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Abstract

Cancer treatment through alternative strategies has a great contribution from immunotherapies nowadays with the latter
inviting more intensive research for further advancement in this field. Current immunotherapies are being challenged by
several issues like (1) less specificity among immune cells in reaching the target site and attacking cancer cells; (2) instabil-
ity in vivo; (3) limited therapeutic effect; (4) chances of off-target cytotoxicity; (5) immunosuppressivity shown by tumour
cells; and (6) heterogeneity of the disease among patient cohorts. To take a step ahead in overcoming these limitations, this
review summarises the breakthroughs made by nano-sized biomaterials or nanocarriers for enhanced cancer therapy. With
the simultaneous boom in the field of nanotechnology, a diverse range of artificial nanocarriers have come up which enhance
specificity and reduce delivery time for encapsulated drugs at a stunning pace. These nanocarriers are mostly polymeric and
inorganic-based nanoparticles, both of which have their own characteristic features. Another significant aim of biomaterials
is safeguarding the drug from degrading enzymes and the action of adverse pH conditions. In addition, reducing the systemic
toxicity of the nanodrug by decreasing its release time or after reaching the target tissue is also crucial. Moreover, biodegrad-
able nanocarriers and several ways in which they can be engineered successfully in many ways to act as drug transporters
for targeting the tumour microenvironment have also been discussed here.

Keywords Tumour microenvironment - Cancer immunotherapy - Immune-checkpoint inhibitors - Artificial nanocarriers -
mRNA-based nanovaccines - Biodegradable polymer-based nanocarriers - Biomimetic nanoparticles

1 Introduction

According to the most recent data compiled by the Ameri-
can Cancer Society (ACS), new cancer cases in 2022 are
estimated to reach 2 million with approximately 0.6 mil-
lion projected deaths in the USA. Interestingly, lung can-
cer has been proposed as the most lethal type by ACS,
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claiming almost 350 lives per day [1]. The data suggests
that despite advancements made in traditional cancer
treatment approaches like surgery, local radiotherapy and
chemotherapy, the disease still prevails to be ubiquitous
and fatal. This is because numerous insistent challenges
continue to obstruct the aptness in (1) preventing can-
cer after diagnosis and (2) averting cancer relapse. They
include drug intoxication and lack of selectivity [2], the
immune system’s suppression by the tumour microen-
vironment [3] and polymorphism of the disease in the
patient community [4]. Therefore after years of research
for better alternatives, the paragon of cancer treatment has
now relocated in a more specific, systemic and imperish-
able way is immunotherapy which mobilizes a patient’s
own immunity. Though there is enough potential in immu-
notherapy-based cancer treatment especially in preventing
cancer metastasis and inducing immunological memory,
issues like therapeutics’ specific delivery and degradation
inside the body are still lasting.
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Biomaterials, initially developed for their use in medical
devices and as prosthetics, have rapidly developed over the
last few decades to become sophisticated devices which can
illicit pre-defined biological responses. Available in a mul-
titude of size scales and various forms like polymers, lipids,
metal nanoparticles, quantum dots and various other self-
assemble structures, the currently available range of bioma-
terials has found application in various aspects of diagnosis
and treatment. They have been used to create 3D scaffolds
for disease modeling, to construct biologically compatible
implants [5, 6], as biosensors on microfluidic devices [7, 8]
or as drug delivery vehicles in the form of micro- or nano-
particles [9]. When used for delivery, these nanoparticles
can be loaded with therapeutics to facilitate a localized and
sustained drug release with improved solubility and stabil-
ity. In this review, we briefly focus on some modes of cancer
immunotherapy, some artificial polymer-based nanocarriers
and improved techniques to increase drug targeting and the
future perspectives where biodegradable nanocarriers can
be used.
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Fig. 1 Several modes of immunotherapies to treat cancer. a Cytokines
(e.g. interferons and interleukins) can stimulate and enhance the
immune response to fight against cancer. b Therapeutic vaccines,
which are employed to help kill cancer cells by enhancing active
immune responses to tumours. ¢ Adoptive cell transfer—a kind of
immunotherapy in which T cells are genetically modified to express
a chimeric antigen receptor (CAR) or T cell receptor (TCR) and

2 Main Classifications of Cancer
Immunotherapy

The history of treating cancer by triggering the patient’s
immunity started more than a century ago. A blend of live
and attenuated bacteria such as Streptococcus pyogenes and
Serratia marcescens often referred to as ‘Coley’s toxin’
was the first documented immunotherapy approach and
was administered to thousands of patients [9]. US Food and
Drug Administration sanctioned recombinant versions of
interferon-a as the primary drug against hairy cell leukaemia
[10] in 1986. The next section gives a brief overview of the
novel immunotherapies (Fig. 1) that have been explored for
clinical use over the past several years.

2.1 Cytokines

Passive immunotherapy refines the immune system to sig-
nificantly superior levels by utilizing the power of modern
technology. The first class of immunotherapeutics to be
explored and assessed in clinics, cytokines like IFN-a act
as immunomodulators and achieve their function by directly
stimulating the activity of immune cells. IFNs are known to
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reinfused into the body to combat cancer cells. d Checkpoint block-
ade targets immune checkpoints and key regulators of the immune
system and leads to the activation of the immune system. e Binding
between monoclonal antibodies and tumour antigens leads to better
exposure of tumours to the immune system (adapted from Sang, W.,
et al. 2019, The Royal Society of Chemistry [11])
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exert an anti-tumour effect and modulate tumour cell prolif-
eration [12]. Interferon activation is also known to impede
angiogenesis in the extracellular space [13]. However, a
series of side effects including depression [14] and leuko-
penia [15] have been noted after the use. They have also
shown limited success against advanced forms of cancers,
often believed to be a consequence of massive tumour load
and tumour immunosuppressive microenvironment [16].
It has been observed that besides IFNs, other cytokines
including interleukins, TNFs and GM-CSF also remarkably
enhance immune response [17]. It has been exhibited that
interleukins have a role in vitalizing the growth and activity
of both CD4 + helper T cells as well as CD8 +cytotoxic T
cells [18-21]. Studies show that GM-CSF too assists T cell
homeostasis and thus improves T cell survival. They are
also known to aid in the differentiation of dendritic cells to
exhibit tumour-specific antigens [22]. After chemotherapy,
the retrieval of granulocyte was seen to have been elevated
by G-CSF as well as GM-CSF. An agonist SD-208, an inhib-
itor of TGF-p receptor type 1 (TGFPR1) has been found
to reinstate T cell activity and upgrade immune response
[23]. It was also seen that, in comparison to IL-2, IL.-21
and IL-15, had more significance in promoting the death
of stimulated T cells while ensuring the survival of regu-
latory T cells [24, 25]. Currently, several more cytokines,
e.g. IL-17 and IL-15 [26, 27], are in research and clinical
trials. Cytokines are also being explored for their potential
in combinational therapies. These include using two or more
cytokines together, coupling cytokines and checkpoint inhib-
itors or using them together with other chemotherapies.

