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A B S T R A C T

Zwitterionic polycarboxybetaines (PCBs), combining quaternary ammonium cations and carboxylate anions in 
their repeating units, have emerged as promising materials for drug delivery applications. Their exceptional 
hydration, biocompatibility, and antifouling properties make them attractive alternatives to polyethylene glycol 
(PEG), particularly given growing concerns about immunogenicity of PEG. PCBs can be functionalized through 
various methods, including modification of side-chain moieties, adjustment of spacer length between charged 
groups, and incorporation of responsive elements. When applied to delivery drug, PCBs have been successfully 
developed into multiple formats including micelles, hydrogels, liposomes, and nanoparticles. Notably, in protein 
drug delivery, PCBs demonstrate significant advantages such as enhancing protein stability, extending circula
tion time, improving penetration through biological barriers, and reducing immunogenicity. Despite these 
promising features, several challenges remain, including complex synthesis requirements, limited mechanical 
properties, and pending FDA approval as pharmaceutical excipients. This review provides a comprehensive 
analysis of PCBs from the structure-function relationship, synthesis methods, and applications in drug delivery 
systems, while examining current limitations and future prospects.

1. Introduction

With further demands for efficacy and safety, drug delivery tech
nology is garnering increasing attention and driving the development of 
the global pharmaceutical industry. A drug delivery system (DDS) can be 
defined as the most efficient method to maximize a drug’s therapeutic 
effect while minimizing adverse effects. Some scholars have succinctly 
summarized this as “making drugs work better” (Bae and Park, 2020). 
Over the past decades, various nanodrug carriers such as dendrimers, 
nanogels, polymeric micelles, liposomes, and polymeric nanoparticles 
have been widely used for the efficient delivery of drugs. The continuous 
development of new materials is driving advances in drug delivery ve
hicles, as materials science and nanomedicine are subjects of intensive 
research.

Polyethylene glycol (PEG) is considered one of the most effective 
materials for prolonging the circulation time of nanomedicines by 
reducing non-specific protein adsorption in blood (Bukowski et al., 

2002; Caliceti and Veronese, 2003; Leung et al., 2000; Molineux, 2002; 
Reddy et al., 2002; Safra et al., 2000; Szebeni et al., 2000a; Szebeni 
et al., 2000b). Significant preclinical research has been accumulated in 
this field, and many related products have been successfully marketed 
and used in clinical treatments (Giardiello et al., 2016; Margolis et al., 
2017). The first PEG-based protein formulation, Adagen®, introduced in 
1990, marked the beginning of the PEGylation era and opened a new 
frontier in delivery technology (Park et al., 2022). However, despite its 
widespread success, growing evidence suggests that PEG may elicit 
immunogenic responses, particularly when used in conjunction with 
proteins or advanced DDS such as liposomes (Harashima et al., 1996; 
Yamaoka et al., 1995). This limitation has led researchers to explore 
alternative materials that could replicate the benefits of PEG while 
minimizing its drawbacks.

One promising alternative is polycarboxybetaine (PCB), has 
garnered significant attention (Ali et al., 2023; Anthi et al., 2023; Chen 
et al., 2023; Choi et al., 2022; Ding et al., 2019; Du et al., 2017; Elsabahy 
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et al., 2013; Horne et al., 2023; Hu et al., 2023; Ruseva et al., 2023; Shen 
et al., 2023; Wang et al., 2023a; Wang et al., 2022; Wang et al., 2023b; 
Yagasaki and Matubayasi, 2023; Yao et al., 2022; Zhang et al., 2022). 
Negatively charged carboxylated polybetaines constitute the PCB fam
ily. The first synthetic PCB analog, poly (4-vinylpyridine betaine), was 
reported by Ladenheim et al. in 1957 (Shi et al., 2022), and since then, 
various structures of different properties and functions have been 
derived. The common characteristics of the PCB family include its 
biocompatibility, non-toxicity, high hydrophilicity, exceptional resis
tance to protein and cellular adsorption, and tunability. Therefore, PCB 
is a superior choice for medical applications, including biosensors, 
medical devices, cell encapsulation, and drug delivery (Ibrahim et al., 
2022; Shao et al., 2014; Zhu et al., 2016b; Zhu et al., 2021).

In particular, PCBs are widely used in various advanced drug de
livery systems to modulate drug release, optimize pharmacokinetic and 
pharmacodynamic properties, and increase drug bioavailability (Ward 
et al., 2006; Yang et al., 2015; Zhang et al., 2015; Zhang et al., 2006). 
PCB excels in protein drug modification by enhancing protein stability 
and activity, prolonging drug circulation in the bloodstream, promoting 
drug absorption across physiological barriers, reducing immune re
sponses, and improving in vivo safety. Despite PCB’s benefits in drug 
delivery systems, it has not yet received FDA approval as a pharma
ceutical excipient (Cheng et al., 2010). Several excellent reviews intro
duce the basics of zwitterionic materials, including their synthesis, 
solution behavior, surface hydration, early applications, and in
teractions with biomolecules (Li et al., 2022). However, reviews spe
cifically focusing on PCBs are scarce, and those available often provide 
scattered and haphazard descriptions of PCB’s role in advanced drug 
delivery systems. A unified governance framework is needed to syn
thesize key research insights and reveal major research trends. In this 
review, we describe the synthesis, structure and function of PCBs, and 
then highlight the application of PCBs in advanced drug delivery sys
tems, especially their role in protein-based drugs. The challenges for 
further applications of PCBs are emphasized to present a scientific basis 
for PCB as a valuable polymeric matrix for therapeutic delivery.

2. Overview of PCB

2.1. Chemical structure and structure-function relationship

Zwitterionic polymers, characterized by their pairs of oppositely 
charged ions while maintaining overall neutral charge, have emerged as 
extremely hydrophilic materials with unique properties (Higaki et al., 
2022; Racovita et al., 2021; Semak et al., 2022; Shimizu et al., 2021; Sun 
et al., 2021). Among them, PCB has been one of the most extensively 
studied. The structure of PCB mimics glycine betaine, an osmoprotectant 
widely found in biological systems. The structural formula of betaine, 

(CH3)3NCH2COO− , was first extracted from sugar beets by Scheibler 
(Racovita et al., 2021). Modern PCBs typically consist of a quaternary 
amine and a carboxyl group on the same monomer unit, separated by an 
alkyl chain of variable length (Fig. 1). These oppositely charged ions can 
fully dissociate in media with sufficient dielectric constant across 
various physicochemical conditions, including different pH levels and 
ionic strengths (Blackman et al., 2019).

