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Introduction

Skin cancer, the most prevalent cancer 
type, is becoming increasingly widespread 
globally [1]. Melanoma is a potentially 
lethal cancer affecting melanocytes in the 
skin. Melanoma develops from abnormally 
growing melanocytes [2]. Epidemiological 
research has linked excessive alcohol con-
sumption and UV damage to melanoma 
risk [3]. Novel treatments that target can-
cer cells while sparing healthy cells are 
urgently needed. Local delivery through 
transdermal and topical administration is 
recommended owing to its cost-effective-
ness and convenience [4]. Because topical 
medicines exhibit low absorption through 
the skin, new drug delivery technologies 
are required. Nanoparticles, hydrogels, 
and nanohydrogels enhance drug delivery 
via skin penetration through controlled 
release, thereby increasing penetration and 
drug protection. Transdermal drug delivery 
of 5-FU offers benefits including enhanced 
solubility, bioavailability, stability, and 
half-life; targeted distribution; and dimin-
ished adverse effects [5, 6]. Chitin (CH) 
forms polyelectrolyte complexes, and its 

OH and NHCOCH
3
 groups facilitate load-

ing of drug molecules [7]. Natural poly-
mers such as CH are biocompatible and 
biodegradable, and therefore are suitable 
for wound dressings, medication release, 
and tissue engineering applications [1, 8]. 
Nanogels, nanoscale hydrogels, are there-
fore attractive drug delivery candidates. 
Hydrogels’ cross-linked polymeric net-
work provides biocompatibility through 
water retention, low-surface tension, and 
an ECM-like structure [9]. Their features 
include responses to environmental stim-
uli, high drug loading, controlled release, 
favorable permeability and surface area, 
and adjustable size [9, 10]. The pyrimidine 
analog 5-FU disrupts thymidylate syn-
thase and therefore is used to treat numer-
ous solid tumor types [6], including brain, 
colon, pancreas, breast, liver, and gastro-
intestinal tumors [6]. Although 5-FU has 
been approved by the US FDA for topical 
treatment of basal cell carcinoma and other 
superficial skin lesions, its therapeutic util-
ity is limited by its rapid degradation, sys-
temic toxicity, and poor skin permeation 
in traditional formulations [6]. Therefore, 
formulating 5-FU into advanced delivery 
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Abstract

The pyrimidine analog 5-flurouracil (5-FU) is effective against solid tumors. However, the half-life of intra-
venously administered 5-FU is less than 20 min, and the compound is quickly eliminated and shows systemic 
toxicity. This study was aimed at developing a nanohydrogel of 5-FU to improve anticancer drug delivery 
for skin cancer treatment. We prepared 5-FU Chitin nanoparticles (5-FCHNPs) through the ionic gelation 
technique, and used a 32-factorial design approach to optimize the 5-FCHNPs and nanohydrogel formula-
tions. Subsequently, 5-FCHNP particle size, zeta potential, and entrapment efficiency were evaluated. The 
optimized nanohydrogel formulation was assessed for pH, spreadability, consistency, morphology, and trans-
mission electron microscopy (TEM), scanning electron microscopy (SEM), and in vitro cytotoxicity analyses 
were conducted. The developed nanohydrogel formulation (5-FNH9) showed 68.40% entrapment efficiency, 
72.88% drug release, and 1.418% skin penetration. The IC

50
 value of 5-FU was greater than that of 5-FNH9. 

The developed 5-FNH exhibited enhanced skin penetration and pH-responsive controlled drug release, and 
therefore has potential in skin cancer treatment.
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systems that achieve enhanced bioavailability and localized 
action is essential [11]. Despite the individual therapeutic 
potential of 5-FU and CH-based hydrogels, their integration 
into a unified nanohydrogel system tailored for topical can-
cer therapy remains underexplored. Combining the cytotoxic 
efficiency of 5-FU with the dermal compatibility and func-
tional versatility of CH nanogels provides a novel platform 
that might potentially overcome the limitations of conven-
tional treatments. In this study, we developed a CH-based 
nanohydrogel for effective delivery of 5-FU, with aims of 
enhancing drug stability, controlled release, and skin pene-
tration. To optimize the formulation, we used a 32 factorial 
design enabling systematic evaluation of key formulation 
factors and their interactions. This statistical approach not 
only decreased the number of experiments required but also 
aided in efficient identification of optimal conditions. Our 
system combining the therapeutic potential of 5-FU with 
the favorable properties of CH nanogels offers a promis-
ing alternative to conventional delivery methods that may 
decrease systemic adverse effects and improve local treat-
ment outcomes. Beyond skin cancer, this nanohydrogel plat-
form may find broader applications in topical treatments for 
other dermatological conditions, targeted cancer therapies, 
and personalized transdermal delivery systems, thus opening 
avenues to future translational and clinical research.

