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A B S T R A C T

Next-generation cancer nanomedicines are revolutionizing therapeutic precision through multifunctional, 
adaptive, and tumor-specific strategies. This review discusses emerging innovations in cancer nanomedicine, 
including stimuli-responsive nanomedicines, biomimetic nanomedicines, nanozymes, nanovaccines, immuno
therapy, and diagnostic-integrated theranostics. These platforms allow for spatially controlled therapy, deep 
tumor penetration, and immune reprogramming with minimal systemic toxicity. Although their preclinical 
performance is promising, several challenges remain, including scalable manufacturing, regulatory validation, 
and patient-specific optimization. Advances in artificial intelligence-guided design and biomimetic engineering 
are expected to accelerate clinical translation, positioning these technologies to transform the future of precision 
oncology.

1. Introduction

Cancer therapy is undergoing a paradigm shift, where traditional 
methods, often limited by systemic toxicity, drug resistance, and poor 
drug distribution, are being surpassed by the precision offered by 
nanopharmaceuticals. In the last decade, there has been a remarkable 
surge of innovation in nanomedicine with engineered platforms that 
facilitate targeted drug delivery to tumors, immune system reprogram
ming, and real-time theranostics. However, as the field advances, 
several important questions arise: How can we enhance the specificity and 
intelligence of nanocarriers? How can we bridge the gap between preclinical 
promise and clinical impact? This review examines the most ground
breaking advances in cancer nanomedicine, from stimuli-responsive 
nanoparticles (NPs) to biomimetic immune converters, while address
ing the translational challenges that must be overcome to redefine 
cancer therapeutics. The tumor microenvironment (TME), characterized 
by hypoxia, acidity, and dysregulated enzymatic activity, has transi
tioned from a mere obstacle to a foundational blueprint for advancing 
precision nanotherapy. Stimuli-responsive systems strategically exploit 
these distinctive features of the TME, facilitating the release of 

therapeutic payloads in response to tumor-specific triggers. Notable 
examples include NPs engineered for photothermal ablation under near- 
infrared (NIR) irradiation [1] and bioorthogonal nano-prodrugs acti
vated in situ via click chemistry [2]. These innovative approaches 
exemplify how integrating spatial and temporal control can enhance 
therapeutic efficacy while minimizing harm to healthy tissues.

Further advancements in nuclear-targeted nanocarriers [3] and 
organelle-specific NPs [4] are redefining the parameters of intracellular 
delivery, enabling precise modulation of oncogenic pathways. More
over, cancer immunotherapy is being significantly enhanced by nano
vaccines that harness the specificity of the immune system and 
overcome the inherent immune suppression prevalent within tumors 
[5]. Developing nanozymes and catalytic platforms permits the gener
ation of reactive oxygen species (ROS), which can induce oxidative 
damage to tumor cells [6]. Additionally, theranostic nanomedicine fa
cilitates concomitant imaging and therapeutic intervention, thereby 
advancing personalized treatment strategies. The emergence of bio
mimetic nanomedicine, in which NPs are either cloaked within cellular 
membranes or vesicles designed to mimic natural membrane structure, 
has substantially improved immune evasion, targeting efficiency, and 
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overall biological compatibility [7].
This review summarizes recent advances in five core areas of nano

pharmaceutical cancer therapy (Fig. 1). Each section explains these 
areas’ rationale and mechanistic foundations, discussing cutting-edge 
experimental findings, recent developments, and clinical significance. 
Additionally, the review addresses translational challenges and high
lights the emerging roles of artificial intelligence (AI), patient-specific 
design, and scalable synthesis as essential facilitators for future clin
ical applications. By synthesizing recent progress and identifying exist
ing barriers, we aim to provide researchers, clinicians, and other 
stakeholders with a clear roadmap to advance nanomedicine from bench 
to bedside, ultimately improving therapeutic outcomes in oncology.

