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structure of the nanohydrogel was confirmed via FTIR, XRD, FE-SEM, EDX, and TGA analyses. Drug
loading parameters, including pH, contact time, and temperature, were optimized using response surface
methodology, yielding optimal conditions at pH 7.4, 60 minutes, and 50 °C. Adsorption followed the
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potential as a promising platform for controlled and targeted delivery of anti-cancer therapeutics.
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attracted considerable attention due to its ability to
transport therapeutic agents to target sites efficiently
In recent decades, nanotechnology has emerged as a while minimizing systemic side effects [1,2].

1. Introduction

pivotal scientific and industrial advancement, enabling
precise control over material properties at the nanoscale.
Among its diverse applications, drug delivery has

Nanocarriers represent one of the most advanced
platforms for drug delivery, offering controlled release,
enhanced therapeutic efficacy, and targeted action [3—5].
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Smart nanocarriers, including polymeric nanoparticles
(NPs), lipid-based NPs, dendrimers, and inorganic sites
owing to their unique structural and functional features
[6,7]. Among these, polymeric NPs have gained
particular interest because of their biocompatibility,
biodegradability into non-toxic products, and versatile
biomedical applications [8,9]. Stimuli-responsive
hydrogels and nanocomposites have NPs,play critical
roles in delivering drugs to specific Hydrogels,
composed of hydrophilic polymer networks can absorb
large amounts of water while remaining insoluble in
organic solvents. Their tunable swelling behavior allows
precise control over drug release kinetics, making them
suitable for delivering both small-molecule drugs and
biomacromolecules such as proteins, peptides, and
oligonucleotides  [14,15].  Near-infrared  (NIR)-
responsive hydrogels offer advantages such as deep
tissue penetration, minimal invasiveness, and selective
drug release. However, conventional NIR-responsive
nanocomposite hydrogels often display suboptimal
photothermal efficiency [16-19]. In this study, a
temperature-sensitive nanohydrogel (PPGNT) based on
poly(phenylglycine) (PPG) was synthesized and
evaluated primarily for its drug loading capacity, while
its photothermal properties and partial drug release were
also investigated, forming a stable, injectable gel
suitable for localized cancer drug delivery. This system
enables site-specific release upon NIR irradiation. The
design of effective cancer nanotherapeutics requires
careful optimization of functional particles, targeting
ligands, and controlled-release mechanisms. In this
work, PNPG, a biodegradable and water-soluble
polymer, served as the hydrogel matrix. Its degradation
into naturally occurring metabolites reduces toxicity and
prolongs systemic circulation by minimizing immune
recognition.

Receptor tyrosine kinases (RTKs) are key regulators of
angiogenesis, tumor growth, and metastasis. Sunitinib
malate (Sun), a multi-target RTK inhibitor approved by
the FDA for treating renal cell carcinoma and
gastrointestinal stromal tumors, demonstrates strong
pharmacological and clinical performance, making it an
ideal candidate for incorporation into this nanohydrogel
drug delivery system [51,52].

2. Materials and methods

2.1. Chemicals and Equipment

Analytical-grade N-phenylglycine, AIBN, APS, NHS,
N-vinyl caprolactam, allylamine, EDC, DMSO, a-
cyclodextrin, DMF, and sulfuric acid were purchased
from Sigma-Aldrich and Merck. Sun malate was kindly
supplied by Sobhan Darou (Tehran, Iran). Ultrapure
water was freshly prepared using a Milli-Q purification
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system (Millipore, USA). All reagents were used
without further purification.

2.2. Structural and Morphological Characterization

FTIR: Functional groups of the synthesized
nanoparticles (NPs) were identified using a PerkinElmer
FTIR spectrometer (400—4000 cm™) with KBr pellet
samples.

EDX: Elemental composition and mapping were
analyzed using an EDX detector coupled with FE-SEM.
FE-SEM: Morphology and size distribution of the
nanohydrogel and NPs were observed using a TESCAN
MIRA3 microscope. Samples were sputter-coated with
gold prior to imaging.

TGA: Thermal stability was evaluated using a
Rheometric Scientific STA instrument over 25-600 °C
at 10 °C/min under nitrogen.

UV-Vis: Absorbance measurements of Sun malate were
conducted using a Cary 100 UV-Vis spectrophotometer
(Agilent Technologies, USA).

