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Abstract: Hepatocellular carcinoma (HCC) is a leading cause of cancer-related deaths because of its late diagnosis, tumor
heterogeneity, compromised liver function, and the poor efficacy of conventional treatment strategies. Although immune checkpoint
inhibitors and adoptive immune therapy have shown promising results in some patients, these therapies are also less effective overall
due to many factors. Biomimetic polymer nanomaterials have recently been explored as novel tools to address these challenges by
combining synthetic polymeric carriers with biologically inspired elements, including cell membrane modification, receptor-targeting
ligands, and smart designs. This review focuses on the therapeutic potential of the biomimetic polymer-based nanomaterials for
hepatocellular carcinoma by covering their liver immunological characteristics, design principles, various types, and immune-
modulating mechanisms with preclinical evidence, challenges, limitations, and future perspectives. Studies show that these nanoplat-
forms enable sustained circulation, evade the immune system, selectively accumulate in tumors, and provide controlled release of
immunotherapeutic agents. Biomimetic approaches promote antigen presentation, immune modulation, and immune cell infiltration
into the tumor microenvironment. Preclinical evidence shows that nanomaterial-based cancer vaccine therapy, immune cell repro-
gramming, and combination therapies work in synergy with checkpoint inhibitors to overcome immunosuppression, activate T cells,
and suppress tumor growth. Regardless of these promising outcomes, factors such as complexity in fabrication, batch preparation
variability, scalability, and biosafety over a long period of time make it difficult to translate them into the clinical environment. There
is a need to overcome these challenges by optimal design, standardized preparation, and biosafety evaluation for the clinical translation
of biomimetic nanoplatforms.
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Introduction

Liver cancer is a major concern for the global healthcare system due to viral infections, lifestyle, and the fact that it is
often diagnosed at a late stage, and it is marked by low five-year survival rates and the ineffectiveness of conventional
treatments such as surgery, chemotherapy, radiation, and targeted systemic therapies because of their toxicity, recurrence,
and resistance.' The conventional treatment modalities are also ineffective in advanced cases due to the heterogeneity of
the tumor and the compromised function of the liver, thus emphasizing the need for more effective therapies.” The
microenvironment of HCC is dominated by IL-10/TGF-B-rich tolerogenic networks, PD-1 checkpoint engagement and
nutrient competition, creating a profoundly immunosuppressive niche that limits the effective antitumor immunity.*> The
liver resident Kupffer cells and the sinusoidal endothelial cells enforce the baseline tolerance by producing anti
inflammatory cytokines and checkpoint ligands. In HCC, these cells remain tolerogenic, secrete IL-10 and TGF-f3, and
highly express PD-L1.* The recruited macrophages polarize to an M2-like phenotype, secrete IL-10, TGF-B and
chemokines that further recruit Tregs and dampen CD8+ T cell and NK-cell cytotoxicity. The immune-suppressive
cells also upregulate PD-L1 and ligands for TIM-3, enforcing the exhaustion of lymphocytes.* In the advanced HCC,
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the immune checkpoint inhibitors have shown promise but with limited response rates. For example, the first-line drug
atezolizumab significantly improved the survival, with an objective response rate of 27%. Similarly, nivolumab has
produced an objective response rate of 20%.° However, the majority of patients do not benefit, underscoring the
immunosuppressive HCC microenvironment. However, recent nano-tech in cancer immunotherapy has revolutionized
the treatment strategies for HCC by harnessing the power of the immune system to target and eliminate cancer cells, and
immune checkpoint inhibitors (ICIs) like PD 1/PD L1 and CTLA-4 inhibitors promote efficacy and improved survival
rates in carefully selected patients. However, the rates of response are modest because of the immunosuppressive nature
of the tumor microenvironment and the lack of biomarkers.®® Other immunotherapeutic modalities, like adoptive cell
therapies and cancer vaccines, are also being explored to overcome the immune tolerance mechanisms in HCC.’
Problems such as systemic side effects, the absence of specificity for targeting, and high clearance rates are still existing
challenges in the comprehensive application of immunotherapy in the clinic, which has led to the emergence of
nanomedicine to enhance immune modulation and specificity.'”

Biomimetic polymer nanomaterials are a new type of therapeutic agent that can leverage the versatility of synthetic
polymers in combination with bioinspired designs such as cell membrane surface modification or the use of nature-
derived surface ligands to facilitate immune evasion, prolonged circulation, and targeted accumulation in the tumor
microenvironment.'""'? Polymer nanoparticles, as well as stimulus-responsive carriers like pH, redox, and enzyme-
responsive nanocarriers, are current trends for their potential in enhancing drug delivery and minimizing systemic side
effects and immune responses in cancer immunotherapy.'® Biomimetic surface modifications, for example, the incor-
poration of red blood cell, macrophage, or tumor cell membranes onto polymeric cores, have been demonstrated to offer
enhanced immune evasion, improved biocompatibility, and extended circulation times compared to conventional surface
modifications like PEGylation, while also enabling specific homing to the tumor.'* Preclinical studies of tumor
microenvironment-responsive nano-modulators have also further shown the promotion of immunogenic cell death and
strong T cell activation by combining polymeric nanocarriers with photothermal or immunoadjuvant approaches in HCC
models.">!” Furthermore, multifunctional biomimetic nanoplatforms are also designed for tumor photothermal and
immunotherapeutic remodeling of immunosuppressive microenvironments through macrophage membrane modification
and gas modulation.'"®*! Comprehensive reviews of biomimetic nanomedicines highlight their potential to replicate the
natural functions of cells, evade the risk of premature elimination, and optimize drug delivery for synergistic immu-
notherapy, although there are still challenges in large-scale manufacturing, stability, and translation to clinical
applications.””** The combination of biomimetic polymer nanomaterials with immune therapies provides a promising
approach to overcome the shortcomings of traditional therapies and enhance the efficacy, specificity, and safety of liver
cancer therapy, making it a front-line area of focus in precision oncology research.”*° The schematic illustration of
biomimetic polymer-based nanomaterials and their immune modulation is shown in Figure 1. Moreover, biomimetic
polymer-based nanomaterials for immune-responsive liver cancer therapy are also given in Table 1.

