#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue,

MINIREVIEW

Recent advances in peptide-based nanomaterials
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Hypoxia is a prominent feature of many severe diseases such as malignant tumors, ischemic strokes, and
rheumatoid arthritis. The lack of oxygen has a paramount impact on angiogenesis, invasion, metastasis,
and chemotherapy resistance. The potential of hypoxia as a therapeutic target has been increasingly
recognized over the last decade. In order to treat these disease states, peptides have been extensively
investigated due to their advantages in safety, target specificity, and tumor penetrability. Peptides can
overcome difficulties such as low drug/energy delivery efficiency, hypoxia-induced drug resistance, and
tumor nonspecificity. There are three main strategies for targeting hypoxia through peptide-based
nanomaterials: (i) using peptide ligands to target cellular environments unique to hypoxic conditions,
such as cell surface receptors that are upregulated in cells under hypoxic conditions, (ii) utilizing peptide
linkers sensitive to the hypoxic microenvironment that can be cleaved to release therapeutic or
diagnostic payloads, and (i) a combination of the above where targeting peptides will localize the

system to a hypoxic environment for it to be selectively cleaved to release its payload, forming a dual-
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DOI: 10.1039/d1na00637a in diagnosis and treatment of hypoxic diseases. In addition, we address challenges and prospects of how
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1. Introduction

Hypoxia is one of the most prominent features of solid tumors.*
The uncontrolled growth and proliferation of tumors consume
both nutrition and oxygen, resulting in both an unmet demand
for oxygen and compromised delivery of oxygen to other parts of
the body. The proliferation of tumor cells stimulates the
generation of blood vessels; however, these vessels are
abnormal in terms of both their macro- and micro-structure,
leading to challenges in regulating the delivery of oxygen.?
The tumor hypoxic microenvironment directly induces healthy
cell apoptosis or necrosis and promotes tumor cell progression
by upregulating related pathways including growth-factor sig-
nalling, tissue infiltration, metastasis, and genomic instability.?
Hypoxia is related to the degree of malignancy, invasion, and
prognosis of a tumor, as well as resistance to radiotherapy and
chemotherapy, with higher degrees of hypoxia in tumors
decreasing therapeutic response.** For some anticancer drugs,
oxygen increases the cytotoxicity of the cell damage they cause.
Therefore, hypoxia has become the main target of cancer
treatment in tumor progression as well as a significant chal-
lenge to overcome in the development of new therapies that do
not result in resistance to treatment.®
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peptide-based hypoxia-targeting nanomaterials can achieve a wider range of clinical applications.

Peptides are short oligomers formed by amino acid units
connected via amide bonds.” They are important components of
proteins and the causal agent of biological structure and func-
tion. Owing to their good compatibility with tissues, cells, and
other biological components, peptides are incredibly biocom-
patible and biodegradable, increasing their advantages for
biomedical applications.® The ability to change the amino acid
side chains allows for precise tuning of the secondary and
tertiary structures of peptides. This modification can lead to
increased cell penetration, increased payload retention, or self-
assembling functionality. These secondary structures, which
include o-helices and B-sheets, can also cause interactions
between peptide chains.® The interactions of secondary struc-
tures can lead to peptides forming nanostructures, such as
nanofibers and micelles, which allows for increased cell pene-
tration and large surface area to enable conjugation of the drug
and imaging agent. In addition, the formation of these peptides
can be triggered under certain conditions, allowing for flexi-
bility and control. Peptide-based materials have been developed
as unique and promising tools for the treatment of diseases.
They have a variety of activities, including drug delivery,
sensing, cell targeting, deep penetration of tissues, and
immune responses to enhance anti-tumor treatment effects.’***
By combining several functionalities such as responsive
cleavage sites, cellular targeting, endocytosis transporters, and
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therapeutic activities, peptides can also be used as components
of functionalized composite materials."***

There are three main ways through which these peptides
have been used in the treatment of hypoxia-related diseases.
The first is through utilizing a targeting ligand for therapy,
usually involving targeting a specific cell, tissue, or microenvi-
ronment for the peptides’ intended effect, with a majority of
these strategies being where the peptide itself is the targeting
ligand.'*"” These strategies usually involve a cytotoxic small
molecular peptide that has a method of selecting the target over
non-target cells, and will either induce cytotoxic effects or
provide protection from harmful external stimuli, such as
hypoxia. The second method involves utilization of hypoxic
sensitive linkers that can allow hypoxia triggered delivery of
therapeutic or imaging payloads. The pathological environment
of hypoxia increases reductive stress, leading to overexpression
of different bio-reductases including nitroreductase (NTR),
azoreductase (AZR), and quinone reductase.'®" Under hypoxic
conditions, the reducible functional groups, including nitro,
azo, and quinone, located on small molecules present in the
cellular environment can accept electrons and be reduced.”®
With the reduction of these hypoxia-responsive moieties, the
physicochemical properties and functions of the nanosystem
can be changed, such as particle size, fluorescence, and
hydrophilicity. Utilizing this information, significant improve-
ments in nanotechnology have occurred by incorporating
hypoxia-sensitive moieties, such as nitroimidazole (NI),**
nitrobenzyl alcohol (NA),>*** and azobenzene (Azo)** derivatives
to achieve the response to bio-reductase in hypoxic tissues.*
Peptides can be conjugated to either imaging agents or thera-
peutics through the use of stimuli-responsive elements that will
allow release of payloads in a specific environment into the
targeted tissue. The third possible method where peptides are
used involves a combination of the above strategies.>® This
involves a targeting motif of some type, allowing fewer non-
target effects to occur, improving the effective dose, and
enabling more complete imaging of hard to image areas.
Peptides are ideal in these three strategies as they can be highly
specific, making them ideal targeting agents, while also being
biodegradable, allowing for clearance or recycling from the
body.

