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ABSTRACT

Cancer immunotherapy has revolutionized oncological treatment, offering patients improved survival and
quality of life. However, tumor heterogeneity, immune evasion, and treatment toxicity hinder its full potential.
Nanomedicine provides innovative solutions to these challenges by enhancing immunotherapeutic strategies’
efficacy, specificity, and safety. This review explores current advances in the application of nanomaterials in can-
cer immunotherapy, focusing on their role in personalized approaches, multifunctional therapeutic modalities,
biocompatibility considerations, and enhancement of the enhanced permeability and retention (EPR) effect.
Critical developments in bioinspired and stimuli-responsive nanotechnologies are discussed, emphasizing their
ability to modulate the tumor microenvironment (TME), improve drug delivery, and facilitate combination ther-
apies. The review also addresses translational challenges, regulatory considerations, and clinical advancements,
highlighting examples from recent clinical trials and emerging technologies. Personalized nanomedicine enables
the design of tailored therapeutic agents targeting tumors, reducing off-target effects and maximizing therapeu-
tic efficacy. Multifunctional nanomaterials facilitate synergistic effects when combining photothermal, photody-
namic, chemotherapeutic, and immunotherapeutic modalities. While promising, toxicity, biodegradability, and
long-term safety issues necessitate standardized evaluation protocols for clinical translation. Advancements in
stimuli-responsive nanomaterials and immune checkpoint inhibitors contribute to developing next-generation
cancer immunotherapies with improved outcomes. This review provides a comprehensive overview of nano-
medicine’s current landscape, challenges, and future perspectives in cancer immunotherapy, advocating for fur-
ther research to address the existing gaps and optimize clinical applications.

Keywords: Nanomedicine; Immunotherapy; Nanoparticles; Tumor Microenvironment; Immune Checkpoint In-
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Introduction

Cancer immunotherapy has revolutionized oncological treat-

challenges, including limited efficacy in certain tumor types, toxicities
such as immune-related adverse events, and heterogeneous patient
responses, all underscoring the need for improved therapeutic strat-

ment recently, offering new hope for improved survival and disease
management. Among the most notable advances are immune check-
point inhibitors (ICIs) and chimeric antigen receptor T-cell (CAR-T)
therapies, which have shown unprecedented clinical efficacy across
various malignancies [1-3]. However, these therapies face significant

egies [4-6]. Nanomedicine is a promising approach to address these
limitations, offering novel opportunities for targeted drug delivery,
enhanced immunomodulation, and improved treatment outcomes
[7-9]. The limitations of current immunotherapeutic approaches are
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multi-faceted. The specificity of ICIs and CAR-T therapies remains
challenging, as the complex and diverse tumor microenvironment
(TME) can hinder their effectiveness [10,11]. The lack of uniform
biomarkers across different tumors complicates patient stratification
and therapeutic targeting, limiting the broader applicability of these
treatments [6].

Although effective in hematologic malignancies, CAR-T therapies
have shown limited success in solid tumors due to poor tumor pene-
tration, antigen heterogeneity, and immunosuppressive TME [12-14].
Furthermore, systemic toxicities and adverse immune responses pose
significant barriers to widespread clinical use [5-15].

Nanomedicine presents a strategy to overcome these challenges
by enabling the targeted delivery of therapeutics directly to the tumor
site, reducing off-target effects and systemic toxicity [10-16]. Nano-
materials can be engineered to enhance the specificity and efficiency
of drug delivery, penetrate the TME, and improve the therapeutic ac-
cumulation through the enhanced permeability and retention (EPR)
effect [17-19]. Moreover, specific nanomaterials can actively modu-
late the TME, promote anti-improve immune responses, and over-
come drug resistance [1-22]. The ability of nanomaterials to carry
multiple payloads such as drugs, genes, or adjuvants enables combi-
nation therapies that simultaneously target tumor cells and modulate
the immune response [3-23].

Despite these advances, the clinical translation of nanomedi-
cine-based immunotherapies faces challenges, including regulatory,
safety, and ethical considerations [11-26]. The development of clin-
ically viable nanomedicines requires stringent evaluation of their
pharmacokinetics, biodistribution, toxicity, and long-term effects, all
of which can vary significantly depending on the size, shape, surface
chemistry, and material composition of the nanomaterials used [5-
27]. The heterogeneity of tumor-specific targets and the impact of pa-
tient-specific factors such as genetics, immune status, and the TME on
nanomaterial behavior present hurdles for personalized treatment
approaches [12-28]. One critical gap in nanomedicine research is un-
derstanding the biodegradability and long-term clearance of different
nanomaterials. Non-biodegradable or poorly degradable nanomateri-
als pose arisk of accumulation in non-target tissues, which can lead to
potential toxicity or immunogenicity over time [29-31].

