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Avengers against cancer: A new era of
nano-biomaterial-based therapeutics

Nishant Kumar, Sajid Fazal, Eijiro Miyako *, Kazuaki Matsumura *, Robin Rajan *

School of Materials Science, Japan Advanced Institute of Science and Technology, 1-1 Asahidai, Nomi, Ishikawa 923-1292, Japan

Cancer is one of the leading causes of death worldwide. As the cancer burden continues to increase
globally, it exerts tremendous physical, emotional, and financial strain on individuals, families,
communities, and health care systems. Cancer can affect any part of the body and is characterized by
its uncontrollable growth. Numerous treatments, such as radiation therapy and chemotherapy which
utilize various drugs, are currently in use; however, their harmful side effects and the development of
drug resistance have resulted in major roadblocks when treating cancer. With advancements in
synthetic and polymer chemistry, the use of nanoparticle-based drug delivery systems and chemother-
apeutic macromolecules have garnered increasing attention in the previous decade. This review
discusses the recent advancements in the use of nanoparticle-based drug delivery systems as well as the
development of synthetic biodegradable polypeptides and polymers for cancer treatment (both in vivo
and in vitro). Additionally, we outline the potent selectivity and efficacy for immunotherapies and

bacteria-based therapies that are used to treat various cancers.

Keywords: Nanomedicine; Drug delivery; Polypeptides; Cationic polymers; Bacteria therapy; Immunotherapy

Introduction

The word cancer is used to define a large group of heterogeneous
diseases that are characterized by uncontrollable cellular growth.
It can originate in any body part, including organs or tissues, and
has the potential to invade and spread throughout the body.
Genetic alterations, such as mutations in DNA repair genes,
oncogenes, tumor suppressor genes, as well as other genes
involved in cellular growth and differentiation, transform nor-

Abbreviations: CT, Computed tomography; MRI, magnetic resonance imag-
ing; PET, positron emission tomography; IMRT, intensity-modulated radiother-
apy; IGRT, image-guided radiotherapy; 3DCRT, 3D conformal radiotherapy;
SBRT, stereotactic body radiation therapy; EPR, enhanced permeability and
retention; PLGA, poly(lactic-co-glycolic acid); PLA, poly(lactide acid); PCL, poly
(e-caprolactone); PEG, poly(ethylene glycol); PVA, polyvinyl alcohol; PVP, poly
(N-vinylpyrrolidone); CNHs, carbon nanohorns; NDs, nanodiamonds; PEI, poly-
ethyleneimine; TRPV2, transient receptor potential vanilloid family type 2; ICG,
indocyanine green; EGaln, eutectic gallium-indium; Galinstan, gallium-indium-
tin; TME, tumor microenvironment; PTT, photothermal therapy.

* Corresponding authors.

E-mail addresses: Miyako, E. (e-miyako@jaist.ac.jp), Matsumura, K. (mkazuaki@jaist.ac.jp),

Rajan, R. (robin@jaist.ac.jp).

mal cells into malignant cancer cells. Cancer is one of the major
causes of mortality/morbidity worldwide, ranking second after
cardiovascular diseases. According to the WHO, in 2020 it
accounted for one in six deaths; estimations point to the occur-
rence of 9.9 million deaths and 1.9 million new cases (Fig. 1). The
most common cancer types are breast, lung, cervical, colorectal,
and thyroid, however, cancers of the mouth, liver, lung, stom-
ach, prostate, and colon are more common in men [1].

Cancer cells differ from normal cells in various ways, such as
their membrane compositions, energy consumption, and rate of
proliferation. For instance, in normal eukaryotic cells, phos-
phatidylethanolamine and phosphatidylserine are present in
the inner leaflet of the cell membrane, whereas choline-
containing phospholipids, sphingomyelin, and phosphatidyl-
choline are mainly present in the outer leaflet. However, this
array can be altered in response to a variety of internal and exter-
nal stimuli that result in certain biological responses. In addition
to phosphatidylserine, O-glycosylated mucins [2,3], sialylated
gangliosides [4], and heparan sulfates [5] are also overexpressed
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in cancer cell membranes, whereas normal cell membranes are
mainly composed of neutral zwitterionic phospholipids and ster-
ols [6] (Fig. 2a). In tumor cells, a relatively higher number of
microvilli are present in comparison to normal cells, thus
increasing the surface area of the cancerous cells and allowing
them to interact with more cationic anticancer peptides and
polymers [7]. Otto Warburg proposed that the consumption of
energy in cancer cells is different from that in normal cells [8].
Cancer cells do not perform the tricarboxylic acid (TCA) cycle
for energy production; as they prefer the glycolytic pathway,
even in the absence of oxygen, and thus have higher levels of lac-
tate production which leads to acidification [9] (Fig. 2b) [10].

Globally, various methods are used to treat cancer, including
radiation therapy, chemotherapy, and biomaterial-based drug
treatments; in addition, various surgical procedures have also
been utilized. Most treatment options have been extensively
reviewed [11-14]. However, an exhaustive and detailed review
focusing on the various aspects of biomaterial-based cancer treat-
ments, including bacteria-based therapies, has not, to the best of
our knowledge, been published prior to this review. Additionally,
cationic polymers have recently been recognized as efficient
alternatives to small molecule anticancer drugs, as they offer
greater tunability and control over molecular structures and
functions. There have been several exciting studies in the previ-
ous decade related to this topic that are also discussed in detail in
this review.

In this review, we focus on the recent advances in cancer
treatments and discuss the various aspects and strategies for over-
coming the problems associated with tumor treatment and resis-
tance. A detailed discussion of the various anticancer drug
delivery systems, including stimuli-responsive systems and inor-
ganic nanoparticles, and their advantages and limitations has
been provided. Furthermore, we emphasize the development of
macromolecules (polymers), polypeptides, and nanoparticles
for use in cancer treatments, both in vitro and in vivo, and we dis-
cuss the selective mechanisms of different bioactive macromolec-
ular pharmacophoric moieties on cancerous cells. With the
known limitations of small-molecule drugs and conventional
drug delivery systems, the potential use of polymeric molecules
as anticancer agents could be a game-changer in the field of
polymer-based biopharmaceuticals.

(a) ESTIMATED NUMBER OF NEW CASES IN 2020,
WORLWIDE, BOTH SEXES, ALL AGES
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Global cancer burden in 2020. (a) Estimated new cases of cancer in 2020. (b) Estimated deaths due to cancer in 2020 [1].
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Cancer treatment

Historic perspective

The term cancer derives from the Greek word “karkinos”, which
was first used to describe malignant tumors by the physician Hip-
pocrates. Some of the earliest evidence of human bone cancer
can be found in ancient Egyptian mummies and manuscripts
(around 1600 BC). In medicine, the earliest written evidence of
cancer (breast cancer), describes it as a grave disease with no
treatment, and it was found in an ancient Egyptian medical text
(Edwin Smith Papyrus) [15]. Examples of the treatments used by
the Egyptians include cautery, surgery with knives, salts, and an
arsenic paste that remained in use and was referred to as an
“Egyptian ointment” until the 19th century [16]. In contrast,
herbal remedies such as tea, figs, fruit juices, and boiled cabbage
were used by the Sumerians, Indians, Chinese, and Persians;
however, in severe cases, they would also use pastes of copper,
iron, sulfur, and mercury. Some of these mixtures have been used
on internal and external cancers for approximately 3000 years.
Claudius Galen, a Greek medical practitioner, wrote more than
100 notes on tumors and cancer, which were translated from
Greek to Latin and other languages and distributed globally at
the time [17].

Conventional methods for cancer treatment
Today, surgery is often the first-line of treatment for malignant
and solid tumors. After the discovery of anesthesia in 1846, sur-
geons such as Billroth, Handley, and Halsted performed the first
tumor resections, as they removed entire tumors along with the
lymph nodes. Different types of surgery are used for the treat-
ment of cancer at different stages such as radical or curative sur-
gery (removal of the entire tumor), surgery for symptomatic
relief, conserving surgery, surgery for metastases, recurrent sur-
gery, and reconstructive surgery. With advancements in technol-
ogy, different surgical strategies have been developed, which can
eliminate the need to cut with a scalpel. Since surgical methods
involve pain, with the possibility of infection and death, and
tend to be expensive, researchers have tried to develop less inva-
sive, painful, and harmful alternative strategies to combat can-
cer, which are briefly reviewed in the following paragraphs.
Radiation therapy exposes cancer cells to high doses of radia-
tion. The radiation does not directly kill the cancer cells but dam-

(b) ESTIMATED NUMBER OF DEATHSIN 2020,
WORLDWIDE, BOTH SEXES, ALL AGES
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ages the DNA beyond repair; as a result, the cells stop dividing,
and die within weeks or months, and are consequently removed
from the body. Radiation treatments depend on the type of can-
cer, size of the tumor(s), implications on the lymph nodes, and
the type of radiation technique used [18]. Although improved
imaging techniques and delivery methods have somewhat low-
ered the toxicity to nearby cells, further research is warranted
to minimize the toxicity and side effects. Moreover, an under-
standing of the biological mechanisms is still required.

Chemotherapy involves the use of drugs systemically, to
either stop or slow cancer cell growth. Based on the mode of
action, the following classes of anticancer drugs are available:
a) DNA damaging alkylating agents; b) RNA and DNA building
block replacement anti-metabolites; c) DNA replication interfer-
ing antibiotics; d) topoisomerase I or II (enzymes involved in
DNA replication and transcription) inhibitors; e) mitosis and cell
division inhibitors; and f) corticosteroids [13]. Although
chemotherapy shows good results for cancer treatment, it is
not enough alone to eradicate the disease in most patients. More-
over, chemotherapy is also associated with severe side effects,
immediate harmful effects on the hair, skin, blood, kidneys,
and gastrointestinal tract, and the prolonged consequences of
chemotherapy include drug resistance, carcinogenicity, and
infertility [19].

Due to these known limitations and to lessen the death and
pain caused by cancers, novel potential treatment methods are

required. Gene therapy is a promising new method for the treat-
ment of cancer. It involves the use of specific genetic material to
modify cells (either in vitro or in vivo) for the treatment of various
disorders [20]. For the treatment of cancer several approaches like
anti-angiogenic gene therapy, immunotherapy, siRNA therapy,
suicide gene therapy, and pro-apoptotic gene therapy have been
developed [21]. Gene therapy has already been successfully used
to treat various kinds of cancer [22-24], and a detailed discussion
of this can be found in the review by Giamas [25].

Material-based treatments

While the methods discussed in the preceding section have
yielded impressive results, they also suffer from many drawbacks.
As the prevalence of cancer is increasing each year, it is impera-
tive that we develop new therapeutic materials to manage and
treat it. Accordingly, over the years, many material-based cancer
therapeutics have been developed. Material-based methods offer
greater flexibility and potency when compared to conventional
methods, and hence have gained widespread popularity in previ-
ous decades. In the following sections, we have broadly classified
material-based therapeutic methods into two categories: materi-
als used to deliver anticancer drugs such as drug delivery systems,
and materials which can be directly used to treat cancer without
the need for any additional cargo. We also discuss the various
subcategories and modes of action for these molecules when
treating cancer.
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Materials as drug-delivery systems

Nanoparticles as cancer therapeutics

Although surgical resection, radiation therapy, and chemother-
apy have achieved success in the treatment of cancer, better ther-
apeutic strategies that improve overall survival, reduce treatment
side effects, increase patient compliance, and improve disease
management and outcomes are sought-after in clinics. To
achieve this, it is imperative that we develop a rational treatment
strategy that combines and maximizes both efficacy and safety to
not only treat the disease effectively but also maintain patient
welfare. Nanotechnology-based treatment options, which allow
for the combination of different treatment modalities, drugs,
and materials in one single platform, have thus become extre-
mely attractive. For instance, the loading of drugs into nanopar-
ticles alters the pharmacokinetic properties of the drugs [26] (e.g.,
improved biodistribution, greater bioavailability, and lower
clearance), prevents their degradation inside the body, and
reduces drug toxicity and side effects [27]; the nanoparticles car-
rying the drugs interact primarily with the surrounding biologi-
cal environment through their surface functional groups [28],
which ultimately dictates the fate of the drug. In fact, the high
surface-area-to-volume ratio of the nanoparticles is an advantage
because of the subtle changes in surface functionality which can
enable drastic changes in their properties inside the body. Addi-
tionally, the small size of nanoparticles (10-500 nm) provides
unique advantages over the free drug molecules. This is because
the enhanced permeability and retention (EPR) effects that are
found in many tumors enable nanoparticle accumulation/reten-
tion at the tumor site, which is difficult to achieve when using
small sized free drugs [29]. Moreover, the nanoparticle surface
area can be appropriately modified to incorporate ligands target-
ing tumor sites without compromising the functional ability of
the loaded drug. Importantly, the biggest advantage of nanopar-
ticles in drug delivery is their ability to incorporate materials
with different functionalities. “Multi-functional” nanoparticle
systems can be designed via the loading of multiple drugs to
increase the overall therapeutic efficacy; additionally, stimuli-
responsive materials for remote-controlled on-demand drug
release, together with diagnostic and therapeutic components
for image-guided drug delivery can also be incorporated. Broadly,
nanoparticles for drug delivery applications can be classified
based on the material used to synthesize them: polymer-based
nanoparticles, lipid-based nanoparticles, non-polymeric
nanoparticles, and nanoparticles derived from biological materi-
als (Fig. 3). These different systems are briefly discussed below.

Polymer-based nanoparticles. Nanoparticles made from polymeric
materials are usually considered suitable for drug delivery appli-
cations because their physicochemical properties can be easily
controlled (the chemical functionality of the polymer building
blocks can be altered, as can be the reaction chemistry used for
the synthesis of polymeric nanoparticles). Of note, for drug
delivery applications, it is essential that nanoparticles can facili-
tate controlled drug release at the target site, without toxic
effects. A few different types of artificial and natural polymers
have been utilized for this purpose (Table 1).