In this review, we will focus on novel peptide-based func-
tional nanomaterials containing hypoxia-responsive functional
groups as well as hypoxia-targeting nanomaterials. We will
explore how these groups can be further utilized with peptides
in order to increase biocompatibility, lower the toxicity, and
improve the effectiveness of existing imaging and cytotoxic
drugs. In addition, we will discuss the various ways in which
these peptides can act alone to produce their intended effects.
Using multiple models of peptides including small molecular
peptides, self-assembling peptides, polypeptides, peptide-
polymer conjugates, and peptides functionalized to either
liposomes or polysaccharides, we hope to illustrate the ways
through which these systems can overcome common difficul-
ties inherent to hypoxic diseases. Here, a series of peptide-based
hypoxia-targeting nanomaterials and their targeting strategies
are listed in Table 1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Polypeptides

Polypeptides are a kind of biomedical polymer with a-amino
acid structural units.”” Compared with traditional synthetic
polymers, polypeptides allow for control of polarity and charge
and also show stability against hydrolysis, are easily synthe-
sized, and are biodegradable by enzymes in vivo. These protein-
mimicking polymers inherit many properties of proteins, such
as biocompatibility, versatility, bioactivity, and hierarchical
assembly properties.”®>° In addition, the combination of poly-
peptides and synthetic polymers can enhance solubility, proc-
essability, and antifouling properties, which greatly broadens
the application of biological materials.** Introducing a hypoxia-
responsive moiety (such as NI, Azo, or NA) into the side chain of
the polypeptide can enhance the micellization, encapsulation of
hydrophobic drugs, and hypoxia responsiveness due to its
hydrophobic effect, resulting in selective drug release at the
hypoxic regions.

Many polypeptides containing hypoxia-responsive NI motifs
have been reported in drug delivery and tumor therapy.**** For
example, Yu et al. developed novel hypoxia and H,0, dual-
sensitive polymersome-based vesicles (d-GRPs) for enhanced
glucose-responsive insulin delivery. The vesicles were self-
assembled by a diblock copolymer consisting of PEG and NI-
modified polyserine linked by thioether (PEG-poly(Ser-S-NI)),
which could encapsulate recombinant human insulin and
glucose oxidase. In the process of the enzymatic conversion of
glucose to gluconic acid, a local hypoxic environment was
generated quickly, which promoted the biological reduction of
NI to hydrophilic 2-aminoimidazoles. Meanwhile, the thioether
moiety in the polymer eliminated the excess H,0, and
promoted the disassembly of vesicles, releasing the encapsu-
lated insulin. The glucose-responsive polymersomes could be
further integrated with a painless microneedle-array patch
platform for insulin delivery (Fig. 1).*® Shi and co-workers
developed a hypoxia-responsive nanoparticle consisting of NI-
modified polypeptide methoxy poly(ethylene glycol)-block-
poly(t-glutamide-graft-2-nitroimidazole) (mPEG-b-(PLG-g-NI))
and a cationic lipid-like compound, used to deliver siRNA to
silence cell division cycle 20 gene (CDC20) expression in breast
cancer cells. The delivery nanosystem showed prolonged blood
circulation, high tumor accumulation, efficient CDC20
silencing, and high potent antitumor efficacy.**

Hypoxia-responsive polypeptides based on nitrobenzyl
alcohol derivatives (NADs) are commonly found in the litera-
ture. One example of these, investigated by Park and co-
workers, involved preparing hypoxia-responsive polymeric
micelles formed by an amphiphilic block copolymer, poly(-
ethylene glycol)-poly(e-(4-nitro)benzyloxycarbonyl-L-lysine)
(PEG-b-PLys-g-NBCF).?> The copolymer can self-assemble into
micelles and encapsulate doxorubicin (DOX) under aqueous
conditions. Under hypoxic conditions, the DOX-loaded micelles
tend to be highly unstable and easily degraded by a 1,6-elimi-
nation reaction, resulting in rapid intracellular release of DOX.
Similarly, the Shi group developed a complex micelle containing
an NA motif which was prepared by co-assembly of poly(e-

Nanoscale Adv, 2021, 3, 6027-6039 | 6029
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Fig. 1 Schematic of the glucose-responsive insulin delivery system
using hypoxia and H,O, dual-sensitive polymersome-based vesicle
(d-GRP) loaded microneedle-array patches. (a) Formation and
mechanism of d-GRPs consisting of PEG-poly(Ser-S-NlI). (b) Sche-
matic of local inflammation induced by a non-H,O,-sensitive GRP-
loaded microneedle-array patch, and schematic of a d-GRP-loaded
microneedle-array patch for in vivo insulin delivery triggered by
a hyperglycemic state for potential prevention of the long-term side
effect associated with inflammation. Reproduced with permission
from ref. 35, copyright © 2017, American Chemical Society.

caprolactone)-block-poly(ethylene glycol) (PCL-b-PEG) and
poly(e-caprolactone)-block-poly(r-lysine)-graft-4-nitrobenzyl

