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Abstract: Polymer-protein systems have excellent characteristics, such as non-toxic, non-irritating,
good water solubility and biocompatibility, which makes them very appealing as cancer therapeutics
agents. Inspiringly, they can achieve sustained release and targeted delivery of drugs, greatly
improving the effect of cancer therapy and reducing side effects. However, many challenges, such as
reducing the toxicity of materials, protecting the activities of proteins and controlling the release of
proteins, still need to be overcome. In this review, the design of hybrid polymer–protein systems,
including the selection of polymers and the bonding forms of polymer–protein systems, is presented.
Meanwhile, vital considerations, including reaction conditions and the release of proteins in the
design process, are addressed. Then, hybrid polymer–protein systems developed in the past decades
for cancer therapy, including targeted therapy, gene therapy, phototherapy, immunotherapy and
vaccine therapy, are summarized. Furthermore, challenges for the hybrid polymer–protein systems
in cancer therapy are exemplified, and the perspectives of the field are covered.
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1. Introduction

In 2020, 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred
worldwide [1]. According to the National Cancer Institute (NCI), cancer is predicted to
be the leading cause of death from noncommunicable diseases worldwide and a major
global health issue. Although we have made incredible progress in the fight against cancer,
improving drug bioavailability and efficacy and reducing adverse side effects have always
been the focus of research in the field of cancer treatment.

Proteins are biomacromolecules widely present in biological processes in vivo with
important functions, such as biological catalysis, high-affinity molecule recognition, and
activation and/or inhibition of cellular pathways [2]. Moreover, because of their endoge-
nous nature, proteins are biocompatible and biodegradable. Equally important, their
degradation products have been known and eliminated by the body, so potential toxicities
could be reduced during treatments [3]. However, free protein therapeutics usually have a
rapid blood clearance rate and are very susceptible to degradation under changes in pH,
temperature, the concentration of certain ions, etc. Moreover, proteins would fold and
assemble into specific three-dimensional structures for the enzyme’s active site and exert
protein function. In addition, the specific structures are easy to disrupt by typical synthesis
reactions and reduce enzymatic activity. Thus, it is necessary to stabilize protein molecules
and prevent protein degradation for application.
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In recent years, drug delivery systems have always been a research hotspot in cancer
therapy. Compared to traditional drug delivery, polymer drug delivery systems can achieve
sustained release, targeted delivery of drugs and the functionality to cross biological
barriers, greatly improving the effect of treatment and reducing side effects. In addition,
polymers extend the range of available drugs, such as protein drugs, peptide drugs, nucleic
acid drugs and others [4]. Polymers not only prevent enzymatic degradation of conjugated
or encapsulated drugs and clearance from the body’s immune system but also exhibit
excellent biocompatibility [5]. These advantages of polymers and proteins make polymer–
protein systems useful in cancer therapy.

PEGylation is a representative example of polymer–protein system by attaching
polyethylene glycol (PEG) to a protein. In 1977, Davis and his colleagues first demonstrated
the binding of monomethoxy-polyethylene glycol (mPEG) to bovine serum albumin (BSA)
and bovine liver catalase by covalent attachment using 2,4,6-trichloro-s-triazine (cyanuric
chloride) as the coupling agent. Just as they expected, after PEG modification, the immuno-
genicity of BSA and bovine liver catalase was greatly reduced and their half life in vivo
was prolonged [6,7]. They, then, modified more proteins with PEG all of which showed
decreased immunogenicity and increased half life in vivo. In 1990, the United States Food
and Drug Administration (FDA) approved Adagen (pegademase bovine), the world’s first
PEGylated drug, for the treatment of severe combined immunodeficiency disease (SCID)
associated with a deficiency of adenosine deaminase. Then, active polymerization atom
transfer radical polymerization (ATRP) [8] and reversible addition-fragmentation chain
transfer (RAFT) [9] were developed as facile and versatile radical polymerization tech-
niques in 1995 and 1998, respectively. In 2002, the FDA approved Neulasta (pegfilgrastim),
a PEGylated granulocyte colony-stimulating factor (PEG-G-CSF) injection developed by
Amgen, which is used to treat a deficiency of white blood cells caused by cancer chemother-
apy and some other cancers [10]. In 2011, PegIFN, a modified version of the previously
approved interferon indicated for the adjuvant, was approved for the treatment of node-
positive melanoma [11]. In addition, PegIntron (Schering-Plough, Kenilworth, NJ, USA)
and Pegasys (Hoffmann-La Roche, South San Francisco, CA, USA) for the treatment of
chronic-hepatitis-C (CHC), and Mircera (Hoffmann-La Roche, South San Francisco, CA,
USA) indicated for the treatment of symptomatic anemia associated with chronic kidney
disease (CKD) in adult patients approved by the FDA are also typical PEG-modified drugs
for clinical treatment of diseases [12,13]. The clinical success of these PEGylated drugs
greatly facilitates the translation of novel protein–polymer systems.

However, there are some challenges to the application of polymer–protein systems,
such as rapid clearance and low physical stability. Currently, FDA-approved protein con-
jugates are covalently linked to PEG [14]. These PEGylated protein drugs have a longer
half life in the blood and are administered less frequently, showing significant benefits for
patients. Even so, PEG still has a number of potential drawbacks that require the devel-
opment of alternatives, so the development of polymers with enhanced pharmacokinetic
properties as well as other advantages, such as improved stability or degradability, is still
important to advance the field of polymer–protein systems in cancer treatments.

Recently, more and more new techniques are being used in cancer treatments research,
for example, an increasing number of nanotechnology-supported polymeric nanomaterials
and protein-based nanomaterials are being studied in vitro and in vivo for cancer therapy,
such as chemotherapy, phototherapy, gene therapy, combination therapy and theranos-
tics [15]. In addition, three-dimensional (3D) bioprinting technology-supported functional
polymer materials can be used to build tumor models, so cancer therapeutics and drug
screening can be better achieved by these new 3D bio-printed models [16]. These intelligent
systems have been built employing a variety of fabrication, preparation processes and
materials selection to overcome the constraints of single-component systems.

Here, we summarize an overview of the design and application of hybrid polymer–
protein systems in the field of cancer therapy (Figure 1). In this review, the design ideas and
considerations of hybrid polymer–protein systems are overviewed. Along with the latest
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developments in cancer therapy, the applications of polymer–protein systems in targeted
treatment, gene therapy, phototherapy, immunotherapy and vaccines are highlighted.
Finally, the current challenges and future prospects for developing hybrid polymer–protein
systems as cancer therapy platforms are discussed.
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2. Design of Hybrid Polymer-Protein Systems

Polymer–protein systems show great potential for improving hydrophobic drug solu-
bility, enhancing drug biological distribution and pharmacokinetics and providing priority
accumulation of targets. When selecting polymers and proteins to form a system, full
consideration should be given to their properties, functions, connections and applications.

2.1. Selection of Polymers

The selection of polymers with good properties can maximize the anticancer effect
of hybrid polymer–protein systems. The first thing to consider is the size of the polymer.
Although larger polymers generally increase the half life, larger sizes make it easier for
them to gather, leading to decreased kidney clearance and creating obstacles to metabolism
in the body. Therefore, the smallest molecular weight polymer that increases the circulating
half-life of the protein to the level required for the intended treatment should be selected.
Moreover, the size of the polymer has an effect on biological activity [17]. Larger polymers
often produce conjugates with lower biological activity, most likely due to non-specific
steric hindrance. The ability of polymers to bind to proteins is another factor in the hybrid
system. Additionally, the chemical nature of polymers affects the overall architecture of
the conjugate. The shape of the polymers or polymer topology affects the properties and
functions of the system. Brush-like, hyperbranched or dendritic topologies often have
good characteristics compared to their linear counterparts while forming polymer biocon-
jugates [18]. In addition, degradability, half life, immunogenicity and related toxicities of
polymers should be considered.

PEG and PEG analog, biomimetic polymer, degradable polymer and stimuli-responsive
polymer represent a group of polymers explored in polymer–protein conjugation. Common
functional polymers are as follows. Several types of polymers used in hybrid polymer–
protein systems are summarized in Table 1.
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2.1.1. Polyethylene Glycol (PEG) and PEG Analog

PEG, a linear and nonionic polyether diol with the molecular formula HO-(CH2-CH2-
O)n-H, is widely used in the modification of hybrid biological polymers, such as proteins
and peptides. PEG is one of the most commonly used polymer materials and an excipient
in the pharmaceutical industry with many advantages of non-toxic, non-irritating and
good water solubility. PEG modification can change the physical and chemical properties
of drugs, including conformation, electrostatic binding, hydrophobicity, etc. These phys-
ical and chemical changes can increase the retention time of drugs in vivo and prolong
absorption time. PEGylation shields antigenic epitopes through steric hindrance, thereby
reducing the immunogenicity of the drugs. Additionally, steric hindrance shields the drugs
from enzymatic degradation and opsonization with serum proteins. Drug binding affinity
to cell receptors can also be affected by PEG modification, thereby reducing nonspecific
uptake by the mononuclear phagocyte system and improving the tumor targeting ability of
delivery systems [19,20]. On the other hand, PEG modification can reduce the frequency
and incidence of adverse events administered as well as improve drug efficacy and toler-
ance [21]. In addition, PEG can also increase the solubility and stability of proteins which is
also beneficial for the production and storage of drugs [22,23].

In earlier studies, the immunogenicity and antigenicity of PEG were not found, and
PEG has been considered a biologically inert material. Since then, PEGylation has evolved
dramatically as an important way to improve the pharmacokinetics and pharmacodynam-
ics of protein drugs [24]. However, with more and more PEGylated protein drugs entering
clinical applications, side effects caused by the administration of PEGylated protein drugs
are gradually increasing. For example, PEGinesatide (Takeda, Deerfield, IL, USA) was with-
drawn from the market due to severe hypersensitivity reactions with fatal consequences
which may be related to PEG [25,26]. Many reports have claimed that the production of
anti-PEG antibodies in patients and the loss of drug efficacy continue to appear [27–29].

In order to solve these problems, PEG analogs were born on demand. PEG-like brush
polymers not only enhance cycling half life but also do not induce an anti-PEG antibody
response. For example, poly (polyethylene glycol methyl ether methacrylate)—p (PEGMA)
is a methacrylate polymer having a low ethylene glycol side chain that has been used in
a variety of protein–polymer conjugates [30,31]. In addition, poly(N-(2-hydroxypropyl)
methacrylamide) (p(HPMA)) is another water-soluble and biocompatible polymer that
can be used to increase half life in vivo and decrease associated immunogenicity [32,33].
Furthermore, zwitterionic poly(carboxybetaine) (PCB) with good biocompatibility and
superior hydrophilicity was introduced as a PEG substitute for protein modification. As
reported by Li et al. [34], the generation of PCB-specific antibodies was minimal and
insensitive to increasing protein immunogenicity. A pH-sensitive PEG derivative polymer,
poly(lactic-co-glycolic acid) (PLGA), coated with phospholipid-DNA aptamers and an acid-
labile hydrazone linkage was designed (Figure 2) [35]. The hybrid polymer encapsulating
platinum (II) could target a cell-spanning protein overexpressed to more than 90% of late-
stage ovarian cancer, mucin 1 (MUC1), thus achieving enhanced cancer therapy. It follows
that PEG analogs have a wider application prospect in the field of biomedicine.
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2.1.2. Biomimetic Polymer

Biomimetic polymer is a kind of polymer that resembles natural polymers in form,
appearance and properties with the benefits of synthetic polymers. For example, trehalose
can form a special protective film in cells under harsh conditions, such as high temperature,
high cold and dry water loss, effectively protecting the structure of biomolecules from
being destroyed, thus maintaining the life process and biological characteristics of living or-
ganisms [36–38]. Therefore, natural disaccharide trehalose polymers can stabilize biological
macromolecules under extreme conditions. For example, Diaz-Dussan et al. [39] reported
a trehalose-based polymer that can be used as a cryoprotectant and three-dimensional
(3D) cell scaffold for cell encapsulation and organoid production. Polyelectrolytes (PEs)
molecules that carry multiple negative or positive charges may be functionalized by absorb-
ing proteins at the top of the architecture or by inserting one or more kinds of proteins [40].
In particular, natural PEs have been extensively investigated for drug delivery because of
their readily available, low toxicity, biodegradable and biocompatible properties. Among
them, polysaccharides are the most promising materials, such as dextran [41], cellulose [42],
and pectin [43], which are naturally derived linear and/or branched polymers widely used
as PEG alternatives in the fabrication of therapeutic protein/drug conjugates. Recently,
PSA-rFVIII (a novel polysialylated recombinant coagulation factor VIII—BAX 826) has
completed a Phase I clinical trial (NCT02716194) in patients with severe hemophilia A and
demonstrated long circulation half life with adequate safety and tolerability [44]. Another
example of biomimetic polymers is heparin-mimicking polymers, such as carboxymethyl
benzylamide sulfonate dextrans (CMDBS) [45], polysulfonated polymers [46,47] and sul-
fated synthetic glycopolymers [48]. Covalent dimerization of tyrosine in a horseradish per-
oxidase (HRP)-catalyzed system was an efficient method for enzyme-catalyzed preparation
of polymers. Liu et al. constructed polymer nanocapsules with porphyrin photosensitizers
as building blocks based on HRP-catalyzed tyrosine dimerization (Figure 3) [49]. The poly-
mer nanocapsules further encapsulated glucose oxidase (GOx) and catalase (CAT) to obtain a
biomimetic cascade nanoreactor (GOx/CAT-NC) for starvation and photodynamic cancer ther-
apy which contribute to the advancement of complementary modes of spatiotemporal control
of cancer therapy. These biomimetic polymers can stabilize, encapsulate and control release
proteins, enhancing therapeutic efficacy and reducing side effects in therapeutic applications.
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2.1.3. Degradable Polymer

Non-degradable polymers can accumulate in the body and may cause potential toxic
side effects to the body, so it is necessary to develop degradable polymers for biomedical
purposes [50]. Cyclic ketene acetal (CKA) is a monomer that produces hydrolyzable back-
bone ester bonds by a free radical ring-opening reaction [51]. CKAs can be copolymerized
with vinyl monomers to produce functional aliphatic polyesters which are degradable
polymers widely used in medical science [52–54]. In addition, there are some natural
polymer analogs, such as peptides [55] and hydroxyethyl starch (HES) [56], which are



Polymers 2023, 15, 2219 6 of 27

degradable in vivo. Various proteins have been conjugated to synthetic polypeptides, and
although these peptides are stable, they can be degraded in vivo by proteases. Remarkably,
several micellar formulations based on degradable poly(ethylene glycol)-b-polypeptide
block copolymers (NK105, NC6004, NK911, etc.) have been developed into different phases
of clinical trials to treat breast, pancreatic and gastric cancers [57]. HES can be degraded
by α-amylase in plasma, and its conjugates have been extensively studied for therapeutic
applications [58–60]. PLGA is a common biodegradable polymer that is usually broken
down in the body into LA and GA which is eventually metabolized by the body into
carbon dioxide and water. Due to its outstanding biocompatibility, biodegradability and
mechanical properties, PLGA has been approved by the FDA and the European Medicines
Quality Agency (EMA) as a superior drug carrier. PLGA-based drug delivery systems effec-
tively improve the bioavailability of drugs, reduce adverse effects and reduce the frequency
of dosing which may improve patient compliance with medication [61]. Biodegradable
polymers are both synthetic and natural, and all biodegradable polymers are basically
stable and durable in applications. In terms of application, biodegradable polymers are of
great significance in medical treatments.

