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Poly(amino acids), polypeptides, and their derivatives have demonstrated significant potential as bio-
degradable biomaterials in the field of drug delivery. As degradable drug carriers, they can effectively load
or conjugate drug molecules including small molecule drugs, nucleic acids, peptides, and protein-based
drugs, enhancing the stability and targeting of the drugs in vivo. This strategy ultimately facilitates precise
drug delivery and controlled release, thereby improving therapeutic efficacy and reducing side effects
within the body. This review systematically describes the structural characteristics and preparation
methods of poly(amino acids) and polypeptides, summarizes the advantages of poly(amino acids), poly-
peptides, and their derivatives in drug delivery, and detailedly introduces the latest advancements in this
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area. The review also discusses current challenges and opportunities associated with poly(amino acids),
peptides, and their derivatives, and offers insights into the future directions for these biodegradable
materials. This review aims to provide valuable references for scientific research and clinical translation of

rsc.li/nanoscale biodegradable biomaterials based on poly(amino acids) and peptides.
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1. Introduction

Cancer, infectious diseases, and genetic diseases pose signifi-
cant threats to human lives, the rapid development of thera-
peutic agents including small-molecule drugs,"™ therapeutic
genes,””” and protein/peptide agents,®*° has brought hope to
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patients. Nevertheless, these free drugs usually have poor
stability and fail to effectively reach the lesion sites when
administered orally or intravenously, resulting in extremely low
bioavailability,"* which in turn affects the therapeutic out-
comes. Moreover, free small-molecule drugs such as che-
motherapeutics, often reach normal tissues or organs, leading
to severe side effects within the body.'* Therefore, developing
efficient and safe drug delivery systems is essential for enhan-
cing drug efficacy and reducing side effects within the body.
The traditional drug delivery systems face numerous chal-
lenges in dealing with complicated pathological environments,
particularly in improving drug stability,"® enhancing targeting
capability,"* and increasing bioavailability."> Therefore, scien-
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tists are continuously exploring the development of novel drug
carriers and delivery strategies to overcome these
challenges.'®™® For instance, Liu et al.*® utilized fluorinated
chitosan to deliver antibody drugs including anti-PD-1 and
anti-CTLA-4 orally to tumor-bearing mice, effectively inhibiting
tumor growth and extending the survival time of the mice.
Additionally, Cheng et al.”" used phenylboronic acid-modified
polyamidoamine to achieve intracellular delivery of various
protein drugs. Although these biomedical carriers can
enhance the delivery efficiency and contribute to therapeutic
effects of drugs, they are non-biodegradable in the body,
leading to a significant burden and potential side effects.

Poly(amino acids) and polypeptide-based materials have
become a research focus in drug delivery due to their excellent
biodegradability and safety in vivo.>> These materials are poly-
mers or oligomers formed by the conjugation of amino acid
monomers through peptide bonds. They are typically syn-
thesized via various methods such as ring-opening polymeriz-
ation of N-carboxyanhydride (NCA),>® amide condensation
reaction of amino acids,** microbial fermentation, and solid-
phase peptide synthesis.>® Such carriers not only exhibit good
biocompatibility and biodegradability but can also be tailored
in various shapes and functions through sequence design and
chemical modification. For instance, by adjusting the types
and ratios of hydrophilic and hydrophobic amino acids, poly-
peptide molecules can self-assemble into micelles,*® fibers,>
vesicles,” or hydrogels®® for various disease treatments.
Therefore, poly(amino acids) and polypeptides have broad
clinical application prospects in the field of drug delivery
(Fig. 1).

Typically, poly(amino acids) or polypeptides can encapsu-
late hydrophobic small molecule drugs to form nanoparticles
(NPs) through hydrophobic interactions, which eventually
enhances the delivery efficiency of small molecule drugs
in vivo.*® Additionally, hydrophilic small molecule drugs can
be conjugated to poly(amino acids) or polypeptides via
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dynamic chemical bonds, thereby extending the circulation
time of hydrophilic small molecule drugs in the bloodstream
and their accumulation at target sites.>® With the outbreak of
the COVID-19 pandemic and the rapid development of gene
editing technology, nucleic acid drugs have received wide-
spread attention. However, nucleic acid drugs such as DNA,
mRNA, or siRNA are usually unstable and easily degraded by
nucleases in the body.** Furthermore, nucleic acids are often
negatively charged, which hinders their uptake by target
cells.*" Poly(amino acids) or polypeptides can effectively load
nucleic acids via electrostatic interactions and compress them
into NPs, thus improving their stability and uptake efficiency
by target cells in vivo.*> Other macromolecular drugs, includ-
ing protein and peptide drugs, generally have good bioactivity
and are used to treat major diseases such as cancer and
genetic disorders.*> However, due to their large molecular
weight and poor stability, these drugs are easily degraded by
proteases or peptidases in the body, ultimately resulting in
poor efficacy.®>® Poly(amino acid) or polypeptide carriers can
effectively load protein or peptide drugs while maintaining
their bioactivity, thereby enhancing the therapeutic efficacy of
these macromolecular drugs in vivo.'® Moreover, a search on
Web of Science for publications over the past 10 years
(2014-2024) on poly(amino acids) or polypeptides for drug
delivery shows that the number of papers in this field has con-
sistently exceeded 7000 per year, with a clear upward trend,
which indicated that poly(amino acid)/polypeptide-based bio-
materials holds great potential for addressing human health
challenges and improving public health (Fig. 2).

Given the unique advantages of poly(amino acids) and
polypeptides in drug delivery, this review systematically dis-
cusses the characteristics of these polymer carrier materials,
common preparation methods, their applications in various
diseases, and the progress of clinical research. In addition,
we summarize the current challenges and opportunities
faced by degradable polymer carrier materials, such as
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Fig. 1 Schematic illustration of drug delivery of poly(amino acids) and peptide carrier materials in different disease types.
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Fig. 2 Web of science statistical chart of the number of papers pub-
lished on poly(amino acids) and peptides from 2014 to August, 2024.

poly(amino acids) and polypeptides, and propose future
directions for the development of degradable biomedical
carrier materials. This review aims to provide valuable
insights for both fundamental research and clinical trans-

This journal is © The Royal Society of Chemistry 2025

lation of poly(amino acid)- and polypeptide-based degrad-
able biomaterials.

2. Structure of poly(amino acids) and
peptides

According to the nomenclature recommended by the
International Union of Pure and Applied Chemistry (IUPAC), a
polypeptide is a molecule composed of more than 20 amino
acids linked by peptide bonds,***> and synthetic peptides are
also referred to poly(amino acids). Amino acid materials
exhibit excellent biocompatibility, biodegradability, and good
self-assembly behavior, making them significant for bio-
medical applications,®® as illustrated in Fig. 3, which presents
for the common structural formula of poly(amino acids) and
polypeptides. The structure of poly(amino acids) consists of
linear or branched polymers formed by amino acid monomers
through amide bonds, similar to peptide bonds. Each amino
acid monomer features a basic structural unit that include an
amino group, a carboxyl group, and a side chain (R group).
Poly(amino acids) are linked by repeating peptide bonds
(-NH-CO-), which create the poly(amino acid) backbone, typi-
cally in a linear configuration. The diverse side chains of
amino acids impart a range of chemical and physical pro-
perties to poly(amino acids), including hydrophilicity, hydro-
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Fig. 3 Common structural formula for poly(amino acids) and polypeptides.

phobicity, acidity, and alkalinity. In addition, the side chains
of poly(amino acid) contain numerous reactive functional
groups, such as amino and carboxyl groups, which can be
further modified with drugs or biologically active molecules to
develop various nano-delivery systems.®’*° Furthermore, the
presence of secondary structures, such as a-helices and
pB-folds, allows poly(amino acids) to exhibit distinct properties
compared to conventional macromolecules.*®

3. Properties of poly(amino acids),
peptides and their derivatives
3.1. High drug-carrying capacity

Poly(amino acids) and peptides can bind to drug molecules
through covalent or non-covalent interactions and self-assem-
ble to form nanomicelles and NPs. These structures are uti-
lized to encapsulate and transport drugs, enhancing their drug
solubility and stability.

NP systems, as modern drug delivery vehicles, significantly
enhance drug solubility, improve drug stability, and promote
the distribution of drugs within the body, thereby increasing
clinical efficacy.”’ Amphiphilic polymers can adopt various
morphologies, such as micelles or vesicles, through self-
assembly in specific environments. These polymers can be
physically encapsulated and chemically cross-linked to achieve
controlled release of model drugs. In addition, drug-filled
micelles are both thermodynamically and kinetically stable,
exhibiting excellent properties such as durability, prolonged
effects, and safety.*” For example, glutamic acid-linked pacli-
taxel dimers (Glu-PTX2) can self-assemble into NPs (Glu-PTX2
NPs) in aqueous solutions, forming stable drug-polymer com-
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plexes that display a spherical morphology and good structural
stability in aqueous media. These complexes exert potent cyto-
toxic effects in aqueous environments, thereby enhancing
their bioavailability.*?

3.2. Targeted delivery

Improving drug delivery to specific organs, cells, or even orga-
nelles to enhance therapeutic efficacy while minimizing
dosage and side effects has long been a critical focus in the
development of advanced drug delivery systems.** Targeted
drug delivery leverages polymer chains to direct drug mole-
cules to specific regions of interest. Poly(amino acids) and pep-
tides are particularly effective in achieving this goal, as they
can bind to specific molecular targets, increasing drug concen-
tration within target tissues or organs while reducing systemic
side effects.*” Targeting peptides, in particular, exhibit strong
specificity for their targets. For instance, peptides derived
from cell surface protein, such as intercellular adhesion mole-
cule-1 (ICAM-1), luteinizing hormone-releasing hormone
(LHRH), bombesin, and LFA-1, have demonstrated high
affinity for cell surface receptors, facilitating the selective deliv-
ery of therapeutic agents.*®

Several widely utilized strategies for the targeted delivery of
poly(amino acid)-based therapeutics include the following. (1)
Ligand modification: poly(amino acids) can be surface-functio-
nalized with specific ligands, enabling them to recognize and
bind selectively to target cells or tissues.*” This active targeting
mechanism reduces non-specific cellular uptake, thereby
decreasing off-target toxicity and enhancing therapeutic out-
comes.*® (2) Passive targeting: by exploiting the unique size
and surface characteristics of NPs, poly(amino acid) carriers
can passively accumulate in tumor tissue through the

This journal is © The Royal Society of Chemistry 2025
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enhanced permeability and retention (EPR) effect.**® This
effect arises from the abnormal vasculature of tumors, which
is characterized by increased permeability and poor lymphatic
drainage, allowing NPs to preferentially localize at the tumor
site. (3) Environmental responsiveness: poly(amino acid) car-
riers can be engineered to respond to specific physiological
conditions within the tumor microenvironment, triggering
localized drug release.® For instance, polyglutamic acid NPs
are designed to degrade in acidic environments, which are
often found in tumors, thereby releasing their drug cargo pre-
cisely at the desired site.>* (4) Cell-penetrating peptides: a strat-
egy to enhance transcellular drug transport involves the use of
CPPs (such as TAT peptides), which facilitate the internaliz-
ation of therapeutic molecules across cellular barriers.>® This
approach significantly improves the delivery of small-molecule
drugs into target cells, increasing intracellular drug concen-
trations and enhancing therapeutic efficacy.

These methods can be employed individually or in combi-
nation to enhance drug targeting and efficacy while minimiz-
ing side effects. For instance, an innovative mesoporous silica
nanoparticle (MEMSN)-encapsulated cellular uptake shielding
multifunctional system has demonstrated cancer-targeted trig-
gered, triggered drug delivery to tumor cells.>® The surface of
the mesoporous NPs was modified with disulfide bonds that

View Article Online

Review

linked pB-cyclodextrin, facilitating GSH-induced intracellular
drug release. Subsequently, the NP surface was further modi-
fied with the RGD peptide sequence and the matrix metallo-
proteinase substrate peptide Pro-Leu-Gly-Val-Arg (PLGVR)
through a host-guest interaction. The modification of the NP
with pAsp resulted in MEMSN that could protect the target
ligand. In addition, in vitro studies confirmed that MEMSN
effectively blocked its uptake by normal cells. Upon reaching
the tumor cells, the pAsp protective layer was removed through
the hydrolysis of PLGVR in metalloproteinase-rich cancer cells.
Consequently, the targeting properties were activated, allowing
the cancer cells to readily uptake the drug-coated NPs, which
subsequently facilitated GSH-induced intracellular drug
release (Fig. 4).

3.3. Low toxicity and biocompatibility

Amino acids are fundamental building blocks of biological
proteins, while peptides are composed of natural amino acids
that share similarities with proteins found in living organisms.
As a result, peptides typically exhibit high biocompatibility,
minimizing immune reactions and toxicity. These materials
generally do not provoke severe toxic responses in the body, as
they can be recognized and processed by the organism.*®
Furthermore, peptides can be degraded into amino acids or
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Fig. 4 Structure of multifunctional envelope-type mesoporous silica NP and tumor-triggered targeting drug delivery.>* Copyright 2013, American

Chemical Society.
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Table 1 Advantages and disadvantages of other non-degradable biomaterials compared with poly(amino acids) and polypeptides and their

derivatives
Characteristic
Polymers Advantages Disadvantages Ref.
Polytetrafluoroethylene Chemical inertness; low friction coefficient; Poor tissue integration; susceptibility to 55
(PTFE) non-adhesive properties; thermal stability; deformation; limited mechanical strength;
flexible and durable biofilm formation risk; difficult to process;
expensive
Polyethylene (PE) Durability and mechanical strength; chemical Non-biodegradable; poor tissue integration; wear 56 and 57
inertness; low friction; cost-effectiveness debris; oxidative degradation
Silicone Durability and stability; flexibility and elasticity; — Lack of biodegradability; tissue integration; 58
low immune response; non-degradable; wide potential for foreign body reaction; limited
range of medical applications bioactivity; rigid manufacturing process
Polyurethane (PU) Mechanical properties; biostability; versatility in ~ Non-biodegradability; potential for degradation 59

formulation; hemocompatibility; cost and
availability
Polymethyl methacrylate

(PMMA) long-term use; non-immunogenic; ease of

shaping and processing

small peptide fragments by enzymes within the body, ulti-
mately being excreted through metabolic pathways. By modify-
ing the amino acid sequence and structure of peptides, it is
possible to design peptide materials with varying degradation
rates, thereby allowing for controlled timing and rates of drug
release. Table 1 presents a comparison of poly(amino acids)
and polypeptides with other non-degradable biomaterials.