Hence, the design of nanomaterials with controlled degradability,
minimal long-term toxicity, and appropriate clearance from the body
remains a priority for safe clinical application [5-34]. Another area
of concern is the development of resistance to nanomaterial-based
immunotherapies. Just as tumor cells can develop resistance to con-
ventional chemotherapy or targeted therapies, they may also acquire
mechanisms to evade or counteract nanomedicine-induced immune
responses [14-37]. Strategies to address this issue include designing
multifunctional nanomaterials that can modulate the immune re-
sponse in various ways, thus reducing the likelihood of resistance [8-
38]. The immune system itself can pose a challenge to the delivery of

nanomedicines, as immune cells may recognize and clear these nano-
materials before they reach the tumor site [39]. Introducing stealth
technologies, such as surface PEGylation or cloaking nanomaterials
with cell membranes, can help evade immune detection and improve
the biodistribution and targeting of the nanocarriers [16-17]. Un-
derstanding the interactions between nanomaterials and the host
immune system is essential for developing more efficient delivery
systems [40-42].

While ICIs and CAR-T therapies have received the most attention
in nanomedicine, other immunotherapeutic strategies, such as can-
cer vaccines, oncolytic viruses, and cytokine-based therapies, also
hold the potential for synergistic combinations with nanomaterials
[43-45]. Nanomaterials can be engineered to deliver tumor antigens,
adjuvants, or immune-modulating agents to enhance vaccine efficacy
or to serve as carriers for oncolytic viruses, which can kill tumor cells
and stimulate an immune response. Exploring these combinations
may expand the scope and effectiveness of nanomedicine-enhanced
immunotherapies [20,21]. A crucial aspect often overlooked is the
cost-effectiveness and accessibility of nanomedicine-based therapies.
Nanomaterials’ production, characterization, and regulatory approval
can be complex and costly, raising concerns about their affordability
and scalability, particularly in low- and middle-income settings. Ad-
dressing these economic and logistical challenges is vital to ensure
that the benefits of nanomedicine reach a broader patient population
[5-48].

Ongoing research into novel nanomaterials such as metal-organic
frameworks, exosome-based nanocarriers, and self-assembling bio-
materials is rapidly expanding the arsenal of tools available for cancer
immunotherapy [15]. These emerging materials offer unique prop-
erties that could improve nanomedicine-based immunotherapies’
efficacy, targeting, and safety, emphasizing the need to explore new
nanotechnology platforms continuously [3-51]. This review aims to
provide a comprehensive overview of the current advances in nano-
medicine for cancer immunotherapy. It focuses on the use of nanoma-
terials to enhance the efficacy of existing immunotherapies, overcome
resistance, and improve the precision and safety of treatment. This
highlights the translational challenges and future directions in inte-
grating nanomedicine into cancer immunotherapy by addressing the
gaps above and exploring the potential of novel nanomaterial-based
strategies.

Methods

This integrative literature review explored the role of nanomed-
icine in enhancing cancer immunotherapy. A thorough search was
conducted across multiple databases, including PubMed, Scopus, Em-
base, Web of Science, SciELO, and Google Scholar, to ensure a compre-
hensive collection of relevant literature. The search strategy utilized
a combination of specific keywords and Boolean operators to opti-

» o«

mize retrieval. Key terms included “nanomedicine,

» o«

notherapy,

cancer immu-

» oax » o«

nanoparticles,” “immune checkpoint inhibitors,” “tumor
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microenvironment,” and “drug delivery systems.” Boolean operators
(AND, OR) were employed to refine research and ensure that all topic
aspects were captured, focusing on therapeutic mechanisms, clinical
applications, and safety considerations. The review included diverse
study designs, such as randomized controlled trials, cohort studies,
case-control studies, cross-sectional analyses, case series, systematic
reviews, meta-analyses, and preclinical studies.

