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Nanoparticle delivery systems are innovative platforms for skin-localized chem-
otherapy in the treatment of non-melanoma skin cancers (NMSCs), including

basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (cSCC).
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These common cancers often require localized treatment approaches to min-
imize systemic toxicity and preserve healthy skin. Nanoparticles, engineered

at the nanoscale, offer unique advantages in delivering chemotherapeutic agents
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lease, and selective targeting of cancer cells. Liposomes, polymeric nanoparti-
cles, solid lipid nanoparticles, and dendrimers have demonstrated high effi-
cacy in encapsulating drugs such as 5-fluorouracil, doxorubicin, and cisplatin,
improving their bioavailability and therapeutic outcomes. Nanoparticle-based
systems leverage passive targeting through enhanced permeability and reten-
tion (EPR) effects and can be further functionalized with ligands to achieve
active targeting of overexpressed receptors on NMSC cells. These systems have
shown potential in reducing off-target effects, minimizing drug degradation,
and improving patient compliance compared to traditional topical or systemic
therapies. Preclinical studies have highlighted the ability of nanoparticles to
penetrate the stratum corneum and accumulate in tumor tissue without sig-
nificant systemic absorption, emphasizing their role in localized treatment.
Furthermore, the integration of nanoparticles with photodynamic and immu-
notherapy agents offers synergistic effects, enhancing tumor eradication and
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immune activation. Through utilizing localized drug delivery in NMSCs, na-
noparticle-based therapies represent a promising avenue for effective, targeted
treatment while minimizing adverse effects, ultimately improving outcomes
for patients with these skin cancers.
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1. Introduction

Skin cancers are among the most prevalent malignancies worldwide, with a steadily
increasing incidence attributed to prolonged sun exposure, geographic factors, and
individual predispositions. Non-melanoma skin cancers (NMSCs), which encom-
pass basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (cSCC),
represent a significant public health burden, accounting for 30% of all cancer diag-
noses [1]. According to recent global data, in 2018, NMSCs accounted for approx-
imately 1.4 million new diagnoses and 65,155 related deaths [2]. Overall mortality
remains low, with men exhibiting a mortality rate three times higher than women,
at 1.3 for men compared to 0.3 for women. Nationwide, the mortality for NMSC
increased from 0.7 to 0.8. Notably, the incidence of NMSCs in males is double that
of women at 1021 out of 100,000, compared to 603 in women [3]. Although gen-
erally not fatal, these cancers can cause substantial physical, emotional, and psy-
chological distress, particularly given their high occurrence in cosmetically sensi-
tive areas such as the face and neck [4]. The rising incidence, coupled with the
diverse clinical presentations of these malignancies, poses considerable challenges
for healthcare providers in both diagnosis and management [5]. A comprehensive
assessment of the patient’s mental well-being, physical expectations, and overall
health is essential for developing an appropriate and individualized treatment
plan.

BCC is the most common form of skin cancer, predominantly occurring on the
head and neck. It is largely driven by mutations in the Hedgehog (HH) signaling
pathway, with 90% of BCCs exhibiting alterations in this pathway, particularly
loss-of-function mutations in the smoothened oncogene (SMO) [6]. BCC can be
classified into several subtypes, including nodular, superficial, fibroepithelial, mor-
pheaform, micronodular, mucinous, basosquamous, and infiltrative, each with dis-
tinct histological and clinical features [2]. Histologic differences and gross appear-
ance are the primary methods used to identify and differentiate each subtype.
Nodular is the most common variant, accounting for 50% - 79% of BCC’s. The
most common appearance is a central depression of a papule or pearly nodule that
is frequently bleeding. Histologically, it shows islands of tumor cells characterized
by a cribriform pattern [6]. Superficial is the second most common subtype and
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appears as a macula or atrophic plaque that is well-defined, pink, and can be scaly.
Fibroepithelial mostly involves the trunk and occurs as a pink-colored plaque or
papular lesion that does or does not include a pigment. Morpheaform is a rare
variant that accounts for 5% - 10% of BCCs and is characterized by an elevated or
depressed pinkish cream plaque that can include telangiectasias. It is also highly
aggressive and can locally invade and metastasize. Histologically, it shows malig-
nant cells surrounded by sclerotic stroma with collagen. Infiltrative is very similar
to Morpheaform in that it can invade the subcutis. It shows stromal fibrosis and
dense collagen bundles and forms a large irregular nodule. Micronodular deeply
extends into the dermis and subcutis with stromal proliferation. Lastly, Basosqua-
mous is differentiated by its infiltrating jagged clumps or tumor cells that demon-
strate basaloid morphology and cytoplasmic keratinization [6]. Understanding
and differentiating each subtype is paramount to correctly diagnosing BCC and
choosing the most beneficial treatment.