2.2 Vaccine

Cancer vaccines are mainly of two types, preventive vac-
cines (e.g. HPV in cervical cancer [28]) and treatment vac-
cines. The treatment vaccines are usually used to augment
antigen presentation, enhance active immune responses and
alter the immunosuppressive cancer microenvironment [29].
Dendritic cells (DC), tumour cell lysate and nucleic acids or
neo-antigens are some of the treatment vaccines used based
on the category of tumour antigen [30]. DC, which plays a
pivotal role in antigen presentation and induction of T cell
immunity to attack most cancer cells [31], are harvested
from the patient’s blood, loaded ex-vivo with tumour-spe-
cific antigens, and subsequently activated and re-introduced
into the affected person to make DC vaccines. Despite show-
ing high safety profiles, dendritic cell-based vaccines have
failed in clinical trials due to a shortfall of efficacy [32],
sipuleucel-T being the exception which was approved for
treating prostate cancer [33].

Ultraviolet B ray irradiation and freeze—thaw cycles are
the two standard clinical methods to develop tumour cell
lysates. These are reported to induce maturation of dendritic
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cells, contain tumour-associated antigens and are not
restricted based on the patient’s HLA type [34]. The action
of nucleic acid vaccines is based on transporting exogenous
nucleic acids into target cells which are then translated into
antigenic proteins by APCs [35]. RNA-based nucleic acid
vaccines outshine DNA-based nucleic acid vaccines in sev-
eral aspects, e.g. ease in intranuclear delivery; low prepara-
tion cost as it is naturally occurring does not get integrated
into the genome hence no hereditary side effects and abil-
ity to extend its half-life through remoulding [36, 37]. To
strengthen its intracellular delivery it demands special trans-
fection reagents or delivery techniques [38]. Tumour somatic
DNA is being used as antigens, only expressed in tumour
cells, to boost the anti-tumour immune response in the case
of neoantigen vaccines [39]. Advanced delivery technologies
and materials can be proved substantially advantageous for
NA vaccines.

2.3 Immunological Checkpoint Inhibitors

Immune checkpoints are immune cell surface receptors
involved in inhibitory pathways. These are indulged in
regulating the immune system primarily to maintain self-
tolerance and firmly monitor cancer immunoediting [40].
Tumour cells are known to express PD-1 ligands which
bind to the receptor PD-1, commonly expressed by acti-
vated T cells (Fig. 2). This interaction allows the tumour
to inhibit the action of the T cells that become aware of
tumour antigens [41]. This interaction is also believed to
mediate the recruitment of tyrosine phosphatase SHP-2.
The increase in concentration of the phosphatase in the
vicinity of the intracellular domain of PD-1 lowers TCR
phosphorylation and thus decreases TCR signaling and
cytokine manufacturing. PD-1 has been seen to be over-
expressed in several forms of cancer cells and is believed
to play a major role in cancer immune evasion. CTLA-4,
an inhibitory protein receptor, is another immune check-
point that is known to act by binding to its ligands (CD80
and CD86, expressed by APCs). This binding results in
the down-regulation of the initial stages of T cell activa-
tion and also stimulates tumour growth [42]. Therefore
inhibitors (i.e. monoclonal antibodies) are being used to
cease the interactions between the ligands and their recep-
tor PD1 and CTLA-4 to raise T cell activity and have so
far shown extraordinary anti-tumour responses. The use of
anti-CTLA-4 antibodies has shown successful anti-tumour
activities in various murine tumour models such as brain,
bladder and ovarian cancer [43]. However, not all patients
gain from checkpoint inhibitors. The systemic use of
immunological checkpoint inhibitors may affect the func-
tioning of normal organs, and its reactivity is still under
research [44, 45]. Other novel molecules that are currently
being explored in various stages of clinical trials include
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Fig.2 T cell activation in the tumour milieu. a Active antigen-stimu-
lated T cells exhibit an inhibitory receptor named PD1. Anti-tumour
immune response gets blocked due to interactions between PD1 and
its ligand, PD-L1, expressed in many tumours, and thus T cell activ-

the T cell immunoglobulin and mucin domain-containing
3 (TIM3) proteins [46] and the lymphocyte activation gene
3 (LAG3) proteins [47].

2.4 Adoptive Cell Therapy (ACT)

ACT with tumour-infiltrating lymphocytes (TILs) is an
approach where a combination of helper and cytotoxic T
cells are harvested from resected metastatic tumour depos-
its and grown ex vivo beforehand[49, 50]. Because of the
immune suppressive tumour microenvironment, the tumour-
reactive T lymphocytes present inside the tumour get func-
tionally impaired. Hence, to reactivate their potential, they
are grown in a cytokine cocktail prior to the reinfusion [51].
Another strategy is based on the expression of the a and f
chains of TCR to modulate the antigen specificity of the
T cell. Here the T cells are isolated from the patient, and,
instead of just stimulating the anti-tumour cells, these are
supplied with a new TCR that specifically targets tumour
antigens. One major limitation of the TIL and TCR treat-
ment strategies is that they can only target and get rid of
cancer cells where the antigens are bound by MHC. Another
strategy that has shown significant promise is CAR T cell
therapy. Here, T cells are isolated from the peripheral blood
of a patient and are then modified in vitro to express chi-
meric antigen receptors or CARs, formed by fusing the vari-
able domain of a tumour-specific immunoglobulin to the
constant domain of TCR using a retroviral vector, which can
then be reintroduced into the same patient [52]. So far two
CAR T cell therapies, both targeting CD-19, were approved
for the treatment of lymphoma by the US FDA. However,
the overall process is tedious, expensive and technically
demanding. Cytokine release syndrome and neurotoxicity
[47] have also been seen in some cases which limits their

ity is hindered. b Antibodies targeting PD1 or PD-L1 block the PD1
pathway and reactivate T cell activity. MCH, major histocompatibility
complex; TCR, T cell receptor (adapted from Ribas A et al., 2015,
The New England Journal Of Medicine [48])

universal use. Hence, there is a dire need for new biomate-
rials and techniques to improve their applicability to solid
tumours.