2.1.4. Stimulus-Responsive Polymer

In addition to improving pharmacokinetics, polymers can also impart new properties
to proteins to create a stimulus-responsive system. For example, polyacrylamides, such
as poly(N-isopropyl acrylamide) (p(NIPAAm)), have a lower critical dissolution temper-
ature which allows polymers to precipitate with increasing temperature [62]. There are
also conjugates of pH-responsive ionic polymers, such as polyacrylic acid [63] and poly
(N,N-dimethylaminoethyl methacrylate) (p(DMAEMA)) [64]. The use of stimulus-responsive
polymers in disease theranostic applications may enable a more controllable and effective
process, for example, hyperthermia-mediated cancer treatment [65] and acid response
nanoprobe in cancer diagnosis [66]. Polymer- and/or protein-based nanofibers that pro-
mote stable cell adhesion have drawn increasing attention as well-defined models of natural
3D extracellular matrix. Kentaro et al. fabricated two types of stimulus-responsive gelatin-
containing supramolecular nanofibers that can be utilized as well-defined, switchable 3D
microenvironments for cells. The first type of nanofibers was prepared by coupling the
host–guest inclusion complex to gelatin before electrospinning, while the second type of
nanofibers was fabricated by coupling gelatin to polyacrylamide functionalized with the
host (βCD) and guest (Ad) moieties followed by conjugation in the electrospinning solu-
tion (Figure 4) [67]. The stimulus responsive was achieved by elasticity switching under
physiological conditions by adding/removing soluble guest molecules. In addition to this,
there are other polymers that respond to redox agents [68], photo irradiation, CO2 [69],
enzyme [70], electric [71] and/or magnetic field [72], photo radiation [73] and so on.
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Table 1. Several types of polymers used in hybrid polymer–protein systems.

Category Example References

PEG and PEG analog
p(HPMA) [32,33]

PCB [34]
Poly(lactic-co-glycolic acid) (PLGA) [35]

Biomimetic polymer

Trehalose-based polymer [39]
Dextran, Cellulose, Pectin polymer [41–43]

Heparin-mimicking polymer [45–48]
Horseradish peroxidase (HRP)-catalyzed system [49]

Degradable polymer

CKA based polymer [51]
Peptides [55]

HES [56]
PLGA [61]

Stimulus-responsive polymer

p(NIPAAm) [62]
polyacrylic acid [63]
p(DMAEMA) [64]

Gelatin-containing supramolecular nanofibers [67]

These are the main types of polymers above-mentioned. Table 1 shows some examples
of different types of polymers.

2.2. Section of Proteins

In general, polymer–protein coupling faces more spatial and entropy barriers than
small-molecule coupling reactions. Therefore, the commonly used coupling methods need
to be highly efficient, and the selection of coupling chemistry also needs to consider site
selectivity and the availability of residues on proteins. Site-selective coupling is necessary
to maintain adequate biological activity. Typically, the conjugated site should be located
away from the active site or binding motif to maximize protein activity. Therefore, it is
important to select proteins that contain easily modified residues, such as lysine, cysteine
and disulfide bonds [74–76]. It is worth noting that protein active sites must be predefined,
and the binding motif should be away from the conjugation sites so as not to affect protein
activity [77]. For protein denaturation, protein aggregation during the denaturation process
must be strictly avoided. Because it is difficult to disaggregate protein agglomerates once
they have precipitated, this reduces yields and hinders the protein purification process. In
addition, biocompatibility and biodegradability by proteases, peptide sequence, various
functionalities in specific positions and tunable transition also need to be considered for
well-defined polymer–protein systems [78].

2.3. Bonding Form of Polymer-Protein Systems

Many active reactive groups are present in both polymers and proteins which allows
them to bind in a variety of ways mainly by covalent and non-covalent conjugation.

2.3.1. Covalent Conjugation

Reactive groups on polymers are electrophiles that react with nucleophilic groups
of proteins, such as lysine, cysteine and tyrosine residues, typically at one end of the
polymer chain. These common reaction groups include activated esters, carbonates, alde-
hydes, amine-reactive mercaptide reagents, Michael receptors, disulfide bond exchange,
N-terminal coupling, tyrosine conjugation, etc.

Lysine is the most abundant amino acid on the surface of proteins and is often the
first choice to attempt nonselective conjugation. Although lysine is not commonly used
for site-selective conjugation, it is still very effective at loading conjugation due to its
amino group. Lysine has a positively charged ε-amino group and the group requires
a neutral to basic pH to have sufficient nucleophilicity (pKa~10.5). The pKa (6–8) of
N-terminal amine is significantly lower than that of lysine, selective N-terminal modifi-
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cation is usually pH-dependent on the N-terminal α-amino group [79]. Common lysine
coupling reactions involve the formation of stable amide bonds using a payload of active
esters, e.g., o-succinimide reagents N-hydroxysuccinimide (NHS) [80,81]. Lysine reacting
with maleimide [82] or halogenated acetamide [83] and coupling by isothiocyanate [84] to
form stable thiourea bonds are also conjugation methods.

The high nucleophilicity of cysteine makes it easy to modify, but free cysteine is rare
and is usually located in hydrophobic pockets. On the one hand, disulfide formation
is a kind of cysteine modification. Cysteine is present in the form of disulfide bonds in
antibodies and only free or reduced sulfhydryl groups (–SH) are available for reaction
with thiol-reactive compounds, so reducing free sulfhydryl groups by using dithiothreitol,
thioglycerol, or other sulfhydryl reducing reagents is necessary for the next step of the
reaction [85–87]. On the other hand, alkylation formation by using carbonyl compounds to
form thioethers can achieve cysteine modification [88]. Cysteine may also be modified by
maleimide [89] or vinyl sulfone [90] functionalized groups by Michael addition at neutral pH.

Disulfide bonds are present in most proteins, playing an important role in maintaining
spatial and resulting biological activity. They can be used as residue-specific binding sites.
Tian et al. [91] prepared a multifunctional nanocarrier by anchoring transferrin to hollow
mesoporous silica nanoparticles through disulfide bonds which can be resolved in the
presence of glutathione, achieving redox response.

Although tyrosine has a low utilization rate, most proteins contain tyrosine residues
with a natural abundance of about 3.2% [92], and it can be modified through nitrating
agents. Several coupling methods, such as diazotization coupling [93] and 4-phenyl-3H-
1,2,4-triazoline-3,5(4H)-dione (PTAD) coupling [94], have been developed. In addition,
histidine [95], glutamine [96] and aldehyde [97] tag modifications are also considered
important modification sites.

On a technical level, grafting synthesis of polymers to proteins can be achieved by
using these three synthetic strategies: grafting to, grafting from and grafting through [98].
In brief, grafting to is the coupling of a pre-synthesized polymer with a biomolecule, where
a pre-formed reactive polymer is conjugated to a protein using a backbone chain with
functional groups that are randomly distributed along the chain. Graft copolymer formation
originates from the coupling reaction between the functional backbone and reactive branch
end groups. Grafting from is a technique involving monomers that are polymerized using
an initiation reaction on the membrane surface, where the polymer chain is grown from a
protein macroinitiator. The grafting from process involves in situ growth of a polymer from a
biomolecule or alternatively synthesis of a biomacromolecule using a preformed polymer as
the initiator [99]. Both strategies can be followed using protein-reactive RAFT agents [100,101].
For example, a water-soluble RAFT agent was conjugated to a model protein, bovine serum
albumin (BSA), via its free thiol group at Cys-34 residue [102]. In addition, protein-reactive
RAFT chain transfer agents contain either NHS or pentafluorophenyl ester moiety that can
bind to lysine residues, and alternatively maleimide or pyridyl disulfide moiety for binding
to cysteine residues [103]. The use of these two techniques is more frequent than grafting
through, also known as the macromonomer method, which is one of the simpler ways to
synthesize a graft polymer with well-defined side chains. Grafting through can polymerize
biomolecule-containing monomers yielding bioconjugates with multiple biofunctional
groups along the polymer backbone. For example, Dan et al. reported a well-controlled
synthesis of molecular brushes through the grafting through method by aqueous ATRP, in
which oligo- and poly(2-oxazoline) were used as macromonomers for polymerization [104].

2.3.2. Non-Covalent Conjugation

Non-covalent conjugation methods mainly include electrostatic adsorption, hydrogen
bonding, hydrophobic, host−guest interaction [105,106], etc. Electrostatic adsorption is a
common form of connection between proteins and polymers. The charged region of proteins
can greatly facilitate proteins’ interaction with other molecules or surfaces. Due to their
hydrophilic nature, charged amino acids tend to be located on the outside of proteins, where
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they can interact with surfaces. In terms of surface chemistry, protein adsorption is a key
phenomenon that describes the aggregation of these molecules outside the material. The
ability of a protein to remain attached to a surface depends largely on material properties,
such as surface energy, texture and relative charge distribution. The size and spatial
structure of proteins also affect adsorption capacity [107]. Due to the greater number of
contact points between amino acids and the surface of the material, larger proteins are more
likely to adsorb and remain attached to the surface. The temperature and size of side chains
in polymers also affect the strength of the adsorption force. Tan et al. [108] found that the
affinity of the hIgG2 monoclonal antibody (mAb) with the negatively charged copolymer-
modified surface was higher for adsorptions at 50 ◦C compared with 20 ◦C. Because at
this higher temperature (50 ◦C), hydrophobic and electrostatic interactions were enhanced.
In addition, the size of the side chains in the copolymer structure also influences the
electrostatic interactions between the copolymer-modified surface and protein molecules. In
addition, changes in electrostatic force will facilitate the adsorption/desorption process for
controlled-release systems. Kwon et al. [109] reported the electrostatic interaction between
human lysozyme and negatively charged albumin-heparin microspheres was affected
by ion exchange. While changing the charge in the solution, an adsorption/desorption
process was promoted, achieving a controlled release of positively charged polypeptides
and proteins.

Hydrogen bonds and hydrophobic interactions are also widely found to hold proteins
and polymers together. Hydrogen bonds can be defined as bonds formed between highly
electronegative atoms, such as fluorine, oxygen, nitrogen, sometimes chlorine, etc. and
hydrogen atoms. In contrast, hydrophobic interaction is a multifaceted phenomenon [110].
Briefly, non-polar molecules or groups of molecules attract each other and gather in the wa-
ter environment, and the original water molecules near the non-polar groups are crowded
out, resulting in an increase in the entropy of the surrounding water molecules. Hydrogen
bonds and hydrophobic interactions often play a key role in the formation and self-assembly
of polymer–protein hybrid systems. For example, polyamidoamine (PAMAM-G4) conju-
gated with serum albumin via hydrophobic and hydrogen-bonding interaction, achieving
high protein loading efficacy (45–55%) [111]. Cai et al. [112] reported that hydrophobic inter-
actions induced poly(N-isopropylacrylamide) (PNIPAM) and bovine serum albumin (BSA)
to form polymer–protein hybrid self-assembly complexes in aqueous solution, while en-
hancing BSA stability (retaining over 90% of its activity). In addition, host–guest interaction
is also commonly used in the formation of polymer–protein self-assembly complexes. For
instance, a water-soluble pillar [5] arene and a lysine derivative were used for host–guest
complexation, and the obtained complex was employed in the formation of drug-loaded
vesicles for controllable drug release [113].

The main bonding forms of polymer–protein systems are summarized in Table 2.

Table 2. Bonding forms of polymer-protein systems.

Category Example References

Covalent conjugation

Amide bond [80,81]
Thiourea bond [84]
Thioether bond [89]
Disulfide bond [91]

Non-covalent conjugation

Electrostatic adsorption [108,109]
Hydrogen bond [111]

Hydrophobic interaction [112]
Host–guest interaction [113]

2.4. Consideration in the Design Process

For cancer treatment systems, proteins often play therapeutic or adjuvant therapeutic
roles alone or in synergy with polymers. During the design process of anti-cancer systems,
reasonable polymer–protein binding and release methods must be considered according to
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anti-cancer treatment strategies. A representation of protein loading and release methods
is shown in Figure 5.
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Commonly protein loading steps include (Figure 5a): (1) Polymers blend with protein
in a solution at an appropriate temperature. In this process, the choice of temperature
and solvent is important to ensure that proteins and polymers activity is not affected.
(2) During immersion, proteins absorb to the surface and/or interior of polymers. This
process can be assisted by stirring, so that proteins and polymers can contact more evenly.
(3) The immobilization process allows proteins to bind to polymers by covalent bonds or
non-covalent bonds mentioned above, forming ultimate systems. The entire loading process
should ensure that protein activity is not affected by external conditions. Meanwhile,
reaction solvents, temperature, pH, stirring speed, etc. can be controlled to prepare a
complex system with suitable particle size and protein loading for subsequent treatment. In
addition, the protein’s binding to the polymer is also crucial. The desirable linker or spacer
must be selected to be adequately stable during circulation, protect the drug from premature
metabolism and facilitate the release of drugs enzymatically or hydrolytically cleavage.
In addition, other anti-cancer drugs or adjuvants can also be loaded at the same time
during the protein loading process to achieve one-pot preparation. In another embodiment,
proteins are added during polymerization to form polymer–protein complexes or polymer-
coated protein systems, e.g., liposomes loaded with proteins.

In a polymer–protein system, proteins often need to be released for their function to
develop. The release methods include (Figure 5b): (1) Proteins self-diffuse through the
matrix, leading to desorption of the systems. This process is slow and difficult to release
proteins completely. (2) Local stimuli, such as pH, redox, ROS, glucose and protease can
contribute to the natural erosion of the system, promoting the release of proteins and other
drugs. Especially for cancer therapy, the tumor microenvironment is characterized by low
pH and high H2O2 levels which is ideal for responsive drugs to play their roles. (3) Some
external stimuli, such as mechanical stimuli, visible or near-infrared (NIR) irradiation,
magnetic field, etc. can induce the degradation of the system and reduce the binding forces
between polymers and proteins, boosting the controlled release of proteins.
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In order to obtain an ideal system, other details are also worth considering, such as
biocompatibility of materials, the proteins’ density on the polymers, distance from the contact
surface, the release rate and manner of proteins, the possible hazards of responsiveness, etc.