4. Synthesis of poly(amino acids) and
peptides

The synthesis of poly(amino acids) and polypeptides include
chemical polymerization methods,®" enzymatic polymeriz-
ation,®® biosynthesis,’® and self-assembly technology.®* Each
preparation method is suited to specific application scenarios.
Chemical polymerization is ideal for producing poly(amino
acids) and peptides with diverse structures, while biosynthesis
is more appropriate for the creating biopolymers with specific
sequences. In contrast, enzymatic polymerization and self-
assembly techniques prioritize gentle and environmentally
friendly preparation processes. The four methods are
described in detail below.

4.1. Chemical polymerization

Chemical polymerization is one of the primary methods for
the preparation of poly(amino acids) and currently serves as
the predominant technique for both laboratory and industrial
synthesis of polypeptides. This process primarily encompasses
ring-opening polymerization, polycondensation reactions, and
solid-phase synthesis. Among these methods, ring-opening
polymerization can be conveniently conducted using a-amino
acidic NCA monomers.®® These macromolecules are typically
synthesized through the ring-opening polymerization of
various amino anhydrides, initiated by an amine. For example,
Hu et al.*® prepared triblock copolymers via ring-opening
polymerization using mPEG-NH, as the initiator, while Zhang

3554 | Nanoscale, 2025,17, 3549-3584

Mechanical strength and durability; stability and

products; limited biocompatibility; surface

modification required

Lack of biodegradability; potential for biofilm 60
formation; exothermic polymerization; brittleness

et al.®® synthesized diblock copolymers using the macroinitia-

tor PEG-NH,. Since NCA is a cyclic derivative of amino acids,
it readily undergoes ring-opening, facilitating participation in
the polymerization reaction, which makes this method widely
utilized. In addition, the polycondensation reaction is a con-
densation process involving the carboxyl group and the amino
group of an amino acid, resulting in the formation of a poly
(amino acid) and a by-product, such as water or another small
molecule.®” Poly(amino acids) with varying chain lengths can
be produced by modifying reaction conditions, including
temperature and the choice of catalyst. Furthermore, solid-
phase synthesis is a stepwise technique for synthesizing poly
(amino acids). This method involves immobilizing the carboxyl
groups of amino acid monomers onto a solid-phase carrier,
followed by the gradual addition of amino acid monomers,
which are chemically linked to create a long chain. Once the
reaction is complete, the poly(amino acids) are detached from
the solid-phase carrier through cleavage.®® This approach
allows for precise control over the sequence and molecular
weight of the resulting poly(amino acids), making it suitable
for synthesizing poly(amino acids) with complex structures.
However, it is important to note that this method can be costly
and is typically employed for small-scale or laboratory
preparations.

Chemical polymerization offers a degree of flexibility in the
regulation of molecular weight.®® For instance, in the case of
NCA ring-opening polymerization, the molecular weight of
poly(amino acids) or polypeptides can be effectively modulated
by altering the ratio of initiator to monomer.®® When the
quantity of initiator is less than that of the monomer, each
initiator molecule has increased opportunities for chain
elongation, leading to the formation of polymers with higher
molecular weights. Furthermore, the polymerization rate can
be influenced by adjusting parameters such as reaction temp-
erature and catalyst concentration, which in turn affects the
molecular weight. Generally, elevated temperatures and higher
catalyst concentrations accelerate the reaction rate, thereby

This journal is © The Royal Society of Chemistry 2025
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facilitating an increase in the polymer’s molecular weight
within an optimal range.>® In addition, chemical polymeriz-
ation allows for the introduction of specific stereochemical
configurations through the selection of appropriate monomers
and reaction conditions.®’ For example, during the synthesis
of poly(amino acids), ring-opening polymerization can be con-
ducted using NCA monomers derived from amino acids with
defined chirality. The utilization of r-type amino acid NCA
monomers enables the synthesis of optically active poly(amino
acids), with the chiral structure preserved by carefully control-
ling the polymerization conditions to produce materials with
targeted biological activities. Moreover, chemical polymeriz-
ation can yield poly(amino acids) and polypeptides with
varying stereochemical structures, resulting in a diverse array
of stereochemical combinations, including isotactic, syndiotac-
tic, and atactic configurations.

4.2. Enzymatic polymerization method

Enzymatic polymerization of polymers (amino acids) and pep-
tides is carried out under mild conditions, such as normal
temperature, atmospheric pressure and near neutral pH, using
enzymes as catalysts.”® In comparison to conventional chemi-
cal polymerization techniques, the utilization of mild reaction
conditions necessitates less sophisticated equipment and does
not require specialized reaction apparatus capable of with-
standing elevated temperatures and pressures. For instance,
the synthesis of poly(amino acids) and polypeptides through
certain chemical polymerization methods often demands high
temperatures (ranging from 100 to 200 °C) and the use of
specific organic solvents. In contrast, enzymatic reactions cir-
cumvent these extreme conditions, thereby leading to
reductions in production costs and energy consumption. The
application of mild reaction conditions is advantageous for
preserving the structural integrity of both reactants and pro-
ducts. Under harsh conditions, such as elevated temperatures
or the presence of strong acids and bases, the structural integ-
rity of amino acids and peptides may be compromised, result-
ing in denaturation or decomposition that adversely affects the
quality and performance of the resulting polymer.”* Enzymatic
reactions facilitate precise catalysis of the polymerization
process, ensuring that the synthesized poly(amino acids) and
polypeptides exhibit the desired structural and functional
characteristics.

In comparison to conventional chemical polymerization
techniques, enzymatic polymerization exhibits notable advan-
tages, particularly in terms of specificity. This method demon-
strates a high degree of selectivity towards substrates during
the synthesis of poly(amino acids) and polypeptides.”> Certain
enzymes are capable of selectively polymerizing specific amino
acids. For example, y-glutamyltranspeptidase is known to cata-
lyze the polymerization of t-glutamine and its derivatives due
to the strong complementarity of its active site with the struc-
ture of glutamine.”® This allows the enzyme to accurately
identify and bind glutamine molecules, thereby initiating the
polymerization process. Similarly, papain preferentially recog-
nizes peptides that contain particular amino acid sequences,

This journal is © The Royal Society of Chemistry 2025
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as its active site can specifically bind to peptide bonds invol-
ving arginine or lysine residues. When these appropriate sub-
strate peptides are present, papain facilitates the formation of
peptide bonds, effectively linking smaller peptides into poly-
peptides.”* Furthermore, enzymatic polymerization exhibits
regional selectivity in the growth patterns of poly(amino acid)
and polypeptide chains. Enzymes can precisely dictate whether
polymerization occurs at the a-amino, a-carboxyl, or side chain
functional groups of amino acids or peptides. In instances
where amino acids or peptides possess multiple reactive sites,
the enzyme can direct the polymerization to occur preferen-
tially at specific sites.”” For example, in the presence of lysine
residues that contain multiple amino groups, the enzyme can
select one amino group for polymerization based on its three-
dimensional structure and the spatial orientation of its active
site, resulting in a more structured poly(amino acid) or poly-
peptide product. Moreover, enzymatic polymerization demon-
strates a pronounced ability to discriminate between stereoi-
somers of amino acids during the synthesis of poly(amino
acids) and polypeptides.>® Most enzymes exhibit activity solely
towards r-type amino acids, showing little to no reactivity with
p-type amino acids or exhibiting significantly reduced
efficiency.”® This selectivity arises from the specific three-
dimensional spatial structure of the enzyme’s active site,
which closely aligns with the spatial conformation of r-amino
acids. For instance, during peptide bond formation, the
a-amino and a-carboxyl groups of the amino acids involved in
the reaction must be precisely aligned with specific groups at
the enzyme’s active site. The atomic arrangement surrounding
the chiral center of L-amino acids is ideally suited to meet the
binding requirements of the enzyme, facilitating an efficient
polymerization reaction. Conversely, p-type amino acids
struggle to participate in polymerization due to the incompat-
ibility of their spatial structure with the enzyme’s active site.
This stereoselectivity ultimately ensures that the resulting poly
(amino acids) and polypeptides possess high optical purity
and specific biological activity.

Currently, the utilization of certain enzymes for the syn-
thesis of poly(amino acids) and polypeptides is hindered by
their high cost, which contributes to elevated production
expenses.”” Furthermore, these enzymes exhibit limited stabi-
lity and are prone to inactivation during both storage and
application. For instance, certain proteases may lose their cata-
Iytic activity when subjected to elevated temperatures, extreme
pH conditions, or prolonged exposure to inhibitors. To
enhance enzyme stability, it may be necessary to implement
specialized preservation techniques, such as low-temperature
freezing or the incorporation of stabilizing agents.
Consequently, the application of enzymatic polymerization in
large-scale industrial production remains constrained.”® In
comparison to chemical polymerization methods, enzymatic
polymerization often exhibits slower reaction rates, and main-
taining uniform enzyme distribution and continuous function-
ality throughout large-scale reactions poses significant chal-
lenges.” In addition, the molecular weight of products gener-
ated through enzymatic polymerization may be restricted by

Nanoscale, 2025,17, 3549-3584 | 3555
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the specific enzyme employed and the prevailing reaction con-
ditions, making it difficult to synthesize high molecular
weight poly(amino acids) and polypeptides, as can be achieved
with certain chemical polymerization techniques.

4.3. Biosynthetic methods

Biosynthesis refers to the process of synthesizing poly(amino
acids) and polypeptides through the metabolic mechanisms
inherent to an organism.®® This technique predominantly
depends on the transfer of genetic information and the cellu-
lar systems responsible for protein synthesis, which encom-
pass transcription and translation processes. Within cells, the
genes encoded in DNA are initially transcribed to produce
mRNA. Subsequently, the mRNA facilitates the assembly of
amino acids in accordance with the codon sequence it con-
tains, utilizing tRNA as a mediator, with ribosomes catalyzing
the formation of polypeptide chains.®' This methodology is
frequently employed for the synthesis of specific amino acid
polymers and the production of naturally occurring peptides.

In this case, genetic engineering is applied to synthesize
poly(amino acids) by introducing genes that encode the target
poly(amino acids) into microorganisms, allowing for their
expression within microbial cells.®***> The gene responsible for
the target poly(amino acid) is integrated into the microorgan-
ism, facilitating the synthesis of the poly(amino acid). This
process enables the production of specific sequences of poly
(amino acids) that are both mass-producible and biocompati-
ble. The method is frequently employed to synthesize bio-
medical materials, such as polyglutamic acid (y-PGA).%*
Furthermore, in prokaryotic expression systems, such as
Escherichia coli, the degradation of short peptides by intracellu-
lar proteases poses a challenge to production efficiency. This
issue can be addressed by employing protease-deficient strains
or by expressing peptides as insoluble inclusions.?*

The synthesis of poly(amino acids) and polypeptides utiliz-
ing transgenic organisms involves several critical steps.
Initially, the design and construction of the gene must be
undertaken, with the corresponding gene sequence tailored to
match that of the target polypeptide. This process necessitates
careful consideration of codon usage, as different organisms
exhibit varying frequencies of codon preference.®> For
instance, when designing genes intended for Escherichia coli, it
is advisable to utilize codons that are favored by this organism
to enhance the efficiency of gene expression. Subsequently,
these gene fragments can be synthesized chemically or
sourced from existing gene libraries, and then assembled into
complete genes through genetic engineering methodologies.
The constructed gene must then be introduced into a suitable
host cell using an appropriate method. In the case of E. coli, a
common approach is heat shock transformation, wherein the
recombinant plasmid containing the target gene is mixed with
E. coli cells at a low temperature, followed by a brief heat
shock treatment to facilitate the uptake of the plasmid by the
cells.®® For yeast, electrical transformation techniques, such as
the application of high-voltage pulses, can be employed to
temporarily render the cell membrane permeable, thereby
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allowing the entry of foreign genes.®” Finally, the expression
and purification of the resultant product must be conducted.
Within the host cell, the imported gene requires expression
under optimal conditions. For certain genes regulated by
inducible promoters, the addition of specific inducers is
necessary. In E. coli, IPTG (isopropyl-beta-p-thiogalactoside)
is frequently utilized to induce the expression of genes
that are associated with lactose operon promoters.®® The
expressed peptides can subsequently be purified using
various techniques, including affinity chromatography and
ion exchange chromatography.

4.4. Self-assembly technology

Under specific conditions, certain amino acids or peptides can
form polymers through self-assembly.?® For instance, mole-
cular self-assembly can lead to the formation of various types
of NPs, including NPs, hydrogels, nanofibers, and nano
micelles, depending on the chemical composition, molecular
weight, and hydrophobicity ratio of the peptide (Fig. 5). This
organization is driven by intramolecular and/or intermolecular
interactions, such as hydrogen bonding, electrostatic inter-
actions, and hydrophobic interactions, which may occur
between the side functional groups of the amino acids in the
peptide.*® The p-sheets and a-helices formed by the polypep-
tides also significantly influence the morphology and size of
the peptide-based NPs.?® They are widely used in drug delivery,
tissue engineering, combination therapy and other fields.
Similar to NPs, nanotechnology in drug delivery can address
the shortcomings of conventional methods by enabling cell-
specific targeting, facilitating the transport of molecules to
designated organelles, and enhancing intracellular transport.
This method does not require complex chemical reactions and
offer improved environmental adaptability and targeted drug
delivery potential.

Researchers have designed specific peptide sequences to
facilitate the self-assembly of peptides and enhance drug
loading efficiency. Initially, Zhang et al. developed and syn-
thesized an ion-complementary peptide, EAKI6, composed of
16 amino acid residues that self-assemble in aqueous solu-
tions to form stable hydrogel membranes visible to the naked
eye.”! Furthermore, Ghadiri created a cyclic polypeptide con-
sisting of eight amino acid residues. This peptide was self-
assembled from a p-folded structure and was further highly
integrated to form hollow peptide nanotubes.”> Meanwhile,
with an increasing understanding of sequence-structure
relationships, Woolfson et al.®* endeavored to design and
explore more innovative assemblies to generate new protein
functions based on a-helical helices, which are common
domains in protein-protein interactions. This work opened
up a potential new frontier in coiled-coil assemblies and
a-helical barrels. Subsequently, Hu et al.*® prepared a series
of poly(amino acid) materials through ring-opening polymer-
ization using mPEG113-NH, as the initiator. Cholesterol was
grafted onto the side chain via an esterification reaction to
render the macromolecules amphiphilic, allowing them to
self-assemble in specific solvents to form NPs with distinct
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Fig. 5 Various types of NPs obtained from polypeptides and their derivatives and applications.

morphologies. At different pH values, these NPs exhibited
different shapes, facilitating the study of their drug release
properties.

So far, researchers have been combining peptide self-
assembly with other functional materials to develop multifunc-
tional systems for smart responses, precision drug delivery,
and regenerative medicine. Some self-assembled peptide
materials have entered preclinical studies and early clinical
trials, demonstrating their promising applications. In
addition, Table 2 compares the advantages and limitations of
other non-degradable biomaterials with poly(amino acids) and
polypeptides and their derivatives.

