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ABSTRACT 

Background and Aim: Curcumin as natural bioactive compound with therapeutic 

potential; however, has limited clinical application due to poor aqueous solubility, low 

bioavailability, and rapid metabolism. This study aimed to develop an injectable 

thermoresponsive chitosan/β-glycerophosphate hydrogel incorporating curcumin-

loaded mesoporous silica nanoparticles to achieve sustained local delivery of curcumin. 

Methods: MSNs were synthesized, loaded with curcumin, and dispersed into a 

chitosan/β-glycerophosphate solution to prepare an injectable in situ gelling hydrogel. 

The prepared formulations were characterized by Fourier transform infrared, X-Ray 

Diffraction, nitrogen adsorption–desorption analysis, and field-emission scanning 

electron microscopy. Curcumin loading capacity and entrapment efficiency were 

determined, while in vitro drug release was evaluated in simulated body fluid (pH 7.4). 

Biocompatibility was assessed on healthy primary human mammary fibroblasts, and 

cellular uptake was examined by transmission electron microscopy using Michigan 

Cancer Foundation-7 cells. 

Results and Discussion: The loading capacity and entrapment efficiency of MSNs-

curcumin were 20 wt% and 78 wt%, respectively. Characterization confirmed successful 

incorporation of curcumin into the MSNs and their uniform distribution within the 

hydrogel network. The chitosan/β-glycerophosphate/MSNs-curcumin hydrogel 

exhibited a prolonged curcumin release profile with minimal initial burst release under 

physiological conditions. MTT assay demonstrated that both MSNs-curcumin and 

chitosan/β-glycerophosphate/MSNs-curcumin maintained over 90% viability of HPHMF 

cells after 24 and 48 h, indicating good biocompatibility. Transmission electron 

microscopy analysis confirmed successful cellular internalization of MSNs-curcumin by 

Michigan Cancer Foundation-7  cells. These findings suggest that the developed injectable 

hydrogel is a promising platform for sustained localized delivery of curcumin and other 

hydrophobic therapeutic agents. 

 
  

• MSNs as drug carriers due to their high loading capacity, large surface area, and 

tunable pore structure.  

• Injectable thermoresponsive chitosan/β-glycerophosphate hydrogels as localized 

and sustained drug delivery owing to their excellent biocompatibility and in situ gel-

forming capability.  

What is “already 
known”: 
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1. INTRODUCTION 

Nanoencapsulation technology has emerged as an 

effective strategy for improving the delivery of 

bioactive compounds. Encapsulation of therapeutic 

agents within nanostructures protects them from 

degradation during gastrointestinal digestion and 

cellular metabolism while enabling controlled drug 

release. In addition, nanoencapsulation can improve 

drug biodistribution, bioavailability, and targeted 

delivery to specific tissues [1]. 

Curcumin, a natural polyphenolic compound 

extracted from the rhizome of Curcuma longa, has 

attracted considerable attention because of its broad 

pharmacological activities. It has been reported to 

exhibit antibacterial, anticancer, anti-inflammatory, 

and antioxidant properties [2]. Despite these 

promising biological activities, the clinical application 

of curcumin is limited by its poor aqueous solubility, 

low absorption, rapid metabolism, short biological 

half-life, and consequently low bioavailability [3].  

Various drug delivery strategies, including 

nanoparticles, liposomes, and polymeric micelles, 

have therefore been developed to overcome these 

limitations [4]. 

Among the available nanocarriers, mesoporous 

silica nanoparticles (MSNs) have attracted 

considerable attention owing to their unique 

structural characteristics and broad biomedical 

applications [5–7]. Their high surface area, large pore 

volume, tunable pore size, excellent thermal stability, 

and remarkable drug-loading capacity make them 

attractive carriers for a wide range of therapeutic 

agents. Moreover, MSNs generally exhibit favorable 

biocompatibility and are therefore considered 

promising materials for controlled drug delivery [8]. 

Nevertheless, their biosafety is influenced by several 

physicochemical parameters, including particle size, 

morphology, surface chemistry, concentration, and 

exposure time, while increased cytotoxicity has 

mainly been reported for unmodified silica surfaces 

or at relatively high concentrations [9]. More 

recently, Ribeiro et al. developed curcumin-loaded 

MSNs dispersed in a thermo-responsive hydrogel for 

intranasal treatment of Alzheimer's disease [10]. 