3. Applications for Hybrid Polymer-Protein Systems in Cancer Therapy
3.1. Targeted Treatment

Polymer–protein anticancer drugs always have their own tumor-targeting ability with
high efficiency and low toxicity which can effectively avoid side effects. Research on
targeted polymer–protein drugs has been a hot topic in recent years. Nowadays, targeted
cancer therapies are mainly divided into two types: monoclonal antibodies targeting
proteins on the surface of cancer cell and small molecule inhibitors targeting intracellular
kinases and some other enzymes. Compared with small molecule drugs, protein drugs
have the characteristics of high activity, high specificity, low toxicity and clear biological
function and are conducive to clinical application.

3.1.1. Tumor Cells Targeted

Targeting tumor cells is the preferred strategy for tumor-targeted therapy. Recep-
tors targeting tumor cell proteins tend to be highly expressed on the surface of tumor
cells, such as epidermal growth factor receptor (EGFR), insulin-like growth factor recep-
tor (IGF-IR) [115], folate receptor (FR) [116], gonadotropin-releasing hormone receptor
(GnRHR) [117], etc. The carrier material is constructed by chemical modification of targeted
peptides to target tumor cell surface receptors, and the complex drug system will execute
direct targeting of tumor cells which can effectively improve the clinical treatment effect and
safety of cytotoxic drugs, enhancing the patient’s adaptability to the drugs. Shi et al. [118]
prepared complex polymers loading protein poly-ADP-ribosylated PARP1 with 3′-azido
ADP-riboses, anti-human epidermal growth factor receptor 2 (HER2, a type of EGFR)
antibodies and monomethyl auristatin F (MMAF) through covalent conjugation (Figure 6).
The designed PARylated PARP1-antibody-MMAF conjugate could potentially kill HER2-
expressing cancer cells in high specificity, potentially improving the physicochemical and
pharmacological properties of cancer therapy.
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3.1.2. Tumor Stem Cells Targeted

Tumors are generally thought to be formed by mutations in somatic cells, and each
tumor cell can grow without restriction. However, it does not make sense that tumor
cells seem to have unlimited vitality and not all tumor cells can grow indefinitely. The
characteristics of tumor cell growth, metastasis and recurrence are very similar to the basic
characteristics of stem cells. Therefore, cancer stem cells are a group of cells in tumor cells
with self-renewal capacity and are believed to cause cancer, promote tumor progression,
metastasis and recurrence. Cancer stem cells are highly resistant to conventional treatments
due to many factors, such as the differential surface antigens of tumor stem cells. For exam-
ple, cancer stem cells have less surface antigen and are more difficult to destroy than normal
tumor cells. Common surface markers of cancer stem cell include: CD133 (Prominin-1),
CD44, stem cell antigen-1 (Sca-1), epithelial/endothelial cell adhesion molecule (EPCAM),
sex-determining region Y-box protein 2 (SOX2), etc. Swaminathan et al. [119] developed
polymeric nanoparticles targeting CD133 by conjugating an anti-CD133 monoclonal anti-
body to nanoparticles formulated using poly (D, L lactide-co-glycolide) (PLGA) polymers.
Anti-CD133 antibody was iminothiolated and then conjugated to maleimide functionalized
PLGA nanoparticles for breast cancer therapy (Figure 7). The polymer–protein systems
loaded with paclitaxel lead to a significant reduction in tumor initiating cells and improved
therapeutic efficacy compared to free paclitaxel therapy. The results indicate that anticancer
therapeutics based on polymer and monoclonal antibody targeting CD133+ cancer stem
cells could inhibit tumor growth and have the potential to prevent tumor recurrence.
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maleimide functionalized PLGA nanoparticles [119].

In addition to the actively targeted antibodies described above, albumin can also
target tumor cells. Because the rapid reproduction of tumor cells requires a large number of
nutrients, albumin can provide amino acids and energy, so that albumin-binding receptor
Gp60 exists on the surface of tumor cells. When albumin or albumin-modified polymers are
used as delivery carriers, they can target the Gp60 receptor and then bind to intracellular
protein (caveolin-1). The cell membrane is invaginated to form transport vesicles, so
albumin carriers accumulate in the tumor to achieve targeted drug delivery. Due to
their high content of charged amino acids, albumin-based polymer nanoparticles could
allow electrostatic adsorption of positively (e.g., ganciclovir) or negatively charged (e.g.,
oligonucleotide) molecules [120]. It can also be combined with certain molecules (e.g., folic
acid) to form an active targeting system. Therefore, albumin or albumin-based polymers
are excellent transporters with their biocompatible, non-immunogenic and biodegradable
properties that can form complexes with poorly soluble or exogenous substances, becoming
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the “ferry” of many substances in the blood circulation. In 2005, FDA approved paclitaxel
albumin-bound nanoparticles (Abraxane®) for the treatment of metastatic breast cancer
after the failure of combination chemotherapy, becoming the world’s first successful case
of albumin nanoparticle drug delivery technology [121]. Liu et al. formed amphiphilic
bioconjugates of BSA-poly(2-hydroxypropyl methacrylate) (BSA-PHPMA) for intracellular
protein delivery [122]. Albumin polymer-based systems can also be used for targeted
therapy for in situ gliomas. Yang et al. [123] designed an albumin based phototheranostic
probe which could penetrate the blood−brain barrier (BBB), accumulating into deep-seated
gliomas via albumin-binding protein mediated transportation.

3.1.3. Tumor Microenvironment (TME) Targeted

In addition, TME targeting is also an important protocol. TME is mainly divided into
two parts: tumor angiogenesis and tumor stromal cells. Angiogenesis provides energy
for tumor growth and pathways for tumor metastasis. Therefore, inhibition of tumor
angiogenesis has become an important means of treating cancer. Tumor vascular inhibitors
are popular in the development of anti-tumor drugs at present, such as popular targets
vascular endothelial growth factor (VEGF) or vascular endothelial growth factor receptor
(VEGFR) family, platelet-derived growth factor (PDGF), angiopoietin 1/2 (Ang1/2), hepa-
tocyte growth factor (HGF), galectin-3, etc. For example, molecularly imprinted polymer
nanoparticles (nanoMIPs) with anti-VEGF antibodies were proved to specifically target
VEGF and home to tumor mass in xenotransplantation of human malignant melanoma
cells in zebrafish embryos [124]. VEGF signaling is considered the primary promotor of
angiogenesis. In addition to angiogenesis control, these drugs can potentiate immune
therapy because VEGF also exhibits immunosuppressive functions [125].

TME contains not only tumor cells and blood vessels but also stromal cells. For
example, fibroblasts are the most important stromal cells and cancer-associated fibroblasts
(CAFs), also known as activated fibroblasts or myogenic fibroblasts, form a physical barrier
for tumors that protects them from multiple anti-tumor drugs. Feng et al. [126] developed
a CAFs-targeting biodegradable polymer nanoparticle coated with CREKA peptide and
loaded with traditional Chinese medicine (TCM) to inactive CAFs, reduced extracellular
matrix production, promoted tumor vascular normalization and enhanced blood perfusion
at pancreatic tumor sites. Therefore, the therapeutic strategy of targeting TME based on
polymer–protein systems has become a promising idea for the treatment of tumors.

3.2. Gene Therapy

Polymer–proteins often play the role of carriers in cancer gene therapy due to their
excellent properties, such as biodegradablility, controlled release ability and good loading
performance. As shown in Figure 8a, Zhang et al. [127] applied maleimide group decorated
poly{[4,8-bis((2-octyldodecyl)oxy)benzo [1,2-b:4,5-b′]dithiophene-2,6-diyl]-alt-co-[6,7-bis(4-
hexyloxy)phenyl]-[1,2,5]thiadiazolo [3,4-g]quinoxaline-4,9-diyl]} (PBDTQ) nanoparticles
(PBDTQ NPs) to combine with the positively charged cell nucleus-targeting Tat peptide
(YGRKKRRQRRRC) through chemical conjugation to form PBDTQ-Tat NPs which could
enhance the ability in combining plasmids. Subsequently, the plasmid-expressing complex
heat-inducible gene based on the HSP70 promoter (pDNA)-cytosine deaminase (CD)-
cytosine deaminase (TK) (pCT) was combined with PBDTQ-Tat NPs via electrostatic in-
teractions (PpCT). Finally, it is coated by cationic liposomes (PpCTL) to improve stability.
Under NIR irradiation, due to local temperature rise, prodrugs were released and HSP70
promoters were active (Figure 8b). The polymer–protein systems are well-implemented
stimuli-responsive cancer gene therapy with excellent specificity and safety.

Silk-elastin-like protein polymers (SELPs) have been effectively used as controlled-
release matrices for the delivery of viruses for cancer gene therapy. Price et al. [128] used
recombinant techniques to tune the degradability of these polymers for improved localized
intratumoral gene delivery. SELPs were sensitive to specific matrix metalloproteinases
(MMP). In addition, MMP-responsive SELPs for viral-mediated gene therapy of head
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and neck cancer exhibited tunable properties. Furthermore, the albumin-based polymers
mentioned above also have a good ability to carry gene drugs. Human serum albumin
(HSA)-protamine sulfate-DNA ternary particles have been successfully utilized as a nonvi-
ral gene delivery vehicle, where they combine a high transfection potential with a good
biocompatibility, low cytotoxicity and efficient cell uptake [129].
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3.3. Phototherapy

In recent years, phototherapy as a non-invasive tumor treatment method has attracted
widespread attention. Phototherapy refers to irradiating the lesion area through a light
source, especially a near-infrared light source, to stimulate phototherapy reagents to kill
tumor cells with selectivity and hypotoxicity. Phototherapy mainly includes two forms:
photodynamic therapy (PDT) and photothermal therapy (PTT). PDT irradiates safe and
non-toxic photosensitive molecules in dark places with light to produce singlet oxygen
(1O2) that has a killing effect on tumor cells [130]. PTT, on the other hand, uses a light source
to irradiate photothermal conversion agents, generating heat to cause local hyperthermia
at the lesion site to kill tumor cells [131]. Polymer–protein systems play a major role in
carriers and catalytic for cancer phototherapy.

Photosensitizers and photothermal conversion agents are the main factors affecting
phototherapy. Most photosensitizers are hydrophobic under physiological conditions; thus,
they are easy to aggregate in solution, and their transports are affected in vivo [132,133].
Meanwhile, photosensitizers often exhibit short half life and non-targeting, so they have
certain limitations in practical applications [134]. Photothermal agents face similar prob-
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lems. Most photothermal agents are inorganic nanomaterials (e.g. gold nanoparticles)
which often aggregate in solution as well. Polymer–protein systems pave the way to
overcome these problems. For example, a multifunctional protein–polymer bioconjugate-
coated upconversion nanosystem, consisting of upconversion nanoparticles (UCNs) core, a
tailored amphiphilic bioconjugate protein-polymer shell, photosensitizer zinc phthalocya-
nine (ZnPc) and antitumor drug doxorubicin coloaded inside, was elaborately developed
for combined PDT and chemotherapy (Figure 9) [135]. The protein-polymer bioconju-
gate with bovine serum albumin (BSA) and poly(ε-caprolactone) (PCL) by controllable
maleimide–thiol reactions. The protein–polymer systems own excellent biocompatibility,
low immunogenicity, low nonspecific protein adsorption and inherent biofunctional proper-
ties, while the polymer component as its tail imparts amphiphilic self-assembly properties,
diversity, good stability and some other fascinating properties. Thus, they solved the
hydrophobic problem of photosensitizers and improved the effect of combined therapy.
Furthermore, HSA conjugated indocyanine green (ICG) (HSA-ICG) nanoparticles were de-
veloped by the programmed assembly, based on the intermolecular disulfide conjugations
within HSA, for dual-modal imaging-guided cancer phototherapy [136]. Similarly, ICG was
encapsulated by the amphiphilic polymer poly(styrene-co-maleic anhydride) (PSMA) to
form ICG@PSMA nanoparticles [137]. Rong et al. [138] designed a NIR cyanine dye by in-
troducing a rigid cyclohexenyl ring to the heptamethine chain to obtain a heptamethine dye
CySCOOH as a photothermal conversion agent. HSA is a vehicle to transport CySCOOH
via an ultrasonication-based assembly method, forming HSA@CySCOOH conjugates. The
systems were applied to multi-modality NIR imaging-guided PTT with a low risk of dye
leakage in the blood circulation and high dye loading efficiency.
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based assembly method [135].

The other major problem with PDT for antitumor application is the lack of oxygen at
the tumor site which negatively affects the production of 1O2. Therefore, improving the
tumor hypoxia microenvironment can boost the PDT effect. There are usually two ways to
solve this problem. One is to supplement oxygen to tumor sites, and the other is to produce
oxygen at tumor sites by enzyme catalysis.

Hemoglobin (Hb) is a good first choice. Hb can achieve stable loading and maintenance
of phototherapy agents (e.g., ICG) through electrostatic and hydrophobic interactions.
Meanwhile, Hb can still maintain the ability to charge oxygen after loading phototherapy
agents and provide oxygen during the PDT process to produce more 1O2 and improve the
effect of PDT. Li et al. [139] designed ER-targeting pardaxin (FAL) peptides modified ICG
conjugated-hollow gold nanospheres (FAL-ICG-HAuNS), together with oxygen-delivering
Hb liposome (FAL-Hb lipo) to reverse hypoxia, achieving enhanced anti-tumor efficacy
(Figure 10).

For the second solution, catalase (CAT) can play a good catalytic role in oxygen
production. CAT catalyzes high levels of H2O2 at tumor sites to produce oxygen and
water. However, free CAT becomes unstable in blood circulation due to the presence of
proteases. Hence, CAT-based polymer-protein systems have been developed to protect
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CAT from protease digestion during circulation to enable efficient delivery to tumor sites.
For example, a photo-based hypoxia-alleviated nanosystem was proposed to achieve
enhanced phototherapy and immunotherapy for cancer [140]. CAT and anti-GITR antibody
(DTA-1) were loaded to photothermal agent and photosensitizer composed polydopamine
(PDA) conjugated ICG nanoparticles (PDA-ICG) via non-covalent connection, forming
PDA-ICG@CAT-DTA-1 nanosystems. The PDA-ICG@CAT-DTA-1 exhibited intrinsic local
hyperthermia and enhanced 1O2 generation in tumors and abrogated tumor immune
suppression. Chen et al. [141] loaded CAT into its core by double emulsion method and
decomposed H2O2 to produce O2 after being taken up by tumor cells. Zhang et al. [142]
constructed a lipid-encapsulated CAT system which had a CAT loading rate of more than
10% and could still maintain more than 80% of the catalytic activity after 12 h of digestion
by proteinase K.
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3.4. Immunotherapy

At present, the field of immunotherapy is mainly focused on chimeric antigen receptor
T cell immunotherapy (CAR-T) and checkpoint inhibitors (ICI), both of which aim to
target cytotoxic T cells for the elimination of tumor cells. However, several problems
reduce the therapeutic effect, including an immunosuppressive tumor microenvironment,
a low level of drug infiltration into tumor tissues, off-target toxicity and other safety
issues [143–145]. Furthermore, studies have shown that in order to achieve more powerful
anti-tumor immune responses combined with immunotherapy, which can stimulate several
different types of immune cells, needs to be considered [146,147]. This means that the drug
delivery system needs to be loaded with multiple drugs. Polymer–protein nanosystems
for cancer immunotherapy can serve as both immune adjuvants and delivery systems for
immune-stimulating molecules.