5. Optimization of poly(amino acids),
polypeptides and their derivatives

Poly(amino acids) and peptides can be modified through deri-
vatization via chemical alterations, binding to small mole-
cules, or conjugation with antibodies, among other methods,
to significantly enhance their functionality in drug delivery.
These modifications and derivatives improve drug targeting,
stability, controlled release, and biocompatibility, thereby
increasing the efficiency and safety of drug delivery.

This journal is © The Royal Society of Chemistry 2025

5.1. Optimize the sequence and composition of poly(amino
acids) or polypeptides

Different amino acids exhibit distinct side chain structures
and chemical properties, allowing for the optimization of
specific characteristics through the careful selection of
sequences and compositions in poly(amino acids) or polypep-
tides. Notably, modifying the amino acid composition to
increase the proportion of rigid amino acids, such as phenyl-
alanine and tyrosine, both of which possess large and rela-
tively rigid side chains, can enhance the interactions between
poly(amino acid) or polypeptide chains, thereby improving
mechanical stability.”” Furthermore, the incorporation of
proline, which contains a pyrrolidine ring structure, can also
contribute rigidity to the molecular chain; an appropriate
increase in its content can further enhance the mechanical
properties of the material.’® In addition, the design of poly
(amino acids) or polypeptides with repeating units or specific
sequences that promote the formation of secondary structures,
such as o-helices or p-sheets, can facilitate tighter molecular
arrangements and strengthen intermolecular interactions,
including hydrogen bonding. This, in turn, enhances the
mechanical strength and stability of the material.”® Moreover,
the introduction of cross-linking groups or amino acids, such
as cysteine with sulfhydryl groups, into the poly(amino acid) or
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Table 2 Advantages and disadvantages of other non-degradable biomaterials compared with poly(amino acids) and polypeptides and their

derivatives
Characteristic
Synthesis method Advantages Limitation Ref.
Chemical Simple operation; low cost; high molecular weight; Difficult monomer purification; slow polymerization 61
polymerization synthetic diversity; controlled polymerization; one-step speed; high environmental sensitivity; difficult to
synthesis of functional clustering peptides control sequence selectivity; complex initiator design
and preparation; initiator residue problems; molecular
weight control and distribution problems; low
functional group efficiency
Enzymatic Mild reaction conditions; high selectivity; controlled Molecular weight control; polymerization activity and 94
polymerization polymerization; biocompatibility; functionable controllability; low functional group efficiency; high
method modification; environmental friendliness; stimulus substrate concentration requirement; reversible
responsiveness reaction; complex functional group introduction and
modification steps
Biosynthetic Easy to operate; narrow molecular weight distribution; Slow reaction speed; difficult to prepare large 95
methods environmentally friendly molecular weight polypeptides; cumbersome steps and
high cost; difficult to achieve large quantities of
preparation
Self-assembly Simple structural design; low production cost; good Low stability; easy to be affected by pH; poor water 96
technology biocompatibility; improved cell uptake; drug targeted solubility; low drug load; high production cost; poor

release; versatility; high stability and low toxicity

polypeptide chain can lead to the formation of covalent cross-
linking networks through chemical or photocross-linking
methods."® Such cross-linked structures can restrict the mobi-
lity of molecular chains and increase the material’s resistance
to deformation, significantly improving its mechanical
stability.

To regulate the rate of drug release, it is possible to system-
atically adjust the ratio of hydrophilic to hydrophobic amino
acids. An increase in the proportion of hydrophobic amino
acids facilitates the formation of a denser structure in poly
(amino acids) or polypeptides, thereby reducing the diffusion
rate of the drug and extending the duration of drug release.'’
Conversely, a higher concentration of hydrophilic amino acids
enhances the penetration of water molecules and the solubility
of the drug, which accelerates its release. Additionally, the
incorporation of chemical bonds or amino acid sequences that
respond to specific stimuli, such as acid-sensitive hydrazone
bonds or enzyme-sensitive peptide bonds, into the main or
side chains of poly(amino acids) or polypeptides can also effec-
tively modulate the drug release rate.'® Upon reaching the
target site, these sensitive bonds or sequences can be cleaved
under appropriate stimulus conditions, leading to the struc-
tural disintegration of the poly(amino acid) or polypeptide and
facilitating rapid drug release. For instance, in the acidic
environment of tumors, poly(amino acid) drug carriers con-
taining acid-sensitive hydrazone bonds can undergo rapid
degradation and drug release due to the low pH.'> Generally,
carriers composed of poly(amino acids) or polypeptides with
higher molecular weights and longer chain lengths exhibit a
more compact structure, resulting in a longer diffusion
pathway for the drug and a comparatively slower release
rate.'® Therefore, the molecular weight and chain length of
poly(amino acids) or polypeptides can be manipulated by
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mechanical and rheological properties; self-assembly
process difficult to accurately control; sensitive to
environmental factors

adjusting polymerization conditions to regulate the drug
release rate.

To enhance the solubility of the material, one can increase
the content of hydrophilic amino acids, decrease the amount
of hydrophobic amino acids, introduce water-soluble groups,
or modify the terminal ends of poly(amino acids) or polypep-
tides. For example, chemical modifications such as amination
at the N-terminus or acetylation at the C-terminus can alter
the charge distribution and polarity of the molecule, thereby
improving its solubility in water and other solvents.'%

5.2. Chemical modifications

Chemical modification involves altering the structure of a poly
(amino acid) or peptide molecule to enhance its suitability for
specific drug delivery applications.

5.2.1. Polyethylene glycolylation (PEGylation). Polyethylene
glycolylation refers to the formation of PEGylated derivatives
through the covalent attachment of polyethylene glycol (PEG)
to poly(amino acids) or peptides. PEGylation diminishes
immunogenicity by enhancing the molecular weight and alter-
ing the spatial configuration of proteins or peptides. The PEG
molecules remain intact until they are eliminated from the
body, and their protective barrier effectively shields protein
molecules from proteolytic degradation in vivo. Additionally,
PEGylation significantly decreases glomerular filtration during
systemic administration, leading to reduced renal clearance
and consequently lower urinary excretion.'®®'®” Furthermore,
it circumvents the clearance mechanisms of the reticuloen-
dothelial system (RES), thereby substantially extending the
plasma half-life and enhancing the release of therapeutic
agents within the organism.'®® PEGylated peptides and poly
(amino acids) are frequently utilized for anticancer drug deliv-
ery, as they prolong the retention of drugs in the bloodstream.
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For example, Goserelin, a peptide drug empolyed in the treat-
ment of prostate and breast cancer, can be PEGylated to
prolong its duration of action and decrease the frequency of
dosing.'® Similarly, Leuprolide, a peptide hormone commonly
used to treat sex hormone-dependent diseases, can be
PEGylated to enhance its pharmacokinetic properties and
extend its halflife."’® Overall, PEGylation significantly
improves the pharmacokinetic characteristics of these thera-
peutic agents. PEGylation has been shown to enhance the
solubility of poly(amino acids) and polypeptides. The hydro-
philic nature of polyethylene glycol contributes to an increased
solubility of the resultant compounds in aqueous solutions
when conjugated with poly(amino acids) or polypeptides.'™
This modification is particularly beneficial for highly hydro-
phobic poly(amino acids) or polypeptides, as PEGylation facili-
tates their dissolution under physiological conditions, thereby
expanding their potential applications.

However, PEGylation also hinders the cellular uptake of the
carriers, thereby limiting their therapeutic efficacy.
Consequently, numerous peptide carriers with removable PEG
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shells have been developed in recent years.''? Jiang et al.'"
prepared two cisplatin-loaded polyglutamic acid-lysine compo-
site nanoformulations, featuring detachable polyethylene
glycol grafted onto lysine fragments through two distinct brid-
ging chemical bonds. These formulations are responsive to
specific tumor tissue microenvironments, including low pH
and matrix metalloproteinases. The nanoformulations con-
taining PEG fragments circulated in the bloodstream for a pro-
longed period of time with increased drug accumulation in the
tumor tissue compared to those without PEG fragments. Upon
reaching the tumor tissue, the nanoformulations exhibited
enhanced cellular uptake and cytotoxicity due to the cleavage
of the bridging chemical bond between polyethylene glycol
and polylysine (Fig. 6).

5.2.2. Lipid modifications. Lipid modification is the
covalent bonding of lipid molecules to poly(amino acids) or
polypeptides. Lipid molecules typically contain hydrophobic
hydrocarbon chains and hydrophilic head groups, a structural
property that allows them to change the properties of the
polymer when combined with a poly(amino acid)/polypeptide.

Ovarian cancer

PEG-R,-PLG-Pt

¢ e

i a N Stimuli w2,
\ ) P .

i Cleavage

Fig. 6 Schematic representation of PLG-CDDP nano-formulations with separable polyethylene glycol response to the tumor microenvironment
for enhanced treatment of peritoneal metastases from ovarian cancer.!*® Copyright 2021, Elsevier.
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Through lipid modification, poly(amino acids) and polypep-
tides can be given some unique physical and chemical pro-
perties, such as the use of multi-functional biological
materials to prepare liposomes, so that the liposomes respond
to the target stimulation region and release the contents
(Fig. 7).""* Furthermore, the incorporation of lipid modifi-
cations has the potential to improve the stability of poly(amino
acids) and polypeptides. In physiological conditions or during
storage, these biomolecules may experience a decline in their
functional activity or structural integrity as a result of enzy-
matic degradation or various physicochemical influences.'*
The attachment of lipid moieties can provide a degree of pro-
tection to poly(amino acids) and polypeptides against such
detrimental factors.''® For instance, attaching fatty acid chains
to insulin can prolong its circulation time in vivo, thereby redu-
cing the frequency of injections. Glycine insulin can form a
long-release formulation of the drug through lipidation modi-
fication.'"” Furthermore, with respect to solubility, unmodified
poly(amino acids) and polypeptides exhibit reduced solubility
in lipid environments. However, following lipid modification,
these compounds demonstrate enhanced interaction with
lipids due to the incorporation of lipid moieties, which
subsequently increases their solubility in lipid media." For
example, the modification of antimicrobial peptides with lipids
such as palmitic acid can increase their lipophilicity and facili-
tate their penetration into cell membranes."'® These peptides
have enhanced lipophilicity and improved membrane pene-
tration, which makes them promising for a wide range of appli-
cations in the biomedical field. Furthermore, peptide-drug con-
jugates can form NPs or micellar structures following lipid
modification, which can enhance drug targeting and efficacy.
5.2.3. pH or temperature-responsive modifications. The
modification of poly(amino acids), peptides, and their deriva-
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tives in response to pH or temperature is a significant techno-
logical advancement for the targeted and on-demand release
of pharmaceuticals. By incorporating functional groups that
are sensitive to specific pH levels or temperature changes into
the structure of poly(amino acids) or polypeptides, it is poss-
ible to initiate drug release in particular environments,
thereby leveraging the unique acidity or temperature character-
istics of the tumor microenvironment. This approach
enhances therapeutic targeting while minimizing adverse
effects on healthy tissues.’*® For example, carboxyl or amino
groups can be introduced through chemical synthesis. These
functional groups undergo protonation or deprotonation reac-
tions in varying pH conditions."® A decrease in pH typically
results in the protonation of carboxyl groups, altering the
charge state and hydrophobicity of the molecular chain.
Conversely, an increase in pH may lead to the deprotonation
of amino groups. Such alterations in charge and hydrophobi-
city can induce changes in the conformation and solubility of
poly(amino acids) or polypeptides. Furthermore, fluctuations
in pH can also result in the stretching or curling of the mole-
cular chains. For example, polypeptides that contain a higher
proportion of acidic amino acids, such as glutamic acid and
aspartate, exhibit protonation of their carboxyl groups in
acidic environments, which diminishes electrostatic repulsion
between molecular chains and may lead to chain curling. In
alkaline conditions, the deprotonation of carboxyl groups
increases electrostatic repulsion, resulting in chain extension.
In terms of temperature-responsive modifications, poly(n-iso-
propylacrylamide) (PNIPAM) serves as a prototypical tempera-
ture-sensitive polymer characterized by a low critical solution
temperature (LCST) of approximately 32 °C. PNIPAM can be
chemically conjugated with poly(amino acids) or polypeptides.
Below the LCST, the PNIPAM segments exhibit hydrophilicity,

Content @ ’

Fig. 7 Liposomes were prepared by multifunctional biomaterials, responding to external trigger around the stimulated zone, rapidly releasing its

contents.*® Copyright 2019, Elsevier.
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leading to an extended molecular chain. Above the LCST,
however, the PNIPAM segments become hydrophobic, causing
the molecular chain to contract."*! This temperature-induced
transition also triggers phase behavior changes, affecting the
overall properties of poly(amino acids) or polypeptides. In
addition to alterations in hydrophilicity, such changes can
influence solubility and aggregation states. For instance, in
solutions containing temperature-responsive polypeptides, an
increase in temperature beyond the LCST can result in the pre-
cipitation of polypeptides from the solution, forming aggre-
gates. This aggregation behavior can be strategically utilized to
regulate drug release or facilitate material self-assembly."**

pH or temperature-responsive modifications are often
applied to smart drug delivery systems to build pH or tempera-
ture-responsive drug delivery vectors. The drug is wrapped in a
responsive poly(amino acid) or polypeptide carrier to control
the release of the drug by regulating the external pH or temp-
erature. This smart drug delivery system can improve the tar-
geting and therapeutic effect of drugs, and can also be used to
make biosensors and prepare injectable tissue engineering
scaffold materials.

