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Abstract: Curcumin has been widely reported to exhibit anticancer potential;
however, its clinical application is limited by poor aqueous solubility and low
permeability. This study aimed to develop a thermoresponsive hydrogel system
based on Poloxamer 407 and hydroxypropyl methylcellulose (HPMC) for localized
curcumin delivery through sol–gel transition at physiological temperature. Curcumin
nanoparticles were prepared via ionic gelation and incorporated into hydrogel
matrices containing varying ratios of Poloxamer 407 and HPMC. Optimization was
performed using Response Surface Methodology. pH, gelation time, and viscosity
were selected as critical quality attributes reflecting the applicability of in situ
hydrogels. The evaluated responses included pH (5–7), gelation time (9–11 min), and
viscosity (2000–5000 mPa·s), with model validation based on lack-of-fit > 0.05, high
R², a difference between adjusted and predicted R² < 0.2, and adequate precision >
4. Nano-curcumin exhibited a particle size of 423.03 ± 27.80 nm, PDI of 0.59 ± 0.08,
and a zeta potential of −12.47 ± 0.74 mV. The optimized formulation (17.067%
Poloxamer 407 and 4% HPMC) achieved a desirability value of 0.86, with a pH of 5.85,
gelation time of 9 minutes, and viscosity of 4389.76 mPa·s. In vitro release followed
the Korsmeyer–Peppas model, indicating diffusion-controlled release and suggesting
the suitability of the optimized thermosensitive hydrogel as a localized curcumin
delivery platform. These findings provide a basis for further investigation of the
system’s stability and performance under extended conditions.

Introduction
Localized delivery Current therapeutic approaches are
often associated with systemic side effects, drug
resistance, and limited selectivity toward malignant cells
(1). Curcumin, the principal bioactive compound of
Curcuma longa L., has attracted considerable attention due
to its reported antiproliferative and pro-apoptotic
activities in localized delivery models (2, 3).

Despite these promising biological properties, the
clinical translation of curcumin remains challenging due to
its unfavorable physicochemical characteristics. According
to the Biopharmaceutical Classification System (BCS),
curcumin is categorized as a Class IV compound,
exhibiting poor aqueous solubility and low permeability
(4). In addition, curcumin exhibits limited stability under
physiological conditions, further limiting its potential
delivery (5). These characteristics highlight the importance

of formulation strategies to improve drug stability and
support localized delivery approaches.

Localized drug delivery systems have emerged as a
promising strategy to enhance drug concentration at the
intended site while minimizing systemic exposure (7).
Among these systems, thermosensitive hydrogels
represent an attractive platform because they remain in a
sol state at room temperature and undergo sol–gel
transition at physiological temperature (~37 °C). This in
situ gelation behavior enables minimally invasive
administration and the formation of a local depot that
supports sustained and controlled drug release (8).

In thermosensitive hydrogel formulations,
physicochemical parameters such as pH, gelation time,
and viscosity play essential roles in determining system
performance. The pH influences drug stability and
formulation compatibility, gelation time governs the sol–
gel transition at physiological temperature, enabling in situ
depot formation, and viscosity affects pre-administration
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handling while contributing to matrix integrity and
sustained release (5, 6). Within this context, the present
study focuses on the formulation and optimization of a
localized thermoresponsive delivery system rather than
investigating cancer biology itself, aiming to enhance
curcumin stability and site-specific retention. Therefore,
controlling these parameters is fundamental to achieving
reproducible and functional localized delivery systems.

Poloxamer 407 (Pluronic F127) is a thermosensitive
polymer capable of reversible sol–gel transition at
physiological temperature; however, its relatively low
mechanical strength may limit its performance as a
standalone matrix (9, 10). The incorporation of
hydroxypropyl methylcellulose (HPMC) can enhance
viscosity, modulate gelation behavior, and reinforce the
gel network, thereby improving formulation stability (11).
The Poloxamer 407–HPMC system has been widely
investigated as a thermoresponsive platform for localized
drug delivery due to its tunable physicochemical
properties (12). However, studies integrating nanoparticle-
stabilized curcumin with statistically optimized Poloxamer
407–HPMC thermosensitive hydrogels remain limited,
particularly in the context of systematic formulation
optimization.

