spinner
Flasks

Cells grow into spherical aggregates 
in culture flasks with a central 
magnetic stirrer that ensures 
continuous distribution of oxygen 
and nutrients throughout the 
medium. MCTS are generated under 
high sheer force owing continuous 
motion of the stirring bar

[135–137]

Rotating 
culture 
systems

Cells are cultured in horizontally 
rotating cylindrical culture vessels 
with no internal stirring 
mechanisms. This method allows 
cells to remain suspended in 
simulating microgravity conditions 
with minimal mechanical cell 
damage

Hanging drop Droplets of cell suspension, held by 
surface tension, are dispensed onto 
the underside of the lid of culture 
vessels. Gravity drives cell 
aggregation at the bottom of the 
drop, enabling the production of 
uniform-sized spheroids

[138, 139]

Magnetic levitation and bioprinting Cells labeled with magnetic 
nanoparticles (e.g., SPIONs – Super 
paramagnetic iron oxide 
nanoparticles) are pulled up once a 
magnet is placed on top of the plate 
(i.e., magnetic levitation) or down, 
if the magnet is placed beneath the 
plate (i.e., magnetic bioprinting) 
and rapidly self-aggregates into 
spheroids

[140–142]
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spheroids), further highlighting the physical barrier held by 
the tumor stroma, within the TME [154].

In summary, all these features allow MCTS not only to 
recapitulate some of the intratumor barriers faced by nano-
carriers but also to model tumor-associated drug resistance 
mechanisms, since cells in these systems are generally more 
chemoresistant than cells in monolayers [113, 126, 155], and 
thus provide more accurate results on nanoparticle’s antitu-
mor efficacy.

Owing to their tumor biomimetic features, the application 
of MCTS in the evaluation of novel nanotechnology-based 
platforms has been emerging since 2004 [156]. Currently, 
several preclinical studies report the use of 3D MCTS to 
screen anticancer nanoparticles, namely, their intratumoral 
distribution and antitumoral effect. For instance, Kim et al. 
used cervical carcinoma cell-derived 3D MCTS to evaluate 
the delivery of doxorubicin-loaded triblock polymeric 
micelles in comparison with free doxorubicin [157]. The 
penetration of the polymeric micelles was first evaluated by 
imaging doxorubicin autofluorescence in MCTS sections 
and further complemented with fluorescein-labeled micelles, 
both assessed with fluorescence microscopy. While diffusion 
of doxorubicin alone was limited to the outer layers of the 
spheroids, drug-loaded micelles were able to penetrate the 
core and thus improve the efficiency of doxorubicin penetra-
tion [157].

MCTS are particularly useful as tumor models in vitro to 
evaluate both functionalized and stimuli-responsive TME- 
targeted nanoparticles. In a study performed by Cantisani 
et al., the delivery efficiency of doxorubicin-loaded biocom-
patible nanoparticles harboring a MMP2 (matrix metallopro-
teinase 2)-sensitive cleavable peptide was assessed by 
confocal microscopy in glioma-derived spheroids, overex-
pressing MMP2 [158]. Spheroids treated with MMP2- 
sensitive nanoparticles exhibited higher fluorescence, 
indicating increased doxorubicin accumulation, and tended 
to disaggregate after 48 h of incubation, in contrast with non-
targeted nanoparticles [158].

Other stimuli-responsive nanoformulations, in which the 
release of the encapsulated drugs is triggered on the tumor 
site by an external stimulus, like heat (i.e., thermo- responsive 
nanoparticles) [159] or light (e.g., nanoparticles loaded with 
a photosensitizer agent for photodynamic therapy) [160, 
161], have also been evaluated on biomimetic MCTS.  In 
these studies, cellular uptake, nanoparticle’s intratumoral 
distribution, and spheroid disassembly (i.e., indicator of 
tumor cell death) were assessed by optical-based methods, 
including wide-field optical microscopy and confocal laser 
scanning (CLS) microscopy [159, 160].

In respect to ligand-mediated targeted nanoparticles, sev-
eral studies have applied MCTS as models of hypovascular-
ized tumors to evaluate their distribution gradients, 
intratumoral penetration, and antitumor activity over nontar-

geted nanoparticles [162, 163]. For instance, MCTS con-
structed from neuroblastoma cells were used to assess the 
activity and tumor penetration profile of doxorubicin- 
encapsulated boronic acid-rich chitosan (CS-PAPBA) 
nanoparticles, functionalized with the tumor-penetrating 
peptide iRGD [164]. The intratumoral distribution of both 
unlabeled and FITC-labeled doxorubicin-loaded CS-PAPBA 
nanoparticles was analyzed through a CLS microscope, and 
a growth inhibition assay was performed on the MCTS, to 
assess CS-PAPBA nanoparticle cytotoxic activity, by mea-
suring the spheroid diameter with an optical microscope. 
Increased intratumoral penetration of iRGD-conjugated 
nanoparticles over their free-drug and nontargeted counter-
parts was observed, but most importantly, the results obtained 
in 3D conditions were in accordance with the ones of antitu-
mor efficacy in vivo [164].

More recently, Wojnilowicz et al. have used MCTS con-
structed from prostate cancer cells (PC3 spheroids) to evalu-
ate the gene knockdown efficacy of glycogen-based 
nanoparticles containing anti-survivin siRNA [165]. These 
nanoconstructs were able to penetrate the spheroids and 
mediate survivin downregulation in levels comparable to 
those observed in 2D cultures [165].

Finally, it is noteworthy that the same nanoparticles can 
display distinct cellular responses whether they are tested on 
2D monolayers or 3D MCTS [166]. For example, in a com-
parison study, Du et  al. demonstrated that paclitaxel- 
conjugate micelles were significantly more cytotoxic in 
prostate 3D MCTS in contrast to 2D prostate tumor cell cul-
ture, where free paclitaxel exhibited higher antitumor activ-
ity instead [134]. In another study, gold nanoparticles 
exhibited distinct uptake efficiencies and cell growth profiles 
in colorectal carcinoma cell-derived 2D monolayers and 3D 
spheroids, further highlighting that the experimental results 
obtained from 2D cultures do not reflect the 3D cellular 
behavior [167].

Scaffold- and Matrix-Based 3D Culture Systems
The advances in the field of tissue engineering and biomate-
rials enabled the design of more advanced matrix- and 
scaffold- based 3D in vitro tumor models, capable of better 
reflecting the biochemical and biophysical cues provided by 
the natural ECM in the TME [168].

The most commonly used biomaterials for constructing 
these 3D tumor models include naturally derived matrices, 
hydrogels, and polymeric scaffolds [86]. Among naturally 
derived matrices, Matrigel™ – a popular laminin-rich extra-
cellular matrix (lrECM), mostly containing type IV collagen 
and laminin, which is derived from secreted basement mem-
brane extracts of Engelbreth-Holm-Swarm mouse sarcoma 
cells [169, 170] – is the most prominent one [171, 172], fol-
lowed by type I collagen gels [173, 174]. It is noteworthy 
that being composed by natural components, ECM-based 
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matrices often contain residual levels of endogenous chemo-
kines, growth factors, and other undefined constituents that 
contribute for batch-to-batch variability and subsequent lack 
of reproducibility [175]. On the other hand, engineered bio-
mimetic hydrogels, either constructed from natural (e.g., 
self-assembling peptide systems composed of natural amino 
acids [176]) or synthetic (e.g., PEG, poly(ethylene glycol)-
based hydrogel platform [177]) copolymers, present more 
controllable and reproducible characteristics, offering lot-to- 
lot uniformity. Polymeric scaffolds are an alternative 
approach to hydrogels, where the solid and well-defined 
structure of the former enables tumor cell growth in a spe-
cific 3D spatial configuration, closely resembling the organi-
zation of the tumor in vivo. Other important features are their 
high porosity and biodegradable nature, enabling cell attach-
ment and proliferation, as well as scaffold’s degradation in 
accordance with cell growth kinetics [178]. Accordingly, 
in vitro 3D scaffold-based models have been widely applied 
in cancer biology studies [179, 180], as well as in the evalu-
ation of efficacy of anticancer drugs [181, 182].

Owing to their recognized physiological relevance, both 
scaffold- and matrix-based 3D cell culture systems have 
been applied in the preclinical evaluation of nanoparticles. 
For example, Xu et al. developed a hyaluronic acid-derived, 
hydrogel-based 3D prostate cancer model for the in  vitro 
evaluation of doxorubicin-encapsulating nanoparticles [102]. 
When compared to tumor cells grown in 2D conditions, cells 
cultured on the crosslinked 3D hydrogel exhibited higher 
expression of multidrug resistance proteins, closely resem-
bling prostate cancer cells in vivo, and therefore were more 
resistant to the treatment with both free and encapsulated 
doxorubicin [102].

In a different context, Belli et  al. used a 3D collagen 
matrix-based culture system, composed of human fibrosar-
coma cells, to study the effect of a 3D ECM on the diffusion 
and uptake kinetics of polystyrene nanoparticles with differ-
ent sizes (44 and 100 nm) [183]. The intricate network of 
collagen fibers significantly hampered 100 nm of nanoparti-
cle diffusion, subsequently slowing down cellular uptake, in 
comparison with their straightforward transport in standard 
2D cultures. Moreover, the study points out the influence of 
the cytoskeleton assembly on nanoparticle internalization. 
Cells cultured in the 3D collagen model showed a different 
cytoskeleton arrangement, highlighting the importance of 
understanding the nano-cellular-matrix dynamic intercon-
nection in biomimetic 3D experimental models [183]. 
Similarly, Biondi et  al. have shown that sub-100  nm 
doxorubicin- loaded nanoparticles exhibited higher extent of 
cytotoxic activity than their larger counterparts in a 3D 
collagen- based model harboring cervix carcinoma cells 
(HeLa), reinforcing the role of nano-bio interactions on a 
size-dependent perspective [184].

More recently, an innovative gelatin microscaffold-based 
3D coculture system, harboring epithelial breast cancer cells 
and CAFs, has been developed to evaluate the efficacy of a 
doxorubicin-loaded MMP2-responsive nanoformulation 
[158, 185]. In this 3D breast cancer microtissue, both tumor 
cells and CAFs are embedded in their own ECM, which 
enables to recapitulate in  vitro key features of the TME 
in  vivo, including the overexpression of MMP2. MMP2- 
dependent drug release was demonstrated, inducing a signifi-
cant reduction in 3D cell viability, along with the reliability 
of the 3D microtissue model as a screening platform for drug 
delivery systems [185].

Tumor Explant Cultures
Unlike the aforementioned 3D models, which are based on 
the reconstruction of the TME in vitro, tumor explant cul-
tures are alternative 3D systems that maintain the original 
architecture and composition of the tumor tissue in  vivo 
[186]. In this approach, small samples (1–2 mm) or slices of 
patient-derived tumor tissues, previously excised during sur-
gery or collected after biopsy, are cultured in ex vivo condi-
tions, on a semiporous membrane, atop a collagen-coated 
surface or embedded in a 3D gel [187–189]. Of note, since 
tumor vessels become dysfunctional after excision, tumor 
slices must be thin enough (200–300 μm thick) to allow suf-
ficient nutrient and oxygen supply through diffusion mecha-
nisms and simultaneously preserve histological features 
[190, 191].

Regarding their ability to retain tumor’s molecular hetero-
geneity, 3D organization, and microenvironmental barriers, 
including pathophysiological cell-cell/cell-matrix interac-
tions, ex  vivo explants are particularly suitable for drug 
screening assays, providing the opportunity to evaluate 
patient-specific biological responses [192–194].

Nevertheless, despite the significant benefits, culturing 
tumor slices ex vivo harbors critical limitations, such as the 
dependency on ready access to viable biological material in 
sufficient quantities, as a consequence of ex vivo short-term 
cellular viability, and the high intra- and inter-tumor vari-
ability of the samples collected. This requires the use of his-
topathological controls and verification of the tissue content 
[190, 195].

In respect to cancer nanomedicine, ex vivo cultured tumor 
slices of 200 μm thick, obtained from non-small cell lung 
cancer patients, were used to evaluate the delivery and bio-
logical activity of chitosan-coated PLGA nanoparticles 
incorporating anti-telomerase antisense oligonucleotides 
[196]. The nanoparticles were able to penetrate throughout 
the tumor slice and inhibit the activity of telomerase in an 
extent comparable to that observed in 2D primary cultures of 
non-small cell lung cancer cells (40% and 45% reduction on 
telomerase activity, respectively) [196].
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3D Microfluidic Platforms
Microfluidic technologies offer the opportunity to precisely 
control, in a spatiotemporal manner, small volumes of fluids 
within a cell culture device, enabling the generation of 3D 
gradients of key molecules (e.g., oxygen, nutrients, chemo-
kines, and drugs) in solution [197]. A microfluidic device is 
a compartmentalized 3D platform harboring microwells 
interconnected by vasculature mimicking microchannels, 
etched onto the surface of biocompatible, inert materials, 
like glass or polydimethylsiloxane (PDMS). These devices 
enable the simulation in vitro of the physicochemical envi-
ronment and vascular perfusion in  vivo, allowing for an 
organ-level functionality not achievable with 2D cultures or 
conventional 3D models [198].

Tumor-on-a-Chip Models
Accordingly, microfluidic-based tumor-on-a-chip models 
have been developed, in which tumor cells and stromal cells 
from the TME are cocultured in continuously perfused 
chambers, within a specific 3D arrangement [199]. The abil-
ity to manipulate fluid motion and cell culture substrates 
allows tumor-on-a-chip models to reproduce the various 
mechanical cues featuring the TME in vivo, as well as com-
plex cell-cell and cell-matrix interactions mediated by solu-
ble or insoluble biological factors [200].

The development of tumor-on-a-chip models is highly 
desirable for drug screening assays [201]. Firstly, the abil-
ity to reproduce organ/tumor-level pathophysiological 
functions enables them to closely mimic in vitro the phar-
macological responses in  vivo. This could provide more 
accurate results on the antitumor efficacy and safety of 
potential candidates, early in the process of drug develop-
ment [200]. Secondly, the optical transparency of these 3D 
models allows for real- time imaging and quantitative high-
resolution analysis of nanoparticle delivery kinetics under 
flow conditions.

For instance, Albanese et al. have developed a two-layer, 
PDMS-based tumor-on-a-chip platform harboring multicel-
lular spheroids composed of melanoma cells, embedded in a 
ECM-mimicking matrix [202]. The spheroids, seeded on the 
chip’s microchannel, were used to test the effect of nanopar-
ticle size, receptor targeting, and flow rate on the tissue accu-
mulation of drug-loaded, fluorescently labeled gold 
nanoparticles. Association to spheroids was restricted to 
nanoparticles with mean diameters lower than 110 nm. Forty 
nanometer transferrin (Tf)-targeted nanoparticles showed 
significantly increased retention inside the spheroids, in 
comparison with nontargeted nanoparticles of the same 
mean size. These in vitro results were confirmed in vivo on a 
murine xenograft model, in which fluorescently labeled 
50  nm Tf-targeted and nontargeted nanoparticles showed 
higher tumor penetration, over 160  nm nontargeted ones 
[202].

More advanced tumor-on-a-chip models, designed to spe-
cifically mimic certain cancers, such as the breast-cancer-on- 
chip [203, 204] or colorectal tumor-on-a-chip [205], have 
been proven highly useful for evaluating the antitumor effi-
cacy of drug-loaded nanoparticles, through live imaging 
techniques.

Tumor Microenvironment-on-Chip Models
In addition, tumor microenvironment-on-chip platforms 
with complex 3D architectures have also been developed. 
For example, Kwak et al. have designed a two-layer tumor 
microenvironment-on-chip (T-MOC) model with a tumor 
vessel-mimicking microchannel on the top layer and a cen-
tral channel, simulating the tumor interstitium, connected 
with two side channels, simulating the tumor lymphatic ves-
sels, on the bottom layer [206]. Human breast cancer cells 
embedded in a 3D type I collagen matrix were cultured on 
the tumor channel, while microvascular endothelial cells 
were seeded on the porous membrane of the capillary micro-
channel, mimicking the tumor’s endothelium. The T-MOC 
enabled to study the impact of varying the cutoff pore size of 
the tumor vasculature, interstitial fluid pressure, ECM’s 
composition, and tumor cell density, in the delivery kinetics 
of fluorescently labeled nanoparticles. The pores formed by 
endothelial cells on the capillary channel induced a signifi-
cant decrease of nanoparticle transmembrane transport. 
Surprisingly, the high tumor cell density on the tumor chan-
nel, rather than the collagen-rich ECM, substantially reduced 
nanoparticle interstitial transport and extravasation [206].

In a different context, Shin et al. used a single T-MOC 3D 
platform cultured with spheroids from different human 
breast cancer cell lines to evaluate the transport behavior and 
cellular drug response and resistance of doxorubicin-loaded 
hyaluronic acid nanoparticles, by time-lapse microscopy 
[116]. Albeit the higher accumulation of nanoparticles over 
free doxorubicin in the tumor spheroids, namely, on MDA- 
MB- 231-derived ones, cell viability was significantly higher 
in nanoparticle-treated groups compared to doxorubicin- 
treated spheroids, suggesting that drug release in the intersti-
tial microchannel was insufficient to promote antitumor 
activity. The increased cytotoxicity of free doxorubicin over 
drug-loaded nanoparticles was also observed on 2D models, 
yet these exhibited higher extent of cell death than the ones 
in the T-MOC model, likely due to the absence in the former 
of barriers associated with blood flow, extravasation, intersti-
tial and intracellular transport [116].

More recently, Tang et al. have developed a nonconven-
tional T-MOC, referred to as biomimetic microfluidic tumor 
microenvironment (bMTM), harboring an in  vivo-like 
microvascular network and a tumor compartment, inhabited 
by human breast tumor-associated endothelial cells 
(HBTAEC) and human breast cancer cells, respectively 
[207]. The bMTM was designed to reproduce in  vitro the 
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enhanced permeability and retention (EPR) effect with simi-
lar permeability levels to those observed in vivo. Indeed, the 
results point out the passive accumulation of fluorescently 
labeled, drug-loaded liposomes in the tumor compartment. 
Moreover, coculturing highly metastatic MDA-MB-231 
cells with HBTAEC promoted enhanced liposome extravasa-
tion, owing to their ability to alter endothelial cell morphol-
ogy and permeability, as demonstrated by immunostaining 
assays against tight junction proteins, in comparison with 
nonmetastatic MCF-7 cells [207].

3.2.2  Third Dimension-Associated Challenges
As briefly introduced in Sect. 3.2, owing to their higher bio-
logical complexity, 3D models are associated with several 
challenges mainly regarding system development, screening 
approaches, and analysis of a vast amount of data [111]. 
Indeed, monitoring 3D systems mostly requires complex, 
time-consuming, and cumbersome imaging techniques, 
which starkly contrasts with the simple and well-established 
protocols applied to 2D cultures. Notwithstanding most pre-
clinical studies pointing out the pathophysiological relevance 
of 3D models, it is noteworthy that no study has provided 
reproducible qualitative and quantitative evidence to validate 
their use as accurate models of disease, capable of better pre-
dicting clinical response over the current animal models 
[111].

Another relevant point concerns with the applicability of 
3D models as platforms to high-throughput (HTS) or high- 
content screening (HCS) systems. Naturally, the adaptation 
of 3D approaches, mainly biomimetic MCTS and 
microfluidic- based models, for high-throughput drug screen-
ing assays is highly desirable, over conventional monolayer 
cultures, owing to their potential higher predictive capacity 
[208, 209]. Still, one should be aware that to perform both 
HTS and HCS assays, uniformly miniaturized models 
designed by simple protocols and further analyzed by cost- 
effective, automated detection approaches are essential 
requirements [210]. For instance, some HTS protocols based 
on uniform-sized 3D tumor spheroids have already been 
developed, using hanging drop arrays [211], Matrigel™-
coated microplates [20], or ultralow attachment/liquid 
overlay- based multi-well plates [133, 212]. Nevertheless, the 
lack of standardized methodologies to develop miniaturized 
systems and automated software tools to perform robust 
quantitative analysis in all types of 3D models available hin-
ders their further applications in HTS.

Therefore, although the application of robust 3D HTS 
systems for the preclinical evaluation of new drug candidates 
is evolving, mainly for anticancer nanoparticles [213], it still 
has a long road ahead with several challenges to overcome.

4  In Vivo Preclinical Evaluation 
of Anticancer Nanoparticles

4.1  Animal Models of Cancer

Animal models, mainly rodents, have been extensively used 
in the evaluation of novel therapeutic anticancer drugs [214, 
215], being essential for the identification of new pharmaco-
logical targets along with the demonstration of in vivo effi-
cacy [216]. Moreover, they have played a major role in the 
understanding of human cancer pathophysiology [217, 218], 
which strongly impacts the performance of nanomedicines.

Although several preclinical studies in vivo have demon-
strated consistency in the pharmacokinetics and efficacy of 
different nanoparticles across several species, including 
mice, rats, and nonhuman primates [219–221], there is still a 
great discrepancy between the preclinical performance and 
the therapeutic efficacy reported on clinical trials [222]. One 
recognized example is Doxil®. Albeit the remarkable thera-
peutic improvements over free drug revealed in mice [223], 
its efficacy benefit was not statistically significant in breast 
cancer patients [19].

To overcome these divergences and improve translation 
of basic findings into patient benefit, it is of outmost impor-
tance to obtain preclinical evidence from several animal 
models, instead of prioritizing single model experiments 
[224, 225], among several other issues. Accordingly, over the 
last decade, the variety of preclinical oncological animal 
models has grown substantially, and a wide range of models 
are now available for the evaluation of anticancer 
 nanoparticles, each one with its own strengths and limita-
tions (see details on Table 2).

4.1.1  Types of Animal Models and Screening 
Applications

Cell Line-Derived Syngeneic/Xenograft Models
The simplest animal tumor models are established through 
the inoculation of cancer cell lines, from either mouse or 
human origin, into the corresponding immunocompetent 
mice strain (syngeneic) [230] or immunodeficient mouse 
strain (xenograft), respectively [240]. In both syngeneic and 
xenograft models, the inoculation of cancer cell lines may be 
performed subcutaneously, as in the flank of the mouse (sub-
cutaneous model) [247] or into the matching human tumor 
organ (orthotopic model) [248, 249]. While subcutaneous 
models are easier to implement, allowing the fast identifica-
tion of active compounds, orthotopically implanted tumors 
could better recapitulate human metastasis and carcinogen-
esis [250]. However, surgical procedures of an orthotopic 
tumor implantation are technically challenging, time- 
consuming, and more expensive than for conventional sub-
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cutaneous models, therefore limiting the number of available 
surgically manipulated mice [249]. The establishment of dif-
ferent types of cell line-derived in vivo models is summa-
rized in Fig. 4.