5.2.4. Conjugated with bioactive molecules. The conju-
gation of poly(amino acids) and polypeptides with bioactive
molecules represents a significant area of research within the
domains of biomaterials and biomedicine, offering extensive
application potential and substantial scientific relevance.
Techniques such as amidation, esterification, and click chem-
istry facilitate the conjugation of poly(amino acids) or polypep-
tides with bioactive entities.'*® This includes the attachment
of antibodies that specifically recognize antigens, peptide
ligands that selectively bind to receptors on cell surfaces, and
bioactive molecules, such as saccharides, which are crucial for
cell recognition and intercellular communication. Such conju-
gation enables the targeted delivery of therapeutic agents to
cells expressing the corresponding receptors. For instance, in
the context of cancer therapy, many tumor cells exhibit high
expression levels of specific antigens, such as the HER-2
antigen found on breast cancer cells. By conjugating anti-
HER-2 antibodies with polypeptide drug carriers, it is possible
to achieve targeted binding to HER-2 positive breast cancer
cells, thereby facilitating precise drug delivery.'** Furthermore,
the conjugation of poly(amino acids) or polypeptides does not
significantly increase the overall molecular size or complexity.
This modification can mitigate the aggregation and precipi-
tation of these polymers within the body, obstruct the access
of enzymes to the poly(amino acids) or polypeptides, and, to
some extent, protect bioactive molecules from enzymatic
degradation and immune clearance.'** For example, certain
cyclic peptide ligands conjugated with polypeptides can
enhance the stability and prolong the effective action of poly-
peptides in vivo, attributable to the inherent stability of their
cyclic structure.'®

5.2.5. Targeted ligand binding. Targeted ligand binding
refers to the interaction of small molecule ligands with poly
(amino acids) or through either covalent or non-covalent
means.'*® This binding enhances the ability of poly(amino

This journal is © The Royal Society of Chemistry 2025
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acid) or peptide carriers to specifically target certain cells or
tissues, thereby facilitating the targeted delivery of drugs and
minimizing systemic toxicity. Among these, peptide-drug cou-
plers (PDCs) have emerged as a novel class of targeted thera-
peutics. Researchers have developed various targeted peptide
couplers that integrate the specificity of peptides with the
therapeutic advantages of drugs, resulting in complexes that
exhibit targeted and highly effective therapeutic effects.
Peptide-drug couplers (PDCs) are a type of drug delivery
system (DDS) that typically consists of three components
(Fig. 8). The first component is the carrier. In addition to apta-
mers and small molecules, various organisms, including pep-
tides, proteins, and antibodies, have been extensively studied
as carriers.”> The second component is the payload, which
targets the disease of interest by inducing specific biological
functions, primarily through the use of cytotoxic drugs or
radionuclides.’® The third component is the linker, which
connects the first two components to facilitate the controlled
release of the drug. Cleavable linkers can be categorized into
chemically cleavable and enzymatically cleavable linkers.
Chemically cleavable linkers are activated in organelles with
acidic environments, such as lysosomes and intranuclear vesi-
cles, while enzymatically cleavable linkers are cleaved by
histone proteases and enzymes associated with the tumor
microenvironment.'*®

Recently, Li et al."*® designed and synthesized a peptide-
drug conjugate by linking the targeted transferrin receptor
(TfR)-binding peptide analogue BP9a (CAHLHNRS) to doxo-
rubicin (DOX) via N-succinimidyl-3-maleimidopropionate
(SMP)."*® They concluded that BP9a could serve as a potential
TfR-targeting peptide carrier for selective drug delivery.
Subsequently, Yu et al.'*® investigated two new peptide-drug
conjugates (PDCs), LT7-SS-DOX and DT7-SS-DOX, which were
created by coupling peptide ligands composed of natural
L-type amino acids. These ligands are known to suffer from
issues related to enzymatic degradation and insufficient biost-
ability. The new PDCs, LT7 (haiyprh) and its inverse analogue,
DT7 (hrpyiah), were synthesized through disulfide bonding
with DOX. They demonstrated enhanced serum stability, pro-
longed reduction-triggered drug release, and increased in vitro
antiproliferative activity. Targeted peptide couplers exhibit sig-
nificant potential for drug delivery and precision medicine
due to their highly specific targeting capabilities and multi-
functional design.

Furthermore, a pH and reducing dual-reactive peptide-
dexamethasone (anti-inflammatory drug) conjugate (L-SS-DEX)
was developed to improve the immunosuppressive tumor
microenvironment for effective colorectal cancer therapy
(Fig. 9)."*" This peptide-dexamethasone conjugation ensures
the stability of the dexamethasone moiety and facilitates the
rapid release of dexamethasone within the tumor microenvi-
ronment. Compared to free DEX, L-SSDEX was more effective
in reducing pro-tumor inflammation by inhibiting cyclooxy-
genase-2 (COX-2) and resulted in enhanced tumor suppression
through the infiltration of CD8" cytotoxic T cells. To achieve
immune activation, a tumor-specific enhanced oxidative stress
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polypeptide coupler (TSEOP) was synthesized by covalently
linking an enhanced oxidative stress module to a long-circulat-
ing amphiphilic peptide, which induced immunogenic cell
death (ICD) in tumor cells (Fig. 10)."** In response to specific
intra-tumor specific stimulation, TSEOP was degraded to gene-
rate cinnamaldehyde (CA) and the glutathione (GSH) elimina-
tor quinone (QM). CA and QM synergistically increased oxi-
dative stress and endoplasmic reticulum stress, leading to
tumor cell death and enhanced anti-tumor immunity.

In addition, the use of poly(amino acids) and peptides in
the modification of bispecific antibodies represents a cutting-
edge technology aimed at enhancing therapeutic efficacy by
improving the specificity and functionality of antibodies, par-
ticularly in the fields of cancer treatment and immunotherapy.
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Bispecific antibodies can simultaneously bind to two different
antigens, allowing for more effective targeting of cancer cells
or pathogens while minimizing damage to healthy tissues.™**
Modifying bispecific antibodies can result in several advan-
tages, including increased stability of the antibody molecule,
reduced immunogenicity, enhanced targeting capabilities, and
prolonged half-life. This technology holds the potential to
further improve the specificity and stability of antibody-based
therapies, which is anticipated to lead to significant advance-
ments in personalized medicine and targeted therapies in the
future.

5.2.6. Cell-penetrating peptide (CPP) binding. This
approach combines a CPP with a peptide or poly(amino acid),
facilitating the crossing of the cell membrane. It enhances the
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Fig. 10 Schematic illustration of TSEOP for inducing ICD and boosting antitumor immunity. Reproduced with permission.132 Copyright 2020,

American Chemical Society.
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efficiency of intracellular drug delivery, allowing the drug to
penetrate the cell membrane and enter the cell to exert its
therapeutic effects. This method is particularly suitable for the
delivery of large-molecule drugs and is frequently employed in
the administration of nucleic acid therapeutics, such as siRNA
and mRNA."* Additionally, it can be utilized to improve the
efficacy of gene therapy.

The hydrophobicity of cell membranes and the blood-brain
barrier selectively limits the cellular uptake of exogenous mole-
cules larger than 500 Da. However, CPPs can efficiently pene-
trate cell membranes and have become essential tools for deli-
vering nucleic acids, proteins, and small molecule drugs.
There are two primary pathways for CPPs to enter cells: the
cytosolic pathway and the direct penetration pathway. In the
cytosolic pathway, the phospholipid bilayer first invaginates
and encapsulates the penetrating peptide, forming small vesi-
cles that facilitate entry into the cell. Alternatively, this
pathway may involve the formation of reverse micelles to facili-
tate cellular entry. In contrast, the direct penetration pathway
is more straightforward. One mechanism relies on the polarity
of the penetrating peptide to directly perforate the phospholi-
pid bilayer, while another mechanism involves the peptide
spreading across the surface of the bilayer like a carpet and
subsequently fusing with it to gain entry into the cell.**

Early HIV transactivator (Tat) proteins represent remarkable
alternative strategies for penetrating the impermeable phos-
pholipid bilayer of cell membranes and crossing biological
barriers. After being secreted by HIV-infected cells, Tat translo-
cates into neighboring cells, altering gene transcription and
facilitating the spread of the virus.'*® Fawell at al. published
the first report in 1994, demonstrating that Tat-derived pep-
tides could deliver large proteins to various cell types and
mammalian organs.'*® Subsequently, a research team led by
Bernard Lebleu eventually identified the truncated polycatio-
nic peptide GRKKRRQRRR, which contains RNA-binding and
nuclear localization signaling (NLS) motifs that are sufficient
for efficient translocation into cells and tissues."®” Following
this, Gilles Divita’s group designed a short peptide vector
called MPG, the first non-covalent CPP for the delivery of
nucleic acids into cultured cells."*® This was closely followed
by the development of Pep-1, a peptide carrier for the cellular
transfer of peptides and proteins."*® Later, peptide known as
Xentry (LCLRPVG), derived from the N-terminal region of the
hepatitis B virus protein X, represented a novel class of CPPs
that entered cells exclusively through an energy-dependent
endocytosis process, thereby expanding the range of cellular
uptake pathways.'?® Recent studies have demonstrated that
CPPs can be chemically modified and optimized in sequence
to enhance their penetration efficiency and specificity.
Furthermore, they can be combined with other functional
molecules to develop multifunctional vectors for imaging,
diagnostic, and therapeutic purposes. CPPs have shown sig-
nificant potential for preclinical and clinical research, particu-
larly in the fields of anticancer drug delivery and gene editing.
The research history of CPPs illustrates a gradual evolution
from early discoveries to mechanistic studies and widespread
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applications. The versatility and functionality of CPPs position
them as promising candidates for critical applications in
biomedicine.

5.3. Multifunctional complexes

Poly(amino acids) and peptides can be utilized to construct
multifunctional delivery systems by simultaneously incorporat-
ing multiple functionalized groups. For instance, chemothera-
peutic drugs and anti-tumor immune enhancers can be com-
bined within the same peptide or poly(amino acid) carrier to
achieve synergistic therapeutic effects."*! In addition, by inte-
grating nucleic acid drugs with chemotherapeutic drugs in
poly(amino acid) carriers, the dual effects of gene silencing
and chemotherapy on tumor cells can be realized concur-
rently."** This multifunctional delivery system, based on poly
(amino acids) and peptides, integrates various features such as
targeting, stabilization, and controlled release, thereby
offering new possibilities for personalized therapy and the
treatment of complex diseases. Furthermore, single-function
gene delivery systems often fail to meet the demands of clini-
cal applications, making the development of safe and effective
multifunctional gene delivery systems particularly crucial.
Multifunctional peptide-based gene vectors have shown sig-
nificant promise in clinical gene therapy. In recent years,
research has concentrated on the integration of peptides with
diverse functions, including CPPs, targeting ligands, chimeric
peptides, and nuclear localization signals. Compared to tra-
ditional vectors and single-function peptide vectors, multi-
functional peptide gene vectors can markedly enhance gene
transfection efficiency and therapeutic efficacy.

Researchers are developing multifunctional peptide NPs.
Zhang et al.'** prepared a series of multifunctional chimeric
gene vectors composed of alkyl chains, R8 transmembrane
peptides, and RGD peptides. The carboxy-terminal RGD
sequence enhances the specificity of target recognition for
integrins a,p; and o,Ps, which are overexpressed on tumor
cells. The hydrophobic alkyl chain at the amino terminus was
utilized to improve the encapsulation of DNA and enhance the
stability of the vector/DNA complex. The results demonstrated
that the multifunctional peptide vector significantly increased
the transfection efficiency of cancer cells compared to the
peptide or RGD-modified vector with R8. Subsequently, they
constructed nuclear-targeting vectors by attaching the nuclear
localization signal (NLS) PKKKRKV to the R8 peptide modified
with hydrophobic stearic acid. The NLS ligand can be recog-
nized by nuclear transporter proteins (importin-o and impor-
tin-p), which help overcome the nuclear membrane barrier and
promote nuclear translocation. Although peptide-based gene
vectors have successfully navigated many barriers and achieved
significant positive outcomes in gene therapy, balancing the
complex functionality of peptides remains a challenge. Future
research will focus on optimizing and coordinating the struc-
ture and function of various functional peptide vectors for
more efficient and stable gene delivery.

Multi-stimulus responsive peptides can react to two or
more stimuli, including pH, temperature, enzymes, light, or

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr04481a

Published on 17 2024. Downloaded on 04.11.2025 17:59:41.

Nanoscale

redox conditions. Consequently, it is feasible to develop inno-
vative nanocarriers with enhanced responsiveness that leverage
this multi-stimulus capability to efficiently release payloads at
targeted sites.

5.4. Analytical technique

During the synthesis of poly(amino acids) and polypeptides,
various side reactions and incomplete synthesis may occur,
necessitating the development of diverse analytical techniques
to characterize the resulting polymers, NMR spectroscopy
serves as a valuable tool for elucidating the molecular structure
of these polymers by exploiting the resonance of atomic nuclei
within a magnetic field."** This technique can provide insights
into the amino acid sequence, secondary structure, and inter-
molecular interactions. Notably, the detailed structures of
polypeptides comprising fewer than 30 amino acids can be
resolved using two-dimensional and three-dimensional NMR
methodologies, which are crucial for understanding the
spatial conformation of polypeptides and the nature of intra-
molecular hydrogen bonding.'*® Furthermore, by analyzing
parameters such as chemical shifts and coupling constants,
one can ascertain the types and sequences of amino acid resi-
dues, thereby confirming the primary structure of poly(amino
acids) and polypeptides. In addition, FTIR can be used to
identify various chemical bonds and functional groups in com-
pounds, and then determine the molecular structure. In the
study of poly (amino acid) and polypeptide, FTIR spectroscopy
can be employed to identify various chemical bonds and func-
tional groups within compounds based on their absorption
characteristics in the infrared spectrum. In the context of poly
(amino acids) and polypeptides, FTIR is primarily utilized to
analyze secondary structures.'*® For example, the examination
of the amide I band (1620-1690 cm™") allows for the determi-
nation of the relative proportions of o-helices, f-sheets,
random coils, and turns. The overlapping vibrational peaks
associated with these secondary structures within the amide I
band can be distinguished through mathematical techniques
such as deconvolution, facilitating the extraction of quantitat-
ive information regarding the secondary structure.

GPC serves as a method for determining molecular weight
by utilizing a polymer solution that is introduced into a
porous filler column. The retention times of molecules with
varying molecular weights differ within the column, facilitat-
ing their separation and subsequent molecular weight assess-
ment. This technique is particularly effective for poly(amino
acids) and polypeptides, allowing for rapid and precise deter-
mination of their average molecular weight and molecular
weight distribution. Such measurements are crucial for investi-
gating the degree of polymerization, chain length, and mole-
cular uniformity, making GPC a widely employed method for
characterizing the molecular weight of polymeric materials.*’

DSC and TGA are instrumental in evaluating molecular
stability. DSC assesses the thermal transformation behavior of
substances by measuring changes in heat flow during heating
or cooling, thereby providing insights into properties such as
melting point, glass transition temperature, and crystallization
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temperature.'*® For poly(amino acids) and polypeptides, DSC
is utilized to evaluate thermal stability, phase transition behav-
ior, and the strength of intermolecular interactions.'*’
Conversely, TGA measures the mass of a sample in relation to
temperature or time under programmed conditions, enabling
the analysis of thermal decomposition processes, thermal
stability, and the presence of moisture and volatile sub-
stances."” In the context of poly(amino acids) and polypep-
tides, TGA can ascertain decomposition temperatures and
thermogravimetric conditions, thereby informing on their
stability at elevated temperatures and offering guidance for
material processing, storage, and usage conditions.'**

Furthermore, mass spectrometry can be employed to deter-
mine the molecular weight, amino acid sequence, and modifi-
cations of poly(amino acids) and polypeptides by separating and
detecting samples based on the mass-to-charge ratio of ions.">
Circular dichroism chromatography is utilized to investigate the
three-dimensional structure, reaction kinetics, and confor-
mational changes of molecules in solution.'® X-ray crystallogra-
phy is a technique used to elucidate the structure of proteins,
allowing for the precise determination of the spatial arrange-
ment of atoms within crystals, thereby revealing the three-
dimensional structures of proteins and peptides.’** Additionally,
ultraviolet spectroscopy can provide information regarding the
solution conformation of biomacromolecules, requiring only
that the samples be in a solution state for analysis.">

6. Application of poly(amino acids),
peptides and their derivatives in drug
delivery

Poly(amino acids), peptides, and their derivative drug delivery
systems can significantly enhance the stability, bioavailability,
and targeting of drugs, while also reducing side effects and
improving therapeutic efficacy. Below are specific application
cases of poly(amino acid), peptide, and their derivative in the
delivery of small molecule drugs, nucleic acid drugs, peptide
drugs, and protein drugs.