Polymer nanoparticles. To synthesize nanoparticles from artificial
polymers for drug delivery applications, FDA-approved poly-

mers, are widely utilized, including poly(lactic-co-glycolic acid)
(PLGA), poly(lactide acid) (PLA), poly(e-caprolactone) (PCL),
poly(ethylene glycol) (PEG), polyvinyl alcohol (PVA), and poly
(N-vinylpyrrolidone) (PVP), as they are non-toxic, biocompati-
ble, and biodegradable. To control the rate of degradation and
eventual drug release, several different parameters can be opti-
mized, including the molecular weight, end-group functionality,
and nanoparticle size. For example, for PLGA nanoparticles,
decreasing the ratio of lactide to glycolide increases their
hydrophilicity and rate of degradation, and consequently drug
release [56]. Other external factors such as the pH and tempera-
ture can also affect the drug release rate, and they can thus be
modulated for the development of stimuli-responsive drug deliv-
ery systems. Studies have also shown how a copolymer (or two
different polymers) can be used to load both hydrophobic and
hydrophilic drugs together in a single system [57]. Core-shell
polymeric nano-architectures have also been synthesized, show-
ing unique drug protection and release rate kinetics in a biologi-
cal environment [58]. Apart from the conventional FDA
approved polymers mentioned above, new polymeric materials
such as poly-N-(2-hydroxypropyl) methacrylamide [poly
(HPMA)] [59,60] and polyoxazoline [61] have also shown pro-
mise as biocompatible drug delivery systems. Additionally, it
should be noted that at present most polymeric drug delivery sys-
tems under investigation have stimuli-responsive properties (dis-
cussed later), which are known to significantly improve the
therapeutic outcomes.

Dendrimers. Dendrimers are nanosized hyperbranched polymeric
structures that have gained importance in the field of nanomedi-
cine, especially for drug delivery. Their unique hyperbranched
structures (Fig. 4a) and the corresponding high density of their
surface functional groups gives them unique properties, unlike
other nanomedical systems. Typically, dendrimers are composed
of an inner core, branching layers, and a multivalent outer shell
[62]. Since the branching layers are hydrophobic in nature,
hydrophobic drugs can be attached to dendrimers within this
layer, to increase their solubility under physiological conditions,
and consequently to ensure effectiveness. For example,
hydrophobic cargo such as phthalocyanines [63] and camp-
tothecins [64] are encapsulated within dendrimers to increase
their solubility in aqueous environments. On the other hand,
drug molecules can also be attached to the dendrimer surface
either through complexation or through different conjugation
routes (methotrexate [65], doxorubicin [66], and paclitaxel
[67]) depending on the available surface functional groups. Of
note, dendrimers have cationic, anionic, and neutral surface
functional groups that have been used for various applications,
including tissue engineering [68], transfection [69], and antibac-
terial therapy [70], as well as drug delivery. However, concerns
regarding the toxicity of positively charged cationic dendrimers
has been reported in the literature, which warrants further inves-
tigation of their use in vivo [62].

Polymeric micelles. Polymeric micelles are nanosized structures with
a hydrophobic core and a hydrophilic surface, that are formed by
the self-assembly of amphiphilic block copolymers in an aqueous
environment (Fig. 4b). In organic solvents, micelles with opposite
orientations can also be formed, these have a hydrophilic core
and a hydrophobic surface and are also called reverse micelles.
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Classification of nanoparticles for drug delivery based on the materials used for their synthesis.

The self-assembly of amphiphilic copolymers into micellar struc-
tures occurs when the concentrations of the polymers in the
aqueous medium increase beyond a concentration called the crit-
ical micelle concentration (CMC) [71]. Above this concentration,
the formed micelles are in thermodynamic equilibrium with the
free polymers in solution. For practical applications, the designed
polymers should have a low critical micelle concentration such
that the micelle structures remain stable at low concentrations
when injected inside the body [72]. Both micelles and reverse
micelles have been utilized in drug delivery applications [73].
The most widely used hydrophilic component in the micelles is
PEG, as it can impart favorable pharmacokinetic properties to
the delivery vehicle and prevent the uptake and clearance of
drugs by macrophages [74]|. Other polymers that have been
reported to form hydrophilic components include PVP [75],
poly(N-isopropyl acrylamide) (pNIPAM) [76], poly(trimethylene
carbonate) [77], and poly(acryloylmorpholine) [78]. Of note,
the hydrophobic component of the micelles can be composed
of either polymers or lipids. Importantly, the choice of hydropho-
bic component and its interactions with the loaded drug play a
key role in the drug-loading capacity of the synthesized micelles.
Compared to other nanoparticulate structures, micelles [owing to
their small size (<100 nm)] are considered effective for tumor
therapy, as they can penetrate the leaky tumor vasculature and
deliver drugs at high concentrations to the tumor site [79].
Kataoka and his team have published a series of reports using
polymeric micelle-based drug delivery systems [80,81], including
polypeptide based-micelles such as poly(ethylene glycol)-poly
(aspartic acid) [82], and cyclic RGD-linked micelles made of
poly(ethylene glycol)-b-poly-(L-glutamic acid) [83]; the loading
of different anticancer agents showed remarkable targeting and
efficacy. Remarkably, a number of different polymeric micelle for-
mulations are currently undergoing clinical trials and are at vari-
ous stages (docetaxel micelles for ovarian cancer, NCT03742713;
paclitaxel micelles for breast cancer, NCT01644890; and oxali-
platin micelles for lymphomas, NCT01999491) [84].

Simple self-assembled micelles when used for drug-delivery
applications may possess a major disadvantage with regards to
their stability when used in-vivo. This is because after injection,
when they are diluted in large volumes of blood, their thermody-
namic equilibrium state ceases, causing them to dissociate and
prematurely release the loaded drug into the body. To improve
polymeric micelle stability, chemical cross-linking of the micelle
shell or core is routinely employed [85]. Additionally, the cova-
lent conjugation of the hydrophobic drug molecules to the
micelle core is also utilized to improve micelle-drug interactions
and stability [86]. Such micelles are rationally designed to incor-
porate cleavable cross-linkers which can facilitate a stimuli-
responsive preferential drug release at the tumor site (discussed
later).

Polymeric vesicles/polymersomes. Similar to liposomes, polymersomes
are also comprised of a vesicle structure which is bound by a
membrane; however, their membranes are composed of amphi-
philic polymers. Due to the inherent flexibility that polymers pro-
vide in-terms of the choice of their chemical composition, degree
of polymerization, and the versatility in the arrangement of
hydrophilic and hydrophobic polymeric blocks, polymersomes
could be considered superior to liposomes in terms of their chem-
ical functionality. For example, the amphiphilic polymers used
for synthesizing polymersomes can have compositions that devi-
ate from the typical A-B (A- hydrophilic, B- hydrophobic) block
co-polymer structure to A-B-A, A-B-C compositions, which can
form polymersomes with slightly different membrane dynamics
while still maintaining their vesicular nature. Importantly, since
the stability of these vesicular structures (polymersomes or lipo-
somes) is dependent on the inter/intra-chain hydrophobic inter-
actions, the use of polymers composed of much longer
hydrophobic blocks can be an advantage when compared to lipo-
somes. Due to this difference, polymersomes can form vesicles
with thicker membranes (~50 nm) [87] which consequently have
an enhanced structural stability and cargo retention. The loading
of drug/cargo into polymersomes can be done through passive
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TABLE 1

Different types of polymer- and lipid-based nanoparticles.

Loaded cargo Cancer type Remarks Reference
Polymer NPs siRNA Prostate (in vitro - LnCaP, PC3, DU145) The PRINT method enables a high [30]
encapsulation efficiency for cargo
Paclitaxel Brain (in vivo -C6 glioma; dose: 5 mg/ [31]
Ka)
Paclitaxel and IR780 dye Ovarian (in vivo - ST30; dose: 7 mg/ Near-infrared (NIR) light-induced drug [32]
Kg) release
KRAS-siRNA Pancreas (in vivo — KPPC-1) Successful KRAS knockdown was observed [33]
Doxorubicin Brain (in vivo - glioblastoma 101/8; [34]
dose: 2.5 mg/Kg)
Dendrimers mi-RNA and doxorubicin Breast (in vitro- MDA-MB-231) [35]
AZD4320 (Bcl-2/Bcl-xL inhibitor) Blood (in vivo - RS4 lymphoblastic [36]
leukemia)
Doxorubicin Breast (in vivo — Walker 256; dose: Reduces non-specific uptake in major [37]
2 mg/Kg) organs
siRNA targeting Hsp27 Prostate (in vivo — PC-3; dose: Targets amphiphilic dendrimers showing  [38]
0.25 mg/Kg) efficient gene silencing
Micelles Doxorubicin Breast (in vivo — 4 T1; dose: 10 mg/Kg) Improves drug pharmacokinetics and [39]
tumor-specific accumulation
Curcumin Cervical (in vivo — Hela; dose: 10 mg/ Cross-linked micelles show enhanced [40]
Kg) tumor accumulation
Doxorubicin Breast (in vivo — 4 T1; dose: 20 mg/Kg) Reversible cross-linked micelles used [41]
Docetaxel Breast (in vivo — 4 T1; dose: 10 mg/Kg) Therapeutic efficacy against breast cancer [42]
metastasis
Polymerosome Docetaxel Breast (in vivo —4T1, dose: 10 mg/Kg) Folic acid conjugated NPs for tumor [43]
targeting
Indocyanine green and Breast (in vivo —4T1, dose: 10 mg/Kg) Combined photothermal and drug [44]
doxorubicin delivery
Iron oxide NPs and doxorubicin Cervical (in vitro -Hela) Higher MR contrast obtained relative to IO [45]
NPs alone
Doxorubicin Cervical (in vitro -Hela) pH responsive drug release [46]
Nanogels Doxorubicin Cervical (in vitro -Hela) Polymersome membrane cross-linked to [47]
form hollow-nanogels
HSP-90 inhibitor (17-AAG), Breast (in vivo - BT-474, dose: 6 mg/  Synergistic chemotherapy [48]
doxorubicin Kg)
Nile red, Paclitaxel, Doxorubicin Breast (in vitro -MCF-7) Hydrophobic and hydrophilic drugs [49]
loaded
Doxorubicin Bone (in vitro -CAL-72) Simple synthesis process using alginate [50]
biopolymer
Liposomes Doxorubicin Colon (in vivo -C26; dose: 10 mg/Kg)  Anti-angiogenesis therapy achieved by [51]
targeting with Arg-Gly-Asp (RGD) peptides
5-Fluorouracil and doxorubicin Breast (in vivo — 4 T1; dose: 3 mg/Kg  Synergistic delivery of drugs achieves [52]
doxorubicin and 0.62 mg/Kg 5- effective tumor therapy at low toxicity
Fluorouracil)
Solid lipid NPs  Didoceylmethotrexate (ddMTX), a  Brain (in vivo — F98 glioma; dose: [53]
lipophilic prodrug form of 1.6 mg/Kg)
methotrexate
Paclitaxel Lung (in vivo — M109; dose: 1 mg/Kg) Effective tumor therapy achieved through [54]
the pulmonary route, reducing systemic
toxicity
Paclitaxel Lung and breast (in vivo — H1975, [55]

H1650, H520, PC9, SK-BR-3; dose:

22 mg/Kg)

NPs, nanoparticles; PRINT, particle replication in non-wetting templates.

loading strategies where the hydrophobic or hydrophilic cargo
can be dissolved either in the organic or aqueous solvent during
their synthesis. In one such study, the drug doxorubicin was
loaded into polymersomes (with hydrophilic poly (ethylene
oxide) and hydrophobic block-poly(2-(diethylamino) ethyl
methacrylate)-stat-poly(methoxyethyl methacrylate) blocks) by
dissolving the drug in the aqueous phase [88]. Here, the choice
of the hydrophilic block was made to impart a stimuli-

responsive property to both ultrasound and low pH (discussed
later) to trigger drug release remotely. While the poly(2-
(diethylamino) ethyl methacrylate cationic group was introduced
for lysosome destabilization and endosomal release. Upon its use
in-vivo for the treatment of mice with HeLa tumors (at 2 mg/Kg
doxorubicin dose), significant reductions in tumor volumes were
obtained for the ultrasound exposed tumors when compared to
the unexposed and free-drug treated controls. This and other
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research [89] has shown how tuning the chemical functionality
of polymer building blocks when developing polymersomes
allows for the incorporation of different treatment strategies in
one platform. In another recent paper [89], the use of polymer-
somes for anti-cancer immunotherapy was demonstrated
wherein the cargo (cCGAMP- cyclic guanosine monophosphate—
adenosine monophosphate; used for generating an anti-tumor
immune response) was also loaded into polymersomes using sim-
ple passive loading during the synthesis procedure. Only a few
studies however, have reported on the active loading of cargo
using a pH gradient strategy (widely used for liposome loading)
[90,91], or by the direct conjugation of the drug to the polymer
building block [45]. While polymersomes display great flexibility
in terms of their chemical functionality and membrane rigidity,
there is inadequate information available to show their advantage
over liposomal drug formulations when it comes to their practical
applications [90].