1.1. Stimuli-responsive nanomedicine for cancer therapy

Nanomedicine has enabled cancer therapy by facilitating targeted 
drug delivery, enhancing therapeutic efficacy, and minimizing systemic 
toxicity. To localize drug delivery to the tumor, NPs must accumulate in 
the tumor, followed by external activation by irradiation to enable im
aging, thermal ablation, and drug release. To this aim, a diverse library 
of NPs is available, such as lipid NPs, polymeric micelles, inorganic 
nanocarriers, and their hybrids, each offering a unique set of charac
teristics. NPs can be localized at the tumor by leveraging the enhanced 
permeability and retention effect or modified with tumor marker- 
targeting ligands [8,9].

The poor vasculature of the tumor creates an acidic hypoxic TME, 

prompting researchers to develop pH-responsive NPs that release drugs 
specifically in acidic conditions. Then, thermal triggers (e.g., NIR light) 
are introduced to produce localized hyperthermia with pH-responsive 
NPs to enhance local drug release [9,10]. These systems have demon
strated the ability to overcome drug resistance by triggering site-specific 
payload release in multidrug-resistant tumors. Studies have shown that 
this combinatorial approach leads to significant tumor regression in 
murine models as compared to either strategy used alone [11,12]. Gold 
NPs (AuNPs) are widely accepted in stimuli-responsive systems due to 
their responsiveness to radiotherapy, magnetic resonance imaging 
(MRI), computerized tomography (CT), and infrared irradiation. How
ever, the blood-brain barrier (BBB) presents substantial challenges for 
treating brain gliomas with chemotherapy as well as nanomedicine. 
AuNPs can be made to effectively cross the BBB when functionalized 
with targeting ligands such as transferrin or angiopeptide-2, which en
hances their specific accumulation in tumors [13].

Over the last decade, the concept of targeting has progressed from 
intracellular delivery to target organelles such as mitochondria and 
nuclei. Recent studies have also demonstrated that ultra-small AuNPs 
(~2–10 nm) can cross multiple biological barriers more efficiently, 
including cellular membranes and subcellular organelles [14]. 
Ligand-functionalized NPs, such as peptides and aptamers, further 
enhance the intracellular specificity. For instance, AuNPs modified with 
cyclic RGD peptides can target mitochondria and the nucleus, influ
encing intracellular pathways like ROS production and calcium ion 
signaling [4]. The advent of cell-penetrating peptides (CPPs) has 

Fig. 1. Emerging nanopharmaceutical strategies for cancer therapy.
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facilitated significant tumor suppression both in vitro and in vivo. 
Self-assembled NPs conjugated with PD-L1-targeting CPPs enabled 
immunogenic photodynamic therapy (PDT) by selectively damaging 
immunosuppressive tumor cells and enhancing T-cell infiltration [15]. 
For brain glioblastoma targeting, NPs are targeted to the brain by BBB 
permeating agents, such as transferrin, and CPPs are attached to reroute 
NPs to glioblastoma cells without unnecessary exposure to healthy brain 
cells [16].

Another smart strategy involves enzyme-responsive amphiphilic 
small-molecule prodrugs, which self-assemble into nanoscale structures 
for combined chemotherapy and phototherapy. The smart amphiphiles 
are activated in the TME by tumor-overexpressed enzymes, achieving 
synergistic inhibition of non-small cell lung cancer growth [17]. In 
another study, a self-assembled carbon monoxide-releasing nano-
prodrug was designed to respond to chemiexcitation, allowing it to 
simultaneously release carbon monoxide and chemotherapeutics within 
breast tumors [18]. The strategy demonstrated a powerful synergy be
tween chemotherapy and carbon monoxide-induced apoptosis, inducing 
high levels of tumor cell death with low systemic toxicity.