2.5 OncolyticVirus (OV) Therapy

Immunotherapy using oncolytic viruses is a novel approach
that uses native or engineered viruses where disease-caus-
ing genes are removed and immune stimulating genes are
inserted and which selectively infects and subsequently lyses
cancer cells. This virus-mediated lysis is a highly immuno-
genic process and leads to the release of various tumour-
specific antigens into the local environment. This then leads
to the activation of adaptive immune response [49]. Hence,
the introduction of these viruses triggers a multifaceted anti-
tumour response. Furthermore, these viruses may also be
used as vehicles carrying transgenes for various cytokines.
Here, viral replication is coupled with cytokine production
leading to enhanced immune cell recruitment and T cell acti-
vation [53], while numerous viruses (e.g. paramyxovirus,
reovirus and picornavirus) have shown promising oncolytic
potential; however, so far only one OV therapy, namely
T-vec, has received FDA approval[54]. T-vec or Talimo-
gene laherparepvec is a modified form of the type-I Herpes
simplex virus where two ICP34.5 genes were replaced by
genes for the cytokine GM-CSF [55]. In 2015, the virus was
approved for use against advanced melanoma [56].

3 Artificial Nanocarriers in Cancer Therapy
While its high specificity has made cancer immunotherapy
an effective treatment option, its success is still limited due

to factors like high cost, lengthy processing and significant
off-target effects. In recent years, bioactive carriers have
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been explored to mitigate these concerns and increase the
efficacy and safety of these immunotherapy strategies by
facilitating the targeting of therapeutic agents to specific
immune reactions. Several biomaterials have been studied
for this purpose. Of these, the use of bioactive nanoparticles
has been of particular interest.

Nanomaterials having specific physical and biochemi-
cal properties can be used as carriers for therapeutic com-
pounds to facilitate a controlled, localized and sustained
drug delivery.

Several factors influence the design of nanoparticles for
their use as successful carriers. For instance, the size and
shape of the carrier can have significant effect on the uptake,
transport and accumulation inside body [57, 58]. It has been
found that particles within the range of 10 to 100 nm in
diameter are usually most suitable for use in cancer ther-
apy. Similarly, surface charge plays a determining role in
internalization of these particles. It has been observed that
particles with a positive charge accumulate more readily in
tumour cells. Hence, particles are often modified to make
them cationic and, thus, increase their toxicity and efficacy.
Surface characteristics also play a role in determining bio-
availability, with hydrophobic nanoparticles showing slower
clearance and enhanced half-life [59]. These, and other such
modifications, have helped nanocarriers to improve the phar-
macokinetic properties of the associated payload drug.

3.1 Polymeric Nanoparticles

Of the various nanoparticle systems that have been explored
for their potential use as carriers, the most common are poly-
meric nanocarriers.

3.1.1 PLGA

PLGA, or polylactic-co-glycolic acid (PLGA), is an FDA
and EMA approved polymeric nanoparticle that has been
extensively studied for its application in cancer immuno-
therapy. The polymer hydrolyses to give lactic acid and
glycolic acid. Being endogenous molecules, both of these
monomers are easily metabolized in the human body, mak-
ing the polymer biodegradable as well as non-toxic. This,
along with its enhanced permeability and retention capa-
bilities, has made PLGA an attractive option for developing
drug delivery systems.

Over the years, several different surface modifications
have been explored to increase the efficacy of these mol-
ecules. Of these, the most commonly employed modification
is the addition of a polyethylene glycol layer (PEGylation).
This confers two added advantages to the nanocarriers: (1)
it makes the particle hydrophilic. This helps it escape the
reticulo-endothelial system (RES) which is responsible
for eliminating hydrophobic particles from blood and thus
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increases its half-life by several folds [60]. (2) It confers a
positive charge to the originally negatively charged PLGA
molecules. This positive charge helps it interact with the
negatively charged cell membranes and thus improves the
internalization of particles [61].

PLGA nanocarriers have been used in several different
strategies for cancer immunotherapy. For instance, they have
been seen to successfully mediate the inhibition of STAT3.
STAT3 plays a major role in promoting immunosuppres-
sion in the tumour environment. Thus, by inhibiting STATS3,
either by acting as a carrier for STAT3 inhibitor JSI-124 [62]
or anti-STAT3 siRNA [63], this approach was seen to restore
the function of dendritic cells. PLGA nanoparticles have
also been used in various combination therapy approaches.
Particles carrying both paclitaxel, an anti-cancer drug, and
SP-LPS, a non-toxic lipopolysaccharide derivative with an
immunostimulatory effect, were seen to have much better
anti-cancer activity than conventional Taxol treatment [64].
PLGA carriers loaded with anti-PD-1 peptide (APP) have
also been used in combination with laser immunotherapy to
treat metastatic tumour growths [65]. Furthermore, PLGA
nanoparticles have been explored for their potential to medi-
ate sustained drug release. Upon encapsulation of aCT1, a
connexin43 mimetic peptide drug used for treatment of glio-
blastoma and chronic non-healing ulcers, into PLGA nano-
particles, a sustained in vitro release profile was observed.
Here, 50% of the drug was released in the first 3 days, while
the rest was released over the next two and a half weeks [66].

3.1.2 Liposomes

Liposomes, a type of lipid-based nanoparticles, are another
class of nanocarriers that is commonly studied. First
described in 1965, in 1995, the liposomal formulation Doxil
became the first nanoscale drug approved for clinical use.
Since then liposomes have undergone considerable advance-
ments to make them highly effective as delivery systems.
The liposome structure consists of an outer layer composed
of phospholipids and an inner core where drugs can be
loaded. Modifications in this basic structure allow liposomes
to mimic the biophysical characteristics of a living cell, thus
making it suitable as a therapeutic delivery agent.

Several strategies have been explored to improve the
pharmaceutical applications of these nanoparticles. One
of the major problems with the initial or ‘first-generation’
liposomes was their poor stability and rapid clearance. To
overcome this, stealth liposomes were developed. Here, the
nanoparticle was coated with hydrophilic PEG. This reduced
its susceptibility to opsonisation and protein adsorption and
hence increased blood circulation time [67]. Liposomal
vesicles have also been used for trans-dermal drug delivery.
This is achieved by developing deformable liposomes, called
transferosomes, which have the ability to cross the stratum
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corneum of the epidermis and thus facilitate the transfer of
drugs to the cells underneath. This serves as an alternative
to intravenous drug administration and has several advan-
tages like reduced side effects due to the absence of systemic
absorption, better bioavailability due to avoidance of first-
pass metabolism, better localized accumulation at the site of
administration etc. [68, 69]. Other liposome modifications
include pharmacosomes, which are liposomes designed for
the delivery of poorly soluble or weakly lipophilic drugs,
ethosomes, designed for enhanced skin permeation by
increasing their ethanol content, etc.