Syngeneic models are easy to implement and retain the 
host’s immunoreactivity, enabling the occurrence of physio-
logical immune interactions between the murine cancer cells 
and the host stroma elements [230]. Albeit the expression of 
human targets in xenograft models, the environment sur-
rounding these tumors is derived from the murine host. This 
leads to differences in the ECM architecture, composition 
(e.g., percentage in collagen and hyaluronan fibers), and 
function, consequently affecting the tumor vasculature [241]. 
Hence, the heterogeneous perfusion and extravasation of 
nanoparticles into the tumor site, as a result of the physiolog-

ical barriers presented by the TME [66], may be misrepre-
sented in these models. This could contribute to the 
differences observed on the kinetics of nanoparticle’s tumor 
accumulation between human tumors and mouse xenograft 
models [242–244].

For instance, notwithstanding the potent antitumor 
activity enabled by a micellar formulation of paclitaxel 
(NK105) in HT-29-derived xenografts implanted into nude 
mice [245], it did not present superior clinical efficacy over 
free paclitaxel [246, 247]. The divergence between preclin-
ical and clinical data suggests that these models might be 
oversimplified (i.e., incapable of replicating human can-
cer’s complexity and heterogeneity) and thus limited in 
their prediction power of efficacy of nanomedicines [248, 
249].

Table 2 Characteristics, benefits, and shortcomings of the different animal cancer models

Type of animal 
model Description Advantages Disadvantages References
Genetically engineered mouse models (GEMMs)

Spontaneous or targeted genetic 
alterations in oncogenes or tumor 
suppressor genes of the mouse genome

Autochthonous growth provides 
native microenvironment.
Tumor development driven by 
relevant genetic alterations.

Costly and 
time-consuming.
Murine host stroma.
Variations in tumor growth 
rates.

[226–
229]

Cell line-derived models
Syngeneic Inoculation of immortalized murine 

cancer cell lines into immunocompetent 
mice

Ease of implementation.
Cost-effectiveness.
Retention of the host’s 
immunoreactivity.
Occurrence of tumor-stroma 
interactions.

Different features from the 
original tumor.
Little resemblance of 
tumor complexity and 
heterogeneity.

[230]

Xenograft Inoculation of immortalized human 
cancer cell lines into 
immunocompromised mice

Ease of implementation.
Cost-effectiveness.

Absence of immune cells.
Little resemblance of 
tumor complexity and 
heterogeneity.

[95, 231]

Patient-derived xenografts (PDX)
Conventional PDX Implantation of fragments from freshly 

resected human tumors into 
immunocompromised mice

Intact primary tumor tissue that 
maintains tumor architecture.
Reproduces complexity of human 
disease (genomic heterogeneity 
and cell diversity).
Ability to recapitulate donor 
patient’s response to treatment.

Costly and 
time-consuming.
Absence of immune cells.
Low engraftment rate for 
less aggressive tumors.

[232–
234]

Circulating tumor 
cell-derived 
xenograft

Implantation of circulating tumor cells 
from patients into immunocompromised 
mice

Minimally invasive sampling.
Ability to recapitulate donor 
patient’s response to treatment.
Enables research of otherwise 
inaccessible tumor specimens.

Costly and 
time-consuming.
Low levels of CTC in the 
peripheral blood.
Access to technologies to 
isolate circulating tumor 
cells.
Absence of immune cells.
Technically challenging.

[235, 
236]

Humanized PDX Implantation of fragments from freshly 
resected human tumors into mice with a 
humanized immune system

Intact primary tumor tissue that 
maintains tumor architecture.
Recapitulates human immune 
system in mice.

Costly and 
time-consuming.
Technically challenging.
Hurdles to achieve 
complete recapitulation of 
human immune system.

[237–
239]
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Fig. 4 Traditional cell line-derived preclinical mouse cancer models. 
Preclinical mouse cancer models generated through the inoculation of 
immortalized cell lines derived from either murine (syngeneic) or 
human tumors (xenograft), subcutaneously, as in the flank of the mouse 
(subcutaneous model) or in the human matching primary tumor organ 
(orthotopic model). Human xenograft tumors are grown in immuno-
compromised mice, whereas syngeneic tumors are grown in immuno-
competent mice. Both murine and human inoculated tumor cells present 

gene expression profiles that could differ from their original tissues as a 
result of their in vitro culture. Although the generation of subcutaneous 
models is technically simple, these models do not reproduce the pri-
mary tumor site nor the sites of metastasis. Alternatively, albeit more 
technically challenging, orthotopically implanted tumors enable, 
dependent on the tumor, the recapitulation of human metastasis and 
carcinogenesis
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Nevertheless, the most noteworthy limitation associated 
with cell line-derived syngeneic/xenografts models is the 
occurrence of phenotypic modifications in cancer cells, as a 
result of their in vitro passaging [95]. Indeed, emerging evi-
dence have suggested alterations in the genetic content, inva-
siveness, and capacity to maintain a heterogeneous cell 
population and in the dependence on specific growth and 
survival pathways in cell line derived-xenografts, as a conse-
quence of the cell culture process [95, 250, 251].

To circumvent the challenges associated with cell line- 
derived syngeneic/xenograft models, more advanced pre-
clinical cancer models, capable of better recapitulating 
human tumor’s pathophysiology and heterogeneity and more 
accurately predicting clinical efficacy, have been developed 
[252, 253].

Genetically Engineered Mouse Models (GEMM)
Genetically engineered mouse models (GEMMs) are in vivo 
cancer models where one or several genes from the mouse’s 
genetic profile, expected to be involved in carcinogenesis, 
have been altered, i.e., mutated, deleted, or overexpressed 
[233]. Briefly, the genetic alterations may be generated 
through random integration of exogenous oncogenes into the 
genome of mouse embryonic stem cells (transgenic GEMM) 
[254–256] or by homologous recombination in those stem 
cells, using a targeting vector to introduce several genetic 
alterations into a specific genomic region (targeted GEMMs) 
[227–229]. Albeit the long period (2 to 12 months) and the 
substantial investment required to establish these models, the 
great progress in CRISPR technologies is fueling rapid and 
cost-effective generation of new GEMM models [257, 258].

One significant advantage of GEMMs is the spontaneous 
tumor generation through the action of key human drivers in 
immunocompetent mice, which enables to better recapitulate 
the early development of human tumors, in comparison with 
xenograft models [217]. Therefore, GEMMs display better pre-
dictive power relative to cell line-derived xenografts, as dem-
onstrated by several preclinical studies comparing both models 
[259, 260]. This feature might be attributed to their autochtho-
nous development, which enables to reproduce the critical role 
of the TME in drug response, unlike xenograft models, in 
which human tumor cells interact with murine stromal cells in 
an immunocompromised mouse [226]. This is particularly rel-
evant for the preclinical evaluation of anticancer nanoparticles 
in highly desmoplastic and hypovascularized tumors, like the 
pancreatic ductal adenocarcinoma (PDAC), since stromal 
architecture strongly affects their delivery to tumor cells [66]. 
In this respect, Frese et al. have studied the antitumor efficacy 
and pharmacodynamics of paclitaxel-loaded albumin-bound 
nanoparticles combined with gemcitabine in a previously 
developed GEMM of PDAC, established through the endoge-
nous expression of mutant Kras and Trp53 alleles in the pan-
creas [261, 262]. Von Hoff et al. had previously shown that this 
combination was capable to tackle down the desmoplastic 

stroma of PDAC xenografts in mice after 28 days of treatment 
[263]. However, in contrast to Von Hoff et  al. observations, 
Frese and coworkers have demonstrated that the same nanopar-
ticles could not disturb PDAC stromal architecture in GEMMs 
[261]. These divergent outcomes highlight the role of the 
abnormal xenograft’s TME in enhancing tumor stroma vulner-
ability to nanomedicines, which might provide misleading 
results on their therapeutic effect. On the other hand, owing to 
their ability to preserve tumor cell-stroma cell dynamic interac-
tions [264, 265], GEMMs present higher predictive capacity on 
nanoparticle’s in vivo efficacy [266].

Despite the contribution of GEMMs for our understand-
ing of the molecular pathways underlying tumorigenesis and 
metastatic behavior of cancer cells [267], as well as for anti-
cancer drug development [226], significant biological dis-
crepancies still exist between murine and human 
malignancies. For instance, differences in the cytogenetic 
structure, biology of telomeres, dependence on certain tumor 
suppressor mechanisms, and target homology might limit 
drug discovery in these models [268, 269]. To overcome this 
limitation, preclinical models established from human tumor 
tissue, featuring the complexity of genetic and epigenetic 
abnormalities existing in human tumors, are emerging as 
important platforms to improve the correlation between pre-
clinical and clinical responses.

Patient-Derived Xenograft Models
Patient-derived xenograft (PDX) models are generated through 
the implantation of fragments from freshly resected human 
tumors into immunosuppressed mice (e.g., nonobese diabetic 
(NOD)/severe combined immunodeficiency (SCID)) and, 
similarly to cell line-derived models, may be implanted subcu-
taneously or orthotopically [232, 270]. These models have 
been a valuable preclinical tool for drug development [255, 
280] since the early 1980s, when Fiebig and coworkers have 
observed identical responses to the same cytotoxic agents 
among lung cancer patients and their corresponding PDXs 
[271]. In fact, several studies have demonstrated that PDXs, 
unlike cell line-derived xenografts, maintain patient tumors’ 
histological features, gene expression patterns, and genomic 
variations even after several passages in immunocompromised 
mice [233, 234, 272]. Moreover, some reports suggested that 
PDX models exhibited vascular heterogeneity [273], compris-
ing predominantly human endothelial cells [274, 275]. As a 
result, nanomedicine behavior is expected to be affected [276].

For example, Delgado and coworkers have shown that in 
a cohort of 28 PDXs, derived from a single donor tumor, and 
thus with similar intrinsic sensitivity to liposomal doxorubi-
cin, the stroma morphology and the tumor architecture have 
significantly affected the nanomedicine’s cytotoxicity [277]. 
Tumors with a highly convoluted tumor-stroma interface 
(i.e., with most tumor cells in close proximity to blood ves-
sels) were 8.8-fold more responsive to liposomal doxorubi-
cin than tumors with less stroma diffusion, characterized by 
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nests of tumor cells with large necrotic cores (from growth- 
driven oxygen exhaustion) [277]. Furthermore, Kalra and 
coworkers have demonstrated that, after the administration 
of a nanoliposomal formulation of irinotecan, the retention 
of SN-38 (the active metabolite of irinotecan) was higher in 
cell line-derived xenografts than in PDXs models and, con-
sequently, the former displayed more robust growth inhibi-
tion [278]. Hence, in the context of the preclinical evaluation 
of anticancer nanoparticles, one major advantage of PDX 
models is their superior ability to unveil the impact of locore-
gional features and TME complexity on nanoparticle perfor-
mance and therapeutic outcome [279, 280].

Notwithstanding the use of PDXs in the preclinical eval-
uation of novel anticancer nanoparticles holding important 
advantages, it is noteworthy that these models still have sig-
nificant limitations that need to be addressed to improve 
their use in translational cancer research [281]. In this 
respect, refining PDX models for successful personalized 
nanomedicine, as well as for preclinical development of 
immunotherapy- based approaches, has been emerging as an 
active research area, as further discussed below. The differ-
ent types of PDX models and their application in preclinical 
development of anticancer nanoparticles are summarized in 
Fig. 5.

Fig. 5 Different types of patient-derived xenograft (PDX) models and 
their application in preclinical development of anticancer nanoparti-
cles. PDX models are generated through the implantation of human 
tumor fragments into immunosuppressed mice (conventional PDX) or, 
alternatively, circulating tumor cells (CTC-derived xenograft). By 
offering the opportunity to simultaneously evaluate drug response in 
the patient and in the mouse, as well as to assess key biomarkers of 

cancer resistance along with the evaluation of novel nanotherapeutic 
strategies to overcome emergent drug- mediated resistance mechanisms, 
PDXs are well-suited tools for personalized medicine (personalized 
PDX/avatar). Moreover, the recent development of humanized models, 
capable of assembling an anticancer immune response, will provide an 
opportunity for the preclinical evaluation of cancer immunotherapeutic 
nanoparticles in a closer setting to human disease
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Improving PDX Models with Avatars
Recently, the use of personalized PDXs, also known as ava-
tars, as a well-suited tool for personalized medicine has been 
reported [282, 283]. Herein, the PDX model is developed from 
a patient enrolled in a clinical trial and treated with the same 
experimental agents, an approach denominated co- clinical 
trial [253]. This method offers the opportunity to evaluate 
drug responses simultaneously in the patient and in the mouse 
model. This subsequently enables the assessment of both key 
biomarkers on cancer resistance and possible therapeutic 
alternatives to overcome emergent drug- mediated resistance 
mechanisms [281, 284, 285]. In fact, personalized PDXs have 
been recently proposed as appropriate platforms for the co-
clinical validation of a cell surface targeted- nanoparticle 
encapsulating anti-miR 21 oligonucleotides, an oncogenic 
miRNA involved in PDAC [286–288]. Interestingly, the PDX 
avatars enabled the identification of miR-21 as a promising 
noninvasive biomarker aiming at patient stratification for this 
personalized RNA-based nanotherapy [288].

Notwithstanding the remarkable clinical predictive power 
of PDXs [289–291], one inherent drawback is the require-
ment of ready access to fresh and sufficient tumor tissue, 
which for some tumors is often impracticable or implies 
invasive biopsies. In this regard, Hodgkinson et  al. have 
developed a different approach to generate PDX models for 
small cell lung cancer, using circulating tumor cells (CTCs) 
[292, 293]. It has been demonstrated that the resulting CTC- 
derived xenografts reflected the donor patient’s response to 
platinum and etoposide chemotherapy [236].

Nonetheless, the process of generating either CTC- 
derived or conventional PDX models is cumbersome and 
time-consuming (development can take 4 to 8 months) and 
presents a low engraftment rate for less aggressive tumors 
[294, 295]. Thus, albeit the high potential of PDXs as plat-
forms for anticancer drug screening, as well as for personal-
ized medicine, the abovementioned limitations preclude 
their use in a timely manner [252]. In this context, to improve 
data reliability and avoid unnecessary efforts, several institu-
tions and pharmaceutical companies have begun to create 
repositories of PDX models [296, 297]. In fact, Novartis has 
demonstrated both the reproducibility and the clinical trans-
latability of an approach consisting in a large-scale high- 
throughput in  vivo drug screen, using an extensive, 
well-characterized PDX collection (1000 PDXs with a 
diverse set of driver mutations) to model inter-patient 
response heterogeneity [298]. This strategy established asso-
ciations between genotype and drug response, besides dis-
closing mechanisms of resistance, highlighting PDX 
collections as a well-suited tool for the potential prediction 
of human clinical trial responses [298].

Humanizing PDX Models
Similarly to cell line-derived xenografts, also PDX models 
require immunocompromised mice for tumor engraftment 

and propagation, which renders these models unsuitable for 
the evaluation of immunotherapeutic approaches, as the ones 
nanomedicine-based. The absence of an intact immune sys-
tem is a detrimental factor in the evaluation of nanoparticle’s 
performance, as their potential interaction with immune cells 
and their distinct accumulation patterns between immuno-
compromised and immunocompetent mice are neglected 
[299, 300]. In an effort to tackle these issues, humanized 
mice have recently started to gather attention as an attractive 
tool for PDX models (humanized PDX) [238].

Many strategies have been implemented aiming at estab-
lishing mice models with a fully competent human immune 
system, capable of assembling an anticancer immune 
response and, therefore, better predicting clinical responses 
[301]. The most commonly used methodology to establish 
humanized PDXs consists on implanting patient-derived 
tumor fragments into NOD/SCID/gamma (NSG) mice, upon 
previous sublethal irradiation and inoculation of human 
CD34+ hematopoietic stem cells (HSCs) or human periph-
eral blood mononuclear cells (PBMCs) [237]. An improved 
humanized non-small cell lung cancer PDX model has 
recently been developed, in which a strong antitumor 
response to PD-1 checkpoint inhibitors (pembrolizumab and 
nivolumab) has been reported, in contrast with the negligible 
effect in their nonhumanized counterpart [302]. This out-
come provided evidence that humanized PDXs recapitulate 
the human tumor responses to checkpoint blockade, support-
ing these models as a valuable tool to accurately assess the 
efficacy of novel immunotherapeutic agents [302].

Besides offering the opportunity to evaluate anticancer 
immunotherapies, humanized PDX models have already 
provided many insights into the behaviors of various cancers 
within their original tumor microenvironments, under the 
influence of human immune cells [303]. In fact, Morton et al. 
have demonstrated that the presence of human immune cells 
in humanized PDXs resulted in altered gene expression 
within the tumor cells. Moreover, they regulated the expres-
sion of genes critical in maintaining the integrity of the native 
TME, altering cytokine expression, assisting in stromal 
deposition, and increasing lymphangiogenesis [304].

Although the study of antitumor immune responses and 
the evaluation of immunotherapeutic nanoparticles have tra-
ditionally relied on using cell line-derived syngeneic or 
GEM models [305], the refinement of humanized PDX mod-
els will provide a promising research platform for the pre-
clinical development of novel anticancer immunotherapeutic 
nanomedicines in a scenery that is closer to human reality, 
thus contributing to accelerate clinical progress.

4.2  The Challenge of Clinical Translation

Among all the oncological drugs that have been shown to be 
safe and efficacious in preclinical studies, around 95% fail to 
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demonstrate therapeutic efficacy in clinical trials [249]. 
Regarding anticancer nanoparticles, albeit their ability to 
increase intratumoral drug concentration by 100–400% rela-
tively to the conventional free-drug formulations, little atten-
tion has been paid to the fact that more than 95% of the 
administered nanoparticles do not accumulate at the tumor 
site [306]. Indeed, the high discrepancy between relative size 
of human tumors and tumors implanted in mice strongly 
impacts nanoparticle performance [307]. While animal 
tumors generally grow to more than 10% of the animal’s 
total body weight before treatment, the relative mass of a 
tumor in a patient is in the range of 0.003–0.01%. As a result, 
nanoparticles need to circulate through the human vascula-
ture for more than 10  days to have a 50% probability of 
encountering the tumor, whereas only 6  seconds would be 
required for the same nanoparticle to reach tumor cells in a 
mouse model [307]. In addition, variable factors like tumor 
vasculature, interstitial pressure, and hypoxia may further 
increase the discrepancies observed between mouse models 
and patients [308]. Moreover, as a consequence of anatomi-
cal, physiological, and biochemical interspecies discrepan-
cies, the specific metabolic rate is increased in mice, often 
leading to inaccurate estimations of human toxicity and 
overprediction of drug responses [309, 310]. Therefore, the 
poor clinical translation of most anticancer nanomedicines 
may be explained by inadequate preclinical data and overop-
timistic efficacy assumptions based on biased animal 
studies.

In this context, the development of more complex models 
such as PDXs and GEMMs has emerged as promising alter-
natives to cell line-derived xenografts, enabling the evalua-
tion of anticancer nanoparticles in a setting that more closely 
mimics the human TME [282]. Nonetheless, the routinely 
application of these models is hampered by the significant 
investment, expertise, and time required to their establish-
ment and maintenance. Also, the lack of human tumor- 
infiltrating immune cells and the absence of standardized 
criteria for measuring and interpreting histological, genetic, 
and stromal drifts of PDX tumors across passages in mice 
severely hinder the clinical translation of anticancer nanopar-
ticles targeting the TME [215, 311].

Therefore, it is unquestionable that tumor biology should 
be the major factor driving the design of more rational 
nanotechnology- based platforms, and this is only achievable 
with the use of more clinically relevant models [300, 308]. 
Henceforth, it is expected that the development of animal 
cancer models that more closely resemble human tumors, 
together with nanoparticle engineering, will bridge the gap 
between preclinical studies and clinical trials, improving the 
clinical translation of nanomedicines.

5  Future Perspectives

The implementation of physiologically more relevant tumor 
models in the preclinical evaluation of anticancer nanoparti-
cles, both in  vitro and in  vivo, is of utmost importance to 
obtain more accurate results and thus bridge the translational 
gap to the clinic. In this respect, the establishment of early 
multidisciplinary collaborations, standardized guidelines, 
and methodologies, as well as the validation of biomimetic 
3D in vitro tumor models, will be essential [111, 312]. In 3D 
tumor models, particularly the ones amenable for HTS, as 
tumor-on-a-chip models, comparative analysis of cell pheno-
type, gene expression profile, and metabolic pathways [111] 
should be performed between the model and living tumor 
tissues, to ensure their pathophysiological relevance. 
Concerning complex tumor models in vivo, like PDXs, for 
example, therapeutic responses should be classified based on 
quantitative metrics, to enable a more accurate assessment of 
complete/partial responses and stable/progressive disease in 
tumor-bearing mice, thereby improving their clinical predic-
tivity [296].

In addition, next-generation models as 3D bioprinting- 
based tumor models in  vitro, enabling the generation of 
vascular- like networks [313], or humanized mouse models, 
enabling tumor cell-immune cell interactions essential for 
evaluating cancer immunotherapeutic nanoparticles [314], 
are moving the first steps as promising systems for the evalu-
ation of novel nanotechnology-based platforms.

6  Conclusions

The acknowledgment of the TME’s critical role in determin-
ing nanoparticle’s fate in the tumor site, by regulating their 
intratumoral distribution and therapeutic efficacy, has high-
lighted the urgent need to generate more physiological 
in vitro and in vivo preclinical models, capable of better pre-
dicting clinical responses.

Despite the routinely use of 2D monocultures in nanopar-
ticle’s screening assays, these systems have long been recog-
nized as poor predictors of the activity of nanoformulations. 
The emergence of 3D models has been a major breakthrough 
in cancer research and drug discovery, with a vast variety of 
new biomimetic models arising – tumor spheroids, scaffold- 
based models, tumor explants, tumor-on-a-chip models, etc. 
These in vitro tumor models, mainly the ones amenable for 
HTS analysis, like MCTS and microfluidic-based platforms, 
offer the opportunity to more accurately evaluate the trans-
port behavior and antitumor efficacy of anticancer nanopar-
ticles, in a TME-mimicking context, starkly contrasting with 
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biased results obtained from 2D conditions. Nonetheless, the 
incorporation of 3D models in routine high-throughput drug 
screening systems is challenged by the lack of standardized 
protocols to develop uniformly miniaturized models and 
automated detection approaches capable of simultaneously 
screening thousands of micro-engineered 3D models in a 
cost-effective manner.