In contrast, cSCC is primarily induced by ultraviolet radiation (UVR) and is
characterized by genetic alterations in key tumor suppressor genes such as 7753,
CDKN2A, and NOTCH] [2]. The majority of activating mutations affected genes
in the RAS-RAF-MEK-ERK and PI3K/AKT pathways [7]. This carcinoma often
presents as a hyperkeratotic plaque or papule, frequently with pigmentation. It is
the second most common skin cancer, and it occurs more commonly in Caucasian
subjects exposed to environmental factors. The mortality is correlated with the
number of malignant cells and their metastasis to distant sites, as well as age, male
gender, and location [6]. There is no accepted classification; however, superficial
SCC is widely considered the most common subtype, and it typically develops
from actinic keratosis or Bowen disease. SCC is mostly classified by the gene af-
fected and the mutation that ensues. Over 31 SCC-related genes have been iden-
tified, and multiple mutation types have been found for each gene. SCC is also
linked to several hereditary conditions, including xeroderma pigmentosum, ocu-
locutaneous albinism, and Lynch syndrome [6]. The broad spectrum of clinical
presentations in ¢SCC can complicate diagnosis, necessitating a comprehensive
patient history to accurately inform the workup and treatment strategy.

The treatment of BCC and cSCC is fraught with challenges, which are influ-
enced by factors such as tumor location, size, metastasis, and patient comorbidi-
ties. Surgical excision remains the cornerstone of therapy, particularly for local-
ized tumors, due to its ability to provide clear histological margins and minimize
recurrence [8]. However, when surgery is not feasible due to anatomical constraints
or advanced disease, alternative treatments such as radiotherapy, cryosurgery, and
electrode section are employed. These options, while effective, are not without
drawbacks, including potential systemic toxicity and scarring, which can be partic-
ularly problematic when tumors occur in visible or sensitive areas [9]. Furthermore,
the development of resistance to systemic therapies in BCC through mutations in
SMO and downstream genes like glioma-associated oncogene (GLI2) adds another

layer of complexity [6]. Consequently, there is a pressing need for more targeted,
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localized therapies that minimize adverse effects while maintaining therapeutic
efficacy.

Nanotechnology, defined as the design and application of materials ranging
from 1 to 100 nm in size, has emerged as a promising solution to the limitations
of traditional therapies for NMSCs [4]. Specifically, nanoparticle-based delivery
systems offer a targeted approach to drug delivery, enabling drugs to be concen-
trated at the site of the tumor while minimizing systemic exposure and toxicity.
These systems, including lipid-based carriers, have been designed to penetrate the
skin’s deeper layers, improving drug stability and enhancing tumor cell death [9].
Nanoparticles also allow for site-specific targeting, enabling the delivery of lower
doses with greater therapeutic effectiveness, which may reduce the side effects
commonly associated with conventional treatments.

Emerging studies have shown promising results in the application of nanopar-
ticle-based therapies for NMSCs. For instance, pH-sensitive nanoparticles, such
as those loaded with gemcitabine or doxorubicin, have demonstrated superior cy-
totoxicity compared to traditional therapies by exploiting the acidic microenvi-
ronment of cancer cells [9]. Additionally, formulations such as 5-fluorouracil-
loaded nanogels have shown efficacy in reducing tumor size, particularly in ani-
mal models of aggressive BCC [10]. Furthermore, imiquimod-loaded nanoparti-
cles have proven more effective than standard formulations, enhancing tumor re-
gression while reducing local inflammation and scarring [8]. These advancements
underscore the potential of nanoparticle-based systems to revolutionize the treat-
ment landscape for NMSCs by offering more effective, less invasive alternatives to
current therapies. This review aims to evaluate the mechanisms, advantages, and
current status of nanoparticle-based therapies in the treatment of NMSCs, focus-
ing on their role in improving treatment outcomes while minimizing cosmetic
and systemic side effects. Additionally, we will identify existing gaps in research
and propose future directions for the development and clinical application of

these innovative delivery systems.