Optimizing the composition of thermosensitive
hydrogel formulations is essential to obtain well-defined
physicochemical characteristics and predictable gelation
behavior. Response Surface Methodology (RSM) provides
a systematic statistical approach to evaluate the linear,
quadratic, and interaction effects of formulation variables,
specifically Poloxamer 407 and HPMC concentrations, on
critical responses such as pH, gelation time, and viscosity
(13, 14). Compared with conventional trial-and-error
approaches, RSM reduces the number of experimental
runs while enabling the development of statistically
validated predictive models and desirability functions to
determine optimal formulation conditions (12, 15).
Although RSM relies on localized model assumptions,

careful selection of factor ranges and experimental design
enhances model reliability and interpretability (16, 17).

Therefore, this study focuses on the statistical
optimization of a Poloxamer 407–HPMC thermosensitive
hydrogel incorporating curcumin nanoparticles to achieve
controlled gelation and viscosity suitable for potential
localized administration. The objective is to establish a
rational formulation framework that supports
physicochemical stability and controlled drug release,
providing a basis for future evaluation in localized delivery
applications.

Experimental Section

Materials
Curcumin analytical grade (pro analysis) obtained from PT
Merck, Indonesia, was used as the active compound in
nanoparticle preparation and hydrogel formulation.
Curcumin from PT Haldin Pacific Semesta was used as a
reference material for comparison. Hydroxypropyl
methylcellulose (HPMC) and Poloxamer 407 (Kolliphor®
P407, BASF) were obtained from PT Sampharindo Perdana,
Indonesia. All excipients were of pharmaceutical grade and
used without further purification.

Preparation of Curcumin Nanoparticles
Curcumin nanoparticles were prepared using the ionic
gelation method based on electrostatic interaction
between chitosan and sodium tripolyphosphate (STPP).
The polymer ratio and process parameters were selected
based on preliminary screening to obtain a stable
nanoparticle dispersion.

Curcumin (80 mg) was dissolved in 70% ethanol and
diluted to 100 mL. A 0.1% w/v chitosan solution was
prepared in 0.1% acetic acid, while a 0.01% w/v STPP
solution was prepared separately.

One mL of curcumin solution was added to 3 mL of
chitosan solution under magnetic stirring (1000 rpm) for
60 min to ensure homogeneous interaction. Subsequently,

Table 1. Actual Design for the Optimization of Poloxamer 407 and HPMC Base Using a Central Composite Design (CCD).

Run
Polymeric Matrix (%b/v) Active Ingredient (%w/v) Response 1 Response 2 Response 3

Poloxamer-407 HPMC Curcumin pH Tsol-gel (min) Viscosity (mPa·s)

1 17.5 1.58579 0.02 7.08 7.29 2802.22

2 13.9645 3 0.02 5.05 12.68 2802.51
3 20 4 0.02 7.05 6.65 4205.2
4 17.5 3 0.02 6.07 7.98 3471.8

5 17.5 3 0.02 6.04 8.07 3450.6
6 17.5 3 0.02 6.07 7.99 3930.7
7 15 2 0.02 6.02 9.85 2801.26

8 17.5 3 0.02 6.07 8.05 3560.52
9 15 4 0.02 5.25 10.25 4201.61
10 20 2 0.02 7.56 5.57 3250.45
11 17.5 3 0.02 6.52 6.89 3540.21

12 21.0355 3 0.02 7.83 5.04 3541.79
13 17.5 4.41421 0.02 7.05 6.65 4205.2
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Table 2. Data on particle size, polydispersity index, and
zeta potential of nano-curcumin.

Size (d. nm) Polydispersibility Zeta potential (mV)

401.7 0.495 -11.5
405.1 0.59 -12.6

462.3 0.681 -13.3
423.03±27.80 0.59±0.08 -12.47±0.74

1 mL of STPP solution was added dropwise to induce ionic
crosslinking and nanoparticle formation. The dispersion
was stirred until homogeneous and used fresh for
hydrogel incorporation without post-processing, as this
study focused on preliminary formulation development.