6.1. Types of drugs loaded

6.1.1. Anti-cancer drug delivery. Cancer is the second
leading cause of death worldwide. The efficacy of many anti-
neoplastic drugs is often diminished by rapid blood clearance,
non-specific biodistribution, or inadequate accumulation and
retention at the tumor site.'>® Targeted delivery of peptide
anticancer drugs enhances the therapeutic efficacy of these
agents while minimizing damage to healthy cells. This is
achieved by conjugating the anticancer drug with a specific
peptide that enables precise targeting of cancer cells. An ideal
anticancer therapeutic agent should have the ability to selec-
tively destroy cancer cells without harming normal tissues.
Anti-cancer drug delivery refers to the precise administration
of an anti-cancer drug to a tumor site through various techno-
logical means and carrier systems. This approach aims to
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maximize the therapeutic efficacy of the drugs while minimiz-
ing the side effects on normal tissues. Specific methods for
drug delivery include the efficient encapsulation of drugs
using NPs and the targeted accumulation of these drugs at
tumor sites through modification techniques. These methods
encompass the use of vesicles composed of phospholipid
bilayers for drug encapsulation, as well as polymer micelles
that consist of both hydrophilic and hydrophobic chain seg-
ments to enhance the solubility and targeted delivery of poorly
soluble drugs. Additionally, network-structured hydrogels with
high water content can facilitate the localized slow release of
drugs via injection. The photothermal effect of metal NPs can
also be harnessed for tumor-targeted therapy, thereby enhan-
cing the anticancer effect. Shen et al. analyzed the typical
process of anticancer drug delivery using intravenously admi-
nistered drug-carrying nanocarriers. They concluded that the
delivery process consists of five steps: blood circulation,
tumor-site accumulation, intra-tumor penetration, intracellu-
lar internalization, and intracellular drug release. This
sequence is referred to as the CAPIR cascade (Fig. 11)."*’

The primary peptide-drug couplings utilized in anticancer
therapy include peptide-DOX couplings, peptide-paclitaxel
(PTX) conjugates, peptide-camptothecin (CPT) affixes,
peptide-platinum (Pt) drug couplings, peptide-vessel-disrupt-
ing agent (VDA) affixes, peptide-protein conjugates, and
peptide-gas molecule conjugates. For instance, Singer et al.
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designed poly(r-glutamic acid)-Gly-CPT conjugates to stabilize
the reactive lactone form of CPT and enhance its water solubi-
lity. In addition, linking CPT to high molecular weight anionic
polymers improved its solubility and increased tumor distri-
bution through the EPR effect.’*® Klein’s et al.'*® further devel-
oped the concept of PLG couplings of 20(S)-CPT to augment
the aqueous solubility of CPT, which demonstrated stability in
aqueous solutions at neutral pH and exhibited potent anti-
tumor activity in vivo. They also assessed the correlation
between PLG molecular weight, CPT loading, and solubility, as
well as the relationship between CPT-equivalent dosage and
the in vivo antitumor efficacy of various conjugates, ultimately
identifying the optimal conjugate composition.

The RGD (Arg-Gly-Asp) peptide specifically recognizes and
binds to integrin receptors on the surface of tumor cells. By
combining the peptide with the anticancer drug paclitaxel
(PTX), targeted delivery of the drug can be achieved, thereby
improving therapeutic efficacy and reducing side effects on
normal tissues. To address the limitations of PTX, such as
solubility, membrane permeability, and non-selective cyto-
toxicity, Deng et al. synthesized a “smart” PDC'®® (peptide-
drug coupling device) by linking PTX to a multifunctional
peptide that consists of a tumor-targeting peptide (TTP) and a
CPP. They constructed the TTP-CPP-PTX coupling, designated
LTP-1, which intelligently delivers PTX to cells overexpressing
the LHRH receptor. LTP-1 demonstrates a two-fold increase in

The CAPIR Cascade of Cancer Drug Delivery

Penetration

Fig. 11 Overview of the 2R2SP requirement for nanocarriers with high overall delivery efficiency and the 3S transition in the CAPIR cascade.
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cellular uptake compared to PTX and exhibits enhanced cyto-
toxicity, with an IC50 of 3.8 nM (compared to 6.6 nM for PTX).
Additionally, LTP-1 shows reduced cytotoxicity to normal cells
and has the capability to overcome PTX resistance.
Furthermore, the in vivo antitumor efficacy of LTP-1 surpasses
that of PTX, without significant toxicity. Zhang et al. syn-
thesized an amphiphilic triblock copolymer methoxy poly
(ethylene glycol)-block-poly(r-glutamic acid)-block-poly-
(y-propargyl-i-glutamate) (mPEG-b-PLGA-b-PPLG). The PLGA
block of mPEG-b-PLGA-b-PPLG was modified with dopamine
containing catechol groups through an amidation reaction,
while the PPLG block was modified with a small tertiary amine
molecule via a click reaction, resulting in a novel triblock copo-
lymer, mPEG-b-PGCA-b-PGTA. This new copolymer could sim-
ultaneously load phenylboronic acid-modified ribonuclease A
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(RNase A) and hydrophobic DOX through pH-reversible
phenylboronic acid-catechol linkages and hydrophobic inter-
actions, respectively. The dual-drug-loaded NPs facilitate
efficient delivery of both agents to tumor sites, exhibiting high
systemic stability and enabling low-pH and ROS-triggered
cooperative release of DOX and RNase A within tumor cells,
leading to enhanced combined anticancer efficacy (Fig. 12).""

6.1.2. Antibiotic delivery. Using peptide NPs as carriers for
antibiotics, the encapsulation of these drugs within peptide
NPs through electrostatic interactions can significantly
enhance their solubility and bioavailability. This method also
protects the antibiotics from degradation by in vivo enzymes,
thereby prolonging their half-life and improving drug stability.
For instance, encapsulating vancomycin in peptide NPs can
amplify its efficacy against drug-resistant bacteria.

Fig. 12 Schematic illustration of MPEG-b-PGCA-b-PGTA mediated intracellular codelivery of RNase A and DOX for combination cancer therapy.'6*

Copyright 2020, John Wiley and Sons.
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The design of CPP-antibiotic couplers has primarily been
based mainly on HIV-TAT peptides or their analogues, the
usually arginine-rich peptides with short side chains.'¢*7¢*
These CPPs enter cells through a complex mechanism, which
results in low membrane permeability and limited drug deliv-
ery efficacy. In response to these challenges, Jiang et al.'®®
developed a class of structurally simple yet highly membrane-
permeable CPPs that exhibited 100-fold greater membrane per-
meability than conventional CPPs, such as TAT and oligoargi-
nine, as along with an unprecedented membrane penetration
mechanism. Upon approaching the cell membrane, CPPs
begin to adhere to the cell membrane through interactions
between their peptide surface charges and the membrane’s
surface charge. They gradually reorient themselves orthog-
onally, allowing more charged side chains to make contact
with the cell membrane. Following this initial adhesion, CPPs
redistribute their surface charge to one side and penetrate the
membrane orthogonally, with the exposed hydrophobic side
facing the lipid interior. Given that the lengths of their side
chains are comparable to the thickness of the lipid bilayer,
and considering the driving force provided by the negatively
charged inner leaflet, the side chains can facilitate further
charge redistribution by tunneling their charged groups from
the outer leaflet to the inner leaflet, ultimately resulting in
complete membrane penetration.'®

6.1.3. siRNA delivery. Over the past few decades, oligonu-
cleotides, including small interfering RNA (siRNA), microRNA
(miRNA), and short hairpin RNA (shRNA), have been intro-
duced into cells with the goal of preventing, halting, or rever-
sing diseases, such as cancer.'®® While siRNAs are promising
tools for elucidating disease mechanisms and developing
therapies, a fundamental challenge in gene delivery is the cre-
ation of safe and effective delivery systems.'®” Successful
siRNA delivery necessitates an appropriate carrier system that
facilitates the transport of siRNA, protects it from environ-
mental degradation, and enhances intracellular uptake
through controlled release.'®® Peptide NPs are widely utilized
for siRNA delivery due to their effectiveness. Peptides can
efficiently shield siRNA from nuclease degradation in vivo and
promote its entry into target cells. For example, Saikat Biswas
et al.'® designed a novel pentapeptide (RAFRGD) using a
highly stable self-assembled dipeptide template that incorpor-
ated arginine-o,f-dehydrophenylalanine (RAF) and the tripep-
tide arginine-glycine-aspartic acid (RGD), which played a
crucial role in the cell adhesion process. Ultimately, this
approach was characterized, yielding improved results.

6.1.4. Gene editing. Gene editing is a technology that
enables precise modifications of genome sequences and is
widely utilized in biomedical research, gene therapy, agricul-
ture, and various other fields. This technology allows for the
insertion, deletion, or replacement of specific DNA sequences
to correct gene mutations, investigate gene function, or
enhance biological traits. The efficient delivery of gene editing
tools is crucial for successful outcomes. Traditional delivery
methods often face limitations regarding safety and efficiency.
Consequently, poly(amino acid) and peptide-based delivery
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systems have emerged as significant research avenues for the
delivery of gene editing tools, owing to their unique advan-
tages. For example, positively charged polylysine can form
complexes with negatively charged nucleic acid drugs to
protect the nucleic acid drugs, protecting them from degra-
dation and facilitate their entry into cell interior for gene
therapy and gene editing. These polymers can effectively safe-
guard nucleic acid molecules and promote their cellular
uptake.

The application of peptides in gene editing is primarily
demonstrated through their uses carriers for delivering gene
editing tools into target cells. One significant application of
peptide drug delivery systems in the delivery of the CRISPR/
Cas9. Researchers utilize peptide NPs to transport the CRISPR/
Cas9 components into target cells for gene editing. For
example, the delivery of Cas9 nuclease and single guide RNA
(sgRNA) using peptide-modified NPs has proven effective in
modifying target genes for the treatment of genetic diseases.
Ramakrishna et al.'’® demonstrated that a simple treatment
involving recombinant Cas9 protein, coupled with CPP and
CPP-complexed guide RNA, results in endogenous gene disrup-
tion in human cell lines. In this process, the Cas9 protein
binds to the CPP via thioether bonding, while the guide RNA
is complexed with the CPP to form cohesive, positively charged
NPs.

Poly(i-lysine) (PLL) is one of the most widely utilized
gene vectors. PLL is a polypeptide synthesized through ring-
opening polymerization, using e-benzyloxycarbonyl-r-lysine
N-carboxyanhydride (Lys(Z)-NCA) as the monomer."”*
Research demonstrated that exogenous DNA could be specifi-
cally delivered into hepatocellular carcinoma cells using an
asialo-orosomucoid-PLL copolymer with transfection capabili-
ties. However, the relatively high toxicity and low transfection
efficiency of PLL, particularly due to its large molecular
weight, have limited its applications. The incorporation of
hydrophobic groups into PLL can enhance its cellular uptake.
Clements et al. developed an amphiphilic vector by substitut-
ing PLL with palmitic acid (PLL-Pa). Compared to PLL, PLL-Pa
exhibited significant intracellular transport in bone marrow
stromal cells (BMSC) and demonstrated markedly higher trans-
fection efficiency.'”> Kataoka et al. created redox-sensitive
multi-ion complex micelles through spontaneous nuclear
cross-linking of thio-PEG-b-PLL and antisense oligodeoxynu-
cleotides (ODN). The stability of ODN against nuclease degra-
dation within the micelles was significantly enhanced, allow-
ing for efficient release in the intracellular environment.'”?
Maruyama et al. showed that by grafting PEG onto the side
chain of PLL increased circulatory lifespan and tumor without
compromising siRNA activity.'”* On the one hand, PEGylation
enhances the stability and circulation time of cationic NPs in
the blood circulation. On the other hand, polyethylene glycoli-
sation may also diminish cellular uptake and endosomal
escape.'”” To address these challenges, Christie et al. modified
PEG-PLL with cyclic arginine-glycine-glutamate peptide
(cRGD), which binds to a variety of tumor-overexpressed integ-
rin receptors, yielding improved results."”®
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Glioblastoma remains the most resistant malignant brain
tumor due to the lack of effective therapeutic genes and drug
delivery systems, particularly outside the tumor islands.'””"'”®
Y. S. Malik et al.'”® used non-viral agents, such as polylysine-
modified polyethyleneimine (PEI-PLL) copolymers, to generate
genetically engineered mesenchymal stem cells (MSCs) con-
taining suicide genes, such as HSV-TK and TRAIL. This study
suggested a promising non-viral approach for developing cell-
based therapeutic treatments for gliomas. Furthermore, Lin
et al.'®® employed methoxy polyethylene glycol (MPEG) conju-
gated to arginine-functionalized poly(i-lysine) dendrimer
(PLLD-Arg) through a click reaction. They subsequently syn-
thesized MPEG-PLLD-Arg interacting with a-cyclodextrin
(a-CD) to form a supramolecular hydrogel via host-guest inter-
actions. This hydrogel demonstrated highly efficient and sus-
tained gene transfection of the cells tested, outperforming
PEI-25k.