2. Mechanisms of Nanoparticle Delivery System

Nanoparticle delivery systems have emerged as a groundbreaking platform in mod-
ern therapeutics, offering precise control over drug delivery and improved thera-
peutic outcomes. Central to their design is the ability to engineer nanoparticles
with specific features, including size, shape, surface charge, and biocompatibility
[11]. These parameters are not only fundamental to their stability and biodistribu-
tion but also play a key role in determining their interaction with biological bar-
riers. For instance, nanoparticles typically range from 1 to 100 nanometers in size,
allowing them to navigate capillaries and penetrate target tissues effectively [12].
Surface modifications, such as polyethylene glycol (PEG) coatings [13], enhance
circulation time by evading immune recognition, while functional groups or lig-
ands on the surface facilitate targeted delivery. While these modifications have

been extensively studied, there remains variability in the effectiveness of different
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nanoparticle formulations, particularly concerning their long-term stability and
immune response evasion. Some studies suggest that repeated administration of
PEGylated nanoparticles may trigger an anti-PEG immune response, potentially
reducing their efficacy over time [14]. Future research should continue to focus
on optimizing surface modifications to ensure sustained therapeutic benefit with-
out eliciting unintended immunogenicity.

A critical aspect of nanoparticle-based drug delivery lies in its ability to employ
both passive and active targeting strategies. Passive targeting capitalizes on the
enhanced permeability and retention (EPR) effect, a phenomenon observed in
pathological tissues such as tumors [15] [16]. Tumor vasculature is characterized
by irregular endothelial gaps and poor lymphatic drainage, which allow nanopar-
ticles to accumulate selectively within the tumor microenvironment. While nu-
merous preclinical studies support the EPR effect, recent evidence suggests that
its efficacy varies significantly between tumor types and even among patients due
to differences in vascular architecture and microenvironmental factors [17]. This
variability highlights the need for further exploration into patient-specific nano-
particle delivery approaches that account for tumor heterogeneity.

Active targeting, on the other hand, involves the functionalization of nanopar-
ticles with ligands, peptides, or antibodies that bind specifically to receptors over-
expressed on the surface of target cells [18]. This receptor-mediated mechanism
facilitates precise cellular uptake, further enhancing therapeutic efficacy. How-
ever, the success of active targeting is contingent upon several factors, including
receptor expression levels, endocytosis pathways, and intracellular trafficking ef-
ficiency. Some studies indicate that receptor saturation and rapid lysosomal deg-
radation can limit the effectiveness of ligand-functionalized nanoparticles [18].
Comparative analyses of different targeting ligands have shown variability in up-
take efficiency and intracellular fate, underscoring the importance of selecting op-
timal targeting moieties based on tumor biology.

The ability of nanoparticles to penetrate biological barriers and accumulate in
target tissues is equally critical to their success. For topical applications, nanopar-
ticles can traverse the stratum corneum, the skin’s outermost barrier, through in-
tercellular diffusion, follicular pathways, and transient disruption of tight junc-
tions [19]-[21]. This capability makes them particularly promising for delivering
drugs in dermatological conditions such as psoriasis and skin cancers. However,
the efficiency of penetration is highly dependent on nanoparticle composition,
size, and surface properties. Some studies have reported inconsistent penetration
depth across different formulations, suggesting that further standardization in na-
noparticle design is necessary for achieving predictable therapeutic outcomes
[22]. To address these challenges, ongoing research is focusing on optimizing na-
noparticle surface chemistry, incorporating stimuli-responsive mechanisms, and
exploring hybrid delivery systems that enhance penetration efficiency while min-
imizing adverse effects. Such refinements will be essential in ensuring that nano-

particle-based topical treatments consistently achieve therapeutic efficacy across
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diverse patient populations.

Nanoparticle delivery systems represent a convergence of nanoscale engineer-
ing, precision targeting, and advanced therapeutic strategies. Their ability to en-
hance drug bioavailability, achieve tissue-specific accumulation, and minimize ad-
verse effects has positioned them as a cornerstone of modern drug delivery re-
search. While significant advancements have been made, ongoing studies con-
tinue to refine nanoparticle design and expand their clinical applications. How-
ever, discrepancies in preclinical and clinical findings emphasize the necessity for
more rigorous comparative studies evaluating different nanoparticle formulations
under standardized conditions. Among these, the treatment of NMSC has emerged
as a particularly promising area, where the unique properties of nanoparticles are
being leveraged to improve the delivery of chemotherapeutic agents, photody-
namic therapy compounds, and immune-modulating therapies. Exploring the
types of nanoparticles utilized in NMSC treatment highlights the versatility of this
platform and underscores the potential for further innovation in addressing this

prevalent and challenging condition.