2.3. Preparation of Standard Drug Solution

A stock solution of Sun was prepared at a concentration
of 20 mg/L by dissolving 0.002 g of the drug in 100 mL
of solvent. This stock solution was then serially diluted
with deionized water to obtain standard solutions in the
range of 5-80 mg/L

2.4. Synthesis and Characterization of Polyphenyl
Glycine Nanoparticles

Poly(phenylglycine) (PPG) nanoparticles were prepared
through oxidative polymerization of phenylglycine (PG)
monomer. Briefly, 0.182 g of PG (1.2 mmol) was
dissolved in 15 mL of 0.1 M sulfuric acid. Separately,
0.27 g of ammonium persulfate (APS, 1.2 mmol) was
dissolved in 2 mL of 0.1 M sulfuric acid and slowly
added to the monomer solution over one hour under
constant stirring. The reaction mixture was maintained
in an ice bath at 0-5 °C for 5 h and then stored in the
dark at room temperature for 48 h. The polymer was
subsequently dried under vacuum at 50 °C, resulting in
a green product (Fig 1a) . To enhance functionality, PPG
was further modified with allylamine, introducing
reactive groups suitable for subsequent
copolymerization with N-vinylcaprolactam (NVCL),
yielding a  temperature-sensitive  nanohydrogel
(PPGNT). The influence of oxidant concentration,
reaction time, temperature, and pH on polymer
formation was systematically evaluated [16, 27]

2.5. Characterization

The chemical structure of the synthesized polyphenyl
glycine (PPG) was confirmed by Fourier-transform
infrared spectroscopy (FTIR) using a Bruker IFS 66/S
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instrument, with measurements taken from 400 to 4000
cm™'. UV-Visible absorption spectra of PPG were
recorded at ambient temperature using a Shimadzu UV-
2100 spectrophotometer within the 300-900 nm
wavelength range.

2.6. Synthesis of Modified Polyphenyl Glycine
Nanoparticles and Characterization

Polyphenyl glycine (PPG) was functionalized with
allylamine via an amide condensation reaction to
produce modified PPG nanoparticles (PPGN). In detail,
0.18 g of PPG was dissolved in 20 mL of DMSO under
continuous stirring at 200 rpm at room temperature (25
°C) until a clear solution was obtained (~30 min). Then,
0.31 g of EDC (2 mmol) and 0.23 g of NHS (2 mmol)
were added, and the mixture was stirred for 2 hours at 25
°C under a nitrogen atmosphere to activate the carboxyl
groups. Subsequently, 5 mL of allylamine was added
dropwise over 5 min, and the reaction continued under
nitrogen with stirring at 200 rpm for an additional 2
hours at room temperature. After that, the mixture was
heated to 80 °C and kept in the dark at room temperature
for 72 hours to ensure complete reaction. DMSO was
removed by rotary evaporation at 10 mbar and 80 °C,
with stirring at 100 rpm. The resulting dark aqueous
mixture was then washed three times with deionized
water to remove unreacted reagents and dried under
vacuum at 50 °C for 24 hours.

The successful incorporation of allylamine functional
groups into the polymer structure was confirmed by
FTIR spectroscopy (range: 4000-400 cm™, resolution: 4
cm!, 32 scans; see Fig 1b).

2.7. Synthesis and Functionalization of PPGN
with Temperature-Sensitive Groups

To enhance the photothermal efficiency, the modified
PPG nanoparticles (PPGN) were further functionalized
with temperature-sensitive groups. Briefly, 0.5 g of
PPGN was dissolved in 40 mL of ethanol under
continuous stirring at 200 rpm at room temperature (25
°C) until a homogeneous solution was obtained (~20
min). Then, 0.8 g of N-vinyl caprolactam, 0.1 g of AIBN
(initiator), and 8 mL of allylamine were added. The
monomers were added dropwise over 5 minutes, and the
mixture was stirred for an additional 30 minutes at room
temperature under a nitrogen atmosphere to remove
dissolved oxygen and prevent radical termination.