chloroformate (PCL-b-PLL-g-NBCF). The micelle design
includes a PCL core and a hypoxia-responsive shell (NBCF-
modified PLL and PEG). This core-shell structure can inhibit
rapid removal by the immune system in the process of blood
circulation. Once these micelles have reached the tumor site,
the NBCF-modified PLL can degrade under the hypoxic micro-
environment, leading to the increase of positively charged PLL
on the surface of the micelles, enabling the penetration of the
micelles into the tumor. In addition, in vitro and in vivo exper-
iments show that these DOX-loaded micelles have better pene-
tration ability and inhibitory effects on tumor tissues.’” In
another example, Zhang et al. synthesized a hypoxia-responsive
polymer, mPEG-PLG-NC, by conjugating hydrophobic 4-nitro-
benzyl (3-azidopropyl) carbamate (AP-NC) to the side chains of
methoxy poly(ethylene glycol)-b-poly(y-propargyl-i-glutamate)
(mPEG-PPLG) copolymers (Fig. 2). The polymer self-assembled
into nanoparticles in aqueous solution and could load DOX
with a high encapsulation efficiency of 97.8% due to the strong
T-T interaction between the p-nitrobenzyl group and DOX. The
DOX-loaded nanoparticles (PPGN@DOX) showed hypoxia-
responsive drug release behavior in vitro. PPGN@DOX can be
effectively internalized by 4T1 cells and release DOX into the cell
nucleus in a hypoxic environment. In addition, since
PPGN@DOX provided a longer circulation time and improved
the biodistribution of DOX, there were increased antitumor
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Fig. 2 Schematic of the synthesis of mMPEG-PLG-NC and preparation
of PPGN@DOX for hypoxia-responsive drug delivery in vivo. Repro-
duced with permission from ref. 38, copyright © 2020 American
Chemical Society.

outcomes and reduced side effects in vivo.*® A further study with
an NA modified hypoxia-sensitive polypeptide was carried out
by Sun et al. who prepared polymeric micelles that were self-
assembled by an amphiphilic polymer methoxy PEG-block-pol-
y(diethylenetriamine-graft-4-nitrobenzyl chloroformate)-L-
glutamate [mPEG-b-P(Deta-NBCF)LG] for the targeted delivery
of metalloprotein cytochrome ¢ (CC) to cancer cells. These CC-
loaded micelles are effectively taken up by cancer cells and
greatly enhance the cytotoxicity of CC to cancer cells under
hypoxic conditions.*

Most nanocarriers consist of a steric PEG protective layer to
maintain the stability of the system for protein adsorption.*
However, the PEG layer usually hinders the cellular uptake of
nanocarriers, resulting in the loss of photodynamic therapy
(PDT) efficacy.** Designing a sheddable PEG (dePEGylation) is
an effective means of balancing system stability and cellular
uptake of nanocarriers. For this purpose, Li et al. reported
hypoxia and singlet oxygen dually responsive multifunctional
micelles to enhance antitumor PDT. The micelles were obtained
by self-assembly of the amphiphilic methoxy poly(ethylene
glycol)-azobenzene-poly(aspartic acid) copolymer conjugated
with imidazole (IM) side chains (mPEG-Azo-PAsp-IM). Azo and
IM are hypoxic and singlet oxygen-responsive (SR), respectively.
Chlorin e6 (Ce6) could be efficiently loaded by the micelles as
a model photosensitizer. The promotion of cellular uptake was
achieved by triggering the collapse of Azo to cause the shedding
of PEG. The oxidation of imidazole by the singlet oxygen
decomposed the micelles and led to release of Ce6. In addition,
singlet oxygen-mediated cargo release consumes oxygen and
increases the degree of hypoxia, which in turn further improves
cellular uptake of micelles (Fig. 3).*>

Hypoxia-responsive amphiphilic block copolymers formed by
polypeptides could assemble into nanocarriers with different
morphologies, which were used for the controlled release of
drugs under hypoxic conditions. Due to the passive targeting
effect, these nanocarriers showed high tumor accumulation,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Illustration of the interactively hypoxia- and singlet oxygen-
sensitive tailor-made micelles for improved photodynamic antitumor
therapy; (a) the hypoxia-responsive Azo linker was used to connect the
hydrophilic PEG block and hydrophobic polypeptide block, producing
a self-assembling amphiphilic copolymer; Ce6 was the model
photosensitizer; the Azo and imidazole moieties are hypoxia- and SR
moieties, respectively; (b) upon micelles reaching the tumor, the
hypoxia-sensitivity would enable the DePEGylation and enhanced
cellular uptake of micelles, while the singlet oxygen-responsiveness
could lead to micelle disassembly and rapid Ce6 release. Reproduced
with permission from ref. 42, copyright © 2018, American Chemical
Society.

Blood-Vessel

better penetration ability, and improved inhibition efficacy on
tumor tissues. Therefore, these polypeptide-based hypoxia-
targeting nanosystems present a promising and advanced
strategy for precision cancer therapy.

3. Self-assembled peptides

Self-assembled peptides can spontaneously construct a series of
well-defined supramolecular nanostructures, such as nano-
tubes, nanofibers, vesicles, and hydrogels.*® Non-covalent
interactions including hydrogen bonding, van der Waals inter-
action, electrostatic interaction, and hydrophobic effects
maintain the self-assembled structure in a stable low-energy
state.** The self-assembly of peptides can be effectively regu-
lated by inherent or external stimuli such as pH, temperature,
ionic strength, metal ion complexation, and enzymatic reac-
tions.**” Based on the characteristics of the individual self-
assembled peptide, these nanostructures can have diverse
applications in biomedicine, including drug delivery, tissue
engineering, and regenerative medicine.**>°

The introduction of hypoxia-responsive motifs or targeting
peptide ligands into the self-assembled peptide nanostructure
can be used for the diagnosis and treatment of hypoxic diseases.
An example is a study performed by Ikeda et al. who explored

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pro-apoptotic peptide amphiphiles that could form self-
assembled nanostructures.”* The peptide amphiphile AVPI-
NP-C12 was composed of a pro-apoptotic AVPI tetrapeptide
connected with a hydrophobic dodecyl chain through a nitro-
phenyl (NP) linker. In the presence of poly-L-lysine, AVPI-NP-C12
formed self-assembled nanostructures comprising entangle-
ments of nanofibers. Mechanistically, the proposed theory for
why this occurs is due to the electrostatic interaction between
cations and the carboxylate anion of AVPI-NP-C12. Upon the
addition of sodium dithionite, a reducing agent used to mimic
the hypoxic environment, the NP motif can be reduced, leading
to the decomposition of AVPI-NP-C12 and the release of a pro-
apoptotic peptide. Apoptotic peptides can enhance the activity
of anticancer drugs by inhibiting apoptosis protein inhibitors;>*
therefore, the nanostructures of pro-apoptotic self-assembling
peptides have potential applications in nanomedicine for
encapsulation and delivery of drugs, and sensing of hypoxic
environments.