Particle Size and Zeta Potential of the Optimized
Formula

Particle size and zeta potential were measured using a
particle size analyzer (Malvern Instruments) at 25 °C using
water for injection as the dispersing medium.
Measurements were performed to suggest nanoparticle
formation before hydrogel incorporation (1).

Formulation of Curcumin-Loaded
Thermosensitive Hydrogels
Poloxamer 407 was dissolved in distilled water at 8 ± 2 °C
under magnetic stirring (800 rpm) and stored at 4–8 °C for
24 h to ensure complete hydration. The HPMC solution
was prepared separately under stirring at 600 rpm until a
homogeneous viscous solution was obtained.

Nanoparticle dispersion was incorporated into the
polymer matrix at a ratio of 1: 4.5: 4.5 (nanoparticle
dispersion: Poloxamer solution: HPMC solution) to obtain
a final volume of 10 mL. Mixing was conducted at low
temperature (8 ± 2 °C) with gradual dropwise addition of
nanoparticle dispersion under stirring (800 rpm) to
minimize aggregation and maintain nanoparticle stability
within the polymer matrix.

The formulation was stored at 4–8 °C for 24 h to allow
micellization and stabilization before physicochemical
evaluation (21, 22). The research design is presented in
Table 1.

Physicochemical Characterization of Nano-
Curcumin Thermosensitive Hydrogels

pH Measurement
The pH of the hydrogels was determined using a
calibrated pH meter. Calibration was performed using
standard buffers at pH 4, 7, and 10 before analysis. The
probe was immersed in the sample at ambient
temperature, and the pH value was recorded once the
reading stabilized (2).

Gelation Time
Gelation time was evaluated by placing the sample in a
water bath maintained at 37°C ± 0.5°C. The sol-to-gel
transition time was recorded when the formulation fully

transformed into a gel, suggested using the vial-inversion
method (2).

Viscosity Measurement
Viscosity was assessed using a Rheosys Merlin II viscometer
equipped with a cone-and-plate system. The sample was
placed on a 30-mm plate, and a 2.0-mm cone spindle was
lowered to an approximate 1-mm gap. Instrument
parameters included an integration time of 10 s, a delay
time of 30 s, a temperature range of 23–40 °C, and spindle
rotation speeds of 20–80 rpm. Viscosity values (mPa·s)
were calculated using kv and fk constants obtained from
standard fluid calibration (2, 3).

Experimental design and statistical optimization
(CCD–RSM)
A two-factor Central Composite Design (CCD) was
employed to optimize the thermosensitive hydrogel
formulation using Poloxamer 407 (X₁) and HPMC (X₂) as
independent variables. The experimental design consisted
of 13 runs, including factorial points, axial points, and
replicated center points, generated using Design-Expert®
software version 13.0.

The factor ranges were selected based on preliminary
formulation studies to obtain gelation behavior and
viscosity appropriate for injectable thermosensitive
systems. An axial distance (α) of 1.414 was applied to
maintain design rotatability.

The evaluated responses included pH (Y₁), gelation
time (Y₂), and viscosity (Y₃), which are critical parameters
influencing gel formation behavior and rheological
performance in localized delivery systems. The relationship
between formulation variables and the corresponding
responses was described using a s-order polynomial
model, as presented in Equation 1.

where Y represents the predicted response, β₀ is the
intercept, β₁ and β₂ are linear coefficients, β₁₂ represents
the interaction coefficient, and β₁₁ and β₂₂ are quadratic
coefficients. Model adequacy was evaluated using analysis
of variance (ANOVA), lack-of-fit test (p > 0.05), coefficient
of determination (R²), adjusted R², predicted R², and
adequate precision (4, 5).

Results and Discussion

Physicochemical Characterization of Curcumin
Nanoparticles
The results of particle size, zeta potential, and
polydispersity index measurements are presented in Table
2.