Materials and methods

Materials

The 5-FU was provided free of charge by Cipla 
Pharmaceuticals Ltd. in Margao, Goa, India. All other chem-
icals were of analytical grade.

Preparation of 5-FCHNPs

The 5-FCHNPs were prepared through the ion-gelation 
technique. Briefly, 100 mL 1% acetic acid was used to dis-
solve 75, 100, or 125 mg CH. Separately, a 0.1% w/v 5-FU 

dispersion was generated in phosphate buffer (pH 4.7). The 
5-FU solution was slowly added to the CH solution with a 
microsyringe. Subsequently, 2 mL (0.2 mg/mL) sodium 
tripolyphosphate (TPP) solution was added, agitated for 10 
minutes at 5000, 7500, and 10000 rpm, and allowed to stand 
at room temperature for 2 hours [12]. Details of the formula-
tion’s variable components are shown in Table 1.

32 Factorial design for 5-FCHNP 
preparation

The experimental design used a 32-factorial approach in 
Design Expert (Version 13.0, Stat-Ease Inc., USA). The 
independent variables, stirring speed and CH concentration, 
influenced the dependent variables, Y1 (particle size), Y2 
(zeta potential), and Y3 (entrapment efficiency) (summa-
rized in Table 1). ANOVA was used to analyze the factors 
affecting these responses, and three-dimensional response 
surface and contour plots were constructed to illustrate the 
relationships between the factors and the responses [13].

Evaluation of 5-FCHNPs

Particle size and zeta potential

The dynamic light scattering technique (HORIBA Scientific 
SZ-100) was used to assess the average particle size and sur-
face charge [6].

Percentage drug entrapment

The percentage drug entrapment (PDE) for each formulation 
was calculated with the centrifugation method [14, 15] and 
the following formula:

	

A BPDE  100
A
−

= ×
�

(1)

Table 1  The 32-Factorial Design for 5-FCHNP Preparation

Std.   Run  
 

Factor 1  
 

Factor 2  
 

Response 1  
 

Response 2  
 

Response 3
Polymer concentration
(mg/100 mL) (A)

Stirring speed 
in (rpm) (B)

Particle size
(nm) (Y1)

Zeta potential
(mV) (Y2)

% EE
(Y3)

3   1   125   5000   565.2   44.5   63.67

9   2   125   10000   101.3   27.3   68.4
6   3   125   7500   344.6   23.3   65.1

8   4   100   10000   121.5   28.81   65.24

2   5   100   5000   545.4   40.1   62.8

5   6   100   7500   318.7   24.9   63.95

4   7   75   7500   316.4   22.1   61.9

1   8   75   5000   479.6   32.8   61.23

7   9   75   10000   168.5   31.2   60.79

EE, entrapment efficiency.
Bold values indicate optimized batch parameters.
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Development of 5-FU 
nanohydrogel

Through a mixing process, optimized 5-FCHNPs (F9) were 
incorporated into a hydrogel structure. Carbopol 940 was 
used as a gelling agent to construct a 1% w/w 5-FCHNP 
gel. The mixture was homogenized for 1 hour at 800 rpm. 
The pH was adjusted to skin pH by addition of glycerol and 
triethanolamine.

32 factorial design for 5-FU 
nanohydrogel development

We used a 32 factorial design in Design Expert (Version 13.0, 
Stat-Ease Inc., USA) to optimize independent factors, such 
as triethanolamine and carbopol concentrations, for nanohy-
drogel formulation. The analyzed dependent variables com-
prised viscosity, drug release, and skin penetration (Table 2). 
Correlations and interactions were visualized through 3D 
contour and response surface plots.

Evaluation of 5-FU 
nanohydrogel

Physicochemical characterization

The obtained 5-FU nanohydrogel (5-FNH) was visually ver-
ified according to phase separation, homogeneity, fluidity, 
purity, viscosity, pH, spreadability, swelling index, entrap-
ment efficiency, particle size, and zeta potential of gel state 
[16–19].