3. Types of Nanoparticles in NMSC Treatment

Liposomes are lipid-soluble vesicles with an aqueous core encapsulated by con-
centric phospholipid bilayers. The hydrophilic heads and hydrophobic tails enable
the bilayer’s amphiphilic properties to interact with polar and nonpolar sub-
stances, enhancing their potential as drug delivery systems [23]. By encapsulating
bioactive molecules of varying polarities, liposomes allow the gradual release of
therapeutic compounds as the bilayer degrades into the bloodstream. This tar-
geted delivery to the pathological site reduces systemic toxicity, as drugs remain
inactive until they reach the target tissue [24]. Additionally, liposomes can be tai-
lored for specific drug delivery needs by modifying their size, charge, or lipid com-
position. Engineering neutral, small-sized liposomes can improve steric stability,
reduce protein corona formation, and prolong circulation time by avoiding phag-
ocytic recognition [25]. By reducing this recognition, these modified liposomes
exhibit prolonged circulation times, enhancing their ability to reach specific tis-
sues and cells with greater efficiency. In treating solid tumors affecting the skin,
the stratum corneum, composed of densely packed corneocytes and intercellular
lipids, presents a significant challenge by acting as a barrier to topical anti-cancer
treatments, impeding their effectiveness. A study by Luiziana Crisdstomo et al
addressed ways to overcome these barriers by investigating the use of liposomal
formulations of 5-Fluorouracil (5-FU) in combination with the penetration en-
hancer sorbitan monolaurate (span 20) [26]. 5-FU, a widely utilized hydrophilic
antineoplastic agent, is commonly formulated for topical use in the management
of BCC and c¢SCC. The in vitro studies demonstrated this formulation signifi-
cantly enhanced the penetration of 5-FU [27]. These findings were corroborated
through flow cytometry and microscopy, which revealed a markedly higher up-
take of 5-FU in the treated regions. This evidence illustrates promising revelations
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of how these innovative delivery systems can enhance the efficacy of topical anti-
cancer therapies.

The success of liposomal systems in enhancing drug delivery has encouraged
the development of other nanotechnology-based vehicles, such as polymeric na-
noparticles. Nanoparticles, particularly those made from polylactic acid (PLA),
polyglycolic acid (PGA), and polylactic-co-glycolide (PLGA), offer another inno-
vative avenue for drug delivery due to their biocompatibility and low toxicity [27].
Unlike liposomes, which are easily suitable for drugs that vary in water solubility,
polymeric nanoparticles more efficiently encapsulate hydrophobic drugs and re-
quire additional modifications for hydrophilic drugs. Furthermore, PLGA-based
polymeric nanoparticles are thought to provide more structural stability, espe-
cially with hydrophobic drugs. Depending on how the drug is engineered, these
types can be classified as nanocapsules or nanospheres. In nanocapsules, drugs
dissolve in the oily core, with controlled release governed by a polymeric shell,
demonstrating zero-order kinetics in vitro. Conversely, nanospheres feature a pol-
ymeric network where drugs are retained on the surface or within the matrix,
showing first-order kinetics. This distinction arises from the fluidity of nanocap-
sules versus the rigidity of nanospheres. Xiaojie Wang et al conducted a study
that investigated PLGA nanoparticles for delivering aminolevulinic acid (ALA) in
topical photodynamic therapy (PDT) for ¢SCC [28]. Compared to ALA alone,
ALA-loaded PLGA nanoparticles significantly increased protoporphyrin IX (PpIX)
fluorescence intensity, peaking at 6 hours and demonstrating higher selectivity for
cSCC cells through fluorescence imaging [28]. These results highlight the adapta-
bility of nanoparticles in optimizing therapeutic delivery and targeting complex
diseases.

Solid lipid nanoparticles (SLNs) emerge as a novel lipid-based carrier subclass
that addresses several limitations of traditional polymeric systems. To address the
scarcity of safe polymers when addressing the limitations of polymeric nanopar-
ticle engineering, SLNs have a novel subset of lipid-based drug carriers that utilize
biodegradable, water-based technology [29]. Their solid lipid core ensures con-
trolled and targeted drug release, enhancing stability and extending drug shelf life.
Similarly to the liposomal method of drug delivery, SLNs exhibit high encapsula-
tion efficiency for lipophilic and hydrophilic drugs, making them versatile across
therapeutic applications. Jain et al’s study demonstrated SLN efficacy in transder-
mal delivery of flurbiprofen, a nonsteroidal anti-inflammatory drug (NSAID).
Optimized SLN formulations achieved 92.7% drug entrapment efficiency, with in
vitro studies showing sustained drug release over 24 hours [30]. Skin permeation
experiments confirmed that SLN formulations enhanced drug penetration and re-
tention compared to conventional systems, shedding light on their potential in
topical therapies [30]. As SLNs continue to demonstrate significant improvements
in drug stability and controlled delivery, researchers are also exploring other
nanostructures, such as dendrimers, which offer distinct structural and functional