Albeit the promising role of 3D in vitro tumor models in 
predicting nanoparticle’s activity in vivo, validating the effi-
ciency of anticancer nanoparticles in animal cancer models 
remains irreplaceable at the preclinical stage. In fact, a wide 
range of in vivo tumor models have been developed, includ-
ing simple cell line-derived models, either in syngeneic or 
xenograft mice, and more advanced GEMMs and PDXs, the 
latter recently evolving to humanized PDXs. Indeed, com-
plex GEMMs and PDX models, capable of more closely 
resembling the heterogeneity of the human TME, are the 
most amenable for testing anticancer nanoparticles, owing to 
their higher predictive capacity.

However, the routinely application of these models in the 
preclinical evaluation of nanomedicines, over cell-derived 
xenografts, has been hampered by the significant investment, 
expertise, and time required to their establishment and main-
tenance. The absence of pathophysiologically more relevant 
in vivo tumor models at the preclinical stage is reflected by 
the discrepancies of nanoparticle’s activity between preclini-
cal data and results from clinical trials.

In order to reverse the limited clinical translation of can-
cer nanomedicine, the alignment of biomimetic 3D tumor 
models in vitro with more clinically relevant animal cancer 
models is required.
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Abstract

Up until now, surgery, radiation, and chemotherapy 
remain the conventional methods used in cancer treat-
ment. However, these treatments are widely associated 
with severe side effects due to toxicity on normal cells. 
Consequently, there is an urgent need for novel therapeu-
tic approaches that are able to effectively and selectively 
target tumor cells without any adverse effects on normal 
cells. Among the new approaches, cancer immunother-
apy seems promising in the fight against tumors thanks 
to its prolonged efficacy and lower toxicity compared to 
the traditional treatments.

Research studies suggested that both adjuvants and 
antigens are essential to induce optimal anti-tumor immu-
nity. Among the different delivery strategies, nanotech-
nology offers several advantages for the design of cancer 
vaccines. Indeed, nanocarriers can protect the encapsu-
lated antigens and/or adjuvant from enzymatic degrada-
tion, sustain and control the release for the entrapped 
cargo, and enhance the immune responses.

Several studies reported that different physical charac-
teristics of nanoparticles affect their uptake in cells and 
the potential to induce cellular responses. Among them, 
particle size and surface chemistry resulted the most 
influent.

Clinical trials and recent research papers on the use of 
nanotechnology in cancer immunotherapy support the 
idea that this strategy could be successful as weapon 
against cancer in the near future.
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1  Cancer Immunotherapy

Despite all the advances in research and in therapy, cancer is 
still one of the major causes of death worldwide [1], with 
lung, breast, colorectal, and prostate cancers as globally 
dominant types (Fig. 1).

Conventional methods for cancer treatment involving sur-
gery, radiation, and chemotherapy are widely associated to 
severe side effects due to toxicity on normal cells. As a conse-
quence, there is an urgent need for novel therapeutic approaches 
that are able to effectively and selectively target tumor cells 
without any adverse effects on other cells [2]. Among them, 
cancer immunotherapy represents a recent approach in the fight 
against tumors due to its prolonged efficacy and lower toxicity 
compared to the traditional antitumor treatments [3, 4].

Despite the existence of natural defense mechanisms 
against cancer growth (immune-surveillance), the tumor 
microenvironment often secrets immune suppressive fac-
tors such as cytokines, chemokines, and other metabolites 
for disrupting or escaping from these mechanisms. 
Additionally, the clonogenic pressure induced from the 
immune system can alter the antigenic composition of the 
tumor, promoting the survival of the fittest and least immu-
nogenic tumor cells, a process known as “tumor immu-
noediting” [5]. In the worst- case scenario, mutations in 
tumor cells render them insensitive to the immune systems, 
and the outgrowth of these cells renders the tumors more 
aggressive and lethal [6, 7].
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Generally, immunization is defined as the external stimu-
lation of an immune response against disease causing agents 
[8]. Particularly, cancer vaccines manipulate the patients’ 
own immune system to recognize and destroy cancer cells. 
Indeed, the wider goal of immunotherapy is to allow immune 
system cells to recognize tumor antigens more effectively 
[9]. Specifically, cancer vaccines elicit potent tumor-specific 
T lymphocytes (CTLs) capable of decreasing the tumor mass 
and induce long-term tumor-specific memory response, thus 
protecting against tumor recurrence [10]. Summarizing, can-
cer vaccines could potentially stimulate specific antitumor 
immune responses, induce specific killing of tumor cells 
with minimal damage to healthy cells, and elicit immune 
memory for long-term protection against tumors [11].

One of the strategies used in immunotherapy is the deliv-
ery of immune adjuvants. Indeed, these molecules can be 
used for immunostimulatory cancer vaccines as they stimu-
late the immune system, potentiate the immune responses 
against antigens, and guide the type of immune response 
[12]. Conversely to traditional cytotoxic agents, a lower 
concentration of immunomodulators is required for a robust 
and durable anticancer immune response, highly decreasing 
side effects [13]. Based on their principal mechanisms of 
action, adjuvants can be generally divided into two classes 
[14, 15]: (a) vaccine delivery systems, such as mineral salts, 

emulsions, liposomes, and virosomes and (b) immunostim-
ulatory molecular adjuvants, including toll-like receptor 
(TLR) agonists, STING agonists, costimulatory ligands, 
and cytokines.

Another attractive strategy for enhancing the anticancer 
immune response is vaccination with tumor-specific anti-
gens. Indeed, cancer cells express numerous mutations and 
mutant protein sequences that can be processed into short 
peptides by antigen presenting cells (APCs). These pro-
teins are then presented on the APC-cell surface by major 
histocompatibility complex (MHC) molecules and can be 
recognized by T cells as foreign antigens [16]. However, 
due to immunosuppression and immune evasion, endoge-
nous cancer antigens, produced by the cancer cells them-
selves, are unable to elicit significant immune responses. 
By introducing exogeneous tumor-relevant antigens, can-
cer vaccines can potentiate antigen-specific anticancer 
immune response [17].

Summarizing, both adjuvants and antigens are essential to 
induce optimal anti-tumor immunity. Additionally, the 
administration of adjuvant together with subunit antigen may 
dramatically potentiate the immunogenicity [18].

As previously discussed, tumors exhibit several mecha-
nisms for escaping from immune systems surveillance. One 
of these mechanisms involves the overactivation of immune 

Fig. 1 World incidence rates in 2018 obtained from the International Agency for Research on Cancer–Global Cancer Observatory (https://gco.
iarc.fr/)
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checkpoints pathways. Indeed, these key regulators of the 
immune system crucial for maintaining immune homeostasis 
and preventing autoimmunity (Fig. 2) result overactivated in 
different types of cancer. By this way, effector T cells dif-
ferentiate into exhausted T cells at late stage of diseases. The 
inhibitory receptors resulted overexpressed on exhausted T 
cells and the effector cytokines secretion decreased [3].

For these reasons, different immune checkpoint inhibi-
tors, including cytotoxic T lymphocyte antigen-4 (CTLA-4), 
programmed cell death protein 1 (PD-L1) axis, indoleamine 
2,3-dioxygenase (IDO), cluster of differentiation 47 (CD47), 
cluster of differentiation 40 (CD40), 4-1BB (CD137), have 
already received FDA approval or are currently in clinical 
trials phase (Table 1) [3]. Even though the results of immune 
checkpoint blockers are promising in cancer immunother-
apy, further development is still needed to obtain better ther-
apeutic efficacy and minimize side effects [3].

The tumor microenvironment (TME) also plays an impor-
tant role in interacting with the host’s immune system and 
modifying the immune response itself. Indeed, the TME is 
an inflammatory and immunosuppressive environment, 

where the immune cells recruitment is mediated by secreted 
chemokines, and their cytotoxic functions are generally sup-
pressed by immunoregulatory cells. As a matter of fact, some 
immunosuppressive cells, such as tumor-associated macro-
phages, release immunosuppressive factors which inhibit the 

Fig. 2 Mechanisms of immune checkpoint blockade, including CTLA-4, PD-1/PD-L1 axis, IDO, and other immune checkpoints. (Reprinted with 
permission from [19])

Table 1 FDA-approved immune checkpoint inhibitors

Inhibitor Target Clinical trials
Atezolizumab PD-L1 Colorectal cancer, melanoma, breast 

cancer, renal cell carcinoma, bladder 
cancer, non-small cell lung cancer

Avelumab PD-L1 Bladder cancer, stomach cancer, head 
and neck cancer, mesothelioma, 
ovarian cancer, renal cancer, merkel 
cell carcinoma

Durvalumab PD-L1 Bladder cancer, head and neck cancer, 
urothelial carcinoma

Ipilimumab CTLA-
4

Metastatic melanoma, prostate cancer, 
lung cancer, bladder cancer

Nivolumab PD-L1 Head and neck cancer, metastatic 
melanoma, non-small cell lung cancer

Pembrolizumab PD-L1 Head and neck cancer, metastatic 
melanoma, non-small cell lung cancer
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expression of MHC II, reduce dendritic cells activation, and 
suppress T-cell differentiation [20].

Recently, nanotechnology has been widely studied for the 
development of cancer vaccines and the delivery of immuno-
genic agents. Indeed, in the next section, we will present sev-
eral advantages of nanotechnology in immunotherapy 
including their preferential uptake by innate immune cells, 
such as monocytes, macrophages, and dendritic cells [21].

2  Nanoparticles-Based Approaches 
for Cancer Immunotherapy

Nanovaccines are typically composed of antigens, adjuvant, 
and/or nanocarriers [11]. Nanocarriers can protect the encap-
sulated antigens and/or adjuvant from enzymatic degrada-
tion, sustain and control the release for the entrapped cargo, 
and enhance the immune responses when compared with the 
antigen and adjuvant in the free form [22].

Nanocarriers are known as particles with a size of 
10–100 nm and in some cases up to 1000 nm [23], including 
liposomes, dendrimers, micelles, and metallic nanoparticles 
among others (Fig. 3) [24]. Both polymeric and lipid-based 
nanoparticles can be engineered for efficiently delivering 
antigens or viral peptides to antigen-presenting cells to 
stimulate memory T-cell responses against tumors [25].

Overall, NPs could have two roles in the formulation of 
vaccines. First, they can be a useful tool for passive or active 
vaccine delivery [26]. Second, due to the inherent antigenic-
ity property, they can stimulate the immune system and cre-
ate an appropriate immune response [27].

Nanotechnology for tumor drug delivery often lever-
ages on the enhanced permeability and retention effect, 
meaning that nanocarriers are preferentially accumulated 

in tumor tissues and drug delivery can be thus efficiently 
improved [28]. However, in case of nanocarriers applica-
tion in cancer immunotherapy, nanovaccines should accu-
mulate mostly in lymph nodes, where dendritic cells (DCs) 
are mostly located and immune system processes can be 
initiated [29].

Additionally, their physicochemical properties can be 
tuned for obtaining enhanced immune responses. In par-
ticular, particles size, shape, charge, and surface chemistry 
have been shown to impact innate immune cell interac-
tions, lymphatic drainage, degradation, and biological pro-
file [30].

Lastly, the route of administration of nanovaccines highly 
impacts distribution and accumulation of nanoparticles into 
lymph nodes. In case of skin administration, nanoparticles 
with dimensions minor to 100  nm are rapidly transported 
into the lymphatic system, where they can interact with 
immune cells. When larger nanoparticles are administered 
by the same route, they are accumulated into the skin and 
are internalized by DCs or monocytes, for migrating subse-
quently to the lymph nodes. For overcoming the retention in 
the skin, nanocarriers could be directly administered into 
the lymph nodes or intravenously. Indeed, intravenous injec-
tion could be an easy way to reach both blood and splenic 
DCs, although some challenges should be overcome, as the 
formation of the protein corona on the nanoparticles surface 
in the bloodstream [29].

In summary, the ideal nanocarrier for cancer immunother-
apy should be able to: (i) provide colloidal stability against 
aggregation and undesirable interactions with blood compo-
nents; (ii) protect their cargo during blood circulation; (iii) 
specifically target immune cells; and (iv) load a wide range 
of immunomodulating agents for effectively tuning the 
tumor microenvironment [22].

Liposomes Polymeric nanoparticles (PLGA) Micelles

Nano spheres Nano stars Nano rods Nano Shells

Gold nanoparticles Dendrimers

Fig. 3 Different typologies of nanocarriers. (Reproduced from [24], open access article distributed under the terms and conditions of the Creative 
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/))

M. A. Grimaudo

http://creativecommons.org/licenses/by/4.0/


307

Concerning specific immune cells targeting, nanovac-
cines can be functionally designed to specifically transport 
antigens to antigen presenting cells (APCs), such as den-
dritic cells (DCs) and macrophages, ensuring the delivery of 
both antigen and adjuvant to the same cells population [31]. 
By this way, systemic distribution and adverse effects are 
decreased and immune response increased [32].

The simultaneous delivery of an antigen (proteins or 
small peptides) together with an adjuvant can be regarded as 
a dual therapeutic delivery [33]. Indeed, by this efficient co- 
delivery into lymphoid tissues and immune cells, nanovac-
cines can dramatically potentiate antigen-specific adaptive 
immune responses for cancer therapy [11].

Summarizing, the potential advantages derived from the 
administration of nanocarriers are the delivery of therapeutic 
compounds to a specific target [34]; an improved safety pro-
file of immunostimulatory compounds [35]; finally the nano-
carriers themselves may work as adjuvant.

Different nanoformulations delivering antigens, cyto-
kines, chemokines, nucleotides, and toll-like receptor ago-
nists targeting various immune cells have been successfully 
studied in many preclinical settings, producing promising 
results [36, 37]. The next sections are going to present the 
different typologies of nanocarriers and few related exam-
ples in cancer immunotherapy.

2.1  Micelles

Polymeric micelles are self-assembled nanoparticles com-
posed of amphiphilic block copolymers widely investigated 
for cancer therapy [38, 39]. Micelles exhibit a core-shell 
structure wherein the hydrophobic moieties of the amphi-
philic polymer form the inner core, while an outer shell is 
established by the hydrophilic chains. They are often used 
to load poorly soluble compound into the core, while the 
external hydrophilic segment can be functionalized for tar-
geting [40].

Indeed, micelles have been successfully designed for can-
cer immunotherapy, as presented in comprehensive reviews 
[4, 6, 11, 18]. For example, Cubillos-Ruiz et al. used linear 
polyethyleneimine-based (PEI-based) nanomicelles to 
encapsulate siRNA and found effective uptake by dendritic 
cells with CD11c and PD-L1 expression in an ovarian cancer 
mouse model [41]. In another research work, cationic self- 
assembly micelles of polypeptides were employed for the 
loading of a model antigen (chicken ovalbumin, OVA), an 
adjuvant (poly I:C), and a siRNA (STAT3 inhibitor). The 
systems were targeted to the immunosuppressed dendritic 
cells in the tumor microenvironment and resulted in the acti-
vation of these dendritic cells, priming of cytotoxic 
T-lymphocytes, and increased survival in a melanoma mouse 
model (Fig. 4) [42].

2.2  Liposomes

Liposomes are bilayer spherical vesicles constructed from 
phospholipids and considered as nontoxic agents [43]. 
Liposomes can increase the retention of the loaded immuno-
stimulants in tumors compared to the free compounds after 
intratumoral injection, achieving an enhanced immune 
response. Liposomal encapsulation could also reduce the 
systemic absorption of the immunostimulant, thereby reduc-
ing the toxicity. However, drug release is difficult to control 
when using liposomes [22]. On the other hand, the liposomal 
surface is flexible for decoration to enhance the vaccine 
delivery into immune cells. For example, different polysac-
charides or carbohydrates have been used to target lectins 
overexpressed on dendritic cells, such as curdlan, mannan 
[44], l-rhamnose [45, 46], and glycan lewis [47]. For all 
these reasons, liposomes have been widely studied in cancer 
immunotherapy [48].

Arab et  al. [49]. prepared E75 antigen-decorated lipo-
somes consisting of distearoylphosphocholine/distearo-
ylphosphoglycerol/cholesterol (Chol)/DOP to improve 
immunogenicity of the encapsulated peptide. In vivo results 
indicated that the formulation dramatically increased the 
CTL response and significantly prolonged survival time, 
which was approx. 72.4%, expressed as a mean tumor 
growth delay.

LPD (Liposome-Polycation-Plasmid DNA) nanolipo-
somes were developed as cationic vehicles containing 
DOTAP phospholipid. In an in vivo study, the immunostimu-
latory effect of LPD nanoparticles containing CpG-ODN 
(CpG oligonucleotides) adjuvant against tumor cells was 
evaluated in BALB/c mice. LPD-CpG nanoliposomes 
enhanced IFN-γ production and CTL response induced by 
the encapsulated multi-epitope peptides derived from the 
rHER2/neu in TUBO mice model. As a result, mice immu-
nized with encapsulated peptide had significantly lower rates 
of tumor growth and longer survival time in comparison to 
mice immunized by free peptide [50].

Faham et al. used a mixture of disteroyl phosphocholine 
(DSPC) disteroyl phosphoethanolamine (DSPE), choles-
terol, and polyethylene glycol (PEG) 750 for preparation of 
stealth liposomes [51]. The targeting function was obtained 
by engrafting two peptides derived from high-mobility box 
(HMGB1) onto the surface of liposomes to induce immune 
response. Intravenous injection of ovalbumin-loaded lipo-
somes into mice potently induced OVA-specific IFN-γ pro-
ducing CD8+ T lymphocytes and antibodies. As a result, 
tumor growth and metastasis were inhibited after vaccina-
tion with liposomes in mice challenged with B16-OVA 
melanoma.

Xu el al [52]. prepared mannose modified lipid-calcium 
phosphate (LCP) nanoparticles (≈30  nm). Phosphorylated 
Trp2 peptide (p-Trp2) and CpG ODN were precipitated by 
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calcium ions to form the nanoparticles core, which was then 
coated with lipids. S.C. injection of the LCP to B16F10 
melanoma- bearing mice resulted in high accumulation of the 
nanoparticles in the lymph nodes (≈35% of the injected 
dose, Fig.  5), increased DC uptake and enhanced IFN-γ 
secretion, leading to tumor growth inhibition.

M2-phenotype tumor-associated macrophages (TAMs) 
have been reported to restrict the functions of DCs and CD8+ 
T cells. Researchers encapsulated IL-12 into a pH-sensitive 

poly(β-amino ester) nanoparticle to reverse TAMs from M2 
to M1 phenotype. Researchers also developed liposomes 
dual-targeting scavenger receptors B type 1 (SR-B1) and M2 
for delivering cholesterol-modified CSF-1R siRNA to M2 
TAMs. By dual-targeting nanoparticles and delivery of 
CSF-1R siRNA, 52% of M2 TAMs were efficiently targeted 
and eliminated, obtaining an 87% decrease in tumor size and 
prolonged survival in B16F10 melanoma mouse model 
(Fig. 6) [53].

Fig. 4 The anti-tumor effect of polypeptides micelles loading chicken 
ovalbumin (OVA), an adjuvant (poly I:C) and a siRNA in vivo. B16- 
OVA tumor-bearing mice were i.p. injected with different vaccines 
once a week for 3 weeks from day 8 after tumor implantation. The 

tumor volume (a) and survival rate (b) were monitored every 2–3 days 
(black arrows indicate the day of treatment). (Reprinted from [42] 
with permission)

Fig. 5 Distribution of vaccine formulations (mannose targeted 
nanoparticles loading phosphorylated Trp2 peptide (p-Trp2) and CpG) 
in lymph nodes. C57BL/6 mice were injected subcutaneously with dif-

ferent formulations and sacrificed after 18 h (a) and 4 d (b). The lymph 
nodes along the injection side were then harvested and subjected to 
fluorescent imaging. (Reprinted from [52] with permission)
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2.3  Magnetic and Inorganic Nanoparticles

Gold nanoparticles (AuNPs) have been widely investigated 
as imaging agents and in combination with phototherapy for 
cancer treatment thanks to their biocompatibility, tunable 
surface chemistry, easy control of size and shape, and suit-
ability for computed tomography (CT) imaging [54]. 
However, the clinical application of AuNPs is hampered by 
safety issues. Indeed, AuNPs exhibit high affinity for nucleic 
acids and may affect regular gene expression. Furthermore, 
the effects of the long-term accumulation of AuNPs in the 
body have not been completely investigated [22].

Recently, these nanosystems have been also employed for 
cancer immunotherapy. Activation of DCs by AuNPs can be 
evidenced by increased phagocytic activity of DCs and sub-
sequent enhanced maturation of T cells and CDC4+ and 
CD8+ immunoresponses [55]. Lee et al. used CpG and red 
fluorescent protein (RFP) as a model antigen to track the 

delivered AuNO-based vaccines to DCs in the target lymph 
node [56]. Moreover, the researchers injected phosphate buf-
fer saline (PBS), RFP, AuNPs, RFP/AuNPs, or CpG/RFP/
AuNPs into the footpads of mice. Compared to other groups, 
tumor growth was significantly inhibited in groups treated 
with RFP/AuNPs and CpG/RFP/AuNPs, and the effect of 
CpG/RFP/AuNPs was significantly higher than that of RFP/
AuNPs.

Among inorganic nanoparticles, mesoporous silica 
nanoparticles (MSNs) exhibit also potent immunostimulat-
ing activity by increasing the expression of CD80 and CD86 
and induce the secretion of immunostimulating cytokines, 
which subsequently enhanced CD4+ and CD8+ immune 
responses. Indeed, these nanocarriers alone (without anti-
gen) were sufficient to inhibit tumor growth and increase 
survival of tumor-bearing mice [22].

Fontana and coworkers [57] used glass-capillary micro-
fluidics technique to coat thermally oxidized porous silicon 

Fig. 6 Tumor growth inhibition effects of siRNA loaded nanoparticles targeting M2 tumor associated macrophages. (Modified from [53] with 
permission)
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nanoparticles with acetalated dextran. Then the obtained 
nanoparticles were co-extruded with vesicles derived from 
cancer cell membrane for obtaining core-shell systems. 
Alternatively, porous silicon nanoparticles were coated with 
spermidine-modified acetalated dextran and functionalized 
with a model antigen (Trp2). Authors obtained an increased 
expression of CD86 and CD80 after peripheral blood mono-
cytes contact with the systems, successfully demonstrating 
the immunostimulative properties of the designed 
nanovaccines.

2.4  Hydrogel Nanoparticles

Polysaccharide-based hydrogel nanoparticles are particu-
larly attractive for antigen delivery due to their immunos-
timulating activities and ability to entrap hydrophilic 
macromolecules [22].