Based on Table 2, the characteristics of particle size,
polydispersity index (PDI), and zeta potential of the
curcumin nanosystem in the thermosensitive hydrogel are
significantly influenced by the pH conditions of the
formulation environment. The zeta potential value in the
range of −12.47 ± 0.74 mV indicates limited electrostatic
stability. However, this does not necessarily compromise
the overall stability of the system, as non-ionic polymer-
based systems such as Poloxamer 407–HPMC are primarily
stabilized by steric hindrance rather than charge repulsion.
At near-neutral pH conditions, the phenolic groups of

(Eq. 1)Y = β ​ +0 β ​X ​ +1 1 β ​X ​ +2 2 β ​X ​X ​ +12 1 2 β ​X ​ +11 1
2 β ​X ​22 2

2
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curcumin undergo partial ionization, which can increase
the negative charge on the particle surface, thus
contributing to reduced aggregation even though the zeta
potential is relatively low (6, 7).

Low zeta potential remains a limitation for the
nanoparticle dispersion itself, while embedding within the
hydrogel may provide secondary steric stabilization at the
formulation level. In such a system, interactions between
polymer chains form a more compact gel network when
physiological temperatures are reached. This stable gel
structure will inhibit curcumin diffusion and promote drug
release more controlled by matrix relaxation and erosion.
Recent studies have shown that nanosystems with a zeta
potential < 20 mV remain stable when protected by non-
ionic polymers, and their drug release tends to follow a
diffusion–relaxation mechanism (steric-controlled release)
(8, 9).

The PDI value of 0.59 ± 0.08 indicates a relatively
heterogeneous particle size distribution, which is likely
influenced by the interaction between Poloxamer micelles
and the HPMC network during gel formation. This
variation in size distribution may occur due to changes in
micro-pH within the hydrogel matrix that affect the level
of curcumin ionization and hydrophobic–hydrophilic
interactions within the micelle system, thus impacting the
stability of the particle dispersion (8, 10).

Nevertheless, the stability of the system is maintained
because the steric stabilization mechanism of the polymer
chain is able to prevent particle coalescence despite the
relatively high PDI value. In addition, the average particle
size of 423.03 ± 27.80 nm indicates that the system is in
the nano-micro range, which is still suitable for hydrogel-
based local drug delivery. At physiological pH, the
combination of negative zeta potential and steric
protection of Poloxamer–HPMC helps maintain dispersion
stability and control the release behavior of curcumin from
the gel matrix. This is in line with recent reports that in
thermosensitive hydrogel systems, the stability and
characteristics of particles are more influenced by the
polymer network structure and steric effects than by
surface charge alone (11).

Physicochemical Characterization of Nano-
Curcumin Thermosensitive Hydrogels.
The optimization data for the Poloxamer 407–HPMC
matrix indicate the pH, sol–gel transition time, and
viscosity of the formulations. These three parameters
served as the primary responses in identifying the optimal
conditions for the curcumin thermosensitive hydrogel,
ensuring physiological pH stability, an appropriate
gelation time, and a viscosity profile suitable for localized
application. Collectively, these responses are critical in
determining the overall performance of the system,
particularly in terms of injectability, in situ gel formation,
and controlled drug release behavior.

pH
The quadratic model generated for the pH response was
statistically significant (p = 0.0005), with a coefficient of
determination (R²) of 0.9333, indicating that approximately
93.33% of the variability in pH could be explained by the
model. This indicates strong agreement between the
experimental data and the fitted model. Poloxamer 407 (A)
exerted the most significant effect on pH (p< 0.0001),
where increasing its concentration consistently elevated
the pH of the formulation. In contrast, HPMC (B) showed
no significant linear effect (p = 0.1432); however, the
quadratic term of HPMC (B²) was significant (p = 0.0090),
suggesting a nonlinear influence in which lower
concentrations slightly reduced pH, while higher
concentrations caused it to rise again.

The lack-of-fit value was not significant (p = 0.1495),
suggesting that the model adequately represented the
experimental data without substantial systematic error.
The Adequate Precision value of 13.53 (> 4) indicated a
high signal-to-noise ratio, supporting the predictive
reliability of the model. Additionally, the low coefficient of
variation (CV = 4.41%) reflected good reproducibility and
minimal experimental variation. “The model equation in
factor form is presented in Equation 2. The interaction
between Poloxamer 407 and HPMC is illustrated in Figure
1.