advantages for targeted drug delivery.
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Dendrimers are hyperbranched polymers with a central hollow core and ten-
drils branching outward, offering structural diversity and adaptability. Their hy-
drophobic core and hydrophilic periphery mimic unimolecular micelles, encap-
sulating hydrophobic drugs. This nanoparticle offers higher drug-loading capac-
ity because of the large internal cavities and high surface binding. In the field of
oncology, conjugating hyaluronic acid to polyamidoamine (PAMAM) dendrimers
leverages hyaluronic acid’s affinity for CD44 receptors, highly expressed in tumor
cells, for enhanced drug targeting [31]. To investigate this concept from a derma-
tological perspective, David Ybarra et al’s study explores PAMAM dendrimers
loaded with Vismodegib (VDG) for BCC treatment [32]. As illustrated via epifluo-
rescence microscopy, amine-terminated (DG4.0) and carboxy-terminated (DG4.5),
dendrimers penetrated the stratum corneum and reached the viable epidermis.
However, reverse-phase high-performance liquid chromatography (RT-HPLC)
revealed that DG4.5 maintained greater stability, confining VDG to its internal
pockets for controlled release [32]. These findings demonstrate dendrimers’ unique
ability to enhance precision and effectiveness in drug delivery while overcoming
biological barriers, making them valuable nanoparticles in advancing therapeutic
strategies. However, it is critical to consider that their large size may pose chal-
lenges with tissue accumulation and cytotoxicity. This consideration may be cru-
cial to determining whether to choose an approach like the dendrimer or SLNG,
which are biodegradable and at lower risk for toxicity.

Given the growing interest in nanoparticle-based therapies for NMSCs, further
research is needed to optimize their efficacy and long-term safety. Liposomes have
demonstrated improved drug penetration, but more studies should evaluate their
efficiency in deeper BCC tumors and hyperkeratotic lesions of SCC, where deep
penetration may be challenged by structural complexity. Similarly, polymeric na-
noparticles show promise for sustained drug release and enhanced PDT, yet com-
parative studies are necessary to determine whether they outperform liposomes
or SLNs in delivering chemotherapeutic agents. Regarding the concerns about the
dendrimers’ safety profile, they warrant further safety investigations. More specif-
ically, assessing potential candidates for eligibility in this delivery system and
identifying any medical conditions that may be contraindicated due to the risk of
cytotoxicity. Comparative clinical trials with various tailored nanoparticle formu-
lations may be essential when evaluating a patient’s clinical presentation, past
medical history, and response to previous regimens. This patient-centered ap-
proach may further enhance therapeutic outcomes while minimizing side effects.
By integrating the advantages of diverse nanocarrier systems, modern drug deliv-
ery continues to evolve, offering more precise, efficient, and safer therapeutic op-

tions.

4. Advantages of Nanoparticle-Based Therapies

4.1. Enhanced Efficacy

Modern drug delivery systems significantly enhance the therapeutic effectiveness
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of medications through innovative mechanisms that improve solubility, bioavail-
ability, and targeted release. Poorly water-soluble compounds benefit from in-
creased absorption rates, ensuring they reach therapeutic targets more effectively
[33]. By optimizing bioavailability, these systems make active drugs more accessi-
ble in the bloodstream or target tissues, leading to faster and more consistent ther-
apeutic effects. Recent advancements in nanoparticle technology have introduced
Al-driven nanoparticle design, enabling precise drug formulation and improving
treatment efficacy. Nanoparticle-based therapies further address solubility chal-
lenges by enabling sustained and localized drug release, maintaining therapeutic
concentrations at the target site while minimizing fluctuations in drug levels [34]
[35]. Controlled release reduces the need for frequent dosing and minimizes the
risk of sub-therapeutic effects or overdosing [34]. Additionally, site-specific deliv-
ery focuses the drug’s action directly on affected areas, improving outcomes for
localized conditions such as cancer, infections, and inflammation. In advanced
modalities like PDT, nanoparticles play a crucial role in delivering drugs with pre-
cision, ensuring effective tumor cell eradication through controlled distribution
and retention [33]. Stimuli-responsive nanoparticles, which release drugs in re-
sponse to specific environmental triggers such as pH, temperature, or enzymatic
activity, are emerging as a promising innovation in NMSC treatment. These ad-
vancements collectively maximize the potency, safety, and reliability of treat-
ments, ensuring improved health outcomes for patients.