At present, there are several clinically approved lipo-
some-based drugs in the market, of which several have found
applications in cancer therapy. Liposome nanoparticles have
been successfully used as carriers of anticancer drugs like
paclitaxel [70] and doxorubicin [71], as well as some nucleic
acids [72]. Besides delivering traditional drugs, liposomes
have also been used as a vehicle to deliver immunothera-
peutic agents. The use of pH-sensitive liposomes contain-
ing a combination of ovalbumin and a pDNA that encodes

Fig.3 Schematic representa-
tion of dendrimer structure.
Adapted from Jain et al. (2015);
Nanomedicine: Nanotechnol-
ogy, Biology and Medicine [78]

IFN-y and directed to the dendritic cells were seen to be
successful in promoting the action of CTLs and thus medi-
ated an effective anti-tumour response [73]. Similarly, pH-
sensitive PEGylated dextran liposomes containing receptors
for TGF-f 1 showed the ability to promote tumour infiltra-
tion by CD8 + cells [74]. Liposomes have also been used to
promote immunotherapy through gene delivery. Liposomes
carrying specific RNA molecules have been seen to activate
INF-a-mediated immune response [75].

3.1.3 Dendrimers

Dendrimers are highly versatile three-dimensional globular
polymers characterized by their hyper-branched and mono-
disperse structure (Fig. 3). The basic architecture consists
of a central core made up by a single atom or a molecule,
surrounding branched layers of repeating units (called ‘gen-
erations’) and a large number of terminal functional groups
forming the dendritic surface [76]. The extensive branching
around the central core leads to formation of several voids

Surface
groups

@ Springer



284

BioNanoScience (2023) 13:278-299

which act as flexible spaces where encapsulation of cargo
molecules can occur. The presences of numerous terminal
functional groups increase the molecules’ functionality
and make them versatile and biocompatible. Additionally,
dendrimers possess a uniform and well-defined size that is
comparable to various biological structures [77], allowing
them to easily cross biological barriers, circulate in the body
and target specific areas. Another important aspect of den-
drimer architecture is peripheral charge. Dendrimers have a
polyvalent nature, owing to the various positive, negative or
neutral charges on their terminal functional groups. Among
the various types, cationic dendrimers or dendrimers with
a positively charged surface have shown the most poten-
tial as drug carriers. This is because their positive charge
allows them to easily bind to, and pass through, negatively
charged biological membranes. However, these cationic mol-
ecules are known to cause cell-toxicity. To mediate this, the
surface groups of such dendrimers are often modified with
neutral molecules like carbohydrates, acetate and PEG [76].
Together, these characteristic features of dendrimers make
them promising agents for therapeutic drug delivery.

Over the years, various strategies have been developed
to load drugs into the dendrimers. These include covalent
conjugation of drug with the dendrimer surface, physical
encapsulation in the inner core and complexing through
electrostatic interaction. One approach that has shown
significant promise is the functionalization of dendrimer
surface with tumour-specific monoclonal antibodies.
These dendrimers when loaded with drugs or toxic mol-
ecules through encapsulation serve as highly targeted drug
delivery agents. For example, poly(propylene imine) den-
drimers have been modified to carry monoclonal antibody
K1 on their surface. This mAbK1 specifically recognizes
mesothelin, a protein commonly overexpressed in ovarian
adenocarcinoma. When the immunodendrimer was loaded
with paclitaxel, the resulting conjugate showed enhanced
drug uptake and tumour volume reduction, improved sur-
vival time and increased systemic circulation as compared
to free paclitaxel [78]. Using a similar approach, dendrim-
ers have also been designed to target dendritic cells (DCs)
for improved antigen presentation. Dendrimers functional-
ized with Lewis® (Le®) glycopeptides, a natural ligand of
DC receptor DC-SIGN, have been explored for this purpose
and have shown encouraging results [79]. Another strategy
is the incorporation of cytokine associated plasmid DNA
(pDNA) into the dendrimers. A tumour-targeted lipid-den-
drimer-calcium-phosphate (TT-LDCP) nanoparticle (NPs)
with thymine-functionalized dendrimer was developed as
a carrier for IL-2 pDNA. Study showed that this TT-LDCP
facilitated enhanced endosomal escape and nuclear entry of
cargo pDNA, leading to increased DC maturation as well
as improved T cell activation [80]. Aside from these, den-
drimers have also been explored as carriers for delivery of
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vaccines, immune checkpoint inhibitors etc. with varying
levels of success [81].

3.1.4 Colloidal Nanocarriers

Colloidal nanocarriers have provided a wealth of new oppor-
tunities for the advancement of nanopharmaceutics, as they
can be circulated throughout the human body as well as can
penetrate tissue, or cell barriers, without the need for drug
molecules to be integrated into the particles themselves.
Anticancer agents linked with colloidal NPs are one of the
techniques to boost the selectivity of medications towards
cancer cells while minimizing their toxicity towards normal
tissues and repressing resistance of other mechanisms. When
an antigen is supplied through colloidal carrier systems
rather than in soluble form, APCs are more likely to take it
up and therefore develop more efficient immune responses
[82, 83], which could be a result of the distinct ways that
DCs conduct pinocytosis and phagocytosis. Gelatin is a
natural biodegradable macromolecule, easy to crosslink and
modifies chemically which offers great promise in the pro-
duction of colloidal drug delivery systems like microspheres
and nanoparticles. Since it has been used for decades as a
plasma expander, is cheap, and can be sterilized, it stands
a greater chance of being authorized as a biopolymer for
nanoparticles [84].

Alum colloid encased in B-glucan particles has shown
great promise as an adjuvant for tumour—yvaccines based
on the MUC1 antigen, according to new findings [85]. Since
mucin 1 (MUC1) is improperly glycosylated and overex-
pressed in many types of epithelial cell carcinoma, it has
emerged as a prospective target in designing cancer vac-
cines [86].

3.1.5 Polymeric Micelles

Polymeric micelles are a new class of nanocarriers that are
being studied for the delivery of hydrophobic or poorly
water-soluble compounds. Of the various types of micelles
studied, the most common is the hydrophobically assembled
amphiphilic micelles. These molecules undergo spontaneous
self-assembly on being exposed to an aqueous environment
forming a hydrophobic core into which the water-insolu-
ble drug can be loaded. The hydrophilic segment of these
micelles is usually made of PEG, though other polymers
like poly(N-isopropyl acrylamide) (pNIPAM) and poly(N-
vinyl pyrrolidone) (PVP) have also been used [87]. This part
is responsible for providing steric stability and prolonging
circulation time in the body. The hydrophobic core is usually
composed of polyesters, polyamino acids or polyethers. The
choice of polymer plays an important role in determining
micelle stability, drug loading capacity and drug release pro-
file. Amphiphilic micelles have several advantages including
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greater biocompatibility, better stability and lower CMC
leading to prolonged circulation [88].