PCBs exhibit three key functional properties that make them ideal for 
biomedical applications: exceptional hydration capability, outstanding 
antifouling properties, and low immunogenicity. These properties are 
directly linked to their molecular structure and can be understood 
through a clear structure-function relationship.

The exceptional hydration capability of PCB stems from its unique 
molecular structure. The simultaneous presence of positively charged 
quaternary ammonium groups and negatively charged carboxylate 
groups creates a strong ionic solvation effect. Unlike conventional hy
drophilic materials that rely primarily on hydrogen bonding, PCBs 
interact with water molecules through stronger electrostatic in
teractions. This distinction in water interaction mechanism represents a 
fundamental advantage of zwitterionic materials over traditional hy
drophilic polymers like PEG (Kitano et al., 2005a; Tada et al., 2009).

Molecular dynamics simulations have revealed that water molecules 
surrounding PCB surfaces exhibit a highly structured hydration layer 
with significantly longer residence time and lower mobility compared to 
those near conventional hydrophilic materials. Chen’s experimental 
studies using surface plasmon resonance (SPR) and molecular simula
tions demonstrated that PCB surfaces bind water more strongly through 
ionic solvation than PEG surfaces that use hydrogen bonding (Chen 
et al., 2005). This tight binding of water molecules is further evidenced 
by differential scanning calorimetry (DSC) measurements by Morisaku 
and colleagues (Morisaku et al., 2008), which showed a higher pro
portion of non-freezable water in PCB hydrogels. And due to the uniform 
distribution of positive and negative charges at the molecular level, the 
dipole moment on the surface of the amphiphilic material is significantly 
reduced. Using SFG spectroscopy, C. Leng demonstrated that hydration 
peaks around 3200 cm− 1 are mainly formed on the PCB surface and 
strong hydrogen bonds are crucial for establishing the protective hy
dration layers (Fig. 2) (Encinas et al., 2019; Leng et al., 2016; Tsao et al., 
2020a). In summary, when the PCB is exposed to water, a first-stage 
hydration layer is formed through this ion-dipole interaction. The sec
ondary hydration layer is formed by the extension of the hydrogen 
bonding network (Kitano et al., 2002), which introduces additional 
hydration forces (Ball, 2008).

The hydration structure of PCB polymers exhibits both physical and 
chemical advantages over traditional hydrophilic polymers. Choi et al. 
described how zwitterionic polymers show unique “antipolyelectrolyte” 
behavior (Choi et al., 2021; Wang et al., 2018), where their solubility 

Fig. 1. Chemical structure of CBs. Left: Two most common forms of PCBs: poly(carboxybetaine methacrylate) (PCBMA)and poly(carboxybetaine acrylamide) 
(PCBAA). The spacer between amine and the methacrylate group of carboxybetaine methacrylate can be functionalized to derive PCB analogs. Middle: CBs cross- 
linker including CBMA cross-linker (CBMAX) and CBAA cross-linker (CBAAX) is used for the preparation of zwitterionic hydrogel. Right: Further functionaliza
tion can be realized through esterification or amidation of the carboxyl group.
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increases with salt concentration (unlike polyelectrolytes), further 
demonstrating their distinct hydration mechanism. This superior hy
dration capability directly contributes to PCB’s antifouling properties 
and biological stability.

This exceptional hydration capability directly leads to PCB’s another 
key property: outstanding antifouling performance. Protein adsorption 
is a critical initial step triggering clinical bio-contamination events, such 
as poor hemocompatibility, induced inflammation, and thrombosis. 
While many hydrophilic surfaces can reduce non-specific protein 
adsorption, PCB’s performance stands out due to its strong hydration 
barrier mechanism.

The tightly bound water layer forms both a physical barrier pre
venting proteins from approaching the surface and an energetic barrier, 
as protein adsorption would require displacing strongly bound water 
molecules—a thermodynamically unfavorable process (Li et al., 2022). 
Computational studies by Y.L. Liu, employing multiple simulation 
techniques (molecular mechanics, Monte Carlo, molecular dynamics, 
and steered MD), revealed that PCB brushes had superior water mole
cule interactions and protein resistance compared to PEG brushes. Sur
face plasmon resonance measurements validated these findings, 
showing undetectable nonspecific protein adsorption (<0.3 ng/cm2) 
from undiluted human serum or plasma, which is close to the detection 
limit of SPR sensors (~3 pg/mm2). (Jiang and Cao, 2010; Ladd et al., 
2008; Naito et al., 2021; Shao et al., 2012). Contact angle is a key 
parameter for measuring surface wettability; low contact angles (<90◦) 
indicate hydrophilic surfaces with easy spreading of water molecules 
and are usually associated with resistance to protein adsorption. PCBs 
form low contact angles due to the presence of strong hydrophilicity in a 
“non-conjugated” conformation (Yang et al., 2009).

The charge-balanced nature of PCB also contributes to its antifouling 
properties by reducing specific electrostatic interactions with charged 
regions of proteins. Research has identified several critical factors 
affecting antifouling efficiency, including modified surface (polymeri
zation degree >100 with grafting density > 0.29 chains/nm2 for protein 
adsorption <10 ng/cm2) (Feng et al., 2005), and balanced charge ratio 
(1:1 positively and negatively charged head groups) (Holmlin et al., 
2001).

Importantly, unlike PEG, PCB does not interfere with hydrophobic 
interactions in aqueous solutions, which is crucial for maintaining the 
natural function of biomolecules. Studies by Shao and colleagues 
demonstrated that PCB causes minimal exposure of protein hydrophobic 
regions (approximately 1/10 reduction in hydrophobic SASA), while 
PEG causes about 1/3 reduction (Shao and Jiang, 2015). The result 
highlight PCB’s ability to provide antifouling protection without dis
rupting essential biomolecular functions.

Building on these fundamental properties, the low immunogenicity 
of PCB represents its third key advantage, especially for long-term bio
logical applications (He et al., 2022; Tischer et al., 2014; Yang et al., 
2022). This property emerges naturally from the previous two charac
teristics but is further enhanced by PCB’s biomimetic structure, which 

resembles glycine betaine, a natural solute in living organisms for os
motic regulation (Zhu et al., 2016a). This structural similarity allows the 
body to recognize PCB as a ‘self’ component rather than a foreign ma
terial, thereby enhancing biocompatibility. With minimal protein 
adsorption (<5 ng/cm2 in 100 % plasma), it prevents immune responses 
and outperforms other materials (e.g., oligoethylene glycol), which 
adsorb 200 ng/cm2 (Ladd et al., 2008; Larsson et al., 2007; Zhang et al., 
2008). And PCB-modified nanoparticles maintain stable sizes in undi
luted human serum, indicating effective evasion of immune system 
recognition (Fig. 3). Long-term stability studies by Zhang and colleagues 
confirmed that PCB materials can maintain in vivo stability for three 
months without capsule formation, demonstrating prolonged low 
immunogenicity (Zhang et al., 2013).