The last ten years have witnessed the rapid growth of nanomedicine, with
unparalleled achievements in diagnosis and disease therapy [36]. There are ap-
proved nanomedicines, and this has displayed the potential value of bringing
bench-to-bedside translated nanotechnology-altered medications. Nanotech-
nology developments, particularly in personalized therapy, have pushed the spec-
ificity and effectiveness of therapy even further. The application of artificial in-
telligence (AI) in the development of nanotechnology-based products can trans-
form the healthcare sector by enabling the gathering and analysis of big data and
the tailoring of precision nanomedicines for cancer therapy [36] [37]. AI-nano-
technology is likely to make patient diagnosis accuracy better through precision
in molecular profiling and early diagnosis of patients, optimize the design pipe-
line of nanomedicines by customizing their properties, achieve effective synergy
of drugs, and minimize nanotoxicity. These advancements promote enhanced
biocompatibility, greater bioavailability, and longer circulation times, leading to

improved patient outcomes.

4.2. Reduced Toxicity

Modern drug delivery systems significantly reduce toxicity by minimizing sys-
temic absorption and off-target effects, addressing a key limitation of conven-
tional therapies like chemotherapy [33] [34]. By targeting medications specifically
to tumor sites, nanoparticles decrease exposure to healthy tissues, lowering the

risk of systemic toxicity and adverse effects [38]. This selectivity enhances patient
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safety and widens the therapeutic window of otherwise toxic agents. Innovative
delivery methods further improve safety by limiting the presence of drugs in the
bloodstream, thereby reducing interactions with healthy organs and tissues. Tar-
geted approaches also decrease the likelihood of side effects, which is particularly
critical in treatments involving potent medications [11]. For example, delivering
chemotherapy drugs directly to tumors reduces damage to healthy cells, resulting
in fewer adverse effects such as immunosuppression or nausea. Controlled drug
release mechanisms additionally prevent sudden spikes in drug concentration, re-
ducing the risk of overdosing and associated toxicity. These advancements are es-
pecially beneficial for patients with comorbidities or those prone to adverse reac-
tions. By prioritizing precision, modern drug delivery systems ensure safer and
more effective treatments tailored to patient needs.

Anticipating interactions among nanocarriers and encapsulated drugs, biolog-
ical mediators, or cell membranes, drug encapsulation efficiency prediction, and
drug release kinetics modeling from nanocarriers through AI algorithms can ac-
celerate nanopharmaceutical formulations for enhancing the transport and tar-
geting of nanomedicines [37]. AI-driven approaches also facilitate the selection of
drug combinations and combination therapy global optimization to achieve drug
synergism with reduced toxicity, ultimately enhancing clinical outcomes. Further-
more, machine learning algorithms coupled with nanoscale biosensors can facili-
tate the identification of new biomarkers and therapeutic targets, classify diseased
patients from healthy individuals, and forecast disease outbreaks or recurrence
[37] [39]. Such Al-augmented features are transforming more effective, less inva-

sive, and highly personalized cancer therapies.

4.3. Improved Patient Compliance

Advanced drug delivery systems significantly improve patient compliance by
making therapies more convenient and less burdensome. Non-invasive meth-
ods, such as transdermal patches, oral dissolving films, or intranasal sprays, sim-
plify drug administration and eliminate the need for injections or complex reg-
imens [40]. These innovations are particularly beneficial for individuals with
chronic conditions who might otherwise struggle with adherence due to treat-
ment complexity or discomfort [41]. Sustained-release mechanisms further en-
hance compliance by reducing the frequency of dosing, allowing patients to
maintain consistent regimens without the stress of multiple daily administra-
tions [41] [42]. Additionally, nanoparticle-based therapies provide targeted de-
livery and fewer side effects, improving tolerability and encouraging patients to
complete their prescribed treatments effectively [11]. This is especially im-
portant for pediatric and elderly populations, where ease of use and minimal
discomfort are critical for adherence. By addressing both the physical and psy-
chological barriers to treatment, these systems ensure that patients remain en-
gaged in their care plans, leading to improved therapeutic outcomes and overall

quality of life.
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5. Integration with Synergistic Modalities