The reaction mixture was then refluxed under nitrogen
at 60—65 °C for 7 hours with continuous stirring at 200
rpm. After completion, the resulting temperature-
sensitive polymer (PPGNT) was allowed to cool to room
temperature and dried in a vacuum oven at 50 °C for 24
hours. Successful incorporation of temperature-sensitive
groups was confirmed by FTIR spectroscopy (range:
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4000-400 cm™, resolution: 4 cm™, 32 scans; see Fig 1¢).
Additional characterization, including SEM and TGA,
was performed to assess morphology, particle size
distribution, and colloidal stability .

2.8. Preparation of Sunitinib-Loaded PPGNT
Nanohydrogel

Ten milliliters of Sun solution (10 mg/L) was initially
dissolved in 1 mL of DMF and then diluted with 1 mL
of distilled water. Subsequently, 1 mg of PPGNT was
added, and the mixture was stirred at room temperature
in the dark for 1 hour. After incubation, the solution was
centrifuged at 3000 rpm for 15 minutes to remove any
unbound Sun.The concentration of the loaded drug was
determined using UV-Vis spectroscopy at A_max = 470
nm. The drug-loaded Nanohydrogel were washed
several times with deionized water and then dried at
room temperature. Drug loading was calculated as the
ratio of the weight of the loaded drug to the weight of the
dry polymer matrix. Drug loading efficiency (DLE) was
calculated using the following equation (Eql)

D
DLE=—%+— (1)

2.9. Preparation of Hydrogel

A total of 0.04 g of PPGNT was dissolved in 10 mL of
distilled water and stirred for 15 minutes. Subsequently,
0.0001 g of Sun was added, followed by 2 mL of a 100
mg/L a-cyclodextrin (a-CD) solution. The mixture was
agitated on a shaker for 15 minutes, then subjected to
ultrasonic treatment for 5 minutes, and allowed to
equilibrate at room temperature for a few minutes.After
the adsorption process, the solution was centrifuged at
3000 rpm for 15 minutes. The concentration of Sun in
the supernatant was determined using UV-Vis
spectroscopy at A_max = 470 nm. Fourier-transform
infrared spectroscopy (FTIR) was performed to evaluate
the degree of drug binding to the polymer matrix

2.10. Drug Release of Sunitinib under Laboratory
Conditions

The release behavior of Sunitinib (Sun) under laboratory
conditions was evaluated at two different pH levels,
simulating physiological media: pH 7.4 (intestinal fluid)
and pH 1.2 (gastric fluid). In this procedure, 0.01 g of
Sun-loaded PPGNT was placed in a dialysis bag, which
was immersed in the corresponding buffer solution and
incubated at 37 °C with gentle shaking (50 rpm) for 30
minutes. At predetermined time intervals, the dialysis
bag was removed and transferred into 5 mL of fresh
buffer solution to maintain sink conditions. The amount
of drug released was quantified using a UV-Vis
spectrophotometer at A_max = 470 nm. All release
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experiments were performed in triplicate. The
cumulative drug release percentage was calculated
according to Eq(2). In this context, (Ct) and (CO)
represent the amounts of Sun released and the amount of
Sun loaded at time (t), respectively. The percentage of

drug release can be calculated using the formula.
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0

Eq(2) enables the quantitative evaluation of the
cumulative release profile, providing insight into the
extent of Sunitinib released from the nanohydrogel
matrix over time. .
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Figure 1. Schematic representation of the synthesis of (a) PPG, (b) PPGN, and (c) PPGNT
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2.11. Design of Experiments Using Central
Composite Design

Design of Experiments (DOE) is widely recognized as a
robust approach to optimize experimental conditions
while reducing the number of trials, time, and material
consumption. A commonly applied strategy within DOE
is Response Surface Methodology (RSM), which
combines statistical and mathematical modeling to
evaluate the relationships between independent
variables and response outcomes.In this study,
preliminary experiments identified three critical factors
influencing the drug absorption of Sun by PPGNT: pH,
contact time, and temperature. These factors were
systematically investigated using Central Composite
Design (CCD) via Design-Expert 11.0 software (Stat-
Ease Inc., MN, USA). The total number of experiments
was calculated according to the standard CCD equation
(Eq3). This statistical approach allows for a
comprehensive evaluation of both individual and
interactive effects of the variables on drug loading
efficiency. The results obtained from the CCD not only
facilitate the determination of optimal conditions but
also provide predictive models for understanding how
variations in pH, contact time, and temperature affect
Sun absorption. Data analysis included analysis of
variance (ANOVA) to assess the significance of factors
and model adequacy, with a confidence level of 95% (p
<0.05)