Park et al. [58] prepared nano-lipogels (nLGs) simultane-
ously encapsulating a TGF-β receptor I inhibitor (SB505124) 
and IL-2 for therapy against melanoma. Compounds were 
encapsulated in nanogels composed of PLA-PEG-PGA 
coated with different lipids (PC, DSPE-PEG, and choles-
terol). nLGs increased the blood circulation half-life of 
immunoadjuvants by tenfold compared to the free drugs 
after i.v. injection in animal models. In vivo results showed 
that nLG enhanced the activation of CD8+ in cells in the 
tumor by threefold, resulting in improved immune response 
and anti-tumor efficacy against B16.F10 melanoma. Qiao 
and coworkers [59] designed pH degradable folated PVA- 
based nanogels for the dual delivery of docetaxel and IDO1 
inhibitor NLG919 to breast cancer cells. Authors success-
fully promoted immunogenic cell death and infiltration of 
CD8+ T cells, downregulating at the same time IDO1 medi-
ated immunosuppression in a 4T1-Luc murine breast cancer 
xenograft mouse model.

2.5  Polymeric Nanoparticles

One of the most used polymers for polymeric nanoparticles 
preparation is PLGA (poly (lactic-co-glycolic acid)). This 
copolymer is widely used for preparing particulate drug 
delivery systems due to its biocompatibility, biodegradabil-
ity, and FDA-approved status [22]. For example, PLGA 
microspheres were prepared for the endosomal delivery of 
CpG-oligonucleotide and OVA to dendritic cells in vitro and 
for the immunization against melanoma tumor models 
in  vivo, with promising results [60]. PLGA microparticles 
were also used for in situ immunization against animal mod-
els of lymphomas: particulate systems were coloaded with 
doxorubicin (Dox) and CpG. Authors showed that the intra-
tumoral administration of low-dosage Dox with CpG in 

combination with the systemic administration of a check- 
point inhibitor resulted in reduced tumor volumes in the 
tumor models assessed [61].

Rosalia et al. [62] modified a PLGA nanoparticle surface 
with a monoclonal antibody (mAb) targeting CD40 overex-
pressed on DCs. The nanoparticles containing ovalbumin 
(OVA), protein antigen, and TLR 3 agonist displayed sixfold 
internalization relative to the non-targeted formulation in 
pre-clinical study in an animal model. In vivo studies dem-
onstrated an increased IFN-γ production, enhanced OVA- 
specific CD4+ activation, and consequently reduced tumor 
growth in the B16/OVA tumor model (Fig. 7).

Kwak et  al. [63] fabricated polymeric nanoparticles 
using dermatan sulfate and disulfide-crosslinked polyethyl-
eneimine (CLPEI) for delivering siRNA targeting PD-L1 
(siPD- L1). In vivo experiments confirmed enhanced antitu-
mor immunity and upregulation of mature DCs in draining 
lymph nodes. Indeed, by inducing the immune checkpoint 
pathway blockade and intrinsic tumorigenesis pathway via 
mTOR signal, the nanocomplex exhibited tumor suppres-
sion on immunocompetent and compromised melanoma-
bearing mice.

Huang and coworkers developed a lipid/calcium/phos-
phate (LCP) nanoparticle for the delivery of MUC1 mRNA, 
a highly expressed tumor-associated antigen in many can-
cers. Mannose modified LCP NPs successfully released 
MUC1 mRNA into the cytosol of DCs and induced an MHC 
I T-cell response. By combining LCP with anti-CTLA-4, 
loaded LCP NP successfully induced a strong antigen- 
specific immune response in mice-bearing triple negative 
breast cancer [64].

2.6  Cell Membrane-Coated Nanovaccines

Recently, cell membrane camouflage-based nanocarriers 
have become an interesting biomimetic platform for drug 
delivery [65]. Cell membranes of interest can be extracted 
and coated onto the nanoparticle surfaces or formed as build-
ing blocks to form nanocarriers. Cancer cell membrane- 
coated NPs can carry cancer cell membrane antigens, 
offering a promising a platform as cancer nanovaccines [66]. 
For example, a B16-F10 melanoma cell membrane was suc-
cessfully coated on a CgG-loaded PLGA nanoparticle. 
Cloaked nanocarrier supported maturation of dendritic cells 
in draining lymph nodes with up-regulation of CD40, CD80, 
CD86, and MHC-II. Indeed, in vivo 86% of mice vaccinated 
with cancer membrane-coated nanoparticles remained 
tumor-free survival for over 4 months, which was more effi-
cient than a mixture of B16-F10 cells and free CpG [67].

Single elements derived from the membrane of cancer 
cells can be as well employed for the formulation of new 
cancer nanovaccines [33]. A recent paper proposed the use of 
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plasma membrane-derived vesicle as delivery systems for 
the co-delivery of adjuvant and antigens; the antigens were 
conjugated to glycosylphosphatidylinositol (IL-12 and 
CD80) and incorporated into the vesicle. Successfully, the 
administration of these systems in animal models led to 
impressive improvements in the overall survival of the ani-
mals compared to the controls [68].

Exosomes have also shown the potential as carriers for 
vaccine delivery as they are secreted by a variety of cells 
including T cells, B cells, tumor cells, and APCs [11] and are 
able to fuse with the membrane of adjacent cells for cell-cell 
communication [69]. Depending on cell origin, exosomes 
can be immunostimulatory or immunosuppressive, showing 
potential applications in immunotherapy of tumor or autoim-
mune diseases, respectively. Their ability to deliver exoge-
nous vaccines is also valuable for cancer immunotherapy. 
For example, a therapy with exosomes derived from the asci-
tes of murine T-cell lymphoma has been reported to activate 
spleenocytes and induced specific CD4+ and CD8+ lympho-
cytes, leading to increased survival of animals [70]. However, 
the challenges for exosome-based nanomedicines include 
the cost and time for preparation at large scales [11, 22].

3  Physicochemical Characteristics 
Impacting Nanomedicine Application 
in Immunotherapy

Several studies reported the physical characteristics of NPs 
affecting their uptake in cells and the potential to induce 
cellular responses [71]. These characteristics including 
size, surface coating, etc., influence, as well the processing 
by immune cells and consequent induction of immune 
responses [72].

As previously mentioned, different studies demonstrated 
that nanoparticles can act as vaccine delivery system and are 

not antigenic themselves. On the other hand, some data sug-
gest that certain NPs could be antigenic because nanoparticle- 
specific antibodies could be generated after nanoparticle 
conjugation to serum proteins [35].

The size of NPs plays a decisive role in humoral and/or 
cellular immune systems response. For example, it has been 
reported that particles smaller than 500 nm provoke T CD8+ 
CD4+ Type 1 cells responses, while particles larger than 
500 nm stimulate T CD4+ Type 2 cells and produce antibod-
ies [71]. Additionally, nanosized particles in the 10–50 nm 
easily reach DCs in the lymphatic system, boosting immune 
system components more effectively [73]. It was also indi-
cated that liposomes with a mean diameter of ≥225  nm 
induce Th1 responses and strongly promote CTL response, 
while smaller liposomes could promote humoral immunity 
through induction of Th2 response and increased IL-5 pro-
duction [74].

The kinetics of nanoparticle drainage also depends on 
particle size. Two hundred nm pores in lymphatic vessels 
walls permits nanoparticles diffusion (with 10–80 nm being 
the optimal size) while particles exceeding this cut-off 
require active transport by APCs [30]. Although therapeutic 
efficacy can be achieved also using large nanoparticles, opti-
mal immune effects are observed with particles showing 
dimensions of 40–50 nm [75]. Additionally, abnormal vascu-
lature in tumors elicits a greater infiltration of nanoparticles 
than in normal tissue. As a matter of fact, lymphatic drainage 
ineffectiveness within tumors increases the accumulation 
and retention of the nanoparticles inside tumors themselves 
(enhanced permeability and retention-EPR effect) [13].

A phenomenon well-known for affecting nanoparticles 
fate is the formation of the protein corona, that is proteins 
coating on nanoparticle surface. Indeed, nanoparticles are 
known to modify their native physicochemical properties 
due to this phenomenon once in contact with biological flu-
ids, such as blood after intravenous injection. These changes 

Fig. 7 Animal survival after vaccination (left side) and treatment in B16/OVA tumor model (right side) with nanoparticles containing ovalbumin 
(OVA), protein antigen, and TLR 3 agonist. (Reprinted from [62] with permission)
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in size, surface charge, and aggregation state could poten-
tially affect nanoparticles pharmacokinetics, biodistribu-
tion, and finally therapeutic efficacy, as reported by many 
studies [76].

Nanoparticle uptake by cells involves binding to the cell 
surface followed by uptake of the nanoparticles by a specific 
pathway. Among all, nanoparticle uptake can be influenced 
by particle size, surface charge, surface modification, and 
hydrophobicity [77]. Indeed, surface charge determines if 
nanoparticles aggregate adhere to or interact with oppositely 
charged cells. Surface charge of nanoparticles influences 
also uptake and interaction with cells [77]. Interestingly, 
positive charge has an enhancing effect on the uptake rate 
compared with neutral or negatively charge carriers [78]. For 
example, positively charged lipids, such as diacyl 
dimethylammonium- propane (DAP), provide net positive 
charge to the liposomes enhancing its uptake by APCs to a 
much higher degree than negatively charged or neutral lipo-
somes [79]. The in vivo scenario is complicated by the pres-
ence of negatively charged components in the 
bio-physiological fluids [80], which possibly immobilize 
positively charged nanoparticles. Additionally, cationic par-
ticles can affect cell membrane integrity or cause hemolysis 
and platelet aggregation.

Coating nanoparticle surface with hydrophilic molecules 
such as polyethylene glycol (PEG) permits to effectively bal-
ance particle charge [81]. Additionally, PEGylation or 
nanoparticle coating with other polymers lengthens the cir-
culation time of these systems by inhibiting phagocyte 
uptake and promoting their accumulation into tumors. 
Moreover, PEGylation has been reported to optimize lym-
phatic targeting, potentially increasing nanoparticles 
 interactions with APCs [81]. Unfortunately, these modifica-
tions can also inhibit the uptake of these compounds by 
tumor cells themselves. To overcome this limitation, “active” 
tumor- targeting approaches involving the conjugation of 
tumor- specific ligands to the nanoparticles surface have been 
developed [6].

Lastly, nanoparticles uptake by cells may be influenced 
by the shape. Uptake studies of protein-coated gold nanopar-
ticles demonstrated that spherical nanoparticles are taken up 
by cells more effectively than rod-shaped nanoparticles [82, 
83]. Elliptical particles were demonstrated to be endocytosed 
at a slower rate compared to spherical particles [84].

4  Conclusions and Future Perspectives

The potential of novel immunotherapeutics has been dem-
onstrated by a number of recent FDA-approved therapeutic 
cancer vaccines, including sipuleucel-T (Provenge®, 
Dendreon, Seattle, WA) against prostate cancer [85] and 
monoclonal antibodies (mAb) such as ipilumumab 

(Yervoy®, Bristol-Meyers Squibb, New York, NY), an anti-
CTLA-4 mAb used as a first-line therapy for metastatic 
melanoma [86].

Despite this high enthusiasm for immunotherapy for can-
cer treatment, the application of nanotechnology in this field 
presents some challenges. First, the toxicity of nano-based 
immunotherapy needs to be further characterized. It is 
unknown if the increased immune activation from nanopar-
ticles will also increase autoimmune side effects. Although 
immune activation is desired in cancer immunotherapy, an 
overactivation can be detrimental. Additionally, nanotech-
nology generally increases the complexity and cost of manu-
facturing and commercialization of treatments. Strategies 
aimed at minimizing this economic impact could facilitate 
clinical translation of nano-based immunotherapy treat-
ments. On the other hand, nanotechnology scalability and 
reproducibility limit the development and clinical applica-
tion of nanomedicine. Besides these challenges, preclinical 
animal models able to mimic human physiology should be 
improved and standardized.

In conclusion, nanotechnology approach shows tremen-
dous potential for tumor immunotherapy, although some 
challenges still have to be solved. An example is DepoVax 
(DPX-0907), a liposome vaccine comprising several TAAs 
to target to DC, which is under clinical trials for prostate, 
breast, and ovarian cancers. DepoVax-related clinical data 
demonstrate that liposomes successfully activate cytotoxic 
T-cells against tumor at the site of injection [87]. These data 
and all the research papers in preclinical stage about the use 
of nanotechnology in cancer immunotherapy support the 
idea that this strategy could be successful as novel weapons 
against cancer in future.
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Abstract

In the last decades, viruses have gained great interest in 
the field of immuno-oncology (I-O) for their ability of 
interacting both with the immune system and the tumour 
microenvironment. Those pathogens have naturally 
evolved and been evolutionary to specifically infect hosts, 
replicate, deliver their genome, and spread. These proper-
ties, initially considered a disadvantage, have been inves-
tigated and edited to turn viruses into precious allies for 
molecular biology serving as gene therapy vectors, adju-
vants for the immune system, drug cargos, and, lately, 
anticancer therapeutics. As anticancer drug, one interest-
ing option is viral engineering. Modification of either the 
viral genome or the outer shell of viruses can change 
infectivity and tissue targeting and add new functions to 
the viral particle. Remarkably, in the field of cancer viro-
therapy, scientists realized that a specific viral genomic 
depletion would turn the normal tropism of viruses to 
conditionally replicate in cancer cells only. This category 
of viruses, named ‘Oncolytic viruses’, have been investi-
gated and used for cancer treatment in the past decades 
resulting in the approval of the first oncolytic virus, a her-
pes simplex virus expressing a stimulating factor, named 
T-Vec, in 2015. As such, oncolytic viruses achieved posi-
tive outcome but still are not able to completely eradicate 
the disease. This has brought the scientific community to 

edit those agents, adding to their ability to directly lysate 
cancer cells, few modifications to mainly boost their 
interaction with the immune system. Viruses experienced 
then a renaissance not only as infecting agent but as 
nanoparticle and cancer vaccines too. These strategies 
bring new life to the concept of using viruses as viral par-
ticles for therapeutic applications.

Keywords

Oncolytic viruses · Gene therapy · Viral vectors · 
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Adenovirus · Capsid surface modification · Peptide- 
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1  Introduction

Viral nanoparticles (VNPs) are naturally occurring virus- 
based bionanomaterial formulations that can be efficiently 
functionalized with various molecules or genetically engi-
neered to contain a variety of novel properties. VNPs can be 
bacteriophages, plant or animal viruses, and they can be 
infectious or non-infectious. VNPs can be tailored for pre-
ferred applications by using bioconjugate chemistries that 
can be applied to link drugs or targeting ligands to the inner 
or outer capsid shell. Drugs and other molecules can also be 
encapsulated by VPNs that can be readily disassembled and 
reassembled. Also, VNPs can be genetically engineered 
allowing the introduction of precise modifications so that 
large quantities of identical particles with desired modifica-
tions can be manufactured [1–8]. Initially, VNPs have been 
used as gene delivery vectors because they can deliver for-
eign genetic material to the infected cell to correct or modify 
genetic dysfunctions [5, 9]. Some viruses, such as retrovi-
ruses, integrate their genetic material into a chromosome of 
the host cell. Other viruses, such as adenoviruses, introduce 
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their DNA into the nucleus of the infected cell, but the DNA 
is not integrated into a chromosome. Diverse VNP platforms 
have been developed exploiting different features of different 
viruses; from efficient modulation of the tumour microenvi-
ronment to vaccination, to various targeted therapies [10–
13]. In addition to gene therapy applications, VNPs based on 
oncolytic viruses (OVs) are promising immunomodulatory 
agents and can be used in various cancer therapy applications 
including cancer vaccines. In this chapter, we will discuss 
oncolytic virus-based VNPs designed to function as cancer 
vaccines and immunomodulators of the tumour microenvi-
ronment (TME).

2  Tumour Microenvironment 
and Oncolytic Viruses

As normal tissues need to create interconnection with other 
cells and have a continuous supply of nutrients and resources, 
cancerous tissue needs to create a highly immunosuppres-
sive environment to be able to survive, grow, and progress. 
This highly immunosuppressive niche – made of a heteroge-
neous set of transformed and non-transformed cells includ-
ing neoplastic cancer cells, mesenchymal cells, hematopoietic 
cells including innate and adaptive immune cells and 
myeloid- derived suppressor cells  – is identified as the 
tumour microenvironment (TME) [14]. Within this complex 
environment, tumours can prosper and release cytokines, 
chemokines, and other factors affecting the surrounding 
cells through an interplay between healthy and unhealthy 
cell subpopulations which supports tumour survival and pro-
gression. In optimal conditions, the immune system detects 
and eliminates malignant cells after their recognition [15]. 
This so-called immune surveillance is carried out by two 
main cell subsets responsible for the tumour clearance, that 
is, cytotoxic CD8+ T cells (CTLs) and Natural Killer cells 
(NKs) belonging, respectively, to the adaptive and innate 
immune system [16, 17]. To exert their anti-tumoural activ-
ity, CTLs must recognize specific proteins that are produced 
by cancer cells called tumour- associated antigens (TAAs) or 
tumour-specific antigens (TSA), presented by major histo-
compatibility complex class I molecules (MHC-I) on the 
surface of tumour cells. CTLs tumouricidal activity is car-
ried out both directly through the release of cytotoxic gran-
ules containing perforin and granzymes leading to tumour 
cell lysis, and indirectly through the secretion of cytokines, 
such as interferon-γ (IFN-γ), tumour necrosis factor-α 
(TNF-α), and IL-2. These cytokines induce apoptosis of 
tumour cells and/or further enhance the activation of anti-
cancer immune responses. To evade immune surveillance 
and suppress the anticancer immune responses mentioned 
above, tumours are continuously creating a ‘cold’ immuno-
suppressive microenvironment with poor inflammation and 

poor CTL infiltration (Fig. 1). Several mechanisms are acti-
vated to foster cancer survival and spreading by unbalancing 
the immune surveillance: (i) tumour-resident macrophages 
are polarized towards the immune suppressive M2 pheno-
type which in turn leads to an increase in the secretion of the 
pro-angiogenic factor vascular endothelial growth factor 
(VEGF), responsible for the growth of new blood vessels, 
leading to more efficient transport of nutrients and oxygen to 
the TME. (ii) A decrease in the activity of professional APCs 
priming naïve T cells into specialized tumour-specific T 
lymphocytes. (iii) The cytokine milieu in the TME induces a 
decrease in the fraction of T helper type 1 cells, while 
increasing the number of regulatory T cells (Tregs), respon-
sible for downregulating the immune response. (iv) Finally, 
the tumour-killing activity of NK cells is strongly inhibited 
and counterbalanced by the activation of highly immuno-
suppressive myeloid-derived suppressor cells (MDSCs).

Oncolytic viruses (OVs) have been shown to modulate 
tumour immunosuppression and revert the ‘cold’, immune 
cell deserted TME of low inflammation and poor CTL infil-
tration, into a ‘hot’ immune cell-infiltrated and inflamed 
TME. Cancer cell killing by OVs induce anti-tumour immu-
nity and modulate tumour microenvironment (TME) to less 
immunosuppressive phenotype. OV-induced inflammation, 
immune cell, and cytokine infiltration into the TME 
enhances the immune activation towards cancer cells. 
OV-mediated lysis of cancer cells release TAAs, TSAs, and 
neoantigens that can be taken up and processed by antigen 
presenting cells present in the TME [18]. In addition to the 
release of antigens, cancer cell lysis by OVs can lead to the 
release of danger-associated molecular patterns (DAMPs) 
such as surface- exposed calreticulin (ecto-CRT), secreted 
adenosine triphosphate (ATP), and released high mobility 
group box 1 protein (HMGB1), as well as pathogen-associ-
ated molecular patterns (DAMPs), including viral compo-
nents, such as viral nucleic acids, proteins, and capsid 
components, which in turn are recognized by innate immune 
cells such as dendritic cells (DCs) that become activated 
leading to increased recruitment and activation of tumour-
specific T cells in the TME [19]. Taken together, tumour cell 
infection by an OV leads to an inflammatory response and 
localized cytokine production followed by infiltration of 
innate and adaptive immune cells that help repolarize the 
TME towards less immunosuppressive phenotype.

3  Tumour Epitope Peptide-Coated Viral 
Nanoparticles as Cancer Vaccines

OV-mediated release of tumour-associated antigens and neo-
antigens by viral oncolysis might not be enough to induce 
clinically relevant tumour-specific T cell responses or the 
induced T cell response might be too weak to induce a potent 
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clinical response. In an attempt to induce more potent virus- 
induced T cell response against tumour antigens, various 
VNPs have been developed by coating modified, tumour 
antigen epitopes containing peptides onto the outer surface 
of various viruses [20–23]. Coating of adenovirus capsid 
with modified tumour epitope peptides (PeptiCRAd, see 
Fig. 2) has been shown to be an efficient and highly versatile 
approach to increase the induction of tumour-specific T cell 
response and enhance the therapeutic efficacy of the peptide- 
coated VNPs. An oncolytic adenovirus-based VNP coated 
with major histocompatibility complex I (MHC-I)-restricted 
tumour epitope derived from human melanoma was shown 
to induce enhanced T cell responses against this melanoma 
antigen in a humanized mouse model (an immunocompro-
mised mouse model engrafted with human immune cells) of 
melanoma leading to a significantly enhanced therapeutic 
efficacy [20]. Coating of the adenovirus capsid with an 
MHC-I-restricted tumour epitope together with an MHC-II- 
restricted Pan HLA-DR reactive epitope increased the effi-
cacy of the adenovirus therapy in weakly immunogenic 
tumours. This double-coated PeptiCRAd adenovirus was 
also shown to increase the number of responders to PD-L1 
immune checkpoint inhibitor therapy [24]. The PeptiCRAd 

approach was also successfully used to re-engage pathogen- 
related CD4+ memory T cell populations to support and 
enhance tumour-specific T cell responses by coating the 
adenovirus capsid with pathogen-specific MHC-II-restricted 
peptides together with tumour-specific MHC-I-restricted 
peptides [21]. The pathogen-related CD4+ memory T cell 
populations, initially created by vaccination against tetanus 
toxoid (tetanus vaccine) or against polio, pertussis, and diph-
theria (Polioboostrix vaccine), were readily exploited in 
order to elicit stronger and more effective melanoma-spe-
cific CD8+ effector T cell response by the PeptiCRAd adeno-
viruses. This approach was also shown to significantly 
increase the anti-tumour efficacy of anti-PD-1 checkpoint 
inhibitor therapy [21]. Adenovirus capsid has a negative 
total charge which makes the capsid surface suitable for 
electrostatic adhesion of peptides. Peptides, conversely, have 
different charge varying from positive to negative. Positive 
peptides can be directly loaded on the adenovirus capsid. 
Negatively charged peptides will result in repulsion, if 
loaded as such onto the adenoviral capsid. Therefore, a 
chemical modification is needed to adapt them for this appli-
cation. A positive amino acid sequence can be attached to 
the N-terminus of negatively charged peptides to change the 

Fig. 1 Tumour microenvironment: A schematic representation of the 
tumour microenvironment with different cell subtypes. Abnormal alter-
ations are represented in the squares on top of the figure for each single 

cell subpopulation. Those malfunctions allow cancer cells to go unde-
tected, proliferate, and disseminate creating new metastases
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net charge from negative to positive for efficient electrostatic 
interaction. A stretch of lysine residues is usually added to 
the peptides to create a positive overall charge which will 
allow the electrostatic assembly.