The charges of peptides can greatly affect the performance of
the assembled nanostructures in nanomedicine. A negative
charge can protect the nanostructures from being cleared
before reaching the tumor tissue. However, due to the negative
potential of the cytomembrane, the nanostructures are difficult
to be engulfed by target cells.>® Based on this concept, Wang
et al. explored a selective-release “mosaic-type” nanoparticle,
GA-Cy7-NP, for targeting hypoxic cancer cells. These nano-
particles were prepared by the self-assembly of surfactin, in
addition to a single conjugate of heptamethine carbocyanine
dye (Cy7) and gambogic acid (GA) in an aqueous solution. In
this system, surfactin is used as a carrier platform, with Cy7 and
GA being used as a hypoxia target group and antitumor drug,
respectively. The Cy7 group is embedded in the surface of
negatively charged nanoparticles formed by a surfactant, which
enables these nanoparticles to selectively release the drug
conjugates into hypoxic cancer cells without internalization of
particles. GA-Cy7-NP also showed long-term circulation char-
acteristics and high cell uptake in tumor cells. Compared with
the prototype drug, it has stronger antitumor activity in cell
proliferation, tumor growth, and angiogenesis.>® Another
example of using self-assembled peptides as drug delivery
systems is the work of Zhu and co-workers who prepared an
angiogenesis vessel-targeting nanoparticle (AVT-NP) containing
photosensitizer 5-(4-carboxyphenyl)-10,15,20-trisphenylchlorin
(TPC), angiogenesis vessel-targeting cyclopeptide (peptide
sequence: CGNSNPKSC), and bio-reductive drug TPZ. Upon
exposure to irradiation, the photosensitizer can generate large
amounts of reactive oxygen species (ROS), which will reduce
TPZ to form cytotoxic free radicals. In vivo experiments
demonstrated that AVT-NP can specifically accumulate around
tumor cells through the targeting of angiogenesis vessels. The
system also exhibited enhanced antitumor efficiency with the
chemo-photo synergistic effect.*

The intracellular self-assembly of nanomaterials shows
a high retention rate and low cytotoxicity, which has great
application potential in long-term tumor biological imaging.**
Based on the strategies of intracellular transglutaminase (TG2)
mediated catalytic polymerization and in situ self-assembly of

Nanoscale Adv., 2021, 3, 6027-6039 | 6031
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Fig. 4 Schematic illustration of specific transglutaminase 2 (TG2)-
catalyzed intracellular polymerization, temperature induced in situ
self-assembly and hypoxic neuroblastoma cell imaging. Reproduced
with permission from ref. 56, copyright © 2020, Royal Society of
Chemistry.

polymerized elastin-like polypeptides (ELPs), Li and co-workers
reported a peptide-based probe for imaging hypoxic neuro-
blastoma cells. In this system, the polymeric monomer peptides
are composed of N- and C-terminal amino acid polymeric active
sites (e.g., Q and K) and elastin repeating units (XGVGP or
GYGXP). To optimize TG2-catalyzed polymerization into ELPs,
many parameters, namely peptide sequences, heat sensitivity,
and the upper critical solution temperature (UCST), are studied
to fine-tune the system for the maximum effect. In cells that
overexpress TG2 (such as HeLa), intramolecular polymerization
and self-assembly can enhance retention efficiency and intra-
cellular accumulation. Due to the up-regulation of TG2 expres-
sion under hypoxia, FITC-labelled peptide probes can
selectively image hypoxic neuroblastoma cells for diagnostic
work (Fig. 4).°

Self-assembling peptides can be designed to form tunable
supramolecular nanostructures triggered by targeted cellular
environments.”” These pericellular nanostructures provide
effective strategies to change the interaction mechanism of
enzymes with cells and promote or reduce their cellular
uptakes.®® Recently, Li et al. developed a self-assembling
carbonic anhydrase (CA) inhibitor based on self-assembling
peptides, which specifically interacted with the overexpressed
CA on hypoxic cancer cell membranes. This complex boosted
the inhibition and selectivity of the CA inhibitor through the
strategy of hypoxia-triggered self-assembly. The self-assembling
CA IX inhibitor N-pepABS was synthesized by conjugating
a commercially available CA inhibitor, 4-(2-aminoethyl) benze-
nesulfonamide (ABS), with a self-assembled motif [2-
naphthaleneacetic acid-(p)-Phe-(p)-Phe-(p)-Lys-OH (N-pep)]. N-
pepABS can target CA IX and self-assemble into nanofibers,
which enables CA IX inhibitors to concentrate on the
membrane of hypoxic cancer cells, resulting in interruption of
hypoxic cancer cells. These CA-triggered nanofibers promote
cellular uptake through CA IX-mediated endocytosis. In the
process of internalization, nanofibers may transform into larger
nanofiber bundles under low pH conditions. The bundles will
in turn cause damage to the intracellular acid vesicles and
blockage of protective autophagy. These results provide
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permission from ref. 59, copyright © 2019 The Authors, some rights
reserved; exclusive licensee American Association for the Advance-
ment of Science.