6.1.5. Peptide hormone delivery. Peptide hormones are
susceptible to degradation by enzymes in the body, so employ-
ing peptide delivery systems can enhance their stability and
bioavailability. In addition, these systems can minimize the
distribution of peptide hormones to non-target tissues,
thereby reducing systemic side effects. For example, hypoxia-
sensitive PEG-b-P(GIn(Deta-NBCF)) micelles loaded with cyto-
chrome C demonstrate a more pronounced cytotoxic effect on
hepatocellular carcinoma cells (HepG2) under hypoxic con-
ditions, attributed to the activation of the cell death pathway
by cytochrome c (CC).'®' Furthermore, in diabetic mice,
insulin encapsulated in the P(Glu-co-GIn(Ts))/PLys polyelectro-
lyte intercalation complex exhibited significant colonic per-
meability and effectively lowered glucose levels.'®*

6.1.6. Antimicrobial peptide delivery. Antimicrobial pep-
tides (AMPs) are a class of peptides known for their broad-
spectrum antimicrobial activity, which can be further
enhanced through peptide drug delivery systems. For instance,
AMP/CPP modulates autophagy, subsequently influencing the
immune system’s response. In addition, AMPs play a crucial
role in establishing the microbiota, which is vital for various
human behaviors and health aspects. Consequently, AMPs
and CPPs are multifunctional peptides that regulate two criti-
cal components of our body that are essential for our health:
autophagy and microbiota.'®?

Iudin and Vasilieva et al. demonstrated the suitability of
PGlu-containing NPs for capturing positively charged peptide
antibiotics, such as polymyxins, through electrostatic inter-
actions or covalent coupling.'® In all cases, the physically
loaded antibiotics retained their antimicrobial properties at
the free drug level, while the amide-linked conjugates exhibi-
ted reduced activity. Furthermore, all encapsulated forms of
polymyxins displayed lower cytotoxicity against human
embryonic kidney cells (HEK 293) compared to free cationic
polymyxins. Liu et al.'®® selected the less cytotoxic anti-
microbial peptide MP, coupled with the CPP Antp, and
observed the changes in the cell-killing activity of the fusion
peptide. They found that the uncoupled antimicrobial peptide
MP and the CPP Antp did not exhibit any significant killing
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effect on the tumor cells. In contrast, the fusion peptide
MPGA, which was formed by coupling the two peptides,
demonstrated a strong tumor cell-killing effect by disrupting
cell membranes. This suggests that coupling antimicrobial
peptides with CPPs can significantly enhance their cytotoxicity,
potentially providing a promising avenue for the development
of novel antitumor drugs.

6.1.7. Enzyme delivery. Enzymes are vulnerable to inacti-
vation or degradation within the body’s environment. Peptide
drug delivery systems can be employed to ensure stable deliv-
ery and maintenance of enzyme activity. These systems provide
enhanced protection for enzymes against recognition and
elimination by the body’s immune system, thereby mitigating
immune responses. For example, researchers have developed
the use of peptide NPs to deliver enzyme drugs, such as super-
oxide dismutase (SOD), for the treatment of diseases related to
oxidative stress.

6.1.8. Antibody drug delivery. Peptide NPs have also been
utilized for antibody drug delivery. By conjugating peptide NPs
with antibodies, the stability and targeting capabilities of the
antibodies can be enhanced, while minimizing the distri-
bution of antibody drugs in non-target tissues and reducing
systemic side effects. For instance, the combination of an anti-
HER2 antibody with peptide NPs can improve the targeting
efficacy of the antibody on HER2-positive tumor cells. Li
et al.'®® designed a recombinant protein, LP-scFv, which incor-
porates the single-chain variable region of the anti-human epi-
dermal growth factor receptor-2 along with a novel non-oxyge-
nated CPP as a lead peptide. The results indicated that the
introduction of this lead peptide led to more than a two-fold
increase in the internalization efficiency of single-chain
antibodies.

6.1.9. Vaccine delivery. Poly(amino acid) materials have a
wide range of applications in vaccine delivery. The use of poly
(amino acid) materials as carriers allows for the efficient deliv-
ery of vaccine components to targeted sites in the body,
thereby inducing an immune response. By carefully designing
the structure of poly(amino acids), it is possible to achieve
several advantages, including poly(amino acid) protection of
vaccine components, controlled release, targeted delivery, bio-
compatibility, and degradability, all of which enhance the
immune response.

Poly(amino acids), such as polyglutamic acid (PGA) and
polytyrosine (PTY), have also been investigated for their poten-
tial use in vaccine delivery systems to enhance antigen stability
and immunogenicity. Zhang et al.'®” explored the feasibility of
NP-mediated antigenic peptides to efficiently induce cytotoxic
T-lymphocyte responses to tumor-associated autoantigens in a
C57BL/6 mouse model. They prepared biodegradable poly(p,t-
lactide-co-glycolide) nanoparticle (PLGA-NP) carrying murine
melanoma antigenic peptides, hgp100 and TRP, were
prepared using a double-emulsification method, demonstrat-
ing the viability of NP-mediated antigen delivery for cancer
immunotherapy. M. Chiba et al.'®® developed polymeric micro-
spheres capable of controlled release of macromolecules over
periods ranging from days to more than a month. These poly-
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mers are particularly effective for the controlled delivery of
vaccine antigens due to the incorporation of the immune adju-
vant L-tyrosine into their backbone.

6.2. Enhance the therapeutic efficacy of drugs

6.2.1. Improving immunogenicity and biocompatibility.
The immunogenicity and biocompatibility of vector systems
are critical considerations in the design of drug delivery
systems, as they significantly influence both safety and
efficacy. Generally, poly(amino acids), polypeptides, and their
derivatives exhibit favorable biocompatibility. The degradation
products of these materials in vivo are typically non-toxic
amino acids, which tend to elicit fewer adverse effects on the
organism.>” However, certain poly(amino acids) and polypep-
tides may themselves be immunogenic, especially if they are
not modified or optimized. Furthermore, certain poly(amino
acids) and polypeptides demonstrate relatively low immuno-
genicity due to their structural similarity to natural biological
components.'®® T However, it is important to note that some
poly(amino acids) and polypeptides may possess immuno-
genic properties, particularly if they are unmodified or inade-
quately optimized. Such materials may be identified by the
immune system as foreign entities, thereby provoking an
immune response. Consequently, the utilization of poly(amino
acids) and polypeptides, along with their derivatives, is of para-
mount importance in drug delivery applications aimed at
minimizing drug immunogenicity and enhancing biocompat-
ibility. To achieve this, immunoinert groups are often incor-
porated into the design.'®® For instance, PEG chains are fre-
quently conjugated to the surfaces of poly(amino acids) or
polypeptide carriers, resulting in PEG-modified drug delivery
systems. PEG is characterized by its excellent hydrophilicity
and biocompatibility, forming an “invisible” protective layer
that mitigates direct interactions between the drug and the
immune system, thereby reducing immunogenicity.'*!
Additionally, other immune-inert groups, such as methyl and
ethyl alkyl groups, can be integrated into the molecular frame-
work of poly(amino acids) or polypeptides.'®> These alkyl
modifications can alter the surface characteristics of the mole-
cules, as they possess smaller steric hindrance and lower
polarity, which may diminish interactions with immune cells
and enhance the stability of the carriers against enzymatic
degradation. For example, methylated polyglutamate has been
identified as an effective drug carrier with low immunogenicity
and commendable biocompatibility.">® Moreover, other poly-
mers such as polyethylene oxide (PEO)"** and poly(2-methyl-2-
oxazoline) (PMeOx)"**'® also exhibit favorable hydrophilicity
and biocompatibility, contributing to the reduction of immu-
nogenicity in poly(amino acid) or polypeptide carriers.
Structural optimization of the carrier is another strategy to
mitigate immunogenicity and enhance biocompatibility,
which involves selecting poly(amino acids) or polypeptides
with appropriate molecular weights and narrow molecular
weight distributions. Generally, carriers with lower molecular
weights and uniform distributions are more readily metab-
olized and cleared by the body, thus decreasing immunogeni-
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peptides can be adjusted to create specific secondary struc-
tures, such as a-helices or p-sheets, which may exhibit reduced
immunogenicity or influence drug release characteristics, ulti-
mately leading to diminished immune responses and
improved biocompatibility.'*®

6.2.2. Controlled release profiles and construction of
stimulus reactivity. In conventional drug delivery systems,
such as standard capsules or tablets, the mechanism of drug
release predominantly relies on passive diffusion.’®® The
release rate is primarily influenced by the concentration gradi-
ent of the drug and the physical characteristics of the dosage
form. This method of release poses challenges in achieving
precise targeting of specific sites, resulting in a relatively
uniform distribution of the drug throughout the body.
Consequently, this uniformity can lead to undesirable accumu-
lation of the drug in non-target tissues, thereby increasing the
likelihood of adverse side effects. Recent advancements in con-
trolled polymerization chemistry have facilitated the seamless
integration of polypeptides with other materials, enabling the
synthesis of heterogeneous structures that exhibit improved
functional self-assembly and controlled release properties.**°
Smart responsive peptide drug delivery systems can react to
external environments such as low pH,**' temperature,
enzymes, and low oxygen concentrations,?®* thereby facilitat-
ing the controlled release of drugs. There are two primary strat-
egies for constructing stimuli-responsive peptide nanocarriers.

The first advancement involves the introduction of blood-
stable yet intracellularly unstable bonds in peptide-drug coup-
lings. This includes acid-unstable bonds, such as hydrazine or
benzoic acid imine, which respond to lysosomal acidity I as
well as glutathione (GSH)-sensitive disulfide bonds>***°* that
react to elevated GSH levels in tumor cells.>®® Hoang et al. syn-
thesized a ROS-responsive poly(ethylene glycol)-poly(methion-
ine) and prepared micelles through the self-assembly of the
hydrophobic pro-oxidant drug piperamide.’*® Increased ROS
levels in cancer cells triggered a transition of the peptide from
hydrophobic to hydrophilic, leading to the disassembly of the
micelles and resulting in effective drug release and enhanced
anticancer efficacy.

The second strategy involves the capacity of peptides and
poly(amino acids) to facilitate targeted drug release in
response to environmental changes or specific cellular
markers. These advanced drug delivery systems can identify
particular conditions within the disease microenvironment,
allowing for precise drug release at the target site. This
approach maximizes therapeutic efficacy while minimizing
side effects.

6.2.2.1. Targeted release based on pH response. Poly(amino
acids) and polypeptides are complex biological macro-
molecules comprised of amino acid residues, characterized by
a diverse array of ionizable functional groups, including amino
and carboxylic groups. The ionization state of these functional
groups is influenced by the pH of the surrounding environ-
ment, which in turn affects the electrostatic interactions
among molecular chains. Specifically, in polypeptides that
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contain histidine residues, the imidazole side chain of histi-
dine (with a pK, of approximately 6.0) is partially protonated at
physiological pH (7.4). As the ambient pH decreases towards
the pK, value, the degree of protonation of histidine residues
increases, resulting in altered electrostatic repulsion or attrac-
tion between polypeptide chains, which subsequently modifies
the structural configuration of the carrier.>®” variations in pH
can induce significant structural transformations. Under
acidic conditions, the protonation of amino groups enhances
electrostatic repulsion between molecular chains, leading to
an expansion of the carrier. Conversely, under alkaline con-
ditions, this effect is reversed.?® Such volumetric changes can
influence the encapsulation and release dynamics of drugs.
For instance, if a drug is physically embedded within the
carrier, the expansion of the carrier may facilitate the opening
of release channels, thereby promoting drug release.
Additionally, fluctuations in pH can trigger depolymerization
or polymerization processes in poly(amino acids) or polypep-
tides. Aggregates stabilized by hydrogen bonds or electrostatic
interactions may be disrupted by changes in pH, resulting in
depolymerization and subsequent drug release.>®® For
example, poly(amino acid) complexes that rely on acid-base
interactions may undergo depolymerization when the pH
shifts, disrupting the acid-base equilibrium. Furthermore,
certain pH-sensitive poly(amino acids) and polypeptides may
experience hydrophilic transformations. In acidic environ-
ments, their hydrophilic properties are enhanced due to proto-
nation, while in alkaline conditions, hydrophilicity diminishes
and hydrophobicity increases. This alteration in hydrophilicity
significantly impacts the interactions between the drug and
the carrier, as well as the carrier’s interactions with the sur-
rounding environment, thereby regulating the drug release
process.

Therefore, poly (amino acid) materials can be designed to
be PH sensitive, allowing targeted release of drugs in specific
acidic and alkaline environments. This responsiveness ensures
that the drug is released at the desired site, thereby minimiz-
ing systemic side effects. For example, Shen et al.*'° developed
a series of poly(amino acid) polymers that achieved an acceler-
ated cumulative release rate of NPs as the pH decreased,
demonstrating a significant targeted release effect. The syn-
thesis of these materials and the preparation of NPs offer inno-
vative approaches in the field of sustained drug release.

The primary disadvantage of conventional chemotherapy is
its inability to selectively target cancer cells, resulting in
damage to normal, healthy cells. The extracellular pH is 7.4,
whereas in tumor cells, due to rapid and frequent cell prolifer-
ation and lactic acid accumulation lower the pH to between 5
and 6.>'" A pH-responsive carrier molecule that specifically
responds to acidic conditions may provide an effective means
of precisely delivering drugs within the tumor microenvi-
ronment, thereby enhancing cytotoxicity against cancer cells.
This approach must also consider the varying pH levels in
different regions of the gastrointestinal tract, including the
stomach, duodenum, jejunum, ileum, and vagina, to ensure
optimal drug uptake at the corresponding sites.***"*!* The
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introduction of aspartic acid (Asp) or glutamic acid (Glu) into
peptides, with the pK, of the side carboxyl group in the pH 4
region resulting in NPs capable of releasing drugs in the acidic
extracellular environment of tumor tissue (pH 5.5-6.0).>"
Zhong et al. synthesized pH-responsive block polymers com-
posed of polyethylene glycol (mPEG) and poly(asparagyl diiso-
propylethylenediamine-co-phenylalanine) (P(Asp(DIP)-co-Phe)),
which can self-assemble into nanovesicles that encapsulate the
hydrophilic drug tirapamine and the hydrophobic photosensi-
tizer dihydroporphyrin.**® Due to the pH sensitivity of the
diisopropylethylenediamine fragments, these nanovesicles dis-
integrate after 24 hours of incubation in a 10 mM phosphate
buffered saline (PBS) solution at pH 5.0, facilitating the release
of the encapsulated active ingredients.

For example, Li et al. developed a multifunctional cationic
hydrogel designed for synergistic antibacterial therapy that is
responsive to cationic stimuli, pH changes, and near-infrared
(NIR) light, specifically for the treatment of bacterial-infected
wounds (Fig. 13).>"” The hydrogel matrix was created by cross-
linking quaternary ammonium/boronic acid-modified poly
(aspartic acid) (QPABA) and poly(vinyl alcohol) (PVA) with the
RWRWRW-NH, peptide (MP196) linked to PDA NPs. The gela-
tion time was recorded at 30 seconds. The incorporation of
phenyl boronic ester bonds facilitated pH-triggered dis-
sociation in the acidic environment characteristic of bacterial
infections. The developed hydrogel demonstrated high in vivo
antibacterial efficacy, achieving nearly 100% effectiveness
when combined with NIR light exposure.