N=2£2£+C, 3)

In Eq(3), (f) represents the number of factors considered
in the design (independent variables that influence the
response), and (Co) denotes the number of central point
replicates. The low and high levels for each factor are
summarized in Table 1. The general second-order
polynomial equation, used to model the relationship
between the independent factors and the predicted
response, is presented in Eq(4)

k

k k k
Y=Po+ > BXit D BXT+D> Y BXXi+e  (4)
i=1 i=1 i#j=1

In this model, Y represents the predicted response, Po is
the intercept, PBi, Bii and Bij are the linear, quadratic, and
interaction coefficients, respectively; xi and xj are the
independent variables, €, is the error term, and K is the
total number of factors [49,50].

2.12. Adsorption Isotherms and Kinetics

Adsorption experiments were performed using Sun
solutions at concentrations ranging from 5 to 80 mg/L,
with a fixed amount of adsorbent, under ambient
conditions. Equilibrium data were analyzed using
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Langmuir, Freundlich, and Temkin isotherm models,
while adsorption kinetics were monitored over a time
range of 2 to 60 minutes. In a representative experiment,
0.01 g of PPGNT was added to 5 mL of a 10 mg/L Sun
solution at pH 7.

Tablel. Experimental Levels of Factors Influencing Sun Adsorption:
Contact Time, pH, and Temperature.

Coded variable levels

Variables Code

-1 0 +1
pH A 5 7 9
Contact time (min) B 40 50 60

@!

Temperature (°C) 40 50 60

To evaluate the adsorption kinetics, three models were
applied: pseudo-first-order (PFO), pseudo-second-order
(PSO), and intraparticle diffusion (IPD). The linear
forms of the Langmuir, Freundlich, and Temkin
isotherms are presented in Equations (5), (6) , and (7) ,
respectively.

These models provide a comprehensive understanding
of Sun’s adsorption behavior on PPGNT, offering
insights into both the efficiency and underlying
mechanisms of drug loading on the nanoparticle matrix.

c, L G

I )
de  Ki'Qmax  Qmax

1 =InK,

nGe =K+ e, ©)
qe=b-InC,+b-InK, (7

Here C. (mg/L) is the equilibrium concentration of Sun
in solution, g (mg/g) represents the adsorption capacity
at equilibrium ,q max (mg/g) indicates the maximum
adsorption capacity , K1, Ky, and Kr are the equilibrium
constants corresponding to the Langmuir, Freundlich,
and Temkin isotherm models, respectively.

These parameters are essential for characterizing the
adsorption process, as they provide quantitative insights
into the efficiency of Sun uptake by PPGNT
nanoparticles under different concentrations and
experimental conditions.

Accurate determination of these values facilitates
optimization of the drug delivery system and prediction
of its performance in practical applications These
parameters are crucial for characterizing the adsorption
process, allowing for the assessment of how effectively
the drug is being adsorbed onto the PPGNT
nanohydrogel at various concentrations and conditions.
Understanding these values aids in optimizing the drug
delivery system and predicting its behavior in practical
applications.
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3. Conclusion and Discussion

3.1. Characterization

3.1.1.  FTIR Analysis

The successful synthesis of PPG, PPGN, and PPGNT
was confirmed by FTIR analysis (Fig 2) . For PPG, the
characteristic absorption peaks at 1580 cm™ and 1498
cm™' correspond to quinonoid and benzenoid rings,
respectively. Upon modification with allyl amine, these
bands shifted to 1556 cm™ and 1467 cm™! in PPGN,

indicating effective functionalization of the polymer
backbone.FTIR spectra of PPGNT loaded with Sun and
Sun—a-Cyclodextrin (Fig 3) exhibited absorption bands
at 3300 cm™ and 2800 cm™, corresponding to the N-H
stretching of amino groups, while bands at 1600 cm™
and 1500 cm™ were attributed to conjugated alkenes and
nitro groups. Additionally, peaks at 1000 cm™, 800 cm™,
and 600 cm™ were assigned to alkene stretching and
halide vibrations, confirming successful drug loading
onto the nanocarrier.These spectral changes not only
validate the stepwise chemical modifications from PPG
to PPGNT but also indicate strong interactions between
the polymer matrix and SUN, which are likely to
enhance drug encapsulation and stability. The shifts in
key functional group vibrations suggest potential

0.9
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hydrogen bonding and n—= interactions between Sun and
the modified polymer, which can positively influence
the drug release profile and adsorption efficiency. This
observation aligns with previous studies reporting that
functionalization of polymeric carriers improves drug—
carrier interactions and overall loading capacity.