A very similar peptide coating approach has also been 
developed for VNPs based on enveloped viruses such as her-
pes simplex virus 1 (HSV-1) and vaccinia virus (PeptiENV, 
see Fig. 3) [22]. The coating of enveloped viruses with MHC-
I-restricted peptides was shown to induce systemic peptide-
specific T cell responses against coated peptides and in 
therapeutic setting; both peptide-coated HSV-1 and vaccinia 
virus were shown to improve peptide-specific T cell responses 
and anti-tumour efficacy [22]. Enveloped viruses contain host 
cell-derived lipid bilayer as the outer surface. VNPs can be 
easily engineered to contain tumour epitopes on the surface 
of the virus particle by adding a cell penetrating, lipid friendly, 
anchor sequence to the N-terminus of the tumour epitope 
peptides to allow for efficient coating onto the viral surface.

4  Cancer Membrane-Enveloped Viral 
Nanoparticles as Cancer Vaccines

The previously described approaches consist of an easy 
plug-and-play method to combine the power of an oncolytic 
virus with the reactivity of the immune system towards the 

tumour antigen epitope present on the viral surface. 
Unfortunately, the identification of such tumour antigens is 
very challenging at the moment, making personalized 
immune virotherapy difficult in absence of specific patient 
tumour signatures already identified and isolated. Tumour 
lysate and cancer membrane are a great source of tumour 
antigens needed by the immune system to mount and orches-
trate a targeted anticancer response [25–27]. Such cancer 
sources alone, when lacking proper activation stimuli, might 
drive to tolerogenic effect making the immune system unable 
to spot and process tumour signatures leaving the tumours 
undetected [28–30]. Viruses, however, serve as great stimuli 
for the immune system [31]. The fusion of unknown tumour 
sources and viral adjuvant merged in a viral-like particle 
made of cancer-derived membrane carrying cancer peptides 
wrapped around an oncolytic Adenovirus serotype 5 
(ExtraCRAd) (Fig.  4). The artificial viral particles were 
assembled by mechanically constraining the cancer-derived 
membrane around the virus through extrusion, creating an 
artificial envelope. In this case, the technology exploits the 
potent weapon of an oncolytic virus acting as a strong adju-
vant supported by the repertoire of cancer antigen present on 
the membrane used to wrap the virus. When uptaken as such 
by DCs, different subsets of T cells will be primed against 
multiple targets allowing the immune system to generate a 
wider and more differentiated anti-tumoural response against 
the heterogeneous cancer subclones present in the neoplasia. 
The wrapping allowed the particle to have an enhanced 

Fig. 2 Schematic representation of a PeptiCRAd Cancer Vaccine VNP 
Platform. Adenovirus serotype 5 (in light green) was complexed with 
specific tumour-associated peptides (in red). The assembly was 
favoured by modifying the net charge of the tumour peptides adding a 
sequence of six positive lysin amino acids to the sequence of the tumour 
peptide. The electrostatic interaction resulted in complexing a naked 
virus with tumour peptides creating a hybrid viral nanoparticle carrying 
the power of a virus mixed with tumour immunogenicity

Fig. 3 Schematic representation of a PeptiENV-Cancer Vaccine VNP 
Platform. Human Herpes virus was loaded with tumour-associated anti-
gens. Antigens were modified with a cell penetrating peptide (lipid 
friendly anchor) to allow efficient attachment onto the lipid envelop of 
the virus
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infectivity towards cancer cells bypassing the normal inter-
action between the virus and the host cell receptor. In addi-
tion, the artificial shield seemed to protect the virus from 
anti-viral neutralizing antibodies which lower the efficacy of 
oncolytic therapy. The platform showed positive outcome in 
slowing down tumour growth of several murine cancers and 
eliciting anti-tumoural T lymphocytes presence and activity 
in the TME. When used in a vaccination set up, the group 
treated with such platform showed a longer overall survival 
over the control groups.

A similar approach used on VLPs has been successfully 
developed with the name of SpyTag/SpyCatcher protein 
superglue that enables to avoid many of the challenges of 
binding antigens to virus-like particles [32, 33]. This tech-
nology is composed by splitting a protein from the common 
bacterium, Streptococcus pyogenes, into two parts. One part 
named SpyTag peptide is bound to antigens, while its partner 
protein SpyCatcher is bound to the VLP.  Spontaneous 
 conjugation will occur with subsequent formation of a strong 
and unbreakable covalent bond [34]. The process allows for 
specific assembly of antigens on VLPs to generate an opti-
mal immune response and in addition, carries the benefit of 
being a plug-and-play method rapid and versatile.

Taken together the above-mentioned strategies represent 
a valuable and interesting approach to reverse the immune 
system from fighting a pathogen only, to fighting an external 
tread and cancer cells at the same time. Those elegant 
approaches benefit from the use of a pathogen as a stimula-

tor to initiate a complete immune response against a foreign 
tread. Complexing tumour moieties on the virus allow dou-
ble activation effect in triggering both antiviral and anti- 
tumour CD8. After being engulfed by a dendritic cell, the 
core virus is disassembled in its simplest structures (pep-
tides) which will then be loaded and presented on MHC II to 
be recognized by antiviral lymphocytes, start their activa-
tion, initiating the hunt of similar peptides throughout the 
body. At the same time, cancer peptides previously loaded 
on the pathogen are now loaded and presented on MHC I, 
where they will serve instead as leading instruction for anti-
tumour cancer cells. The speciality of this method, in addi-
tion to the double effect in fighting foreign element (virus) 
and self- tissue (tumour) at the same time, benefits on the 
extra help in activation for a more powerful ignition created 
by the antiviral helper cells attracted by the virus which will 
then serve as activator for both kind of T cells present in the 
lymph nodes (Fig. 5).

5  Viral Nanoparticles for Delivery 
of Nucleic Acids

Enveloped viruses can also act as nanocarriers for RNA- 
based therapeutics. The challenging in vivo delivery and the 
lack of adjuvanticity of RNA-based cancer therapeutics have 
limited the use of therapeutic RNAs. One approach to 
enhance the delivery of RNA-based therapeutics is to har-
ness enveloped viruses, such as vaccinia virus, as VNP nano-
carriers for therapeutic RNA molecules. RNA molecules can 
be attached onto the viral envelope by the use of cationic 
liposomes [35]. RNA molecules are first complexed with 
cationic lipids to obtain RNA-liposome particles. These par-
ticles are then attached to VNPs via electrostatic interactions. 
This approach of engineering VNPs (called viRNA platform, 
see Fig. 6) can be used to deliver therapeutic RNA molecules 
of various size and function, such as large self-replicating 
RNA molecules or small microRNA molecules (miRNAs), 
inside target cells. In addition to enabling the delivery of 
RNA molecules, the use of VLPs as nanocarriers can enhance 
the immunostimulatory properties of the therapeutic RNA.

6  Current Challenges and Future 
Perspectives

Nanomedicine is a growing field both for diagnosis and for 
therapy of several diseases. Viruses started to be considered 
as interesting nanoparticle tools to be used in nanomedicine 
for cancer immunotherapy due to their interaction with the 
immune system and the tumour microenvironment. Despite 
their controversial activity as pathogens, viruses are a great 
tool to overcome several clinical situations, especially 

Fig. 4 Schematic representation of the ExtraCRAd Cancer Vaccine 
VNP Platform. An oncolytic adenovirus serotype 5 (light green) was 
wrapped into cancer-derived membrane (grey) carrying tumour-specific 
signature (yellow, green, purple, red). The membrane was mechanically 
wrapped around the virus with an extrusion process through a porous 
polycarbonate membrane
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related to the immune activity. The strength of their use lays 
in the tissue-targeting properties, easy production and edit-
ing, and stability and storage over time. Despite their great 
interest, several challenges are still left to be faced. Together 
with the flexibility and adaptation of viral nanoparticles to 
several use, viral strategies suffer of major flaws when it 
comes to their administration and safety. Systemic adminis-
tration would be the easiest procedure to reach all the 
organs but represents the main problem since viruses are 
usually up taken into the liver, displaying a toxic profile, 
culminating in hepatic failure [36]. In addition, patients 

undergoing therapies with viruses often have a pre-existing 
immunity against the viruses [37] or soon develop a strong 
adaptive one [38]. This means that a host which has encoun-
tered a pathogen in his early life has already developed a 
pathogen- specific response. Typically, immune response 
against a virus develops soon stable and long-lasting circu-
lating antibodies deputed to neutralize viral spreading, sur-
rounding and blocking the viral particle circulation in the 
blood. In addition, an early or continuous exposure to a 
virus results in development of specific anti-viral memory 
T cells promptly seeking and destroying virus infected 

Fig. 5 Schematic representation of tumour peptide-coated viruses in 
lymph node. After capturing the virus, dendritic cells circulate to the 
near lymph node. Here they start priming naïve T lymphocytes (antivi-
ral CD8 T-cell) to recognize the viral tread if eventually spotted in the 
host during patrolling. Tumour antigens instead follow a different prim-

ing mechanism and they activate anti-tumour cytotoxic lymphocytes 
(anti-tumour CD8 T-cell). This method benefits a more powerful activa-
tion in the response since antiviral CD4 T-cells kick in attracted by the 
viral tread but they empower both anti-tumour and antiviral subset as 
general wide spread effect
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cells. These constitute the challenges for systemic adminis-
tration of an oncolytic virus, because as non-self agent 
viruses encounter antiviral neutralizing antibodies that once 
bond, opsonize the pathogen, lowering its action in reach-
ing distant tissues, resulting in reduction of the therapeutic 
effect. For that reason, most injections are limited to in situ 
localized administration which relies on the accessibility of 
the treatment site and on the operator ability. Few ways to 
decrease its recognition have been investigated, mostly 
shielding the virus from neutralizing antibodies with lipid 
layers, polymers, aptamers, or modifying the capsid struc-
ture creating chimeric viruses [35, 39–43].Thus, the route 
of administration of viral nanoparticles results quite chal-
lenging [39, 44, 45]. Despite viral nanoparticles constitute 
a great opportunity for personalized medicine and custom-
izable strategies acting at different levels, more studies on 
biodistribution are needed to understand the tropism of 
viral particles once they undergo specific modifications 
[46]. Overall, viruses hold a great potential as gene therapy, 
drug carrier, immune-stimulant, and oncolytic therapeutics. 
In cancer immunotherapy, the possibility to conjugate can-
cer-specific signatures assembled on viruses as nanoparti-
cles sounds thrilling. This strategy opens up future 
application where the anti-viral properties of the immune 
system are reversed to anti-cancer features. The tumour- 
associated antigens present on the viral surfaces allow the 
immune system to orchestrate a specific remarkable anti- 
cancer response. Those platforms serve as reprogramming 

tools of the immune system towards cancer tissues. 
Unfortunately, the limitations encountered by their route of 
administration and the lack of available cancer peptides to 
be assembled on viruses make viral nanoparticles use sub-
optimal. Therefore, new chemical and physical modifica-
tions are needed to improve the efficacy of those tools as 
clinical agents. Viral nanoparticles are under a continuous 
development and their versatile applicability would able to 
be implemented in fighting a plethora of different diseases 
[47–49]. Nanomedicine and viruses used as nanoparticles 
hold a great potential for present and future disease treat-
ment both as general strategy and as personalized targeted 
treatment.
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Abstract

Immunotherapy has revolutionised oncology and represents 
a fast-growing area of new drug products in anti- cancer ther-
apy. Patients can now benefit from an expanded landscape of 
treatment options for several tumour types. The value of can-
cer immunotherapy is well-established thanks to the clinical 
success following regulatory approval of several immuno-
modulators and cellular immunotherapies, and both the pri-
vate and the public sector are investing to provide patients 
with improved immune-based agents and to extend the indi-
cations of already marketed products. Although recent 
achievements offer the best promise for successful treatment, 
innovators in the field of cancer immunotherapy still face 
many challenges toward commercialisation that could be 
mitigated by a smart drug development strategy.
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1  Introduction

1.1  What Is Cancer Immunotherapy?

Immunotherapy can be defined as a therapeutic procedure 
aiming to stimulate or suppress the immune system in order 
to fight a broad range of diseases including infections and 
cancer.

The idea of exploiting the individual’s immune system to 
fight disease dates back to the last centuries and it has been 
widely explored in the field of vaccination. However, before 
the formal proof of concept that cytotoxic responses could be 
redirected to destroy malignant tissues, the application of 
immune-based therapeutic agents to the field of cancer has 
lagged behind other therapeutic options, such as chemother-
apy and radiotherapy.

In this scenario, the description of the durable responses 
in metastatic melanoma elicited by Ipilimumab (a blocking 
antibody binding to the checkpoint inhibitor cytotoxic 
T-lymphocyte-associated protein – CTLA-4) [1] and the effi-
cacy of a monoclonal antibody binding to the checkpoint 
inhibitor programmed cell death protein 1 (PD-1) [2] repre-
sented the dawn of a new era in the treatment of cancer.

The above-mentioned unanticipated clinical observations 
revealed that, by targeting the so-called checkpoint inhibi-
tors, it was possible to reinvigorate the inherent ability of the 
host’s immune system to efficiently eradicate cancer. Based 
on these findings, “Yervoy” (Ipilimumab), developed by 
Bristol–Myers Squibb, was the first cancer immunothera-
peutic agent receiving regulatory approval in the United 
States. It was soon followed by “Opdivo” (Nivolumab), an 
anti-PD-1 monoclonal antibody, developed by Ono 
Pharmaceutical, which received regulatory approval in Japan 
and later by in the United States.

The discovery of immunostimulatory monoclonal anti-
bodies (mAbs) [3] was more recently followed by the 
description of adoptive T-cell therapy, which was pioneered 
by Steven Rosenberg [4], Zelig Eshhar [5], Carl June and 
Michel Sadelain. Globally, these approaches triggered a rev-
olution of the paradigms of clinical cancer management. 
Since then, cancer immunotherapy has emerged as a clini-
cally beneficial alternative to conventional treatments for a 
variety of oncologic malignancies, including melanoma [1, 
6, 7], hematologic malignancies – such as refractory Hodgkin 
lymphoma – [8] non-small cell lung cancer (NSCLC), ovar-
ian cancer [9], prostate cancer, kidney cancer, bladder cancer 
[10], head and neck squamous cell carcinoma (HNSCC) 
[11], and renal cell cancer (RCC) [12]. This is acknowledged 
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by the numerous U.S. Food and Drug Administration (FDA) 
and European Medicines Agency (EMA) approvals of new 
therapeutic entities and by the rapid expansion for existing 
agents [13].

Notwithstanding the ground-breaking effect of the emerg-
ing field of cancer immunotherapeutic agents on patients 
care, it should be noted that  the seminal discoveries at the 
basis of cancer immunotherapy date back more than 25 years 
ago. The route from bench to bedside of the first wave of 
cancer immune-based agents, such as Ipilimumab, followed 
drug discovery and development timelines similar to those of 
canonical drug entites [14].

Indeed, the discovery of the immune checkpoint inhibitor 
PD-1 dates back to the seminal observations of Dr. Tasuko 
Honjo at Kyoto University in 1992, whereas the checkpoint 
inhibitor CTLA-4 was discovered in 1994 by Dr. James 
P. Allison, through his work at the University of California 
Berkeley and Memorial Sloan Kettering Cancer Center in 
New  York. The major impact of these discoveries and, in 
general, of the emerging field of cancer immunotherapy has 
been acknowledged by the award of the Nobel prize for 
physiology or medicine in 2018 [15] to Allison for the dis-
covery of CTLA-4 [16] and to Honjo for the discovery of 
programmed cell death protein 1/programmed cell death 
protein ligand 1 (PD-1/PD-L1) [17].

The launch of a first generation of cancer immunothera-
pies based on the pioneering discoveries of Honjo, Allison, 
and other researchers, including Lieping Chen and Gordon 
Freeman, is thus a success story of translation of basic 
 science research into clinical treatment. Since then, there 
has been a tendency toward shortening the clinical 
 development and approval process of cancer immune-based 
agents [14].

2  How Does Cancer Immunotherapy 
Work?

The seminal discoveries by Honjo and Allison revealed that 
interfering with the regulatory mechanisms of the immune 
system can prove fundamental to treat cancer. In order to 
fully understand the broad clinical activity, the durable 
response rates and the distinct characteristics of immune- 
based agents, it is thus fundamental to provide a detailed 
explanation of the immunological circuits which they rely 
on. This analysis is of crucial importance to appreciate the 
factors that differentiate cancer immunotherapy from tradi-
tional cytotoxic or targeted therapies.

Similarly to what is described in the context of immunisa-
tion, different immunotherapeutic strategies are available, 
which comprise passive and active approaches. Passive can-
cer immunotherapy consists of enhancing existing immune 
response to tumour cells, while active immunotherapy, by 

interfering with precise regulatory circuits, directs immune 
cells to attack tumour cells.

In order to fully comprehend the mechanism of action of 
immune-based agents, it is crucial to familiarise with a pillar 
of the adaptive immune response, that is, the concept of self/
non-self-discrimination. The discrimination of self/non-self 
proceeds thanks to the selective recognition of antigenic pep-
tides displayed on the cells’ surface bound to major histo-
compatibility complex I (MHC-I). Antigen recognition 
occurs via the T-cell receptor (TCR) of Cluster of 
Differentiation-8+ (CD8)+ T lymphocytes. CD8+T lympho-
cytes, together with natural killer (NK) cells, are endowed 
with the ability to kill sister cells as a mechanism of defence 
for eradicating or controlling intracellular pathogens and 
tumours.

During their development and maturation, T cells are 
selected in order to be able to recognise foreign antigens and 
become able to perform immune-mediated surveillance of 
the host. Thus, the repertoire of self-reactive TCRs is general 
very low, although the escape of self-reactive TCRs is asso-
ciated with autoimmune disorders such as type 1 diabetes 
and multiple sclerosis.

However, in order to ensure that a targeted immune 
response is mounted selectively against foreign antigens, the 
adaptive immune system also developed an additional regu-
latory circuit, that is  representeed by  the requirement of a 
second positive signal in addition to TCR triggering. This 
concept represents the core of current immunotherapy and is 
generally referred to as co-stimulation.

T-cell co-stimulation needs to be analysed as a “social” 
phenomenon that occurs in a complex inter-cellular and 
receptor-dense environment. Regulatory circuits of the 
immune system comprise a plethora of molecular and cellu-
lar actors [18, 19], including but not limited to T regulatory 
cells (Treg), checkpoint inhibitors, immunomodulatory cyto-
kines, such as Interleukin-10 (IL-10). These mechanisms 
have evolved to counterbalance activation stimuli that, if not 
restrained, could lead to deleterious, mis-targeted immune 
responses.

It should be noted that lack of proper stimulatory signals 
may lead to T-cell anergy and T-cell exhaustion. These repre-
sent a state of T-cell dysfunction that is typical of many 
chronic infections and cancer, characterised by poor effector 
function, sustained expression of inhibitory receptors and a 
transcriptional state distinct from that of functional effector 
or memory T cells [20]. The ultimate outcome of this form of 
T-cell dysfunction is the inability of the adaptive immune 
system to eradicate an infection or a tumour.

Positive co-stimulation occurs thanks to the fine-tuned 
action of several receptors expressed on the surface of T cells 
and antigen-presenting cells (APCs). Binding of CD40 on 
the surface of APCs to CD40L (CD154) on the T-cell surface 
stimulates the expression of CD28 and B7 (either B7.1 or 
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B7.2) by the T cell and APC, respectively. Interaction 
between CD28 and B7 (mainly CD80 and CD86) is the “sec-
ond signal” required for efficient T-cell activation and 
survival.

CD28-B7 binding is also crucial to regulate the intensity 
of the T-cell response, as it stimulates CTLA-4 (CD152) 
expression on the T-cell surface. Indeed, CTLA-4 is the com-
petitor of CD28 and its engagement to B7 – which is charac-
terised by a considerably higher affinity compared to 
CD28–B7 interaction – fully suppresses T-cell response. It is 
clear that the balance between the contrasting signals trig-
gered by CD28 and CTLA-4 is crucial to fine-tune adaptive 
immune responses [21].

Accordingly, blocking CTLA-4 with an anti-CTLA-4 
antibody such as the above-mentioned Ipilimumab allows 
efficient interaction between B7 and CD28, thus reinvigorat-
ing T-cell responses. It should be noted CTLA-4 is a valuable 
target also for the treatment of autoimmune disorders, where 
suppression of CD28-mediated immune responses is pur-
sued; a CTLA-4-immunoglobulin (Ig) fusion protein, named 
Atabacept, has been successfully employed to interrupt 
CD28-B7.2 interaction. Actively binding B7-2 with a CTLA- 
4- Ig fusion protein, like Abatacept, interrupts the interplay 
between CD28 and B7-2 and thus suppresses CD28-mediated 
T-cell activation.

Additional regulatory circuits involve T-cell-expressed 
receptors, such as ICOS (inducible T-cell co-stimulator) and 
PD-1. PD-1 (PDCD1 or CD279) is expressed on activated T 
cells, while the expression of its ligand PD-L1 is limited to 
epithelial and endothelial cells in homeostasis. PD-1/PD-L1 
interaction dampens T-cell activation thus protecting PD-L1+ 
cells. As several cancer cell lineages evolve to escape 
immune responses by expressing PD-L1, it is straightfor-
ward that the use of anti-PD-1 antibodies – such as nivolumab 
and pembrolizumab – and anti-PD-L1 antibodies – such as 
atezolizumab, avelumab and durvalumab – can interfere with 
PD-1/PD-L1 binding and thus sustain T-cell responses.

It is clear that, while cancer cells evolve to take advantage 
of – and even hijack – the regulatory mechanisms that ensure 
the safeguard of self tissues, cancer immunotherapy inter-
venes by releasing inhibitory checkpoints to favour anti- 
tumour cytotoxic responses [22].