Another significant advancement in stimuli-responsive drug delivery 
is the bioorthogonal chemistry-guided nano-prodrugs. Bioorthogonal 
reactions occur between two inert components (e.g., tetrazine and trans- 
cyclooctene, TCO) specifically at the tumor site, triggered by exogenous 
(light, ultrasound) or endogenous (pH, enzymes) stimuli. For instance, 
an inhalable nano-prodrug that releases cisplatin selectively at the 
tumor site via bioorthogonal click chemistry significantly reversed 
cisplatin resistance in an orthotopic model of non-small cell lung cancer. 
This approach improved tumor penetration and minimized systemic 
toxicity through localized activation and on-demand release [2]. 
Furthermore, multi-phoretic nanomotors have been enhanced to facili
tate the delivery of cancer stem cells (CSCs) in cell-based therapies. A 
recent study reported the design of nanomotors capable of consistent 
motion, enabling deeper penetration into CSCs-rich regions and effec
tively reducing tumor spheroid viability [19].

1.2. Cancer immunotherapy and nanovaccines

Over the last ten years, cancer immunotherapy has probably 
benefited the most from nanotechnology by allowing precise delivery of 
immune-modulating agents and enhancing antigen presentation. One of 
the most promising recent developments is immune cell-derived exo
somes, which exhibit inherent targeting abilities, low immunogenicity, 
and high biocompatibility. Macrophage-derived exosomes, particularly 
those from pro-inflammatory M1-type, can modulate the TME by pro
moting pro-inflammatory signaling, thus reversing immunosuppression 
and enhancing antitumor immunity. A tumor vaccine was created uti
lizing M1 macrophage exosomes and OVA antigen, which programs M2 
tumor-associated macrophages (TAM) into M1 phenotypes and im
proves the immunosuppressive environment. The vaccine effectively 
inhibits tumor growth and metastasis by cross-presenting antigens to T 
cells and transforming TAM. Additionally, it promotes M1 polarization 
of TAM and targets interleukin-4 receptor (IL4R) on M2 macrophages to 
enhance its anti-tumor effects [20,21].

Dendritic cell (DC)-derived exosomes have emerged as potent 
nanocarriers in cancer immunotherapy due to their inherent ability to 
activate T and natural killer (NK) cells. DC exosomes carry miRNA 
associated with potent immunomodulatory effects [22]. These vesicles 
are enriched with MHC-peptide complexes, co-stimulatory molecules, 
IL-15Rα, and NKG2D ligands that induce NK cell activation and increase 
the tumor-killing effect. DC exosomes offer advantages such as higher 
stability and ease of storage [23]. Various techniques have been devised 
to load therapeutic agents into exosomes. Exosomes carrying anti-PD-L1 
antibodies have shown significant blockade of immune escape mecha
nisms and boosting T cell activation [24]. Another study demonstrated 
that DC exosomes modified with CD3 and EGFR antibodies enhance 
T-cell activation and tumor targeting [25]. Clinical trials against lung, 

melanoma, and colorectal cancer have established DC exosomes’ safety 
and NK cell-activating potential. However, their impact on T cells in 
late-stage patients remains limited [26].

NK cell-derived exosomes, known for their intrinsic cytotoxicity, can 
serve as delivery vehicles for immune agonists, further amplifying im
mune responses against cancers such as hepatocellular carcinoma. These 
exosomes carry cytotoxic proteins such as Fas ligand, perforin, and 
granzyme B, enabling them to selectively bind and induce caspase- 
dependent apoptosis in tumor cells while sparing normal tissues, even 
across the BBB [27,28]. In ovarian cancer models, NK exosomes induced 
apoptosis and successfully delivered cisplatin to overcome chemo
resistance [29]. These findings underscore the dual role of NK exosomes 
as both therapeutic agents and drug delivery vehicles in cancer 
immunotherapy.