Eligible studies are needed to address nanomaterials’ applications
in cancer immunotherapy, focusing on mechanisms of action, clinical
outcomes, or their combined use with other treatments. Study selec-
tion was performed independently by two reviewers who screened
titles and abstracts to identify relevant studies. A third independent
reviewer resolved any disagreements. All reviewers were blinded to
the details of the studies to maintain an unbiased selection process.
Data extraction was conducted using a standardized form, collecting
key details like authorship, publication year, study design, popula-
tion or model characteristics, interventions, and outcomes related to
nanomaterial use in cancer immunotherapy. The primary focus was
on how nanomaterials modulate immune responses, enhance drug
delivery, interact with the tumor microenvironment, and integrate
with other immunotherapeutic modalities.

A qualitative synthesis approach was employed, using thematic
analysis to categorize and integrate findings. This review aimed to
identify advances, challenges, and gaps in the field, considering prac-
tical aspects such as safety, regulatory hurdles, and the translational
potential of nanomedicine in clinical oncology. The conclusions re-
flect a critical synthesis of the literature, providing a clear overview of
the role of nanomedicine in cancer immunotherapy.

Results and Discussion

Nanomedicine has emerged as a transformative approach in can-
cer immunotherapy, addressing the limitations of traditional treat-
ments by enhancing efficacy, specificity, and safety [52]. The advent
of nanomaterials, such as liposomes, dendrimers, polymeric nanopar-
ticles, and metal-organic frameworks (MOFs), has opened novel
strategies for the delivery of therapeutic agents [37]. Their unique
properties—such as small size, tunable surface characteristics, and
high drug-loading capacities—allow for the development of more
targeted and individualized treatment regimens [53-55]. Moreover,
they enable the modulation of the tumor microenvironment (TME),
a critical factor in improving the response to immunotherapies like
checkpoint inhibitors and CAR-T cell therapies [56]. This review pro-
vides a comprehensive overview of the role of nanomaterials in can-
cer immunotherapy, exploring current developments, challenges, and
future directions. Topics include personalized nanomedicine, multi-
functional nanomaterials, biocompatibility concerns, enhancement
of the enhanced permeability and retention (EPR) effect, and recent
regulatory and clinical advancements [28-57].

Personalized Approaches in Nanomedicine

A cornerstone of modern cancer treatment is the ability to tailor
therapies to the individual patient. Precision medicine has paved the
way for designing nanomaterials that specifically target molecular
markers of tumor cells [58-60]. These customizable nanoplatforms,
including functionalized liposomes, dendrimers, and polymeric
nanoparticles, have shown great promise in adapting to tumors’ mo-
lecular and genetic landscape, enhancing the specificity and efficacy
of immunotherapeutic agents [3-63]. For instance, functionalized
nanoparticles coated with targeting ligands can recognize overex-
pressed receptors on cancer cells, facilitating the selective delivery
of drugs while sparing healthy tissues [39-66]. Recent developments
have focused on incorporating personalized nanomedicine into im-
munotherapy protocols, including CAR-T cell therapies and immune
checkpoint inhibitors [67].

A prime example is using tumor-specific antigens to develop nano
vaccines that trigger potent and tailored anti-tumor immune respons-
es while minimizing systemic side effects [68-70]. Additionally, en-
gineering patient-derived exosomes, naturally occurring cell-derived
vesicles, presents an innovative approach. These exosomes can be
loaded with immune adjuvants to enhance tumor immunogenicity
and improve immunotherapeutic outcomes [12-71]. A key advan-
tage of nanomedicine in personalized immunotherapy is its ability to
overcome tumor heterogeneity, a significant challenge in achieving
consistent treatment responses across patient populations [72-74].
Nanoparticles can be engineered to carry multiple therapeutic agents
simultaneously, allowing for combinational delivery that targets vari-
ous tumor pathways. For example, dendrimers have been explored as
nanocarriers for siRNA, monoclonal antibodies, and chemotherapeu-
tics, providing a multifaceted approach to disrupt tumor growth and
induce an immune response [50-76].

Multifunctional Nanomaterials for Combined Therapies

Nanomaterials designed to carry out multiple therapeutic func-
tions have garnered significant attention due to their ability to inte-
grate diverse treatment modalities [78]. These multifunctional plat-
forms offer the capability to combine photothermal therapy (PTT),
photodynamic therapy (PDT), chemotherapy, and immunotherapy to
create a comprehensive anti-cancer strategy [7-81]. Multifunctional
nanoparticles are particularly advantageous for addressing the com-
plexity of cancer and its ability to evade singular treatment approach-
es [82]. PTT and PDT utilize external stimuli, such as near-infrared
light, to generate localized heat or reactive oxygen species that de-
stroy tumor cells. Combined with nanomaterials, these therapies en-
hance the tumor’s susceptibility to immune cell infiltration [83-85].