FTIR spectroscopy

FTIR spectra were obtained with a Bruker Alpha II FTIR 
spectrophotometer and captured through a wave number 
range of 4000–400 cm−1.

Microscopic analysis

The microscopic structures of the synthesized 5-FNH were 
assessed with a scanning electron microscope (JSM-6360, 
Jeol Instruments, Japan). Size characterization was per-
formed with TEM (JEM-2100 Plus, JEOL Ltd., Tokyo, 
Japan) [20].

DSC study

DSC thermograms were recorded at a temperature range of 
25–500°C under nitrogen gas purging at a flow rate of 40 
mL/min to maintain an inert atmosphere [21].

P-XRD analysis

P-XRD patterns for the samples were recorded in the 10–
70°/2θ range, with a copper X-ray target with a wavelength 
of 1.54 Å [22].

Drug release

A cellulose membrane dialysis bag (12 kD, Sigma, 
Germany) was filled with 500 μg 5-FNH. The dialysis bag 
was sealed and submerged in a 100 mL beaker containing 50 
mL dissolution medium (PBS, pH 7.4) under agitation with 
a magnetic stirrer at 100 rpm at a temperature of 37 ± 2°C. 
At predetermined intervals, 2 mL samples were collected 
and replaced with an equivalent volume of PBS to maintain 
sink condition [23]. The aliquots were analyzed with a UV 
spectrophotometer set to 266 nm to determine drug amounts.

In vitro drug diffusion

Drug diffusion from the nanohydrogel was conducted at 
the physiological skin pH (7.4) and tumor site pH (4.5–6.5) 
with a modified Franz diffusion cell. The activated cellulose-
acetate membrane was positioned between the donor and 
recipient plates. The 5-FNH formulation (1 g) was placed 
into the donor chamber. PBS (30 mL) at pH 5.5 or 7.4 served 

Table 2  Evaluation of 5-FCHNP-Loaded 5-FNH

Run   Carbopol
w/v
X1

  Triethanolamine 
(mL)
X2

  Viscosity (Cp)
Y1

  Drug Release (%)
Y2

  Skin Permeation (%)
Y3

  P. Size (nm)
Y4

  EE (%)
Y5

1   1.5   0.2   865   63.16   1.201   210.5   60.79

2   1   0.3   724   62.24   1.009   189.2   61.9

3   0.5   0.2   985   59.42   1.119   220.7   62.8

4   0.5   0.3   608   60.24   1.152   201.5   65.9

5   1.5   0.3   679   65.89   1.246   193.6   63.95

6   1   0.2   948   63.89   1.106   189.5   63.4

7   0.5   0.4   715   60.24   1.318   205.6   58.6

8   1   0.4   685   65.39   1.283   198.7   62.7

9   1.5   0.4   760   72.88   1.418   195.3   68.4

Bold values indicate optimized batch parameters.
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as the diffusion medium. The system was placed under mag-
netic stirring (100 rpm) at 37 ± 2°C. The sink condition was 
maintained by withdrawal of 1 mL sample and replacement 
with PBS. The 5-FU was determined with a UV-visible spec-
trophotometer at 266 nm [24, 25].

In vitro cytotoxicity study

The A431 cell line was used to test the cytotoxicity of 
5-FNH9 and pure drugs (5-FU) through MTT assays [26]. 
An ELISA plate reader was used to determine the absorbance 

Figure 1  Linear plots (A, C, E) and surface response plots (B, D, F) for particle size, zeta potential, and percentage entrapment efficiency 
of 5-FCHNPs, respectively.
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at an optical density of 570 nm. Cell viability was plotted 
against sample concentration to create a dose-response curve 
[26]. Equation (2) was used to determine the proportion of 
viable cells.

% Cell viability Mean OD of test compound /
Mean OD of Negative control 100

=
× �

(2)

where OD is the optical density.
GraphPad Prism version 5.1 was used to determine the 

IC
50

 value.

Stability study

According to ICH recommendations, an accelerated stabil-
ity analysis of the nanohydrogel formulation (5-FNH9) was 
conducted at room temperature (25°C) and a relative humid-
ity of 60% [27].