Preclinical studies have demonstrated remarkable synergy between nanoparticle
delivery systems and immune-based therapies in dermatology, particularly in en-
hancing the efficacy of photodynamic and immunotherapy combinations. PDT,
with its unique combination of non-invasiveness and specificity, has become a
promising tool in the management of dermatological conditions, particularly skin
cancers. The treatment relies on the activation of photosensitizers by light, which
generates reactive oxygen species (ROS) to selectively destroy cancerous cells [43]
[44]. Nanoparticles, as delivery systems, have further enhanced the efficacy of
PDT in dermatology by addressing key limitations of traditional therapies, such
as poor solubility and off-target effects of photosensitizers. For example, poly-
meric and lipid-based nanocarriers have been shown to improve skin permeability
and enable deeper penetration of photosensitizers into the skin layers, overcoming
the barrier posed by the stratum corneum [45] [46]. Additionally, mesoporous
silica nanoparticles have been investigated for their capacity to co-deliver photo-
thermal agents and cytokines, synergizing localized tumor destruction with sys-
temic immune activation [47]. Such approaches not only amplify the therapeutic
impact but also demonstrate the potential for long-term tumor remission through
immunological memory.

In dermatology, the application of PDT extends beyond cancer treatment, of-
fering therapeutic potential for conditions such as psoriasis, acne, and photoaging
[48] [49]. The introduction of nanotechnology has also facilitated the use of PDT
for early-stage cancer detection, as nanoparticles can be engineered with imaging
functionalities to aid in diagnostic precision. Moreover, studies have demonstrated
the ability of metallic nanoparticles, such as gold and silver, to amplify light ab-
sorption, enhancing ROS generation and improving therapeutic outcomes [50]
[51]. These developments are particularly relevant for addressing aesthetic con-
cerns in dermatology, as the selective targeting and minimal damage to surround-
ing healthy tissue preserve the skin’s appearance. Future research aimed at opti-
mizing the biocompatibility and multifunctionality of nanoparticles in PDT holds
promise for expanding its applications to other dermatological conditions while
also addressing critical knowledge gaps in long-term safety and efficacy.

PDT has emerged as a reliable, non-invasive treatment modality for NMSCs
and other dermatologic conditions. However, its geographic and financial acces-
sibility remains a significant barrier to widespread adoption. A retrospective anal-
ysis of U.S. Medicare reimbursement data from 2012 to 2017 highlighted these
disparities, revealing that PDT was available in 41.6% of metropolitan counties
but only 5.4% of nonmetropolitan counties [52]. Given the high prevalence of
NMSCs in both elderly and rural populations, this discrepancy suggests a critical
gap in care that warrants targeted interventions. Several strategies may mitigate
this disparity, including enhanced provider training in PDT, the development of
mobile dermatologic units and telemedicine programs, and collaborative partner-

ships between rural providers and metropolitan dermatology centers to improve

DOI: 10.4236/0jrm.2025.141001

11 Open Journal of Regenerative Medicine


https://doi.org/10.4236/ojrm.2025.141001

R. Misra et al.

resource allocation. In addition to geographic limitations, treatment logistics pose
another significant challenge, particularly in underserved areas. PDT requires a
photosensitizer incubation period prior to light activation, which may exacerbate
barriers to care in rural settings where patients face extended travel times and lim-
ited specialist availability. The Food and Drug Administration (FDA) mandates a
three-hour incubation period for ALA-PDT in actinic keratosis, a precursor lesion
to SCC. Although clinical evidence suggests that shortened incubation periods (1
- 1.5 hours) may yield comparable efficacy, such practices remain off-label [53].
The inconvenience of prolonged incubation may deter patients from pursuing
PDT, further compounding accessibility challenges.

To address this issue, ongoing clinical trials are evaluating the efficacy of alter-
native incubation protocols, including no incubation and reduced incubation
times (1-hour and 2-hour regimens) in actinic keratosis. These findings may in-
form future guideline modifications, enhancing both treatment efficiency and pa-
tient adherence. Ultimately, improving the accessibility of PDT across geographic,
economiic, and systemic barriers is imperative for ensuring that advancements in
dermatologic oncology translate into meaningful clinical outcomes for diverse pa-

tient populations.