Based on the model equation, the combination of
17.5% Poloxamer 407 and 3.0% HPMC yielded an optimal
pH value of 6.15, which is considered suitable for

(Eq.2)

Figure 1. Response surface plot demonstrating the interactive effects of poloxamer 407 and HPMC concentrations on the
pH of the curcumin thermosensitive hydrogel.

pH = 6.15 + 0.9098A − 0.1653B + 0.0650AB + 0.1075A +2 0.3849B2
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maintaining the physicochemical stability of curcumin
within a thermosensitive hydrogel system. Curcumin is
known to exhibit enhanced stability in mildly acidic to
near-neutral environments, where hydrolytic degradation
is minimized, and its therapeutic activity can be preserved
(12, 13). Therefore, achieving this pH range is critical to
ensure drug integrity during formulation and storage. The
three-dimensional surface plot in Figure 1 shows a rising
pH trend with increasing Poloxamer 407 concentration,
whereas higher concentrations of HPMC result in a
plateauing pH curve. This behavior may be attributed to
the formation of a denser hydrogel network that
modulates ionic mobility and reduces proton diffusion
within the matrix, thereby contributing to a more stable
microenvironment for curcumin entrapment and sustained
release (14 – 16).

The interaction between Poloxamer 407 and HPMC
contributes not only to hydrogel stability but also to its
compatibility with mildly acidic physiological conditions.
At higher HPMC concentrations, viscoelastic buffering
from polymer chain entanglement stabilizes pH, forming a
semi-interpenetrating network that supports drug stability
and diffusion under localized physiological conditions (14,
17). This hydrated and hydrogen-bonded matrix enhances
localized retention and controlled release of hydrophobic
drugs such as curcumin, reflecting the formulation’s
potential to maintain compatibility within localized
delivery environments (11, 16).

Sol–Gel Transition Time
The optimized sol–gel transition time data for the
curcumin thermosensitive hydrogel formulations are
presented in Figure 2.

The plot indicates that increasing the concentration of
Poloxamer 407 leads to a reduction in gelation time,
whereas increasing the concentration of HPMC produces a
more complex effect, generally prolonging the sol–gel
transition at higher levels. The model equation in factor
form is presented in Equation 3.

The reduction in gelation time at higher Poloxamer
407 concentrations (≥18%) can be attributed to the

increased formation of micellar aggregates and enhanced
hydrophobic interactions among polypropylene oxide
(PPO) blocks, which facilitate rapid gel network formation
at physiological temperatures (18). In contrast, the
incorporation of HPMC increases system viscosity and
reinforces the gel network through hydrogen bonding, but
concurrently restricts polymer chain mobility, thereby
extending the gelation time (19). The synergistic
interaction between these polymers allows modulation of
thermogelation behavior to meet therapeutic
requirements.

Based on Figure 2, the optimal sol–gel transition time
ranges between 5–12 min, with the ideal region achieved
at approximately 17–19% Poloxamer 407 and 2.5–3%
HPMC. These concentrations provide a balanced system
that gels rapidly upon application while maintaining
stability during storage at lower temperatures (20).

This phenomenon aligns with recent findings that
highlight the importance of combining Poloxamer with
auxiliary polymers, such as HPMC or chitosan, to fine-tune
the gelation and rheological characteristics of
thermosensitive curcumin-based delivery systems (21, 22).
Such systems offer enhanced control over drug release,
mucosal retention, and the bioavailability of curcumin,
which is inherently limited under physiological conditions
(13).

Gelation time plays a critical role in ensuring in situ
retention of thermosensitive hydrogels following localized
administration. Rapid gelation at physiological
temperature promotes immediate sol–gel transition,
reducing burst leakage and preventing formulation
migration from the application site (9, 23). This fast
network formation may enhance local drug retention and
prolong residence time through viscoelastic matrix
stabilization and micellar reorganization, ultimately
supporting controlled diffusion–relaxation drug release
(14, 17).

Viscosity of Curcumin Thermosensitive Hydrogel
The optimization data for the viscosity parameter of the
thermosensitive hydrogel formulated with Poloxamer 407

Figure 2. Presents the three-dimensional (3D) surface plot illustrating the relationship between poloxamer 407 (A) and
HPMC (B) concentrations on the sol–gel transition time (Tsol–gel) of the thermosensitive curcumin hydrogel.