Cytokine–polymer conjugate systems can achieve immune-cell selectivity through
polymer modification at key ligand/receptor interfaces. For example, Charych et al. [148]
reported a prodrug Bempegaldesleukin (NKTR-214) which is a polymer-protein compound
of PEG and interleukin-2 (IL-2). The IL2 core was bonded into the six (20 kDa) releasable
PEG chains. Key hydrophobic and charged IL-2/IL-2Rα interaction sites were at or near
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sites of PEGylation. Thus, the PEG reagent and conjugation reaction could lead to facilitat-
ing localization on IL-2 at lysine residues clustered at the IL-2/IL-2Rα interface. Meanwhile,
cytokine–polymer conjugates additionally with a hydrolysable polymer linkage could shed
PEG at a controlled rate. In vivo, PEG chains could release to generate active IL2 conjugates
slowly, thus prolonging IL-2 circulation and facilitating sustained cytokine delivery to T
cells. Furthermore, the results showed that NKTR-214 enhanced persistence and antitu-
mor immunity in combination with an anti-cytotoxic T lymphocyte-associated antigen-4
(CTLA-4) antibody in preclinical cancer models. Currently, NKTR-214 is in Phase III clin-
ical trials in patients with skin cancer (NCT03635983), muscle-invasive bladder cancer
(NCT04209114) and advanced metastatic renal cell carcinoma (NCT03729245). Similarly,
Dapirolizumab pegol (Anti-CD40 ligand), NKTR-358, NKTR-262 and NKTR-255 polymer
conjugates are also in different stages of clinical trials [149]. Hu et al. [150] developed a
hyaluronic acid hydrogel encapsulated CAR-T cells targeting the human chondroitin sulfate
proteoglycan 4 (CSPG4), the cytokine interleukin-15 (IL-15) nanoparticles and platelets con-
jugated with the checkpoint inhibitor programmed death-ligand 1 (CAR-T-P–aPDL1@gel)
(Figure 11). The hydrogel was produced using acrylate-group-modified hyaluronic acid
(HA). In addition, the results showed that HA hydrogel was an excellent reservoir for
CAR-T cells, IL-15 nanoparticles and platelets carrying aPDL1. The hybrid hydrogels
created a favorable milieu in which CAR-T cells eradicate residual tumor cells and prevent
tumor recurrence.
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In addition, the surface charge of chemokines can also be modulated to tune binding
affinity to antibodies to form a hybrid protein polymer for enhanced cancer immunotherapy.
Fang et al. [151] designed a protein which fuses CCL21 (6C-kine) mutein with a PD-L1-
specific VHH binding domain by way of a flexible peptide linker. The chemokine-VHH
fusion proteins had the abilities to improve targeted delivery and attract effector cells into
the TME for improved immunotherapy.

3.5. Vaccines

Peptides/protein vaccines, nucleic acid vaccines and cellular vaccines are the main
forms of cancer vaccines. Peptides/protein vaccines can be divided into two types. One is
that it uses peptide/protein antibodies that are ubiquitous in a type of tumor, and these
proteins can be injected directly or introduced into the lesions through certain microbial
vectors to trigger an immune response. The other one is through isolating the antigen from
patients’ bodies and then reintroducing the modified antigen that can trigger the immune
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system back into patients. Herein, polymer–protein nanoparticles have shown promising
improvements as therapeutic cancer vaccines. Polymer–protein nanoparticles can avoid
the rapid degradation of antigens and improve the stability of vaccine formulations. On
the other hand, they provide good adjuvant performances and promote the activation
of antigen-presenting cells (APCs). Meanwhile, the nanometer size enhances antigens
enrichment in lymph nodes and further enhances their immune response ability [152].

For example, Lybaert et al. [153] reported a generic strategy for the formulation of
antigens into nanoscale polymeric conjugates based on copolymers of N-hydroxypropyl
methacrylamide (HPMA) with 3-aminopropyl methacrylamide (APMA) (Figure 12). The
neutral hydrophilic HPMA moieties provide water solubility and biocompatibility. In
addition, APMA units were used to introduce pyridyldisulfide moieties for reversible
protein binding through disulfide formation as well as to enhance cell uptake through
interaction with exofacial thiols. The water-soluble HPMA-based polymers with mul-
tiple pending pyridyldisulfide moieties were suitable for protein conjugation. In vitro
experiments showed that the polymers could conjugate with ovalbumin (OVA), and the
conjugation increased antigen presentation by APCs to CD8+ T cells. Pan et al. [154] devel-
oped a protein-based, self-assembling, stable nanovaccines bearing a variety of antigens,
including peptides and polysaccharides nanovaccine platform (Nano-B5) (Figure 13a). Pep-
tide and polysaccharide antigens were connected to the nanoparticle chassis in vivo via the
expression of fusion domains and glycosylation by a bacterial O-oligosaccharyltransferase,
respectively (Figure 13b). By efficiently draining lymph nodes after vaccination, antigens
bearing on these nanovaccines could be well presented by APCs for T cell activation
(Figure 13c). The results showed that the nanovaccines were safe in primates and mice and
outperformed conventional vaccine preparations in stimulating a more efficient immune
response which was a very promising cancer vaccine.

Polymers 2023, 15, x FOR PEER REVIEW  19  of  28 
 

 

the other hand, they provide good adjuvant performances and promote the activation of 

antigen-presenting cells  (APCs). Meanwhile,  the nanometer size enhances antigens en-

richment in lymph nodes and further enhances their immune response ability [152]. 

For example, Lybaert et al. [153] reported a generic strategy for the formulation of 

antigens into nanoscale polymeric conjugates based on copolymers of N-hydroxypropyl 

methacrylamide (HPMA) with 3-aminopropyl methacrylamide (APMA) (Figure 12). The 

neutral hydrophilic HPMA moieties provide water solubility and biocompatibility. In ad-

dition, APMA units were used to introduce pyridyldisulfide moieties for reversible pro-

tein binding through disulfide formation as well as to enhance cell uptake through inter-

action with  exofacial  thiols.  The water-soluble HPMA-based  polymers with multiple 

pending pyridyldisulfide moieties were suitable for protein conjugation. In vitro experi-

ments showed that the polymers could conjugate with ovalbumin (OVA), and the conju-

gation increased antigen presentation by APCs to CD8+ T cells. Pan et al. [154] developed 

a protein-based, self-assembling, stable nanovaccines bearing a variety of antigens, includ-

ing peptides and polysaccharides nanovaccine platform (Nano-B5) (Figure 13a). Peptide 

and polysaccharide antigens were connected to the nanoparticle chassis  in vivo via the 

expression of fusion domains and glycosylation by a bacterial O-oligosaccharyltransfer-

ase, respectively (Figure 13b). By efficiently draining lymph nodes after vaccination, anti-

gens bearing on these nanovaccines could be well presented by APCs for T cell activation 

(Figure 13c). The results showed that the nanovaccines were safe  in primates and mice 

and outperformed conventional vaccine preparations in stimulating a more efficient im-

mune response which was a very promising cancer vaccine. 

 

Figure 12. Schematic illustration of generic polymer–protein ligation strategy based on reversible 

disulfide  formation between  free  thiols on a protein and pyridyldisulfide moieties on a polymer 

backbone. A mixture is obtained composed of multiple polymers per protein and/or multiple pro-

teins per polymer [153]. 

In addition, 3D printing technology combined with vaccine treatments is a new meas-

ure for cancer therapy which has greatly improved the treatment effect of cancer and im-

proved the production efficiency of vaccines. Zhang et al. [155] used 3D-printed scaffolds 

loaded with immunoregulators for enhanced cancer immunotherapy. The new polymer–

protein system with rapid manufacturing and precise molding based on 3D printing could 

enable mass manufacturing of cancer vaccines and personalized design. 

Figure 12. Schematic illustration of generic polymer–protein ligation strategy based on reversible
disulfide formation between free thiols on a protein and pyridyldisulfide moieties on a polymer
backbone. A mixture is obtained composed of multiple polymers per protein and/or multiple
proteins per polymer [153].

In addition, 3D printing technology combined with vaccine treatments is a new
measure for cancer therapy which has greatly improved the treatment effect of cancer and
improved the production efficiency of vaccines. Zhang et al. [155] used 3D-printed scaffolds
loaded with immunoregulators for enhanced cancer immunotherapy. The new polymer–
protein system with rapid manufacturing and precise molding based on 3D printing could
enable mass manufacturing of cancer vaccines and personalized design.
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Figure 13. Design for the in vivo production of modular and self-assembling nanovaccines.
(a) Modular design scheme of the nanovaccines and their versatile application configurations.
(b) Cell-based fabrication of nanovaccines by expressing a fusion protein containing the B-subunit of AB5
toxin and a trimer-forming peptide in vivo. (c) Following vaccination, the nanovaccines quickly drain to
the lymph node and activate APCs, leading to potent humoral and cellular immune responses [154].

Furthermore, due to the importance of innate immune co-stimulation in building a
productive adaptive immune response, providing pathogen-associated molecular patterns
(PAMPs) and/or damage-associated molecular patterns (DAMPs) that can bind pattern
recognition receptors (PRRs) simultaneously with antigen administration to induce im-
munogenic cell death (ICD) is also necessary for cancer vaccines [156]. A dendritic cell (DC)
vaccine based on α-lactalbumin (α-LA)-engineered breast cancer-derived exosomes with
ICD inducers human neutrophil elastase (ELANE) and Hiltonol (TLR3 agonist) (HELA-
Exos) was exerted by Huang et al. [157]. They found that HELA-Exos possessed a profound
ability to specifically induce ICD and increase CD8+ T cell responses in breast cancer cells.
This is a potential cancer vaccine stratagem for tumor inhibition in poorly immunogenic
triple-negative breast cancer.

Herein, a list of hybrid polymer–protein systems with their applications for cancer
treatments is summarized in Table 3.

Table 3. Applications for hybrid polymer–protein systems in cancer therapy.

Category Polymer Protein Reference

Targeted therapy poly-ADP-ribose polymer Anti-HER2 antibody [118]
PLGA anti-CD133 antibody [119]

Gene therapy PBDTQ nanoparticles Tat peptide, CD, TK [127]
Silk-elastinlike protein polymers MMP [128]

Phototherapy
Upconversion nanoparticles BSA [135]

Gold nanospheres Hb, pardaxin peptides [139]
PDA nanoparticles CAT and DTA-1 [140]

Immunotherapy PEG IL-2 [148]
Hyaluronic acid hydrogel CSPG4, IL-15, aPDL1 [150]

Vaccines
Polymeric conjugates based on HPMA OVA [153]

3D printed scaffolds Antigen [155]
DC derived exosomes Human neutrophil elastase, TLR3 agonist [157]
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4. Conclusions and Perspectives

As can be seen from this review, many cancer therapy design schemes and applications
for hybrid polymer–protein systems have been developed to date. The selection of vital
components, including polymers and proteins according to application purposes is crucial.
The rationality of design schemes depends on the type of connections, reaction condition
and protein release strategies which may influence the effect of subsequent application in
cancer therapy.

Polymer–protein systems have the characteristics of high activity, high specificity,
low toxicity, long circulation and some other clear biological functions which are ideal as
vehicles or drugs for cancer therapy. Over the past decades, polymer–protein systems have
been widely used in targeted therapy, gene therapy, phototherapy, immunotherapy and
vaccine therapy for cancer, leading to tremendous progress. However, there are still chal-
lenges for hybrid polymer–protein systems in cancer therapy: (1) Nanomaterials need to be
carefully selected to avoid toxicity in vivo. The size, shape, chemical composition, surface
properties, agglomeration and/or aggregation status, and biodegradability and biocompat-
ibility of hybrid polymer–protein systems may affect their toxicity in vivo which should be
heavily considered in the prescription design and optimization processes. (2) Covalent or
non-covalent modifications, as well as the application of organic solvents, can all change
the structure of proteins. Therefore, in the preparation process, protein conformation and
activity should be detected so as to verify the feasibility of the method and screen out the
best preparation scheme. (3) The biotransformation and metabolic processes of hybrid
polymer–protein systems in the body are complex and unclear. (4) Drug release processes
of hybrid delivery systems in the body are difficult to control. Designing controlled release
systems is an efficient and feasible method to solve the release problem. Characteristics
of different parts of the body, such as pH, temperature, oxidation-reduction quality, etc.,
and external factors, such as photo, ultrasound and electromagnetism are considerable
directions for controlled hybrid polymer–protein systems. (5) The biological activities of
protein drugs before and after binding to targets need to be further confirmed. Although
the complex structure of peptides and proteins enhances their potency and selectivity,
it also results in their poor stability. They degrade easily under environmental storage
conditions and are sensitive in vivo to pervasive protease, physiological temperature, and
pH changes. To overcome these challenges, synthetic or humanized peptide analogs com-
bined with unnatural amino acids or conjugated with known chemical components can
improve half-life, stability, receptor affinity and reduce toxicity. (6) The mechanism of
action of polymer–protein conjugates in vivo is complex. Polymer–protein conjugates may
adhere to and/or embed in cell membranes or may be internalized into cells. There are
various endocytosis pathways for hybrid biomaterials to enter cells, including clathrin-
dependent, caveolin-dependent, non-clathrin and non-caveolin-dependent endocytosis,
micropinocytosis and phagocytosis. At the cellular level, the agglomeration state can alter
the size-dependent cellular internalization pathways and degree of uptake of biomaterials.
In addition, circulating biomaterials regardless of exposure routes may also cross the blood–
brain barrier, blood–testis barrier and placental barrier to reach the central nervous system,
reproduction system and offspring, respectively, and have biological effects on organs [158].
(7) The establishment of excellent organoids, tumor models, especially humanized models
and personalized treatment plans are challenging to address. New technology, for example,
3D bio-printed tumor models can be potential candidates for understanding drug action
against tumors. At present, individualized clinical therapy relies primarily on therapeutic
drug monitoring (TDM) and genetic testing. The accuracy and repeatability of existing
detection methods should be ensured. On the other hand, to cater to the requirements
of personalized medical care, speed up the advancement of novel diagnostic tools, create
innovative approaches and equipment and enhance the efficiency of current methods, it is
necessary to tackle this. (8) Some polymer–protein systems may face challenges in being
applied in clinical settings due to their complex preparation procedures and expensive pro-
duction costs. A comprehensive and succinct design methodology is required to effectively
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convey the clinical translation of polymer–protein systems. Meanwhile, pharmaceutical
ingredients must be affordable and easily accessible while still meeting therapeutic de-
mands. Additionally, the manufacturing process should be as convenient and feasible
as possible for industrial production. (9) Regulatory requirements for the approval of
polymer–protein systems designed in this manner present additional challenges. It is worth
noting that, such as the drug design procedure, the regulation of polymer–protein systems
submission follows the requirements of developing new chemical entities (NCEs). Similar
to the regulatory requirements for peptide drugs, the developed polymer–protein systems
must undergo thorough characterization for their structural, conformational, physiological
and biological reactivity attributes. Prior to regulatory approvals, it is crucial to deter-
mine the quality, safety and efficacy profiles of these polymeric constructs. We anticipate
that these challenges will progressively diminish in the foreseeable future, allowing for
polymer–protein systems to remain a captivating domain utilized in cancer treatment and
other diverse applications.