3.1.2. SEM-EDX Analysis

SEM analysis was employed to investigate the
morphology and surface characteristics of the
synthesized nanoparticles. The micrographs revealed
that the particles were interspersed between layers,
forming polymeric agglomerates with sizes below 100
nm. Particle sizes are indicated in the Fig 4a with
dimensions of 20, 30, 40, 50, and 60 nm. The surface of
these agglomerates appeared rough and porous,
providing abundant cavities that facilitate drug
adsorption.Fig 4 presents SEM images at two stages of
polymer preparation (initial and after functionalization
with amino and temperature-sensitive groups). The
images clearly demonstrate that surface modification
increased the number and size of surface pores and
cavities. This structural enhancement improved the
porosity and heterogeneity of the particles, which is
critical for enhancing the adsorption capacity and
functionality of the nanoparticles.

1641
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1024
957
880
619
588

3996 3514 3032 2550

2068 1585 1103 621

Wavenumbers(cm™?)

——PPG ——PPGN ——PPGNT

Figure 2. FT-IR spectra of PPG, PPGN, and PPGNT, showing key functional groups and confirming stepwise polymer modification and drug loading
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Figure 3. FT-IR spectra of PPGNT, PPGNT—Sun, and PPGNT—Sun—oCD, highlighting key functional groups and confirming successful drug loading
and complexation with a-cyclodextrin.
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Figure 4. SEM images of (a) PPGNT and (b) PPGNT-SUN, showing particle morphology, surface roughness, and porous structure contributing to

drug loading capacity.
EDX analysis (Table 2) confirmed the successful surface increased levels of oxygen, carbon, and nitrogen after
modification of the nanoparticles. The spectrum showed the incorporation of ethanol, allyl amine, and vinyl
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caprolactam, indicating the formation of light- and
temperature-sensitive functional groups on the polymer
substrate

3.1.3. Thermogravimetric Analysis (TGA)

As shown in the thermal analysis spectrum (Fig 5A), the
synthesized polymeric nanohydrogel exhibits an initial
weight loss of about 5% at 100 °C, mainly attributed to
the evaporation of residual moisture. Between 100 °C
and 200 °C, an additional 20% loss is related to the
removal of surface-adsorbed water. A major degradation
step occurs between 200 °C and 300 °C, where
approximately 50% weight loss is observed due to
decomposition of the polymer backbone.

Table 2. Percentages of elements detected in the synthesized
nanoparticles based on EDX spectrum obtained from FESEM analysis

Weight Weight
Elements Percentages inthe  Percentages in the
First Stage Third Stage
Oxygen  10.9 12.28
Carbon 66.49 57.77
Nitrogen 24.82 62.86

The final degradation stage, detected in the range of
400-600 °C, accounts for about 15% weight loss and is
assigned to the breakdown of nanoparticle chains. Fig
5B illustrates the thermal behavior of the nano-adsorbent
modified with amino groups and temperature-sensitive
moieties. Unlike the unmodified polymer, the modified
sample shows an earlier onset of degradation around 70

120
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°C, highlighting its enhanced temperature sensitivity. At
100 °C, nearly 90% of the polymeric structure remains
intact, while between 100 °C and 220 °C, an additional
weight loss of approximately 20% is attributed to the
removal of surface-bound water. Beyond 200 °C, a sharp
weight reduction confirms the progressive thermal
degradation of the polymer backbone in the temperature-
responsive nanoparticles

3.2. Optimization of Adsorption Conditions Using
Experimental Design (CCD Model)

The influence of three critical factors, including pH,
contact time, and temperature, on the adsorption of Sun
by the synthesized Nanohydrogel was systematically
investigated using a Central Composite Design (CCD)
model. Each parameter was studied at three levels, and
based on the experimental design, a total of 20 runs were
generated by the software. The experimental data were
then compared with the predicted values obtained from
the CCD model to evaluate the model’s accuracy.