One of the major applications of polymeric micelles in
cancer immunotherapy has been in delivering cytokines.
Several immunostimulatory cytokines are known to play
pivotal roles in mediating cancer immunity. However, their
effectiveness is often restricted by their short half-life inside
the body. This can be successfully overcome using poly-
meric micelles. A micelle formed by PEG-polyglutamate
copolymer was used as a carrier for IL-2. This was seen to
successfully increase the circulation time, improve the accu-
mulation of CTLs as well as increase the efficiency of DC
vaccines [89]. Another micelle composed of PEG-b-PGA
polymer loaded with macrophage colony-stimulating factor
was used to restrict tumour growth in the B16 cancer model
by reversing TAM-mediated immunosuppression [90]. Simi-
larly, a cationic diblock polymeric micelle carrying tyrosine-
related protein 2 peptide antigen was seen to successfully
increase the anti-cancer activity of T-lymphocytes in B16F0
melanoma models [91].

3.2 Inorganic NPs
3.2.1 Gold Nanoparticles

Gold nanoparticles have emerged as one of the most prom-
ising nanocarriers being explored at present. They have
several advantages over other biomaterials including a high
surface area to volume ratio, favourable optical, biochemical
and electrical properties, ease of surface functionalization,
etc. These, coupled with its non-toxicity and biocompat-
ibility makes it an attractive tool for biomedical research.
The action of gold nanoparticles mainly relies on its surface
plasmon resonance (SPR) property. This is used to generate
localized heating which either leads to cell destruction or
mediates drug release from the carriers.

On being introduced into the cell, the nanoparticle inter-
acts with proteins present in the microenvironment to form
a nanoparticle-protein complex with the proteins forming a
corona around the particle. This corona plays an important
role in determining the bioavailability, internalization as
well as other pharmacokinetic properties. Further, the par-
ticles may also be subjected to PEGylation to reduce their
immune recognition and thus prolong circulation [92].

With respect to their use as drug carriers, these gold nan-
oparticles have been successfully used for delivering nucleo-
tides, vaccines, recombinant proteins and small molecules.
The use of gold nanoparticles conjugated with doxorubicin
and targeted using anti-PD-L1 antibodies was shown to have
improved drug targeting effect in colorectal cancer models.
Here, the use of gold nanocarrier not only enabled efficient
improved intracellular uptake of doxorubicin but also medi-
ated NIR irradiation, which together led to a decrease in cell

proliferation [93]. Another study aimed at using the targeted
drug release capabilities of gold nanoparticles to mediate
enhanced concentration of antibodies at the tumour site [94].
Gold nanoparticles have also been explored as potential car-
riers for PD-1/PD-L1 inhibitors. Since PD-1 and PD-L1 are
commonly overexpressed in various forms of cancer, this
approach has significant promise in developing successful
anticancer strategies.

3.2.2 Silica Nanoparticles

Mesoporous silica nanoparticles (MSN) are another form of
inorganic drug delivery system that has garnered consider-
able interest in recent years. Their unique properties like
adjustable uniform pore size, easy large-scale production
and large surface area and pore volume have made them
an exciting new alternative for efficient drug encapsulation
and delivery [95]. However, the feature that sets them apart
from other nanoparticles is their ability to mediate a con-
trolled drug release. By virtue of their design, MSNs make it
possible to create a zero-release configuration where all the
pore entrances are blocked by gatekeepers. Here, the drug is
released only in response to particular stimuli. These stimuli
may be internal, e.g. pH, redox potential or enzymatic activ-
ity, or they may be external like light, heat or ultrasound.
These stimuli-responsive nanocarriers have garnered huge
interest due to their potential role in minimizing side effects
associated with early drug release.

The unique properties of MSNs have resulted in the
development of several therapeutic drug delivery models.
One popular approach has been the design of pH-sensitive
MSNs which can respond to the acidic environment com-
monly seen in tumours. MSNs loaded with the cytotoxic
drug 5-fluorouracil and coated with polyelectrolytes o-car-
boxymethyl chitosan and TEMPO-modified hyaluronic acid
was seen to mediate the highly controlled release of the drug
in the tumour while also maintaining good biocompatibil-
ity and stability [96]. Another widely explored stimulus has
been light (visible, UV or NIR). Nanoparticles containing
azobenzene derivatives are designed to have their pores
closed in the dark. In presence of light, this azobenzene
undergoes isomerization leading to the opening of pores
and the release of the drug [97].

4 Improved Nanoformulations to Increase
Drug Targeting and Its Consequent
Release

Currently, around 150 registered clinical trials of cancer
drugs are using chemotherapeutic nanomedicines formu-
lated with advanced nano-biomaterials (https://clinicaltr
ials.gov). Interestingly, these nanomaterials/formulations
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have also been under evaluation for cancer immunotherapy
[98]. Because the clinical potential of PD-1/L1 therapy is
high, most nanomedicines are nowadays targeting immune
checkpoint proteins like PD-1. Also, mnRNA-based nanovac-
cines have now forayed into this field with 7 clinical trials
already registered with https://clinicaltrials.gov for approval.
In this review, Abraxane, mRNA-based nanovaccines, other
specific peptide nanovaccines like IMF-001, DPX-survivac,
JVRS-101 and some biomimetic carriers have been focused
on.

4.1 Abraxane

Abraxane is a nanomedicine that traditionally uses albumin
nanoparticles as the carrier to transport paclitaxel. Abrax-
ane showed a response rate of 33% as compared to 19%
in conventional Taxol, indicating much improvement in the
response rates [99-101]. FDA has approved Abraxane for
the clinical treatment of metastatic breast cancer, metastatic
adenocarcinoma of the pancreas and locally advanced or
metastatic non-small cell lung cancer. Apart from its usual
mechanism of action, paclitaxel also has the potential for
immunomodulation. It has been reported to activate the pro-
liferation of dendritic cells (DCs) [102, 103], natural killer
(NK) cells [104] and lymphocytes [105]. In addition to this,
other reports suggest its role in reducing the regulatory T
cell (T,,,) count [106] and repolarization of macrophages
toward the M-1 phenotype [105].

Abraxane has been combined with immunotherapeutics,
especially PD-1/L1 blocking antibodies like atezolizumab,
pembrolizumab and avelumab in approximately 70 clini-
cal trials [107]. Among these antibodies, the combination
of Abraxane and atezolizumab gave good results in locally
advanced or metastatic triple-negative breast cancer. This
chemo-immunotherapeutic combination improved both the
median progression-free survival (mPSF) and median over-
all survival (mOS) in patient cohorts with mPSF increasing
from 5.5 months to 7.2 months and mOS increasing from
17.6 to 21.3 months, respectively [108]. Also, this combina-
tion showed a higher therapeutic effect compared to PD-1/
L1 monotherapy [109]. After promising results were seen in
breast cancer, this immunotherapy was also tried on meta-
static non-squamous non-small-cell lung cancer. Therefore,
these reports suggest better clinical efficacy of chemo-immu-
notherapy of Abraxane and atezolizumab as compared to a
single agent, making Abraxane a better alternative to Taxol
in combination immunotherapies in terms of reduced toxici-
ties and improved delivery of the drug [110].