T cell-derived exosomes have also emerged as a platform for deliv
ering siRNA against PD-L1, reactivating exhausted T cells, and reducing 
tumor progression [30]. T cell-derived exosomes play a multifaceted 
role in cancer immunotherapy by enhancing cytotoxic immune re
sponses while minimizing adverse effects. CD4+ T cell exosomes support 
CD8+ T cell proliferation and activation, boosting antitumor immunity 
without affecting regulatory T cells [31]. Chimeric antigen 
receptor-engineered T (CAR-T) cell-derived exosomes, which carry 
chimeric antigen receptors and cytotoxic proteins like Fas ligand and 
granzymes, have shown potent tumor suppression with reduced toxicity 
compared to CAR-T cell therapies [32]. T lymphocyte (Vδ2-T) cell 
exosomes are highly cytotoxic to EBV-associated cancers, through 
death-inducing ligands and immunostimulatory molecules [33]. 
Genetically modified T cells produce extracellular vesicles over
expressing PD-1 receptors, which can block PD-1/PD-L1 axis, restore 
CD8+ T cell activity, and induce tumor cell apoptosis [34]. Moreover, 
the design of hybrid nanoplatforms that combine immune cell-derived 
exosomes with synthetic nanocarriers has improved drug-loading ca
pacity and sustained circulation while preserving immune targeting.

Lipid NPs (LNP) based mRNA cancer vaccines have advanced the 
field of cancer immunotherapy by enabling efficient antigen delivery 
and immune activation. In one study, mannosylated LNPs enhance up
take and presentation by DC, thereby boosting T cell activation and 
antitumor efficacy [35]. The LNP landscape continues to evolve with an 
ever-increasing library of structurally and functionally diverse materials 
available [5,36,37]. The field of LNP also benefits from machine 
learning algorithms designed to optimize LNP formulation for enhanced 
mRNA loading and delivery [38]. These developments underscore the 
growing potential of rationally designed LNP systems in engineering 
highly targeted, safe, and potent mRNA-based nanovaccines for 
personalized cancer immunotherapy.

1.3. Nanozymes and catalytic nanomedicine

Nanozymes, nanomaterials with enzyme-like catalytic properties, 
are promising nanotechnology-enabled breakthroughs and have been 
explored for their potential in cancer therapy. These artificial enzymes 
can modulate the TME by generating ROS, thereby inducing oxidative 
stress and promoting the apoptosis of cancer cells. By mimicking cata
lytic functions, nanozymes amplify oxidative stress, promote ROS gen
eration, and trigger ferroptosis or apoptosis selectively in tumor cells 
[39]. The evolution of this field is now driven by advances in precise 
structural design, stimuli-responsive behavior, and multi-modal activa
tion strategies, allowing for greater control, targeting, and therapeutic 
synergy.

One of the most effective innovations in structural design is the 
development of single-atom nanozymes, which offer superior catalytic 
uniformity and activity. For example, we have demonstrated that tuning 
the d-band center of zinc atoms within a nanozyme scaffold significantly 
improved ROS production and antitumor activity [40]. Similarly, 
modulation of the coordination environment of Fe single atoms sup
ported by carbon dots enhanced catalytic substrate affinity and 
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therapeutic efficacy in tumors [6]. Complementing these, engineered 
magnetite-based nanozymes with improved Fenton-like reactivity 
demonstrate strong potential in chemodynamic therapy (CDT) [41]. 
Incorporating environmental and external responsiveness into nano
zyme platforms has further advanced their clinical utility. For instance, 
MXene-based nanozymes are activated by electric pulses, enabling 
synchronized ROS release and immune modulation through bioelectric 
signaling at the tumor site [42]. Likewise, a thermosensitive injectable 
hydrogel embedded with nanozymes was designed to sustain local cat
alytic activity and serve as post-surgical adjuvants to prevent tumor 
recurrence [43]. In addition, ligand-functionalized nanozymes show 
promise in targeted cancer therapy by enabling specific binding to 
tumor receptors and catalyzing oxidative stress to induce cancer cell 
death within the TME [44].