As presented in Table 3, the maximum adsorption
efficiency was achieved under the conditions of pH 7,
contact time of 50 min, and temperature of 60 °C. All
experiments were conducted in triplicate, and the mean
values were calculated and reported. The relationship
between adsorption efficiency and the studied variables
was expressed by a second-order polynomial equation

(Eq 8)

R =-365+1.46C+51.56B+8.82"
- 0.0067C>-3.572B%-0.0828A2 )
- 0.053CB-0.0024CA-0.011BA

89.62% Weight Change
(1.634mg)

78.53% Weight Change
{1.513mg)

, I
100 K

80 N

Weight (%)

60 - X

40 B

20 T T T
0 100 200 300

Temperature (°C)

T T T
400 500 600 700
Universal V4.5A TA Instrumenls

Figure 5. TGA spectrum of the synthesized polymeric Nanohydrogel, showing multi-step weight loss
corresponding to moisture evaporation, removal of volatile compounds, and polymer backbone degradation.
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3.3. Statistical Calculations

Analysis of variance (ANOVA) was employed to
evaluate the statistical significance of the investigated
factors. As summarized in Table 4, the variables of pH,
contact time, and temperature exhibited a significant
influence on Sun adsorption by the PPGNT
nanohydrogel, with p-values < 0.05 at a 95% confidence
interval. The high F-value (98.07, p < 0.0001) further
confirmed the robustness of the regression model. The
obtained R?, adjusted R?, and predicted R? values were
all within acceptable ranges, supporting the adequacy
and reliability of the quadratic model. The diagnostic
plots in Fig 6 provide additional verification of model
assumptions. The normal
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probability plot of residuals (Fig 6a) indicated that most
points aligned closely with the reference line, suggesting
residual normality. Residuals versus fitted values plot
(Fig 6b) displayed a uniform distribution of residuals
around confirming homoscedasticity. The
histogram of residuals (Fig 6c) further supported the
assumption of normally distributed errors. Finally,
Residuals versus observation order plot (Fig 6d)
demonstrated strong agreement between experimental
and predicted responses, confirming the model’s
predictive accuracy with only minor deviations.
Collectively, these statistical evaluations validate that
the CCD-based quadratic model reliably describes the
adsorption behavior of Sun onto the PPGNT
nanohydrogel.

Zero,

Table 3. Experimental Results and Predicted Values for Sun Adsorption Optimization Using CCD Model

RECOVERY%
Std Run Block A:pH time(Min)B:Contact C=Temperature(°C)
Predicted  Actual
9 1 Blockl 5 60 60 66.43 65.45
4 2 Blockl 5 40 40 57.20 56.89
7 3 Blockl 5 40 60 66.43 64.32
1 4 Blockl 5 60 40 57.63 58.96
6 5 Blockl 9 60 60 50.93 53.50
10 6 Blockl 9 60 40 52.38 51.24
8 7 Block2 9 40 40 51.21 50.02
2 8 Block2 7 50 50 82.00 74.22
5 9 Block2 9 40 60 50.55 53.25
3 10 Block2 7 50 50 79.21 74.53
12 11 Block2 7 50 50 86.22 86.22
11 12 Block2 7 50 50 86.22 86.00
20 13 Block3 7 50 50 84.29 85.88
16 14 Block3 7 50 60 89.73 91.42
15 15 Block3 7 50 50 84.29 86.12
19 16 Block3 7 50 50 52.28 50.17
14 17 Block3 9 40 50 52.38 51.76
13 18 Block3 5 50 40 82.00 78.43
18 19 Block3 7 50 50 44.36 46.87
17 20 Block3 7 60 50 80.00 77.34
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Figure 6. Statistical diagnostic plots for Sun adsorption on the PPGNT Nanohydrogel:
(a) Normal probability plot of residuals, (b) Residuals versus fitted values plot,
(c) Histogram of residuals, and (d) Residuals versus observation order plot.
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Table 4. ANOVA results for the adsorption efficiency of Sun on PPGNT Nanohydrogel.
S f M F-
Source um o df ean p-value
Squares Square | value
Block 728.58 2 | 364.29
Model 5229.00 9 | 581.00 | 98.07 | <0.0001 | significant
A-pH 213.07 1 | 213.07 | 35.96 0.0003
B-Contact time 883.22 1 | 88322 | 149.08 | <0.0001
C-Temperature 303.38 1| 303.38 | 51.21 | <0.0001
AB 2.81 1 2.81 0.4740 [ 0.5106
AC 3.62 1 3.62 0.6107 | 0.4570
BC 0.8844 1 | 0.8844 | 0.1493 | 0.7093
Az 1356.02 1 | 1356.02 | 228.88 | < 0.0001
B 366.58 1] 366.58 | 61.87 | <0.0001
C: 0.0118 1 | 0.0118 | 0.0020 | 0.9655
Residual 47.40 8 5.92
Lack of Fit 4223 5| 845 | 490 | o105 | "
significant
Pure Error 5.17 3 1.72
Cor Total 6004.97 19
R>=0.9910
R2.4;=0.9809
R? (predict)=0.8706
i g $
9 | 5 8| g &
g 80 i 60 §' 6
g B g , g 601
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Figure 7. Contour and 3D response surface plots illustrating the interaction effects of pH, contact time, and temperature on the adsorption of Sun by
the PPGNT nanohydrogel