Author Contributions: Conceptualization, Q.S., Z.Y. and X.Q.; validation, Q.S., Z.Y. and X.Q.; inves-
tigation, Q.S. and Z.Y.; resources, Q.S. and Z.Y.; writing—original draft preparation, Q.S.; writing—
review and editing, Q.S. and Z.Y.; supervision, Q.S., Z.Y. and X.Q.; funding acquisition, Q.S., Z.Y. and
X.Q. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by R&D Program of Beijing Municipal Education Commission
(No. KM202310025023), National Natural Science Foundation of China (No. 81973258/No. 81803459)
and Beijing Natural Science Foundation (No. L2020440).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: Globocan

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Vermonden, T.; Censi, R.; Hennink, W.E. Hydrogels for Protein Delivery. Chem. Rev. 2012, 112, 2853–2888. [CrossRef] [PubMed]
3. Stie, M.B.; Kalouta, K.; Vetri, V.; Fodera, V. Protein materials as sustainable non- and minimally invasive strategies for biomedical

applications. J. Control Release 2022, 344, 12–25. [CrossRef] [PubMed]
4. Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Degradable controlled-release polymers and polymeric nanoparticles: Mecha-

nisms of controlling drug release. Chem. Rev. 2016, 116, 2602–2663. [CrossRef] [PubMed]
5. Gulati, N.M.; Stewart, P.L.; Steinmetz, N.F. Bioinspired shielding strategies for nanoparticle drug delivery applications. Mol.

Pharm. 2018, 15, 2900–2909. [CrossRef]
6. Abuchowski, A.; Vanes, T.; Palczuk, N.C.; Davis, F.F. Alteration of immunological properties of bovine serum-albumin by covalent

attachment of polyethylene-glycol. J. Biol. Chem. 1977, 252, 3578–3581. [CrossRef]
7. Abuchowski, A.; McCoy, J.R.; Palczuk, N.C.; van Es, T.; Davis, F.F. Effect of covalent attachment of polyethylene glycol on

immunogenicity and circulating life of bovine liver catalase. J. Biol. Chem. 1977, 252, 3582–3586. [CrossRef]
8. Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Polymerization of methyl-methacrylate with the carbon-tetrachloride

dichlorotris(triphenylphosphine)ruthenium(Ii) methylaluminum bis(2,6-Di-Tert-Butylphenoxide) initiating system–possibility of
living radical polymerization. Macromolecules 1995, 28, 1721–1723. [CrossRef]

9. Chiefari, J.; Chong, Y.K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.P.T.; Mayadunne, R.T.A.; Meijs, G.F.; Moad, C.L.; Moad, G.; et al.
Living free-radical polymerization by reversible addition-fragmentation chain transfer: The RAFT process. Macromolecules 1998,
31, 5559–5562. [CrossRef]

10. Willis, F.; Pettengell, R. Pegfilgrastim. Expert Opin. Biol. Ther. 2002, 2, 985–992. [CrossRef]
11. Patel, J.N.; Walko, C.M. Sylatron: A pegylated interferon for use in melanoma. Ann. Pharmacother. 2012, 46, 830–838. [CrossRef]
12. Reinders, M.K.; Jansen, T.L. New advances in the treatment of gout: Review of pegloticase. Ther. Clin. Risk Manag. 2010, 6,

543–550. [CrossRef]
13. Jevsevar, S.; Kunstelj, M.; Porekar, V.G. PEGylation of therapeutic proteins. Biotechnol. J. 2010, 5, 113–128. [CrossRef]
14. Alconcel, S.N.S.; Baas, A.S.; Maynard, H.D. FDA-approved poly(ethylene glycol)-protein conjugate drugs. Polym. Chem. 2011, 2,

1442–1448. [CrossRef]

https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1021/cr200157d
https://www.ncbi.nlm.nih.gov/pubmed/22360637
https://doi.org/10.1016/j.jconrel.2022.02.016
https://www.ncbi.nlm.nih.gov/pubmed/35182614
https://doi.org/10.1021/acs.chemrev.5b00346
https://www.ncbi.nlm.nih.gov/pubmed/26854975
https://doi.org/10.1021/acs.molpharmaceut.8b00292
https://doi.org/10.1016/S0021-9258(17)40291-2
https://doi.org/10.1016/S0021-9258(17)40292-4
https://doi.org/10.1021/ma00109a056
https://doi.org/10.1021/ma9804951
https://doi.org/10.1517/14712598.2.8.985
https://doi.org/10.1345/aph.1Q791
https://doi.org/10.2147/TCRM.S6043
https://doi.org/10.1002/biot.200900218
https://doi.org/10.1039/c1py00034a


Polymers 2023, 15, 2219 22 of 27

15. Panda, S.; Hajra, S.; Kaushik, A.; Rubahn, H.G.; Mishra, Y.K.; Kim, H.J. Smart nanomaterials as the foundation of a combination
approach for efficient cancer theranostics. Mater. Today Chem. 2022, 26, 101182. [CrossRef]

16. Panda, S.; Hajra, S.; Mistewicz, K.; Nowacki, B.; In-na, P.; Krushynska, A.; Mishra, Y.K.; Kim, H.J. A focused review on
three-dimensional bioprinting technology for artificial organ fabrication. Biomater. Sci. 2022, 10, 5054–5080. [CrossRef]

17. Gauthier, M.A.; Klok, H.A. Polymer-protein conjugates: An enzymatic activity perspective. Polym. Chem. 2010, 1, 1352–1373.
[CrossRef]

18. Kiran, P.; Khan, A.; Neekhra, S.; Pallod, S.; Srivastava, R. Nanohybrids as protein-polymer conjugate multimodal therapeutics.
Front. Med. Technol. 2021, 3, 676025. [CrossRef]

19. Veronese, F.M.; Mero, A. The impact of PEGylation on biological therapies. BioDrugs 2008, 22, 315–329. [CrossRef] [PubMed]
20. Bailon, P.; Won, C.Y. PEG-modified biopharmaceuticals. Expert Opin. Drug. Deliv. 2009, 6, 1–16. [CrossRef] [PubMed]
21. Becker, R.; Dembek, C.; White, L.A.; Garrison, L.P. The cost offsets and cost-effectiveness associated with pegylated drugs: A

review of the literature. Expert Rev. Pharmacoecon. Outcomes Res. 2012, 12, 775–793. [CrossRef]
22. Xu, Q.; Hou, J.; Rao, J.; Li, G.H.; Liu, Y.L.; Zhou, J. PEG modification enhances the in vivo stability of bioactive proteins

immobilized on magnetic nanoparticles. Biotechnol. Lett. 2020, 42, 1407–1418. [CrossRef] [PubMed]
23. Veronese, F.M. Peptide and protein PEGylation: A review of problems and solutions. Biomaterials 2001, 22, 405–417. [CrossRef]

[PubMed]
24. Harris, J.M.; Chess, R.B. Effect of pegylation on pharmaceuticals. Nat. Rev. Drug. Discov. 2003, 2, 214–221. [CrossRef] [PubMed]
25. Eckardt, K.U. Anaemia: The safety and efficacy of peginesatide in patients with CKD. Nat. Rev. Nephrol. 2013, 9, 192–193.

[CrossRef]
26. Mikhail, A. Profile of peginesatide and its potential for the treatment of anemia in adults with chronic kidney disease who are on

dialysis. J. Blood Med. 2012, 3, 25–31. [CrossRef]
27. Garay, R.P.; El-Gewely, R.; Armstrong, J.K.; Garratty, G.; Richette, P. Antibodies against polyethylene glycol in healthy subjects

and in patients treated with PEG-conjugated agents. Expert Opin. Drug. Deliv. 2012, 9, 1319–1323. [CrossRef]
28. Zhang, Z.; Chu, Y.; Li, C.; Tang, W.; Qian, J.; Wei, X.; Lu, W.; Ying, T.; Zhan, C. Anti-PEG scFv corona ameliorates accelerated

blood clearance phenomenon of PEGylated nanomedicines. J. Control Release 2021, 330, 493–501. [CrossRef]
29. Lipsky, P.E.; Calabrese, L.H.; Kavanaugh, A.; Sundy, J.S.; Wright, D.; Wolfson, M.; Becker, M.A. Pegloticase immunogenicity: The

relationship between efficacy and antibody development in patients treated for refractory chronic gout. Arthritis Res. Ther. 2014,
16, R60. [CrossRef]

30. Ozer, I.; Kelly, G.; Gu, R.; Li, X.; Zakharov, N.; Sirohi, P.; Nair, S.K.; Collier, J.H.; Hershfield, M.S.; Hucknall, A.M.; et al.
Polyethylene glycol-like brush polymer conjugate of a protein drug does not induce an antipolymer immune response and has
enhanced pharmacokinetics than its polyethylene glycol counterpart. Adv. Sci. 2022, 9, e2103672. [CrossRef]

31. Ozer, I.; Pitoc, G.A.; Layzer, J.M.; Moreno, A.; Olson, L.B.; Layzer, K.D.; Hucknall, A.M.; Sullenger, B.A.; Chilkoti, A. PEG-like
brush polymer conjugate of RNA aptamer that shows reversible anticoagulant activity and minimal immune response. Adv.
Mater. 2022, 34, e2107852. [CrossRef] [PubMed]

32. Rani, S.; Sahoo, R.K.; Nakhate, K.T.; Ajazuddin; Gupta, U. Biotinylated HPMA centered polymeric nanoparticles for Bortezomib
delivery. Int. J. Pharm. 2020, 579, 119173. [CrossRef] [PubMed]

33. Subasic, C.N.; Ardana, A.; Chan, L.J.; Huang, F.; Scoble, J.A.; Butcher, N.J.; Meagher, L.; Chiefari, J.; Kaminskas, L.M.; Williams, C.C.
Poly(HPMA-co-NIPAM) copolymer as an alternative to polyethylene glycol-based pharmacokinetic modulation of therapeutic
proteins. Int. J. Pharm. 2021, 608, 121075. [CrossRef] [PubMed]

34. Li, B.; Yuan, Z.; Hung, H.C.; Ma, J.; Jain, P.; Tsao, C.; Xie, J.; Zhang, P.; Lin, X.; Wu, K.; et al. Revealing the Immunogenic Risk of
Polymers. Angew. Chem. Int. Ed. Engl. 2018, 57, 13873–13876. [CrossRef] [PubMed]

35. Wlodarczyk, M.T.; Dragulska, S.A.; Chen, Y.; Poursharifi, M.; Santiago, M.A.; Martignetti, J.A.; Mieszawska, A.J. Pt(II)-PLGA
Hybrid in a pH-Responsive Nanoparticle System Targeting Ovarian Cancer. Pharmaceutics 2023, 15, 607. [CrossRef] [PubMed]

36. Rajagopal, K.; Wood, J.; Tran, B.; Patapoff, T.W.; Nivaggioli, T. Trehalose limits BSA aggregation in spray-dried formulations at
high temperatures: Implications in preparing polymer implants for long-term protein delivery. J. Pharm. Sci. 2013, 102, 2655–2666.
[CrossRef]

37. Sharp, D.M.; Picken, A.; Morris, T.J.; Hewitt, C.J.; Coopman, K.; Slater, N.K. Amphipathic polymer-mediated uptake of trehalose
for dimethyl sulfoxide-free human cell cryopreservation. Cryobiology 2013, 67, 305–311. [CrossRef]

38. Olsson, C.; Jansson, H.; Swenson, J. The role of trehalose for the stabilization of proteins. J. Phys. Chem. B 2016, 120, 4723–4731.
[CrossRef]

39. Diaz-Dussan, D.; Peng, Y.Y.; Sengupta, J.; Zabludowski, R.; Adam, M.K.; Acker, J.P.; Ben, R.N.; Kumar, P.; Narain, R. Trehalose-
Based polyethers for cryopreservation and three-dimensional cell scaffolds. Biomacromolecules 2020, 21, 1264–1273. [CrossRef]

40. Krywko-Cendrowska, A.; di Leone, S.; Bina, M.; Yorulmaz-Avsar, S.; Palivan, C.G.; Meier, W. Recent Advances in Hybrid
Biomimetic Polymer-Based Films: From Assembly to Applications. Polymers 2020, 12, 1003. [CrossRef]

41. Staat, R.H.; Gawronski, T.H.; Schachtele, C.F. Detection and preliminary studies on dextranase-producing microorganisms from
human dental plaque. Infect. Immun. 1973, 8, 1009–1016. [CrossRef] [PubMed]

42. Zhao, L.; Liu, M.; Wang, J.; Zhai, G. Chondroitin sulfate-based nanocarriers for drug/gene delivery. Carbohydr. Polym. 2015, 133,
391–399. [CrossRef] [PubMed]

https://doi.org/10.1016/j.mtchem.2022.101182
https://doi.org/10.1039/D2BM00797E
https://doi.org/10.1039/c0py90001j
https://doi.org/10.3389/fmedt.2021.676025
https://doi.org/10.2165/00063030-200822050-00004
https://www.ncbi.nlm.nih.gov/pubmed/18778113
https://doi.org/10.1517/17425240802650568
https://www.ncbi.nlm.nih.gov/pubmed/19236204
https://doi.org/10.1586/erp.12.65
https://doi.org/10.1007/s10529-020-02867-4
https://www.ncbi.nlm.nih.gov/pubmed/32200524
https://doi.org/10.1016/S0142-9612(00)00193-9
https://www.ncbi.nlm.nih.gov/pubmed/11214751
https://doi.org/10.1038/nrd1033
https://www.ncbi.nlm.nih.gov/pubmed/12612647
https://doi.org/10.1038/nrneph.2013.42
https://doi.org/10.2147/JBM.S23270
https://doi.org/10.1517/17425247.2012.720969
https://doi.org/10.1016/j.jconrel.2020.12.047
https://doi.org/10.1186/ar4497
https://doi.org/10.1002/advs.202103672
https://doi.org/10.1002/adma.202107852
https://www.ncbi.nlm.nih.gov/pubmed/34994037
https://doi.org/10.1016/j.ijpharm.2020.119173
https://www.ncbi.nlm.nih.gov/pubmed/32097684
https://doi.org/10.1016/j.ijpharm.2021.121075
https://www.ncbi.nlm.nih.gov/pubmed/34481889
https://doi.org/10.1002/anie.201808615
https://www.ncbi.nlm.nih.gov/pubmed/30156051
https://doi.org/10.3390/pharmaceutics15020607
https://www.ncbi.nlm.nih.gov/pubmed/36839929
https://doi.org/10.1002/jps.23634
https://doi.org/10.1016/j.cryobiol.2013.09.002
https://doi.org/10.1021/acs.jpcb.6b02517
https://doi.org/10.1021/acs.biomac.0c00018
https://doi.org/10.3390/polym12051003
https://doi.org/10.1128/iai.8.6.1009-1016.1973
https://www.ncbi.nlm.nih.gov/pubmed/4594114
https://doi.org/10.1016/j.carbpol.2015.07.063
https://www.ncbi.nlm.nih.gov/pubmed/26344295


Polymers 2023, 15, 2219 23 of 27

43. Maciel, V.B.V.; Yoshida, C.M.P.; Pereira, S.; Goycoolea, F.M.; Franco, T.T. Electrostatic Self-Assembled Chitosan-Pectin Nano- and
Microparticles for Insulin Delivery. Molecules 2017, 22, 1707. [CrossRef] [PubMed]

44. Turecek, P.L.; Siekmann, J. PEG–Protein Conjugates; Elsevier: Amsterdam, The Netherlands, 2020; pp. 61–101. [CrossRef]
45. Mauzac, M.; Aubert, N.; Jozefonvicz, J. Antithrombic activity of some polysaccharide resins. Biomaterials 1982, 3, 221–224.