This transformation of the TME—converting “cold” tumors,
which have low immunogenicity, into “hot” tumors, which are high-
ly responsive to immune attack—has demonstrated considerable
promise in preclinical studies [47-86]. Moreover, stimuli-responsive

Copyright@ : Irami Aratjo Filho | Biomed ] Sci & Tech Res | BJSTR.MS.ID.009251.

51213


https://dx.doi.org/10.26717/BJSTR.2024.59.009251

Volume 59- Issue 1

DOI: 10.26717/BJSTR.2024.59.009251

nanoparticles that release chemotherapeutic agents in response to
specific tumor signals provide a dual effect: direct tumor cell killing
and activation of systemic immune responses [45-87]. Recent devel-
opments have also explored magnetically responsive nanoparticles
that deliver drugs in a controlled manner to the tumor site, further
improving site-specific delivery while minimizing systemic toxicity
[88-90]. Combining nanomaterials with chemotherapy drugs, immu-
nostimulatory agents, and PTT or PDT provides a robust and syner-
gistic anti-tumor response, enhancing overall treatment efficacy [91-
92].

Toxicity and Biocompatibility Considerations

The clinical translation of nanomedicine hinges on ensuring the
safety and biocompatibility of nanomaterials. Despite their therapeu-
tic potential, nanomaterials may pose risks of long-term accumula-
tion, off-target immune activation, and interactions with non-target
organs [10-93]. Studies have shown that metal-based nanoparticles,
such as gold or silver, can induce oxidative stress, provoke inflam-
mation, or elicit undesired immune responses. Therefore, optimiz-
ing nanoparticles’ surface characteristics, size, and charge is essen-
tial for mitigating toxicity and enhancing therapeutic index [53-96].
Biodegradable nanomaterials, such as lipid-based or polymer-based
nanoparticles, represent a more biocompatible alternative as they de-
grade into non-toxic byproducts over time [97-99].

Their degradation rate, however, must be carefully balanced to
achieve efficient drug delivery and timely clearance from the body,
thereby avoiding prolonged exposure and potential toxicity [55-102].
For example, PEGylation—a process of coating nanoparticles with
polyethylene glycol—can improve the circulation time of nanopar-
ticles while reducing their immunogenicity [81-105]. Standardized
protocols and biosafety assessment guidelines are critical to evaluat-
ing the long-term effects of nanomaterials on the immune system and
ensuring their safe integration into clinical practice [22-106].

Enhancing the Enhanced Permeability and Retention
(EPR) Effect

A pivotal aspect of targeted drug delivery in nanomedicine is the
exploitation of the EPR effect, which allows nanoparticles to accumu-
late in tumor tissues due to the leaky vasculature and poor lymphatic
drainage associated with tumors [107]. However, the variability of
the EPR effect across different tumor types poses challenges for the
consistent delivery of nanotherapeutics [40-68]. Some tumors, char-
acterized by dense stroma or insufficient vasculature, exhibit limited
nanoparticle penetration, reducing the effectiveness of drug delivery
[38]. Researchers are exploring approaches to enhance the effect of
EPR to overcome these challenges. Strategies such as the modulation
of the TME to increase vascular permeability, using smaller or de-
formable nanoparticles to facilitate tumor penetration, and applying
external stimuli to trigger drug release are being actively investigat-
ed [67-108]. Stimuli-responsive nanoparticles, which can alter their
properties in response to specific changes in the TME—such as pH,

temperature, or enzyme activity, provide a targeted approach to drug
delivery and improve the precision of therapy [42-93].

Innovations in Bioinspired and Stimuli-Responsive Nano-
technologies

The latest advances in bioinspired and stimuli-responsive nano-
technologies have propelled the development of sophisticated drug
delivery systems. Bioinspired nanomaterials, such as cell mem-
brane-coated nanoparticles, have shown enhanced biocompatibility,
prolonged circulation times, and improved targeting capabilities due
to their biomimetic properties [11-102]. The use of immune cell-de-
rived vesicles for coating nanoparticles has further demonstrated
potential in promoting immune evasion and enhancing tumor-spe-
cific delivery [5-22]. Additionally, stimuli-responsive nanomaterials
are engineered to respond to external and internal cues, such as pH
changes, light, temperature, or enzymatic activity, enabling controlled
and on-demand drug release [20- 57]. With their high drug-loading
capacity and tunable porosity, MOFs have been employed to deliver
immune checkpoint inhibitors and promote immunogenic cell death
[39]. Polymersomes, vesicular structures formed from amphiphilic
block copolymers, have also been developed to enhance the specifici-
ty and efficacy of cancer immunotherapies [92-109].