Beyond physical modulation, material chemistry has offered new 
avenues for optimization. Metal-phenolic coordination chemistry is 
utilized to assemble highly stable single-atom nanozymes with selective 
catalytic targeting of tumor cells [45]. A dual-stimuli nanozyme system 
combines magnetic and optical responsiveness, enabling spatially 
controllable induction of ferroptosis and apoptosis in breast cancer 
models [46]. Another class of catalytic NPs widely investigated in 
medicine is metal-organic frameworks. They are ideal platforms for 
integrating catalytic centers with high porosity and drug-loading po
tential, reinforcing their value in ROS-based therapy [47]. Through 
rational engineering and integration with external triggers or biological 
cues, nanozymes can become central agents in next-generation catalytic 
nanomedicine.

1.4. Theranostic nanomedicine

Theranostic nanomedicine, which combines diagnostic and thera
peutic functions into a single platform, advances personalized cancer 
treatment by offering real-time imaging, targeted delivery, and on- 
demand therapeutic activation. Traditional platforms like gold nano
clusters and fluorescence-based carriers have evolved into sophisticated 
multimodal nanostructures capable of high-resolution imaging and 
synergistic therapies such as photothermal therapy (PTT), PDT, and 
chemo-phototherapy (CPT). A study reported a PEGylated NIR-II fluo
rescent nanomedicine for in vivo imaging of deep tissues and offered 
real-time tracking alongside photothermal tumor ablation [48]. 
Carrier-free nanomicelles co-encapsulating mitoxantrone and a photo
sensitizer for NIR fluorescence-guided chemo-PDT provide high preci
sion and reduced formulation complexity [49]. Then, raspberry-like 
gold nano-conjugates were developed that offer strong plasmonic im
aging contrast and facilitate controlled drug release and PTT [50]. 
Artificial cells-mimetic nanomaterials are functionalized with gold 
nanorods, tumor-targeting ligands, and multimodal imaging elements 
for stable and effective PTT. These biomimetic systems enabled precise 
tumor localization and real-time monitoring through infrared and pho
toacoustic imaging while maintaining robust photothermal performance 
during treatment [51].

Further targeting imaging precision and smart responsiveness can be 
achieved by targeting TME. ROS-responsive fluorinated oxalate nano
medicine was developed that enables both fluorine-19 (19F) nuclear 
magnetic resonance and chemiluminescence imaging, coupled with on- 
site drug release triggered by the tumor’s oxidative environment. This 
approach enhances spatial localization and therapeutic selectivity [52]. 
Meanwhile, hypoxia-responsive smart nanocarriers are engineered with 
functional groups (e.g., azobenzene, nitroimidazole, quinones) that 
undergo structural or fluorescent changes under hypoxic conditions, 
triggering localized drug release and diagnostic signal enhancement 
[53]. Such systems improve tumor specificity, reduce off-target toxicity, 
and offer dual-responsive behavior (e.g., pH/hypoxia-triggered) to in
crease treatment accuracy and biosafety.

Semiconductor quantum dots (QDs) have also shown promising re
sults in cancer theranostics. These nanocrystals offer exceptional 

brightness, photostability, and size-tunable emission, making them ideal 
for real-time fluorescence imaging and deep-tissue diagnostics [54]. 
When doped with elements like Mn2+, QDs enhance MRI contrast and 
facilitate ROS-mediated therapies like PDT and PTT [55]. Multifunc
tional QDs can be conjugated with chemotherapeutic agents, siRNA, or 
photosensitizers, enabling image-guided treatment platforms that 
combine therapy with multimodal imaging (e.g., fluorescence, MRI, 
PET) [56]. The fusion of fluorescence, MRI, and chemiluminescence 
imaging with modalities like PDT and PTT propels theranostic nano
medicine toward truly individualized and traceable cancer treatment 
platforms.