evidence that the cell milieu-triggered tunable nanostructure
produces highly selective toxicities to hypoxic cancer cells.
Moreover, the antimetastatic and antiangiogenic functions of
N-pepABS were evaluated in murine 4T1 breast cancer cells. N-
pepABS efficiently decreased tumor volume and reduced the
number of lung metastases. Upon the detection of endothelial
marker CD31, the intact tumor vessels turned dissociative and
were muted after treatment with N-pepABS. In addition, the
combination therapy of N-pepABS and doxorubicin (Dox)
showed that N-pepABS treatment can effectively make tumors
sensitive to Dox administration and significantly enhance anti-
tumor efficacy (Fig. 5).*°

Based on the inherent biocompatibility and biodegrad-
ability, the bioinspired nanostructures originating from self-
assembled peptides extraordinarily benefit tumor therapy. The
versatility of tunable nanostructures responding to the cell
milieu impressively provides strategic therapy for hypoxic
tumors. In addition, self-assembly in vivo may be a potential
nanotechnology in biomimetic structure fabrication in vivo in
the future. Using peptide-based monomers for intracellular
catalytic polymerization and assembly may provide a new
strategy for hypoxic cancer therapy.

4. Peptide—polymer conjugates

Peptide-polymer conjugates are a kind of soft material formed
by the covalent linkage of peptides and polymers. In these
structures, polymer conjugation imparts processability to the
peptides under different conditions (i.e., solvent, temperature,
and pressure), while the peptide imparts precision (e.g,
sequence control and low dispersity) to the peptide-polymer
conjugates.®® Due to their biocompatibility, biodegradability
and mechanical strength, many polymers such as polylactic
acid (PLA), polyglycolic acid (PGA), poly(lactic acid glycolic acid)
(PLGA) and poly(e-caprolactone) (PCL) combined with PEG have
been widely used in peptide-polymer conjugate studies.*>** In
addition, when tumor-targeting peptides are conjugated with
these polymers, the affinity for the receptor, cell internalization,
and tissue penetration ability can be enhanced.*** Based on
these characteristics, materials composed of peptide-polymer
conjugates have a wide range of applications in biomedical
sciences, such as drug delivery, tumor therapy, gene delivery,
and antibacterial coatings.®*%”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Recently there have been increasing studies on tumor
hypoxia therapy utilizing peptide-polymer conjugates. One
such design is centered on hypoxia-reactive motifs. An example
of such a system is the work by Mallik and co-workers who
developed tissue-penetrating, hypoxia-responsive polymer-
somes that could deliver the anticancer drug gemcitabine to
solid tumors. The polymersomes are composed of a hypoxia-
responsive Azo incorporated polylactic acid-polyethylene
glycol (PLA-PEG) polymer and a tissue penetrating peptide
iRGD (peptide sequence: CRGDKGPDC) functionalized PLA-
PEG polymer. Drug-encapsulated polymersomes greatly
reduced the viability of pancreatic cancer cells®® and triple-
negative breast cancer cells® in spherical cultures and
successfully released the encapsulated contents in vitro and in
vivo under hypoxic conditions. More research in this area by Ma
et al developed a novel AZR responsive nanoprobe
(Micelle@Mito-rHP@TATp, MCM@TAT)p) for specific imaging
of mitophagy in living cells under hypoxia by encapsulating
mitochondria-targeted rhodamine spirolactam derivatives
(Mito-rHP). The micelle MCM was formed by self-assembling of
a hypoxia-responsive amphiphilic polymer, 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-Azo-N-/maleimide(poly-
ethylene glycol)2000] (DSPE-Azo-PEG-Mal), in aqueous solution
and simultaneously encapsulating a rhodamine spirolactam
derivative (Mito-rHP). Then MCM was functionalized by a cell-
penetrating peptide (TATp, RKKRRQRRRC), which ensured
that the nanoprobe could be transported into the cytoplasm in
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Fig. 6 Schematic illustration of tumoral pH activatable and hypoxia
responsive NPs (TAT * AZ°Nps) for enhancing PDT-induced hypoxia
activated chemotherapy. (A) Fabrication of tumoral pH activatable and
hypoxia responsive NPs. (B) Proposed mechanism of TAT + AZoNps TAT +
AZONPs followed multiple steps to meet ideal anticancer therapy.
Reproduced with permission from ref. 71, copyright © 2020, Elsevier
Ltd.
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areceptor-independent manner, thus avoiding the restriction of
the nanoprobe in the endosome or lysosome. Under hypoxic
conditions, the nanoprobe was disrupted by the highly
expressed AZR. The encapsulated probe Mito-rHP was then
released and able to target mitochondria. Because Mito-rHP is
also pH-sensitive, it is converted into a protonated form during
mitophagy, thus stimulating a fluorescent signal to switch from
“off” to “on”.”® Another study with the Azo motif was carried out
by Jiang and co-workers who developed a hypoxia-responsive
drug delivery system for combined PDT and bioreductive
chemotherapy. There, sensitive amphiphilic polymer mono-
methoxy PEG-azobenzene-PLGA (PEG-Azo-PLGA) was first
synthesized and conjugated with TAT peptide (peptide
sequence: YGRKKRRQRRRC-NH,) and 2,3-dimethylmaleic
anhydride (DA) successively to obtain the polymer "*TAT-PEG-
PLGA. After that nanoparticles ™7 * #“°NPs were prepared by
PEG-Azo-PLGA and PATAT-PEG-PLGA. Due to the TAT peptide
attached on the surface, ™" * *“°NPs can keep the cargoes Cée
and TPZ and accumulate within tumor cells. Under laser irra-
diation, and with sufficient oxygen supply, ™" * #“°NPs achieved
effective PDT on tumor cells proximal to vessels. Oxygen
consumption during PDT further generated a hypoxic micro-
environment, which could trigger the release of TPZ by
breakage of the azobenzene bond, and accelerated the activa-
tion of TPZ, thereby improving the efficacy of combined treat-
ment in tumor cells distal to the vessel (Fig. 6).”