Results and discussion

Design of experiments (5-FCHNPs)
Particle size
The mean diameters of 5-FCHNPs increased with the CH 
and TPP concentrations (Table 1). The interaction between 

negatively charged TPP and CH was key for synthesis of 
5-FCHNPs. The quadratic model identified the best data 
patterns, for which the equations fit well. The particle size 
equation was:

	 Y1 329.02 7.77A 199.82B 38.20AB= + + − − � (3)

where Y1 is the particle size, polymer concentration is factor 
A, and stirring speed is factor B.

Factor A positively influenced Y1, thus indicating that 
particle size increased with increasing polymer concen-
tration. Factor B negatively affected Y1, thus indicating 
that particle size decreased with increasing stirring speed 
(Figure 1A, B). This behavior was likely to have arisen 
from CH and TPP ionic cross-linking, in agreement with 
similar findings from a prior study [28]. The particle size 
distribution of the optimal formulation (5-FCHNPs-9) is 
shown in Figure 2A.

Zeta potential

The zeta potential reveals particle charge and dispersion sta-
bility; effective stabilization requires a surface charge value 
within +30 mV and −30 mV [26]. Freshly made 5-FCHNPs 
showed zeta potentials ranging from 22.1 to 44.5 mV, 
thereby indicating adequate charge and mobility to avoid 
aggregation (Table 1) [29].

Figure 2  Particle size (A) and zeta potential (B) of optimized nanoparticles (5-FCHNPs9). Particle size (C) and zeta potential (D) of optimized 
5-FNH9.

BIOI  2025 B
rief R

ep
o

rt



6� Y. D. Dange et al.: DOI: 10.15212/bioi-2025-0090

Table 3  Statistical Analysis of the 32-Factorial Experimental Design used to Develop the Nanohydrogel

Response Quadratic Model
P Value R2 Adjusted R2 Predicted R2

Viscosity 0.0050 0.9870 0.9653 0.8682

Percentage drug release 0.0451 0.9419 0.8450 0.3281

Skin permeation 0.0411 0.9455 0.8547 0.5822

Figure 3  Surface response plots (B, D, F) and linear plots (A, C, E) for investigation of 5-FNH viscosity, percentage drug release, and per-
centage skin penetration, respectively.
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The model was represented by the following equation:

	

= + + − − −

+

2

2

Y2 24.15 1.50A 5.01B 3.90AB 1.07A

10.68B
� (4)

where Y2 is the zeta potential, factor A is the polymer con-
centration, and factor B is the stirring speed.

The zeta potential increased with increasing poly-
mer concentration but decreased with stirring speed 

Figure 4  FTIR spectra of 5-FU, physical mixture, and 5-FNH9.

Figure 5  P-XRD of 5-FU, physical mixture, and 5-FNH9 (A), SEM (B), and TEM (C).
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(Figure 1C, D). Figure 2B displays the zeta potential of the 
optimized formulation (5-FCHNPs9).

Entrapment efficiency

The percentage entrapment efficiency for all formulations 
ranged from 60.79% to 68.40% (Table 1). Maximizing the 
entrapment efficiency while achieving a small particle size 
is essential for nanoparticle production, because these char-
acteristics substantially influence drug encapsulation. These 
results were likely to have arisen from ionic cross-linking 
between TPP and the unbound CH in the dispersion, as 
demonstrated in previous studies [28, 30]. Entrapment effi-
ciency was positively influenced by both independent fac-
tors A and B (Figure 1E, F). A mathematical explanation of 
entrapment efficiency is as follows:

	 = + + + +Y3  63.68 2.21 A 1.12B 1.29AB � (5)

where Y3 is the entrapment efficiency, factor A is the poly-
mer concentration, and factor B is the stirring speed.

Design of experiments (5-FNH)

Our findings suggested that quadratic modeling best explained 
the data patterns and highlighted the significant influences of 
triethanolamine (0.2 to 0.4 mL) and carbopol (0.5 to 1.5%) 
concentrations on the studied phenomena (Table 3).

The viscosity (Y1) correlation is described by the follow-
ing equation:

	

= + + + +

+ −2 2

Y1 742.33 137.67X1 40.33X2 10.75X1X2

62X1 14X2
� (6)

Figure 6  DSC thermogram of pure 5-FU (A), physical mixture (B), and optimized 5-FNH9 (C).