4.2 mRNA-Based Nanovaccines

Epitopes expressed only on the surface of cancer cells,
called neoantigens, are used to formulate vaccines. mRNA
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constructed from these identified neoantigens can be
encoded inside APCs, which in turn present them to T
cells [111]. One well-known example of mRNA nanovac-
cines is Lipo-MERIT, made by complexing negatively
charged mRNA with cationic liposomes. These liposomes,
in turn, are constituted of lipids like 1, 2-di-O-octadece-
nyl-3-trimethylammonium propane or 1,2-dioleoyl-3-
trimethylammonium-propane. A very crucial parameter
here is the lipid:mRNA ratio of the nanovaccines, which
is within the range of 1.3:2, targets the spleen efficiently
via intravenous injection [99]. This, as a result, leads to
higher stimulation of NK, B, CD4 +, CD8 + T cells along
with the production of interferon-alpha (IFN-o) [112].

Similarly, mRNA-4157 is another example where lipid
nanoparticles are used to carry the mRNA cargo and used
in adjuvant monotherapy in patients having resected solid
tumours like bladder carcinoma and melanoma making
this a personalized vaccine [reviewed in 114]. After fol-
lowing up with the patients for 8 months, 12 out of the
13 patients who were administered these vaccines were
found to be cured. Despite some of these promising out-
comes, mRNA nanovaccines have certain limitations like
poor cell entry and low enzyme stability [113]. There-
fore, only those nanovaccines which can be specifically
targeted to APCs are considered for further research in
cancer immunotherapy.

4.3 Cholesteryl Pullulan Nanoparticle-Based
IMF-001

Cholesteryl Pullulan (CHP) nanoparticles are a novel
tumour antigen-delivering system which is being exploited
in making cancer vaccines. CHP helps in presenting mul-
tiple epitope peptides to both the MHC class I and class
I, thus triggering their subsequent pathways [114, 115].
Kayegama and co-researchers have been trying to develop
CHP-based protein vaccines against metastatic oesopha-
geal cancer [116]. NY-ESO-1 is an antigen that is found to
be expressed in the tumour tissue only, apart from its nor-
mal expression in the testis and placenta, therefore making
this an ideal target for cancer immunotherapy [117, 118].
Thus, Kayegama et al., 2013 complexed the CHP nano-
particles with NY-ESO-1 antigen to get CHP-NY-ESO-1
(drug code: IMF-001) (see Fig. 4). The safety and immu-
nogenicity of IMF-001 were tested and confirmed. Out
of the two cohorts of patients, the 100 ug and 200 pg, the
200 ug dose induced more efficient immune response and
overall survival time of 41 weeks as compared to 25 weeks
in 100 pg dose group. Thus, IMF-001 showed a dose-
dependent effect in the respective target patient groups.
Moreover, clinical trials on this protein vaccine suggested
that the toxicity here is mild.
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Fig.4 Cholesteryl pullulan-
based nanoparticles (CHPs)
encapsulate tumour antigen NY-
ESO-1 to act as a cancer nano-
vaccine against oesophageal
cancer. CHP-NY-ESO-1 trig-
gers both CD4 +and CD8 +T
cell-mediated immunity

Cholesteryl-Pullulan

CD4+ T-cell

, \
.

4.4 DPX-Survivac

DPX-Survivac is a novel T cell immunotherapeutic, where
the DPX platform is used to trigger a powerful T cell
response against tumour cells [119]. The DPX is formulated
in such a way that increases the duration and robustness
of targeted immune responses which would need antigens
to be taken up by APCs at the site of injection. It contains
a synthetic peptide based on survivin in combination with
a lipid NP-based adjuvant (https://immuno-oncologynews.
com/dpx-survivac/). Similar to the antigen NY-ESO-1, sur-
vivin is also a tumour-associated protein which is upregu-
lated in tumour tissue. Survivin has been detected in various
cancers including ovarian, breast, colon and lung cancers,
while found absent in healthy adult cells (https://immuno-
oncologynews.com/dpx-survivac/). The safety and immuno-
genicity of DPX-Survivac were tested on patients detected
with ovarian cancer in combination with and also without
the drug. DPX-survivac showed favourable results in 80%
of patients who were administered the drug. It successfully
generated T cells specific for survivin and also led to their
subsequent invasion into the tumour-microenvironment
[119].

4.5 Cationic Lipid-DNA Complex: JVRS 100

JVRS 100 is a cationic lipid DNA complex (CLDC) com-
prising DNA both having CpG-rich motifs and non-CpG

NP(CHP)— |

NY-ESO-1
antigen

CHP-NY-ESO-1
CD8+ T-cell

motifs to evoke immunomodulatory actions alongside a cho-
lesterol-liposomal outer covering. Their route of administra-
tion to the system facilitates entry to dendritic cells (DCs)
and macrophages. Moreover, the DNA present can activate
the Toll-like receptors (TLRs) by binding to them and con-
sequently generating NK cells and inducing T cell response
(https://clinicaltrials.gov). The use of this delivery agent
has been tested on animals suffering from acute leukaemia
[120]. The results after this clinical trial suggested that the
JVRS 100 elicited cytokines crucial for aiding the host sys-
tem’s defence mechanism against cancer, especially 1L-12,
IFN-gamma and IFN-alpha. Furthermore, JVRS-100 was
reported to have significantly delayed death from leukaemia
in patients when delivered between 7 and 15 days following
leukemic challenge, when injected intravenously [121].

5 Platelet-HSC Conjugation-Based
S-P-aPD-1

Hu and co-workers developed a combination delivery system
where cell membranes of haematopoietic stem cells (HSCs)
were conjugated with platelets expressing antibodies against
PD-1 (aPD-1) [122]. This delivery system named S-P-aPD-1
was carried to the bone marrow of leukaemia tumour-
bearing mice. Thereafter, these platelets were activated by
nearby macrophages, forming platelet-derived micropar-
ticles (PMPs) which release aPD-1 in situ (see Fig. 5). It
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Fig.5 Schematic represents .
antibody aPD-1 expressing Hasmopoiekc

platelets which are conjugated stem cell(H3C)

with HSCs to get S-P-aPD-1. \ S

The drug delivery system gets A
transported to the bone marrow
where the platelets get activated
forming platelet-derived micro-
particles (PMPs). These PMPs
release the antibodies in situ '
that in turn bind and block PD-1 N
from binding PD-L1 of leukae- )\
mia cells
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was subsequently reported that this nanocarrier along with
the drug activated a robust immunological response against
the target tumour tissue by facilitating the release of sev-
eral chemokines and cytokines along with the activation of
T cells. Furthermore, it also extended the survival time of
diseased mice. Thus, it was inferred that the drug delivery
strategy successfully carried the cargo and also managed to
occlude PD-1.