Gene-editing tools like CRISPR-Cas9 have recently been incorpo-
rated into nanoparticle delivery systems to modulate immune path-
ways and enhance the targeting of cancer cells. The development of
theragnostic nanomaterials—capable of simultaneous therapy and
diagnostics—has further expanded the applications of nanomedicine,
offering real-time monitoring of therapeutic responses and personal-
ized adjustments in treatment regimens [62-99].

Current Challenges in Cancer Immunotherapy

Despite the progress in immunotherapy, challenges such as sys-
temic toxicity, limited tumor penetration, and heterogeneous re-
sponses among patients continue to limit therapeutic success. While
revolutionary, immune checkpoint inhibitors and CAR-T cell thera-
pies are not universally effective due to the immunosuppressive TME,
which causes many tumors to develop, limiting immune cell infiltra-
tion and function [5,6,8]. The financial and logistical complexities of
CAR-T cell manufacturing, combined with the risk of severe side ef-
fects like CRS, highlight the need for alternative strategies to broaden
the therapeutic window and improve the safety of immunotherapies
[19-110]. Nanomaterials offer a means to enhance the efficacy and
safety of immunotherapies by improving the targeting of tumor cells,
promoting immune cell activation, and reducing off-target effects. For
example, nanoparticles loaded with PD-1/PD-L1 inhibitors can local-
ize the immune checkpoint blockade effect to the TME, improving im-
mune cell function while minimizing systemic toxicity [21-60].

Translational Challenges and Clinical Implications

The journey from bench to bedside for nanomaterials in cancer
immunotherapy is complex, requiring the careful optimization of
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nanoparticle synthesis, scale-up processes, and batch reproducibility
[55,80]. Ensuring consistent efficacy and safety across different pa-
tient populations is critical, as is understanding how nanomaterials
interact with the immune system over time. The immunogenicity of
nanomaterials must be carefully evaluated to avoid unwanted im-
mune activation or suppression [55-111]. Regulatory agencies like
the FDA and EMA have established nanoparticle characterization,
pharmacokinetics, and toxicity guidelines. However, the approval
pathways for nanomaterial-based therapeutics remain intricate due
to the need for standardized methods to evaluate safety and efficacy.
The approval of PEGylated liposomal doxorubicin (Doxil®) marked a
milestone in nanomedicine, but it also highlighted the need for com-
prehensive safety assessments of biodistribution, clearance mecha-
nisms, and immune system interactions [10-85].

Clinical Trials and Translational Advances

A growing number of clinical trials are evaluating the efficacy
of nanomaterials in cancer immunotherapy. For instance, pembroli-
zumab-loaded nanoparticles for melanoma and renal cell carcinoma
(NCT03897036) have enhanced therapeutic responses and reduced
side effects. Moreover, nanoparticle-based vaccines for HPV-associ-
ated cancers (NCT03418480) have shown promising immunogenic-
ity and safety profiles [38-72]. These trials illustrate the potential of
nanomaterials to improve immune activation and tumor targeting
while reducing adverse effects. Combination therapies that utilize
NDDSs with PTT, PDT, and immune checkpoint blockade have demon-
strated increased immune cell infiltration and improved overall re-
sponse rates in solid tumors [45-86]. Such advancements underscore
the potential for integrating nanomaterials into current immunother-
apy regimens for more robust and effective cancer treatments [66-
78].

Nanomedicine-Based Drug Delivery Systems (NDDSs)

NDDSs have revolutionized the delivery of immunotherapeutic
agents by ensuring targeted and controlled release within the tumor
microenvironment. Stimuli-responsive NDDSs are particularly ad-
vantageous for releasing therapeutic payloads in response to specific
environmental changes in the TME, such as pH and temperature vari-
ations [22-41]. For instance, pH-sensitive nanoparticles have been en-
gineered to release immune checkpoint inhibitors within acidic tumor
sites, maximizing the therapeutic impact while minimizing systemic
exposure [35-92]. The use of NDDSs in combination with traditional
treatments like chemotherapy and radiotherapy has demonstrated
synergistic effects. Nanocarriers that co-deliver chemotherapeutic
agents and immune modulators have enhanced antitumor activity by
simultaneously promoting tumor cell death and activating immune
responses [2-37]. These approaches are being explored in clinical set-
tings to improve treatment outcomes in cancers resistant to mono-
therapy [26-59].