Figure 7  In vitro drug release of 5-FNH1 to 5-FNH9 (A), and in 
vitro drug diffusion of 1% 5-FNH9 and 1% Flonida cream (standard 
marketed formulation) at various pH levels (B).
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This equation indicates that both carbopol (X1) and trieth-
anolamine (X2) positively influence viscosity, which mark-
edly increased with increasing concentrations of polymers 
and triethanolamine (Figure 3A and B) [29].

The drug release (Y2) correlation is described by the fol-
lowing equation:

	

= + + + +

− +2 2

Y2 62.92 3.67X1 2.01X2 2.22X1X2

0.2017X1 1.37X2 �
(7)

The favorable effects of both carbopol (X1) and triethan-
olamine (X2) parameters on drug release are shown by the 
equation (Figure 3C, D). The concentrations of triethanola-
mine and carbopol enhance drug loading and consequently 
promote drug release [31].

Skin penetration is increased by the combined effects of A 
and B, according to the following equation.

	

= + + + +

+ +2 2

Y3 1.06 0.0460X1 0.0988X2 0.0045X1X2

0.1097X1 0.1052X2
� (8)

Figure 3E and F illustrates effect of concentrations of 
carbopol (X1) and triethanolamine (X2) on skin penetration. 
Possible explanations for this activity include enhanced pol-
ymer activation in the presence of triethanolamine.

Evaluation of 5-FNH

The developed nanohydrogel’s pH decreased from 6.8 to 5.7. 
A pH range of 6.5–6.8, which is close to the typical pH of 
human skin, was chosen for the optimized 5-FNH to ensure 
its safety and suitability for use [23, 25]. The 5-FNH9 for-
mulation was determined to have optimal pH, spreadability, 
and viscosity with a swelling index of 317 ± 0.72, and there-
fore was considered the most ideal nanohydrogel formula-
tion (Table 2) [23, 26].

The optimal 5-FNH9 had a PDI of 0.301 and a mean ves-
icle size of 195.3 nm (Figure 2C). The surface charge of 
optimized 5-FNH9 was 29.9 mV, thus demonstrating sta-
bility [26]. A positively charged hydrogel might achieve 
enhanced skin adherence because of interactions with nega-
tively charged skin surface elements [23]. All batches showed 
entrapment efficiencies of 58.60%–68.40%. The formulation 
was optimized according to entrapment efficiency and parti-
cle size, and the optimized formulation (5-FNH9) achieved 
68.40% entrapment efficiency (Table 2) [32, 33]. FTIR spec-
tra (Figure 4) confirmed successful 5-FU entrapment within 
CH-TPP NPs, with no drug-excipient interaction indicated by 
the shift. Similar results have been found in previous inves-
tigations [26, 34]. SEM micrographs of optimized 5-FHN9 
showed a smooth round shape (Figure 5B). A TEM study 
(Figure 5C) indicated diameters of 141–120 nm. Sharp melt-
ing endotherms in DSC at 286.96°C were visible in the DSC 
thermogram of pure 5-FU, thus indicating its crystalline form 
[34]. The 5-FNH formulation showed slight changes with 
5-FU melting endotherms broadening at 249.96°C. Our find-
ings (Figure 6) [23, 34] indicated drug entrapment within a 

Table 4  Release Kinetics for the 5-FNH9 Nanohydrogel Formulation

Release Medium  
 

Correlation Coefficient (R2)
Zero-order 
Kinetics

  First-order 
Kinetics

  Higuchi 
Kinetics

  Hixon-Crowell 
Kinetics

  Korsmeyer– 
Peppas Kinetics

PBS, pH 7.4   0.998   0.987   0.955   0.993   0.982

PBS, pH 5.5   0.997   0.988   0.969   0.994   0.975

Figure 8  Cytotoxicity studies of pure 5-FU solution, FNH9, and for-
mulation without drug at 48 h toward A431 cells.

Table 5  IC50 Values of Pure 5-FU Solution and 5-FNH9 
Formulation (μg/mL) Against A431 Cells After 48-h 
Incubation

Batch 
Codes

IC50 Value*

Pure 5-FU 54.28 ± 0.23

5-FNH9 47.65 ± 0.15

Blank 746.54 ± 0.22

Mean ± SD is represented by each value, with n = 6.