Polymer nanogels. Nanogels are simply hydrogels that have nano-
scaled dimensions. Similar to the general framework for hydrogel
formation, which involves the chemical or physical cross-linking
of hydrophilic polymers to form a three-dimensional gel net-
work, nanogels are formed by physically limiting the volume
of this cross-linking reaction in nano-scale dimensions. The pro-
cess of creating a physically limited nano-sized reaction volume
can be achieved through different techniques such as inverse
mini-emulsions, microfluidics, inverse nanoprecipitation [92],
and micellization [93], within which cross-linking reactions
can be performed. The biggest advantage that nanogels confer
when used as a drug delivery vehicle is that the three-
dimensional porous hydrophilic polymeric network can act as
a suitable cargo chamber which can protect it from external envi-
ronmental factors such as heat, temperature, pH, and enzymes.
Despite their hydrophilic cores, nanogels can be utilized as versa-
tile drug carriers to load both hydrophilic and hydrophobic drugs
[49,93]. In one such report, the hydrophobic fluorescent dye
indocyanine green was loaded into hydrogels made of hyaluro-

nic acid which were demonstrated to be successful for the imag-
ing of MDA-MB-231 tumors in mice [94]. Moreover, a significant
improvement of the pharmacokinetic properties of the loaded
fluorescent dye could also be achieved with the intravenous
administration of the nanogels. Similar to hydrogels, nanogels
also inherently show stimuli-responsive behaviors which can
be used for actuating remote-controlled drug release at the tumor
site. To capitalize on this phenomenon, one such study reported
the use of nanogels made from poly (methacrylic acid) loaded
with doxorubicin for dual stimuli-responsive drug release [95].
An improved drug release profile was obtained when these nano-
gels were exposed to a lower pH and higher glutathione (GSH)
concentrations (observed in many tumors environments-
discussed later). The use of nanogels has also been explored for
various other bio-medical applications such as vaccine delivery
[96], tissue engineering [97], and enzyme stabilization [98],
which further warrants its potential as a promising biomaterial
in the future.

Lipid-based nanoparticles. Nanoparticles fabricated using lipids as
building blocks can be largely classified into liposomes and solid
lipid nanoparticles (Table 1).

Liposomes. Liposomes are composed of amphiphilic lipid mole-
cules that contain a bulky hydrophobic group (e.g., glycolipids
and phospholipids) and spontaneously rearrange when placed
in an aqueous environment to form a vesicle-type structure with
an inner hydrophilic core and an outer hydrophobic lipid bilayer
shell (Fig. 4c¢). Due to their unique organization, liposomes can
be used for the delivery of drugs with varying aqueous solubility
degrees, both within the core and in the shell. Since liposomes
are usually composed of naturally occurring lipids, they are
highly biocompatible and non-immunogenic and can easily
degrade in the body without producing any toxic effects. There-
fore, it is not surprising that liposomes were the first class of
nanoparticles approved by the FDA for cancer therapeutic appli-
cations [99]. FDA- and EMA-approved liposomal formulations
[100] for the treatment of cancer include Doxil® [99] (ovarian
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cancer), DaunoXome® [101] (Kaposi’s sarcoma), Myocet™ [102]
(metastatic breast cancer), Marqibo® [103] (acute lymphoblastic
leukemia), MEPACT® [104] (osteosarcoma), and Onivyde® [105]
(metastatic pancreatic cancer). However, all the clinically
approved liposome formulations for cancer therapies to date
are only passively targeted [106], even though ligand-
functionalized actively targeted liposomes showed better effects
pre-clinically. For example, liposomes functionalized with PEGy-
lated transferrin have been demonstrated to deliver drugs across
the blood-brain barrier [107] to transferrin receptor-
overexpressing glioma cells in rats [108]. Similarly, studies have
also demonstrated the functionalization of liposomes with
anti-epidermal growth factor receptor [109] and anti-estrogen
receptor [110] antibodies for targeted delivery to the tumor cells.
In some reports, the dual functionalization of liposomes has also
been carried out (for example, with both transferrin and
arginine-glycine-aspartic acid-containing peptides [111]) to fur-
ther enhance their targeting efficiency and drug delivery. Unlike
other solid nanoparticles, the functionalization of liposomes
with targeting ligands can be advantageous because the fluid-
like lipid bilayer structure provides more flexibility for the ligand
to interact with the substrate efficiently [112]. Currently, a num-
ber of active-targeted liposomes are undergoing clinical trials at
various stages [113].

Solid lipid nanoparticles. Solid lipid nanoparticles are composed of a
lipid core and a stabilizing surfactant, and their nanostructures
are similar to those of polymeric nanoparticles. Lipids (such as
triglycerides, fatty acids, fatty alcohols, and waxes) that are used
for the synthesis of solid lipid nanoparticles are generally
regarded as safe by the FDA. These lipids have melting points
above the normal body temperature such that the nanostruc-
tures retain their structural integrity when used for biomedical
applications. The surfactants used are amphiphilic molecules
such as phospholipids, esters, and polysorbates that can interact
favorably with both the lipid core and the surrounding aqueous
environment and stabilize the particles. Solid lipid nanoparticles
can be synthesized via many different techniques such as solvent
emulsification/evaporation, microemulsion, ultrasonication, and
high-pressure homogenization; the latter can be utilized on an
industrial scale. The ease of synthesis on a large scale along with
controlled drug delivery and long-term physicochemical stability
makes them viable alternatives to liposomes. The ability to form
a solid lipid core, unlike the vesicular structures in liposomes,
allows for a slow and sustained drug release. Essentially, the crys-
tallinity of the lipid core dictates their drug loading and release
profile because highly crystalline lipid structures often exclude
drug molecules from their matrix. Thus, the synthesis procedure
should be fine-tuned to minimize lipid-core crystallinity (to
increase drug loading); which can be done by incorporating dif-
ferent types of lipids within the core. Solid lipid nanoparticles
can be utilized for the delivery of both hydrophilic and
hydrophobic drugs, and a number of literature reports have
demonstrated their ability to treat various cancers including
those in the lungs [54], breasts [114], liver [115], and brain [53].

Nanoparticles from biologically derived materials. The third class of
nanoparticles reviewed here are synthesized using materials
obtained from a biological source; thus, they are biodegradable

without any long-term toxic effects in the body. Several types
of these nanoparticles have recently been developed and they
showed potential for use in drug delivery and cancer therapies.
Biomolecule derived nanoparticles. These nanoparticles can be
obtained by the direct assembly of biomolecules (Table 2), such
as proteins (albumin and casein), polysaccharides (starch) and
nucleic acids. In one study, paclitaxel-loaded human serum albu-
min nanoparticles were prepared for the treatment of triple-
negative breast cancer: the intramolecular disulfide bonds (using
GSH) within the albumin were reduced followed by the addition
of paclitaxel to facilitate intermolecular disulfide bonding at a
later stage. These nanoparticles showed greater therapeutic effi-
cacy than free drugs when administered in breast tumor mouse
models [116]. Of note, albumin as a protein source for nanopar-
ticle synthesis provides several advantages from a pharmaceuti-
cal perspective [117], and as such is one of the most studied
materials for drug delivery applications. Apart from its high bio-
compatibility and hydrophilicity, albumin is the most abundant
plasma protein synthesized by the liver and can be easily purified
and obtained on a commercial scale. Additionally, albumin can
also be sourced from bovine serum (which has 76% sequence
identity to human serum albumin [118]) at a low cost (bovine
serum albumin is widely accepted in the pharmaceutical indus-
try). In fact, the FDA- and EMA-approved albumin-bound pacli-
taxel (Abraxane™) is used for the treatment of metastatic breast
cancer in clinics. Similarly, ferritin has also been investigated
for drug delivery applications [119]. In a previous study, heavy
chain ferritin was utilized for the synthesis of doxorubicin-
loaded zinc nanocage structures for the treatment of colon can-
cer in mice [120]; drug loading was carried out via the careful dis-
assembly of ferritin (using urea) in the presence of doxorubicin
followed by reassembly, leading to the entrapment of drug mole-
cules within the protein structure. In fact, the intrinsic ability of
the ferritin heavy chain to bind to transferrin receptors (overex-
pressed in many cancer cells), allows for specific drug delivery
and subsequent therapeutic responses. Of note, the ferritin
heavy chain was successfully expressed in Escherichia coli, and
thus can be mass-produced, facilitating clinical translation.
Unlike the other nanostructures described in this review, the
nanoarchitectures that are obtained using nucleic acids are fun-
damentally unique. Nucleic acid nanotechnology encompasses
nanostructures that are composed either solely of nucleic acids
formed due to the canonical Watson-Crick base pairing [127]
and other non-canonical base pairing [128] or by the organiza-
tion of nucleic acids on nanoparticle surface templates [129].
By the self-assembly of carefully designed nucleotide sequences,
nucleic acid nanostructures (2D and 3D) of varying sizes and
shapes, such as cubic, tetrahedral, octahedral, and other miscella-
neous structures can be obtained with a high degree of precision
and flexibility. These structures are formed fundamentally due to
double cross overs (holliday junctions) between single stranded
DNA strands which enables the positioning of DNA strands at
different planes. These nanostructures have excited researchers
in this field and several reports have investigated their capabili-
ties in relation to drug delivery applications. In one such study,
triangle shaped DNA origami structures were synthesized that
were found to show preferential accumulation and retention in
tumor tissues when compared to square and tube-shaped DNA

324



Materials Today ® Volume 51 ® December 2021 RESEARCH
TABLE 2
Types of biomolecules utilized in the synthesis of nanoparticles for drug delivery applications.
Biomolecule Loaded cargo Cancer type Remarks Reference
building block
Albumin Paclitaxel and Brain (in vivo- U87MG human Self-assembly of albumin protein for NP formation [121]
fenretinide glioma; dose - 2 mg/Kg)
Human H-ferritin ~ Doxorubicin Brain (in vivo- U87MG human Inherent capability to be specifically taken up by tumor  [122]
glioma; dose: 1 mg/Kg) cells
Casein 10- Brain (in vivo — C6 glioma; dose:  Menthol modification increases brain penetration [123]
Hydroxycamptothecin 5 mg/Kg)
Hydroxyethyl Hydroxychloroquine Pancreas (in vitro — PC cells) [124]
starch
RNA Paclitaxel Breast (in vivo- MDA-MB-231; EGFR was bound to the nanostructures for active [125]
dose: 8 mg/Kg) targeting
DNA Thrombin enzyme Breast (in vivo- MDA-MB-231; Site-specific cargo delivery enabled with the use of [126]

dose: 1.5 units/mouse)

fastener strands that recognize nucleolin

NP, nanoparticle.

origami [130]. Such nanostructures loaded with anti-cancer dox-
orubicin showed significant tumor volume reductions when
used for the delivery of doxorubicin for the treatment of MDA-
MB-231 breast tumors (4 mg/Kg doxorubicin) when compared
to the free drug. Similarly, in another study actively targeted
drug-loaded tubular shaped DNA nanostructures [131] were syn-
thesized by introducing cancer-ligand conjugated DNA to the
unpaired single-stranded sections of the nucleic acid nanostruc-
tures. Here, doxorubicin drug loading could be accomplished
by the simple mixing of the drug with the nanostructures due
to the inherent preferential binding of the drug to the guanine-
cytosine base pairs [132]. Even though nucleic acid nanostruc-
tures provide a great deal of flexibility and versatility in their
preparation, functionalization and drug loading, the synthesis
of such structures presently suffers from cumbersome designs
and low yield [133].

Bio-inspired/biomimetic nanoparticles. To develop an ideal drug deliv-
ery system that shows high biocompatibility, minimal toxicity,
and good pharmacokinetic properties (biodistribution and circu-
lation times), bio-inspired/ biomimetic nanoparticles have been
generated. Such nanoparticles are derived directly from cells
and show excellent capability and functionality as drug delivery
vehicles. Fundamentally, two types of biomimetic nanoparticles
can be considered: cell membrane-derived nanoparticles and
membrane vesicles derived directly from cells (exosomes, bacte-
rial membrane vesicles).

Cell-membrane derived nanoparticles. The main strategy employed for
the synthesis of such biomimetic nanoparticles involves the sur-
face coating of conventional drug delivery vehicles such as poly-
mer and inorganic nanoparticles with cell membrane structures
(Fig. 5). The rationale is to modify the surface chemical properties
of the drug delivery vehicles to impart/mimic the surface proper-
ties of the parent cell from which the membrane is derived. By
doing so, favorable host-material interactions and pharmacoki-
netic properties can be achieved, including low immunogenicity
and toxicity, reduced reticuloendothelial system clearance, high
circulation time, and good biodistribution. The cell sources from
which membranes are usually extracted (Table 3) include ery-
throcytes, white blood cells, cancer cells, mesenchymal stem
cells, platelets, and bacteria. Among these, erythrocyte cell
membrane-coated nanoparticles have been widely investigated

[134-136] primarily because of their surface protein composi-
tions, which include proteins such as CD47 [137] (“self-recogni
tion” protein preventing immunological clearance), CDS59
[138] (inhibits the formation of the membrane attack complex),
and other surface proteins that inhibit/regulate the complement
activation pathway (decay-accelerating factor, membrane cofac-
tor protein, homologous restriction protein etc.), thereby render-
ing improved pharmacokinetic properties to the modified drug
delivery vehicle [139]. Additionally, leukocyte membrane pro-
teins usually allow for the homing-into or targeting of tumor
sites, with an increased circulation time. In fact, leukocyte
membrane-modified nanoparticles have been reported to
actively target tumor sites in vivo and therefore enable efficient
drug delivery [140]. Cancer cell membrane-modified nanoparti-
cles are also an attractive choice for the development of biomi-
metic nanoparticles; cancer cell membranes contain several cell
adhesion molecules (integrins, cadherins, and selectins) [141],
enabling the active targeting and selective uptake of nanoparti-
cles in the tumor sites. Additionally, cancer cells also contain
proteins that help evade immune recognition [142]. To coat cell
membranes onto nanoparticle surfaces, the extrusion technique
[143] (the cell membrane structures are repeatedly extruded with
the nanoparticle of interest through porous membranes of vary-
ing diameter) or sonication [144] are usually employed to force
an interaction between them.