Combination Strategies of Nanomaterials and Immuno-
therapies

Combining nanomaterials with established immunotherapies has
opened new avenues for enhancing treatment efficacy. Nanoparticles
designed to deliver cytokines, co-stimulatory molecules, or genetic
material to the TME have shown potential in augmenting the effects
of CAR-T cells and checkpoint inhibitors [6-19]. These strategies fa-
cilitate the expansion and persistence of immune cells within the
TME, overcoming immunosuppression and improving therapeutic
outcomes. Peptide-functionalized nanoparticles represent a prom-
ising approach to enhance the targeting of tumor antigens and im-
prove antigen presentation, thereby boosting T-cell activation and
antitumor responses [7,46]. These innovative combinations leverage
the strengths of both nanotechnology and immunotherapy to develop
highly targeted and potent cancer treatments [96].

Regulatory Considerations and Safety Assessment of
Nanomedicine

Ensuring the safety of nanomaterial-based immunotherapies is
crucial for their clinical advancement. While PEGylated liposomal
doxorubicin has set a precedent for regulatory approval, the path to
approval is often challenging due to stringent safety assessments,
particularly regarding biodistribution, immune response potential,
and biodegradability [10-85]. Regulatory agencies have focused on
developing comprehensive guidelines to ensure that nanomaterials
possess predictable biological behavior, minimal off-target effects,
and consistent manufacturing processes [25-55]. The development of
standardized protocols for safety and efficacy evaluations, including
the impact of nanoparticle size, shape, and surface characteristics,
is vital for advancing nanomaterial-based immunotherapies [112].
Biocompatibility studies must assess whether nanoparticles induce
adverse immune reactions or accumulate tissues to toxic levels over
time and consider how different patient populations may respond to
these therapies [53-106].

Future Directions and Emerging Trends

The future of nanomedicine in cancer immunotherapy is marked
by emerging trends in bioinspired materials, such as cell mem-
brane-coated nanoparticles, which enhance targeting specificity,
immune evasion, and biocompatibility [56-102]. Stimuli-responsive
nanomaterials, designed to react to endogenous and exogenous sig-
nals for controlled drug release, offer new opportunities for precision
medicine applications [11-92]. Advances in genetic engineering en-
able the development of nanocarriers with enhanced targeting capa-
bilities and therapeutic efficacy, opening the door to next-generation
cancer immunotherapies [20-62]. Critical areas for future research
include addressing gaps in understanding nanomaterials’ long-term
safety and pharmacokinetics, optimizing manufacturing scalability,
and navigating complex regulatory pathways [24-60]. Collaborative
efforts between academia, industry, and regulatory bodies, along with
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rigorous clinical trials, will be pivotal in advancing the field of nano-
medicine and realizing its full potential in revolutionizing cancer im-
munotherapy [43-81].

Conclusion

Nanomedicine has significantly advanced cancer immunotherapy,
providing innovative strategies to enhance existing treatments’ speci-
ficity, efficacy, and safety. Personalized nanomaterials offer the ability
to tailor therapies to the unique molecular characteristics of indi-
vidual tumors, improving treatment outcomes and minimizing side
effects. Multifunctional nanomaterials integrate diverse therapeutic
modalities to overcome the complexities of tumor heterogeneity and
immunosuppressive TME. Advances in stimuli-responsive and bioin-
spired nanotechnologies further enhance the precision and efficacy
of immunotherapies. However, challenges remain in understanding
the long-term safety of nanomaterials, optimizing their clinical trans-
lation, and navigating regulatory pathways. The growing number
of clinical trials and translational studies highlights the potential of
nanomedicine to transform cancer treatment. By addressing existing
gaps and leveraging collaborative research, nanomaterials are poised
to revolutionize cancer immunotherapy, offering promising avenues
for improved patient outcomes and personalized care. Continued in-
novation in nanotechnology and its integration into immunotherapy
holds the potential to make a lasting impact on the management and
cure of cancer.
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