Even with the promise of immunotherapy in the treatment of liver cancer, its clinical utility is greatly impeded by the
existing hurdles in the hepatic immune microenvironment, such as the intense immunosuppression mediated by tumor-
associated macrophages, regulatory T cells, and myeloid-derived suppressor cells, which cumulatively suppress the
activation and infiltration of antitumor T cells, while other factors such as cytokine dysregulation, hypoxia, and anatomic
barriers prevent the entry of immune cells and immunotherapeutic agents into the tumor sites.>'* The previously
mentioned natural hurdles are further exacerbated by the poor targeting and resistance mechanisms of immunotherapeutic
agents in HCC patients.*> Nanomedicine has attracted great attention to overcome these challenges by facilitating
targeted delivery of immunomodulatory drugs, improving penetration of the tumor, and reprogramming the immuno-
suppressive tumor microenvironment through controlled release, co-delivery of payloads, and modulation of immune
cells.*”*° Specifically, biomimetic polymer nanomaterials that combine polymeric carriers with biologically inspired
components such as cell membrane surface modification, receptor-targeting ligands, and responsiveness to external
stimuli offer a rational approach to enhance biocompatibility, resist premature immune elimination, and provide targeted
delivery to cancer and immune cells, thus potentiating both innate and adaptive antitumor immunity with minimized
systemic toxicity.'>*® The HCC often overexpresses the glypican-3 (GPC3), a GPI-anchored oncofetal proteoglycan, and
the high affinity ligands include monoclonal antibodies, peptides, or aptamers against GPC3, used in ADCs, imaging and
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Figure | The schematic illustration of different biomimetic polymer-

based nanomaterials and their immune modulation.?®

CAR-T therapy.®* In contrast, asialoglycoprotein receptor (ASGPR) on hepatocytes recognizes Gal/GalNAc residues,
where the ligands include galactose, lactose, lactobionic acid (glycans) or multivalent GalNAc clusters.”® Biomimetic

systems have great potential to replicate natural

biological surfaces to promote long circulation, specific homing, and

immune modulation, making them highly desirable for overcoming hepatic immune tolerance and improving the efficacy
of immunotherapy.>*~° In view of these benefits, this review systematically discusses the challenges to effective
immunotherapy in the liver tumor microenvironment, explains the rationale for using biomimetic polymer-based

nanoplatforms, and introduces the latest progres

s in their design, mechanisms, and therapeutic effects. This also over-

views the challenges in translation, including scalability, and future directions for combining biomimetic nanotechnology

with immune strategies to promote hepatocellular carcinoma therapy.

33,37,38

Liver Immunological Characteristics
The liver is a special immunological organ that has the dual function of maintaining immune tolerance and immune

surveillance. Due to its continuous exposure to antigens and microbial products from the gut via the portal circulation,

the hepatic immune system has developed unique strategies to prevent excessive inflammation and autoimmunity.

39,40
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Table | Tabular Representation of the Biomimetic Polymer-Based Nanomaterials for Immune-Responsive Hepatocellular Carcinoma

Therapy
Platform Biomimetic Feature Immune Mechanism and Target Application and Outcome Reference
Polymeric nanoparticles RBC membrane coating; Immune evasion; enhanced T-cell Improved tumor accumulation; reduced off- [12]
prolonged circulation activation target toxicity
Macrophage-membrane- Tumor-homing; immune Polarization of TAMs to MI; TME Enhanced antitumor immune response in [18]
coated polymer modulation modulation HCC preclinical models
Tumor-cell membrane- Homotypic targeting; tumor Dendritic cell maturation; immunogenic Increased cytotoxic T-cell infiltration; [15,23]
coated nanoparticle recognition cell death reduced tumor growth
Stimuli-responsive pH/redox/enzyme-responsive Localized immune modulation Synergistic effect with ICls; improved [13,27]
polymeric nanoparticles release therapeutic efficacy
Biomimetic nucleic acid Nucleic acid payload with Relieve tumor immunosuppression; Preclinical liver cancer models; enhanced [28]
delivery system biomimetic coating enhance T-cell activity immune response
Gold-based biomimetic Macrophage/tumor membrane | Immune microenvironment remodeling; | Deep tumor photothermal immunotherapy; [18]
nanoparticles coating photothermal, immunotherapy enhanced immunogenic cell death
Multifunctional polymeric Co-delivery of drugs, Reprogram immunosuppressive TME; Improved adaptive immune response; tumor [15,23,29]
nanoplatforms adjuvants; cell membrane dendritic cell activation regression in HCC models
coating
Polymeric nanocarriers PEGylation + biomimetic DC maturation; T-cell activation Enhanced antigen presentation and [10,30]
with immune adjuvants surface ligands antitumor immunity

This tolerogenic microenvironment is maintained by liver sinusoidal endothelial cells, hepatocytes, Kupffer cells, and
resident antigen-presenting cells that express antigens with low co-stimulatory signals, resulting in T cell energy or the
generation of regulatory T cells (Tregs) and immunosuppressive cytokines interleukin-10 (IL-10) and transforming
growth factor-f (TGF-B). Figure 2 illustrates the function of these immune cells in HCC. The liver contains a variety
of immune cells, including Kupffer cells, dendritic cells, natural killer (NK) cells, natural killer T (NKT) cells, and
conventional CD4+ and CD8+ T lymphocytes, which work in concert to maintain immune surveillance against
transformed cells.*'~**

Kupffer cells help to fight against circulating antigens but often display a tolerogenic phenotype characterized by PD-
L1 expression and IL-10 secretion, which limits effective T cell activation.** Hepatic dendritic cells have reduced
antigen-presenting capacity and preferentially promote T cell tolerance through the production of indoleamine-2,3-diox-
ygenase and anti-inflammatory cytokines.*® Although NK and NKT cells represent major effector populations involved in
tumor cell elimination, their cytotoxic activity is frequently impaired in chronic liver disease and hepatocellular
carcinoma (HCC), thereby weakening immune surveillance and facilitating tumor progression.*’

Immunosuppressive Tumor Microenvironment (TME) for HCC

The growth and development of HCC are closely linked to the creation of a highly immunosuppressive tumor
microenvironment that supports immune evasion and resistance to immunotherapy. Regulatory T cells (Tregs) are
found to be significantly increased in HCC tissues and peripheral blood, where they inhibit the function of cytotoxic
T lymphocytes by secreting IL-10 and TGF-p, and by inducing T cell exhaustion phenotypes, which ultimately result in
poor prognosis.>*** Another study shows that Myeloid-derived suppressor cells (MDSCs) are another predominant
population of immunosuppressive cells in HCC, which are attracted to the tumor microenvironment by tumor-derived
chemokines and growth factors like vascular endothelial growth factor and granulocyte macrophage colony-stimulating
factor. These cells help suppress effector T cells and NK cells by producing arginase-1, reactive oxygen species, and
nitric oxide, while also supporting Treg cell expansion and angiogenesis.’’>' Tumor-associated macrophages (TAMs), of
Kupffer cell and infiltrating monocyte lineages, offers polarized M2-like phenotype that improves tumor growth,
angiogenesis, metastasis, and immunosuppression. TAMs produce cytokines like IL-6, IL-1P, and tumor necrosis
factor-o, as well as chemokines like CCL2, which further recruit immunosuppressive leukocytes, thus potently
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Figure 2 Role of the immune cells, including Kupffer cells, dendritic cells, natural killer (NK) cells, natural killer T (NKT) cells, and conventional CD4+ and CD8+
T lymphocytes in HCC.*'

amplifying the immunosuppressive circuitry in the TME.’>> In the same way, aberrant cytokine signaling and immune
checkpoint activation further impair antitumor immunity. High expression of IL-10 and TGF-f} suppresses the activation
of effector lymphocytes, whereas overexpression of programmed death-1 (PD-1), programmed death ligand-1 (PD-L1),
and cytotoxic T lymphocyte antigen-4 (CTLA-4) enhances T cell exhaustion and immune evasion.">* Thus, a hostile
immune milieu is created that impairs the spontaneous rejection of tumors and the clinical efficacy of immune checkpoint
blockers and other immunotherapies in HCC patients.