Using Raman and ATR-IR spectroscopy, Hiromi Kitano’s research 
revealed that PCB maintains the natural water structure in solution, with 
O–H stretching patterns closely resembling pure water. This charac
teristic contributes to minimal protein and cell adsorption on CMB co
polymers (Kitano et al., 2005b; Tada et al., 2009). These findings align 
with Ostuni’s identified essential properties for non-fouling materials: 
hydrophilicity, electroneutrality, and specific hydrogen-bonding char
acteristics (Ostuni et al., 2001).

The remarkable functional properties of PCB—hydration, anti
fouling, and low immunogenicity—can be precisely tailored through 
structural modifications. This tunability is a key advantage of PCB ma
terials and provides a foundation for their diverse applications. The 
structural diversity of PCBs stems from several key variables: (1) the 
choice of (meth)acrylate or (meth)acrylamide forming the polymer 
backbone, (2) functionalization of side-chain moieties, (3) the length of 
the alkyl spacer separating the anionic and cationic groups, and (4) 
various substituent groups of the quaternary ammonium. For instance, 
Shao-Yi Jiang’s group at the University of Washington developed car
boxybetaine methacrylate (CBMA) and later carboxybetaine acrylamide 
(CBAA), with the latter showing improved hydrolytic stability due to its 
acrylamide backbone, making it more suitable for long-term applica
tions in complex environments (Cao et al., 2014).

These structural modifications directly influence functional perfor
mance. While increasing the chain length between positive and negative 
charges can enhance hydrophilicity, studies have shown that only PCBs 
with one- and two‑carbon spacers effectively resist non-specific protein 
adsorption. S. Bhattacharjee and colleagues demonstrated that poly 
(carboxybetaine methacrylate) (PCBMA) with a 1‑carbon spacer (C1) 
exhibited significantly longer plasma circulation compared to conju
gates containing mixed 1‑carbon and 2‑carbon spacers, highlighting the 
critical role of charge separation distance in vivo (Bhattacharjee et al., 
2015; Du and Qian, 2016; Sinclair et al., 2018; Wang et al., 2018).

Beyond these core structural elements, PCB can be further func
tionalized as a bifunctional material enabling diverse applications 
through strategic modifications (Liu et al., 2020a; Ostuni et al., 2001; 
Wang et al., 2014). Its abundant functional groups allow coupling with 
targeted ligands or active biomolecules, enhancing the properties of 
various materials through conjugation. For instance, Xu et al. developed 
poly(carboxybetaine thiophene) (PCBTh), a linear zwitterionic 
conductive polymer combining carboxybetaine with thiophene, which 
significantly reduced protein, bacterial, and cellular attachment while 
maintaining conductivity (Pasquina-Lemonche et al., 2020; Tanaka and 
Sackmann, 2005; Xu and Lee, 2020). Advanced structural modifications 
have enabled the development of responsive or ‘smart’ PCBs. By ester
ifying the anionic carboxyl group and introducing tertiary amines 
instead of quaternary ammonium groups, pH-responsive polymers with 
tunable buffering capacity can be created. Such modifications have led 
to charge-switchable, targeted, pH-responsive, and photo-responsive 
PCB variants, expanding their potential applications in drug delivery 
and other biomedical fields (Banerjee et al., 2021; Li et al., 2021; Sinclair 
et al., 2013; Wang et al., 2019; Ward et al., 2006; Wei et al., 2017).

Advanced material science techniques have further expanded PCB’s 
potential through innovative processing methods (Huang et al., 2012). 

Fig. 2. SFG spectra of pCBAA1, pCBAA2, and pSBMA in water (Leng et al., 
2016). Copyright 2016, adapted with permission from Leng et al. under the 
Creative Commons Attribution-Non Commercial License.
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Notable developments include Nana Cai’s PCB hydrogel-powered acti
vated carbon composite (Cai et al., 2017), which demonstrated excellent 
stability and hemocompatibility, and Chou’s spin-coatable zwitterionic 
hydrogel (PCBAA). The latter innovation achieved precise thickness 
control (15–150 nm) through crosslinker concentration adjustment, 
with coatings exceeding 25 nm thickness showing ultra-low fouling 
levels (<5 ng/cm2) against undiluted human blood serum, highlighting 
the superior resistance of zwitterionic PCB surfaces to non-specific 
protein adsorption. The material’s abundant carboxylate functional 
groups enable straightforward EDC/NHS chemistry-based functionali
zation while maintaining antifouling properties through hydrolysis of 
unreacted groups (Chou et al., 2016; Yu et al., 2021).

In summary, PCBs fulfill different functions and exhibit varied 
properties precisely by altering their structure, including molecular 
weight, degree of polymerization, and functional group types. This 
structural tunability allows for the custom design of PCBs to meet spe
cific requirements in drug delivery and other biomedical applications, 
thereby optimizing therapeutic outcomes while maintaining the core 
benefits of hydration, antifouling, and low immunogenicity. This 
structure-function relationship provides the foundation for PCB’s 
diverse applications in advanced drug delivery systems.

2.2. Synthesis of PCB-derived products

PCB synthesis primarily follows two strategic approaches: direct 
polymerization of zwitterionic monomers or post-polymerization 
modification of precursor polymers to incorporate zwitterionic moi
eties. Each method offers distinct advantages and faces specific chal
lenges (Table 1) (Lowe and McCormick, 2002; Racovita et al., 2021).

The direct polymerization of zwitterionic monomers can proceed 
through either chain growth or step growth mechanisms. Modern 
polymerization techniques including atom transfer radical polymeriza
tion (ATRP) (Fig. 4) (Gao et al., 2010), controlled radical polymerization 
(CRP), and reversible addition-fragmentation chain transfer (RAFT) 
have significantly advanced this field. However, the simultaneous 
presence of electrophilic and nucleophilic groups in these monomers can 

complicate the synthesis process and polymer characterization 
(Laschewsky, 2014).