Immune-based agents may be classified as “passive” and 
“active” based on their ability to engage the host immune 
system. However, this classification should be applied with a 
certain degree of plasticity due to the complexity of the 
drug–host–tumour interaction [23]. In this context, it is 
widely accepted that the immune checkpoint inhibitors 
described beforehand represent the archetype of active 
immunotherapy. Conversely, adoptive T-cell therapies may 
be classified as passive cancer immunotherapy. It should be 
noted that passive agents (including tumour-targeting mAbs) 
often rely on the host immune system in order to achieve 

their anticancer activity and may de facto constitute active 
forms of immunotherapy [23].

The development of therapeutic vaccines targeting tumour 
antigens to arrest cancer progression and preventing recur-
rence, an example of active immunotherapy, has delivered 
very little to clinical practise so far [24, 25]. Conversely, 
adoptive T-cell therapies  – exploiting either tumour- 
infiltrating lymphocytes (TIL) or chimeric antigen receptor 
(CAR) T cells – have shown remarkable potential.

Isolation and ex vivo culture of autologous TILs, followed 
by perfusion with exogenous IL-2 to patients that are ren-
dered lymphopenic by suitable preconditioning regimens 
have shown outstanding durable responses [26]. TILs, which 
are isolated from autologous tumour tissue or from draining 
lymph nodes, are able to recognise tumour antigens though 
their native TCR; this allows a broader reactogenicity, which 
is not restricted to a single human leukocyte antigen (HLA) 
haplotype and thus prevents unexpected off-target toxicity 
[27]. Current preclinical and clinical evidences suggest that 
TILs infiltration could be amenable to broad clinical 
application.

Alternatively, by genetic manipulation of autologous T 
cells giving rise to CAR T cells, it is possible to redirect cyto-
toxic responses to any tumour antigen. Re-infusion of CAR 
T cells is generally preceded by lympho-depleting chemo-
therapy to allow in vivo expansion of the infused CAR T 
cells. Engineered CARs encompass a transmembrane recep-
tor, usually consisting of a single-chain antibody domain and 
intracellular signalling domains. CAR T cells including an 
anti-CD19 antibody domain and the intracellular signalling 
domains of CD3ζ, together with additional signalling 
domains, such as the ones of CD137 or CD28, are able to 
develop cytotoxic responses toward a target cell population 
expressing CD19, consisting of B lymphocytes.

Tisagen-lecleucel and axicabtagen-ciloleucel have 
received FDA approval in 2017 and EMA approval in 2018 
for the treatment of relapsed or refractory paediatric B-cell 
precursor acute lymphoblastic leukaemia (B-ALL) and adult 
diffuse-large B cell lymphoma (DLBCL) [28, 29]. 
Importantly, “real-world” CAR T-cell therapy efficacy has 
been confirmed by independent evaluation by several aca-
demic research centres in the United States, supporting 
remarkable clinical benefit [30].

3  The Value of Cancer Immunotherapy

The cost of cancer care represents one of the fastest growing 
areas of healthcare-related spending in the United States [31] 
and globally. It is estimated that due to increased demand for 
oncology care by an aging population, prolonged survival of 
cancer patients and changes in oncology practise pattern 
incorporating newer, more sophisticated treatment options, 
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the total cost of cancer care is going to exceed $175 billion 
after 2020 [32].

The introduction of cancer immunotherapy to current 
oncology practise had a profound and multi-level impact on 
cancer-related expenditure and still represents a revolution 
for the current value models.

Indeed, the value of a pharmaceutical product needs to be 
assessed not only from the scientific and clinical standpoint 
but also from an economic perspective, in a similar way as 
the health technology assessment (HTA) is evaluated. This 
means that the social, economic, organisational, and ethical 
issues of a health intervention or health technology need to 
be analysed. Specifically, the value of cancer immunother-
apy should be evaluated considering its effect on mortality 
and morbidity, on the patients’ quality of life, on the poten-
tial reductions in the use of other healthcare interventions 
and on the cost of the intervention itself [31]. All of these 
factors present an undeniable economic effect.

As detailed in the previous sections, immune-based 
agents stimulate cancer eradication through the activation of 
a pluripotent immune system rather than by inhibiting indi-
vidual molecular pathways. This, in addition to immunologi-
cal memory, is associated with long-term benefit in a 
proportion of patients, some of which can be cured of meta-
static disease.

Existing frameworks of value evaluation still fail to cap-
ture the positive effects of immunotherapy on a patient’s 
quality of life. Crucial aspects in favour of the value of can-
cer immunotherapy are the long-term treatment-free survival 
following treatment with immunotherapy, resulting in dra-
matic improvements of the patients, as well as that of their 
family and communities lives, including their returning to 
productive work. These effects can often be recorded through 
patient-reported metrics of health. It is also worth noticing 
that responders to immunotherapy do not need additional 
subsequent treatment. Additionally, compared to alternative 
oncologic treatments, the rates and severity of adverse events 
(AE) are significantly lower [7, 33]. If correctly managed, 
these AEs can be resolved in few weeks with immuno- 
modulating agents, such as corticosteroid treatment, without 
interfering either with therapeutic activity or with the 
patient’s wellbeing [31].

Based on these evidences, the value of cancer treatment with 
immune-based agents should be evaluated in view of antici-
pated savings in the future accompanied by a dramatic improve-
ment of the quality of life of oncologic patients [31, 34].

Reconciling the reward to innovators who bring new 
drugs to the market in a field where research and develop-
ment presents unique challenges needs to be considered side 
by side to the unique clinical benefits and the “value of hope” 
offered by cancer immunotherapy. In this context, a patient- 
centric model is required to negotiate with payers the value 
of immunotherapy keeping in mind the inherent challenges 

related to the complexity of the current healthcare fiscal 
environment and the resulting call for sustainability.

4  The Current Landscape of Cancer 
Immunotherapy

A landscape analysis of the most recent clinical trials, publi-
cations, and patents in the field of cancer immunotherapy 
reveals an overall growth in this area, which is still character-
ised by a significant lag time between academic discoveries 
and industrial applications [35], wherein academic centres 
lead in target identification, target validation, and early- 
phase clinical trials, often with sponsorship from the National 
Institutes of Health (NIH); nonetheless, the last two decades 
have seen a substantial increase in the involvement of indus-
trial partners, whose expertise can contribute to scale-up for 
clinical delivery [36, 37].

The same analysis can illustrate a topographical localisa-
tion of R&D focusing on immunotherapy, revealing that the 
field is predominantly US-centric, with more than 70% of 
the relevant patents of the field granted to US applicants. 
However, more recently China is also emerging not only as a 
lead market but also in the clinical landscape, due to the 
higher number of clinical trials, especially in the CAR T-cell 
space [30, 36]. The reduced number of CAR T-cells trials in 
the European Union should be addressed by the scientific 
community and by local healthcare policy makers [30, 38].

As it was previously described, the term cancer immuno-
therapy encompasses a wide range of different therapeutic 
agents. Currently, the most widely exploited agents are 
immune checkpoint inhibitors (ICI), antibodies or fusion 
proteins evoking antibody-dependent cell-mediated cytotox-
icity (ADCC) or complement-dependent cytotoxicity (CDC), 
often with modifications within the antibody’s Fragment 
crystallisable (Fc) – the portion of the antibody responsible 
for effector functions – bispecific antibodies or fusion pro-
teins, cytokines, adjuvants, NK cells, dendritic cells, TILs 
and CAR-T cells [39].

Checkpoint inhibitor, cytokines and adjuvants can be gen-
erally defined as immunomodulators. At least one represen-
tative of each of these drug products has received regulatory 
approval by the FDA (Table  1), mostly for advanced or 
treatment- resistant cancers, although immunomodulators’ 
approval as first-line options is emerging.

Checkpoint inhibitors are by far the most widely repre-
sented class of agents. They are generally conventional anti-
bodies, although antibody-drug conjugates and bi- or 
tri-specific antibodies are emerging as a second generation of 
immune checkpoint inhibitors. Of note, based on market 
records, checkpoint inhibitors mAbs are now competing 
with the previous generation of mAbs, some of which have 
dominated the scenes from 2000 onward, such as adalim-
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umab (anti-tumor necrosis factor (TNF)) “Humira” and inf-
liximab (anti-TNF) “Remicade”, “Remsima”, “Inflectra”, 
rituximab (anti-CD20) “Rituxan”, “MabThera”, bevaci-
zumab (anti-Vascular endothelial growth factor (VEGF)-A) 
“Avastin”, trastuzumab (anti-HER-2/neu) “Herceptin”, or 
palivizumab (anti-respiratory syncytial virus (RSV)) 
“Synagis” [40].

The main target that has been explored so far is PD-1, but 
immunomodulators under evaluation in clinical settings 
include agents directed to several immunological pathways. 
Pharmaceuticals targeting chemokine receptors aimed at 
promoting migration and recruitment of immune cells (e.g. 
CXCR4) or agents activating co-stimulatory pathways, such 
as CD40, OX40, ICOS and CD137, hold great promise. In 
parallel, therapeutic agents blocking immune cells suppres-
sion, such as CD73, Lymphocyte-activation gene 3 (LAG3), 
idoleamine-2,3 dioxygenase (IDO) and glucocorticoid- 
induced TNFR-related protein (GITR), are currently under 
clinical evaluation. An alternative approach aims to target 
CD47, a “don’t eat me signal” on tumour cells to promote 
immune-mediated cancer cells clearance. As a second gen-
eration of anti-cancer adjuvants, alternative Toll-like recep-
tors (TLRs) and stimulator of interferon genes (STING) 
ligands are undergoing clinical evaluation, together with 
agonist of the signal transducer and activator of transcription 
3 (STAT3) pathway.

In parallel to the evaluation of additional targets, a further 
stream of preclinical and clinical research is focused not only 
on improving the structural and functional features of already 
available immune-based agents but also to develop structural 
alternatives thereof. This is evident from the structural modi-
fications to the Fc portion of checkpoint inhibitor mAbs, 
such as atezolizumab, durvalumab, wherein the Fc was engi-
neered to avoid ADCC. Moreover, as it is apparent from the 
list of approved checkpoint inhibitors (Table 1), which are 
characterised by a different antibody isotype, also the evalu-
ation of the natural functional features of different antibody 
isotypes may prove valuable to fine-tune the desired thera-
peutic activity. Furthermore, the design of antibody mimet-
ics, such as designed ankyrin repeats (DARPins) [41], 
Affibodies, and Anticalins, could provide therapeutic agents 
with improved characteristics.

Among immunomodulators, Interferon alpha-2b has 
received FDA approval as adjuvant therapy for patients with 
high risk of melanoma recurrence, paving the way for addi-
tional approvals for cancer immunoprevention [42, 43]. A 
parallel preventive approach, although effective only in spe-
cific cancer types, is represented by preventive vaccines 
directed to viruses characterised by an oncogenic potential, 
namely Human Papilloma Virus (HPV), such as “Cervarix” 
and “Gardasil”, and Hepatitis B Virus (HBV) such as 
“HEPLISAV-B”. Therapeutic vaccines are still lagging 
behind prophylactic vaccines: only Sipuleucel-T 
(“Provenge”), a vaccine composed of autologous stimulated 
dendritic cells, has received regulatory approval for prostate 
cancer.

Following the breakthrough approval of the first two CAR 
T-cell targeting CD19-expressing B cells (Table  2), the 
“adoptive therapy” landscape is characterised by substantial 
clinical research aiming to extend the available targets. 
Further strategies under investigation to treat B cells malig-
nancies involve targeting of CD22, CD30, CD33, CD123 
(also known as IL-3R), B-cell maturation antigen (BCMA), 
and Epstein–Barr virus (EBV)-related antigens. Alternatively, 
currently investigated adoptive therapies are directed to dif-
ferent haematological and solid malignancies. In one 
approach, antigens expressed only in cancer cells are tar-
geted, such as carcinoembryonic antigen (CEA), melanoma- 
associated antigen (MAGE), cancer/testis antigen 1 also 
known as LAGE2, LAGE2B or NY-ESO-1, and tyrosine- 
protein kinase transmembrane receptor ROR1. Alternatively, 
antigens overexpressed by malignant cells are targeted, such 
as epidermal growth factor receptor (EGFR), the disialogan-
glioside GD2, glypican-3 (GPC3), receptor tyrosine-protein 
kinase erbB-2 (HER2), mesothelin, mucin 1 (MUC-1), pros-
tate stem cell antigen (PSCA), prostate-specific membrane 
antigen (PSMA) and Wilms tumour protein (WT1).

FDA-approved oncolytic therapy treatment options are so 
far restricted to T-VEC (“Imlygic”), a modified Herpes sim-

Table 1 FDA-approved immunomodulators. Checkpoint inhibitors, 
cytokines and adjuvant are listed. Immunoglobulin G (IgG), interferon- 
alpha receptor (INFAR), Toll-like receptor (TLR)

Checkpoint Inhibitors
Atezolizumab “Tecentriq” Anti-PD-L1, IgG1
Avelumab “Bavencio” Anti-PD-L1, IgG1
Cemiplimab “Libtayo” Anti-PD-1, IgG4
Durvalumab “Imfinzi” Anti-PD-L1, IgG1
Ipilimumab “Yervoy” Anti-CTLA-4, IgG1
Nivolumab “Opdivo” Anti-PD-1, IgG4
Pembrolizumab “Keytruda” Anti-PD-1, IgG4
Cytokines
Aldesleukin “Proleukin” Genetically modified 

IL-2
Interferon 
alpha-2a

“Roferon-A” Agonist of IFNAR1/2 
pathway

Interferon alfa-2b “Intron A” Agonist of IFNAR1/2 
pathway

Peginterferon 
alfa-2b

“Sylatron”, 
“PEG-Intron”

Agonist of IFNAR1 
pathway

Adjuvants
Poly ICLC “Hiltonol” TLR ligand

Table 2 FDA-approved CAR T-cell therapies

CAR-T cells
Axicabtagene ciloleucel “Yescarta” Anti-CD19
Tisagenlecleucel “Kyrmriah” Anti-CD19
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plex virus (HSV) that infects tumour cells and promotes their 
destruction. Current preclinical and clinical research is 
focused on evaluating additional virus platform that could be 
applied to anti-cancer therapies, including Adenovirus, 
Reovirus and Picornavirus. Remarkably, although the poten-
tial of oncolytic virus technology has been explored early in 
time, the low number of patents in the field suggest that the 
development of this technology has been slower compared to 
other subfields of cancer immunotherapy [35]. A similar 
trend can be observed for cellular vaccines, whose clinical 
trials had been widely sponsored by industries until 2012. 
Since 2013, cellular vaccines trials have significantly 
declined, coinciding with an increased interest to CAR T 
cells [36].

5  Current Trends

The most promising developments of the fast-evolving field 
of cancer immunotherapy that will be dealt in detail in the 
following section are the present focus on combinational 
therapy aimed at providing synergistic anti-tumour effects, 
the expansion of current immune-based therapies to new 
therapeutic indications and the identification of predictive 
and prognostic biomarkers. A comprehensive overview of 
additional advances, including the discovery of new check-
point inhibitors and immunosuppressive mechanisms [44], 
progresses in the field of T-cell trafficking to tumours [45] 
and the characterisation of non-synonymous mutations giv-
ing rise to neoantigens [46] is provided elsewhere [25].

5.1  Combination Therapy

It is acknowledged that treatments targeting a single molecu-
lar cancer pathway have only limited efficacy in most can-
cers. The results obtained with such a reductionist approach 
can be significantly improved by administering drug combi-
nations that target multiple mutations and cancer pathways 
[43, 47].

Combination therapy is thus arising as a new land of 
opportunities in oncology for multiple reasons. First, the 
activity of different agents acting on different cellular and 
molecular targets, potentially with a synergistic effect, is 
often significantly higher compared to the single agents per 
se. In parallel, combination therapy can reduce the duration 
of the treatment, thus limiting the insurgence of treatment- 
resistant cancer clones and, importantly, reducing the costs 
and AEs associated with treatment. Additionally, it has been 
estimated that immunotherapy combinations may actually be 
less expensive than single agents if they work faster [25].

The idea of combining different immune-based agents 
arose soon after it was evident that checkpoint inhibitors 

PD-1 and CTLA-4 use slightly different mechanisms of 
action; the combination of the first-generation cancer immu-
notherapies targeting those receptors showed remarkable 
synergistic anti-tumour effects and has been investigated by 
more than 250 clinical trials so far [48]. Considering that 
several immunomodulatory agents have received regulatory 
approval and the resulting almost infinite number of combi-
natorial treatment regimens [30], careful preclinical and 
early-clinical assessment should be performed before clini-
cal testing to avoid the selection of a combination of agents 
showing antagonistic effect [49] or having positive effects at 
the expense of safety concerns [7, 50, 51]. Simultaneous tar-
geting of multiple pathways including CTLA-4, PD-1/
PD-L1 blockade, transforming growth factor beta (TGF-β), 
CD40 and ICOS is expected to bring promising clinical 
results [30] and is generally perceived as the most potent 
engine for oncology progress [25, 52, 53].

Most frequently, the combined immune-based agent are 
branded products marketed by different pharmaceutical 
companies. Agreements aimed at the joint-development of 
combination therapies may present several advantages. On 
the one hand, patients can benefit from new therapeutic 
options undergoing clinical trials and becoming available in 
due course; on the other hand, the output of R&D pipelines 
can be maximised.

Not only can immune-based agents be combined between 
themselves but even combination with standard of care ther-
apies, such as chemotherapy and radiotherapy, have been 
showing outstanding clinical efficacy. In general, successful 
combination regimen relies on the use of checkpoint inhibi-
tors and co-stimulatory agents of various nature, provided 
that a baseline immune response towards tumour neoanti-
gens is present [46]. Several exogenous strategies, such as 
vaccination and adoptive T-cell transfer, may be employed to 
create a baseline anti-tumour response [25], which can be 
supported by several means. Possible combination strategies 
are focusing on removal of inhibitory signals, by means of 
acting on checkpoint inhibitors or depleting Tregs, and sup-
ply of costimulatory signals, such as by blockade of CD137, 
CD40 and OX40, together with the manipulation of the 
tumour microenvironment, for instance, by interfering with 
TGF-β and by IDO inhibition [25].

In this regard, chemotherapy and radiotherapy were 
known to exert their antineoplastic effect by triggering 
TLR4-mediated activation of the innate immune system due 
to apoptotic cancer cell death [54]. This in turn activates the 
T-cell compartment of the adaptive immune system, result-
ing in enhanced anti-tumour responses. To-date immunolog-
ical effects of chemotherapeutic agents, such as 
platinum-based drugs, are widely appreciated and the effi-
cacy of therapeutic schemes combining chemotherapy with 
PD-1/PD-L1 blockade is under evaluation in more than 170 
clinical trials in several cancer entities [30, 48].
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Radiotherapy has also emerged as a valuable partner for 
immunotherapy since the description of immune-mediated 
inhibition of distant lesions following ionising radiation, a 
phenomenon known as abscopal effect [55]. This phenome-
non relies on the amplification of immunostimulatory 
interferon-γ (INF-γ) -mediated responses that are orches-
trated by tumour infiltrating dendritic cells (DC), a profes-
sional APC type, upon sensing of tumour DNA [56, 57].

As mentioned previously, responses to immunotherapy 
are mainly dictated by the pre-existing extent of anti-tumour 
responses; an additional aspect is the extent of TILs infiltra-
tion in the malignant tissue. Technological progress in the 
precise delivery of radiotherapy is allowing to further appre-
ciate how inflammatory signals associated with various cell 
death pathways triggered by radiation can possibly convert 
the tumour into an in situ vaccine and promote the regression 
of metastases outside the field of irradiation, as defined by 
the abscopal effect [25].

Although the scientific community considers the combi-
nation of radiotherapy and PD-1/PD-L1 blockade promising, 
some negative results have been reported, suggesting that the 
specific therapeutic interventions, dosage regimens and trials 
design should be carefully evaluated [30].

5.2  New Indications

Recent studies have suggested that the efficacy of checkpoint 
inhibitors is not dictated by the specific tumour entity but by 
the high mutational load due to the presence of mutational 
defects in the DNA mismatch repair machinery, a condition 
that is known as micro satellite instability (MSI) [58]. This 
finding is not surprising considering the mechanism of action 
of checkpoint inhibitors. Indeed, the higher the mutational 
load, the higher the presentation of neo-antigens via MHC-I 
molecules, which would intrinsically result in improved rec-
ognition by the CD8+ T cells reinvigorated by checkpoint 
inhibition. Based on this observation, numerous clinical tri-
als are currently investigating the use of checkpoint inhibi-
tors in different cancer entities.

Conversely, a reduced efficacy is expected against tumour 
entities which do not express neoantigens or do not express 
MHC-I molecules – a known mechanism of evasion – as they 
could not be targeted by T cells despite substantive stimula-
tion [30]. Intriguingly, there is preliminary clinical evidence 
that also tumour entities characterised by low mutational 
burden, such as breast cancer, could benefit from treatment 
with checkpoint inhibitors. As of exemplification, treatment 
of naïve patients affected by metastatic, triple-negative breast 
cancer (TNBC) with atezolizumab (anti-PD-L1) in combina-
tion with nab-paclitaxel has excitingly shown remarkable 
efficacy in a phase III trial [59]. Following on this observa-
tion, a considerable number of TNBC clinical trials based on 

targeted immunotherapy have been registered on clinicaltri-
als.gov.

On the other hand, the possibility to expand CAR T-cell 
therapy horizons to different tumour entities is limited by the 
ligand that constitutes the extracellular domain allowing tar-
geting of target malignant cells. It is straightforward that tar-
geting novel cancer entities requires significant R&D efforts, 
whereas the application of fully developed CAR T-cell 
agents to diverse malignancies of the same cell type could be 
easier. For example, putatively all B-cell malignancies can 
be targeted by CAR T employing CD19 as targeting ligand. 
Indeed, the success of CAR T cells in ALL and DLBCL trig-
gered to the initiation of follow-up trials in these disease 
entities; clinical trials directed to chronic lymphocytic leu-
kaemia, multiple myeloma and gastrointestinal cancers are 
also underway. However, as it was detailed in the previous 
sections, the intrinsic sophisticated complexity of the CAR 
T-cell technology results into fundamental challenges when 
aiming to extend its therapeutic indications.

It should be noticed that a new field of therapeutic indica-
tion is opening for checkpoint inhibitors, whose application 
was restricted by standard oncology care to advanced tumour 
stages, usually consisting of metastatic stage tumours. 
Remarkably, it is more and more appreciated that improved 
efficacy is associated with a low tumour burden upon treat-
ment initiation [60]. Thus, treatment with immune-based 
agent after surgery, a clinical practise known as peri- operative 
use, is emerging as a promising treatment option.