Implications for Nanomaterial-Based Immunotherapy

The strong immunosuppressive environment of the hepatic tumor microenvironment is a significant challenge to
successful immunotherapy, and thus, approaches are needed that can activate antitumor immunity with a focus on
minimizing systemic toxicity. Nanomaterials-based immunotherapeutic systems provide distinct advantages for targeted
delivery, controlled release, and spatial regulation of immunomodulatory agents in the tumor and lymphoid tissues, as

indicated in Figure 3.7

pH, redox, or enzyme-responsive nanocarriers for the controlled release of therapeutic agents
can selectively target immunosuppressive cell types such as TAMs and MDSCs, promote antigen presentation, and
restore cytotoxic T-cell activity with fewer side effects.’*>” Biomimetic nanomaterials provide improved biocompat-

ibility and immune evasion by cell membrane modification and receptor-mediated targeting, which helps in extended
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circulation and preferential accumulation of the nanomaterials in the hepatic TME.!""*® These advanced nanoplatforms
give new opportunities to reprogram the immunosuppressive microenvironment, improve immune cell infiltration, and
synergize with immune checkpoint inhibitors, vaccines, and adoptive cell therapies, thereby representing a promising

approach for overcoming therapeutic resistance in liver cancer.

Design Principles of Biomimetic Polymer-Based Nanomaterials

The biomimetic polymeric nanoparticles for HCC are being engineered to mimic the biological cues and physicochem-
ical properties to enhance the targeting and immune modulation of the hepatic tumors. These designs are discussed below
with their representative examples.

Polymer Selection and Functionalization

The development of efficient biomimetic polymer nanomaterials requires the selection of polymers that can deliver
therapeutic loads while preserving biodegradability, biocompatibility, and low immunogenicity. Synthetic polymers like
poly (lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), and relevant block copolymers have degradation rates,
surface properties, and controlled release profiles that can be tailored for immunomodulatory purposes.’®*° These
materials can also be functionalized with ligands for targeting and materials such as PEG to increase circulation times
and evade phagocytic clearance. Natural polymers such as chitosan, alginate, and hyaluronic acid have inherent
biocompatibility and targeting ability, for instance, the ability of hyaluronic acid to target cells through binding to
CD44 receptors that are overexpressed on tumor and immune cells.®*®* A schematic illustration of polymer selection

and surface functionalization strategies for immune-responsive nanocarriers is shown in Figure 4.
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Figure 4 Schematic illustration of polymer selection and surface functionalization strategies for immune-responsive nanocarriers.®*

These approaches to functionalization depend on the chemical coupling of immune-stimulatory ligands or responsive
elements that help to enable site-specific cargo release in response to tumor-associated cues, including low pH and high
oxidative stress levels.'> By combining the natural and synthetic polymers, these hybrid materials exploit the enhanced
structural tunability offered by the synthetic polymer while preserving the biological recognition properties of natural
polymers. The small sized nanoparticles exploit the enhanced permeability for tumor accumulation. Similarly, the
optimization of their shape and charge enhances uptake by Kupffer cells against the tumor cells. The positively charged
or pH responsive polymers allow the endosomal escape and controlled release in the acidic tumor environments. For
example, a pH sensitive PLGA nanoparticle delivering a STAT3 inhibitor reprogrammed the TAMs from M2 to M1,
enhanced the response of CD8+ T cells, and significantly inhibited the growth of HCC in mice.®* Additionally, the
polymer cores stabilized by the lipid layers combine polymer versatility with the biocompatibility of liposomes, for
example, the lipid polymer nanoparticles delivering mRNA or checkpoint inhibitors for HCC.

Biomimetic Strategies

Biomimetic approaches promote nanomaterials with high performance by integrating biological cues or surfaces that resemble
natural cells to better evade the immune response, target, and treat. Cell membrane wrapping is one of the most important
approaches, in which biodegradable polymers such as PLGA or PEGylated platforms are coated with membranes isolated
from tumor cells, immune cells, or erythrocytes, which confer nanoparticles with self-like signatures to evade innate immunity
and promote tumor tropism.*®®> This method resembles natural surfaces, allowing nanoparticles to circulate for a longer
period and specifically interact with tumor cells and immune cells. Another important biomimetic approach is ligand-receptor
mimicry, in which receptors or peptides that specifically bind to certain cell surface markers are attached to polymeric carriers
to target specific uptake or interaction with immune cells.®® Moreover, extracellular matrix-inspired designs incorporate
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components such as collagen or matrix-sensitive linkers into polymeric backbones, which allow nanomaterials to migrate
through the dense stromal tissue and release their payload in response to enzymes overexpressed in the TME.®’

Coating the polymeric cores with cancer cell or immune cell membranes enhances the targeting, eg, the mesoporous
silica nanoparticles cloaked with the GPC3 targeted CAR-T cell membranes selectively homed to the HCC cells, killing
the tumor cells in mice.®® Similarly, the platelet membrane camouflaged silica nanoparticles co-loaded with sorafenib and
anti PD-1 antibody enhanced the hepatic tumor targeting, activated cytotoxic T cells and suppressed the growth of
tumor.®® The polymers can also be imprinted with peptides or antibodies, eg, magnetic poly (ethylene-co-vinyl alcohol)
nanoparticles imprinted with a PD-1 peptide bound NK-cell PD-1 and blocked its immunosuppressive signal.®’

Immune-Responsive Features

To effectively modulate tumor immunity, biomimetic polymer nanomaterials are frequently engineered with stimuli-
responsive features that respond to the biochemical environment of tumors or immune tissues. pH-responsive systems
exploit the acidic extracellular pH of tumors to trigger conformational changes or cleavage of acid-labile bonds, ensuring
release of immunotherapeutic cargo specifically at the tumor site.'**>® Enzyme-responsive polymers incorporate peptide
sequences cleaved by tumor-associated proteases such as matrix metalloproteinases (MMPs), enabling localized activa-

tion of nanoparticles and release of adjuvants or antigens, as shown in Figure 5.7°