Post-polymerization modification offers greater synthetic control 
and easier polymer characterization. This approach encompasses three 
main strategies: (1) addition reactions between tertiary amines and α, 
β-unsaturated acids, (2) substitution reactions between tertiary amines 
and haloalkyl carboxylates, and (3) ring-opening reactions of carboxylic 
acid lactones with tertiary amines. While this method facilitates diverse 
chemical structures, complete conversion can be challenging due to 
neighboring group effects (Kudaibergenov et al., 2006).

Emerging synthetic technologies, including ring-opening metathesis 
polymerization (ROMP) and click chemistry, have expanded the PCB 
synthesis toolkit. These methods enable further functionalization 
through esterification or amidation of carboxyl groups. For example, H. 
C. Hung’s group developed a novel approach combining mechanical 
strength with surface fouling resistance. They achieved that by prepar
ing hydrophobic precursors through coupling tertiary amines with car
boxylic acid esters, which can later be hydrolyzed to form an 
amphiphilic ionic layer (Hung et al., 2017).

3. Applications of PCBs in drug delivery systems

DDS exhibit significant advantages over traditional drug formula
tions in terms of bioavailability, targeting capability, and therapeutic 
efficacy. These systems can enhance drug bioavailability by protecting 
drugs from adverse environmental influences through encapsulation in 
nanoparticles, microspheres, micelles, and liposomes. The controlled 
release mechanisms prevent concentration fluctuations common in 
traditional formulations, thereby reducing side effects while maintain
ing therapeutic effects over extended periods. This is particularly 
beneficial for diseases requiring long-term treatment.

A crucial advancement in DDS is the improved targeting capability 
(Wilson, 2014). Unlike traditional formulations that affect both diseased 
and healthy tissues, modern delivery systems can be designed to target 
specific lesions through surface modifications. Liposomes, for instance, 
have demonstrated remarkable effectiveness in cancer treatment by 
enhancing tumor penetration and retention. Furthermore, these carriers 
protect drugs from degradation, particularly beneficial for sensitive 
biopharmaceuticals like proteins and vaccines (Lin et al., 2020a).

The performance of delivery systems largely depend on material 
selection. Traditional materials like PLGA and PEG create degradable 
carriers for controlled release, while liposomes utilize phospholipid bi
layers for steady drug release. PCBs, with their unique properties dis
cussed earlier, have emerged as promising candidates for material-based 
DDS. In this section, we first introduce recent advances for processing 
PCB into different functional material formats such as micelles, nano
particles, and hydrogels. We then discuss how PCB materials are used in 
protein drug delivery systems to significantly extend drug half-life, 

Fig. 3. Milestones for the study of PCBs.

Table 1 
Synthetic routes of PCBs.

Synthetic routes Advantages Disadvantages

The polymerization 
of zwitterionic 
monomers

Reaction can occur with a 
yield of nearly 100 %.

The molecular 
characterization is difficult.

The polymerization 
of precursor 
monomers

The polymerization process 
is easy and subsequent 
characterization is 
convenient.

Due to the neighboring 
groups’ effects and the 
complex reactions during the 
chemical functionalization, 
the reaction cannot occur 
with a yield of 100 %.
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reduce immunogenicity and toxicity, and enhance drug penetration 
through mucous membranes and barriers (Tsao et al., 2020a).

3.1. PCB-based drug delivery systems

3.1.1. Bottlebrush or star polymers
Just as branched PEGs result in unique modification effects, certain 

PCBs with distinctive spatial structures also provide numerous advan
tages for drugs. W. F. Lin et al. synthesized a star-shaped carboxybetaine 
polymer using ATRP from a β-CD initiator. In vivo experiments showed 
that this polymer remained in circulation for an extended period in mice, 
and even with repeated injections, it did not cause significant damage or 
inflammation in major organ tissues, nor did it lead to a notable increase 
in antibodies in the blood. In vitro experiments confirmed the in vivo 
results, suggesting that the star-shaped carboxybetaine polymer has 
significant potential for drug delivery systems (Lin et al., 2015). 
Notably, while star-shaped carboxybetaine polymers (PCBs) demon
strate promising drug delivery potential through their unique spatial 
architecture, the impact of molecular weight on modification efficacy 
remains underexplored in this field. Drawing parallels from PEGylation 
studies, higher molecular weights (e.g., 40 kDa branched PEG) can 
significantly extend drug half-lives and reduce immunogenicity (Harris 
et al., 2001), yet excessive modification often leads to substantial 
bioactivity attenuation or loss. For instance, 40 kDa branched PEGylated 
interferon-α-2a exhibits 18-fold enhanced in vivo antiviral activity but 
reduced in vitro receptor binding due to steric hindrance. Current PCB 
research lacks systematic investigation into this critical parameter. 
Blindly increasing molecular weight may replicate PEGylation’s 

inherent trade-offs: larger sizes could further prolong circulation times 
but exacerbate active site masking or induce aberrant tissue accumula
tion (e.g., reversible renal tubular vacuolization observed with 40 kDa 
PEGylated tumor necrosis factor in animal models). Additionally, syn
thetic challenges and batch-to-batch consistency issues for 
high-molecular-weight PCBs remain significant hurdles. Future studies 
should therefore establish quantitative relationships between PCB mo
lecular weight and modification outcomes, balancing pharmacokinetic 
optimization with bioactivity preservation. This could involve adapting 
PEGylation’s “molecular weight threshold effect” theory (Harris et al., 
2001) to identify optimal PCB size windows or developing biodegrad
able PCB conjugates to achieve spatiotemporal bioactivity release.

The ability to cross the blood-brain barrier (BBB) represents another 
critical application. R. N. Wang et al. found that cylindrical polymer 
brushes (CPBs) with PCB side chains exhibited superior tissue perme
ability compared to spherical nanomaterials and PEG-based analogs. 
Their research with different CPB variants (BCPB-F, BCPB-H, BCPB, and 
ECPB) demonstrated that fluorination and betaine modification signifi
cantly enhanced BBB-crossing capability (Fig. 5) (Wang et al., 2022).

3.1.2. Micelles
Micelles are 5–50 nm colloids self-assembled from amphiphilic co

polymers or lipid polymer conjugates. When the concentration of 
polymers exceeds the critical micelle concentration (CMC), these 
amphiphilic polymers self-assemble in aqueous solution through hy
drophobic interactions, forming structures with drugs encapsulated in a 
hydrophobic core and surrounded by a hydrophilic shell for stability. 
Their small size enables passive targeting of solid tumors, while their 

Fig. 4. Two PCB arms were grown from an initiator with two catechol groups via atom transfer radical polymerization (Gao et al., 2010). Copyright 2010, adapted 
with permission from Gao et al. under the Creative Commons Attribution-Non Commercial License.