6 Biodegradable Polymer-Based
Nanocarriers

Although artificial nanoparticles are being extensively stud-
ied for disease diagnosis and therapy, their limitation lies in
their accumulation and sequestration in the liver and spleen,
thereby preventing proper delivery to the target tissue [123].
This brings the researchers to exploit biodegradable nano-
systems for better drug delivery in vivo. Biodegradable nan-
opolymers can be constructed on the basis of chosen cargo
and polymer into solid nanoparticles, core-shell structures,
polymeric micelles and polyplexes. However, polymeric
nanoparticles are usually constructed by either self-assembly
or emulsion [124, 125]. Herein, we tried to discuss some
recent examples of using biodegradable polymers in deliv-
ering drugs for cancer immunotherapy (also refer Table 1).

6.1 Exosome Nano-bioconjugate

Exosomes are membrane-bound vesicular particles in the
nanoscale range, contained in almost all secretory cells. They
have the capability to imitate the internal conditions and
functions of those indigenous cells [126, 127]. In 2020, Nie
et al. designed azide-modified exosome nano-bioconjugates
(M1 Exo-Ab) which comprise of proinflammatory M1-mac-
rophage exosomes and dibenzocyclooctyne-modified
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antibodies of CD47 and SIRPa (aCD47 and aSIRPa) through
pH-sensitive benzoic-imine bonds [128]. After administer-
ing, M1 Exo-Ab was found to target the tumour actively by
specifically recognizing CD47 antigen overexpressed on the
tumour cell surface. Moreover, the nano-bioconjugate suc-
cessfully disintegrated to ease the release of the encapsulated
antibodies: aSIRPa and aCD47, which then respectively
block SIRPa on macrophages and CD47. All this occurred
in the acidic tumour microenvironment, finally leading to
phagocytosis of macrophages and resistance towards the
‘don’t eat me’ signal [128].

6.2 Hyaluronic Acid (HA) Integrated with Dextran
Nanoparticles

A naturally found biopolymer like hyaluronic acid was
conjugated with dextran nanoparticles in order to form a
microneedle. Usually, pH-sensitive dextran nanoparticles
are chosen for this purpose. This biodegradable complex
encapsulated anti-PD-1 antibodies were aimed at slow and
regulated release of the immuno-drug in melanoma tissue. It
was inferred from the observations recorded in the B16F10
melanoma model that the microneedle mediated deliv-
ery enabled the anti-PD-1 to trigger an elevated immune
response compared to free anti-PD-1 antibody at the same
dose [129].

6.3 Biodegradable Polymer-Coated Oncolytic
Adenovirus (oAd)

In 2013, Kim and co-workers designed and developed a
biodegradable methoxy poly (ethylene glycol)-b-poly {N-
[N-(2-aminoethyl)-2-aminoethyl]-L-glutamate (PNLG)
polymer which was made to coat oncolytic Ad (Ad-DB7-
U6shILS8) (0Ad/PNLG). This formulation resulted in higher
tumour accumulation when systemically administered oAd/
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PNLG as compared with naked Ad and Ad conjugated with
PEI. Interestingly, the 0Ad/PNLG also showed significantly
lower innate and adaptive immune responses than only
naked Ad (see Fig. 6A, B). Furthermore, the 0Ad/PNLG
was reported to perform cancer cell killing more efficiently
than both naked Ad and Ad/PEI [130].

6.4 Biodegradable Lignin-Based Nanoparticles

Lignin being one of the amplest aromatic polymers and
renewable resources is a great applicant for the develop-
ment of functional eco-friendly biomaterials due to its
biodegradability, biocompatibility and low toxicity [143].
Figueiredo et al. constructed and characterized three lignin-
based nano-systems that can be used—pure lignin NPs
(pLNPs), iron(III)-complexed lignin NPs (Fe-LNPs) and
Fe304-infused lignin NPs (Fe304-LNPs) [144] [145]. Flow
cytometry was used to further quantitatively evaluate the
cell-pLNP interaction. Poorly water-soluble drugs and dif-
ferent cytotoxic compounds [i.e. sorafenib (SFN), benzazu-
lene (BZL)] have been used as model drugs for assessing
the packaging ability of pLNPs, and their release profiles
were also inspected thereafter. BZL-loaded pLNP’s anti-
proliferation effect was also analysed using various cancer
cell lines. In addition, an assessment of water-soluble drug
and their release profiles were done besides examining the
antiproliferation effect of BZL-loaded pLNPs. Due to BZL’s
promising anticancer properties, it was used in the experi-
ments. Moreover, tricyclic benzazulenes and their deriva-
tives are well known as specific Pim kinase inhibitors linked
to cancer development in terms of advancing cell endurance
and developing hindrance against chemotherapy and radia-
tion therapy [146]. Due to the improved dissolution of BZL
loaded in pL.NPs, all cell lines which were used for this test-
ing reported a significant cell growth inhibition. This growth
inhibition impact was later compared with an identical molar
ratio of unfastened BZL after 24-h incubation [147]. Pure
BZL was not able to lessen the cellular viability to much less
than 60%, whereas the BZL-pLNPs successfully did that
from approximately 90 to 0% for entire cell traces, thereby
proving its promise as an antiproliferative [148].

6.5 Polymeric Bio-nanoparticles

Methods like self-assembly of polymers, the macro-/micro-/
mini-emulsion process and nanoprecipitation technique
[149] [150] led to the evolution of polymeric bio-nanopar-
ticles. These have characteristic features which make them
very less toxic, thereby attracting their desirability in the
field of immunotherapy. Zheng et al. reported a multifunc-
tional NP self-assembly using widely used polylactic-co-
glycolic acid (PLGA), a responsive amino-substituted HB
derivative (DPAHB) and polyethylene glycol (PEG) [151].
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PLGA efficiently blocked NP aggregation by creating a
shell-like structure around DPAHB forming a sort of vesi-
cle and PEG and, on the other hand, helped stabilize the
same. Tumour regression has been observed beneficially by
the nanovesicles which bring about high levels of singlet
oxygen.

Kosmides and co-workers outlined and formulated a
study where a PLGA-based artificial antigen-presenting cell
was integrated with an antiPD1 monoclonal antibody. The
MHC IgG dimer and anti-CD28 monoclonal antibody were
added to the PLGA core to solutions to allow particles to
react with the proteins for artificial antigen-presenting cell
preparation [152]. While combined with checkpoint block-
ade, the NPs instigated IFN-g secretion and expanded the
durability of tumour-bearing mice.