(Eq. 3)Tsol–gel(minutes) = 8.1031 − 2.3356A + 0.4926B
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and HPMC are presented in Figure 3.
As shown in the Figure 3, simultaneous increases in

both polymers result in a significant rise in viscosity. The
red regions of the response surface indicate the highest
viscosity values (approximately 4200 mPa·s), while the blue
areas show the lowest values (around 2800 mPa·s).
Poloxamer 407 contributes to viscosity enhancement by
forming progressively denser three-dimensional micellar
networks, thereby increasing resistance to deformation
and flow (24). Meanwhile, higher concentrations of HPMC
further increase viscosity by generating interconnected
polymer chain networks through hydrogen bonding,
strengthening the gel structure and limiting water mobility
(25). Together, these two polymers exhibit a pseudoplastic
flow behavior, characterized by a decrease in viscosity with
increasing shear rate, which is typical of poloxamer-based
thermosensitive hydrogels (26).

Figure 3 also displays the interaction plots between
the two factors. The red line (B = 4%) and black line (B =
2%) represent the effect of HPMC on viscosity across
various Poloxamer 407 concentrations. The nearly parallel
patterns indicate an additive interaction rather than an
antagonistic effect, meaning that increases in both
polymers positively contribute to viscosity without
diminishing each other's influence (27). The 95%
confidence interval bands suggest that the observed
variations fall within the model's predictive limits,
indicating statistically significant relationships between the
independent variables and the response. The resulting
model fits the two-factor regression equation as presented
in Equation 4.

where A represents Poloxamer 407 (%), and B
represents HPMC (%). A well-controlled viscosity profile is
essential to maintain physical stability, topical application
comfort, and an optimal sol–gel transition at physiological
temperature (~37°C), which ultimately influences the
efficiency of curcumin delivery through thermosensitive
hydrogels (28).

Viscosity determines the ease of injection of
curcumin-loaded thermosensitive hydrogels, where low
viscosity at room temperature allows easy flow through
the needle, while increased viscosity at physiological
temperatures supports stable gel formation at the
application site (11, 14). An optimal viscosity profile helps
prevent leakage before gelation while enhancing local
retention and controlled drug release after injection (29,
30).

Validation of the Optimum Formula Between
Predicted and Actual Values of the
Thermosensitive Curcumin Hydrogel
A confirmation test was performed to validate the
accuracy of the predictive model generated through
Response Surface Methodology (RSM). The optimum
formulation, consisting of 17.067% Poloxamer 407 and 4%
HPMC, was predicted to yield desirable responses in terms
of the physical stability of the thermosensitive curcumin
hydrogel. The ANOVA results indicated that the pH
response was best described by a quadratic model, with a
lack-of-fit value greater than 0.05 and a high coefficient of
determination (R² = 0.9917). Similarly, viscosity was
adequately represented by a quadratic model,

Figure 3. Illustrates the relationship between the concentrations of poloxamer 407 and HPMC and the viscosity response
of the thermosensitive curcumin hydrogel.

(Eq. 4)

Table 3. The data of the confirmation test of the optimum formulas from the curcumin thermosensitive hydrogel.

Analysis Predicted
Mean

Predicted
Median Observed Std

Dev N SE
Pred

95% PI
low

Data
Mean

95% PI
High

pH 5.8519 5.8519 0.176238 3 0.137487 5.5268 5.85 6.17701
Tso-gel 9.00019 9.00019 0.629513 3 0.46217 7.97041 9.04667 10.03
Viscosity 4389.75 4389.75 194.074 3 151.401 4031.74 4372.54 4747.74

(cP ) = 3590.766 + 187.285A + 663.511B − 111.400AB − 182.952A +2 154.103B2
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Table 4. Regression Parameters of Kinetic Models for
Curcumin Release from the Thermosensitive Hydrogel

Matrix.