[CrossRef] [PubMed]
46. Nguyen, T.H.; Paluck, S.J.; McGahran, A.J.; Maynard, H.D. Poly(vinyl sulfonate) Facilitates bFGF-Induced Cell Proliferation.

Biomacromolecules 2015, 16, 2684–2692. [CrossRef]
47. Paluck, S.J.; Nguyen, T.H.; Lee, J.P.; Maynard, H.D. A Heparin-mimicking block copolymer both stabilizes and increases the

activity of fibroblast growth factor 2 (FGF2). Biomacromolecules 2016, 17, 3386–3395. [CrossRef]
48. Nishimura, Y.; Shudo, H.; Seto, H.; Hoshino, Y.; Miura, Y. Syntheses of sulfated glycopolymers and analyses of their BACE-1

inhibitory activity. Bioorg. Med. Chem. Lett. 2013, 23, 6390–6395. [CrossRef]
49. Liu, S.; Yan, T.; Sun, J.; Li, F.; Xu, J.; Sun, H.; Yu, S.; Liu, J. Biomimetic cascade polymer nanoreactors for starvation and

photodynamic cancer therapy. Molecules 2021, 26, 5609. [CrossRef]
50. Shastri, V.P. Non-degradable biocompatible polymers in medicine: Past, present and future. Curr. Pharm. Biotechnol. 2003, 4,

331–337. [CrossRef]
51. Hill, M.R.; Guegain, E.; Tran, J.; Figg, C.A.; Turner, A.C.; Nicolas, J.; Sumerlin, B.S. Radical ring-opening copolymerization of

cyclic ketene acetals and maleimides affords homogeneous incorporation of degradable units. ACS Macro Lett. 2017, 6, 1071–1077.
[CrossRef]

52. Gigmes, D.; Van Steenberge, P.H.M.; Siri, D.; D’Hooge, D.R.; Guillaneuf, Y.; Lefay, C. Simulation of the degradation of cyclic
ketene acetal and vinyl-based copolymers synthesized via a radical process: Influence of the reactivity ratios on the degradability
properties. Macromol. Rapid Commun. 2018, 39, e1800193. [CrossRef] [PubMed]

53. Yang, P.B.; Davidson, M.G.; Edler, K.J.; Brown, S. Synthesis, properties, and applications of bio-based cyclic aliphatic polyesters.
Biomacromolecules 2021, 22, 3649–3667. [CrossRef] [PubMed]

54. Brannigan, R.P.; Dove, A.P. Synthesis, properties and biomedical applications of hydrolytically degradable materials based on
aliphatic polyesters and polycarbonates. Biomater. Sci. 2016, 5, 9–21. [CrossRef] [PubMed]

55. Liu, D.; Rubin, G.M.; Dhakal, D.; Chen, M.; Ding, Y. Biocatalytic synthesis of peptidic natural products and related analogues.
iScience 2021, 24, 102512. [CrossRef]

56. Noga, M.; Edinger, D.; Wagner, E.; Winter, G.; Besheer, A. Characterization and compatibility of hydroxyethyl starch-
polyethylenimine copolymers for DNA delivery. J. Biomater. Sci. Polym. Ed. 2014, 25, 855–871. [CrossRef] [PubMed]

57. Cabral, H.; Kataoka, K. Progress of drug-loaded polymeric micelles into clinical studies. J. Control Release 2014, 190, 465–476.
[CrossRef]

58. Paleos, C.M.; Sideratou, Z.; Tsiourvas, D. Drug delivery systems based on hydroxyethyl starch. Bioconjug. Chem. 2017, 28,
1611–1624. [CrossRef]

59. Li, G.; Li, Y.; Tang, Y.; Zhang, Y.; Zhang, Y.; Yin, T.; Xu, H.; Cai, C.; Tang, X. Hydroxyethyl starch conjugates for improving
the stability, pharmacokinetic behavior and antitumor activity of 10-hydroxy camptothecin. Int. J. Pharm. 2014, 471, 234–244.
[CrossRef]

60. Wang, H.; Hu, H.; Yang, H.; Li, Z. Hydroxyethyl starch based smart nanomedicine. RSC Adv. 2021, 11, 3226–3240. [CrossRef]
61. Lu, Y.; Cheng, D.; Niu, B.; Wang, X.; Wu, X.; Wang, A. Properties of Poly (Lactic-co-Glycolic Acid) and Progress of Poly

(Lactic-co-Glycolic Acid)-Based Biodegradable Materials in Biomedical Research. Pharmaceuticals 2023, 16, 454. [CrossRef]
62. Dharmasiri, M.B.; Mudiyanselage, T.K. Thermo-responsive poly(N-isopropyl acrylamide) hydrogel with increased response rate.

Polym. Bull 2021, 78, 3183–3198. [CrossRef]
63. Swift, T.; Swanson, L.; Geoghegan, M.; Rimmer, S. The pH-responsive behaviour of poly(acrylic acid) in aqueous solution is

dependent on molar mass. Soft Matter. 2016, 12, 2542–2549. [CrossRef] [PubMed]
64. Boyaci, T.; Orakdogen, N. pH-responsive poly(N,N-dimethylaminoethyl methacrylate-co-2-acrylamido-2-methyl-propanosulfonic

acid) cryogels: Swelling, elasticity and diffusive properties. RSC Adv. 2015, 5, 77235–77247. [CrossRef]
65. Chang, D.; Ma, Y.; Xu, X.; Xie, J.; Ju, S. Stimuli-Responsive Polymeric Nanoplatforms for Cancer Therapy. Front. Bioeng. Biotechnol.

2021, 9, 707319. [CrossRef] [PubMed]
66. Arkaban, H.; Barani, M.; Akbarizadeh, M.R.; Pal Singh Chauhan, N.; Jadoun, S.; Dehghani Soltani, M.; Zarrintaj, P. Polyacrylic

Acid Nanoplatforms: Antimicrobial, Tissue Engineering, and Cancer Theranostic Applications. Polymers 2022, 14, 1259. [CrossRef]
67. Hayashi, K.; Matsuda, M.; Nakahata, M.; Takashima, Y.; Tanaka, M. Stimulus-Responsive, Gelatin-Containing Supramolecular

Nanofibers as Switchable 3D Microenvironments for Cells. Polymers 2022, 14, 4407. [CrossRef] [PubMed]
68. Hsu, P.H.; Arboleda, C.; Stubelius, A.; Li, L.W.; Olejniczak, J.; Almutairi, A. Highly responsive and rapid hydrogen peroxide-

triggered degradation of polycaprolactone nanoparticles. Biomater. Sci. 2020, 8, 2394–2397. [CrossRef]
69. Chen, A.; Chen, J.; Wang, D.; Xu, J.; Zeng, H. CO2/N2-responsive oil-in-water emulsions using a novel switchable surfactant. J.

Colloid Interface Sci. 2020, 571, 134–141. [CrossRef]
70. Hu, J.; Zhang, G.; Liu, S. Enzyme-responsive polymeric assemblies, nanoparticles and hydrogels. Chem. Soc. Rev. 2012, 41,

5933–5949. [CrossRef]
71. Chen, F.; Ren, Y.; Guo, J.; Yan, F. Thermo- and electro-dual responsive poly(ionic liquid) electrolyte based smart windows. Chem.

Commun. 2017, 53, 1595–1598. [CrossRef]

https://doi.org/10.3390/molecules22101707
https://www.ncbi.nlm.nih.gov/pubmed/29023400
https://doi.org/10.1016/B978-0-444-64081-9.00004-8
https://doi.org/10.1016/0142-9612(82)90023-0
https://www.ncbi.nlm.nih.gov/pubmed/6184081
https://doi.org/10.1021/acs.biomac.5b00557
https://doi.org/10.1021/acs.biomac.6b01182
https://doi.org/10.1016/j.bmcl.2013.09.057
https://doi.org/10.3390/molecules26185609
https://doi.org/10.2174/1389201033489694
https://doi.org/10.1021/acsmacrolett.7b00572
https://doi.org/10.1002/marc.201800193
https://www.ncbi.nlm.nih.gov/pubmed/29786907
https://doi.org/10.1021/acs.biomac.1c00638
https://www.ncbi.nlm.nih.gov/pubmed/34415743
https://doi.org/10.1039/C6BM00584E
https://www.ncbi.nlm.nih.gov/pubmed/27840864
https://doi.org/10.1016/j.isci.2021.102512
https://doi.org/10.1080/09205063.2014.910152
https://www.ncbi.nlm.nih.gov/pubmed/24787557
https://doi.org/10.1016/j.jconrel.2014.06.042
https://doi.org/10.1021/acs.bioconjchem.7b00186
https://doi.org/10.1016/j.ijpharm.2014.05.038
https://doi.org/10.1039/D0RA09663F
https://doi.org/10.3390/ph16030454
https://doi.org/10.1007/s00289-020-03270-9
https://doi.org/10.1039/C5SM02693H
https://www.ncbi.nlm.nih.gov/pubmed/26822456
https://doi.org/10.1039/C5RA11634A
https://doi.org/10.3389/fbioe.2021.707319
https://www.ncbi.nlm.nih.gov/pubmed/34249894
https://doi.org/10.3390/polym14061259
https://doi.org/10.3390/polym14204407
https://www.ncbi.nlm.nih.gov/pubmed/36297985
https://doi.org/10.1039/C9BM02019E
https://doi.org/10.1016/j.jcis.2020.03.045
https://doi.org/10.1039/c2cs35103j
https://doi.org/10.1039/C6CC08924K


Polymers 2023, 15, 2219 24 of 27

72. Ulbrich, K.; Hola, K.; Subr, V.; Bakandritsos, A.; Tucek, J.; Zboril, R. Targeted Drug Delivery with Polymers and Magnetic
Nanoparticles: Covalent and Noncovalent Approaches, Release Control, and Clinical Studies. Chem. Rev. 2016, 116, 5338–5431.
[CrossRef] [PubMed]

73. Bertrand, O.; Gohy, J.F. Photo-responsive polymers: Synthesis and applications. Polym. Chem. 2017, 8, 52–73. [CrossRef]
74. Qi, Y.; Amiram, M.; Gao, W.; McCafferty, D.G.; Chilkoti, A. Sortase-catalyzed initiator attachment enables high yield growth of a

stealth polymer from the C terminus of a protein. Macromol. Rapid. Commun. 2013, 34, 1256–1260. [CrossRef] [PubMed]
75. Carmali, S.; Murata, H.; Matyjaszewski, K.; Russell, A.J. Tailoring Site Specificity of Bioconjugation Using Step-Wise Atom-Transfer

Radical Polymerization on Proteins. Biomacromolecules 2018, 19, 4044–4051. [CrossRef] [PubMed]
76. Kuan, S.L.; Wang, T.; Weil, T. Site-Selective Disulfide Modification of Proteins: Expanding Diversity beyond the Proteome.

Chemistry 2016, 22, 17112–17129. [CrossRef] [PubMed]
77. Pelegri-O’Day, E.M.; Lin, E.W.; Maynard, H.D. Therapeutic protein-polymer conjugates: Advancing beyond PEGylation. J. Am.

Chem. Soc. 2014, 136, 14323–14332. [CrossRef] [PubMed]
78. Chen, C.J.; Ng, D.Y.W.; Weil, T. Polymer bioconjugates: Modern design concepts toward precision hybrid materials. Prog. Polym.

Sci. 2020, 105, 101241. [CrossRef]
79. Sereda, T.J.; Mant, C.T.; Quinn, A.M.; Hodges, R.S. Effect of Alpha-Amino Group on Peptide Retention Behavior in Reversed-Phase

Chromatography–Determination of the Pk(a) Values of the Alpha-Amino Group of 19 Different N-Terminal Amino-Acid-Residues.
J. Chromatogr. 1993, 646, 17–30. [CrossRef]

80. Ward, C.M.; Seymour, L.W. Conjugation of NHS-folate to preformed poly(L-lysine)/DNA complexes for specific receptor
mediated uptake into KB cells. Hum. Gene Ther. 1999, 10, 853.

81. Usha, R.; Sreeram, K.J.; Rajaram, A. Stabilization of collagen with EDC/NHS in the presence of L-lysine: A comprehensive study.
Colloid Surface B 2012, 90, 83–90. [CrossRef]

82. Kikuchi, S.; Kanoh, D.; Sato, S.; Sakurai, Y.; Suzuki, M.; Nakamura, H. Maleimide-functionalized closo-dodecaborate albumin
conjugates (MID-AC): Unique ligation at cysteine and lysine residues enables efficient boron delivery to tumor for neutron
capture therapy. J. Control Release 2016, 237, 160–167. [CrossRef] [PubMed]

83. Struck, R.F.; Roychowdhury, A.; Maddry, J.A.; Waud, W.R. Development and anti-cancer testing of halogenated analogues of
isophosphoramide mustard-lysine (IPM-L; ZIO-201), ZIO-202 and ZIO-203. Cancer Res. 2006, 66, 130.

84. Mitsiogianni, M.; Mantso, T.; Trafalis, D.T.; Rupasinghe, H.P.V.; Zoumpourlis, V.; Franco, R.; Botaitis, S.; Pappa, A.; Panayiotidis,
M.I. Allyl isothiocyanate regulates lysine acetylation and methylation marks in an experimental model of malignant melanoma.
Eur. J. Nutr. 2020, 59, 557–569. [CrossRef]

85. Aly, A.M.; Hoyer, L.W. The Substitution of Cysteine for Arginine-1689 in Factor-Viii-East-Hartford Reduces Its Procoagulant
Activity through Formation of a Disulfide Bond. Clin. Res. 1990, 38, A427.