1.5. Biomimetic nanomedicine

Biomimetic nanomedicines have emerged as biomimetic platforms 
for cancer therapy by leveraging the biological characteristics of cell 
membranes, TME, and immune components. These systems offer 
enhanced targeting, biocompatibility, and functional versatility. The 
biomimetic nanocarriers capable of remodeling extracellular ATP ho
meostasis, and activating innate and adaptive immune responses via the 
eATP–P2X7R–NLRP3 axis were developed for broad antitumor immu
nity [57]. Complementing this immune modulation, a tumor 
membrane-coated nanovehicle selectively targets the tumor and de
pletes intratumoral Fusobacterium nucleatum, a microbe known to sup
press immune responses [7]. This microbiota-targeting strategy 
significantly enhanced the efficacy of PD-L1 immune checkpoint 
blockade in breast cancer models.

In parallel, biomimetic systems have enhanced therapeutic targeting 
and potentiate drug delivery. For instance, a dual-targeting nanoplat
form derived from mouse lymphoma membrane enables the precise 
delivery of chemotherapeutics to colon cancer under magnetic attrac
tion and LFA-1/PD-1 mediated endocytosis [58]. Extending this 
concept, CXCR4-targeted macrophage-derived hybrid vesicles were 
created to co-deliver manganese and doxorubicin, achieving enhanced 
tumor selectivity, immunomodulation, and imaging capabilities [59]. 
Beyond targeting, biomimetic nanomedicine has shown promise in 
metabolic reprogramming and recurrence prevention. Platelet 
membrane-coated copper-doped polypyrrole NPs have been shown to 
inhibit glutamine metabolism, effectively inducing cuproptosis and 
boosting immunotherapeutic outcomes in breast cancer [60]. To address 
relapse, a cancer stem cell (CSC)-mimicking nanoscavenger is devel
oped, which selectively targets and eradicates residual CSCs following 
flash radiotherapy, thereby minimizing metastasis and recurrence risk 
[61]. Lastly, biomimetic polymer composites are also tailored for early 
cancer detection because of their precise biosensing and high specificity 
[62]. Together, these biomimetic platforms illustrate a paradigm shift in 
nanomedicine, moving from passive carriers to intelligent, 
immune-interactive, and environment-responsive agents capable of 
targeting tumors, reprogramming TME, and preventing recurrence with 
high precision.

Innovative strategies in cancer immunotherapy include the devel
opment of biomimetic nanovaccines by fusing DC membranes with 
tumor-derived vesicles, enhancing immune activation and lymph node 
targeting for stronger T cell responses. Photoactivatable exosomal vac
cines also provide localized immune stimulation while minimizing sys
temic toxicity [30]. In a related approach, a personalized exosome-based 
cancer vaccine was developed using patient-specific tumor neoantigens 
loaded into DC-derived exosomes. This effectively induced B and T cell 
responses at the target site in mice [63]. Then, a hybrid biomimetic 
vaccine was created by fusing DC-derived exosomes with tumor-derived 
ones, enhancing lymph node accumulation and T cell activation through 
endogenous danger signals, showcasing its potential for effective anti
tumor immunotherapy [64]. A biomimetic nanovaccine was developed 
by coating NPs with membranes from senescent cancer cells to enhance 
cancer immunotherapy. These nanovaccines retained tumor antigens 
and immunostimulatory signals, improving DC maturation and T-cell 
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responses. In preclinical models, they significantly inhibited tumor 
growth and fostered immune memory, showcasing a promising 
approach that utilizes senescence biology and biomimicry for targeted 
immunotherapy [65]. Together, these biomimetic platforms illustrate a 
paradigm shift in nanomedicine, moving from passive carriers to intel
ligent, immune-interactive, and environment-responsive agents capable 
of targeting tumors, reprogramming microenvironments, and prevent
ing recurrence with high precision.