Different Kinetic-orders

Zero-
order

First-
Order

Higuchi
Diffusion

Kosmeyer-
Peppas

0.8245 0.5631 0.9186 0.9376

demonstrating acceptable model adequacy (lack-of-fit >
0.05) and a strong correlation (R² = 0.9427). In contrast,
the sol–gel transition time (Tsol–gel) followed a linear
model, with a lack-of-fit value exceeding 0.05 and a high
R² value of 0.9947. For all responses, the difference
between adjusted R² and predicted R² was less than 0.2,
indicating good agreement between experimental and
predicted values and supporting the reliability of the
selected models. The results of the confirmation study,
conducted in triplicate (n = 3), are presented for the key
response parameters pH, gelation time, and viscosity, as
shown in Table 3.

Based on Table 3, the model predicted a pH value of
5.8519, while the experimental mean was 5.85, with a 95%
prediction interval ranging from 5.5268 to 6.17701. The
actual data fell within this interval, indicating that the
model has excellent accuracy in predicting the pH stability
of the formulation. A pH range of 5.5–6.0 is ideal for
topical preparations, as it aligns with the physiological pH
of the skin and minimizes the risk of irritation (31).

For the gelation time, the model prediction and the
actual measurements showed comparable average values,
with a 95% prediction interval of 7.97–10.03 s. The actual
values were within this predicted range, suggest the
reliability of the model in predicting thermogelation
behavior. A gelation time of approximately 9 s is
considered highly responsive for Poloxamer-based
thermosensitive hydrogels and is favorable for topical
applications due to its rapid sol–gel transition upon
contact with skin temperature (32). The presence of HPMC
further contributes to structural stability without markedly
slowing the gelation process (22).

Moreover, the predicted optimum viscosity was
4389.75 cPs, while the experimental result was 4372.54
cPs, which fell within the 95% prediction interval of
4031.74–4747.76 cPs. The deviation between the predicted
and actual values was less than 1%, demonstrating the

robustness of the regression model as a formulation
design tool. A viscosity range of 4000–4500 cPs supports
the formation of a stable hydrogel with appropriate
spreadability and enhanced residence time on the skin
(16). The synergistic interaction between Poloxamer 407
and HPMC is known to improve resistance to shear forces,
resulting in the pseudoplastic flow behavior desirable in
topical formulations (23).

Overall, the strong agreement between predicted and
actual values across all responses suggests that the RSM
model is suitable for optimizing thermosensitive hydrogel
formulations. The combination of Poloxamer 407
(17.067%) and HPMC (4%) can be recommended as the
optimal ratio to produce a stable curcumin hydrogel with
favorable application properties and rapid gelation at
physiological temperature. This indicates that the
mathematical predictions generated through response
surface analysis may be applied for further formulation
modifications or process scale-up (27).

The Encapsulation Efficiency (EE%) of Curcumin
Nanoparticles
The encapsulation efficiency (EE%) of curcumin
nanoparticles was determined by comparing the total drug
content in the system with the amount of free drug
(unentrapped) detected in the supernatant after
centrifugation. The total drug content was 0.2275 ± 0.0038
mg. The encapsulation efficiency (EE%) of curcumin
nanoparticles was determined by comparing the total drug
content in the system with the amount of free drug
(unentrapped) detected in the supernatant after
centrifugation. The total drug content was 0.2275 ± 0.0038
mg, and the free drug content was 0.0690 ± 0.0018 mg,
resulting in an EE% of 69.7%. This value indicates that
most of the curcumin was successfully incorporated into
the nanoparticle matrix.

The EE% value can be attributed to the ionic gelation
mechanism, where the drug entrapment process is
influenced by the electrostatic interaction between
chitosan and the cross-linking agent, as well as the
hydrophobic nature of curcumin, which has low water
solubility (33). In chitosan-based nanoparticle systems,
encapsulation efficiency is strongly influenced by polymer
concentration, cross-linking density, and the strength of
drug-polymer interactions (34).

A relatively high polydispersity index (PDI ≈ 0.59)
indicates a heterogeneous particle size distribution, which
can affect drug distribution and potentially enhance drug

Figure 4. Curcumin release kinetics from a poloxamer 407–HPMC thermosensitive hydrogel system.
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diffusion from smaller particles (35). Furthermore, the zeta
potential of −12.47 mV indicates limited electrostatic
stability, as colloidal systems are generally considered
electrostatically stable at values ​​above ±30 mV (36).