86. Takeo, T.; Horikoshi, Y.; Nakao, S.; Sakoh, K.; Ishizuka, Y.; Tsutsumi, A.; Fukumoto, K.; Kondo, T.; Haruguchi, Y.; Takeshita, Y.;
et al. Cysteine Analogs with a Free Thiol Group Promote Fertilization by Reducing Disulfide Bonds in the Zona Pellucida of Mice.
Biol. Reprod. 2015, 92, 90. [CrossRef] [PubMed]

87. Yu, M.; Lau, T.Y.; Carr, S.A.; Krieger, M. Contributions of a Disulfide Bond and a Reduced Cysteine Side Chain to the Intrinsic
Activity of the High-Density Lipoprotein Receptor SR-BI. Biochemistry 2012, 51, 10044–10055. [CrossRef] [PubMed]

88. Calce, E.; De Luca, S. The Cysteine S-Alkylation Reaction as a Synthetic Method to Covalently Modify Peptide Sequences. Chem.
-Eur. J. 2017, 23, 224–233. [CrossRef]

89. Mason, A.F.; Thordarson, P. Synthesis of Protein Bioconjugates via Cysteine-maleimide Chemistry. JoVE-J. Vis. Exp. 2016, 113,
e54157.

90. Zhou, J.R.; Chen, P.P.; Deng, C.; Meng, F.H.; Cheng, R.; Zhong, Z.Y. A Simple and Versatile Synthetic Strategy to Functional
Polypeptides via Vinyl Sulfone-Substituted L-Cysteine N-Carboxyanhydride. Macromolecules 2013, 46, 6723–6730. [CrossRef]

91. Tian, Y.; Guo, R.R.; Jiao, Y.F.; Sun, Y.F.; Shen, S.; Wang, Y.J.; Lu, D.R.; Jiang, X.G.; Yang, W.L. Redox stimuli-responsive hollow
mesoporous silica nanocarriers for targeted drug delivery in cancer therapy. Nanoscale Horiz. 2016, 1, 480–487. [CrossRef]

92. Ahsan, H. 3-Nitrotyrosine: A biomarker of nitrogen free radical species modified proteins in systemic autoimmunogenic
conditions. Hum. Immunol. 2013, 74, 1392–1399. [CrossRef] [PubMed]

93. Lu, Y.D.; Lu, D.C.; You, R.Y.; Liu, J.L.; Huang, L.Q.; Su, J.Q.; Feng, S.Y. Diazotization-Coupling Reaction-Based Determination
of Tyrosine in Urine Using Ag Nanocubes by Surface-Enhanced Raman Spectroscopy. Nanomaterials 2018, 8, 400. [CrossRef]
[PubMed]

94. Ban, H.; Nagano, M.; Gavrilyuk, J.; Hakamata, W.; Inokuma, T.; Barbas, C.F. Facile and Stabile Linkages through Tyrosine:
Bioconjugation Strategies with the Tyrosine-Click Reaction. Bioconjug. Chem. 2013, 24, 520–532. [CrossRef] [PubMed]

95. Fancy, D.A.; Melcher, K.; Johnston, S.A.; Kodadek, T. New chemistry for the study of multiprotein complexes: The six-histidine
tag as a receptor for a protein crosslinking reagent. Chem. Biol. 1996, 3, 551–559. [CrossRef] [PubMed]

96. Sato, H.; Hayashi, E.; Yamada, N.; Yatagai, M.; Takahara, Y. Further studies on the site-specific protein modification by microbial
transglutaminase. Bioconjug. Chem. 2001, 12, 701–710. [CrossRef]

97. Carrico, I.S.; Carlson, B.L.; Bertozzi, C.R. Introducing genetically encoded aldehydes into proteins. Nat. Chem. Biol. 2007, 3,
321–322. [CrossRef]

98. Broyer, R.M.; Grover, G.N.; Maynard, H.D. Emerging synthetic approaches for protein-polymer conjugations. Chem. Commun.
2011, 47, 2212–2226. [CrossRef]

https://doi.org/10.1021/acs.chemrev.5b00589
https://www.ncbi.nlm.nih.gov/pubmed/27109701
https://doi.org/10.1039/C6PY01082B
https://doi.org/10.1002/marc.201300460
https://www.ncbi.nlm.nih.gov/pubmed/23836349
https://doi.org/10.1021/acs.biomac.8b01064
https://www.ncbi.nlm.nih.gov/pubmed/30189145
https://doi.org/10.1002/chem.201602298
https://www.ncbi.nlm.nih.gov/pubmed/27778400
https://doi.org/10.1021/ja504390x
https://www.ncbi.nlm.nih.gov/pubmed/25216406
https://doi.org/10.1016/j.progpolymsci.2020.101241
https://doi.org/10.1016/S0021-9673(99)87003-4
https://doi.org/10.1016/j.colsurfb.2011.10.002
https://doi.org/10.1016/j.jconrel.2016.07.017
https://www.ncbi.nlm.nih.gov/pubmed/27422608
https://doi.org/10.1007/s00394-019-01925-6
https://doi.org/10.1095/biolreprod.114.125443
https://www.ncbi.nlm.nih.gov/pubmed/25715791
https://doi.org/10.1021/bi301203x
https://www.ncbi.nlm.nih.gov/pubmed/23205738
https://doi.org/10.1002/chem.201602694
https://doi.org/10.1021/ma4014669
https://doi.org/10.1039/C6NH00139D
https://doi.org/10.1016/j.humimm.2013.06.009
https://www.ncbi.nlm.nih.gov/pubmed/23777924
https://doi.org/10.3390/nano8060400
https://www.ncbi.nlm.nih.gov/pubmed/29865274
https://doi.org/10.1021/bc300665t
https://www.ncbi.nlm.nih.gov/pubmed/23534985
https://doi.org/10.1016/S1074-5521(96)90146-5
https://www.ncbi.nlm.nih.gov/pubmed/8807887
https://doi.org/10.1021/bc000132h
https://doi.org/10.1038/nchembio878
https://doi.org/10.1039/c0cc04062b


Polymers 2023, 15, 2219 25 of 27

99. Nicolas, J.; Mantovani, G.; Haddleton, D.M. Living radical polymerization as a tool for the synthesis of polymer-protein/peptide
bioconjugates. Macromol. Rapid. Commun. 2007, 28, 1083–1111. [CrossRef]

100. Li, M.; Li, H.M.; De, P.; Sumerlin, B.S. Thermoresponsive Block Copolymer-Protein Conjugates Prepared by Grafting-from via
RAFT Polymerization. Macromol. Rapid. Commun. 2011, 32, 354–359. [CrossRef]

101. Foster, J.C.; Radzinski, S.C.; Matson, J.B. Graft Polymer Synthesis by RAFT Transfer-To. J. Polym. Sci. Pol. Chem. 2017, 55,
2865–2876. [CrossRef]

102. Boyer, C.; Bulmus, V.; Liu, J.Q.; Davis, T.P.; Stenzel, M.H.; Barner-Kowollik, C. Well-defined protein-polymer conjugates via in
situ RAFT polymerization. J. Am. Chem. Soc. 2007, 129, 7145–7154. [CrossRef] [PubMed]

103. Vanparijs, N.; Maji, S.; Louage, B.; Voorhaar, L.; Laplace, D.; Zhang, Q.; Shi, Y.; Hennink, W.E.; Hoogenboom, R.; De Geest, B.G.
Polymer-protein conjugation via a ’grafting to’ approach–a comparative study of the performance of protein-reactive RAFT chain
transfer agents. Polym. Chem. 2015, 6, 5798. [CrossRef]

104. Gieseler, D.; Jordan, R. Poly(2-oxazoline) molecular brushes by grafting through of poly(2-oxazoline)methacrylates with aqueous
ATRP. Polym. Chem. 2015, 6, 4678–4689. [CrossRef]

105. Horbett, T.A. Proteins at interfaces—-An overview. ACS Sym. Ser. 1995, 602, 1–23.
106. Cao, L.M.; Shi, X.J.; Cui, Y.C.; Yang, W.K.; Chen, G.J.; Yuan, L.; Chen, H. Protein-polymer conjugates prepared via host-guest

interactions: Effects of the conjugation site, polymer type and molecular weight on protein activity. Polym. Chem. 2016, 7,
5139–5146. [CrossRef]

107. Kim, J. Systematic approach to characterize the dynamics of protein adsorption on the surface of biomaterials using proteomics.
Colloid Surface B 2020, 188, 110756. [CrossRef]

108. Tan, S.N.; Saito, K.; Hearn, M.T.W. Adsorption of a Humanized Monoclonal Antibody onto Thermoresponsive Copolymer-Grafted
Sepharose Fast Flow Sorbents. Langmuir 2021, 37, 1054–1061. [CrossRef] [PubMed]

109. Kwon, G.S.; Bae, Y.H.; Cremers, H.; Feijen, J.; Kim, S.W. Release of Proteins Via Ion-Exchange from Albumin-Heparin Microspheres.
J. Control Release 1992, 22, 83–93. [CrossRef]

110. Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature 2005, 437, 640–647. [CrossRef] [PubMed]
111. Chanphai, P.; Froehlich, E.; Mandeville, J.S.; Tajmir-Riahi, H.A. Protein conjugation with PAMAM nanoparticles: Microscopic and

thermodynamic analysis. Colloid Surface B 2017, 150, 168–174. [CrossRef]
112. Cai, Y.Q.; Liu, F.; Ma, X.T.; Yang, X.L.; Zhao, H.Y. Hydrophobic Interaction-Induced Coassembly of Homopolymers and Proteins.

Langmuir 2019, 35, 10958–10964. [CrossRef]
113. Wu, X.; Li, Y.; Lin, C.; Hu, X.Y.; Wang, L.Y. GSH- and pH-responsive drug delivery system constructed by water-soluble pillar [5]

arene and lysine derivative for controllable drug release. Chem. Commun. 2015, 51, 6832–6835. [CrossRef] [PubMed]
114. Bizeau, J.; Mertz, D. Design and applications of protein delivery systems in nanomedicine and tissue engineering. Adv. Colloid.

Interface Sci. 2021, 287, 102334. [CrossRef] [PubMed]
115. Tandon, R.; Kapoor, S.; Vali, S.; Senthil, V.; Nithya, D.; Venkataramanan, R.; Sharma, A.; Talwadkar, A.; Ray, A.; Bhatnagar, P.K.;

et al. Dual epidermal growth factor receptor (EGFR)/insulin-like growth factor-1 receptor (IGF-1R) inhibitor: A novel approach
for overcoming resistance in anticancer treatment. Eur. J. Pharmacol. 2011, 667, 56–65. [CrossRef] [PubMed]

116. Frigerio, B.; Bizzoni, C.; Jansen, G.; Leamon, C.P.; Peters, G.J.; Low, P.S.; Matherly, L.H.; Figini, M. Folate receptors and transporters:
Biological role and diagnostic/therapeutic targets in cancer and other diseases. J. Exp. Clin. Canc. Res. 2019, 38, 125. [CrossRef]

117. Jeon, Y.T.; Kim, Y.B.; Park, S.Y.; Kim, J.W.; Park, N.H.; Kang, S.B.; Song, Y.S. Gonadotropin-releasing hormone receptor expression
in endometrial cancer. Int. J. Gynecol. Pathol. 2009, 28, 19–22. [CrossRef]

118. Shi, X.; Zhang, X.N.; Chen, J.; Cheng, Q.; Pei, H.; Louie, S.G.; Zhang, Y. A poly-ADP-ribose polymer-based antibody-drug
conjugate. Chem. Sci. 2020, 11, 9303–9308. [CrossRef]

119. Swaminathan, S.K.; Roger, E.; Toti, U.; Niu, L.; Ohlfest, J.R.; Panyam, J. CD133-targeted paclitaxel delivery inhibits local tumor
recurrence in a mouse model of breast cancer. J. Control Release 2013, 171, 280–287. [CrossRef]

120. Kratz, F. Albumin as a drug carrier: Design of prodrugs, drug conjugates and nanoparticles. J. Control Release 2008, 132, 171–183.
[CrossRef]

121. Elsadek, B.; Kratz, F. Impact of albumin on drug delivery–New applications on the horizon. J. Control Release 2012, 157, 4–28.
[CrossRef]

122. Liu, X.Y.; Gao, W.P. In Situ Growth of Self-Assembled Protein-Polymer Nanovesicles for Enhanced Intracellular Protein Delivery.
ACS Appl. Mater Inter. 2017, 9, 2023–2028. [CrossRef] [PubMed]

123. Yang, Z.Z.; Du, Y.T.; Sun, Q.; Peng, Y.W.; Wang, R.D.; Zhou, Y.; Wang, Y.Q.; Zhang, C.L.; Qi, X.R. Albumin-Based Nanotheranostic
Probe with Hypoxia Alleviating Potentiates Synchronous Multimodal Imaging and Phototherapy for Glioma. ACS Nano 2020, 14,
6191–6212. [CrossRef] [PubMed]

124. Cecchini, A.; Raffa, V.; Canfarotta, F.; Signore, G.; Piletsky, S.; MacDonald, M.P.; Cuschieri, A. In Vivo Recognition of Human
Vascular Endothelial Growth Factor by Molecularly Imprinted Polymers. Nano Lett. 2017, 17, 2307–2312. [CrossRef] [PubMed]

125. Lopes-Coelho, F.; Martins, F.; Pereira, S.A.; Serpa, J. Anti-Angiogenic Therapy: Current Challenges and Future Perspectives. Int. J.
Mol. Sci. 2021, 22, 3765. [CrossRef]

126. Feng, J.; Xu, M.; Wang, J.; Zhou, S.; Liu, Y.; Liu, S.; Huang, Y.; Chen, Y.; Chen, L.; Song, Q.; et al. Sequential delivery of
nanoformulated alpha-mangostin and triptolide overcomes permeation obstacles and improves therapeutic effects in pancreatic
cancer. Biomaterials 2020, 241, 119907. [CrossRef]

https://doi.org/10.1002/marc.200700112
https://doi.org/10.1002/marc.201000619
https://doi.org/10.1002/pola.28621
https://doi.org/10.1021/ja070956a
https://www.ncbi.nlm.nih.gov/pubmed/17500523
https://doi.org/10.1039/C5PY90115D
https://doi.org/10.1039/C5PY00561B
https://doi.org/10.1039/C6PY00882H
https://doi.org/10.1016/j.colsurfb.2019.110756
https://doi.org/10.1021/acs.langmuir.0c02675
https://www.ncbi.nlm.nih.gov/pubmed/33448225
https://doi.org/10.1016/0168-3659(92)90193-U
https://doi.org/10.1038/nature04162
https://www.ncbi.nlm.nih.gov/pubmed/16193038
https://doi.org/10.1016/j.colsurfb.2016.11.037
https://doi.org/10.1021/acs.langmuir.9b01749
https://doi.org/10.1039/C5CC01393C
https://www.ncbi.nlm.nih.gov/pubmed/25790033
https://doi.org/10.1016/j.cis.2020.102334
https://www.ncbi.nlm.nih.gov/pubmed/33341459
https://doi.org/10.1016/j.ejphar.2011.04.066
https://www.ncbi.nlm.nih.gov/pubmed/21640718
https://doi.org/10.1186/s13046-019-1123-1
https://doi.org/10.1097/PGP.0b013e318178e54f
https://doi.org/10.1039/D0SC01795G
https://doi.org/10.1016/j.jconrel.2013.07.014
https://doi.org/10.1016/j.jconrel.2008.05.010
https://doi.org/10.1016/j.jconrel.2011.09.069
https://doi.org/10.1021/acsami.6b14132
https://www.ncbi.nlm.nih.gov/pubmed/28054762
https://doi.org/10.1021/acsnano.0c02249
https://www.ncbi.nlm.nih.gov/pubmed/32320600
https://doi.org/10.1021/acs.nanolett.6b05052
https://www.ncbi.nlm.nih.gov/pubmed/28350162
https://doi.org/10.3390/ijms22073765
https://doi.org/10.1016/j.biomaterials.2020.119907