Cell membrane vesicles as drug delivery vehicles. As an alternative to
cell membrane coated nanoparticles, vesicular structures directly
secreted by cells can also be used for drug delivery (Table 4). Since
extracellular vesicles are released from cell membranes, they also
harbor protein and lipid compositions, similar to those of the
parent cell membrane. The main advantage is that these extracel-
lular vesicles can be directly loaded with drugs or other func-
tional nanoparticles and used for drug delivery applications.
Among the different types of extracellular vesicles, exosomes
are the most suitable for drug delivery applications because they
are naturally utilized for non-contact intercellular communica-
tion and are of an optimum size range of 30-150 nm [149].

A previous study evaluated macrophage-derived paclitaxel-
loaded exosomes for their therapeutic efficacy against
multidrug-resistant cancer cells harboring drug efflux transporter
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Polymeric/
Inorganic nanoparticle

t -y

Co-extrusion

Cell:
Erythrocytes/Macrophages/
Leukocytes, Platelets

Cell membrane-coated nanoparticle.

TABLE 3

~———Cell surface
membrane
coated NPs

Cell membrane sources used for drug delivery/nanoparticle surface coatings.

Cell source Loaded cargo/loading method Cancer type Remarks Reference
Erythrocytes Paclitaxel loaded polycaprolactone nanoparticles/ Breast (in vivo - 4 T1; dose: Cancer metastasis treatment [145]
co-extrusion 10 mg/Kg)

Melanoma PLGA nanoparticle/co-extrusion Melanoma (in vitro — dendritic  Anticancer immune activation [146]
cancer cells and T-cell activation)

Mesenchymal STRAIL (soluble form of TNF-related apoptosis- Prostate (in vivo- PC3; dose: Single-dose administration elicits [147]
stem cells inducing ligand)/co-extrusion 300 pg/mouse) an effective response

Leucocytes Nano-porous silicon/overnight incubation at 4 °C ~ Melanoma (in vivo - B16) [148]

Platelets Docetaxel or Vancomycin loaded PLGA - Treatment of coronary restenosis [144]

nanoparticle/bath sonication

and bacterial infection

proteins [150]. Exosome loading was facilitated through sonica-
tion, with a high level of drug loading (~28%) when compared
to other techniques such as incubation and electroporation. Of
note, the accumulation/cytotoxicity of the drug-loaded exo-
somes was greater (versus the free drug), suggesting that the exo-
some packaging led to the entry of the drug into the cells
through a different pathway. These drug-loaded exosomes were
also found to significantly inhibit metastasis in a Lewis lung car-
cinoma mouse model. In another study, exosomes with tumor-
targeting capabilities were isolated from dendritic cells express-
ing the iRGD peptide (to bind to alpha-V integrin-positive cancer
cells) [151]. These exosomes loaded with doxorubicin when
administered in vivo in a breast tumor mouse model accumulated
preferentially at the tumor site, leading to a significant reduction
in the tumor volume, when compared to that observed in the
free drug and passively targeted exosome groups. Apart from
the use of mammalian cell-derived exosomes, researchers have
also highlighted the potential of exosomes derived from other
biological sources, such as milk [152], plants [153], and fruits
[154] for drug delivery.

A potential biomimetic material that has high translational
capability owing to the ease with which large-scale synthesis
and modifications can be done, are exosomes derived from bac-
terial sources, such as bacterial membrane vesicles. Recent
reports have highlighted the capability of utilizing bacterial
membrane vesicles for the delivery of siRNA for hepatocellular

cancer [155], melanin for photothermal therapy of breast tumors
[156], doxorubicin for lung cancer [157], and tegafur for breast
cancer [158].

Non-polymeric  nanoparticles/inorganic nanoparticles. Inorganic
nanoparticles, including metal or metal-oxide nanoparticles
(such as gold, iron oxide, and silica) and non-polymeric nanoma-
terials such as carbon nanotubes are also used for drug delivery.
Apart from their large surface-area-to-volume ratio and many
available functional groups, they possess unique optical and
magnetic properties, which are considered an advantage in drug
delivery applications (Table 5).

Gold nanoparticles. Gold nanoparticles have been widely explored
for drug delivery applications owing to their high levels of bio-
compatibility, chemical stability, and easy synthesis. Using dif-
ferent reaction chemistries, gold nanoparticles of various
shapes and sizes have been synthesized, including rods [179], tri-
angles [180], stars [181], and core-shells [182]; their uptake by
cancer cells and potential for cargo delivery have also been inves-
tigated [183]. Of note, the photothermal capability (generation
of heat upon light exposure) of gold nanoparticles has been
widely explored in the context of stimuli-responsive drug deliv-
ery (discussed below).

Iron-oxide nanoparticles. Like the gold nanoparticles, iron-oxide
nanoparticles are easy to synthesize and biocompatible, making
them suitable for drug delivery. Different formulations of such
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TABLE 4

Cell membrane vesicles used for drug delivery applications in cancer therapy.

Cell membrane Cell source Loaded cargo Cancer types Remarks Reference
vesicle
Exosomes from Dendritic cells Doxorubicin Breast (in vivo- MDA-MB-231; dose: 3 mg/ [151]
mammalian cells Kg)
Macrophages Paclitaxel Lung (in vivo — 3LL; dose: 50 mg/Kg) Effective anti-metastatic [150]
response
Prostate cancer Paclitaxel Prostate (in vitro - PC-3 and LNCaP) [159]
cells
Reticulocytes Doxorubicin Liver (in vivo - H22; dose: 5 mg/Kg) Magnetic field-assisted targeting [160]
and drug delivery
Bacterial membrane  E. coli siRNA Liver (in vivo — HCC-1954; dose: [155]
vesicles 4 pg/mouse)
Klebsiella Doxorubicin Lung (in vivo — A549; dose: 2 mg/Kg) Antitumor immune response [157]
pneumoniae
Salmonella Tegafur-loaded Melanoma and breast (in vivo — 4 T1, Antitumor immune response [158]
Typhimurium micelles B16410; dose: 2 pg/mouse)

nanoparticles have already been approved for clinical use, such
as Ferumoxytol [184] for the treatment of anemia in patients
with chronic kidney disease, Ferucarbotran [185] for liver MRI,
Ferumoxsil [186] for gastrointestinal imaging, and NanoTherm
[187] for hyperthermia therapy for recurrent glioblastoma multi-
forme. Their use in the clinics makes them attractive options for
further studies of drug delivery applications. In addition to
exhibiting magnetic contrast, these nanoparticles can also be
engineered for stimuli-responsive magnetic hyperthermia [188]
and magnetic tumor targeting [189] for drug delivery.
Mesoporous silica nanoparticles. Mesoporous silica nanoparticles are
excellent vehicles for cargo delivery because they possess a high
internal surface area and pore volume. Different reaction chemis-
tries have been utilized to control the pore volume of these
nanostructures, giving them a unique advantage over other con-
ventional drug delivery vehicles [190,191]. In one such study
[191], drug-loaded mesoporous silica nanoparticles of different
pore sizes (~2, 5, and 8 nm) were synthesized and their therapeu-
tic efficacy was evaluated for the treatment of hepatocellular car-
cinoma in mice. It was observed that higher drug loading could
be achieved with both the 8 and 5 nm pore-sized nanoparticles
when compared with the 2 nm pore-sized. However, efficient cel-
lular uptake and eventual tumor therapeutic responses were sig-
nificantly higher for the 5 nm pore silica nanoparticles. Such
studies may support the development of effective drug delivery
vehicles based on mesoporous silica nanostructures.
Nanocarbons. Nanocarbons, such as carbon nanotubes, carbon
nanohorns (CNHs) graphene, and nanodiamonds (NDs), are
widely studied in various research fields, including biomedicine,
because of their unique physicochemical characteristics. Carbon
nanotubes are one-dimensional nanostructures composed of gra-
phene sheets that can either have single wall (diameter of 1-
2 nm) or multi-wall structures (diameter of 10-100 nm). Owing
to their one-dimensional structures, they behave differently from
their spherical nanoparticle counterparts and they have the
potential to exhibit efficient cell uptake due to their ultra-high
surface area and chemical functional groups [192]. Single-
walled carbon nanotubes specifically show unique optical prop-
erties that allow for their use in various applications such as pho-
tothermal therapy [193], photoluminescence [194], and

photoacoustic imaging [195]; therefore, they are suitable for
stimuli-responsive drug delivery. In fact, carbon nanotubes have
been explored for the delivery of various types of cargo to cells,
including therapeutic nucleic acids [196], proteins [197], and
chemotherapeutic drugs such as paclitaxel [198] and doxoru-
bicin [199].

Meanwhile, CNHs are aggregates of graphitic tubes with
closed ends and cone-shaped caps (horns). Each tube has a diam-
eter of 2-5 nm, and the aggregated tubes form spherical struc-
tures (about 80-100 nm in diameter). This aggregate size is
suitable for eliciting the EPR effect. Moreover, the external sur-
face and/or inner spaces of CNHs can be easily loaded with anti-
cancer drugs for slow release [200-202]. Importantly, CNHs do
not exhibit toxicity, making them appropriate for drug delivery
systems. Miyako and his team [175] found that functional CNHs
exhibit attractive photothermal conversion properties and para-
magnetism; they allowed the release of drugs and the manipula-
tion of enzymatic reactions at the target site in transgenic mice
using biologically permeable NIR light and magnetic fields. Inter-
estingly, the authors synthesized a supramolecular nanoconjuga-
tion of temperature-responsive liposomes and magnetic
nanoparticle- and polyethyleneimine (PEI)-decorated CNHs
through avidin and biotin interactions (Fig. 6).

The photothermal conversion of CNH itself not only effec-
tively allows the hyperthermic elimination of cancer cells [203-
205] but it also allows for target gene transduction through the
inoculation of genetically engineered cells with a heat-shock pro-
moters [206]. Furthermore, Miyako and his team [207] recently
discovered that the NIR light-induced and antibody-
functionalized CNH nanocomplexes photothermally trigger cal-
cium influxes into target cancer cells overexpressing the tran-
sient receptor potential vanilloid family type 2 (TRPV2) (Fig. 7).
This combination of the optical property of CNH and genetic
engineering effectively eliminates cancer cells and inhibits their
stemness in vitro and in vivo.

Graphene and graphene oxide are also promising drug deliv-
ery carriers because they exhibit good biocompatibility and
biodegradability as well as large surface areas, which allows for
an increased loading of anticancer drugs through n-n stacking,
hydrophobic interactions, and/or covalent conjugations with
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TABLE 5

Inorganic/non-polymeric nanoparticles for drug delivery.

Inorganic Reaction Surface ligand Stimuli-based Reference
nanoparticle  chemistry/nanoparticle drug delivery

type
Gold Turkevich chemistry 4-(2-(6,8-Dimercaptooctanamido)ethylamino)-3-methyl-4-oxobut-2-  pH and NIR [161]

enoic acid bound to doxorubicin

Turkevich chemistry

Peptide substrate, CPLGLAGG bound to doxorubicin

MMP-2 and GSH [162

]
Star shaped gold NPs Glutathione stabilizer bound to RGD peptide and doxorubicin NIR Laser [163]
Rod shaped gold NPs Carboxyl surface bound to CXCR4 antibody NIR Laser [164]
Mesoporous Tetraethyl orthosilicate 3-Aminopropyltriethoxysilane stabilizer bound to gold nanoparticles Low pH and high  [165]
silica (TEOS) as the precursor ATP
TEOS as the precursor Thermosensitive linker 4,4’-azobis(4-cyanovaleric acid) Ultrasound [166]
TEOS as the precursor Carboxy! functional NP surface bound to Gd>* ions and chlorin e6  NIR light [167]
Hollow mesoporous Protoporphyrin and RGD-targeting ligand Ultrasound [168]
organosilica NPs (HMONSs)
Iron oxide Co-precipitation technique Carboxymethyldextran conjugated to EGF protein Magnetic field [169]
MagForce® MFL AS Aminosilane-coated NPs Magnetic field [170]
Co-precipitation technique Camptothecin drug linked to amino-poly(vinyl alcohol) Magnetic field [171]
targeting
Nanocarbon Single-walled carbon Surface modified to incorporate siRNA and NGR-targeting peptide  NIR laser [172]
nanotubes (SWCNT)
Multi-walled carbon PAMAM dendrimers coupled to folic acid Low pH [173]
nanotubes (MWCNT)
Graphene Doxorubicin covalently bound to the graphene surface NIR laser [174]
Carbon nanohorn (CNH) Magnetic nanoparticle-modified CNH conjugated with temperature- NIR laser and [175]
responsive liposome encapsulating drugs magnetic field
Nanodiamond (ND) Photosensitizer and paclitaxel functionalized ND NIR laser [176]
Ga-based LM Eutectic gallium-indium DSPE-PEG,0g0-amine; DC(8,9)PC NIR laser [177]
NPs (EGaln) MUA-CD;m-HA Low pH [178]

NP, nanoparticle; NGR, Asn-Gly-Arg; LM, liquid metal.

functional molecules. Indeed, the targeted delivery of drug-
loaded graphene and graphene oxide has previously been
explored as a cancer chemotherapy [208-211]. For example, an
interesting strategy to enhance the targeting and pharmaceutical
efficacy of graphene is the use of multi-chemical functionaliza-
tion with indocyanine green (ICG), folic acid, and doxorubicin
[174]. The multi-functional graphene nanoconjugates exhibit
remarkable targeting capacities alongside a synergistic effect of
the drug release and photothermal conversion, highlighting
the advantage of combining chemo- and phototherapies against
cancer.