However, after the nanoparticles were incorporated
into the Poloxamer 407–HPMC-based thermosensitive
hydrogel matrix, steric stabilization by the polymer
network improved the system integrity and helped reduce
premature drug release (28). Overall, the obtained EE%
values ​​were within the reported range for chitosan
nanoparticles (60–80%) and were deemed adequate to
support further integration into the optimized
thermosensitive hydrogel platform.

In Vitro Drug Release Study
The in vitro release profile of curcumin from the
thermosensitive Poloxamer 407–HPMC hydrogel matrix at
the optimum formulation (Poloxamer 407: HPMC =
17.067%: 4%) was evaluated to understand the underlying
release mechanism and its potential for controlled drug
delivery. The kinetic model was determined from
regression results, as presented in Table 4 and Figure 4.

Based on Table 4 and Figure 4, the Korsmeyer–
Peppas model exhibited the highest coefficient of
determination (R² = 0.9376) compared to the Higuchi
model (0.9186), zero-order (0.8245), and first-order
(0.5631), indicating that curcumin release from the
thermosensitive Poloxamer 407–HPMC hydrogel matrix is
governed by a combination of diffusion and matrix
relaxation mechanisms. This is supported by the Log Q
versus Log time plot, which Indicates a non-ideal linear
pattern characteristic of a non-Fickian (anomalous
transport) release mechanism in thermosensitive hydrogel
systems (37, 38).

Following gel formation at physiological temperature,
fluid from the surrounding medium penetrates into the
hydrogel network, resulting in swelling and loosening of
the HPMC polymer chains, while the Poloxamer 407
micelle structure undergoes reorganization in the aqueous
environment. These viscoelastic changes lead to matrix
relaxation, creating additional diffusion pathways for
curcumin and suggesting that drug release is regulated
not only by the concentration gradient but also by the
dynamic structural behavior of the gel. In general, drug
release from thermosensitive hydrogel matrices is
controlled by two main mechanisms: diffusion through the
gel layer and erosion of the polymer matrix. For poorly
water-soluble compounds such as curcumin, diffusion is
limited; therefore, drug release is more influenced by
matrix relaxation and erosion resulting from HPMC
swelling and Poloxamer 407 micelle reorganization. As the
temperature rises above a critical temperature, the
hydrogel network collapses following a coil-to-globule
transition. Consequently, curcumin release from the
Poloxamer 407–HPMC hydrogel occurs through a coupled
diffusion–matrix dynamics process, reflecting a non-
Fickian mechanism that allows for more controlled drug
release (29, 39, 40).

Limitations
Overall, this study focuses on the optimization of a
thermosensitive Poloxamer 407–HPMC hydrogel
formulation for curcumin delivery using a rational,
statistically driven approach. The findings are limited to

formulation optimization and physicochemical
characterization and do not yet establish therapeutic
performance. Therefore, further evaluations, including
drug content analysis, formulation stability, and in vitro
biological studies, are required to validate the functional
applicability of this sytem for localized delivery. This study
has several limitations. The use of triplicate measurements
(n = 3) may affect the statistical robustness of the results.
Moreover, as this work focuses on physicochemical
characterization, further investigations, including stability
and biological evaluations, are necessary to confirm the
functional applicability of the system.

Conclusion
The optimization of the thermosensitive curcumin
hydrogel formulation using Response Surface
Methodology (RSM), based on a combination of 17.067%
Poloxamer 407 and 4% HPMC, resulted in a formulation
with desirable physicochemical characteristics in terms of
pH, gelation time, and viscosity. The agreement between
predicted and experimental values within the 95%
prediction interval suggests the adequacy of the statistical
model in describing formulation behavior. These findings
indicate successful optimization of formulation
parameters; however, the present study is limited to
physicochemical evaluation. Further investigations,
including extended drug release studies, rheological
performance, stability assessment, and biological
evaluation, are required to support the functional
applicability of this system as a localized delivery platform.

Abbreviations
HPMC = Hydroxypropyl Methylcellulose; RSM = Response
Surface Methodology.
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