Fig. 5. Schematic diagram of the BBB penetration of BCPB-F and BCPB (Wang et al., 2022). Copyright 2022, adapted with permission from Wang et al. under the 
Creative Commons Attribution-Non Commercial License.
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core-shell structure makes them ideal for drug delivery.
A major limitation of conventional micellar carriers is their tendency 

to disassemble below the CMC, compromising drug bioavailability in 
vivo. Y. Lu et al. demonstrated that micelles comprising super
hydrophilic PCB polymer and superhydrophobic lipid domains can 
achieve an undetectable CMC below 10− 6 mM—orders of magnitude 
lower than typical micellar systems (>10− 3 mM). In a mouse melanoma 
model, these ultralow-CMC micelles completely eradicated tumors when 
delivering docetaxel, while conventional formulations failed to reverse 
tumor growth (Fig. 6) (Lu et al., 2018).

Polymer micelles are easy to prepare, easy to load, and easy to 
deliver to the lesion site. Several studies of intelligent micelles have led 
to the promise of a wider clinical application of this delivery system. W. 
F. Lin developed a degradable cross-linked micellar system based on an 
amphiphilic ion (carboxybetaine) for active tumor-targeted drug de
livery. The synergistic optimization of long cycle stability, tumor- 
specific delivery and responsive drug release was achieved by the anti- 
pollution property of PCBMA, intelligent cross-linking of disulfide 
bonds, biodegradability of poly(ε-caprolactone), and incorporation of 
targeting ligands (Lin et al., 2016). Similarly, G. F. Zhao et al. created a 
redox-sensitive micellar system for co-delivering doxorubicin and cur
cumin to combat multidrug resistance, utilizing PCB’s unique properties 
for controlled drug release in the tumor microenvironment (Zhao et al., 
2020).

3.1.3. Hydrogel
Hydrogels are crosslinked polymers capable of retaining large 

amounts of water while maintaining their structure. Their high water 
content, soft texture, and porous nature closely resemble living tissue, 
making them excellent candidates for drug delivery (Bai et al., 2019; 
Zhu et al., 2020). Hydrogels offer sustained drug release through various 
mechanisms including diffusion, swelling, and environmental stimuli 
response. The polymers give the hydrogels low toxicity, low side effects 
and low blood substance adhesion, which slows down the opsonization 
and reduces phagocytic clearance. In addition, the polymers form a 
reticulated cross-linked structure, and the drug can be almost 
completely masked from all of its own signals when it is individually 
encapsulated in the superhydrophilic gel (Asadi et al., 2021; Fu et al., 
2021).

The integration of zwitterionic materials like PCB into hydrogels has 
shown remarkable benefits. Jiang and colleagues demonstrated that 
PCBMA hydrogels implanted subcutaneously in mice exhibited minimal 
inflammatory response and foreign body reaction compared to 

conventional materials, with reduced protein adsorption and increased 
blood vessel density around the implant (Grainger, 2013; Veiseh and 
Vegas, 2019; Zhang et al., 2013). For injectable drug delivery systems, 
hydrogel-encapsulated therapeutic agents also exhibit excellent stability 
and extended circulating half-life in vivo (Richter and Akerblom, 1983; 
Tsao et al., 2020a; Zhang et al., 2015).

A key challenge with zwitterionic hydrogels has been their weak 
mechanical properties due to super hydrophilicity. Two innovative ap
proaches have emerged to address this limitation: The development of 
triazole-zwitterionic (TR-ZW) hydrogels by Q.S. Liu et al., which 
incorporate π-π stacking for enhanced mechanical properties while 
maintaining excellent antifouling characteristics (Liu et al., 2020b); The 
creation of zwitterionic-elastomeric-networked (ZEN) hydrogels 
combining PCB and poly(sulfobetaine) networks, achieving high me
chanical strength through complementary cross-linking densities and 
strong electrostatic interactions (Gong et al., 2003; Shao et al., 2014). 
Compared to the first approach, the second reduces protein adsorption 
and fiber sac formation (Dong et al., 2021). Additionally, L. R. Carr and 
colleagues developed CBMAX, a CBMA-based dimethacrylate cross
linker that enables the formation of hydrogels with both excellent non- 
fouling properties and high mechanical strength (Carr et al., 2011).

3.1.4. Liposomes and nanoparticles
Liposomes are nanoscale spherical structures consisting of a phos

pholipid bilayer (4–5 nm thick) surrounding an aqueous core, with 
particle sizes ranging from 30 nm to the micrometer scale. The basic 
components - amphiphilic phospholipids and cholesterol - form a bilayer 
structure that closely mimics cell membranes, conferring high biocom
patibility and biodegradability. This structural similarity enables lipo
somes to serve as an efficient, multi-functional drug delivery platform by 
protecting drugs from enzymatic degradation, improving drug stability, 
reducing toxicity, and enabling higher dosing for enhanced therapeutic 
effects.

PEG modification has been widely adopted to prolong liposome 
circulation time; however, its amphiphilic nature introduces destabi
lizing effects on lipid bilayers, necessitating cholesterol supplementation 
to counteract membrane rigidity and drug leakage. In contrast, PCB 
modification leverages superhydrophilicity driven by electrostatic hy
dration to stabilize liposomes without auxiliary additives. The charged 
moieties of PCB enhance aqueous phase polarity and induce robust 
hydration of lipid polar headgroups, thereby preserving bilayer fluidity 
and structural integrity. This mechanism enables PCB-modified lipo
somes to achieve circulation half-lives comparable to or exceeding those 
of cholesterol-stabilized PEGylated systems (Cao et al., 2012).

Besides, PCB modification particularly excels in nucleic acid delivery 
applications. While PEGylation of cationic liposomes extends circulation 
time, it significantly compromises siRNA encapsulation efficiency, 
cellular uptake, and endosomal/lysosomal escape. In contrast, DSPE- 
PCB modification not only enhances siRNA silencing efficiency by 
approximately 20 % compared to DSPE-PEG lipoplexes in vitro but also 
improves siRNA encapsulation efficiency (92 % at an N/P ratio of 20/1, 
whereas DSPE-PEG achieves 73 %) and cellular uptake (78 %, in 
contrast to 32 % for DSPE-PEG). This improvement is attributed to PCB’s 
pH-responsive behavior, which enables a dynamic increase in surface 
charge under acidic conditions (e.g., from +8.19 ± 0.53 mV at pH 7.4 to 
+24.6 ± 0.87 mV at pH 4.5), thereby promoting endosomal membrane 
fusion and facilitating the cytoplasmic release of siRNA. Unlike PEG, 
which forms a steric barrier, DSPE-PCB provides stability without hin
dering intracellular delivery or siRNA release, making it particularly 
effective for systemic siRNA delivery. Furthermore, in vivo studies 
demonstrated a 62 % reduction in ApoB mRNA expression following 
DSPE-PCB treatment, whereas DSPE-PEG resulted in only a 7 % reduc
tion, along with a significant decrease in serum cholesterol levels, sug
gesting its potential in hypercholesterolemia therapy (Fig. 7) (Li et al., 
2014; Qiao et al., 2018).