Finally, NDs, with individual diameters of 2-10 nm and a
truncated octahedral structure, have significantly contributed
to the development of highly efficient and successful drug deliv-
ery systems owing to their relatively low costs, amenability to
large-scale synthesis, unique structures, and low toxicity. Indeed,
anticancer drug formulations with NDs are promising because of
their uniform and tunable sizes, high drug loading capacities,
and efficacy as a drug delivery system [212-216]. Functionalized
NDs spontaneously transform into well-dispersed and biocom-
patible supraparticle nanoclusters via simple chemical conjuga-
tions with perfluorooctanoic acid [217], amphipathic molecules
[218,219], or organic dyes [176]. Notably, drug-loaded ND supra-
particles can improve anticancer drug efficacy because of their
higher capacity for intracellular invasion when compared with
that of pristine NDs without any chemical functionalization.
Of note, encapsulating molecules into the nano spaces of these
conventional nanocarbons requires complicated processes, such
as the preparation of open holes, vacuum heating, and nanopre-

cipitation methods. In contrast, drug-conjugated ND supraparti-
cles can be easily synthesized by simple sonication. Thus, the
concept and design of ND supraparticles should be considered
for the generation of practical drug delivery systems to treat a
range of cancers.

Liquid metal (LM) nanoparticles. LMs are emerging materials that
have attracted considerable attention. LMs and their metal alloys
have low melting points and are thus in the liquid state at near-
room temperature. Gallium and mercury and their alloys are rep-
resentative LMs. Among which, Ga-based LM nanoparticles
(LMPs), especially eutectic gallium-indium (EGaln) and
gallium-indium-tin (Galinstan) nanoparticles have been widely
applied in different therapeutic areas, including drug delivery,
tumor ablation, X-ray CT imaging, photoacoustic imaging,
MRI, and biosensing due to their plasmonic effect and electro-
magnetic and electrochemical properties. For example, Lu et al.
[178] wutilized two types of thiol ligand-thiolated (2-
hydroxypropyl)-b-cyclodextrin (designated MUA-CD) and thio-
lated hyaluronic acid (designated m-HA) to load anticancer drugs
for targeted delivery to solid tumors in mice. The acidity of the
tumors leads to the controllable release of drug molecules from
Ga-based LMPs.

Other strategies for exploiting the potential Ga-based LMPs
include the application of physical stimuli such as light
[177,220-222], electromagnetic fields [223-225], and acoustic
waves [177,221,226,227] for drug delivery, cancer treatment,
bioimaging, or biosensing. For instance, Chechetka et al. [177]
demonstrated that photo-polymerized EGaln nanoparticles
encapsulating anticancer drugs can generate heat and reactive
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Schematic illustration of the CNH and liposome nanocomplex. Reproduced
with permission from Chechetka et al. [175], copyright (2016), Wiley.

oxygen species (ROS) under biologically permeable NIR laser irra-
diation. To express the multiple functions of LM, 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene gly-
col)2000] (DSPE-PEGgzpgp-amine) and 1,2-bis(10,12-tricosadiy
noyl)sn-glycero-3-phosphocholine (DC(8,9)PC) were used to pre-
pare EGaln/polymer core-shell nanostructures via 254 nm ultra-
violet curing (Fig. 8). Of note, the shape of photo-polymerized
EGaln nanoparticles can be drastically changed via NIR laser irra-

diation; the nanostructures are destroyed for the controlled spa-
tiotemporal release of the loaded drugs at the target site. EGaln
nanoparticles also have several unique functions, in addition to
their photothermal and chemotherapeutic effects for cancer
elimination; for instance, they were used as X-ray and photoa-
coustic contrast agents in biological organs and mice. Further-
more, Chechetka et al. [177] successfully controlled
intercellular calcium ion fluxes using LMs. Meanwhile, Yu et al.
[223] found that the electromagnetic field can induce powerful
eddy-thermal effects in the context of EGaln composites for
biomedical applications. In fact, this exothermic phenomenon
makes them promising candidates for controlled drug release
and hyperthermic cancer therapy. These studies offer prospects
for the use of Ga-based LMPs as advanced drug delivery systems.
Nanoscale Metal-Organic Frameworks. Nanoscale Metal-Organic
Frameworks (nMOFs) are materials that are formed due to the
self-assembly of a multitopic organic linkers with multi-valent
metal ions (nodes) leading to the generation of a highly porous
three-dimensional structural framework. nMOFs have wide-
spread applications, predominantly in the fields of catalysis,
energy storage and gas separation, and more recently drug deliv-
ery. This is primarily because they have large internal surface
areas unlike other nanoparticle structures [228], which can
enable high levels of drug loading and delivery. Drug encapsula-
tion in nMOFs has been demonstrated using several routes
(Fig. 9). In one example, the encapsulation of the anti-cancer
drug campothecin within the pores of spherical zeolitic imida-
zole framework-8 (formed by 2-methyl imidazolate and zinc
ions) nanostructures was reported by the simple introduction
of the drug during nMOF synthesis [229]. These highly monodis-
persed 70 nm drug loaded nMOFs showed a significantly higher
cell death response for MCF-7 breast cancer cells when compared
to unloaded nMOFs. Additionally, the co-loading of magnetic
iron-oxide nanoparticles with fluorochrome molecules within
these nMOFs were also demonstrated which showed dual mag-
netic targeting and imaging capabilities, thus highlighting the
highly porous nature of these structures. However, the encapsu-
lation of drug/cargo in nMOFs during their synthesis requires
that the cargo of interest does not degrade during the process
which generally involves a solvothermal technique. To counter
this, post-synthesis modifications of nMOFs can be employed
wherein these materials act as ‘molecular sponges’ [230]. In this
extensive report by Horcajada et. al., different nMOFs based on
Fe (III) precursors and various organic linkers were synthesized
and loaded with anti-cancer drugs by incubating the dried
nMOFs in drug solutions at room temperature. Specifically, high
drug loading capacities for busulfan (31.9%) and doxorubicin
(11.2%) could be achieved in the nMOFs synthesized with tri-
topic trimesic acid as the organic linker. In this case, the drug
release from the nMOFs was found to be mainly because of the
diffusion of the drug from its pores and not because of its degra-
dation. In cases where the pore sizes of the synthesized nMOFs
were smaller than the drug that was to be loaded, surface modi-
fication strategies could be employed. Here, the presence of coor-
dinately unsaturated metal centers at the outer surface of the
nMOFs could be advantageously utilized to directly load drugs
or other linker molecules (e.g., polymers, amino acids etc.) onto
the surfaces of the nMOFs. In one such study, the post-synthesis
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1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
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Liquid metal (LM) nanocapsule components including EGaln, DSPE-PEG2000-amine, and DC(8,9)PC. The polymeric core-shell structure encapsulating the LM
is prepared by crosslinking the butadiyne moieties from DC(8,9)PC using 254 nm ultraviolet irradiation. Reproduced with permission from Chechetka et al.

[177], under the creative commons attribution license 4.0.

that drug loading was predominantly achieved at the surface of

loading of a dried zeolitic imidazolate framework (ZIF-8; that
the nMOFs, and this was further confirmed through molecular

consists of Zn?* as the metal nodes) with doxorubicin, showed
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Different strategies by which nMOFs can be loaded to include drugs. (a)
Drug loading during nMOFs synthesis, (b) drug loading after the synthesis
of nMOFs, (c) Co-ordinated binding of the cargo to metal centers in the
nMOFs, and (d) covalently binding cargo to the nMOF linkers.

docking studies [231]. In a similar study, MIL-101 nMOF con-
taining Fe** metal nodes were coupled with selenium and ruthe-
nium nanoparticles which showed anticancer activity. This was
achieved by first coordinatively binding and grafting of cysteine
to the nMOFs followed by a reduction in selenium and ruthe-
nium salts on the grafted surface [232]. Alternatively, the binding
of drugs onto the nMOF surfaces can also be accomplished
through covalent conjugation by utilizing functional organic
linkers as building blocks. This was demonstrated in a study
wherein MIL-101 structures were synthesized introducing 2-
amino terephthalic acids additionally as linkers instead of the
terephthalic acid alone, as they provided crucial amine func-
tional groups for further modification [233]. Carboxyl function-
alized cisplatin was then covalently conjugated to nMOF at a
high drug loading capacity of 12.8%. This and other techniques
have been reported widely in the literature to demonstrate the
utility of nMOFs for anti-cancer drug delivery [234,235].

Stimuli-responsive drug delivery. As mentioned previously, the overall
goal of any nano-drug delivery system is to improve the pharma-
cokinetic properties of the loaded drug by enhancing its concen-
tration at the tumor site while minimizing off-target toxic effects.
The successful delivery of drug-loaded nanoparticles at the tumor
site, however, is mostly dependent on the tumor biological char-
acteristics such as the EPR and tumor perfusion. By using tar-
geted nanoparticles that are surface-modified with ligands to
bind to the tumor cell receptors, effective and increased cell
internalization of the nanoparticles could be achieved. However,
even then, the ability of the nanoparticles to reach the tumor site
is still predominantly dependent on their passive targeting abil-
ity [236]. One way of maximizing the accumulation of drugs at
the tumor site is to promote maximum drug release at the desired
site. This can be achieved by using stimuli-responsive nano-drug
delivery vehicles that can promote on-demand drug release at
the tumor site in the presence of a stimulus. Such nanoparticles

enable spatiotemporal control over drug release and are consid-
ered as the next-generation drug delivery system, with the poten-
tial to significantly improve therapeutic responses. Different
types of stimuli-responsive nanoparticle systems have been
investigated based on the stimuli used to trigger drug release:
internally (based on the tumor characteristics) or externally (de-
livered from outside the body) (Fig. 10).

The tumor microenvironment possesses specific characteris-
tics, different from those of the surrounding environment. These
differences occur due to the high growth rate and metabolism of
tumor versus normal cells. The high metabolic state leads to the
generation of high concentrations of lactic acid, resulting in an
acidic (low pH) state within the tumor microenvironment (War-
burg effect [237]). Therefore, pH-responsive drug delivery sys-
tems that undergo disintegration in low pH conditions leading
to drug release would be useful. Furthermore, this has been
widely demonstrated in the context of pH-sensitive polymers
as building blocks or with acid-labile chemical bonds that are
used to conjugate the drug to the delivery system [238]. Another
distinctive characteristic of many tumor types is the elevated
levels of glutathione and the consequently high reducing envi-
ronment within the tumor mass [239]. In line with this fact, to
enable controlled drug delivery, reports have highlighted the
incorporation of glutathione-cleavable dithiol functional groups
[240] within the delivery vehicle, aiming at its disintegration and
eventual drug release. In one such report, dithiol functional
groups were incorporated to form cross-linked polymeric
micelles which not only showed an enhanced circulation time
of the loaded doxorubicin drug, but importantly lead to a signif-
icant reduction in M109 tumor volumes when used in-vivo and
compared to self-assembled micelles without a dithiol functional
group [241]. Another intrinsic tumor characteristic is the pres-
ence of elevated levels of enzymes such as matrix metallopro-
teinases (MMP-2, MMP-9) [242] and cathepsin-B [243]; and the
incorporation of such specific enzyme-cleavable functional
groups within the delivery system can be used to achieve
stimuli-responsive drug delivery [244].

Although the use of stimuli-responsive nanoparticles based
on intrinsic stimuli is an attractive option, intra- and inter-
tumoral differences (e.g., pH and enzyme levels) can markedly
affect their therapeutic efficacy, thus posing a major barrier to
clinical translation [236]. Considering this, the remote use of
external stimuli to control drug release is a more feasible option.
Of note, such externally controllable stimuli can be modulated
allowing spatiotemporal control to maximize the desired thera-
peutic outcome. These stimuli (investigated for controlled drug
release) include NIR light, magnetic fields, and ultrasonic waves
(Fig. 10); theoretically, they must exhibit good tissue penetrabil-
ity without causing any adverse effects. NIR light (800-1000 nm
wavelength) has been widely investigated in conjunction with
the use of anisotropic gold nanoparticles (nanorods [245], core/
shells [246], nanostars [247]), with a corresponding absorbance
in the NIR window due to a longitudinal surface plasmon reso-
nance effect. The absorption of NIR light by gold nanoparticles
can, thus, lead to the generation of a highly localized tempera-
ture elevation [248] and hyperthermia-induced cell death. Addi-
tionally, when using gold nanoparticles as drug carriers, alone or
in combination with drug delivery depots (e.g., polymeric drug
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delivery systems [249]), NIR light-induced stimuli-responsive
drug release can be achieved, which can lead to increased thera-
peutic efficacy due to the synergistic effects of hyperthermia and
drug toxicity [250]. The use of magnetic fields as an external
stimulus provides a more versatile option for drug release in
the context of magnetic nanoparticles. By applying alternating
magnetic fields, hyperthermia effects can be induced using mag-
netic iron-oxide nanoparticles [251], and when utilized as a drug
carrier, they can aid in remote-controlled drug delivery. Addi-
tionally, via the exposure of the tumor mass to magnetic fields,
magnetic targeting [252] and improved localization of the mag-
netic iron-oxide nanoparticle is possible, which promotes drug
accumulation at the tumor site. These magnetic iron-oxide
nanoparticles can also be used as contrast agents for magnetic
resonance imaging and can, therefore, be used for combined
therapy and diagnostic applications (theranostics [253,254]).
Finally, the use of ultrasound as an external stimulus for trigger-
ing drug release has also been explored as a viable, clinically
translatable option. Ultrasounds destroy the accumulated drug
carrier at the diseased site, leading to (burst) drug release [255].
Importantly, the effectiveness of such stimuli has been demon-
strated in the context of liposomes [256] and micelles [257] as
drug carrier vehicles. Of note, via the modulation of the ultra-
sound frequency and intensity used, the resulting cavitation-
mediated microbubbles can lead to the formation of reversible
pores on cell membranes, improving drug/nanoparticle internal-
ization at the tumor site [258].