6.2.2.2. Targeted release based on temperature response.
Some poly(amino acids) undergo phase transitions from
hydrophobic to hydrophilic or from gel state to solution state
over a certain temperature range. This phase transition can
facilitate the release of the drug from the carrier. For example,
when the temperature rises above a certain threshold, poly
(amino acid) micelles, or NPs, break down, releasing encapsu-
lated drugs. Furthermore, alterations in temperature can
induce modifications in the molecular conformation of poly
(amino acids) and polypeptides.>'® At lower temperatures, the
molecular chains exhibit an extended configuration, creating
sufficient internal space to accommodate drug molecules. As
the temperature increases beyond a certain threshold, the
molecular chains undergo contraction, resulting in a reduction
of the internal space, which subsequently leads to the expul-
sion of the drug molecules.*'® Additionally, the conformation-
al changes in the molecules can influence the hydrophilicity of
the carrier, thereby modulating the interactions between the
drug and the carrier, as well as between the carrier and its sur-
rounding environment, ultimately governing the drug release
process.>*°

Since tumor tissue tends to be slightly hotter than sur-
rounding healthy tissue, typically displaying a 1-2 °C tempera-
ture difference, this variation provides a natural targeting
advantage for temperature-responsive drug release. Drug deliv-
ery systems can be designed to respond to this slight tempera-
ture increase by selectively acting on the tumor site or by exter-
nal means that can precisely control the temperature increase
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Fig. 13 Schematic representation of pH-responsive QPABA/PVA hydrogel with encapsulated NIRresponsive MP196@PDA NPs as a wound treatment
material for antibacterial therapy. Reproduced with permission of Elsevier from ref. 217. Copyright 2023, Elsevier.

in the tumor area. A notable example is polyn-isopropyl-
acrylamide (PNIPAM), a classic low-critical solution tempera-
ture (LCST) type temperature-responsive polymer that often
binds to poly(amino acids) or peptides. When the temperature
rises to the lowest temperature (usually around 32° C),
PNIPAM changes from water soluble to hydrophobic, which
triggers shrinkage or aggregation of the material, leading to
drug release.”" The realization of the temperature-sensitive
mechanism includes physical mixing, in which drugs and
temperature-sensitive poly(amino acids) or polypeptides are
loaded into the carrier through physical mixing. Or the drug is
chemically coupled to temperature-sensitive poly(amino acids)
or polypeptides. This temperature-responsive property high-
lights their great potential for use in temperature-sensitive
drug delivery against tumors.

6.2.2.3. Enzyme-based response release. The enzymatic sen-
sitivity of poly(amino acids) and polypeptides is contingent
upon the precise recognition between the enzyme and its sub-
strate. In vivo, a diverse array of enzymes exists, each character-
ized by a unique recognition sequence and active site. For
instance, matrix metalloproteinases (MMPs) possess the ability
to identify and cleave specific amino acid sequences, such as
glycine-proline-leucine-glycine-isoleucine-alanine (GPLGIA).
When a poly(amino acid) or polypeptide drug carrier incorpor-
ates the recognition sequence of these enzymes, it becomes

3572 | Nanoscale, 2025, 17, 3549-3584

susceptible to enzymatic action. The enzymatic activity on poly
(amino acids) or polypeptides primarily involves the hydrolysis
of peptide bonds.**?
specific peptide bond within the carrier, the molecular archi-

Upon recognition and cleavage of a

tecture of the carrier undergoes alteration. Such structural
modifications may manifest as the fragmentation of molecular
chains, conformational adjustments, or the emergence of new
reactive termini. For example, when an enzyme cleaves a poly-
peptide carrier at a central location, the previously continuous
molecular chain is divided into two segments, potentially
resulting in the opening of the drug delivery channel encapsu-
lated within or altering the interaction between the carrier and
the drug, thereby facilitating drug release.*® By leveraging the
degradation of these polymers through specific enzymes
present in the biological milieu, enzymatic reactivity governs
the release of drugs from poly(amino acids). This mechanism
ensures that drug release is preferentially activated at patho-
logical sites enriched with enzymes, such as tumors or
inflamed regions. This can be accomplished by integrating
enzyme-sensitive segments into poly(amino acid) materials,
such as polymers that contain specific amino acid sequences
amenable to recognition and degradation by endogenous
enzymes, thus enabling the release of encapsulated thera-
peutics.”**
including nanoparticles, micelles, or hydrogels, can enhance

Furthermore, the design of carrier architectures,
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the efficacy of drug release at sites
degradation.>*°

In various pathological conditions, the expression and
activity of enzymes in affected tissues exhibit significant devi-
ations from those in healthy tissues. For instance, in the
context of tumors, both tumor cells and adjacent stromal cells
produce substantial quantities of MMPs, which facilitate the
invasion and metastasis of cancer cells.*>® To enhance the tar-
geted delivery of therapeutics to tumor tissues, enzyme-sensi-
tive poly(amino acid) or polypeptide carriers are employed.
These carriers are designed to release the drug upon cleavage
by specific enzymes present in the tumor microenvironment,
thereby improving the drug’s utilization at the tumor site
while minimizing adverse effects on normal tissues.*”® Within
cellular compartments, various enzymes, such as acid hydro-
lases found in lysosomes, play a crucial role. Upon the endocy-
tosis of the drug carrier, it is transported into endosomes and
lysosomes. Enzyme-sensitive poly(amino acid) or polypeptide
carriers can exploit lysosomal enzymes to facilitate drug
release intracellularly. For example, a polypeptide carrier
engineered to release drugs in response to lysosomal enzymes
encapsulates gene therapeutics. When this carrier reaches the
lysosome, it is cleaved by lysosomal enzymes, allowing the
gene drug to be released, thus preventing excessive degra-
dation by nucleases present in the lysosomal environment and
enhancing the efficiency of gene transfection.””” Considering
the intricate enzymatic landscape within biological systems,
some drug carriers are designed to be substrates for multiple
enzymes.””® This design strategy ensures that under varying
physiological or pathological conditions, the presence and
activity of any one of these enzymes can initiate drug release.
Such a mechanism enhances the flexibility and adaptability of
drug delivery systems.

6.2.2.4. Response release based on redox reactions. In vivo,
different tissues, cells and cellular organelles have different
redox environments. For example, the cytoplasm inside the
cell is usually in a relatively reductive environment, while the
extracellular environment and certain organelles (such as
mitochondria) may have a high oxidation potential.>*® This
difference in redox environment provides a physiological basis
for designing redox sensitive drug delivery vectors.

The redox sensitivity of poly(amino acids) and polypeptide
drug delivery carriers is mainly achieved by introducing
specific redox sensitive groups. These groups can undergo bio-
chemical structural changes under oxidation or reduction con-
ditions, such as disulfide bonds (-S-S-). Disulfide bond is the
most common redox sensitive group. In drug delivery vehicles,
disulfide bonds can link molecular chains of poly(amino
acids) or polypeptides, or they can be used to link drugs to car-
riers.”>* When the carrier enters the reducing environment
within the cell (such as the cytoplasm), the disulfide bond is
reduced and broken.>*" For example, a polypeptide nanocaller
containing disulfide bonds encapsulates an anticancer drug.
In the extracellular environment, the disulfide bonds remain
stable and the drug is encapsulated inside the carrier. When
the nanocarriers enter the cell through endocytosis, the di-

of enzymatic
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sulfide bond breaks, the structure of the nanocarriers disinte-
grates, and the drug is released under the reducing environ-
ment of the cytoplasm. In addition, polyglutamic acid and
polylysine containing disulfide bonds can be rapidly degraded
in an intracellular reducing environment to release active drug
molecules.”*® Hu et al.** developed a series of innovative poly
(amino acid) materials that create drug-carrying NPs through
physical encapsulation and chemical bonding.

Redox sensitive drug delivery vectors can effectively achieve
intracellular targeted delivery. Due to the differences in the
redox environment inside and outside the cell, this vector can
remain stable outside the cell, while releasing drugs after
entering the cell, especially in the reducing environment
inside the cell. This is very important for drugs that need to
play a role in the cell (such as gene drugs, protein drugs, etc.),
which can improve the efficiency of drug release in the cell
and avoid the drug being degraded or inactivated by early
release outside the cell. The redox status of tumor tissues is
also different from that of normal tissues. The redox balance
within tumor cells is often disrupted and often has high levels
of glutathione (GSH), an important reducing agent.>** Taking
advantage of this feature, redox sensitive poly(amino acids) or
polypeptide carriers can target drug delivery into tumor cells
for release. For example, drug carriers containing disulfide
bonds are designed so that under the action of high concen-
tration of GSH in tumor cells, disulfide bonds are broken and
drugs are released, improving the killing effect of drugs on
tumor cells while reducing the impact on normal tissues.>*

6.2.3. Improve drug encapsulation efficiency and stability.
Conventional drug delivery methods often provide inadequate
protection for certain bioactive compounds. For instance, bio-
active drugs, particularly proteins and nucleic acid-based
therapeutics, are susceptible to enzymatic degradation within
the body, which can occur prior to their arrival at the intended
target cells. This degradation diminishes the therapeutic
efficacy of these agents.>*® In contrast, poly(amino acids) and
polypeptide carriers have been shown to enhance drug stability
by either physically embedding the drugs or chemically
binding to them.'® The molecular architecture of these car-
riers offers a degree of protection against enzymatic degra-
dation, thereby potentially improving the delivery and effec-
tiveness of the therapeutic agents.

Poly(amino acids) and polypeptides possess the ability to
self-assemble into nano-sized carriers, thereby enhancing the
encapsulation capacity for pharmaceuticals.*®*” By manipulat-
ing polymerization conditions or through strategic molecular
design, the dimensions of these carriers can be accurately tai-
lored. For instance, block copolymers derived from poly(-glu-
tamic acid) (PGA) and poly(r-lysine) (PLL) can spontaneously
form nanomicelles in aqueous environments.>*® The nanomi-
celle’s core is hydrophobic, allowing for the effective encapsu-
lation of hydrophobic drugs, such as paclitaxel. Typically,
these carriers exhibit particle sizes ranging from 10 to
1000 nm, which not only optimizes encapsulation efficiency
but also facilitates the circulation and distribution of the car-
riers within biological systems. Furthermore, nano-sized
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vectors can accumulate in tumor tissues due to the enhanced
permeability and retention (EPR) effect.”*® The larger vascular
endothelial spaces characteristic of tumor tissues enable these
nanocarriers to infiltrate more readily and persist within the
tumor environment, thereby facilitating localized drug release
and indirectly enhancing the effective utilization of therapeutic
agents.**°

The incorporation of hydrophobic groups into poly(amino
acids) or polypeptides has been shown to enhance the capacity
for hydrophobic drug encapsulation.>** Concurrently, the self-
assembly properties of the carrier can be modified to further
optimize drug encapsulation efficacy. For certain insoluble
pharmaceuticals, such chemically modified carriers can sig-
nificantly enhance both the solubility and stability of the
drug.”* For instance, the encapsulation of the poorly soluble
anticancer agent camptothecin within a modified poly(amino
acid) carrier not only increases the drug’s encapsulation
efficiency but also mitigates the rapid precipitation and degra-
dation of the drug in aqueous environments.>** In the case of
protein therapeutics, a viable strategy involves conjugating
them to polypeptide carriers via amide bonds. An illustrative
example is the linkage of insulin to a poly(r-histidine)-poly(r-
lysine) (PH-PLL) carrier through an amide bond, which not
only safeguards insulin from proteolytic degradation but also
facilitates its release in an appropriate milieu (such as an
acidic intestinal environment or within cells) due to the pH-
responsive characteristics of the carrier. This approach
enhances both the encapsulation efficiency and stability of the
drugs.
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7. Pharmacological mechanisms of
poly(amino acid) and peptide delivery
systems

7.1. Mode of administration

Due to the specific structure of poly(amino acids) and pep-
tides, their delivery must overcome the body’s degradation and
clearance mechanisms. Poly(amino acid) and peptide drug
delivery systems can be utilized in various modes, including
oral, intravenous, intramuscular, pulmonary, ocular, and
transdermal routes. The most suitable delivery strategy is
selected based on the type of disease types and therapeutic
needs. The selection and optimization of each delivery method
depend on the physicochemical properties of the drug as well
as the requirements of the targeted therapy. When combined
with the design of the carrier system, these factors can signifi-
cantly enhance the drug’s bioavailability and therapeutic
efficacy.

7.1.1. Oral administration. Oral drug delivery is the most
commonly utilized method and offers the best patient compli-
ance. However, due to the biomacromolecular structure of poly
(amino acids) and peptides, these compounds are prone to
enzymatic degradation and are adversely affected by the acidic
environment of the gastrointestinal tract, leading to low drug
bioavailability (Fig. 14). Consequently, oral delivery presents
significant challenges. Nevertheless, the stability and absorp-
tion of drugs can be enhanced through improved carrier
design and delivery systems. Strategies include the use of
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Fig. 14 Biochemical and physical barriers to oral drug delivery, and intestinal mucosal structures with major intestinal cell types.?*® Copyright 2022,

Theranostics.
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chemical modifications of poly(amino acids) and peptides to
increase their resistance to enzymatic degradation, as well as
encapsulating the drug within nanocarriers to shield it from
degradation in the gastrointestinal tract.”** Li et al.>*® devel-
oped a novel self-assembled core-shell nanosystem (CA-NP)
aimed at addressing three significant challenges associated
with oral drug delivery: gastric acid degradation, mucus clear-
ance, and intestinal epithelial impermeability. The nano-
system features a shell composed of citric acid crosslinked car-
boxymethyl cellulose (CA-CMC) that encases the core nano-
particles (HA-NPs), thereby preserving the structural integrity
of CA-NPs within the gastric environment. As the CA-NPs
transit through the stomach, the CA-CMC shell undergoes
gradual degradation, facilitating the release of the core
HA-NPs in the intestinal tract. The HA-NPs, characterized by a
high density of hydrophilic groups and mannose side chains,
exhibit rapid penetration through the mucosal layer and effec-
tively utilize transcellular glucose transporter (GLUT) mecha-
nisms to mediate cellular transport. This process also induces
a reversible opening of tight junctions (TJ) through the action
of CA-CMC. In addition, the oral administration of nanoemul-
sions and intestinal absorption enhancers serves as effective
strategies.>*® Currently, oral delivery systems for certain
insulin derivatives have entered clinical trials, utilizing encap-
sulation with liposomes and NPs, and are demonstrating
promising results.>*’