Analysis of Contour Plots (2D and 3D)

The 2D contour and 3D response surface plots (Figure
7) illustrate the interaction effects of pH, contact time,
and temperature on Sun adsorption by PPGNT.
Maximum adsorption (~90%) was achieved at pH 8,

contact time 50 min, and moderate temperature.
Increasing pH and contact time generally enhanced
adsorption, while further increases in temperature
reduced it. The plots highlight the combined effects of
two variables at a time, indicating optimal conditions for
drug uptake.
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3.4. Adsorption Isotherms and Kinetics

3.4.1. Adsorption Isotherms of Sun on PPGNT
Nanohydrogel

The equilibrium data of Sun adsorption on PPGNT were
analyzed using Langmuir, Freundlich, and Temkin
models (Table 5) . The Langmuir model showed the best
fit (R? = 0.996), indicating monolayer adsorption. The
separation factor (RL = 0.623) and Freundlich 1/n value
(0 < 1/n <1) confirm that adsorption is favorable, while
the positive Temkin B parameter suggests an exothermic
process .

3.5. Adsorption Kinetics

3.5.1 Adsorption Kinetics of Sun on PPGNT
Nanohydrogel

The adsorption kinetics of Sun onto PPGNT were
evaluated using pseudo-first-order (PFO), pseudo-
second-order (PSO), and intraparticle diffusion (IPD)
models (Table 6) . The PSO model provided the best fit,
with a correlation coefficient of 0.992, indicating that the
adsorption process is primarily governed by
chemisorption. The IPD model showed a multi-stage
behavior, suggesting that the adsorption involves an
initial rapid uptake on the adsorbent surface followed by
slower diffusion into the pores, but intraparticle
diffusion is not the rate-limiting step.

Table 5. Isotherm model parameters calculated using the linear
method.

Isotherm model ~ Parameter Quantity R?

qm (mg g -1) 9.224

Langmuir KL (Lmg-1) 0.010 0.996
RL 0.532
KF(mgg-1) 08

Freundlich (Lmg -1)1/n 0.995
n 0.001

Temkin ALmel) 0208, o0,

B (J mol-1) 1.158

Table 6. Parameters of kinetic adsorption of sunitinib (Sun) by the
PPGNT nanohydrogel

Model Parameter Value

qe(mg/g) 0.976

Pseudo-first-order model ki(min™) 0.163
R2 0.901
qe(mg/g) 1246
Pseudo-second-order model kzz(g/mgmm) 0.297
R 0.992

3.6. In Vitro Drug Release

The release of Sun from the Nanohydrogel was
evaluated in simulated intestinal (pH 7.4) and gastric
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(pH 1.2) environments (Fig 8) . In the intestinal
condition, ~10% of the drug was released within the first
30 min, followed by a slower release reaching ~50%
over the study period. In the gastric environment, the
release was faster, with 28% released in the first 30 min
and ~90% after 5 h.

100
90
80
70
60
50
40
30
20
10

0

a/qo(%)

—8—pH-7.4
—e—pH=1.2

05 1 1.5 2 25 3 35 4 45 5 55 6
Time(h)

Figure 8. Drug release profile under in vitro conditions at 37 °C over

6 hours.