Summary of different nanomaterial systems. Among the different
nanomaterials used for drug delivery applications that have been
discussed here, each has multiple advantages and disadvantages

(Fig. 11). The use of a specific type of material for a cancer ther-
apy ultimately depends upon the net intended application
which could include drug delivery, active targeting, imaging,
immunotherapy, and controlled long-term drug release. In the
present research landscape, it is important to note that almost
all nanomaterials investigated for drug delivery are engineered
to possess multi-functionality, either though the addition of
multiple functional chemical/biological groups (e.g., pH respon-
sive polymers, enzyme cleavable linkers, antibody ligands, etc.)
or through the combination of different nanomaterials to form
a hybrid/composite nanostructure. Two primary reasons could
be considered for this shift in outlook: (a) the benefits of adding
multiple functionalities (e.g., combined therapy and imaging,
remote-controlled stimuli-responsive drug delivery) seem to
show a multi-fold increase in therapeutic outcomes when com-
pared to single-functional nanosystems; and (b) the improve-
ment and increase in knowledge relating to the synthesis
chemistries when combining multiple materials in one single
platform. Even though these advantages have been highlighted
in multiple studies for multi-functional/stimuli-responsive nano-
materials, a corresponding increase in the clinical translation of
such systems is suffering from multiple bottlenecks. One of the
biggest disadvantages of utilizing multiple components to syn-
thesize a specialized nanomedical system is the difficulty in
determining the safety profile of every component encompass-
ing the system. The other major disadvantage is the complexity
related to the scale up of the synthetic chemistries of such sys-
tems that tend to become more difficult with the addition of
multiple components. Nevertheless, it is important to realize
that these nanomedical systems show great promise in treating
cancers which are difficult to treat using conventional treatment
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modalities but the transition from the bench to the bed-side
requires more research and a clearer understanding of their
cost-to-benefit ratios.

Material-based cancer immunotherapy

Cancer immunotherapy relies on the ability of the body’s
immune system to fight against cancer accurately and safely. In
the previous two decades enormous progress has been made in
relation to cancer immunotherapy and this has resulted in
advances and positive outcomes [259-261]. Drugs are designed
to incite healthy primary and secondary antitumor immune
responses via the revamping/improvement of natural mecha-
nisms that are altered in cancer foci, thus constraining tumor
growth and metastasis [262]. Therefore, the development of can-
cer immunotherapy approaches depends on our understanding
of the relationship between the immune system and cancer,
famously known as the cancer-immunity cycle [263]. The first
cancer immunotherapeutic drug, the cytokine interferon-o
(IFN-a) was approved by the FDA for the treatment of hairy cell
leukemia [264]. However, there are several problems associated
with immunotherapeutic drugs, such as the large dose require-
ment due to their short half-life which causes autoimmune side
effects, their limited effectiveness (in few patients), and the

restricted use of the treatments for hematological tumors, due
to the complex tumor microenvironment (TME) of solid tumors
[265].

To overcome such side effects and improve the efficacy/accu-
racy of immunotherapy approaches, novel drug delivery systems
(DDS) are required. In recent years, DDSs were designed for the
prolonged release of immunotherapeutic drugs in vivo [266]; a
variety of biomaterials-based systems have been developed
including liposomes, hydrogels, polymers, and silica nanorods
(Table 6) that have improved capacities for the specific and tar-
geted delivery of drugs, low toxicity, high efficacy, and
immune-stimulating effects [266,267].

Recently, it was found that combined photothermal
immunotherapy could enhance the antitumor immune response
and overcome the problems associated with photothermal ther-
apy (PTT) [285-290]. Li et al. prepared nanofibrils by assembling
immunomodulatory thymopentin (TPS) and ICG (TP5-ICG NFs)
for combined NIR photothermal immunotherapy to treat pan-
creatic cancer. The TP5-ICG NFs showed promising results by
inhibiting the tumor growth, removing tumor metastasis, and
minimizing the side effects after single injections and one irradi-
ation (Fig. 12) [291]. Li et al. also showed that fluorophore-loaded
liposomes (IR-7-lipo) tailored with an immunoadjuvant (HA-
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CpG) could increase the efficiency of CD8* T effector cells and
alleviate the immunosuppressive TME [292]. Luo et al. developed
an anti-PD-1 peptide (AUNP12) in the context of a hollow gold
nanoshell co-encapsulated with PLGA NPs; these nanoparticles
potentiated the inhibition of primary and distal tumor growth
by increasing the percentage of CD8" CTLs and the secretion of
IFN-y [293]. Furthermore, iron oxide NPs can be used concur-
rently for cancer immunotherapy and imaging; in fact, these
NPs have been approved as MRI contrast agents and their degra-
dation products are beneficial for the body’s iron storage [294].

Although cancer immunotherapy is attracting increasing
amounts of attention, there remains a huge gap between human
patient treatments in vivo and in vitro laboratory models, as very
few formulations are undergoing clinical trials. Indeed, resources
for the development of biomaterials for DDSs are available; how-
ever, the economical large-scale production of such materials is
still challenging. Therefore, there is an urgent need for new
cost-effective materials and humanized models for the appropri-
ate development of efficient and potent immunotherapy-based
cancer treatment options.

Materials as direct therapeutic agents

Anticancer cationic peptides

Peptides consist of short chains of 5-50 amino acids linked via
peptide bonds and they are mainly arranged in one of two sec-
ondary structures, o-helices or B-sheets. In addition, peptides
possess distinctive features, such as hydrophobicity and high
cationic charges, which facilitate the formation of amphiphilic
structures and interactions with cancer cells [295,296]. Materials

TABLE 6

based on peptides were, not surprisingly, found to be promising
as anticancer agents, due to their easy delivery, optimal sensing,
fate control, and tumor tissue perforation, and the generation of
immunological responses [297-300]. Tumor cells differ from nor-
mal cells in their morphological appearance, have different
chemical compositions and cellular membranes, and lose their
original functions. Anionic molecules such as phospholipid
phosphatidylserine, O-glycosylated mucins, heparin sulfate,
and sialylated gangliosides are overexpressed in cancer cell mem-
branes, resulting in a net negative charge when compared to nor-
mal cells. Due to these key differences between normal and
cancer cells, it has been predicted that cancer cells are more vul-
nerable to anticancer cationic peptides (ACPs), resulting in the
likelihood of selectivity. In the following sections, the different
modes of action for the anticancer peptides are discussed.

Membranolytic mechanism. Peptides with membrane-disrupting
lytic modes of action serve as defense molecules in plants, inver-
tebrates, vertebrates, bacteria, insects, and humans. These mem-
brane lytic peptides have gained recognition as antimicrobial
peptides and can affect both eukaryotic and prokaryotic cells.
Subsequently, the sensitivity of tumor cells to ACPs was discov-
ered. As discussed above, the negatively charged membranes of
cancer cells bind to ACPs through electrostatic interactions, ulti-
mately leading to cell membrane lysis. ACPs can interact with
cancer cells through different mechanisms (Fig. 13) [301], such
as the barrel-stave model, carpet-like mechanism, toroidal pore
model, in-plane diffusion model, and detergent-like effect model
(Table 7) [302].

Different biomaterials used as drug delivery carriers for cancer immunotherapy.

Type Agents Delivered Key Findings References
Lipid-based Liposomes CpG-ODN, IFN-y genes, TGF-B inhibitor,  Inhibition of tumor growth via increases in [268,269]
biomaterials IL-2, HA-CpG tumor antigen-specific CD8" cytotoxic T cells
Lipid/calcium/ Anti-CTLA-4 monoclonal antibody, Trp2, Modulation of TME [270,271]
phosphate (LCP) CpG-ODN
nanoparticles
Polymer-based  Micelles Trp2, IFN-y, CpG, OVA, STAT3 siRNA Reduced immunosuppression in the TME [272,273]
biomaterials Stimulation of CTL responses
Nanoparticles CpG ODNs, DPPA-1, NLG919, IFN-y, OVA, Promotes the maturation of DCs [274-276]
anti-PD-1 monoclonal antibody Enhances immunostimulatory effects of CpG
under near-infrared (NIR) laser irradiation
Inhibits tumor growth by increasing tumor
antigen-specific CD8" cytotoxic T cells
Hydrogels IFN-o, GM-CSF, CpG-ODN, TCL, TLR3 Survival and activation of CTLs [277,278]
agonist, Inhibits tumor proliferation via the
coadministration of sorafenib
Recruitment and activation of DCs
Inorganic Siliceous nanoparticles GM-CSF, CpG, TRP2, TLR agonist, tumor  Increased efficiency of TRP2-specific CD8* T cells [279,280]
biomaterials vaccine Stimulates better antigen-specific CTL responses,
and delays tumor growth
Iron oxide nanoparticles CpG-ODN, ICG Promotes immune cell activation [281,282]
Increases the efficiency of TRP2-specific CD8" T
cells
Integration of imaging and therapy
Microneedles Hyaluronic acid (HA)- anti-PD-1 monoclonal antibody Triggers inhibitory signaling downstream of the [283,284]

based

T-cell receptor (TCR)
Prevents the activation of T-lymphocytes.

CpG ODN, Unmethylated cytosine-phosphate guanine oligodeoxynucleotide; TGF-B, Transforming growth factor-b; TCL, Tumor cell lysate; TRP2, Tyrosinase-related protein-2; TLR, Toll-like receptor;
OVA, Ovalbumin; IL-2, interleukin-2; CTLA-4, Cytotoxic T-lymphocyte-associated protein-4; CTL, cytotoxic T-lymphocyte.
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One of the initial findings in this field was reported by Cru-
ciani et al. [314], who demonstrated the activity of ACPs against
both hematopoietic and solid tumor cells. The authors per-
formed cytotoxicity assays on several solid and hematopoietic
tumor cell lines using nine magainin peptide analogs; cytotoxic-
ity was observed within minutes against various cell lines. This
activity of the magainin peptide has been shown in several stud-
ies by other research groups [314-317].

In another report, van Zoggel et al. [318] discovered the anti-
proliferative activity of dermaseptins, obtained from skin secre-
tions of a frog (Phyllomedusa bicolor) from South America. Der-
maseptins B2 (Drs B2) and B3 (Drs B3) of the dermaseptin B
family were the focus of this research. The initial sequence anal-
ysis revealed two antimicrobial o-helical cationic peptides (der-
maseptins B2 and B3). In vitro, the proliferation of the human
prostatic adenocarcinoma PC-3 cells was controlled by these
two synthetic B2 and B3 dermaseptins by more than 90% with
an ECso of approximately 2-3 uM. Of note, when tested in the
context of NIH3T3 non-cancerous mouse cells, B2 had no effect,
whereas B3 had a slight inhibitory effect at high doses. In
another study, van Zoggel et al. [319] also found that Drs B2 hin-
ders the proliferation and colony formation of several cancer
cells, as well as the proliferation and development of endothelial
capillaries in vitro. In vivo, Drs B2 also inhibited the growth of a

human prostate adenocarcinoma xenograft model that was
based on PC-3 cells. Importantly, the experimental analysis of
the mode of action against PC-3 cells revealed that Drs B2 targets
and disrupts the plasma membrane, resulting in an increase in
cytosolic lactate dehydrogenase (independent of the activation
of caspase-3), and an increase of the mitochondrial membrane
potential. In addition, detailed confocal electron microscopic
analysis further revealed the aggregation of Drs B2 on the cell
surface and the consequent penetration inside tumor cells,
thereby resulting in cancer cell necrosis.

Recent studies on polybia-MPI, an antimicrobial peptide
secreted from the venom of the social wasp Polybia paulista,
demonstrated its antimicrobial activity against both gram-
positive and gram-negative bacteria. Polybia-MPI was then syn-
thesized and its antitumor effects on various tumor cell lines
were demonstrated; a selective anti-proliferative efficacy and
cytotoxicity against bladder and prostate cancer cells via pore for-
mation was observed, with reduced cytotoxicity in normal
human murine fibroblasts. To investigate the structure-activity
relationship, three variants (Leu’, Ala®, and Asp9) were synthe-
sized, highlighting the importance of the o-helix conformation
of MPI in anticancer activity [320].

Additionally, Moore et al. [321] extracted cecropins from the
hemolymph of the giant silk moth Hyalophora cecropia. In vitro,
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(a): Barrel-stave Pore

(b): Toroidal Pore
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Proposed mechanisms for the interactions between ACPs and cancer cells. (a) Barrel-stave model, (b) toroidal pore model, (c) carpet-like mechanism, and (d)
detergent-like effect model. Reproduced with permission from Wimley et al. [301], copyright (2010), American Chemical Society.

these peptides showed antibacterial as well as anti-leukemia, and
anti-mammalian lymphoma activity. Importantly, different can-
cer cell lines showed a range of sensitivity to cecropin B (ICso 3.2
to >100 pM), including two multidrug-resistant cell lines that
were deemed sensitive to this peptide. Of note, the mode of
action is the pore formation at the cytoplasmic membrane.

Apoptotic mechanism. Apoptosis is also a consequence of ACP-
induced mitochondrial membrane disruption, which leads to
the permeation and swelling of mitochondria and the eventual
release of cytochrome-c. Risso et al. [322-324] investigated the
BMAP peptides of the cathelicidin family, which are highly catio-
nic in nature. The BMAP-27 and BMAP-28 ACPs, derived from
bovine cathelicidin with 27 and 28 amino acid residues, respec-
tively, induced apoptosis in several leukemia cell lines.

Penaeidin-2 (Pen-2), a peptide obtained from the Pacific white
shrimp Penaeus vannamei with both antibacterial and antifungal
activities, was also found to attenuate the growth of A498 and
ACHN kidney cancer cells. The mode of action involved the lysis
and apoptosis of cancerous cells. Moreover, the MTT assay
showed that the maximal growth inhibition of A498, ACHN,
and HK-2 cells treated with 100 pg/mL rPen-2 for 48 h was
70.4%, 62.4%, and 13.2%, respectively, suggesting a selectivity
toward cancer cells. Of note, fluorescent dye staining also
revealed a high percentage of apoptosis in tumor cells [325].