Table 6  Stability Study of Nanohydrogel (5-FNH9)

Days pH % EE Zeta Potential Viscosity Appearance
0 6.1 ± 1.10 68.4 ± 0.32 29.9 ± 0.22 985 ± 0.72 +++

30 6.2 ± 0.98 68.1 ± 0.84 29.8 ± 0.14 986 ± 1.15 +++

60 6.4 ± 0.43 67.8 ± 0.72 31.5 ± 0.56 987 ± 2.35 +++

90 6.7 ± 0.10 67.2 ± 0.58 32.16 ± 0.46 987 ± 0.72 +++
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polymer matrix with reduction in crystallinity. In the diffracto-
gram of 5-FNH9 (Figure 5A), 5-FU showed a strong P-XRD 
signal indicating crystalline powder. The 5-FNH9 formulation 
showed few diffusive peaks, indicating amorphous 5-FU [34].

All batches achieved 53.78–72.88% drug release within 
24 h. The optimized 5-FNH9 nanohydrogel released 72.88% 
of the drug over 24 h (Figure 7A). Our results therefore indi-
cated that 5-FNH is suitable for transdermal drug delivery. 
The compound 5-FNH9 exhibited 24.34% and 34.72% drug 
release at pH 7.4 and pH 5.5, respectively, within 12 h. In 
contrast, commercial 1% Flonida cream demonstrated faster 
diffusion, releasing 95.67% of the drug in 4 h (Figure 7B). 
To analyze in vitro drug release data, we used mathemat-
ical models including Korsmeyer-Peppas, Hixon-Crowell, 
Higuchi, zero-order, and first-order models. According to 
the R2 values (Table 4), zero-order kinetics was the best-fit 
model [23], thus suggesting controlled release.

Cell survival decreased with increasing concentrations 
of optimized 5-FU nanohydrogel and 5-FU, thus showing 
dose-dependent cytotoxicity (Figure 8). The finding that the 
5-FNH9 formulation was more cytotoxic to A431 cells than 
the pure 5-FU solution at all concentrations further suggested 
that the formulation without drug was biocompatible and 
nontoxic, and did not affect cell viability. Table 5 shows IC

50
 

values for the pure 5-FU, 5-FNH9, and the formulation with-
out drug. The pH, zeta potential, viscosity, and appearance 
of the 5-FNH9 formulation tested at 0-, 30-, 60-, and 90-day 
intervals were found to be stable (Table 6). The entrapment 
efficiency of 5-FNH9 at 25°C did not substantially differ 
over 90 days in stability testing (P >0.05) (Table 6).

Conclusion

The nanohydrogel exhibited favorable swelling index val-
ues and spreadability properties. A zero-order matrix model 
was shown by in vitro drug release kinetics, thus indicating 
controlled release from the polymer matrices. The 5-FNH 
formulation showed more drug release at acidic pH 5.5 
(tumor site pH) than the normal pH  7.4, thus facilitating 
targeted delivery to the acidic environment of cancerous 
cells. In vitro cytotoxicity tests revealed that the nanohy-
drogel formulation (5-FNH9), in contrast to the pure drug, 
exhibited enhanced 5-FU distribution in A431 cells and 
high cytotoxicity. The developed 5-FU-loaded CH nanohy-
drogel has promising potential for topical delivery in the 
treatment of skin cancer, by enabling pH-responsive con-
trolled release and improved formulation characteristics. 
However, further in vivo studies are required to assess the 
bioavailability, pharmacokinetics, and pharmacodynamics 
of the formulation to confirm its therapeutic effectiveness. 
Although CH is a biodegradable and biocompatible poly-
mer, its in vivo safety and compatibility must be thoroughly 
evaluated. Future work should focus on optimizing these 
parameters to support clinical translation and the develop-
ment of an effective targeted anticancer therapy.

Beyond its potential for treating skin cancer, this nano-
hydrogel platform offers a versatile foundation for broader 
biomedical applications. Its tunable release profile, 

biocompatibility, and responsiveness to environmental stim-
uli are suitable for delivery of a wide range of therapeutic 
agents, including antibiotics, anti-inflammatory agents, and 
gene-based therapies. The platform could also be adapted 
for other skin-associated disorders such as psoriasis, chronic 
wounds, or fungal infections. Moreover, the incorporation of 
diagnostic agents might pave the way to theranostic applica-
tions combining treatment with real-time monitoring. With 
further development, this system holds promise for not only 
oncology but also the advancement of personalized and pre-
cision medicine in dermatology and other fields.
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