Vasculature

ECM

—~ 15k

M1 macrophage

Tumor cells / \ M2 macrophage

Treg ﬂ MDSC

Figure 5 Schematic representation of stimuli-responsive polymeric nanomedicines modulating the tumor microenvironment.®’”
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Redox-sensitive materials take advantage of the high concentration of glutathione or reactive oxygen species in
tumors to cleave disulfide bonds or ROS-sensitive bonds, leading to disassembly and controlled release of the
payload.”®”" Recently, dual and multi-stimuli responsive nano-platforms that combine more than one stimulus (such
as pH and ROS) have been designed to give more precise control over immune activation and release kinetics. These
intelligent design elements can enhance the bioavailability of the payload in the target tissue, minimize systemic toxicity,
and potentially work in combination with immune checkpoint inhibitors to boost antitumor immunity.'*>** Drugs like
the STAT3 inhibitors or the innate adjuvant loaded in targeted nanoparticles shift the TAMs toward M1 and alleviate the
immunosuppression.** The biomimetic nanoparticles carrying tumor antigens or danger signals are taken up by dendritic
cells and boost the antigen cross-presentation and T cell priming. The delivery of cytokines or checkpoint blockers by
nanoparticles directly expands the cytotoxic lymphocytes. The CAR-T membrane nanoparticles and platelet nanoparti-

cles led to enhanced T-cell infiltration and tumor killing.®*¢’

Types of Biomimetic Polymer-Based Nanomaterials

Biomimetic polymer nanomaterials have been identified as a cutting-edge approach in current cancer therapy, where the
principles of nature-inspired design are utilized to address the shortcomings of traditional nanomedicines. Biomimetic
polymer nanomaterials combine the versatility of synthetic polymers with biological information from cell membranes,
peptides, or other naturally occurring molecules to enhance biocompatibility, targeted delivery, and immune
modulation.®®”® Specifically, immune evasion, prolonged systemic circulation, and enhanced tumor targeting are
achieved in polymer carriers modified or coated with biomimetic components such as cell membranes, thereby addres-
sing important challenges associated with rapid clearance and off-target effects.”®’* Biomimetic nanoplatforms for HCC
immunotherapy include membrane coated nanoparticles, polymersomes, and ligand-functionalized polymer nanoparti-
cles. Representative payloads include neoantigen peptides, mRNAs, CpG/STING agonists and siRNA.”>’® Current
developments in biomimetic nano delivery systems for cancer immunotherapy have been aimed at designing complex
core-shell structures, in which a synthetic polymeric core is masked by membranes derived from erythrocytes, immune
cells, or cancer cells, thus taking advantage of the complementary properties of both materials to improve tumor
accumulation and trigger antitumor immune responses.”’ Apart from cancer therapy, self-assembly approaches based
on peptides have also been investigated for designing functional nanostructures with the ability to modulate the immune
microenvironment and promote antigen presentation, thus further expanding the applications of biomimetic polymer
systems in immunotherapy. Furthermore, recent progress in multifunctional biomimetic designs involving ferroptosis
induction pathways, ultrasound-assisted penetration, or dual membrane types indicates promising synergistic therapeutic
effects and possible clinical development routes.”®”® Although there has been considerable progress, the translation of
these biomimetic systems into the clinic is still limited by the challenges of scalability and reproducibility in manufactur-
ing, as well as complex biological interactions. The biomimetic nanoparticles inherit cell membrane proteins or display
the targeting ligands to home to tumors and immune cells, eg, the platelet or cancer cell membrane coated nanoparticles
present the CD47/self-markers and tumor antigens, accumulating in the tumor microenvironment. The surface modifica-
tions engage the receptors to trigger endocytosis and the payloads such as TLR/STING agonists, cytokines (eg. IFN-y),
or siRNA against CSF-1R, skew TAMs from M2 to M1, elevating IL-12/TNF and the expression of MHC-II.%®

Cell Membrane Camouflaged Polymeric Nanoparticles

The idea of cell membrane camouflaged polymeric nanoparticles was born as a biomimetic approach to overcome the
biological constraints of traditional nanocarriers, including rapid immune clearance, non-specific distribution, and poor
biocompatibility. Traditional nanoparticle formulations, although successful in drug loading and release, commonly
failed in vivo due to opsonization and uptake by the mononuclear phagocytic system. The tumor, immune, and red blood
cell membranes each carry distinct immunosuppressive markers that affect the immunity and targeting of cancer. The
tumor cells overexpress the PD-L1 and CD47 on their surface to engage the T cell PD-1 or macrophage SIRPa
respectively.*™*! A bulky glycocalyx rich in glycoprotein further shields the tumor antigens, and the tumor derived
exosomes bearing the PD-L1 or the suppressive miRNAs reprogram immune cells. In contrast, the erythrocyte
membranes naturally lack MHC and bear CD47 so the red blood cell coated nanoparticles escape the clearance and
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circulate for longer time.**** The leukocyte derived membranes present self markers (CD47, integrins) and chemokine
receptors, prolonging circulation and homing to inflammation. These membrane features are repurposed for therapy
where the cancer cell membrane coated nanoparticles retain tumor antigens for homotypic targeting, while the red blood
cell or immune cell membrane camouflage the particles, evade phagocytosis and accumulate in tumors.®*®* This study is
generally considered the pioneering work in the field of cell membrane camouflaging technology and initiated the
development of a new generation of biomimetic nanomaterials. Cell membrane camouflaged polymeric nanoparticles
represent an advanced class of biomimetic nanomaterials that merge synthetic polymer cores with natural cell membranes
to mimic the biological functions of native cells. These systems have shown remarkable immune evasion, prolonged
circulation time, and targeted delivery in cancer immunotherapy and drug delivery applications.>®** For example, the use
of cancer cell membranes to coat polymeric nanoparticles improves homotypic targeting, where the nanoparticles show
a preference to bind to tumors of the same type because of protein recognition in the cell membranes, thus improving
tumor accumulation and efficacy. Additionally, the use of immune cell membranes, such as macrophage or leukocyte
membranes, improves immune modulation by taking advantage of natural interactions between immune cells, while also
improving infiltration into tumors and preventing rapid clearance from the body.®**#5 The combination of synthetic
polymer carrier properties, such as controlled release and biodegradability, with natural biological properties of cell
membranes, has been shown to be more effective in preventing off-target toxicity while improving antitumor effects.””
Recent studies explored hybrid membrane sources and engineered cell surfaces to fine-tune targeting and immune
engagement, broadening the applicability of these nanocarriers in personalized tumor therapies and multifunctional nano-
platforms.®®