In another study, Kim et al. [326] designed and developed a
series of Gaegurin 6 (GGN6) derivatives via the deletion and sub-
stitution of amino acids. The authors found that all tested pep-
tides (expect those with the deleted N-terminal region) showed
anticancer activity against a series of cancer cell lines. PTP7,
which was approximately half the size of GGN6, was the most
potent derivative, with antitumor activity analogous to that of

GGN6 in a range of multidrug-resistant (MDR) and drug-
susceptible human cancer cell lines; importantly, it showed little
cytotoxicity against peripheral blood mononuclear and red
blood cells.

In addition, Lixiang et al. [327] explored the effects of the
bovine lactoferricin P13 (LfcinB-P13) peptide obtained from
LfcinB on the human liver cancer cell line SMMC7721 both
in vivo and in vitro. In vitro, LfcinB-P13 significantly reduced
SMMC7721 cell viability (P = 0.032 vs. untreated cells) and
exhibited reduced cytotoxicity to the wild-type liver cell line
L02. Additionally, the rate of apoptosis in SMMC7721 cells was
significantly enhanced after subsequent treatment with 40 and
60 ng/mL LfcinB-P13 (P = 0.0053 vs. control group) and this cor-
related with an increase in the ROS levels and the activation of
caspase-3 and 9. Importantly, in vivo, LfcinB-P13 also inhibited
tumor growth in an SMMC7721-xenograft nude mouse model,
and thus is a novel therapeutic peptide for the treatment of liver
cancer.

Dolastatin 10 is another peptide derived from the marine mol-
lusk Dolabella auricularia. In vitro cytotoxicity was measured
against several human cancer cell lines, such as ovarian cancer,
melanoma, colorectal cancer, and sarcoma cancer cells. Interest-
ingly, dolastatin 10 induced apoptosis in various cancer cell
lines, via the upregulation of the pro-apoptotic molecule Bax
and the downregulation of the anti-apoptotic molecule Bcl-2.
[328] Overall, inducing mitochondrial-dependent apoptosis is
one of the critical mechanisms underlying the anticancer effects
of ACPs.

Angiogenesis inhibition mechanism. Solid tumors are extremely con-
voluted and formed by neoplastic and neighboring stromal cells.
For their growth and dissemination, these tumors require blood
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TABLE 7
Membranolytic modes of anticancer peptides.
Model Membrane lytic mechanism Peptide Reference
Barrel-stave model o-Helices of amphipathic lytic peptides are inserted into the hydrophobic Alamethicin, melittin, and [303,304]
cores of the bilayer membrane and form transmembrane pores hemolysin
Toroidal or two-state Peptides associate with lipid headgroups, which line the inside of the pore Magainin [305]
model with the helical axis parallel to the interface
In-plane diffusion model Short peptides are inserted in-plane, which disrupts the bilayer packing, = Mastoparan and cecropin- [304,306,307]
reduces membrane thickness, and eventually forms transient pores melittin hybrids
Carpet model Perpendicular binding of peptides to the membrane in a carpet-like Dermaseptin and magainin [308,309]
manner via interactions with the lipid head groups of the membrane
without insertion into the hydrophobic core
Detergent-like effect Disruption of the bilayer by the release of micellar structures from the Melittin, apolipoproteins, [310-313]

model membrane

myelin basic protein, and
glucagon

vessels and lymphatic vessels as additional conduits for meta-
static spread. [329] Therefore, they stimulate vascular endothelial
cells to form new blood vessels via high expression levels of the
vascular endothelial growth factor (VEGF).

Large plasma proteins are the main source of angiogenesis
inhibitors. The Kringle5-like domain (KV) of human apolipopro-
tein is considered a potential antiangiogenic factor. Yi et al. [330]
identified an 11-amino acid long peptide domain (KV11) present
in the apolipoprotein as an anti-angiogenesis functional domain.
In vitro, the authors found that KV11 suppresses the migration of
human umbilical vein epithelial cells (HUVECs) and microtubule
formation, resulting in the inhibition of angiogenesis. Of note,
this ACP showed no effect on HUVECs, and its IC5q value was
approximately 15 pM. In vivo, the KV11 peptide showed no pro-
liferative effect on the tumor cells; however, it significantly pre-
vented the growth of the SCID mouse xenograft tumor model
(P < 0.01) via the inhibition of angiogenesis.

To identify the angiogenesis inhibitors in microorganisms,
Jang et al. [331] extracted the two cyclic peptides PF1171A and
PF1171C from the soil fungus Penicillium sp. FN070315. In vitro,
these peptides inhibited the proliferation of HUVECs and were
thus considered antiangiogenic. Importantly, both peptides
attenuated the VEGF-induced migration, invasion, proliferation,
and tubular formation of HUVECs, as well as the neovasculariza-
tion of the chorioallantoic membrane during the development of
chick embryos; the mechanism behind this was the down-
regulation of hypoxia-inducible factor-1a and the phosphoryla-
tion of VEGF receptor 2.

Overall, the above studies suggest that the mode of action of
such peptides is not the direct killing of tumor cells; of note, is
that these peptides inhibit neovascularization and thus have
minimal side effects on normal cells. Therefore, when compared
with traditional drugs, antiangiogenic ACPs are considered better
for clinical applications.

Immune regulation mechanism. Immunotherapy is one of the most
important cancer therapeutic options [332], as reviewed above.
Interestingly, peptides can also be used as immunotherapeutic
agents. Zhang et al. [333] examined the stability, cytotoxicity,
and internalization of LfcinB and its variants in breast cancer
cells. LfcinB (up to 30 uM) inhibited the growth of MDA-MB-

231, T-47D, MCF-7, and Hs578T cells to a greater extent than
that observed in the context of their normal counterparts
(MCF-10-2A cells), indicating their selectivity towards cancer
cells. The mode of action was the induction of cytokines that
then enhanced the hosts anticancer defenses; in other words,
tumor growth was restrained due to immune regulation.
Methionine enkephalin (MENK), an endogenous neuropep-
tide, plays a major role in the neuroendocrine and immune sys-
tems. MENK is involved in the tumor immune response via the
upregulation of the activity of CD8" T cells, and the consequent
dendritic cell maturation, intensification of CD4* T cell func-
tions, and cytokine secretion. Of note, MENK inhibits the expres-
sion of the forkhead box P3 transcription factor (FOXP3) during
TGF-B induction, thus reducing the levels of regulatory T cells
in vivo and markedly promoting antitumor effects [334].
Overall, ACPs can boost the immune system through
immune-modulatory mechanisms and tumor growth inhibition;
however, further investigations are required to fully understand
the immune responses in the context of these ACPs. Serial anal-
ysis and research on anticancer peptides is essential for the devel-
opment of new anticancer drugs; however, every method has
limitations. ACPs are an expensive cancer treatment, and thus
researchers are exploring cationic polymers as an alternative.

Cationic polymeric molecules

Although the above discussed methods showed potent anti-
cancer activities, their clinical usage is limited due to several fac-
tors, such as their high manufacturing costs, off-target toxicity,
development of drug resistance, and burst release. The limita-
tions of these traditional materials, has led to research into
potentially effective systems that use polymers as chemothera-
peutic agents.

The negatively charged surface of cancer cells creates possibil-
ities for the development of new drugs. Gakhar et al. [335]
reported polymers from three families of cationic, natural, and
synthetic. Chitosan and dextran from the polysaccharide family,
Lys and Arg-based poly(ester amides) from the amino acid-based
poly(ester amides) (AA-PEA) family and polyAETA(2-(acryloxy)e
thyl-trimethylammonium chloride) vinyl-based monomers
(from the vinyl family) showed different growth inhibitory
effects on prostate cancer cells (versus normal prostate epithelial
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cells - RWPE-1) in vitro. The polyAETA (vinyl-based) and Dex-PA
(polysaccharide-based) exerted substantial levels of cell toxicity,
as <20% of the PC3 cells were viable after being tested with these
polymers (Fig. 14). The AA-PEA polymers, however, had no effect
when compared to the PBS control group, probably because of
the cationic nature of the arginine pendant guanidine group.
Of note, it has been reported that free (unconjugated) guanidine
has no adverse impact on the growth of bladder cancer cells even
at millimolar concentrations [336].

Park et al. [337] designed a macromolecular chemotherapeutic
with three principal components: a hydrophilic polyethylene
glycol (PEG) block, a linking group, and a cationic block that
interacts with the negatively charged lipid membranes. Polycar-
bonate with pendant benzyl chloride was selected as the cationic
block, as it offered an excellent platform from which to introduce
the cationic charge and the essential functional groups to enable
the polymeric molecules to self-assemble into the micellar struc-
tures that are critical for the proposed mechanism. With an
improved EPR effect, in theory, the nanoparticles formed will
flow through the bloodstream and selectively attack the tumor
tissues. Due to the presence of the pH-sensitive linker, the PEG
block is expected to be cleaved from the polycarbonate in the
tumor tissues (pH 5.8-7.0), allowing the released cationic poly-
carbonates to interact with the outer cancer cell membrane, caus-
ing disruption and subsequent cell lysis (Fig. 15a). Of note, the
authors synthesized AB di-block polycarbonate polymers via
the organocatalyzed ring-opening polymerization of a benzyl
chloride-functionalized cyclic carbonate monomer using hydro-
philic PEG as a macroinitiator; the resulting benzyl chloride-
functionalized di-block copolymer was then quaternized with a
tertiary amine-functionalized cholesterol derivative (Fig. 15b).
To balance both the solubility and self-assembly, N,N-
dimethylhexylamine was added as a supplementary quaternizing
agent. Importantly, the prepared polymers showed self-
assembling properties even at low concentrations, with a CMC
of 11.4 pg/mL. In vitro, the resulting nanoparticles showed high
levels of anticancer activity against three human liver carcinoma
cell lines, SNU423, Hep3B, and HepG2, with low ICs, values.
Additionally, in vivo, polymer 1c exhibited a significant inhibi-
tory effect on a hepatocellular carcinoma (HCC) patient-
derived xenograft (PDX) tumor mouse model as early as 4 days
post-treatment (Fig. 15¢). The average tumor volumes of the con-
trol and polymer 1c-treated groups were 1039 + 128 mm?® and
197 + 78 mm?, respectively, on day 25 post-treatment. Addition-
ally, the effectiveness of polymer 1c was also tested against can-
cer stem cells using flow cytometry (Fig. 15d and e). Altogether,
this study by Park et al. [337] has demonstrated a new approach
for the design of anticancer macromolecular therapeutics that are
effective anticancer agents and simultaneously prevent the
development of drug resistance.

Zhong et al. [338] synthesized guanidinium-functionalized
macromolecular anticancer polymers. A series of triblock copoly-
mers of PEG, guanidinium-functionalized polycarbonate, and
polylactide (PEG-PGCm-PLAn) were prepared using organocat-
alytic ring-opening polymerization (OROP) (Fig. 16a and b). This
combination, along with the polylactide block was designed
assuming that polylactide stimulated the polymers to self-
assemble into micelles via hydrophobic interactions, shielding

the cationic polycarbonate from enzymatic degradation, and
thus improving its stability in vivo. Of note, micelles formed from
a smaller anticancer PGC block that showed higher CMC values
because of the increased hydrophilicity of the longer PGC block.
The cytotoxicity of these polymers was tested on different cancer
cell lines (BCap37, HepG2, A549, and A431), including MDR
cells in vitro; their selectivity was estimated using normal human
cell lines (a human hepatic HL-7702 cell line and primary human
dermal fibroblasts). Importantly, the block polymers demon-
strated broad-spectrum anticancer activity. Interestingly, the
ICs0 values were below the polymers’ CMCs, suggesting that
micelle formation is not required for anticancer activity. In fact,
an increase in the PGC block increased the anticancer activity
and reduced the ICsq values in the context of all cancer cell lines
due to the increase in the number of guanidinium groups and
the expected increase in the interactions with the cancer cell
membranes. Importantly, the polymers also showed efficacy
in vivo, in a metastatic 4T1 subcutaneous tumor model; a
decrease in the size of metastasized lesions was observed in the
lung tissues of the polymer-treated groups, attesting to the capa-
bility of the micelles to inhibit distant metastasis (Fig. 16¢ and d).
Overall, these results suggest that these easily synthesizable poly-
mers, which are not associated with resistance, are promising
candidates for future macromolecular cancer therapeutics.

Based on this membrane-targeting mechanism, Takahashi
et al. [339] published a report on the design of a new class of anti-
cancer polymers. The authors designed and synthesized a series
of new anticancer cationic polymers inspired by membrane-
active host defense peptides, that were effective in Kkilling dor-
mant prostate cancer (PCa) cells (Fig. 17a and b) [340-342].
The polymers showed a low molecular weight along with a ran-
dom sequence of the monomers, with both cationic and
hydrophobic side chains. Of note, it is assumed that cationic
and hydrophobic properties are essential functionalities and
the minimum requirements for establishing membrane-
targeting anticancer selective agents. Interestingly, the authors
also prepared methacrylate random copolymers with an ammo-
nium group as the cationic side chain, which binds to anionic
phosphatidylserine lipids via electrostatic interactions. The
molecular weight of these polymers was 2000-3000 g/mol with
a relatively narrow polydispersity (1.1-1.3); importantly, they
were highly soluble in both water and cell culture media. Impor-
tantly, in vitro, these copolymers were cytotoxic in a
concentration-dependent manner to three metastatic PCa cell
lines (PC-3, DU145, and C4-2B cells) associated with bone trop-
ism and brain metastasis; of note, 100% toxicity was recorded
for polymer concentrations (Fig. 17c and d).