Beyond liposomes, polymeric nanoparticles represent another 

Fig. 6. Ultra-low-CMC micelles and their unusual ability to stabilize cargoes in 
extremely diluted conditions with micelle concentrations far below the CMC of 
common micelles (Lu et al., 2018). Copyright 2018, adapted with permission 
from Lu et al. under the Creative Commons Attribution-Non Commer
cial License.

Z. Liu et al.                                                                                                                                                                                                                                       International Journal of Pharmaceutics: X 9 (2025) 100329 

6 



promising vehicle for drug delivery. Their customizable structures and 
properties allow precise tuning of formulations, enabling control over 
stability, surface charge, loading efficiency, and release kinetics. Drugs 
can be encapsulated in the nanoparticle core, entrapped in the polymer 
matrix, or bound to the surface, offering diverse application possibilities. 
PCB-modified nanoparticles have shown particular promise in tumor 
therapy through several innovative approaches.

The enhanced permeability and retention (EPR) effect and leaky 
tumor vessels enable nanoparticle carriers to improve drug accumula
tion in tumors while reducing side effects on normal tissues. While both 
PEG and zwitterionic modifications can extend circulation time, PEGy
lation often compromises nanoparticle internalization due to its inert 
molecular structure. To address this limitation, S. Wang et al. developed 
nanomedicine with zwitterionic-to-cationic charge conversion ability 
(ZTC-NMs), comprising a glutathione-responsive camptothecin prodrug 
segment and a pH-responsive PCB-like zwitterionic segment. This sys
tem achieves surface charge conversion in the tumor microenvironment, 
improving cellular internalization efficiency (Shao and Jiang, 2015; 
Wang et al., 2016; Wang et al., 2020).

Building on this concept, M. Bernards and colleagues developed an 
instant affinity-switchable NDV based on pH-sensitive surface proton
ation. This system features an ultra-resistant poly(carboxybetaine) 
(PCB) shell and strategically placed sulfo groups near a hydrophobic 
DOX-loaded core. The NDV demonstrates rapid transition from strong 
resistance at physiological pH to high tumor cell membrane affinity in 
slightly acidic tumor environments. The pH sensitivity can be fine-tuned 
through the quantity of strong acidic sulfo groups acting as zeta po
tential adjustors. This design resulted in more efficient tumor tissue 
capture and improved tumor growth inhibition compared to PEGylated 
systems, while minimizing effects on healthy tissues (Wang et al., 2015).

3.2. PCBs in protein drugs modification

Despite the remarkable success of protein drugs in recent decades, 
they face several significant challenges. These include limited 

bioavailability due to large molecular weights, structural instability 
under varying environmental conditions, potential immunogenicity 
(particularly for non-human or recombinant proteins), and short blood 
circulation half-lives. These limitations often necessitate frequent in
jections or infusions, increasing patient burden and potentially reducing 
compliance (Sugahara et al., 2010).

To significantly improve the efficacy and bioavailability of protein/ 
peptide drugs, polymeric carriers are commonly used. Polymer carriers 
have the unique advantage that they are able to remain stable in bio
logical fluids and avoid rapid degradation of the drug. With different 
formulation forms, polymeric carriers can support sustained release of 
drugs, reducing the need for frequent dosing and effectively protecting 
protein/peptide drugs from enzymatic breakdown. In addition, these 
polymeric carriers are usually well biocompatible, harmless to humans 
and safe to use. (Mahmoudi et al., 2016). Generally, the “gold standard” 
for protein drug modification and protection is PEGylation. PEGylation 
improves the circulation properties of nanoparticles and protein drugs 
by preventing adsorption of plasma proteins and recognition by the cells 
of the mononuclear phagocyte system. However, the use of PEGylated 
drugs is severely hampered by the semi-antigenic nature of PEG. PCB is 
one of the best alternatives to PEG due to its superior super
hydrophilicity and ultra-low immunogenicity.

3.2.1. Enhancing protein stability and maintaining activity
PCB conjugation has demonstrated remarkable advantages in 

maintaining protein stability and activity. Shaoyi Jiang’s research 
showed that zwitterionic PCB polymers maintain protein stability 
without sacrificing binding affinity. Their work with organophosphate 
hydrolase (OPH) demonstrated a dramatic increase in bioavailability 
from 5 % to 53 % through PCB conjugation (Fig. 8) (Keefe and Jiang, 
2012).

Conventional polymer modifications often result in significant ac
tivity loss due to non-selective attachment near protein active sites, 
especially with dense modifications and multiple binding sites. (Xie 
et al., 2017). For instance, Pegasys (PEGylated interferon alpha-2a) 

Fig. 7. Schematic diagram of DSPE-PCB lipoplexes for siRNA delivery with enhanced siRNA endosomal/lysosomal escape ability. (a) Resistant nonspecific protein 
adsorption. (b) Cellular endocytosis. (c) Protonation of DSPE-PCB in endosomes/lysosomes. (d) mRNA Cleavage (Li et al., 2014). Copyright 2014, adapted with 
permission from Li et al. under the Creative Commons Attribution-Non Commercial License.
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retains only 7 % of unmodified IFN-a2a activity. In contrast, PCB- 
modified IFN-a2a maintains 4.4-fold higher antiproliferative activity 
compared to PEGylated versions of similar molecular weight, and 3-fold 
higher than those of comparable hydrodynamic size (Fig. 9) (Han et al., 
2018). Similar benefits have been observed with insulin modifications. 
While PEGylated insulin Lispro (LY2605541) requires high molar con
centrations to achieve comparable glucose-lowering effects, J. Xie re
ported that PCB-conjugated insulin maintains in vitro bioactivity while 
improving pharmacokinetics. Notably, this modification increased in 
vivo glucose-lowering activity by approximately 24 % compared to 
native insulin at equal molar doses (Xie et al., 2017).