Biomimetic Polymer Micelles and Vesicles

Biomimetic polymer micelles and vesicles were designed to imitate the phenomenon of self-assembly and structural
organization found in biological membranes. The early research work was conducted on amphiphilic block copolymers
that could self-assemble into micelles and vesicles in aqueous solutions. The early applications of these biomimetic
polymers were assessed for their ability to enhance the solubility of drugs. Biomimetic polymer micelles and vesicles are
formed by the self-assembly of amphiphilic block copolymers into supramolecular nanostructures with hydrophilic shells
and hydrophobic cores, mimicking natural vesicles in morphology and function.®”*® Polymeric micelles can efficiently
encapsulate hydrophobic drugs or immunomodulators, improves a solubility and stability, and offer controlled release
profiles that are sensitive to the tumor microenvironment, such as pH, redox potential, or enzymes, making them suitable
for targeted cancer therapy and immunotherapy. At present, biomimetic polymer micelles and vesicles are being actively
researched for targeted drug delivery, gene therapy, and immunotherapy. More sophisticated designs include the use of
pH-, redox-, or enzyme-responsive polymers. Targeting has been improved by the addition of peptides, antibodies, or
cell-derived materials. Recent developments in micelle research involve responsive and targeting polymeric micelles that
can modulate the immunosuppressive tumor microenvironment, facilitate immune checkpoint blockade delivery, and
enable vaccine or antigen presentation strategies in HCC and other cancers.*”® Conversely, polymer vesicles with
bilayer architecture resemble biological membranes but provide enhanced mechanical strength and the ability to
encapsulate both hydrophilic and hydrophobic cargoes in separate compartments, making them more versatile for co-
delivery of drugs, genes, or immune modulators. These vesicular carriers ensure improved pharmacokinetics, reduced
systemic toxicity, and enhanced tumor accumulation, especially when designed with targeted ligands or switchable
functional groups that can trigger specific release at pathological sites.*®° Recent research has shown the potential of
multi-responsive polymersomes that can be triggered by pH, temperature, light, or redox signals for precise delivery and
controlled immune modulation, thus taking them one step ahead towards application.”” Future studies should aim at
enhancing the large-scale synthesis of biomimetic polymer assemblies. The incorporation of multi-functional properties,
such as imaging and therapy, will improve the clinical relevance of biomimetic polymer assemblies. Personalized and
disease-specific biomimetic designs will further improve therapeutic efficacy. Long-term safety and regulatory issues
must be addressed for clinical translation.
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Bioinspired Hybrid Nanoplatforms

The initial research combined polymers with biomolecules such as proteins, lipids, and polysaccharides to improve
biocompatibility. These platforms were developed to address the lack of immune evasion and target traditional
nanocarriers. The idea developed as nanotechnology and biomaterial design progressed. The hybrid bioinspired nano-
platforms are combined with multiple material components, for example, polymers, lipids, and proteins, to form
a complex environment that produces the best properties of each material for enhanced therapeutic efficacy. Polymer
lipid hybrid nanoparticles (PLHNPs) leverage the strength and carrying capacity of polymers together with the
biocompatibility and membrane-like properties of lipids to enhance drug loading, circulation half-life, and selective
tissue targeting.”"-*> Hybrid nanoparticles can be designed to encapsulate a broad range of therapeutic agents, including
small molecules, peptides, nucleic acids, and imaging probes, and can be surface-modified with targeting ligands or
bioinspired materials for active targeting and immune interaction.”’”> Polymer protein conjugates show covalent or
supramolecular binding between polymers and biologically relevant proteins or antigens, stabilizing therapeutic proteins
by promoting their biodistribution and immunogenic presentation, making them suitable for antigen-specific delivery and
vaccine platforms. Beyond simple combinations, multi-component biomimetic architectures that integrate cell membrane
coatings, vesicular elements, and hybrid polymer lipid or polymer protein cores provide synergistic advantages: precise
tumor targeting, modulation of immunosuppressive elements in the microenvironment, and controlled cargo release.
Currently, bioinspired hybrid nanoplatforms are being investigated for drug delivery, immunotherapy, and diagnostics.
These nanoplatforms can have multiple functional components that allow for targeting, controlled release, and immune
modulation. Cell membrane surface modification, peptide modification, and stimulus-responsive systems are commonly
used. These types of nanoplatforms have demonstrated improved therapeutic effects and overcome systemic toxicity in
preclinical models.”*°® These cutting-edge hybrid nano-platforms represent next-generation nanomedicine strategies that
bridge biological mimicry and engineered functionality to achieve robust antitumor immunotherapeutic outcomes.

Immune-Modulating Mechanisms and Therapeutic Applications of

Biomimetic Polymer-Based Nanomaterials in Liver Cancer

Hepatocellular carcinoma (HCC) has been known for many years as one of the most aggressive and lethal types of cancer.
Until recently, the treatment modalities were largely restricted to surgical resection, chemotherapy, and local therapies,
which offered only a modest improvement in survival. The immune-tolerant microenvironment of the liver, which is crucial
for maintaining metabolic and immune homeostasis, has also made it difficult to develop effective immunotherapeutic
strategies for this disease.”””® Recently, the development of immunotherapy has brought a paradigm shift in the treatment
of HCC; nevertheless, its therapeutic potential is still limited by immune suppression in the tumor microenvironment, lack
of drug targeting specificity, and systemic toxicity." To overcome these limitations, biomimetic polymer-based nanomater-
ials have attracted considerable interest. By combining synthetic polymers with biological components like cell mem-
branes, peptides, and proteins, these nanomaterials can overcome immune clearance, improve tumor accumulation, and
actively regulate immune responses, such as macrophage polarization and T-cell activation.”®'°° Preclinical studies have
shown enhanced therapeutic efficacy and minimized off-target toxicity with these biomimetic systems.