A similar approach is known as neo-adjuvant therapy and 
is directed to prime systemic immunity towards tumour anti-
gens (i.e. before primary treatment) aiming to promote long- 
term tumour surveillance after complete resection of the 
tumour. This application needs to take into account a cor-
rectly orchestrated treatment regimen to allow T cell priming 
by APCs when neoantigens would still be present [61].

However, it should be reported that several controversial 
observations were described  regarding the application of 
adjuvant and neo-adjuvant therapy. The FDA approved adju-
vant treatment with Ipilimumab for melanoma patients after 
tumour resection despite the high frequency of reported AEs 
[62–64]; contrariwise, the EMA approved nivolumab for the 
same indication, given the lower occurrence of reported AEs 
[65]. This concept is supported by recent translational find-
ings from an early clinical study in patients with resectable 
melanoma: in a randomised phase Ib study, neoadjuvant 
treatment with nivolumab and ipilimumab induced a higher 
number of tumour-specific T-cell clones than adjuvant treat-
ment [66]. These promising observations, further fuelled by 
the correlation between improved efficacy of neo-adjuvant 
therapy and the presence of MSI, are possibly at the basis of 
the current increase in trials comprising neo-adjuvant treat-
ment with immune-based agents [30]. Despite the current 
landscape, the previous scepticism towards such treatments 
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should be carefully considered, stimulating investigators to 
wisely select patients who may benefit from neo-adjuvant 
treatment based on specific knowledge-based biomarkers, 
such as minimal residual disease (MRD) by circulating 
tumour DNA (ctDNA) [30].

5.3  Identification of Predictive 
and Companion Biomarkers

A major challenge in cancer immunotherapy is the ability to 
predict efficacy of a given treatment in different patients, 
given the intrinsic intra- and inter-tumour heterogeneity and 
variability.

A new frontier of cancer immunotherapy, aiming to maxi-
mise the efficacy of the treatment, is the identification of bio-
markers. Clinical biomarkers may have diagnostic, 
predictive, prognostic, or pharmacogenomic value. They 
could allow a better stratification of patients, classify 
responders and non-responders, predict outcome and iden-
tify patients more likely to develop AEs. Clinically relevant 
biomarkers support medical decisions and promote a person-
alised application of immune-based therapeutic schemes, 
hopefully resulting into increased level of therapeutic suc-
cesses and reduced side effects.

It should be noted that practical considerations accom-
pany a sound biological rationale for the sake of a broad 
application of a given clinical biomarker, such as the applica-
bility of the proposed analytical methodologies. This is one 
of the reasons underlying the fact that to date only few pre-
dictive biomarkers for cancer immunotherapy treatments 
have been robustly validated [47].

For example, the determination of PD-L1 expression by 
immunohistochemistry on tumour tissue biopsy was 
approved by the FDA as a diagnostic test to select patients 
eligible for treatment with therapeutic agents targeting PD-1/
PD-L1 axis. However, potential limitations of this biomarker 
are the variable expression of PD-L1 in a single tumour and 
by the lack of harmonisation between available assays [31]. 
Additionally, the observation that PD-L1 expression does 
not categorise all patients who could potentially benefit from 
anti-PD-1/PD-L1 therapy calls for the identification of addi-
tional and more predictive biomarkers [67].

A parallel approach for predicting responses to check-
point inhibitors blockade is the determination of MSI, espe-
cially by assessing a deficient mismatch repair (dMMR). As 
detailed in the previous sections, MSI and dMMR determine 
an increased tumour mutational burden (TMB), which in 
turn results into an increase in the number of neoantigens. 
The ultimate biological effect of this phenomenon is a sub-
stantive infiltration and activation of pre-existing tumour- 
specific CD4+ and CD8+ T cells, which render tumours 
susceptible to checkpoint inhibitors blockade [68]. This 

approach was approved as a biomarker test for pembroli-
zumab, in the context of the previously cited target-agnostic 
indication. However, it was also reported that MSI and 
dMMR do not always correlate with increased TMB. In con-
trast, considering that TMB can be observed in the absence 
of MSI and dMMR, for instance in carcinogen-induced 
tumours [68, 69], further investigations are needed to assess 
in which instances MSI and dMMR can be employed as pre-
dictive biomarkers.

The identification of reliable, precise companion diagnos-
tic assets is thus an area of current focus both for already 
marketed and for future immune-based treatments.

A promising approach relies on assessing parameters that 
could be representative of the tumour’s immunogenicity and 
of the underlying anti-tumour immunity. Accordingly, it was 
attempted to combine the aforementioned biomarkers to 
improve their predictivity. However, it was observed that a 
correlation between TMB and PD-L1 expression is absent 
[70]. Indeed, a combination of nivolumab and ipilimumab is 
superior to chemotherapy in patients with high TMB, irre-
spective of PD-L1 expression [71].

Additionally, correlative data have been generated by 
measuring changes in target immune cell populations, ana-
lysing inflammatory TNB-associated gene expression signa-
tures indicating infiltration by specific immune cell subsets 
(e.g. myeloid-derived suppressor cells, Treg, effector T cells) 
and the activation of specific signalling pathways (e.g. INF- 
γ) [72]. Alternatively, the detection of neoantigens generated 
by gene fusions has been recently explored to predict 
responses in patients with low TMB [73]. A significant trans-
lational effort is to still to be performed to bring these 
approaches to the patients’ bedside.

An inherent complexity of such approaches resides, in 
that a tumour biopsy needs to be performed. This implies 
logistic challenges when repeated biopsies need to be taken 
and analysed. Additionally, the search for predictive and 
prognostic biomarkers should not be limited to the tumour 
itself but should go beyond the malignant lesion. It is thus 
clear that the identification of soluble biomarkers in periph-
eral blood would be immensely advantageous and would 
increase patients’ compliance. To this aim, several soluble 
biomarkers have been identified to predict positive clinical 
outcome in advanced melanoma patients receiving anti- 
CTLA- 4 Ipilimumab, including C-reactive protein, lactate 
dehydrogenase, soluble CD25 and vascular endothelial 
growth factor (VEGF) [74].

PD-1 and PD-L1 are also detectable in peripheral blood in 
their soluble forms. However, recent studies have questioned 
the aptitude of soluble PD-1 and soluble PD-L1 as biomark-
ers for checkpoint blockade [75]. On the contrary, ctDNA is 
emerging as a suitable biomarker for TMB measurement, 
early response prediction, pseudo-progression versus disease 
progression and MRD assessment [30].
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However, the identification of genomic mutations poses 
several technical challenges per se. Indeed, even for routine 
clinical testing it is necessary to apply sophisticated analyti-
cal techniques characterised by high sensitivity and by the 
possibility to test multiple genomic mutations simultane-
ously (multiplexing). High-throughput next-generation 
sequencing (NGS) technologies have thus overcome classic 
Sanger sequences for biomarker screening, especially con-
sidering that NGS technologies can be applied both to cus-
tomised gene panels and to whole-exome, whole-genome or 
transcriptome panels [47].

Importantly, genotyping via customised gene panel suits 
to the challenges inherent to the clinical environment, which 
include limited availability of biopsy tissue, limitations 
regarding sample preparation and rapid timeframe required 
for therapeutic decisions [76]. Only recently, more sophisti-
cated techniques such as whole-exome sequencing are 
emerging for clinical use. Their application is still limited 
due to their complexity and to the associated costs, but it is 
expected that they will become more widely used in the near 
future. Broad applicability of NGS techniques for biomarker 
discovery and routine analysis requires the clinical setting to 
acquire digital capability to handle, analyse and interpret a 
large quantity of complex genomic data [47].

However, it should be reported that current biomarker- 
driven trials are designed to allocate to targeted therapies 
patients whose tumours express the specific driver muta-
tions. Therefore, only the excluded patients will receive 
immunotherapy. There is thus a need to design future 
biomarker- driven trials to include immune-based biomarkers 
[31].

An intriguing scenario suggests that immune-related AEs 
could also be considered biomarkers for tumour response 
[77]. Additional studies aimed at evaluating the indepen-
dency and predictive power of AEs will be carefully moni-
tored by the scientific and industrial community.

The identification of reliable predictive and prognostic 
biomarkers is expected to play a fundamental role also in 
guiding the selection of suitable combination approaches. 
Although predictive and companion biomarkers are consid-
ered to be crucial to guide optimisation of the cost and value 
of cancer immunotherapeutic agents [31], the development 
of companion diagnostic development lags behind therapeu-
tics, creating scientific and regulatory complexity.

6  Challenges

6.1  Toxicity Management

The use of immune-based therapeutic agents, similarly to 
any other therapeutic intervention, is associated with AEs. 
However, a potential barrier to the application of cancer 

immunotherapy is the concern about its toxicity [25]. Most 
importantly, unanticipated AEs can dramatically impact not 
only on a drug product development but also on the valuation 
of the company itself, as it has occurred to the CAR T-cell- 
developer Juno Therapeutics [36].

The AEs associated to cancer immunotherapy belong to 
two main categories: immune-mediated side effects and pos-
itive interference with the tumour growth.

In some instances, reactivation of the immune system 
may sustain the proliferation of tumour cells and cancer stem 
cells via the production of growth factors. Such deleterious 
AEs may be prevented by careful a priori patient evaluation; 
importantly, a wise selection of appropriate combination 
regimens can potentially reduce these AEs in a substantial 
manner [25]. An additional concern is represented by the 
integration of the signals triggered by an immunotherapeutic 
intervention into the complex circuits of the immune system. 
Indeed, as it was mentioned in the previous sections, several 
mechanisms maintain a balance between immune activation 
and immune suppression, thus fine-tuning immune responses. 
Thus, it is expected that after treatment with ICIs T-cell acti-
vation will be gradually dampened by regulatory mecha-
nisms in order to reach homeostasis. However, a sustained 
action of regulatory mechanisms could result in a temporary 
or permanent suppression of anti-tumour activity, even 
resulting in resistance to future activation [25].

Conversely, immune-mediated AEs derive from extensive 
T-cell activation and present similar characteristics to auto-
immune symptoms, including colitis, autoimmune hepatitis, 
cytokine release, capillary leak syndromes, endocrine or 
neurological side effects. Immune-mediated AEs require 
immediate treatment with glucocorticoids to prevent perma-
nent damage [43, 78]. Given that immune-mediated AEs 
have been considered as predictive biomarkers for response, 
there is a significant concern regarding the mitigation of 
immune-mediated effects, as this intervention could result in 
reduction in therapeutic efficacy. Therefore, there remains a 
need to investigate the impact of glucocorticoid treatment on 
the therapeutic efficacy of immune-based agent.

These observations will be fundamental to increase the 
confidence of patients and physicians dealing with immune- 
based agents, with a special regard to special patients’ popu-
lations. Indeed, there is preliminary evidence that cancer 
immunotherapy could be effective and tolerated also in 
patients with pre-existing disorders affecting the immune 
system, such as autoimmune diseases and acquired immune- 
deficiency syndrome (AIDS) [43]. However, before extend-
ing indications to those populations, toxicity management 
protocols should be robustly validated.

Furthermore, compared to treatment with antibody-based 
immunotherapy, cellular approaches are still limited to spe-
cialised centres, putatively due to the concern that these ther-
apies may present toxicity and may be difficult to manage 
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and costly. It is expected that the remarkable improvements 
regarding the safety and affordability of CAR T cells and 
TILs therapies will result in a wider applications [25].

Thus, it is expected that the broader application of cancer 
immunotherapy in preclinical and clinical settings will allow 
to decipher its short- and long-term interference with the 
physiology of the immune system, hopefully leading to 
improvements not only of the management of AEs but also 
on the treatment regimens themselves.

6.2  Tumour Heterogeneity and Resistance 
to Treatment

It is well established that continuous acquisition of aberrant 
genomic and subgenomic mutation is an hallmark of cancer 
[79]. Several models have been proposed to decipher how 
progressive mutations contribute to the development of a 
heterogeneous population of cells in a malignant lesion.

Considering that several anti-cancer agents are directed to 
specific targets expressed by malignant cells, tumour hetero-
geneity is per se a cause of therapeutic failures, because cells 
not expressing the target or expressing a mutated target will 
be resistant to treatment. The treatment itself, by applying a 
selective pressure on the tumour, may promote additional 
heterogeneity due to the exploitation of different cancer sig-
nalling networks by different resistant clones.

In general, mechanisms of acquired resistance either reac-
tivate a cancer pathway, or involve secondary genomic muta-
tions in the drug target, or activate alternative signalling 
pathways; in parallel, epigenetic and transcriptional changes 
can also play a role [43]. These mechanisms have been 
widely studied in the context of traditional anti-cancer drugs 
but a detailed understanding of how tumour heterogeneity 
and acquired resistance may impact on cancer immunother-
apy is still to be achieved.

On the one hand, checkpoint inhibitors, by reactivating pre-
existing anti-tumour responses, which are considered to be 
polyclonal, should be able to target effectively heterogeneous 
tumour lesions. In a similar manner, infusion of TILs is 
expected to be able to target heterogeneous cells populations. 
However, it should be noted that no prediction on efficacy can 
be made without assessing quantitatively and qualitatively the 
extent and breath of pre-existing anti- tumour response. Similar 
evaluations still appear to be inapplicable to clinical settings. 
Additionally, cancerous lesions may develop resistance to 
therapies aimed at reinvigorating the immune response by 
developing strategies to escape immune cell recognition.

On the other hand, approaches like CAR T-cell therapy 
and anti-cancer vaccines may be significantly affected by 
tumour heterogeneity and by the development of resistance, 
because the absence of the target will inevitably result in lack 
of efficacy.

Recently, the mechanism of resistance were investigated 
in an exploratory study performed on tissue biopsies from 
patients with advanced melanoma who became resistance to 
pembrolizumab treatment [80]. The findings of this study 
revealed that cancer cells developed resistance mechanisms 
responsible for evasion and resistance to T-cell-mediated 
immunity. Among these, mutations of β2-microglobulin 
(B2M), a component of the MHC-I, were able to affect the 
presentation and the recognition of tumour-antigens by 
CD8+ T cells, thus impairing cancer cell killing.

This approach clearly shows that the availability of 
tumour biopsies during the course of treatment could be fun-
damental to understand resistance mechanisms and apply 
second-line treatment regimen. However, due the inherent 
challenges associated with the acquisition of biopsies, the 
evaluation of less invasive biomarkers is a priority to the 
field.

6.3  Clinical Development, the Path 
to Regulatory Approval and Beyond

Cancer immunotherapy is a highly innovative field and com-
prises some of the so-called advanced therapy medicinal 
products (ATMPs); the definition of ATMP is particularly 
suited to adoptive immune cells therapy. Accordingly, cancer 
immunotherapy requires innovative approaches to trial 
design, risk-benefit assessments and market access. Hence, 
many challenges reside in how to balance rapid access to 
immune-based agents for cancer treatment and establishing 
new metrics for evaluation in clinical and regulatory 
settings.

Differently to chemical products or biologicals, ATMPs 
cannot be standardised and thus require other means of eval-
uation for product safety, efficacy and potency. Challenges 
relevant to cancer immunotherapy clinical development 
include the complexity in designing and interpreting of clini-
cal trials [81, 82] and the selection of appropriate patient 
populations.

Complex manufacturing processes [81, 83–85] – which is 
a very common issue in protein production and formulation 
[86]  – and the implementation of Good Manufacturing 
Practices (GMP) and stringent testing to personalised thera-
peutic agents, specifically for cell and gene products [87, 
88], increase the complexity of the development for immune- 
based agents. In particular, the logistic complexity of autolo-
gous therapies (e.g. TILs and CAR T cells) requires the 
product to be process in a centralised GMP facility and 
returned to the treatment centre for infusion into patient; this 
aspect is expected to increase costs and negatively impact 
uptake by clinicians [36].

Over and above, heterogeneous regulatory national proce-
dures at member-state level [84] and uncertain reimburse-
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ment schemes, which are decisive to determine commercial 
success [36], are additional prominent challenges that devel-
opers of immune-base therapies have to face.

Of note, it has been recently estimated that in Europe 65% 
of ATMP developers are small- and medium-sized entrepre-
neurs (SME), while only 35% are large developers. It was 
also reported that ATMP developers – and especially SMEs – 
face difficulty with the regulatory requirements as they lack 
the expertise to address the country-specific requirements 
deriving, for instance, from different national interpretations 
of the EU regulation [89].

Since regulatory agencies appreciate the remarkable con-
tribution that cancer immunotherapy is giving to the current 
therapeutic opportunities of patients affected by cancer, 
early-stage cooperation between all the parties involved is 
critical for success in cancer treatment development. Indeed, 
the regulatory landscape has been acting dynamically so as 
to promote rationalisation of the path to regulatory approval 
for immune-based agents. For example, a key initiative facil-
itating ATMP development was the adoption of European 
ATMP legislation (Regulation [EC] 1394/2007), which 
established the Committee for Advanced Therapies (CAT) 
within the EMA. The CAT is emerging as valuable partner in 
this field being responsible for assessing quality, safety and 
efficacy of advanced therapy products. Similarly, the EMA 
launched a scheme, called PRIME, to enhance support for 
the development of pharmaceuticals targeting unmet medical 
need, by promoting early dialogue between the parties and 
allow an optimised development plan and an acceleration on 
evaluation.

It is well-established that clinical development represents 
the most critical phase of a pharmaceutical product’s lifecy-
cle for several reasons, which include the challenge residing 
in the design and interpretation of clinical trials and in the 
associated costs, which may be considerable. Failure of clin-
ical studies to prove efficacy of a given asset is an enormous 
risk, which could be mitigated as much as possible by careful 
preliminary evaluations.

In order to design a successful clinical roadmap, it is 
advisable to define as early as possible an integrated devel-
opment roadmap, meaning that the planning of the regula-
tory process should be started at the earliest convenience and 
should be integrated with all other aspects of the develop-
ment process.

The same applies to all other aspects of clinical develop-
ment; indeed, the strategy for patients’ selection should be 
defined early in development by choosing between an “indi-
vidualized approach” (e.g. molecular phenotyping) or a sub-
group analysis (e.g. expression of a given marker). Given 
that eligibility criteria based on molecular phenotypic result 
in an approach analogous to the one personalised medicine, 
the number of patients who can enrol to the trial and be eli-
gible for treatment will be lower. This may result into poor 

predictive power of the trial and reduced revenues due to the 
low number of patients but can be counteracted by high lev-
els of efficacy if the biomarker is highly predictive for 
efficacy.

This aspect corroborates the current need of predictive, 
reliable biomarkers to optimise the result of immune-based 
therapies. On the other hand, despite the trend for a more 
science-driven individualised approach, the current approach 
relies on precise patients’ stratification, whereas the applica-
bility of purely personalised approaches is still questioned. 
Additionally, with an increasing number of available bio-
markers and assays thereof, independent validation will 
become a strict regulatory requirement.

It should be noted that in 2017, the FDA approved for the 
first time a treatment based on a biomarker (genome instabil-
ity of the tumour) rather than an organ-specific tumour type, 
paving the way for further similar approvals worldwide.

The unique mechanism of action of immune-based agents 
creates a challenge for use of traditional efficacy endpoints 
used to assess clinical benefit of chemotherapy and other 
cytotoxic agents [90]. The choice of the study objectives and 
the timing of the assessment are critical, as effective immune 
response may need more time to develop, and pseudopro-
gression is often observed [91]. Although clinical benefit is 
often observed by analysing the tail end of the Kaplan–Meier 
survival curves, which is characteristic of immunotherapy 
and can be interpreted as cancer-free survival, it is necessary 
to avoid prolonged studies to pre-empt the arousal of con-
founding factors and to reduce costs. Thus, it is also advis-
able to include among the clinical study endpoints 
immune-related criteria and the assessment of the immune 
memory-mediated long-term disease-free survival [43, 92]. 
Another challenge involves the assessment of efficacy of 
anti-tumour therapies targeting specific alterations or path-
ways; due to tumour heterogeneity only a small cohort of 
patients will be eligible for such treatment, resulting in long- 
lasting, challenging clinical trials [47]. Therefore, in order to 
shorten time to market access for patients, it is needed to 
wisely design clinical trials and to sensibly outline endpoints 
for rapid assessment of clinical benefit.

An additional layer of complexity derives from the wide 
application of combinational therapy, where multiple agents 
are either combined in a sequential manner or co- 
administered, where even minor differences in the treatment 
regimen can dictate the trial’s success or failure. In this con-
text, assessment of efficacy might become difficult, espe-
cially when one agent is significantly more active than the 
other.

Given that cancer immunotherapy is considered from the 
regulatory standpoint as any other therapy, regulatory assess-
ment is focused on establishing its risk-benefit profile. It is 
thus evident that minimisation of the risks associated to 
access to therapy is required to obtain regulatory approvals; 
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however, in a fast-evolving field like cancer immunotherapy 
risk perception and acceptance of uncertainty change as new 
therapeutic agents get approved. Furthermore, regulators in 
general require that the risks identified during the evaluation 
of a marketing authorisation (MA) should be minimised and/
or further characterised via a post authorisation safety study 
(PASS).

In general, it is advisable to design clinical trials to allow 
collection of samples to perform post hoc analysis aimed at 
identifying biomarkers, comparing assays, and exploring 
mechanisms of resistance. This approach can drive further 
innovation which may result into future successful trials. An 
additional indication is the introduction of patients’ ques-
tionnaires to evaluate the extent of minor AEs and the effect 
on the patients’ and communities’ quality of life; of note, this 
approach is compliant with the emerging patient-centric 
vision of cancer immunotherapy.

An additional challenge associated to cancer immuno-
therapy, which is characterised by a unique risk-benefit pro-
file, is represented by the choice of information to include in 
product information brochures in order to facilitate both 
impartial evaluations from clinicians, patients and HTA.

Special considerations apply to cellular therapies, such as 
CAR T cells. In a scenario where each patient will receive a 
distinct therapeutic agent, given the autologous nature of the 
transplanted immune cells, significant challenges arise from 
the complex logistics for manufacturing and delivery of the 
product, including transport, import/export, and qualification 
of process changes where each batch correspond to a differ-
ent patient. As cellular therapies are considered ATMPs, a 
risk-based approach is required to enable the control and 
management of the risks related to the product and manufac-
turing process, in which a potency assay reflecting the clini-
cal mechanism of action is a crucial parameter. Thus, a 
strong emphasis on potency and quality is a prerequisite for 
cellular therapies approval. A comprehensive and detailed 
primary analysis of challenges encountered by ATMPs 
developers in Europe is reviewed elsewhere [89].