Recently, Liu et al. reported reactive oxygen species (ROS)
sensitive arylboronic ester-based nanocarriers modified with
red blood cell membrane and iRGD peptide. These nanocarriers
can be utilized for co-encapsulation of Ce6 and TPZ to achieve
tumor specific release and synergistic PDT.* Similarly, Zhao
et al. developed deep penetrating and oxygen self-sufficient PDT
nanoparticles based on peptide-polymer conjugates, which
were used to balance the distribution of ROS in tumors. These
nanoparticles (CNP/IP) are prepared by the co-assembly of
peptide (peptide sequence: CRGDK)-PEG-PCL and PEG-PCL
and simultaneously encapsulating a photosensitizer, IR780,
and an artificial blood substitute, perfluorooctyl bromide
(PFOB), with higher oxygen storage capacity. Modification of
CRGDK peptide on the nanoparticles greatly promoted the
accumulation and penetration of the encapsulated IR780 and
PFOB into the interior of the tumor. In hypoxic regions, PFOB
released oxygen, effectively alleviating hypoxia and enhancing
PDT efficacy.”™

In another study, Song et al. developed a multifunctional
platform composed of '*'I-labeled dendrimers modified with
a LyP-1 (peptide sequence: CCGNKRTRGC (C2-C10)) peptide for
targeted antitumor and antimetastasis therapy.”” The nano-
system was prepared by generation 5 (G5) poly(amidoamine)
dendrimers conjugated with PEG-LyP-1 and 3-(4’-hydrox-
yphenyl)propionic acid-OSu (HPAO), and then the remaining
dendrimers were acetylated and radiolabeled with **'1. The **'I-
labeled LyP-1-modified dendrimers had promising biocompat-
ibility and could be utilized as a diagnostic probe for single-
photon emission computed tomography (SPECT) imaging.
Meanwhile, the LyP-1 peptide could recognize tumor cells in
hypoxic regions and relieve hypoxia, in addition to being used
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Fig. 7 Schematic diagram of the formation of G5.NHAc-HPAO-131I-
(PEG-LyP-1). Reproduced with permission from ref. 73. Copyright ©
2020, American Chemical Society.

as a carrier for anti-tumor and anti-metastatic therapy. The
nanotheranostic system showed specific targeting in vitro and
in tumor sites and could significantly inhibit tumor growth and
metastasis in vivo, further providing evidence of its possible
usefulness in therapy (Fig. 7).

A hypoxic microenvironment in solid tumors usually signif-
icantly reduces the chemosensitivity of cancer cells. Recent
work by Zhang et al. developed a novel combined treatment
strategy that can combat the drug resistance of gastric cancer in
vivo and in vitro.”* Salidroside (Sal) and apatite (Apa) were co-
loaded by PLGA nanoparticles (NPs) to enhance the chemo-
therapy effect of apatinib on gastric cancer. To improve the drug
delivery efficacy, the tumor recognizable peptide iVR1 was
further modified on the NPs-Apa/Sal. iVR1 peptide can specifi-
cally target the vascular endothelial growth factor receptor 1
(VEGFR1) and inhibit angiogenesis and progression of certain
cancers by selectively antagonizing VEGFR1.”” The peptide-
modified iVR1-NPs-Apa/Sal displayed excellent capability of
tumor targeting drug delivery and showed an effective inhibi-
tory effect on cell growth, invasion, and migration, as well as
tumor progression in vivo. A mechanistic study showed that the
enhancement of the chemotherapeutic effect of Apa was likely
due to Sal inducing cell apoptosis and reprograming the
hypoxic tumor micro-environment.

In this section, nanocarriers formed by polymers modified
with peptide ligands greatly facilitated the accumulation and
penetration of the encapsulated contents into both the tumor
periphery and hypoxic tumor inner regions. Such a strategy may
have great potential in inhibiting tumor growth and metastasis,
and could also have possible application in alleviating the
hypoxia-induced chemotherapy resistance.

5. Peptide functionalized liposomes

Liposomes are phospholipid vesicles with a lipid bilayer struc-
ture and an inner aqueous compartment formed by self-
assembly of amphiphilic molecules in water.”® These struc-
tures can not only encapsulate the hydrophilic compound in
their core, but also encapsulate the hydrophobic compound in
the bilayer.”” Due to their biocompatibility, self-assembly
capacity, and the ability to direct passive targeting by
enhancing the permeability and retention in the tumor area,
liposomes are promising systems for drug and gene delivery,
ophthalmology, and cosmetics.”®®°

vaccines, imaging,
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Liposomes modified with a targeting peptide increase the tar-
geting specificity and transfection efficiency in cells, and make
nanocomplexes have better biocompatibility.*** These peptide-
liposomal systems targeting hypoxia for drug delivery,* gene
delivery,® and cancer therapy® have been explored. Kulkarni
et al. prepared liposomes composed of 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC), a hypoxia-responsive PEGylated lipid
palmitoyl oleoylphosphatidylethanolamine (POPE)-Azo-PEG,
and an iRGD peptide coupled lipid DSPE-PEG-iRGD. The
iRGD peptide on the surface allowed liposomes to penetrate
deeper and deliver the anticancer drug to the hypoxic cores.
Under hypoxic conditions, the Azo moieties of the hypoxia-
responsive lipids were reduced, which destroyed the stability
of the lipid membrane and released the encapsulated drug from
liposomes, resulting in increased cytotoxicity of the cultured
pancreatic cancer cell.*