Antigen Presentation and Nanomaterial-Assisted Cancer Vaccines

Effective antigen modulation is a basic need for the induction of a strong antitumor immune response in hepatocellular
carcinoma (HCC), and that is always disrupted by impaired dendritic cell (DC) function and immune tolerance in the hepatic
microenvironment. Biomimetic polymer nanomaterials are recognized as highly effective for improving the delivery of tumor-
associated antigens (TAAs) and enhancing DC maturation, thus integrating innate and adaptive immunity.””'*" Polymeric
nanovaccines prepared from biodegradable materials like PLGA, polypeptides, and polysaccharides allow the simultaneous
delivery of antigens and immunoadjuvants, protecting TAAs from degradation and promoting sustained antigen release in
lymphoid tissues.**'®* Biomimetic approaches, such as cancer cell membrane-coated polymeric nanoparticles and antigen-
coated polymersomes, are highly similar to tumor antigens and promote uptake by antigen-presenting cells through homo-
logous targeting and receptor-mediated endocytosis.'®*'** The engineered polymersomes with tunable size, charge and
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membrane fluidity facilitate uptake by the APCs. Co-delivered innate agonists trigger the endosomal pH changes and escape,
activating the inflammasome pathways. The mannose decorated polymersomes co-encapsulating the OVA antigen and
a TLR7/8 agonist greatly enhanced the maturation of dendritic cells and CD8+ T cell cytokine release.”® Similarly,
a cationic nano-octopus polymersome loaded with antigen achieved efficient cytosolic delivery and STING activation
which resulted in antigen specific CD8+ T cells and durable antitumor immunity.'®> These approaches have been shown to
greatly enhance the presentation of major histocompatibility complex (MHC) class I and II molecules, resulting in increased
cross-priming of CD8+ cytotoxic T cells and the establishment of long-term immune memory.'°® More recent work has also
shown that nanomaterial-based cancer vaccines can modulate the immunosuppressive liver microenvironment by enhancing
DC migration and cytokine production, thus improving the efficacy of the vaccine while reducing systemic toxicity. Figure 6

shows the different types of nanostructures and their role in cancer vaccine designing and action.'?”-'%®

Modulation of Innate Immunity and Combination Immunotherapy

At the mechanistic level, polymeric biomimetic nanomaterials interact with innate immunity by activating major
signaling pathways like Toll-like receptor (TLR), NF-«B, and STAT pathways in macrophages, resulting in the
upregulation of pro-inflammatory gene expression and M1 polarization. The reprogramming of TAMs further promotes
dendritic cell maturation and antigen presentation, thus establishing a functional link between innate and adaptive
immunity. The reprogramming of TAMs further promotes dendritic cell maturation and antigen presentation, thus
establishing a functional link between innate and adaptive immunity. On the other hand, nanocarrier-mediated activation
of NK cells further increases perforin- and granzyme-mediated cytotoxicity, thus contributing to early tumor eradication
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and immune priming. In combination immunotherapy, polymeric nanoplatforms carrying chemotherapeutic agents trigger
immunogenic cell death (ICD), which is further marked by the exposure of calreticulin and the release of damage-
associated molecular patterns such as HMGB1 and ATP, thus synergistically potentiating macrophage and NK-cell
activation.''®'"" Innate immune cells are crucial for the antitumor immune response in HCC, but their activities are often
dysregulated toward immunosuppression. Biomimetic nanomaterials based on polymers provide unprecedented oppor-
tunities for the selective modulation of innate immunity by reprogramming tumor-associated macrophages (TAMs) and
activating natural killer (NK) cells.'®" Stimuli-responsive polymeric nanoparticles designed for the delivery of small
molecules, nucleic acids, or immunomodulators have been demonstrated to successfully reverse the polarization state of
TAMs from the pro-tumorigenic M2 type to the antitumor M1 type, thus promoting phagocytosis, antigen presentation,
and the production of pro-inflammatory cytokines.'®!'? In addition, immune cell membrane-coated nanoplatforms and
ligand-modified polymeric carriers enable targeted activation of NK cells and macrophages, thus improving innate
immune monitoring and killing of tumor cells.'”® Such strategies proved beneficial when employed in combination
immunotherapies, in which polymeric nanocarriers are used to co-deliver chemotherapeutic agents and immunomodu-
lators for synergistic killing of tumor cells and relief from immunosuppression.'®* It is pertinent to note that biomimetic
nanomaterials have shown excellent synergy with immune checkpoint inhibitors against the PD-1/PD-L1 and CTLA-4

pathways in HCC models by promoting immune cell infiltration and relieving immunexhaustion.”*''?

Regulation of Adaptive Immunity and Theranostic Nanoplatforms

Adaptive immune responses, especially T cell activation and infiltration, play a crucial role in maintaining long-term antitumor
immunity but are highly impaired in liver cancer due to immune exhaustion and limited tumor infiltration. Biomimetic
polymer nanomaterials have been engineered to improve adaptive immune responses by stimulating T cell priming, improving
tumor infiltration, and maintaining effector functions.''*''* By functionalizing immune-responsive groups, such as pH- or
redox-sensitive polymers, these nanoplatforms introduce site-specific delivery of immunotherapeutic agents in the tumor
microenvironment to overcome barriers, as shown in Figure 7.''> Concurrently, theranostic biomimetic nanomaterials that
combine diagnostic imaging and immunotherapy attract great attention for personalized treatment of liver cancer. Polymeric
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introduce site-specific delivery of immunotherapeutic agents in the tumor microenvironment to overcome barriers.''®
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nanoplatforms that are co-formulated with imaging agents enable real-time imaging of immune activation, biodistribution, and

treatment response, thereby providing immune-responsive diagnostic feedback for optimizing treatment.'® These multi-

functional platforms provide a holistic approach for modulating adaptive immunity and also facilitate precision immunother-

apy, making biomimetic polymer nanomaterials highly versatile and practical platforms for advanced liver cancer

therapy.'°!''® Moreover, nanoplatforms have shown the potential to reprogram immunosuppressive niches and macrophage

phenotypes, which help in the activation of T cells, a major advancement over the previous non-targeted strategies.

117

Moving forward, future research should aim at enhancing the specificity of targeting using novel ligands (antibodies,

aptamers), incorporation of adaptive immunity biomarkers for feedback-controlled therapy, designing biodegradable and

biocompatible materials to reduce cytotoxicity, and development of standardized regulatory guidelines and scalable

manufacturing protocols to facilitate the translation of these innovative theranostic platforms into the clinic. The

immune-modulating mechanisms and therapeutic applications of biomimetic polymer-based nanomaterials in liver cancer

immunotherapy are listed in Table 2.