In experiments performed by Luo and co-workers, a poly-
mer-based nano-vaccine (PC7A NP) was designed that could
steer to a powerful cytotoxic T cell response [153]. Aggrega-
tion of PC7A NP with the checkpoint blockade confirmed
synergistic anti-cancer efficacy in a TC-1 tumour model as
per their illustration.

6.6 Biomimetic Nanoparticles

Li et al. designed some small-sized nanostructures called
DNA origami molecules which are nanoscale folding of
oligonucleotides that self-bring together into homogenous
nanostructures as constructing blocks [154].

In cancer immunotherapy, purely DNA-based NPs have
also emerged as a budding application. The nanostructures
enhance immunostimulatory properties with synthetic CpG
oligodeoxynucleotides which can bind to Toll-like receptor
9 (TLRY). They promote a signaling cascade besides being
compact, stable, biocompatible and non-cytotoxic.

Another example is protein NP. It reportedly showed
better anti-tumour activity as compared to non-capsulated
phenanthriplatin when sheathed with tobacco mosaic virus
(TMV) NPs according to Czapar et al. which scaled down
the tumour size of the triple-negative breast cancer in mice
[155].

7 Biomaterials for Non-specific Inmune
Stimulation

There have been some biomaterial-based delivery strate-
gies to increase cytokine circulation, for instance, Park
et al. developed a system referred to as nanolipogel, a
nanoscale liposomal polymeric gel, evolved for the co-
shipping of IL-2 and TGF-f, eased the entrapment of the
drug-loaded p-cyclodextrins and IL-2 in a biodegradable
polymer matrix with a PEGylated liposomal coating raised



BioNanoScience (2023) 13:278-299

291

A

Py isting anti-Ad

‘ oAd

Inactivated immune cells

Normal cells

Tumor site

Fig.6 Schematic representing oncolytic virus-mediated immunother-
apy where A shows that when naked oAd is disabled by pre-existing
Adenoviral-specific neutralizing antibodies and B shows revived
oncolysis by coating with polymer, as anti-Ad antibodies can no

anti-cancer efficacy and survival in tumour-bearing mice
[156]. PEG is coupled to a protein and thus is being modi-
fied for increasing circulation half-life and diminishing
side effects of cytokines [157]. Poxylation (poly (2-oxazo-
line) polymers) [158] is an alternative polymer for the con-
jugation with cytokines for increased safety and efficiency
beyond PEGylation. A pH-responsive NP stacked along
with IL-12 was formulated by Wang and co-researchers.
This delivery system was successfully released into the
acidic tumour environment [159]. In another example,
MPEG-PLA and 1, 2-dioleoyl-3-trimethylammonium-
propane (DOTAP) were used to design a combination
gene delivery system where plasmid interleukin-15
(IL-15) DNA was loaded as the cargo and subsequently
given affirmative results, as shown in Fig. 7. MPEG-PLA
and DOTAP were congregated into a new gene carrier,
DOTAP/MPEG-PLA (DMA) micelles, which convey the
pIL15 plasmid into cancer cells and after their transfection
would express and secrete IL-15 (Fig. 7), which has been
tested in preclinical studies to stimulate immune activa-
tion and regulate immune suppression [160]. The tumour
volume, weight and normal body weight in a colon cancer
mouse model are shown in Fig. 8 A, B and C, respectively.
The ex vivo images portray the tumour growth inhibi-
tion by DMA/pIL-15 (Fig. 8D), pointing towards higher
chances of the combination formula in treating the tumour
[160].

8 Conclusion

Despite extensive research, cancer continues to be one of
the most common fatal diseases affecting people world-
wide. While treatment options like surgery, radiation and
chemotherapy have been used extensively, the limitations

B 0Ad coated with polymer "
RN "“ Disintegration and release of TAAs, viruses,

. chemokines, cytokines

%

L]

Normal cells

Immune cell activation

Tumor site

longer neutralize the coated complex. This helps in higher targeting
of tumour cells due to improvement in immunological response. 0Ad,
oncolytic adenovirus; TAAs, tumour-associated antigens

associated with them, namely the higher probability of
recurrence and severe side effects, have made it necessary
to look for better alternatives. Over the last few decades,
immunotherapy has developed as one of the leading strate-
gies for cancer management. Its higher efficacy, paired with
lower toxic effects, has made it an attractive option. Passive
immunotherapy in the form of cytokines and active therapy
using cancer vaccines has both shown promising results.
Furthermore, advanced techniques like the use of oncolytic
viruses, adoptive cell therapy and immune checkpoint inhib-
itors have also shown significant potential and are the basis
of several clinical trials.

However, in spite of their various advantages, the use of
these strategies has been limited so far. One of the major rea-
sons for this is their propensity for off-target effects. To over-
come this, targeted therapy using bioactive nanoparticles has
emerged as a suitable solution. Here nanoparticles act as car-
riers for the antigen, adjuvant or other immunotherapeutics
and help avoid non-specific uptake, increase tissue permea-
tion and also enable specific intracellular localization.

Of the various biomaterials that have been
explored clinically as well as preclinical, the most
commonly used are polymeric nanoparticles. This
includes PLGA, liposomes and micelle nanoparti-
cles. Other than these, inorganic nanoparticles like
gold, silica, iron oxide etc. have also been studied
for their low toxicity and ease of manufacture. All of
these particles have their unique properties and have
established themselves as successful drug carriers in
various studies.

At present, there are various nanoparticle-based thera-
pies in different stages of clinical use. Nanoformulations
like Abraxane have found application in cancer treatment,
both by themselves and in conjugation with other immu-
notherapeutics. Nanovaccines carrying tumour-specific
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Fig.7 Transfection and targeting of pIL15 plasmid. DOTAP/MPEG-PLA (DMA) micelles composed of MPEG-PLA and DOTAP and help
carry the pIL15 plasmid into cancer cells. They also aid the expression and secretion of the plasmid (adapted from Liu et al., 2018 [150])

proteins or mRNA are another group that has shown prom-
ise in clinical trials.

While the field of nanocarriers as a whole is undergoing
intense research, an avenue that has sparked special interest
is the development of biodegradable nanoparticles. These
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molecules are designed to break down in physiological con-
ditions and hence reduce any toxicity associated with the
accumulation of macromolecules. Various materials have
been explored for this purpose. These include natural materi-
als like dextran and lignin as well as synthetic polymers like
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PLNG and functionalized PLGA. Aside from these, a range
of biomimetics has also been explored as nanocarriers. DNA
NP, protein NP and exosomes have all shown considerable
promise as suitable carriers for desired drugs.
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