6. Challenges, Limitations, and Future Directions

Although nanoparticle-based delivery systems show great promise for treating
NMSCs, their transition from preclinical research to clinical practice remains
challenging. A primary obstacle is the disparity between animal models and hu-
man physiology, which often results in variable outcomes. For example, the dif-
ferences in nanoparticle penetration across the stratum corneum between murine
and human skin significantly affect therapeutic efficacy and drug absorption [54].
This emphasizes the need for more representative models, such as three-dimen-
sional organotypic skin constructs and patient-derived xenografts, to better sim-
ulate human skin architecture and tumor microenvironments. These models pro-
vide an opportunity to refine nanoparticle formulations for enhanced clinical suc-
cess [55]. Additionally, the absence of longitudinal clinical studies on nanoparti-
cle-based systems, particularly for applications requiring prolonged use, creates a
gap in understanding their long-term safety and effectiveness [56]. Addressing
these challenges is essential to advancing the clinical reliability of these therapies.

Technological and economic barriers further impede the scalability and acces-
sibility of nanoparticle-based treatments. Maintaining critical properties such as
particle size, surface charge, and drug encapsulation efficiency during large-scale
production is a persistent issue, often resulting in batch-to-batch variability [57].
Moreover, the infrastructure required for nanoparticle manufacturing, including
cleanrooms and specialized equipment, increases costs, which are particularly
prohibitive in resource-limited settings. These economic constraints are concern-
ing given the rising prevalence of NMSCs in developing regions [58]. Innovations

such as microfluidics and continuous manufacturing processes hold promise for
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improving scalability and cost efficiency, enabling consistent production quality
[11].In addition, public-private partnerships and tiered pricing strategies can pro-
mote equitable access, ensuring these therapies are available to underserved pop-
ulations. Addressing these systemic barriers is vital to bridging the gap between
technological advances and real-world accessibility.

The regulatory landscape presents another significant challenge. Nanoparticles
often possess unique physicochemical properties and mechanisms of action that
do not fit neatly into existing regulatory frameworks. This leads to delays in ap-
proval and clinical adoption. Furthermore, concerns about the long-term safety
of nanoparticles, including their potential to accumulate in non-target tissues and
induce immunogenicity, underscore the need for robust evaluation protocols [59].
Clear regulatory guidelines tailored to nanoparticles, including their nanoscale
behavior and interaction with biological systems, are essential to streamline the
approval process. Comprehensive post-marketing surveillance and longitudinal
safety studies will also be necessary to address public concerns and ensure trust in
these therapies [60]. Establishing such regulatory frameworks will facilitate the
safe and timely integration of nanoparticle-based systems into clinical practice.

Emerging technologies offer promising avenues for overcoming these limita-
tions. Al can optimize nanoparticle design by predicting ideal physicochemical
properties, identifying effective drug combinations, and simulating biological in-
teractions [61]. For example, Al-based algorithms can enhance the development
of stimuli-responsive nanoparticles and ligand-functionalized systems, improving
targeting precision and therapeutic outcomes. Additionally, wearable biosensors
integrated with nanoparticle therapies can enable real-time monitoring of drug
delivery and patient responses, enhancing treatment personalization. Advances in
controlled-release mechanisms and novel targeting strategies further expand the
therapeutic potential of nanoparticles, minimizing systemic exposure and off-tar-
get effects [62]. These innovations not only address current challenges but also
position nanoparticle-based therapies as transformative tools in the treatment of
NMSCs.

7. Conclusion

Nanoparticle-based delivery systems offer significant potential for improving
NMSC treatment outcomes. By enhancing drug bioavailability, achieving targeted
delivery, and minimizing systemic toxicity, these systems address critical limita-
tions of conventional therapies. Various nanoparticle types, including liposomes,
polymeric nanoparticles, and dendrimers, exhibit unique properties that can be
exploited for effective drug delivery. These systems improve the penetration of
therapeutic agents through the skin, enhance drug retention within the tumor mi-
croenvironment, and enable controlled release, thereby maximizing therapeutic
efficacy and minimizing side effects. The advancements in nanoparticle-based
therapies hold immense promise for revolutionizing NMSC treatment. By en-

hancing drug delivery and minimizing side effects, these technologies can signifi-
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cantly improve patient quality of life and contribute to better treatment outcomes.

Collaboration among clinicians, engineers, researchers, and stakeholders is essen-

tial for the future development of NMSC nanoparticle delivery systems. By foster-

ing interdisciplinary collaboration, we can bring these systems from research labs

to a patient’s bedside and improve NMSC outcomes.
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