Table 2 Immune-Modulating Mechanisms and Therapeutic Applications of Biomimetic Polymer-Based Nanomaterials in the

Immunotherapy of Hepatocellular Carcinoma

Biomimetic Polymer-Based Immune Target/ Key Mechanism Therapeutic Outcome in Liver | References
Nanomaterial Strategy Cancer
PLGA/polypeptide/ Antigen delivery Protect TAAs, co-deliver adjuvants, and sustained Enhanced DC maturation, MHC /Il [118]
polysaccharide nanovaccines and DC maturation release in lymphoid tissues presentation, CTL activation
Tumor membrane—coated Cancer cell Homologous targeting, antigen mimicry Improved APC uptake, immune [99]
polymeric NPs membrane-coated memory
NPs
PEG-PLGA/block copolymer Polymersomes Receptor-mediated endocytosis, cross- Strong CD8" T-cell priming [119,120]
vesicles (antigen-decorated) presentation
Stimuli-responsive polymeric TAM Deliver immunomodulators/siRNA Increased phagocytosis, pro- [121,122]
NPs reprogramming inflammatory cytokines
(M2 to MI)
Ligand-functionalized polymeric NK cell activation Targeted innate immune activation Enhanced tumor cell lysis [123,124]
carriers
Co-loaded polymeric Combination Synergistic drug, immune modulation Reduced immunosuppression, higher [125,126]
nanocarriers chemo— efficacy
immunotherapy
Biomimetic polymer NPs, Checkpoint Improve immune infiltration, reduce exhaustion Improved response rates in HCC [127-129]
anti-PD-1/PD-LI inhibitor synergy models
pH/redox-sensitive polymeric Adaptive T-cell Site-specific release in TME Sustained effector T-cell function [130,131]
NPs enhancement
RBC/platelet membrane—coated Immune evasion Immune camouflage, prolonged circulation Reduced clearance, better tumor [132,133]
polymers and circulation time accumulation
Polymer NPs, imaging agents Theranostic Real-time immune monitoring Personalized, image-guided [134]
nanoplatforms immunotherapy
Biomimetic polymer—exosome Exosome-inspired Natural cell communication mimicry Enhanced immune modulation, low [135]
hybrids systems toxicity
Self-assembled polymeric VLPs Virus-like Strong innate immune stimulation Potent vaccine-like responses [136]
polymeric particles
Platelet membrane-coated T cells (PD-1)/ Platelet membrane cloak targets vascular sites and Enhanced tumor homing and direct [69]
HMSN with anti-PD-1 and tumor endothelium evades clearance activation of cytotoxic T cells
sorafenib
(Continued)
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Table 2 (Continued).

Biomimetic Polymer-Based Immune Target/ Key Mechanism Therapeutic Outcome in Liver | References
Nanomaterial Strategy Cancer
PLGA nanoparticle with STAT3 TAMs, T cells Sustained release of STAT3 inhibitor remodels Enhanced the T cell response with [64]
inhibitor (Napabucasin) TAM metabolism, relieving immunosuppression significant tumor growth inhibition
Mesoporous silica coated with T cells (via CAR- GPC3-specific targeting with photothermal Showed superior tumor targeting [68]
CAR-T membrane T)/GPC3+ HCC therapy upon NIR light, killing targeted HCC cells and photothermal therapy efficacy

cells

Preclinical Evidence, Challenges, and Limitations of Biomimetic
Polymer-Based Nanomaterials in Liver Cancer Immunotherapy

Preclinical and Emerging Clinical Evidence

Biomimetic polymer-based nanomaterials have demonstrated substantial preclinical efficacy in enhancing anticancer
immune responses and optimizing delivery to tumor tissues. In vitro studies show that cell membrane-based and
biomimetic nanocarriers can promote dendritic cell activation and foster T cell priming by presenting antigens in
a manner that closely resembles natural immunological interactions, thereby improving immune recognition and effector
function.®®'3” These platforms also improved biodistribution and targeted uptake in cancer cell lines compared to non-
biomimetic controls, suggesting improved delivery efficiency and reduced off-target effects.®® The biomimetic polymeric
nanocarriers exhibit unique pharmacokinetic characteristics which shape their immune therapeutic application in HCC.
These particles are typically administered intravenously and rapidly distribute to high flow organs and the reticuloen-
dothelial system in liver."*® In liver, the Kupffer macrophages and the sinusoidal endothelial cells take up the
nanoparticles, while smaller fractions can traverse fenestrations and reach the hepatocytes. The polymer cores undergo
enzymatic hydrolysis and yield the metabolites.”> The biomimetic coatings may also add targeting ligands to favor
binding on the tumor or immune cells."*® In vivo studies on murine models of hepatocellular carcinoma and other solid
cancers have shown increased immune effector cell infiltration, decreased tumor growth, and increased survival rates
when biomimetic nanomaterials are used alone or in combination with other immunotherapeutic approaches.'**"'*® For
instance, approaches that combine biomimetic surface modification with pH- or enzyme-sensitive release properties have
demonstrated persistent levels of tumor accumulation and activation of antitumor immune responses without causing
significant systemic toxicity.’’ While clinical data are still scarce in the context of liver cancer, preliminary translational
studies suggest that nanomedicines, including biomimetic nano systems, may be used safely to promote immune
engagement and function as efficient carriers for immunotherapeutic agents in solid tumors.’>'*" Pharmacokinetic
studies of these nanomaterials have shown that they have a prolonged circulation half-life, a preference for tumor
localization via the enhanced permeability and retention (EPR) effect, and a controlled release profile that matches the

pathological microenvironment.””-'*?

Challenges and Current Limitations

However, with promising preclinical data, there are multiple challenges that currently hinder the translation of biomi-
metic polymer-based nanomaterials into the clinic. The first significant challenge is the complexity of biomimetic
fabrication, which involves a number of steps such as membrane extraction, polymer synthesis, surface functionalization,
and controlled assembly that are not easily scalable.'""'** The complexity problem raises issues of reproducibility across
different batches, where small variations in the biological membrane composition and polymer properties result in large
variations in their biological properties.>*'** Secondly, the polymeric nanomaterials have some significant concerns
regarding their chronic toxicity and biosafety. They often induce oxidative stress, inflammation, complement activation
and immune responses and may cause DNA damage. These nanoparticles may accumulate in liver, spleen, lung and
kidney."*® The biodegradable polymers (eg. PLGA) break down into low toxicity metabolites, but very high doses or non
degradable polymers can bioaccumulate and sustain local inflammation. Comprehensive safety testing should include

chronic PK, target-organ histopathology, immunotoxicity, genotoxicity and reproductive toxicity assessments.”'3®
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Table 3 Key Challenges in
Hepatocellular Carcinoma

the Clinical Translation of Biomimetic Polymer-Based Nanomaterials for the Immunotherapy of

Challenge Description Impact on Clinical Translation References
Fabrication complexity Multistep fabrication involving membrane extraction, polymer Difficult standardization; increased risk [11,143]
synthesis, surface functionalization, and controlled assembly of variability and process failure
Batch-to-batch reproducibility Variability in biological membrane composition and polymer Inconsistent biological performance and [32,144]
physicochemical properties therapeutic efficacy
Scalability and manufacturing Limited transferability of laboratory-scale fabrication methods to High production cost; barriers to [147-149]
GMP-compliant industrial production commercialization
Purification and quality control Requirement for stringent purification, sterilization, and quality Increased manufacturing complexity and [147-149]
assurance for large-scale batches regulatory burden
Long-term biosafety Lack of comprehensive data on chronic exposure, immunogenicity, Safety concerns; delayed regulatory [150]
and off-target immune effects approval
Unintended immune responses Possible immune activation or immune tolerance due to biomimetic Risk of adverse effects and [150]
components unpredictable patient response
Regulatory challenges Absence of clear regulatory guidelines for hybrid polymer—biological Prolonged approval timelines; unclear [32,151]
nanomaterials evaluation pathways
Clinical trial cost and logistics High cost and complexity of conducting trials in heterogeneous Slowed clinical translation despite [12,55,141]
patient populations strong preclinical data