Liposome-based multiple responsive and multiple func-
tional nanoplatforms for hypoxic tumor therapy have been re-
ported. One such report by Dai et al. involved the preparation of
a liposome via self-assembly of an amphiphilic molecule
(mPEG-Ce6-Cyg), lecithin, and DSPE-PEG-cRGD (peptide
sequence: RGD-D-FK). The liposome can encapsulate indoc-
yanine green (ICG) and hypoxia-activated prodrug tirapazamine
(TPZ), followed by chelation with Gd™ to form a multifunctional
theranostic liposome, ICG/TPZ@Ce6-Gd™. These multifunc-
tional liposomes can be used not only as a multimodal imaging
contrast agent but also as a PTT (photothermal therapy)-PDT-
chemotherapy cascade activated antitumor agent. cRGD tar-
geting and photothermally activated PDT can effectively mini-
mize side effects on normal cells. Meanwhile, TPZ can enhance
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the therapeutic effect allowing this novel nanosystem to achieve
the selective combination treatment of tumors (Fig. 8).*” A
similar synergetic mechanism was utilized by Wang et al. to
achieve hypoxia-activated chemotherapy combined with PDT
against metastatic breast cancer by simultaneously delivering
ICG and TPZ to solid tumors through iRGD-modified lipo-
somes.* In another study, You and co-workers proposed a dual
endoplasmic reticulum (ER) targeting strategy to achieve PDT-
PTT-immunotherapy. The nanosystem was composed of
modified ER-targeting padaxin (FAL) peptides, ICG conjugated
hollow gold nanospheres (FAL-ICG-HAuNs), and oxygen
carrying HB liposomes (FAL-HB-lipo) for reversing hypoxia.
Under NIR light irradiation, the ER-targeting nanosystem can
induce strong ER stress and calreticulin (CRT) exposure on the
cell surface. CRT exposure is a signal that stimulates the
maturation of naive dendritic cells and induces an enhanced
immune response, including CD8" T cell proliferation and
cytotoxic cytokine secretion. ER-targeting PDT-PTT promotes
immunotherapy associated with immunogenic cell death
through direct ROS-based ER stress and exhibits enhanced
antitumor efficacy.*

Utilizing the overexpression of several reductases under
hypoxic conditions, many reductase fluorescent probes have
been developed and successfully used for imaging the hypoxia
status of tumor cells.”*** Recently, Fan et al. developed a lipo-
some-based nanoprobe functionalized with a peptide
(GGGGDRVYIHPF) to target cardiac cells and encapsulate them
with nitrobenzene substituted BODIPY (BDP-NO,) for myocar-
dial hypoxia imaging. Due to the peptide (GGGGDRVYIHPF),
the system can specifically target the angiotensin II type 1 (AT1)
receptor overexpressed on ischemic heart cells. The nanoprobe
is taken up by the cardiac cells and releases BDP-NO,. Under
hypoxic conditions, the nitro group of BDP-NO, is reduced to
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BDP-NH, by NTR, resulting in a fluorescence enhancement of
the nanoprobe. Furthermore, the nanoprobe can be used for
real-time imaging of hypoxia levels in a mouse model of
myocardial ischemia.”® Yao et al. used real-time therapeutic
monitoring to explore a combination therapy liposome nano-
system for high-efficiency therapy against hypoxic tumors and
real-time imaging during apoptosis. In this study, a pH-
sensitive liposome co-encapsulated a chemotherapeutic drug
cyclopeptide RA-V (deoxybouvardin) and antisense oligonucle-
otides (RX-0047), as well as a caspase-8 probe. The obtained
liposomes could selectively enter the lysosome of colon cancer
cells through receptor-mediated endocytosis, and the lysosomal
acidic microenvironment stimulated the liposomes to release
the payloads. The released RA-V could induce apoptosis of
cancer cells through the mitochondrial pathway, while the
antisense oligonucleotides could inhibit the expression of HIF-
1o to alleviate tumor hypoxia. Moreover, the liposome can also
be used for therapeutic self-monitoring through the fluores-
cence of the caspase-8 probe (Fig. 9).>

For a brief summary, nanosystems originating from peptide
functionalized liposomes for targeting hypoxia have attracted
more and more attention for the synergistic treatment of
cancer. The introduction of hypoxia-responsive or other
responsive motifs into the liposome structure will provide a new
strategy for the design and development of multi-response,
multifunctional therapeutic nanoplatforms.

6. Peptide functionalized
polysaccharides

Polysaccharides are a kind of natural macromolecular polymer
composed of long chains of monosaccharide units linked by
glycosidic bonds.*® As natural biomaterials, polysaccharides are
generally regarded as water-soluble, safe, non-toxic, biode-
gradable, and nonimmunogenic, making them widely appli-
cable in biomedicine.”*®”” In polysaccharides, hydrophilic
functional groups such as the hydroxy group and carboxy group
are easy to be chemically and biochemically modified and can
also cause bioadhesion with biological tissues (mainly epithe-
lium and mucosa) through non-covalent interactions. These
nanocarriers made of bioadhesive polysaccharides can prolong
the residence time in the mucosa, thus increasing the
bioavailability of drugs. In addition, the surface of poly-
saccharide nanocarriers could be modified with ligands to
actively target drug molecules.®® In recent years, polysaccharide-
based nanosystems for hypoxic tumor therapy have been
developed,”™® among which peptide-functionalized poly-
saccharide nanomaterials have been reported, although
research in this area is not as deep. An example is the work of
Shu et al who developed a RoY (peptide sequence:
YPHIDSLGHWRR) peptide modified chitosan chloride hydrogel
(CSCI-RoY). Using the targeting properties of RoY peptide, CSCI-
RoY hydrogel can regulate the expression level of 78 kDa
glucose-regulated protein (GRP78) receptor on the membrane of
human umbilical vein endothelial cells, then activate protein
kinase B (Akt) and extracellular signal-regulated kinase (ERK1/