7.1.2. Intravenous administration (IV). Intravenous drug
delivery is the most method of administration, effectively
bypassing the first-pass metabolism of the gastrointestinal
tract and liver, and introducing poly(amino acid) and peptide
drugs directly into the systemic circulation. This route is par-
ticularly advantageous for delivering large molecules efficien-
tly. However, the stability of the drug in the circulation and its
clearance rate must also be taken into account. Consequently,
common strategies for intravenous drug delivery include the
design of long-acting sustained-release systems, such as the
use of poly(amino acid) or peptide-modified liposomes and
NPs, which aim to prolong the drug’s half-life of the drug in
the bloodstream and to reduce the rapid clearance by the
kidney.”* In addition, surface PEGylation (polyethylene glyco-
lisation) is a widely used technique to enhance the blood stabi-
lity of drugs. For instance, peptide drugs like Leuprolide,
which is utilized in the treatment of prostate cancer and endo-
metriosis, are administered through long-acting injections.
The use of extended-release microsphere systems further con-
tributes to prolonged drug efficacy.”*°

7.1.3. Intramuscular administration (IM). Intramuscular
injection is a common route for administering poly(amino
acids) and peptides, allowing for absorption into the blood-
stream through the capillaries of muscle tissue. This method
is typically employed for vaccines, hormones, and protein-
based drugs. For example, growth hormone peptides are often
administered intramuscularly to maintain stable blood levels
and achieve long-lasting therapeutic effects. Compared to
intravenous drug delivery, intramuscular injection is easier to
perform and does not require specialized equipment.
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However, the absorption of the drug occurs at a slower rate.
Consequently, drugs intended for intramuscular injection are
usually formulated as long-acting preparations, where the
release rate is regulated by a slow-release carrier or implant.>**
The release rate is controlled by a slow-release carrier or
implant. Poly(amino acids) and peptides can be combined
with biocompatible polymers, such as PLGA and PLA, to create
microspheres or gel carriers that ensure a gradual release of
the drug at the injection site.>*

7.1.4. Pulmonary administration. Pulmonary drug delivery
delivers involves administering drugs to the lungs via inhala-
tion, facilitating rapid systemic absorption or localized treat-
ment. Consequently, pulmonary delivery systems are typically
designed as sprays, dry powder inhalers, or aerosols. These
systems must ensure that the particle size is appropriate for
alveolar absorption, generally within the range of 1-5 pm. This
method of delivery circumvents gastrointestinal and hepatic
degradation, making it a vital route for administering peptide
and poly(amino acids) drugs, particularly in the management
of respiratory diseases. The stability and absorption efficiency
of drugs in the lungs can be enhanced by modifying peptides
or poly(amino acids) or by employing protective carriers such
as liposomes or NPs. For example, pulmonary delivery systems
for specific peptides, such as insulin, have been developed in
various dry powder inhaler formats for the non-invasive treat-
ment of diabetes mellitus.>*?

7.1.5. Ocular administration. The treatment of ocular dis-
eases typically necessitates topical administration, and the
delivery of peptides and poly(amino acids) poses challenges
due to the eye’s barrier functions, including barriers. Ocular
drug delivery can be achieved through corneal, conjunctival, or
vitreous injection.?** Poly(amino acids) and peptide drugs are
primarily utilized for the treatment of retinopathy, macular
degeneration, glaucoma, and other ophthalmic diseases.
Vitreous injection involves administering drugs directly into
the vitreous cavity of the eye, ensuring efficient delivery to the
retinal area. To prolong the retention time of the drug within
the vitreous cavity, slow-release microspheres or gels are often
employed, facilitating long-lasting therapeutic effects.>*®
Conversely, corneal injections are indicated for the treatment
of corneal diseases or infections. To enhance drug absorption
in the cornea, NPs, emulsions, or bioadhesive gels can be uti-
lized to increase the drug’s retention time of the drug on the
corneal surface.”*® Peptide drugs, such as Ranibizumab (an
anti-VEGF peptide), are commonly administered via vitreous
injection to inhibit pathological angiogenesis associated with
macular degeneration.>*”

7.1.6. Transdermal administration. Transdermal drug
delivery offer distinct advantages, including high patient com-
pliance and the ability to bypass the first-pass metabolism.
Although peptides and poly(amino acids) are large molecules
that inherently struggle to penetrate the skin barrier, the trans-
dermal delivery of these molecules can be achieved through
specific enhancement techniques, such as electroporation and
ultrasound-mediated drug delivery.”®® By employing these
techniques in combination with poly(amino acid) or peptide-
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based therapeutics, the efficiency of subcutaneous delivery can
be significantly improved. Clinical trials for insulin patches
and growth factor-based peptide transdermal patches have
further underscored the potential of transdermal drug deliv-
ery, highlighting its promise in advancing therapeutic options
for patients.>*®

7.2. Cellular uptake mechanisms

In poly(amino acids) and peptide-based drug delivery systems,
the cellular uptake mechanism is a pivotal factor influencing
the overall effectiveness and therapeutic efficacy of drug deliv-
ery. The uptake mechanism of the drug carrier plays a key role
in determining whether the drug can successfully enter target
cells and thereby exert its intended therapeutic effect.

7.2.1. Receptor-mediated endocytosis. Receptor-mediated
endocytosis is a widely utilized cellular uptake pathway for
peptide and poly(amino acids) drug carriers. In this mecha-
nism, peptide or poly(amino acids) NPs trigger endocytosis by
binding surface-modified targeted peptides binding to specific
cell surface receptors.”®® This pathway is characterized by its
high specificity and plays a crucial role in targeted therapy. For
example, RGD peptides can target integrin receptors,”®* while
TSL peptides can target the folate receptors.”®> Upon receptor
binding, the NPs enter the cell and are transported via vesicles
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or early endosomes. Fig. 15 shows the common absorption
pathways of NP.

One of the common pathways for cellular uptake of external
substances is cytophagy, which is mediated by lattice proteins.
This process involves the formation of vesicles enveloped in
lattice proteins at the cell membrane. Poly(amino acids) and
peptide drug carriers can efficiently enter the cell through this
pathway. When these drug carriers bind to receptors or mem-
brane proteins on the cell surface, the lattice proteins aggre-
gate to form membrane-coated vesicles, which are sub-
sequently internalized into the cell.>®* After entering the cell,
these endocytic vesicles are transported via endosomes and
can eventually be degraded or translocated to other organelles.
Grid protein-mediated cytophagy is highly selective and regu-
lated, making it suitable for targeted drug delivery.>®* This
mechanism is particularly effective in delivering therapies
against cancer cells. By designing peptide or poly(amino acids)
drug carriers that specifically bind to cancer cell receptors,
efficient intracellular entry can be achieved.

7.2.2. Macrocystin effects. The entry of poly(amino acids)
and peptides into cells via the megacytosis mechanism rep-
resents a significant uptake pathway in drug delivery systems,
with a wide range of applications, particularly in cancer
therapy, gene delivery, and the administration of macromol-
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Fig. 15 Common uptake pathways of NP. (a) After interacting with the cell surface, NPs is absorbed through various endocytosis or pinocytosis. (b)
Most NPs must escape from various vesicle cavities or endosomes before acidification.%®> Copyright 2021, Springer Nature.
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ecular drugs. Megacytosis is a non-specific, energy-dependent
uptake process, and the unique properties of poly(amino
acids) and peptides enable them to effectively utilize this
mechanism for delivery.”*® For example, poly(amino acids)
and peptide molecules can induce rearrangements of cell
membranes, leading to the formation of larger cytosolic vesi-
cles due to their size and conformation. These large molecular
structures can be efficiently recognized and internalized by the
megacytic mechanism, especially in tumor cells, which exhibit
a heightened uptake capacity. Furthermore, the surface charge
of poly(amino acids) and peptides can influence their inter-
action with the cell membrane.”®” For example, cationized
polypeptides enhance the interactions with negatively charged
cell membranes, promoting cell membrane extension and
facilitating giant cell drinking. In addition, the ratio of hydro-
phobicity to hydrophilicity in poly(amino acids) and polypep-
tides affects their uptake through the megacytic pathway.>*®
Moderate hydrophobicity enhances binding to the cell mem-
brane, which subsequently triggers membrane rearrangement.
Moreover, poly(amino acid) and peptide delivery systems can
also induce macrocytic drinking by activating cellular signal-
ing pathways."®

7.2.3. Caveolae-mediated cytophagy. Caveolae-mediated
cytophagy is the mechanism by which a drug carrier enters a
cell by binding to a small depressions in the cell membrane
known as caveolae.>®® These structures are rich in cholesterol
and sphingolipids and are widely distributed in certain cell
types, particularly endothelial cells.?”° The process of cyto-
phagy is gentle and circumvents lysosomal degradation,
making it suitable for delivering drugs that are sensitive to
acidic environments or enzymatic degradation. Peptide drug
delivery systems can effectively enter endothelial cells or other
specific cell types by designing appropriate structures that
bind to caveolae.

8. Progress in the clinical use of poly
(amino acids) and peptides

The application of poly(amino acids) and peptides in clinical
medicine is rapidly advancing and is increasingly recognized
as a promising approach for treating a wide range of dis-
eases.”’’ The high specificity and low toxicity of these bio-
molecules demonstrate significant potential in drug develop-
ment and therapeutic applications.

Antimicrobial peptides (AMPs) exhibit potent antimicrobial
activity as integral components of the natural immune
system.>’”> In contrast to conventional antibiotics, anti-
microbial peptides are less prone to drug resistance and can
swiftly eliminate bacteria, fungi, and viruses.””> In recent
years, significant advancements have been made in the preven-
tion and treatment of infections using antimicrobial peptides.
For example, gramicidin®* and polymyxin B*’> have been
extensively utilized to treat ocular and dermal infections.
Additionally, research is ongoing to develop novel anti-
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microbial peptides to address the challenges posed by multi-
drug resistant strains.

Progress has also been made in the application of peptides
for metabolic diseases. Insulin, a classical peptide hormone, is
widely in the treatment of diabetes. Ongoing research has led
to the development of novel long-acting insulin analogs that
enhance the stability of glycemic control and improve patient
compliance.”®® GLP-1 receptor agonists, representing a new
generation of antidiabetic medications, have demonstrated
promising glucose-lowering effects as well as cardiovascular
protective benefits.>’® In the treatment of neurological dis-
orders, peptides have also shown significant potential. For
example, neuropeptide Y (NPY) and its receptor antagonists
are currently being investigated for their efficacy in treating
anxiety and depression.””” In addition, AP peptide vaccines
and inhibitors for Alzheimer’s disease are undergoing clinical
trials aimed at slowing or halting the progression of the
disease.””®

In conclusion, advancements in the clinical application of
poly(amino acids) and peptides indicate that these compounds
are poised to become significant therapeutic options for a
wide range of diseases.>”® Although challenges such as stabi-
lity, delivery systems, and production costs remain, the clinical
use of poly(amino acids) and peptide drugs is expected to
become increasingly promising as technology progresses and
research efforts intensify.

9. Outlook and conclusions

With the continuous advancement of biomedical and
materials science, poly(amino acids), peptides, and their
derivatives have demonstrated significant potential in the field
of drug delivery. Future research will further explore the ability
of these materials to enhance drug efficacy, reduce side effects,
and achieve precision therapy.

One critical area of future development lies in improving
the targeting specificity and controlled release capabilities of
poly(amino acid) and peptide-based drug carriers. While these
carriers have made progress in achieving targeted delivery and
controlled release through the incorporation of targeting
ligands and responsive design elements, there remains a need
for greater precision and efficiency. By optimizing the selection
of ligands and improving the structural design of the carriers,
it is possible to develop more effective systems that achieve
enhanced targeted delivery and more precise release profiles,
thereby improving therapeutic outcomes.

Another promising direction for future research is the
development of multifunctional carriers. These carriers not
only transport and release drugs but also integrate additional
functions such as diagnosis, imaging, and therapy. For
instance, smart, responsive carriers can be designed to
respond to physiological changes in the body, such as pH,
temperature, or enzyme activity, allowing real-time monitoring
of drug release and therapeutic efficacy. Additionally, these
multifunctional systems may enable the combination of
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various therapeutic modalities, such as photothermal therapy
or immunotherapy, offering synergistic effects and improving
treatment efficiency.

Despite the favorable biocompatibility of poly(amino acids)
and peptides, their in vivo metabolic pathways and long-term
safety profiles need further investigation. Ensuring that these
drug delivery systems are non-toxic and exhibit low immuno-
genicity is crucial for their successful clinical application.
Therefore, future studies should focus on understanding the
impact of carrier degradation products on biological systems
and on optimizing the chemical structure of these materials to
ensure their safety and degradability in vivo.

Scaling up the production of poly(amino acid) and peptide-
based carriers for clinical use presents another significant
challenge. Much of the current research is still at the labora-
tory stage, and achieving large-scale production with standar-
dized preparation methods will be essential for clinical trans-
lation. Developing efficient, cost-effective synthesis and pro-
duction processes, while ensuring consistent and reproducible
product quality, will be critical. Furthermore, extensive pre-
clinical and clinical studies are needed to validate the safety
and efficacy of these systems.

Personalized and precision medicine represents an exciting
frontier for the application of poly(amino acids) and peptides
in drug delivery. By integrating patient-specific genomic, pro-
teomic, and other big data analyses, drug delivery systems can
be tailored to meet individual patient needs, enabling pre-
cision therapies. This approach would allow customization of
the type of drug carrier, dosage, and release method based on
the patient’s specific condition and physiological state, thus
improving therapeutic outcomes and minimizing adverse
effects. In addition to the current materials, there is a need to
explore new materials and structures to meet the diverse
requirements of drug delivery. Advances in nanotechnology,
supramolecular chemistry, and biomaterials science provide
novel ideas for designing and synthesizing drug carriers with
unique properties. For example, self-assembly techniques and
nanomaterials may be employed to construct carriers with
higher drug-loading capacities and improved stability.?%>%!

Although significant progress has been made in the field of
drug delivery, poly(amino acids), peptides, and their deriva-
tives still face several challenges. Drug delivery systems must
remain stable in complex in vivo environments and release
their cargo under specific conditions, which presents a major
challenge for the design and optimization of carriers.
Additionally, overcoming biological barriers, such as the
blood-brain barrier, is crucial for enhancing the effectiveness
of drug delivery systems. Ensuring the long-term safety and
minimizing the immune responses of these carriers is also a
critical issue that requires further investigation.

In conclusion, while there are many challenges ahead, poly
(amino acids), peptides, and their derivatives hold great
promise for advancing drug delivery technologies. Continued
research and innovation will help overcome existing techno-
logical barriers, leading to more efficient and safer drug deliv-
ery systems that can provide new solutions for clinical treat-
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ment. The future of this field will rely on interdisciplinary col-
laboration, with synergistic contributions from materials
science, pharmacy, biology, and clinical medicine.
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