Further scalability and manufacturing are also significant issues, as most of the techniques that have been developed in
the lab are not easily scalable to GMP-compliant manufacturing scales. Manufacturing of the biomimetic polymer
nanoparticles faces major scale-up and reproducibility challenges because the lab scale methods suffer high batch to
batch variability. Their scale up demands strict control of mixing, temperature, polymer molecular weight and other
formulation parameters. Changes in the raw materials and biomimetic inputs pose further limitations. The analytical
quality control must track key attributes, residual solvents, endotoxin and sterility.'*>*'*® The cost of purification,
sterilization, and quality control of large batches of materials also makes commercialization challenging.'*’~'4 Long-
term biosafety is also a major issue with these systems. Although many biomimetic nanocarriers are found to be
biocompatible in the short term, long-term studies for exposure, immunogenicity, and the potential for off-target immune
activation are not well explored. Biomimetic materials are potentially able to activate or induce immune tolerance
depending on host variability and conditions, which would require extensive in vivo studies for safety and tolerability
evaluations.'*° There are also translational and regulatory hurdles. The hybrid nature of biomimetic materials, which are
composed of synthetic polymers and biological molecules, poses a problem for existing regulations, which lack guide-
lines on how to evaluate nanobiological materials. Much information is needed by the regulatory agencies regarding
toxicology, pharmacokinetics, and immunogenicity, and the lack of standardized protocols for evaluation is another factor
that hinders translation to the clinical environment.*>'>" The regulatory authorities have to devise the manufacturing
protocols to control the large-scale production. Additionally, the cost and complexity of clinical trials in different patient
populations are also translational hurdles for the rapid translation of preclinical leads to drugs.'*>>'*!' The major
challenges in the clinical translation of biomimetic polymer-based nanomaterials for liver cancer immunotherapy are
highlighted in Table 3.

Future Perspectives

Personalized immunotherapies are soon to be on the rise in liver cancer, particularly in the form of neoantigen-based
vaccines. The first clinical trials of personalized cancer vaccines in HCC have shown promising results of tumor
regression when administered in combination with immune checkpoint inhibitors, suggesting better immune activation
and targeted therapy based on the tumor signature of each patient.'>*'>®> Moreover, Al and single-cell sequencing are
being combined for the development of multitargeted drugs that are personalized according to the unique tumor
heterogeneity of each patient, indicating a paradigm shift towards precision immunotherapeutic approaches in liver
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cancer.'> Smart nano-delivery systems that can be triggered by tumor microenvironmental signals (such as pH,
biomarkers, or light) are being developed for multimodal therapy of liver cancer. Dual-responsive nanoplatforms have
shown accurate targeting and synergistic multimodal therapy combining chemotherapy, photothermal therapy (PTT), and
photodynamic therapy (PDT) in HCC models, resulting in improved therapeutic outcomes with minimal side effects.'>’
Stimuli-responsive nanocarriers with diverse functionalities are also designed to modify the TME, reduce hypoxia, and
induce immune activation, further enhancing intelligent and patient-centric platforms for cancer treatment.'>® The
integration of nanotechnology with gene and cell therapies has immense potential for the management of liver cancer.
Strategies such as gene therapy using nanocarriers are being investigated to modulate immune effector cells (like natural
killer cells) or to induce the secretion of therapeutic cytokines to improve antitumor immunity.'>” Nanoplatforms for
CRISPR/Cas9 gene editing are also being investigated for highly specific genetic modification, although concerns like
delivery efficiency and off-target effects remain research priorities.'>® These convergent platforms are soon going to
combine precision nanomedicine with the next generation of gene and cell therapy. The advanced translation of
nanoplatforms for the treatment of liver cancer is also gaining momentum with improved design strategies that provide
a better therapeutic index. Recent studies have highlighted the importance of scalable manufacturing, standardized
clinical evaluation, and comprehensive safety profiling to move nanomedicine innovations from the laboratory to the
clinic."* Advances in precision liposomal carriers and theranostic nanoparticles are promising better tumor targeting and

integrated diagnostic/therapeutic capabilities, providing a basis for future translation.'

Summary and Outlook

The efficiency of liver cancer therapy for HCC is still limited by the immunosuppressive nature of the tumor micro-
environment, lower tumor targeting specificity, and systemic toxicity. Biomimetic polymer-based nanomaterials provide
various strategies to overcome these issues by mimicking biological surfaces, enhancing biocompatibility, and leading to
precise immune modulation. Approaches like cell membrane cloaking, stimulus-responsive release, and multifunctional
hybrid assembly have already been demonstrated to enhance tumor accumulation, controlled therapeutic release, and
activation of antitumor immunity in preclinical HCC models. These materials, involves camouflaged nanoparticles,
micelles, vesicles, and hybrid nanostructures, also have promising results for potential synergy with traditional immu-
notherapies like vaccines, checkpoint inhibitors, and combination therapies. By combining polymer design, surface
engineering, and immune-responsive nanotechnology, biomimetic nanomaterials provide the best platform for targeted
delivery and controlled activation of immunotherapeutic agents with reduced off-target toxicity. However, their suitable
preclinical results make it difficult to translate them into the clinic due to the complexity of their fabrication methods,
lack of reproducibility, biosafety issues, and regulatory issues. Overcoming these hurdles requires scalable manufactur-
ing, evaluation protocols, and design approaches based on precision. The biomimetic polymer nanoplatforms offer
a highly effective and flexible approach for the improvement of immunotherapy in liver cancer. Further development and
standardization of these nanoplatforms will provide a breakthrough in the development of safe, targeted, and personalized
immunotherapies for HCC. The translational roadmap for future research in this area includes rigorous preclinical and
safety studies and scalable manufacturing. The key preclinical work should delineate mechanistic pharmacokinetics in
HCC models, detailed biodistribution, immunogenicity assessment, and optimization of dose and delivery route with co-
delivered antigens and immune checkpoint inhibitors. Regulatory measures including GLP toxicology and early-phase
clinical trials can streamline a bright future of biomimetic polymer-based nanomaterials for immune-responsive HCC
therapy.
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