6.4  Intellectual Property

Immune-based therapeutic agents usually derive from a sub-
stantial innovative effort. Rewarding innovators by providing 
protection to novel inventions against competitors can be 
achieved by a smart approach to intellectual property (IP) 
rights.

Indeed, the understanding of the IP landscape in the field 
of cancer immunotherapy is crucial to define strategies aimed 
at securing market access and market position, protecting 
assets from being counterfeited, anticipating possible con-
flicts to either avoid or exploit them or produce income by 
royalty payments [39].

Patents and trade secrets appear as the most valuable type 
of IP rights in the current cancer immunotherapy landscape. 
Trade secrets are practices or processes by which a party can 
obtain an economic advantage over competitors, for example 
the production of an innovative product. Trade secrets, as 
long as they are not disclosed to the public, grant an unlim-
ited exclusivity to the innovator. However, if the innovative 
product or process is, even inadvertently, disclosed to the 
public or if it is easily reverse-engineered, no formal regula-
tion can impair competitors to reproduce the innovative 
asset. In this regard, it should be noted that it is compulsory 
to disclose to the public detailed information related to a 
pharmaceutical product, for example in the regulatory docu-
ments and dossier that are submitted in order to obtain a mar-
keting authorisation or in investigator brochures. Hence, a 
trade secret would be inapplicable to this setting. Additionally, 
there are also ethical concerns regarding the use of trade 
secrets in pharmaceutical settings, where the non-disclosure 
of information could prevent scientific progress and techni-
cal development that could be advantageous for patients. 
Notwithstanding these aspects, trade secrets could be valu-
able to protect specific technical improvements related to the 
manufacture of a product, especially when the improvements 
themselves cannot be protected by a patent.

In contrast to trade secrets, patents grant the right to 
exclude third parties to make, use, sell, offer to sell, and 
import an invention for a limited period of time (usually 
20 years) and in a limited territory, in exchange for the public 
disclosure of the invention. Patents can be seen as a mutual 
contract between an inventor and the public, where the pub-
lic can benefit from the public disclosure of the invention, 
which can fuel further innovation, and the inventor can profit 
from the commercial exploitation of the invention, whose 
revenues can pay back previous R&D costs and be reinvested 
in developing additional innovative products.

However, not all inventions are patentable. Inventions 
need to be new, not obvious and to have an industrial appli-
cability. Additionally, in some jurisdictions, such as in 
Europe, specific inventions, such as methods of treatments 
are excluded from patentability, in order to allow medical 
practitioners to perform such methods of treatments without 
risking infringement of a patent. Conversely, medical prod-
ucts per se are patentable in most jurisdictions.

Given the costs associated with R&D, the private sector 
will not undertake such investments without the existence of 
some significant commercial upside to counterbalance the 
considerable risks of failure. It is thus clear that a solid patent 
protection is mandatory to ensure exclusive rights on a prod-
uct, allowing inventors to advance their research objectives 
and to achieve the commercial availability of a new pharma-
ceutical product [93].

As it was described in the introduction, the development 
of most of the current immunotherapeutic agents originates 
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from the discoveries performed by several academic research 
centres, where inventions often result from collaborations 
and scientific cross-fertilisation between different research-
ers. Moreover, the R&D track leading to some of the current 
ground-braking cancer immunotherapy agents was very cir-
cuitous, being characterised by collaboration between mul-
tiple companies and research centres. Thus, despite a few 
players dominating the field, the current landscape still 
appears dispersed, with multiple acquisitions, transfer of 
rights, licensing and collaborations agreements having 
occurred [35]. These factors have contributed to render the 
current patent landscape of immune-based agents intricate.

In particular, the field of immune checkpoint inhibitors 
appears to be especially convoluted [39].

For example, the IP rights involved in some of the agree-
ments that were fundamental for the development of the anti- 
CTLA- 4 antibodies ipilimumab from Bristol–Myers 
Squibb’s (BMS) and tremelimumab from Pfizer have shaped 
their R&D, clinical and commercial route. In detail, the first 
patent portfolio covering anti-CTLA-4 antibodies originated 
at the University of California Berkeley from the work of 
Allison. CTLA-4-related patents were sublicensed to a com-
pany called Medarex, which generated the first human anti- 
CTLA- 4 antibody, later called ipilimumab. Medarex also 
established a collaboration with Pfizer, who had a parallel 
anti-CTLA-4 program, which included the future tremelim-
umab; the agreement involved cross-licensing of relevant 
patents, wherein Medarex was eligible to obtain milestones 
and royalty payments for sales of any Pfizer anti-CTLA-4 
antibodies based on the patents originating from Allison’s 
work. Soon after, while Medarex became a subsidiary of 
BMS, Pfizer discontinued their program, which was later 
restarted when tremelimumab was in-licensed by 
AstraZeneca. It is clear that, if tremelimumab would have 
been able to reach the market before the patent term expiry 
of the Allison’s portfolio, the sale of tremelimumab would be 
subject to royalty payment to BMS [39].

The patent landscape related to PD-1 is even more intri-
cate, wherein seminal discoveries resulting in patents 
directed to PD-1 and PD-L1 were achieved in parallel by 
several researchers including Tasuku Honjo from Kyoto 
University, Gordon Freeman from Dana-Farber Cancer 
Institute, Arlene Sharpe from Harvard Medical School and 
Lieping Chen from Mayo Clinic. The key players in the field 
of anti-PD-1 antibodies are BMS and Merck. BMS by 
acquiring Medarex and collaborating with Ono 
Pharmaceuticals had access to Honjo’s patent estate, which 
covers broad methods of treatment by administration of anti- 
PD- 1 antibodies. A few months before the approval of ipili-
mumab, jointly developed by BMS and Ono, pembrolizumab, 
an anti-PD-1 antibody by Merck was approved by the 
FDA. This intertwined path resulted in litigation between the 
parties for patent infringement, as Merck’s asset was falling 

in the broad claims of Honjo’s patent estate; the lawsuit came 
to end in 2017 with Merck agreeing terms to settle the dis-
pute. It should be noted that assuming that Merck’s pembro-
lizumab meets expectations of becoming a “blockbuster” 
product, the upfront payment and royalties could be consid-
erable [39].

In contrast, the field of anti-PD-L1 antibodies is consider-
ably less conflict-prone. Indeed, despite several players hav-
ing products in this space, including Genentech, AstraZeneca, 
MerckSerono and BMS, none of the patents covering those 
assets comprises broad claims which could interfere with 
third parties’ activities. The reason for this narrow scope 
resides in the fact that the patents directed to a broad method 
of treatment by administration of anti-PD-L1 antibodies, 
which originated from the work of Freeman, were non- 
exclusively licensed to several parties, all of which thus have 
freedom to operate in this field [39].

The patent landscape of cellular immunotherapy differs 
substantially from the checkpoint inhibitor’s one. Indeed, 
given the intrinsic personalised nature of cellular immuno-
therapy, patent protection is not generally directed to the 
pharmaceutical product per se but usually to constructs, vec-
tors and associated methods that are necessary to obtain a 
cellular immune-based drug product, such as a CAR T-cell 
agent. The main IP actors in the CAR T-cell space have been 
the University of Pennsylvania and St. Jude’s Children’s 
Research Hospital, with substantial contributions from their 
commercial partners Novartis and Juno Therapeutics. These 
parties have been recently involved in a litigation over the 
above-described IP [36].

Based on these examples, it is clear how a strategically 
established patent portfolio is a prerequisite for success in 
the crowded space of immune-based therapeutic agents. Ab 
initio commitment and diligent planning are required to take 
advantage of a patent estate. IP can be exploited in a defen-
sive manner, meaning as a tool to aim at market exclusivity 
by excluding competitors from the market or as an offensive 
tool, for instance to create revenues by out-licensing or roy-
alties payment. Either ways, expert judgement and advice is 
needed during the whole life cycle of a product, in order to 
capture the value of inventions in strong patent claims and in 
wise negotiation of collaboration and licensing agreements.

Patents are also of primary importance in the protection of 
the latest innovations of the field. Accordingly, the commer-
cial value of patents covering the use of specific predictive 
and prognostic biomarkers or kits for detecting the same is 
significant, given that, in several instances, the testing of a 
biomarker may be mandatory for the immune-based drug to 
be granted a MA or to be reimbursed [39]. It could be 
expected that also combination therapies would be the sub-
ject of a separate category patents in the field of cancer 
immunotherapy. Conversely, considering that patents 
directed to a new pharmaceutical product usually also 
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encompass claims directed to optional combinations with 
standard drugs, patents explicitly directed to combinations 
per se may be considered redundant, and are therefore quite 
rare. An exception to this trend is observed in patents cover-
ing assets developed by small biotech companies: in this 
case, a patent directed to a combination with a well- 
established drug product from a large pharmaceutical com-
pany may be a favourable factor in supporting a potential 
collaborative research and development agreement between 
the two companies [39].

A noteworthy challenge to the protection of established IP 
rights is represented by the fact that the exclusivity granted 
by a patent estate may be circumvented through special pro-
visions granted by the World Trade Organization (WTO)’s 
agreement on intellectual property, known as the TRIPS 
(Trade-Related Aspects of Intellectual Property Rights) 
Agreement. In exceptional circumstances, a government 
may allow a third party to produce a patented product with-
out the consent of the patent owner, upon compensation of 
the patent owner. This provision, known as compulsory 
licensing, has been introduced to international patent law to 
ensure access to innovative products in low-income coun-
tries, especially in emergency or extreme urgency. However, 
due to the high costs associated to cancer immunotherapy 
drug products, there is the possibility that also medium- and 
high-income countries might advocate compulsory licenses 
to grant patients access to innovative pharmaceutical prod-
ucts [94].

On the other hand, a crucial aspect that needs to be con-
sidered when analysing the impact of IP on cancer 
 immunotherapy is the compensation that specific countries 
can put into practise to reward innovators for the develop-
ment of innovative products, especially in the pharmaceuti-
cal field.

One example is represented by pilot programs aimed at 
implementing procedural methods to prioritise examina-
tions of patent applications directed to cancer immuno-
therapy. It should be noted that the procedure needed to 
obtain a granted patent is usually long and expensive [93] 
and may both discourage inventors to file patent applica-
tions and delay market access of innovative products. The 
first and foremost illustration of such initiatives is the 
“Cancer Immunotherapy Pilot Program” from the United 
States Patent Office (USPTO). This initiative sets an expe-
dite examination procedure, not requiring any added fees, 
for patent applications which meet stringent criteria and 
have at least one claim to a method of treating a cancer 
using immunotherapy [93]. Since the beginning of the pro-
gram in 2016, as of January 2019 over 300 petitions 
requesting participation in the fast- track program have 
been filed and over 100 patents have been granted. This 
success has prompted the USPTO to extend the program 
until June 2020.

Another example is represented by the supplementary 
protection certificate (SPC) that is available in member- 
states of the European Union to extend the patent term 
related to a particular medicinal product. An SPC aims to 
compensate a patent owner for part of the patent term that 
was lost due to time needed to obtain a MA. An SPC can 
extend the term of a patent for up to 5 years, thus granting an 
additional time frame of exclusivity. Similarly, a request for 
patent term adjustment (PTA) is available in the United 
States to compensate for delays caused by the U.S. patent 
office during the prosecution of a U.S. patent application. 
Additionally, innovators can qualify for advantageous gov-
ernmental incentives based on their patent estates. Such mea-
sures, usually known as patent box or innovation box, aim to 
incentivise R&D by applying a lower taxing regimen to pat-
ent revenues compared to other commercial revenues.

7  Conclusions

Cancer immunotherapy has progressed from its conceptual 
design to breakthrough clinical applications [95] and excit-
ing further developments are supported by the pipeline of 
several pharmaceutical companies, which include new thera-
peutic paradigms such as personalised medicine [96, 97], 
combination therapy [98], novel delivery methods [99], bio-
materials [98] and new diagnostic procedures [100].

Based on the trajectories of the last decades, wherein clin-
ical translation of immunotherapy was characterised by 
lengthy translational timelines, false starts and by iterative 
cycles of scientific research [36], the industrial perspective 
on cancer immunotherapy is directed to maximise pipeline’s 
value by applying a smart strategy not only to the early 
phases of drug discovery and preclinical development but 
also to clinical development and life cycle management.

Similar to the typical drug product development, the cur-
rent cancer immunotherapy landscape is characterised by 
industry-driven development of assets directed to targets that 
have been extensively validated by the academia. It is 
expected that strategic partnerships and in-licensing of prom-
ising assets will become more and more frequent, with aca-
demia or smaller biotech companies providing validated 
assets at the interface between preclinical and phase I clini-
cal trials and the pharmaceutical industries contributing with 
their expertise to scale up for late-phase development. The 
application of this scheme may substantially reduce the time 
to market and the risks associated to R&D, as the pharma-
ceutical industry will commit to clinical development only of 
the “best in class” assets, avoiding the risk of long, unsuc-
cessful and expensive early-phase discovery.

Careful planning is required to maximise value and out-
come, with the involvement of a multidisciplinary team of 
experts focussed on integrating all the mandatory stages of 
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drug development into a smart strategy. In line with this 
approach, there is a tendency to establish collaborations with 
regulators and players early in clinical development, follow-
ing the motto “start with the end in mind”. Another aspect of 
this value-oriented strategy is represented by extensive activ-
ities involving predictive and prognostic biomarkers. This 
appears to be a leading tendency in cancer immunotherapy, 
which may substantially maximise treatment value by reduc-
ing – or even abolishing – side effects, and by allowing drug 
administration to responders only – thus reducing the overall 
cost of the therapy.

Additionally, the development of cancer immunotherapy 
represents a milestone in the introduction of personalised med-
icine, not only to the field of cancer but also to the broader 
pharmaceutical landscape. Fighting cancer by means of invok-
ing the immune system, whose resources pertain by definition 
to each individual, implies that allogenic therapies stimulating 
the immune system (such as immune checkpoint inhibitors and 
anti-cancer vaccines) may also be considered as a personalised 
approach. This concept, as it was detailed in the previous sec-
tions, presents several challenges and opportunities.

Allogenic therapies are more analogous to standard bio-
pharmaceuticals and, due to significant cost reductions asso-
ciated with scale in manufacture, quality control and release 
of a single batch that could be used to treat multiple patients 
[36], currently they are more appealable to the pharmaceuti-
cal industry. This is in contrast to autologous products, such 
as CAR-T cells and TILs, whose complex value chain still 
represents a barrier to their extensive application. Despite 
this additional layer of complexity, the recent approval of 
CAR T cell therapies is of fundamental importance not only 
because it paves the way for additional approvals but also 
because the logistics of the application of such therapies to 
“real-world” settings will be closely observed by several 
actors of the pharmaceutical arena, including companies 
focussed on regenerative medicine. Despite some concerns 
related to manufacturing, delivery models and cost- 
effectiveness of autologous therapies, the main focus of the 
private sector will be the development of more advanced 
methods for genetic manipulation of immune cells and their 
bioprocessing [36].

A parallel approach to maximise the value of current can-
cer immunotherapy is represented by the extensive transla-
tional and clinical efforts aimed to broaden the indications of 
already approved agents. Indeed, by exploiting the physio-
logical polyclonal nature of immune responses, the reactiva-
tion of immune system through immunomodulators may 
result in anti-cancer activity towards a broad spectrum of 
tumour types. In a similar manner, exploiting the intercon-
nected mechanisms of immune regulation by combining 
therapeutic agents targeting complementary pathways holds 
great promise for the treatment of tumours which acquire 
resistance to therapy. It is expected that this strategy will be 

fostered by collaboration agreements and joint development 
between key players that hold exclusive rights in respect to 
the therapeutic agents amenable for use in combination [35].

The overwhelming curative potential of cancer immuno-
therapy explains the current enthusiasm and the extensive 
investments in the field by the public and private sector. 
During the last decade, the first line of immune-based agents 
has emerged in clinical trials and in regulatory approvals, 
with remarkable benefit for patients. Nevertheless, many 
challenges still need to be overcome to make it universally 
available. Thus, the clinical community impatiently looks for 
a second generation of cancer immunotherapy which could 
be able to address the current challenges facing the field [30].

8  Future Perspectives

The challenges that cancer immunotherapy is facing at pres-
ent also bring exciting opportunities for further technologi-
cal innovations.

9  The Tumour Microenvironment

The present generation of immune-based agents acts by tar-
geting immune cells or cancer cells as entities isolated from 
their context. Despite the remarkable efficacy of current can-
cer immunotherapy, the understanding of the mechanisms of 
immune-mediated tumour clearance within the tumour 
microenvironment (TME) is fundamental to establish a sec-
ond generation of therapeutic options.

It is acknowledged that the TME, which consists of can-
cer cells, stroma, vascular elements and infiltrating immune 
cells, is a complex milieu characterised by an immunosup-
pressive nature [101]. Cancer cells have been shown to 
deliver immunosuppressive signals via exosomes and solu-
ble factors, including cytokines, chemokines and inhibitory 
factors, which are unique to each individual tumour. The 
resulting level of immunosuppression is generally correlated 
to T-cell dysfunction and thus to tumour aggressiveness [25].

The success of immune checkpoint inhibitors suggests 
that interfering with TME-mediated immunosuppressive 
mechanisms is a valuable therapeutic strategy against cancer. 
Hence, a second-generation immune-based agents targeting 
immunosuppressive pathways within the TME is undergoing 
extensive investigation. In addition, analysis of the immuno-
modulatory and pro-/anti-inflammatory factors expressed by 
a tumour may guide the therapeutic intervention targeting 
the malignant lesion.

Besides CD8+ T cells, the target of current cancer immu-
notherapy, other immune cells may become primary targets 
of immune-based therapy, namely Treg and myeloid-derived 
suppressor cells (MDSC).
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Tregs infiltrating the TME are highly immunosuppressive 
and contribute to impairment of CD8+ T-cells responses. The 
effect of current checkpoint inhibitors on tumour infiltrating 
Treg cells is still controversial, and further studies are needed 
to assess how anti-PD-1 and anti-CTLA-4 therapy impact on 
this T-cell subpopulation, considering that the maintenance of 
Treg cells is necessary to safeguard tissue homeostasis. 
Targeted therapies successful in depleting only tumour infil-
trating Tregs may be of great clinical significance.

MDSCs have been shown to promote tumour progression 
by secretion of inducible nitric oxide synthase, reactive oxy-
gen species (ROS), IL-23, TGF-β, and prostaglandin E2 
(PGE2) [25]. Thus, therapies aimed either at depleting 
MDSC or at blocking their immunosuppressive secretome 
may represent an important component of novel anti-cancer 
therapeutic options. The strategies investigated so far include 
inhibition of IDO, the prevention of MDSC trafficking to the 
malignant lesion by blocking specific chemokines, targeting 
colony stimulating factor 1 receptor (CSF1R) on MDSC 
[102] and blocking IL-23 [103].

These considerations will become crucial also to design 
therapeutic strategies to enhance efficacy of novel CAR 
T-cell therapies in the context of solid tumours [30, 104].

10  Technical Developments

Considerable technical developments are expected to 
improve current therapeutic agents, especially in order to 
ameliorate their safety profile. Similarly, modifications to 
mAb scaffolds to fine-tune the drug’s pharmacodynamic/
pharmacokinetic profile, also CAR T-cells scaffolds are 
undergoing engineering processes. Improvement of CAR T 
cells safety profile could be obtained via modification of the 
CAR itself [105] or by molecular switches inducing pro-
grammed cell death [106, 107].

In parallel, the application of new molecular biology tech-
nologies, such as CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats), is expected to maximise the 
throughput and the accessibility of such personalised 
approaches.

An additional stream of development is represented by 
research focussing on improving the delivery of immune- 
based agents to tumours. Such improvements could maxi-
mise efficacy and reduce systemic toxicity, resulting in 
significant benefit for the patients.

11  The Digital Revolution

It was previously described that the identification of novel pre-
dictive and prognostic biomarkers is one of the main trends in 
cancer immunotherapy. It is estimated that non- invasive moni-

toring and omics-based tests and the broad concept of precision 
medicine will soon converge within cancer immunotherapy. 
However, the increasing number of patient-related data does 
not directly correlate with a more straightforward diagnosis or 
prognosis. Conversely, a new digital expertise needs to be 
established in the landscape of cancer immunotherapy to take 
full advantage of the wealth of data that will become available 
in the near future thanks to the broad application of NGS tech-
nologies for cancer biomarker screening.

In addition to the technical obstacles due to the data-rich 
technologies per se, the challenges related to the manage-
ment of large datasets need to be carefully considered, start-
ing from the design of appropriate digital architectures 
ensuring protection of sensitive information and the estab-
lishment of the ownership of data [108]. This last aspect is 
particularly crucial considering that large datasets are cur-
rently seen as a valuable basis for drug discovery and devel-
opment and could represent crucial assets under evaluation 
in agreements between pharmaceutical companies. 
Conversely, the scientific community calls for maintaining 
publicly available databases to sustain research [43]. 
Preliminary efforts in this direction have been performed by 
The Cancer Genome Atlas and the International Cancer 
Genome Consortium [43, 47].

Most of these issues still need to be resolved through 
close collaboration between the public and the private sec-
tors. In particular, because the legal aspects concerning 
patients’ data storage and analysis, especially by means of 
machine learning and artificial intelligence (AI), are still 
unclear, the healthcare system is expected to either down-
grade the enthusiasm regarding the application of data sci-
ence to clinical practise or to proactively invest in the 
realisation of a legal and technical framework [108].

12  Integration of a Patient-Centric Model

In order to fully define the value of cancer immunotherapy, 
patient outcome perspective is emerging as a valuable source 
of data. Indeed, the definition of the value of immune-based 
therapies would be incomplete if the patients’ perspective is 
not integrated to the evaluations performed by the other 
counterparts within the healthcare system.

A valuable example of the transition toward a patient- 
centric model consists of the incorporation of patient- 
reported outcomes (PROs) in clinical trials. PROs represent 
the report of the patients’ health status performed by the 
patients themselves and it is widely recognised that PROs are 
usually accurate in revealing clinical benefit, AEs and 
changes in disease-related symptoms.

By increasing the engagement of patients in the course of 
the trial, compliance to the therapeutic scheme can be improved. 
In this context, it was also estimated that monitoring of clini-
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cally relevant symptoms via PROs could improve quality of 
life and reduced emergency room visits, with an overall 
increase of the quality-adjusted 1-year survival rates among 
cancer patients [109]. The same report also suggest that PROs 
can also address health disparities of patients [31, 109].

An additional strategy to implement a patient-centric 
model is the engagement of patient advocacy organisations 
in the discussion regarding patients’ and family’s needs and 
regarding disease-specific issues [31].
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