The molecular basis for these differences lies in the polymers’ 
interaction with proteins. PEG can act as a crowding agent, reducing 
protein solubility and increasing surface hydrophobicity through steric 
repulsion. Conversely, PCB maintains protein activity through its tightly 
bound aqueous layer, minimizing interference with protein-receptor 
interactions.

3.2.2. Prolonging blood circulation and enabling drug penetration through 
mucus

A formulation providing longer durations of release is theoretically 
as effective as an immediate release formulation, as long as the drug 
concentration in the blood remains below the maximum safe concen
tration (Cmax) and above the minimum effective concentration (Cmin). 
Thus, the direction of development of almost all current formulations is 
to prolong the duration of drug action, thereby reducing the number of 
doses and minimizing side effects and periods of ineffectiveness. PCB 
modifications effectively extend drug circulation time, which is ach
ieved through multiple mechanisms, including increased particle size to 
reduce glomerular filtration and decreased interactions with MPS cells 

(Wang et al., 2016).
The effectiveness of this approach is demonstrated in various appli

cations, including both large proteins and small peptides. For example, 
PCB-modified bioscavengers achieved circulation half-lives of up to a 
week (Zhang et al., 2016; Zhang et al., 2019), while PCB-conjugated 
GLP-1 maintained activity for six days after a single subcutaneous in
jection (Tsao et al., 2020b; Yin et al., 2021).

Beyond enhancing circulation time, PCB demonstrates superior 
mucus penetration capabilities. Studies show that PCB-based particles 
achieve 6.7 times greater diffusion than PEG particles and over 100 
times that of charged particles in mucus barriers (Han et al., 2020), 
significantly enhancing drug bioavailability (Zhang et al., 2016).

3.2.3. Decreasing immunity and increasing in vivo safety
Many biological treatments, such as enzyme replacement therapy, 

require multiple doses to fully cure diseases. However, repeated in
jections of protein drugs with high immunogenicity increase the risk of 
immune reactions in patients, making treatment less effective and 
potentially leading to fatal adverse reactions. One major cause of the loss 
of efficacy of protein drugs is the production of antigen-specific anti
bodies (Ab). Once Ab binds to protein drugs, it can directly neutralize 
their pharmacological activity (neutralizing) or reduce their therapeutic 
exposure (non-neutralizing) via accelerated blood clearance (ABC). 
Antibodies can be categorized into two types based on their sources: 
antibodies against the protein itself, often called anti-drug antibodies 
(ADA), and antibodies against substances attached to the protein, 
including PEG (Hershfield et al., 2014).

A critical advantage of PCB modification is its ability to reduce 
immunogenicity of protein while avoiding the generation of anti- 
polymer antibodies, a common issue with PEG. Systematic studies 

Fig. 8. Stability of PEG, PCB Mn (similar molecular weight) and PCB Rh (similar hydrodynamic size) conjugated with enzyme CT. (a) Activity of conjugates after 8 h 
incubation in 5 M urea. (b,c) Relative activity of PEG and PCB Mn conjugates (b) and PEG and PCB Rh conjugates (c) after 10 min incubation at different temperatures 
(Keefe and Jiang, 2012). Copyright 2012, adapted with permission from Keefe and Jiang under the Creative Commons Attribution-Non Commercial License.

Fig. 9. The effect of PCB on the protein drugs.
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comparing PCB and PEG conjugation across proteins with varying 
immunogenicity levels revealed that PCB-specific antibody generation 
remained minimal regardless of carrier protein immunogenicity, while 
PEG showed increasing immunogenicity with more immunogenic car
riers (Liu and Jiang, 2016; Pelegri-O’Day et al., 2017; Richter and 
Akerblom, 1983; Zhang et al., 2018).

The superior immunological profile of PCB extends to both admin
istration routes and repeated dosing scenarios. In subcutaneous 
administration, B. W. Li’s investigation demonstrated that PCB-modified 
L-asparaginase showed improved lymphatic diffusion while maintaining 
reduced immunogenicity, enabling safer and more efficient drug de
livery through this challenging route (Li et al., 2018a; Li et al., 2020; Li 
et al., 2018b). For repeated treatments, PCB-encapsulated proteins avoid 
the accelerated blood clearance observed with PEGylated alternatives 
(Higaki et al., 2017; Leng et al., 2018). Recent innovations in PCB 
application include nanosized zwitterionic networks (PCB NCs) that 
protect proteins while maintaining their structure. These systems have 
shown particular promise in clinical models, maintaining therapeutic 
efficacy even after multiple administrations without triggering immune 
responses (Fig. 10) (Li et al., 2018c).

4. Challenges of PCBs in drug delivery

The continuous attempts of PCBs in drug delivery show a promising 
future, suggesting that PCBs may be FDA-approved for human con
sumption. However, there are still many drawbacks to consider before 
they become a drug. Rewrite a passage from William Shakespeare’s 
famous play “Hamlet” as the theme of this section-“to use PCB or not to 
use PCB, that is a question”.

Complex preparation methods, such as ATRP or RAFT, and harsh 
reaction conditions (e.g., strict oxygen removal or the use of metal 
catalysts) limit its further application. We also need to consider cost- 
effectiveness. Zwitterionic compounds are often assembled via com
plex multi-step synthesis. Multiple pathways are used to control the 
critical step of coupling anionic and cationic groups, inevitably leading 
to various side effects. In practice, such multistep synthesis implies 
complex purification operations for the final product. Leaching of 
acrylics, which may be used in experiments, can pose serious problems, 
especially in the biomedical field. Many of the difficulties in PCB syn
thesis arise from the sensitivity and incompatibility of most chemical 
reactions to the simultaneous presence of electrophilic and nucleophilic 
reagents (Laschewsky, 2014).

Zwitterionic materials exhibit weak mechanical properties due to 

their highly hydrophilic nature. When used for their antifouling capa
bilities, PCBs are typically conjugated as brush-like structures, albeit 
with a thickness rarely exceeding 100 nm. This limited thickness 
adversely affects their hydrophilicity, mechanical strength, and lubric
ity, falling short of desired performance expectations. Moreover, the 
inadequate mechanical properties of PCB hydrogels developed to date 
severely restrict their practical application, posing a significant chal
lenge for further PCB advancement. Introducing non-zwitterionic com
ponents has been explored to enhance mechanical strength. For 
instance, Haraguchi et al. demonstrated that sulfobetaine poly
acrylamide/inorganic clay nanocomposite hydrogels increased tensile 
strength from 19.0 kPa to 71.3 kPa. However, their long-term me
chanical stability and excellent antifouling properties appear compro
mised when combined. Thus, improving stability without compromising 
antifouling efficacy remains a critical goal (Yao et al., 2022). Func
tionalizing PCB side chains, such as esterification or amidation of car
boxylic acid groups, introduces groups susceptible to hydrolysis, further 
impacting structural stability (Banerjee et al., 2011).