Nanoscale Adv., 2021, 3, 6027-6039 | 6035
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2) signaling pathways related to cell survival/proliferation,
thereby enhancing cell survival, proliferation, migration and
tube formation under hypoxic conditions. The study also
demonstrated that the introduction of Roy peptide can not only
induce angiogenesis at the infarct region but also improve
cardiac repair.'®”

The CD73 molecule (ecto-5'-nucleotidase) is one of the
molecules affected by hypoxia, as well as HIF-1a, which plays
a key role in the growth and spread of cancer.'® Ghalamfarsa
et al. developed a delivery system for silencing CD73 and HIF-1a
genes using superparamagnetic iron oxide (SPION) nano-
carriers loaded with siRNA for cancer therapy (Fig. 10). In this
nanosystem, siRNA-loaded SPIONs were encapsulated by thio-
lated chitosan (TC) and trimethyl chitosan (TMC) to improve
their stability and functionality. The produced TMC-TC-SPIONs
were conjugated with TAT peptide (C (Npys) GRKKRRQRRR) to
increase the cellular uptake and form nanoparticles TAT-TMC-
TCSPIONs. These nanoparticles could significantly reduce the
expression of HIF-1a and CD73 in cancer cells, resulting in
a significant reduction in the migration and proliferation of
cancer cells. In addition, in vivo evaluation showed that these
nanoparticles could effectively inhibit tumor growth and
angiogenesis (Fig. 10).**

A hyperbranched cationic amylopectin derivative conjugated
with 3-(dimethylamino)-1-propylamine (DMAPA-Amyp) has
good blood compatibility and low cytotoxicity, allowing it to be
used as an effective gene carrier.' In a recent study by Deng
et al., an RGD (peptide sequence: KYGRGDC)-modified targeted
gene nanocarrier, RGD-DMAPA-Amyp, for ischemic stroke
treatment was synthesized. The targeting strategy was involved
in the selection of RGD peptides, binding them to the nano-
carriers and delivering them to the vascular endothelial cells in
the peri-infarct region. The HIF-1o. mutant form (HIF-1a-AA)
was loaded with RGD-DMAPA-Amyp in the treatment of cerebral
ischemia. The results demonstrated that this nanocomplex had
good biocompatibility and could significantly improve the
recovery of nerve function and the formation of new blood
vessels in vivo.'"”
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Because many polysaccharides have a high potential for
binding to oligonucleotides, nanocarriers formed by peptide
functionalized polysaccharides have been used as an effective
targeted gene vector into hypoxic cells. These strategies can
enhance the efficiency of gene transfection and the therapeutic
effect of cancer or ischemic diseases.

7. Conclusion and future perspectives

In summary, utilizing the properties of the peptide system in
diagnosis and treatment provides an opportunity to overcome
the hurdles hypoxic diseases pose. As outlined, peptides have
several advantages, including targeting specificity, tumor
penetrability, and high drug delivery efficiency. In this review,
we summarized the latest advances in the design and
construction of different peptide-based hypoxia-targeting
nanomaterials, including polypeptides, self-assembling
peptides, and peptide-polymer conjugates, in addition to
peptide functionalized liposomes and polysaccharides. The
utilization of both peptide ligands and hypoxia-sensitive
linkers, either together or apart, is the main strategy for tar-
geting hypoxia. Through this strategy, peptide-based nano-
materials can be made to accumulate in hypoxic regions, target
hypoxic cells and successfully deliver the payloads across bio-
logical barriers. In addition, these peptide-based nanomaterials
can prolong blood circulation, improve permeability into
angiogenic vessels and tumor tissues, and promote tumor cell
uptake and therapeutic efficacy. Moreover, through intra-
molecular and intermolecular forces, peptides and their deriv-
atives are easy to self-assemble into various nano-functional
materials with different structures. These materials can take
advantage of the unique characteristics of the hypoxic micro-
environment or cancer cells, thereby improving the specificity
of cancer cells. The literature provides strong evidence that the
application of these peptide-based nanomaterials could
improve the overall treatment efficiency of hypoxic diseases.
However, these studies are still in the preliminary stage.
There are still several challenges preventing peptide-based
nanomaterials from clinical application of hypoxic diseases.
Peptides are easily degraded by enzymes and can be taken up by
mononuclear phagocytes. Renal filtration also shortens the
circulation time of peptides. Therefore, it is necessary to
consider the system design and material modification of these
peptide-based nanomaterials. More peptide ligands with new
sequences need to be explored for specifically and efficiently
targeting the hypoxic regions of different hypoxia diseases.
Currently, many nanomaterials for medical applications are
passively targeting tumor tissues through the enhanced
permeability and retention (EPR) effect. Although the EPR effect
can increase the enrichment of nanocarriers at the tumor site,
poor cellular uptake and internalization limit the efficacy of
chemotherapy. Therefore, it is necessary to combine peptides
with various nanomaterials to construct a positive targeted
multistage or multifunctional nanocomposite system to
enhance cellular uptake and internalization, thereby enhancing
the synergistic therapeutic effect of various therapies (PDT,
photothermal therapy, thermodynamic therapy, chemotherapy,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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radiotherapy, etc.) under hypoxic conditions. Critically,
different hypoxia-related diseases such as tumors, bone tissue
inflammation, cardiovascular diseases, and ischemic strokes all
have specific hypoxic microenvironments, which requires
rationally designed microenvironment-induced peptide-based
materials for the treatment of these diseases according to the
properties of peptides. In addition, the change in microenvi-
ronment in vivo could cause significant changes in the physi-
cochemical properties of nanomaterials. Therefore, the
biocompatibility, biodistribution, and in vivo targetability of
these peptide-based nanomaterials should be evaluated in
detail before clinical trials. We anticipate and look forward to
the development of peptide-based hypoxia-targeting nano-
materials, as we believe they will make an important contribu-
tion to the progress in the diagnosis and treatment of hypoxia-
related diseases in the near future.
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