Polymers 2023, 15, 2219 26 of 27

127. Zhang, X.; Yang, Y.; Kang, T.; Wang, J.; Yang, G.; Yang, Y.; Lin, X.; Wang, L.; Li, K.; Liu, J.; et al. NIR-II Absorbing Semiconducting
Polymer-Triggered Gene-Directed Enzyme Prodrug Therapy for Cancer Treatment. Small 2021, 17, e2100501. [CrossRef]

128. Price, R.; Poursaid, A.; Cappello, J.; Ghandehari, H. In vivo evaluation of matrix metalloproteinase responsive silk-elastinlike
protein polymers for cancer gene therapy. J. Control Release 2015, 213, 96–102. [CrossRef]

129. Weyermann, J.; Lochmann, D.; Georgens, C.; Zimmer, A. Albumin-protamine-oligonucleotide-nanoparticles as a new antisense
delivery system. Part 2: Cellular uptake and effect. Eur. J. Pharm. Biopharm. 2005, 59, 431–438. [CrossRef]

130. Dolmans, D.E.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. Cancer 2003, 3, 380–387. [CrossRef]
131. Zhi, D.; Yang, T.; O’Hagan, J.; Zhang, S.; Donnelly, R.F. Photothermal therapy. J. Control Release 2020, 325, 52–71. [CrossRef]
132. Gobo, N.R.S.; Brocksom, T.J.; Zukerman-Schpector, J.; de Oliveira, K.T. Synthesis of an Octa-tert-butylphthalocyanine:

A Low-Aggregating and Photochemically Stable Photosensitizer. Eur. J. Org. Chem. 2013, 2013, 5028–5031. [CrossRef]
133. Lan, M.; Zhao, S.; Liu, W.; Lee, C.S.; Zhang, W.; Wang, P. Photosensitizers for Photodynamic Therapy. Adv. Healthc. Mater. 2019, 8,

e1900132. [CrossRef] [PubMed]
134. Gunaydin, G.; Gedik, M.E.; Ayan, S. Photodynamic Therapy-Current Limitations and Novel Approaches. Front. Chem. 2021, 9,

691697. [CrossRef] [PubMed]
135. Dong, C.H.; Liu, Z.Y.; Wang, S.; Zheng, B.; Guo, W.S.; Yang, W.T.; Gong, X.Q.; Wu, X.L.; Wang, H.J.; Chang, J. A Protein-

Polymer Bioconjugate-Coated Upconversion Nanosystem for Simultaneous Tumor Cell Imaging, Photodynamic Therapy, and
Chemotherapy. ACS Appl. Mater. Inter. 2016, 8, 32688–32698. [CrossRef]

136. Sheng, Z.H.; Hu, D.H.; Zheng, M.B.; Zhao, P.F.; Liu, H.L.; Gao, D.Y.; Gong, P.; Gao, G.H.; Zhang, P.F.; Ma, Y.F.; et al. Smart Human
Serum Albumin-Indocyanine Green Nanoparticles Generated by Programmed Assembly for Dual-Modal Imaging-Guided Cancer
Synergistic Phototherapy. ACS Nano 2014, 8, 12310–12322. [CrossRef]

137. Chen, S.; Zhu, L.J.; Du, Z.; Ma, R.; Yan, T.; Alimu, G.; Zhang, X.L.; Alifu, N.; Ma, C.L. Polymer encapsulated clinical ICG
nanoparticles for enhanced photothermal therapy and NIR fluorescence imaging in cervical cancer. RSC Adv. 2021, 11, 20850–
20858. [CrossRef]

138. Rong, P.F.; Huang, P.; Liu, Z.G.; Lin, J.; Jin, A.; Ma, Y.; Niu, G.; Yu, L.; Zeng, W.B.; Wang, W.; et al. Protein-based photothermal
theranostics for imaging-guided cancer therapy. Nanoscale 2015, 7, 16330–16336. [CrossRef]

139. Li, W.; Yang, J.; Luo, L.H.; Jiang, M.S.; Qin, B.; Yin, H.; Zhu, C.Q.; Yuan, X.L.; Zhang, J.L.; Luo, Z.Y.; et al. Targeting photodynamic
and photothermal therapy to the endoplasmic reticulum enhances immunogenic cancer cell death. Nat. Commun. 2019, 10, 3349.
[CrossRef]

140. Sun, Q.; Yang, Z.Z.; Lin, M.; Peng, Y.W.; Wang, R.D.; Du, Y.T.; Zhou, Y.; Li, J.J.; Qi, X.R. Phototherapy and anti-GITR antibody-
based therapy synergistically reinvigorate immunogenic cell death and reject established cancers. Biomaterials 2021, 269, 120648.
[CrossRef]

141. Chen, Q.; Chen, J.W.; Yang, Z.J.; Xu, J.; Xu, L.G.; Liang, C.; Han, X.; Liu, Z. Nanoparticle-Enhanced Radiotherapy to Trigger
Robust Cancer Immunotherapy. Adv. Mater. 2019, 31, e1802228. [CrossRef]

142. Zhang, R.; Song, X.J.; Liang, C.; Yi, X.; Song, G.S.; Chao, Y.; Yang, Y.; Yang, K.; Feng, L.Z.; Liu, Z. Catalase-loaded cisplatin-
prodrug-constructed liposomes to overcome tumor hypoxia for enhanced chemo-radiotherapy of cancer. Biomaterials 2017, 138,
13–21. [CrossRef]

143. Chen, L.; Chen, F.K.; Niu, H.T.; Li, J.D.; Pu, Y.Z.; Yang, C.H.; Wang, Y.; Huang, R.; Li, K.; Lei, Y.J.; et al. Chimeric Antigen Receptor
(CAR)-T Cell Immunotherapy Against Thoracic Malignancies: Challenges and Opportunities. Front. Immunol. 2022, 13, 871661.
[CrossRef] [PubMed]

144. Cheng, A.L.; Hsu, C.; Chan, S.L.; Choo, S.P.; Kudo, M. Challenges of combination therapy with immune checkpoint inhibitors for
hepatocellular carcinoma. J. Hepatol. 2020, 72, 307–319. [CrossRef]

145. Lipe, D.N.; Shaffer, S. CAR-T and checkpoint inhibitors: Toxicities and antidotes in the emergency department. Clin. Toxicol. 2021,
59, 376–385. [CrossRef] [PubMed]

146. Huang, S.G.; Zhao, Q. Nanomedicine-Combined Immunotherapy for Cancer. Curr. Med. Chem. 2020, 27, 5716–5729. [CrossRef]
[PubMed]

147. Robert, L.; Ribas, A.; Hu-Lieskovan, S. Combining targeted therapy with immunotherapy. Can 1 + 1 equal more than 2? Semin.
Immunol. 2016, 28, 73–80. [CrossRef] [PubMed]

148. Charych, D.H.; Hoch, U.; Langowski, J.L.; Lee, S.R.; Addepalli, M.K.; Kirk, P.B.; Sheng, D.W.; Liu, X.F.; Sims, P.W.; VanderVeen,
L.A.; et al. NKTR-214, an Engineered Cytokine with Biased IL2 Receptor Binding, Increased Tumor Exposure, and Marked
Efficacy in Mouse Tumor Models. Clin. Cancer Res. 2016, 22, 680–690. [CrossRef]

149. Javia, A.; Vanza, J.; Bardoliwala, D.; Ghosh, S.; Misra, L.A.; Patel, M.; Thakkar, H. Polymer-drug conjugates: Design principles,
emerging synthetic strategies and clinical overview. Int. J. Pharm. 2022, 623, 121863. [CrossRef]

150. Hu, Q.Y.; Li, H.J.; Archibong, E.; Chen, Q.; Ruan, H.T.; Ahn, S.; Dukhovlinova, E.; Kang, Y.; Wen, D.; Dotti, G.; et al. Inhibition of
post-surgery tumour recurrence via a hydrogel releasing CAR-T cells and anti-PDL1-conjugated platelets. Nat. Biomed. Eng. 2021,
5, 1038–1047. [CrossRef]

151. Fang, T.; Li, R.; Li, Z.Y.; Cho, J.; Guzman, J.S.; Kamm, R.D.; Ploegh, H.L. Remodeling of the Tumor Microenvironment by a
Chemokine/Anti-PD-L1 Nanobody Fusion Protein. Mol. Pharmaceut. 2019, 16, 2838–2844. [CrossRef]

152. Neek, M.; Kim, T.I.; Wang, S.W. Protein-based nanoparticles in cancer vaccine development. Nanomed.-Nanotechnol. 2019, 15,
164–174. [CrossRef]

https://doi.org/10.1002/smll.202100501
https://doi.org/10.1016/j.jconrel.2015.06.022
https://doi.org/10.1016/j.ejpb.2004.07.014
https://doi.org/10.1038/nrc1071
https://doi.org/10.1016/j.jconrel.2020.06.032
https://doi.org/10.1002/ejoc.201300415
https://doi.org/10.1002/adhm.201900132
https://www.ncbi.nlm.nih.gov/pubmed/31067008
https://doi.org/10.3389/fchem.2021.691697
https://www.ncbi.nlm.nih.gov/pubmed/34178948
https://doi.org/10.1021/acsami.6b11803
https://doi.org/10.1021/nn5062386
https://doi.org/10.1039/D1RA02875H
https://doi.org/10.1039/C5NR04428F
https://doi.org/10.1038/s41467-019-11269-8
https://doi.org/10.1016/j.biomaterials.2020.120648
https://doi.org/10.1002/adma.201802228
https://doi.org/10.1016/j.biomaterials.2017.05.025
https://doi.org/10.3389/fimmu.2022.871661
https://www.ncbi.nlm.nih.gov/pubmed/35911706
https://doi.org/10.1016/j.jhep.2019.09.025
https://doi.org/10.1080/15563650.2021.1880008
https://www.ncbi.nlm.nih.gov/pubmed/33576256
https://doi.org/10.2174/0929867326666190618161610
https://www.ncbi.nlm.nih.gov/pubmed/31250752
https://doi.org/10.1016/j.smim.2016.01.001
https://www.ncbi.nlm.nih.gov/pubmed/26861544
https://doi.org/10.1158/1078-0432.CCR-15-1631
https://doi.org/10.1016/j.ijpharm.2022.121863
https://doi.org/10.1038/s41551-021-00712-1
https://doi.org/10.1021/acs.molpharmaceut.9b00078
https://doi.org/10.1016/j.nano.2018.09.004


Polymers 2023, 15, 2219 27 of 27

153. Lybaert, L.; Vanparijs, N.; Fierens, K.; Schuijs, M.; Nuhn, L.; Lambrecht, B.N.; De Geest, B.G. A Generic Polymer-Protein Ligation
Strategy for Vaccine Delivery. Biomacromolecules 2016, 17, 874–881. [CrossRef] [PubMed]

154. Pan, C.; Wu, J.; Qing, S.; Zhang, X.; Zhang, L.L.; Yue, H.; Zeng, M.; Wang, B.; Yuan, Z.; Qiu, Y.F.; et al. Biosynthesis of
Self-Assembled Proteinaceous Nanoparticles for Vaccination. Adv. Mater. 2020, 32, e2002940. [CrossRef] [PubMed]

155. Zhang, Y.; Xu, J.; Fei, Z.; Dai, H.; Fan, Q.; Yang, Q.; Chen, Y.; Wang, B.; Wang, C. 3D Printing Scaffold Vaccine for Antitumor
Immunity. Adv. Mater. 2021, 33, e2106768. [CrossRef] [PubMed]

156. Sun, H.Y.; Hu, W.W.; Yan, Y.N.; Zhang, Z.C.; Chen, Y.X.; Yao, X.F.; Teng, L.; Wang, X.Y.; Chai, D.F.; Zheng, J.N.; et al. Using PAMPs
and DAMPs as adjuvants in cancer vaccines. Hum. Vaccines Immunother. 2021, 17, 5546–5557. [CrossRef]

157. Huang, L.X.; Rong, Y.; Tang, X.; Yi, K.Z.; Qi, P.; Hou, J.X.; Liu, W.H.; He, Y.; Gao, X.; Yuan, C.H.; et al. Engineered exosomes as an
in situ DC-primed vaccine to boost antitumor immunity in breast cancer. Mol. Cancer 2022, 21, 45. [CrossRef] [PubMed]

158. Liu, Y.P.; Zhu, S.; Gu, Z.J.; Chen, C.Y.; Zhao, Y.L. Toxicity of manufactured nanomaterials. Particuology 2022, 69, 31–48. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.biomac.5b01571
https://www.ncbi.nlm.nih.gov/pubmed/26812240
https://doi.org/10.1002/adma.202002940
https://www.ncbi.nlm.nih.gov/pubmed/32881121
https://doi.org/10.1002/adma.202106768
https://www.ncbi.nlm.nih.gov/pubmed/34601760
https://doi.org/10.1080/21645515.2021.1964316
https://doi.org/10.1186/s12943-022-01515-x
https://www.ncbi.nlm.nih.gov/pubmed/35148751
https://doi.org/10.1016/j.partic.2021.11.007

	Introduction 
	Design of Hybrid Polymer-Protein Systems 
	Selection of Polymers 
	Polyethylene Glycol (PEG) and PEG Analog 
	Biomimetic Polymer 
	Degradable Polymer 
	Stimulus-Responsive Polymer 

	Section of Proteins 
	Bonding Form of Polymer-Protein Systems 
	Covalent Conjugation 
	Non-Covalent Conjugation 

	Consideration in the Design Process 

	Applications for Hybrid Polymer-Protein Systems in Cancer Therapy 
	Targeted Treatment 
	Tumor Cells Targeted 
	Tumor Stem Cells Targeted 
	Tumor Microenvironment (TME) Targeted 

	Gene Therapy 
	Phototherapy 
	Immunotherapy 
	Vaccines 

	Conclusions and Perspectives 
	References