2. Opportunities and challenges: from bench to bedside

Translating nanopharmaceuticals from bench to bedside requires 
overcoming several challenges. Scalability and manufacturing remain 
key concerns, as large-scale production must ensure reproducibility, 

stability, and cost-effectiveness while meeting clinical-grade and regu
latory requirements [66]. Additionally, engineered NPs’ long-term 
safety and clearance mechanisms are crucial, as their accumulation in 
organs such as the liver and spleen over time can pose potential risks. 
Furthermore, regulatory approvals and standardization represent sig
nificant hurdles, as supervisory agencies require comprehensive clinical 
validation to evaluate toxicity, metabolism, and therapeutic efficacy. As 
our understanding of the biomolecular corona and its role in deter
mining the biological identity of NPs advances, there is an increasing 
need for improved analytical techniques to characterize and analyze 
these biological phenomena in their native states [67]. With the growing 
scientific interest in bio-inspired and patient-derived nanoformulations, 
researchers in the field of nanomedicine must cultivate a diverse skill set 
encompassing various interdisciplinary fields. Furthermore, the 

Fig. 2. Translational roadmap for cancer nanomedicine. (1) Nanoparticle design leverages various targeting strategies. (2) Clinical translation requires scalable 
production and safety validation. (3) Artificial intelligence and personalized platforms address these challenges.
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accessibility of data, comprehensive methodologies, and open access to 
scientific literature will enhance the transferability of results within the 
realm of nanomedicine (Fig. 2).

NanoTox® is an open-source machine learning model specifically 
developed to predict the toxicity of metal oxide NPs with a high degree 
of accuracy [68]. Similarly, machine learning tools have been applied to 
comprehensive datasets encompassing toxicity, drug transport effi
ciency, and physicochemical characteristics to identify metal oxide NPs 
favorable for cancer therapy [69,70]. Currently, numerous AI tools are 
in development that will assist in predicting safety and efficacy for 
nanoformulations, making their use commonplace shortly. Machine 
learning algorithms rely heavily on datasets. However, safety and effi
cacy reporting across various studies currently exhibits significant 
variability in the assays employed, protocols followed, data presenta
tion, and the availability of underlying data. Consequently, there is an 
increasing need to establish a consensus on unified protocols and data 
availability to ensure that AI tools are equipped with data in a stan
dardized format [71,72]. For instance, the MACRAMÉ project focuses on 
standardizing detection, characterization, and safety testing of advanced 
materials to ensure regulatory compliance and environmental safety 
[73]. As nanomedicine becomes increasingly interdisciplinary with the 
introduction of new tools and materials awaiting testing, AI tools 
founded on uniform reporting standards will enhance meaningful 
cross-disciplinary communication.

Additionally, personalized nanomedicine strategies are gaining 
prominence as a critical focus area. By leveraging patient-specific bio
markers and AI-assisted design, researchers are advancing the field of 
precision nanomedicine, which aims to tailor treatments according to 
individual genetic and disease profiles. Despite ongoing challenges, the 
continuous innovation in AI-driven design, biomimetic drug delivery 
systems, and personalized therapeutic strategies is anticipated to expe
dite the clinical application of nanopharmaceuticals.

3. Conclusion

Recent advancements in nanopharmaceutical platforms are trans
forming oncology by enabling controlled drug release, targeted delivery 
to tumors, and the development of combinatorial treatments. Stimuli- 
responsive NPs and nanozyme-based systems demonstrate how func
tional materials can address challenges like multidrug resistance and 
immune suppression. Theranostic nanomedicines, which combine 
diagnostic imaging with therapies, enhance treatment monitoring ca
pabilities. Cancer nanotherapy’s future depends on designing multi
functional systems considering tumor biology and pharmacokinetics. 
Emerging techniques, including AI-assisted NPs engineering and 
organelle-specific targeting, aim to improve treatment efficacy and pa
tient outcomes. To facilitate clinical translation, efforts must focus on 
standardizing safety assessments and ensuring the scalability of syn
thesis processes. These advancements are paving the way for precision- 
guided cancer therapies.
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