Additionally, firmly conjugating highly hydrophilic CB polymers to 
hydrophobic surfaces presents challenges due to (I) mutual exclusion 
between hydrophilic CB groups and hydrophobic surfaces in aqueous 
media, and (II) potential detachment of CB polymers from hydrophobic 
surfaces in aqueous environments due to the higher affinity of hydro
philic CB groups for water molecules (Lin et al., 2020b). Zwitterionic 
hydrogels, characterized by their high swelling ratio from super
hydrophilic properties, often exhibit inconsistent behavior with hydro
phobic surfaces, resulting in hydrogel coatings detaching from these 
surfaces. Bridging molecules like silane coupling agents and dopamine 
can enhance hydrogel adhesion to substrates through covalent bonding. 
However, the effectiveness of these bridging molecules is hindered by 
the complex microenvironment (e.g., pH and solubility), limiting long- 
term application.

Understanding how drugs interact with the immune system is crucial 
for assessing material immunogenicity and advancing clinical applica
tions. However, the detailed molecular and cellular mechanisms remain 
incompletely understood. While PCBs can shield substances from their 
modified active pharmaceutical ingredient (API), such as proteins, the 
precise processing and presentation of these materials by antigen- 
presenting cells (APCs), and subsequent interactions with T cells and B 
cells upon drug entry, particularly in minute quantities, require further 
investigation. Besides, in contrast to PEG, PCBs demonstrate superior 
resistance to non-specific protein adsorption, multi-functionalization, 
and oxidative environments. However, these attributes have 

Fig. 10. Encapsulation of Uricase in Zwitterionic PCB Nanocages for Enhanced Immunologic Protection and Gout Treatment Efficacy. (A) Encapsulation of uricase 
with zwitterionic PCB NC. (B) Schematic illustration of the sequence of events after native uricase, PEGylated uricase, and uricase encapsulated by PCB NC enter the 
blood stream. Both antiuricase and anti-PEG antibodies are produced after multiple injections of PEG-uricase conjugate, leading to the loss of efficacy in gout 
treatment. PCB NC shields uricase from immune recognition and produces no antipolymer or antiuricase antibodies, leading to enhanced pharmacokinetics and 
improved efficacy in gout treatment (Li et al., 2018c). Copyright 2018, adapted with permission from Li et al. under the Creative Commons Attribution-Non 
Commercial License.
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somewhat constrained the widespread application of PCBs. Their lack of 
biodegradability via natural metabolism leads to polymer accumulation 
in cells, potentially disrupting normal cellular functions and posing risks 
in gene or nanomedicine therapies (Yang et al., 2014). Therefore, it is 
necessary to conduct a long-term investigation into its safety.

5. Conclusions and Perspectives

The discovery of more insoluble drugs and the emergence of 
advanced therapies, such as cell and gene therapies, have rendered 
traditional formulation methods often inadequate. Thus, innovative 
formulation technologies are essential for effective drug delivery. Open- 
minded approaches and novel designs are critical for the development of 
new delivery systems. Continuous progress in basic research and inter
disciplinary collaboration forms the foundation for these advancements, 
while the integration of medical and industrial sectors is key to their 
commercialization. Consequently, utilizing new and superior materials 
for drug research and development is vital for the ongoing evolution of 
delivery systems.

One such promising material is PCB. Besides the high hydrophilicity 
inherent to zwitterionic materials, PCB polymers possess unique char
acteristics. They are dual-functional, being both functionalized and non- 
fouling, allowing the attachment of ligands directly to PCB polymers via 
NHS/EDC chemistry for targeted drug delivery applications. Addition
ally, the positively and negatively charged sites can be selectively 
regulated, which is significant for smart, responsive drug development. 
Due to these advantages, PCBs show substantial potential in medical and 
pharmaceutical fields. However, much work remains to realize the full 
potential of zwitterionic materials.

Designing and optimizing the structure of PCBs—such as den
drimers, nanogels, polymeric micelles, liposomes, and polymeric nano
particles—is urgently needed to enhance drug performance. The studies 
reviewed suggest that PCBs are strong candidates for various advanced 
drug delivery systems due to properties like superhydrophilicity and 
resistance to protein adsorption. Zwitterionic polymers also offer ad
vantages such as good biocompatibility, minimal immune system stim
ulation, and low antibody production. Compared to PEG, they perform 
better in enhancing drug solubility, prolonging in vivo circulation time, 
improving drug efficacy, and reducing side effects.

A review of past literature shows that researchers predominantly 
focus on PCB-modified protein drugs. PCB offers three main benefits for 
protein drugs: enhancing stability and maintaining activity, prolonging 
blood circulation, and promoting absorption across physiological bar
riers, and preventing immune reactions, thus improving in vivo safety. 
However, it is surprising that there are fewer studies on nucleic acid- 
based drugs.

PCBs display intriguing properties, including pH sensitivity, tem
perature sensitivity, ionic conductivity, and optical characteristics. 
However, research on smart drugs, particularly temperature-sensitive 
drug delivery systems, remains limited. Additionally, studies exam
ining the physicochemical properties of PCBs and their compatibility 
with other materials are scarce. The potential of PCBs in bionic drug 
delivery systems, bio-metal organic frameworks, and other innovative 
delivery mechanisms has yet to be explored. Systematic investigations 
are required to understand long-term biological responses, including in 
vivo degradation pathways, chronic toxicity, and biosystem stability.

Although the number of articles on PCBs in biomedical applications 
is limited, it suggests that this research direction is still in its infancy. 
The unique properties of polybetaine offer compelling evidence for 
optimism regarding the future of PCBs in advanced drug delivery sys
tems. A promising direction for future research in the field of PCB-based 
advanced drug delivery systems includes the development of stimuli- 
responsive systems, which could offer dynamic control over drug 
release in response to specific environmental triggers. Additionally, 
integrating PCB with emerging therapeutic modalities could enhance 
the versatility and efficacy of drug delivery platforms. Advanced 

targeting strategies, such as the development of more precise and se
lective targeting mechanisms, would further improve the specificity of 
PCB-based systems in reaching desired tissues or cells. Moreover, novel 
synthesis and fabrication methods are essential for Scale-up and 
manufacturing. While challenges remain, we believe that continued 
research and development in PCB are likely to lead to innovative ther
apeutic solutions and improved patient outcomes.
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