Cancer can also be treated using antibiotics owing to their
anti-proliferative and cytotoxic properties. However, antitumor
antibiotics such as doxorubicin, paclitaxel, and ciprofloxacin
have limitations. Their effective concentrations exceed the phar-
macological range, which may result in severe toxicity to the
liver, skin, central nervous system, gastrointestinal tract, and uri-
nary tract [343,344|. Additionally, drug resistance frequently
emerges [345,346]. To overcome such limitations, Zheng et al.
[347] devised a combination therapy in which ammonium-
functionalized polycarbonates are used along with re-purposed
antibiotics for the treatment of cancer; the authors explored
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the effect of cationic polymers in synergy with doxorubicin,
paclitaxel, and antitumor antibiotics in various types of cancer
cells, especially in drug-resistant cell lines. From a mechanistic
point of view, these quaternary ammonium-functionalized poly-
mers damaged the cell membrane, increasing drug uptake even
in drug-resistant cell lines, and consequently counteracting the
effects of drug efflux and restoring drug susceptibility. These
findings expand the use of cationic polymers for the selective
and effective treatment of cancer.

Additionally, in a recent work, Zhou et al. [348] demonstrated
the synergistic effects of photothermal and photodynamic ther-
apies when using a conjugated polymers with a cationic side
chain (PTDBD). The backbone of the polymer was developed
using a donor-acceptor (D-A) strategy via the incorporation of
electron-rich and electron-deficient moieties (Fig. 18a); as a
result, the polymer shows an intense absorbance at wavelengths
of 600-1000 nm, which falls within the therapeutic window.
Importantly, the authors demonstrated that upon irradiation
with a NIR light, these conjugated polymers not only produced
heat (Fig. 18b) but also generated ROS (Fig. 18c), leading to a

cytotoxic synergy against cancer cells in vitro (Fig. 18d) and
in vivo, in mouse xenografts (Fig. 18e). These findings highlight
that completely synthetic polymers can also eliminate tumors,
and are, therefore promising alternatives as photo-agents for
tumor therapy in clinical practice.

Bacteria-assisted therapy

An anticancer approach that is of increasing interest is bacteria-
assisted cancer therapy. This strategy involves the direct injec-
tion of bacteria into the target site for anticancer purposes. Bac-
terial therapy offers unique advantages such as high specificity,
the possibility of genetic engineering to meet specific require-
ments, and it does not use toxic chemical agents [349]. William
Coley was perhaps one of the first researchers to use bacteria
therapy for the treatment of cancer, and noted that in some
patients, the presence of bacterial infection triggered the elimina-
tion of malignant tumors [350,351]. Of note, tumors are often
devoid of oxygen (contrary to all organs in the human body),
thus providing an optimum environment for obligate anaerobes
to grow in a tumor-specific fashion [352,353]. Multiple studies
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Macromolecular chemotherapeutic. (a) Mode of action of the cationic polymers. (b) Scheme for the synthesis of the diblock co-polymer. (c) Measurement of
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Society.

have been conducted using bacterial therapy in both animal
models [354-357] and human trials [358-360], with good
efficiency.

Zheng et al. [361] combined a photocatalyst system with
tumor-targeting bacteria via the assembly of carbon-dot doped
carbon nitride and E. coli through electrostatic interactions,
and consequently developed a photo-controlled bacterial

metabolite therapy (PMT). They demonstrated that this therapy
metabolized NO3 to cytotoxic NO upon irradiation with red
light (>630 nm, 30 mW cm2). While Chen et al. [362] covalently
attached the surface of a genetically-modified Salmonella typhi-
murium strain (YB1) to ICG to obtain a biotic/abiotic cross-
linked system (YB1-INPs) (Fig. 19). With photothermal therapy,
this system was found to accumulate more in the tumor region
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(versus no photothermal treatment). In fact, upon irradiation
with a NIR laser, YB1-INPs exhibited remarkable efficiency in
the removal of large tumors.

Additionally, in a study by Yang et al. [363], purple photosyn-
thetic bacteria (PPSB; Rhodopseudomonas palustris and Blastochlo-
ris viridis as models) with light-harvesting nanocomplexes were
employed in cancer theranostics. The authors used a NIR laser
in combination with PPSB to achieve high photothermal conver-
sions as well as the generation of ROS and contrasting photoa-
coustic effects. Upon irradiation with the NIR laser, R. palustris

showed greater toxicity to cancer cells than to non-irradiated
cells (Fig. 20a and 20b), demonstrating the ability of these sys-
tems to eliminate cancer cells. Of note, the in situ injection of
PSSB and subsequent NIR irradiation led to efficient tumor erad-
ication (Fig. 20c and d). Moreover, macrophages were found at
the tumor sites, and the expression of macrophage-associated
markers decreased after treatment with the laser-induced R.
palustris, suggesting that the strong photothermal effect and
ROS-generating capability of R. palustris were induced by the
laser irradiation.
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Magnetotactic bacteria (MTB) have also been routinely
employed for cancer immunotherapy. These bacteria have mag-
netosomes that act as a compass for their orientation along the
earth’s magnetic field and are believed to possess the ability of
aerotaxis (migration in function of the oxygen concentration)
[364]; they are often used as nanobots, as they can be externally
guided by magnetic fields and have a tendency to accumulate in
hypoxic regions. They have also been frequently used as carriers
of anti-cancer drugs due to their capacity for targeted administra-
tion [365,366]. Importantly, MTBs can act as magnetic hyper-
thermia agents due to the presence of iron-rich magnetic
particles, increasing the temperature of cancer cells and leading
to apoptosis. Interestingly, Gandia et al. [367] in a recent study
explored the use of whole magnetotactic bacteria as hyperther-
mia agents for the treatment of cancer and observed that cancer
cell proliferation was affected by the administration of the MTBs,
thus demonstrating their immense potential as nanobots in can-
cer treatments.

Importantly, bacteria-assisted therapy is a very promising
anti-cancer strategy, that could be utilized with individualized
therapy programs. Although further research is required to inves-
tigate some of the minor shortcomings such as genetic instability

and targeting efficiency as well as the ethical concerns regarding
genetic manipulation and the risks of virulent revertants
involved with genetic manipulation [368]. It is believed that this
technology has the potential to change the landscape of anti-
cancer therapy, with significantly higher efficiencies than those
of conventional therapies. Representative bacterial cancer thera-
pies that have been applied in combination with functional
nanomaterials are summarized in Table 8.

Conclusions and future perspectives

As the world gradually recovers from a global pandemic, it is
imperative that we look for innovative ways to prevent new dis-
orders and to treat existing diseases. Cancer has been one of the
biggest challenges faced by humanity in the preceding centuries;
therefore, combating this disease(s) should be a top priority for
researchers and lawmakers globally. It must be noted that cancer
does not only exerts physical strain but also has a financial and
emotional impact on individuals, families, communities, and
health care systems. A large amount of work has been done in
cancer research, with numerous groundbreaking reports pub-
lished. Many existing cancer therapies have become more effi-
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cient and reliable with time, while newer technologies and While the removal of tumors via surgery, radiation-based kill-
chemical compounds have become more established and proven ing of cancerous cells, and chemotherapy have proven to be
to be extremely effective. game-changers in the field of cancer treatments, numerous issues
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have been raised challenging the development of effective ther-
apeutic regimens. Aggressive drug resistance is believed to be
one of the most problematic concerns with current treatments.
Additionally, the low aqueous solubility of many chemothera-
peutic drugs, insufficient drug accumulation, rapid clearance
from the body, and significant off-target toxicity are also respon-
sible for ineffective outcomes. Moreover, cancer treatments
involving radiation, chemotherapy, and surgery may harm the
normal functions of the surrounding cells.

As an alternative to the above approaches, nanotechnology-
based drug delivery treatment options can combine different
treatment modalities, drugs, and materials in a single platform.
Nanoparticle-based medicines possess several unique properties
that make them attractive for drug delivery and cancer therapy;
for instance, drug loading into nanoparticles alters the drug
pharmacokinetic properties, prevents drug degradation inside
the body, and reduces drug toxicity and side effects. Unfortu-
nately, nanoparticle drug delivery systems are based on the activ-
ity of the drug itself and hence are still associated with the
limitations inherent for the drug. Although the concentration
of chemotherapeutic drugs can be increased in tumor tissues
with these systems, cellular barriers and resistance mechanisms
still limit drug effectiveness. Burst release, significant off-target
toxicity, loading issues of several small molecules (chemosensi-

tizing agents), and material-related limitations are other draw-
backs of these systems. However, we are convinced that further
research into the use of the many different types of nanoparticles
for biomedical applications and the complete understanding of
the interplay between their physicochemical and the biological
properties of tumors will ultimately pave the way for the devel-
opment of smart drug delivery systems in the future.

Importantly, anticancer peptides have also been proven as
selective and potent agents for the treatment of cancer. Both nat-
ural and synthetic candidates have been derived, synthesized,
and developed as novel candidates against various cancer types.
A few ACPs have shown apoptotic and anti-proliferative activity
in various cancer cell types, both in vitro and in vivo. In fact, sev-
eral ACPs are undergoing clinical trials in relation to cancer treat-
ment and vaccine development. Nevertheless, there are some
notable disadvantages associated with the use of ACPs, such as
low bioavailability, biological instability, protease sensitivity,
short half-life, first-pass metabolism, and poor pharmacokinetics.
Apart from the low selectivity, high production cost on a large
scale, and lower resistance towards proteolytic cleavage are some
reasons for researchers to look for other alternatives.

In contrast to anticancer peptides, research on anticancer
polymers is comparatively new. However, these cationic poly-
meric macromolecules have shown great promise. They were
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TABLE 8
Bacterial cancer therapies applied in combination with functional nanomaterials.
Therapeutic approach Bacteria Biomaterial Remarks Reference
PTT and photodynamic Rhodopseudomonas Light-harvesting nanocomplexes in Light-driven bacterial multifunction [363]
therapy (PDT) palustris or natural Rhodopseudomonas palustris or allows effective tumor targeting
Blastochloris viridis Blastochloris viridis immunological regression
PTT Salmonella enterica Polydopamine coating on bacterial Effective anti-metastatic response [369]
serovar Typhimurium surface
strain VNP20009
Bifidobacterium breve Au nanoparticle Synergetic targeting for tumor [370]
and/or Clostridium ablation
difficile
Salmonella ICG-loaded poly(lactic-co-glycolic acid) Effective tumor ablation [362]
Typhimurium strain nanoparticle
YB1
PDT Synechococcus ICG-encapsulated human serum albumin  Photocatalyzed oxygen generation [371]
elongatus strain PCC nanoparticles with cyanobacteria allows
7942 immunogenic PDT
PEG-modified photosensitizer chlorin eé6  Photosynthesis enhanced [372]
photodynamics
PMT Escherichia coli Carbon nitride semiconductor Light-driven metabolic reactions [361]
nanoparticle generate cytotoxic NO to eliminate
cancer cells
Magnetic hyperthermia Magnetospirillum Magnetic nanoparticle in natural MSR-1 In vitro studies under a magnetic field [367]
gryphiswaldense strain  cell
MSR-1
Chemotherapy Magnetococcus Anticancer drug (SN-38)-loaded liposome Magnetic field assists in tumor [364]
marinus strain MC-1 targeting
Salmonella enterica Anticancer drug (hydroxychloroquine)- Effective anticancer response [373]
serovar Typhimurium encapsulated liposome
strain VNP20009 Fluorophore 6,13-bis Effective tumor targeting effect [374]
(triisopropylsylylethynyl) pentacene-
loaded poly(lactic-co-glycolic acid)
nanoparticle
Plasmid DNA polyplex nanoparticle Oral vaccination [375]

deemed effective and selective against various cancer cell lines,
including multidrug-resistant cancer cells, inhibiting tumor
metastasis, and suppressing tumor growth both in vivo and
in vitro. Overall, synthetic cationic polymers provide a simple
but novel platform that allows the tuning of the physiological
properties and the consequent improvement of cytotoxicity
and selectivity towards cancer cells. Although further targeted
research is required, we believe that these cationic platforms will
allow for the rational design and screening of functional degrad-
able polymers. Polymer architectures and morphologies (e.g.,
polymer micelles) can also be obtained, and chemical modifica-
tions, including the inclusion of cancer-homing ligand groups
or prodrug moieties can be performed, which will ultimately lead
to the development of clinically potent selective compounds.
Even though advancements in material science and nanotech-
nology have led to the establishment of different therapeutic
modalities for cancer treatment as highlighted in this review,
the therapeutic strategies currently employed in the clinics are
still far from ideal. This is due to the highly heterogeneous nature
of cancer, which makes it difficult to strategize and obtain a
desired therapeutic outcome using a specific treatment modality.
The clinical translation of therapeutic strategies faces a lot of chal-
lenges such as difficulties in large scale manufacturing, tumor
metastases, and immune effects. Additionally, there are not
enough tumor models that can perfectly replicate all the charac-
teristics of human cancer, which leads to the failure of therapies

at the clinical stages even after successful in vitro and in vivo stud-
ies in research laboratories [376,377]. Furthermore, it has been
observed that the absence of defined regulatory or safety criteria
from government agencies has also mitigated clinical translation,
especially for newer methods like those using polymeric systems
[378]. To address this major limitation, present and future thera-
peutic techniques developed for the treatment of cancer should
be based on combination strategies including various stimuli-
responsive or image-guided drug delivery systems. Using such
multi-functional/combination  techniques, a personalized
approach for the treatment of cancer can be made possible in
the future. Furthermore, expanding our understanding of tumor
biology, including the tumor EPR, cell population heterogeneity,
tumor-immune system interactions, invasion, and metastatic
behavior is essential to support the development of more specific
treatment modalities. Moreover, further research is warranted to
optimize selectivity against cancer cells/tumors (versus normal
cells/nearby organs), which is currently a major issue in the field
of cancer treatment. With the advent of new materials and tech-
nologies, the next few decades are expected to radically change
the way cancer is understood and treated.

Data availability
Data can be requested from the corresponding authors upon rea-
sonable request.
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