3.7. Method Validation

The proposed analytical method was validated using
standard Sun samples. Linearity was assessed over a
concentration range of 0.62-50 pg/mL, yielding a
correlation coefficient (R?) of 0.998. The method's
reproducibility and repeatability were evaluated through
three independent measurements on different days, with
low relative standard deviations (RSD). The limit of
detection (LOD) and limit of quantification (LOQ) were
determined as 6.12 and 18.6 ng/mL, respectively. These
results confirm that the method is reliable, accurate, and
suitable for quantifying Sun in the prepared samples.

4. Conclusion

Hydrogels are highly promising materials for controlled
and targeted drug delivery due to their ability to retain
bioactive agents within their swollen polymeric
networks. Advances in chemistry and nanotechnology
have enabled the development of smart hydrogel-based
nanocarriers capable of site-specific and stimulus-
responsive drug release. Over time, these systems have
evolved from simple single-component hydrogels to
complex multi-component networks, providing
controlled release in response to environmental stimuli.
In this study, a temperature and UV-responsive
nanohydrogel (PPGNT) based on poly(phenylglycine)
(PPG) was successfully synthesized and modified with
crosslinking and biologically reactive groups. The
polymeric base demonstrated excellent photothermal
efficiency and stability compared to similar
nanocomposites reported in the literature, with
responsiveness to near-infrared (NIR) light. The
nanohydrogel efficiently adsorbed and delivered the
drug Sun (sunitinib malate) to the target site.
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Characterization using FT-IR, FE-SEM, and TGA
confirmed the successful synthesis and surface
modification of the nanoparticles. Adsorption studies
revealed that the drug loading followed pseudo-second-
order kinetics and a Langmuir isotherm model,
indicating monolayer adsorption on uniform sites.
Optimization of adsorption parameters using RSM and
CCD models further highlighted the effective interaction
between the drug and nanocarrier.

In vitro release studies in simulated gastric (pH 1.2) and
intestinal (pH 7.4) conditions at 37 °C over 6 hours
demonstrated controlled and stimulus-responsive drug
release. Method validation showed excellent sensitivity,
accuracy, precision, and reproducibility, with LOD and

Tavassoty Kheiry et al.

LOQ values supporting the reliability of the proposed
approach. Additionally, the nanohydrogel exhibited
reusability over several consecutive adsorption cycles,
confirming its practical applicability.

Overall, the synthesized nanohydrogel not only provides
a smart and effective platform for targeted drug delivery
to cancer cells but also, due to its photothermal
polymeric base, offers the potential for enhanced
therapeutic effects with minimal side effects. This work
demonstrates the advantages of integrating adsorption
capacity,  controlled  release, and  stimulus
responsiveness into a single polymeric system,
providing a foundation for future development of

advanced drug delivery platforms.

Table 7. Comparison of the Proposed Nanohydrogel for Sunitinib Malate Delivery with Other Nanocarriers

Encapsulati Loadin
Nanocarrier Type on Drug pH / Stimulus Drug Loading Tem ¢ Reference
yp Efficiency = Release Sensitivity Time o) P
(EE%)
II?IEI 74 102 Colon-targeted,
Eudragit S-100 NP 60.3 % % at ?f;?;lzz:gem 12 h stirring at ::;mz 50 Jamil et al.
(ESNPF2) 270 4h,665% P room temp P (2024)
at release at C
12h .822% PH7H
240 min pH-responsive
0 . -
.. 93% (vs. study: hydrogel; 24h BMC
Hydrogel/CMC—Cloisite 81 % * Release : . . . o .
. . higher swelling swelling/diffus  25-37°C  Biotechnol.
30B (~6 wt%) without higher at .
. & release at ion (2025)
Cloisite) pH 7.4 than
55 pH 7.4
methacrylic acid and rebinding optimized 2% h
ethylene glycol 76% percentage release at 37 C [49]
dimethacrylate was 70% pH7.4
High pH-responsive,
Methoxy-hypromellose- capacity; ;zl;iz:es i Overnight Teaser in
based polymeric NP >86 % minimal acidic tumor mixing (~12—  25-30°C  ScienceDir
(mHPMC) release at . . 16 h) ect
H 7.4 microenvironm
PHELA ent
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