Their formulation exhibited high curcumin 

encapsulation efficiency together with favorable 

rheological and mucoadhesive properties, resulting in 

enhanced nasal permeation and improved 

therapeutic efficacy in an Alzheimer's disease model. 

However, this platform was specifically designed for 

intranasal administration and did not address the 

requirements of injectable in situ localized drug 

delivery [10]. 

Chitosan is a naturally derived amino-

polysaccharide that has been extensively used in drug 

delivery systems because of its biodegradability, 

biocompatibility, low toxicity, and high 

hydrophilicity. Moreover, its abundant amino and 

hydroxyl functional groups facilitate chemical 

modification and interaction with a variety of 

nanomaterials [11]. Ahmadi Nasab et al. successfully 

developed chitosan-coated MSNs for curcumin 

delivery, demonstrating improved stability, 

solubility, bioavailability, and anticancer activity of 

curcumin [12]. Their study also investigated pH-

dependent drug release in phosphate-buffered saline 

(PBS) at pH 5.5 and 7.4 and evaluated the cytotoxicity 

of the developed nanocarrier against U87MG 

glioblastoma cells. The results suggested that 

chitosan-coated MSNs could serve as a pH-

responsive nanocarrier for controlled curcumin 

release in the acidic tumor microenvironment [12]. 

However, this delivery system did not provide 

injectable localized administration or in situ gel 

formation for prolonged drug retention at the target 

site.  

Injectable in situ-forming hydrogels have recently 

attracted increasing interest as localized drug delivery 

• An injectable thermoresponsive chitosan/β-glycerophosphate hydrogel incorpo-

rating curcumin-loaded MSNs as a dual sustained drug delivery platform.  

• Prolonged curcumin release with minimal initial burst release while maintaining 

excellent biocompatibility toward healthy fibroblasts.  

• Successful cellular internalization of the nanoparticles, supporting the potential of 

this hydrogel-based system for localized delivery of hydrophobic therapeutic agents. 

What this article adds: 
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platforms. Chitosan/β-glycerophosphate (CS/βGP) 

thermosensitive hydrogels remain in the sol state at 

room temperature and undergo rapid gelation under 

physiological conditions. This unique behavior 

enables minimally invasive administration while 

providing sustained local drug release [13]. β-

Glycerophosphate (βGP) is an organic phosphate salt 

that acts as a pH-adjusting agent for chitosan 

solutions. When mixed with chitosan, βGP 

neutralizes the acidic solution to near physiological 

pH without inducing immediate gelation. Gel 

formation occurs only after exposure to body 

temperature, making this system particularly 

attractive for injectable drug delivery applications 

[14]. 

Although MSNs and thermosensitive chitosan 

hydrogels have shown considerable potential as 

independent drug delivery platforms, the 

development of a hybrid injectable system combining 

curcumin-loaded MSNs with a CS/βGP 

thermoresponsive hydrogel remains insufficiently 

explored. Previous studies have primarily focused 

either on improving curcumin solubility and 

bioavailability using nanoparticle-based systems or 

on achieving sustained drug release using injectable 

hydrogels. However, the synergistic contribution of 

nanoparticle encapsulation and in situ hydrogel 

formation toward minimizing initial burst release, 

enhancing local drug retention, and maintaining 

biocompatibility has not been comprehensively 

investigated. Therefore, the present study aimed to 

develop an injectable thermoresponsive CS/βGP 

hydrogel incorporating curcumin-loaded MSNs 

(MSNs-CU) as a hybrid sustained drug delivery 

platform. The release profiles of MSNs-CU, 

curcumin-loaded CS/βGP hydrogel (CS/βGP/CU), 

and MSNs-CU incorporated within the CS/βGP 

hydrogel (CS/βGP/MSNs-CU) were comparatively 

evaluated in simulated body fluid (SBF, pH 7.4). 

Furthermore, the biocompatibility of MSNs, CS/βGP 

hydrogel and CS/βGP/MSNs was assessed using 

primary human mammary fibroblasts (HPHMF) by 

the MTT assay. Finally, transmission electron 

microscopy (TEM) was used to investigate the cellular 

uptake of MSNs-CU by Michigan Cancer Foundation-

7 (MCF-7) human breast cancer cells. 

 

2. MATERIAL AND METHODS 

2.1. Materials 

Tetraethyl orthosilicate, N-cetyltrimethylammonium 

bromide, hydrochloric acid (HCl, 37%), acetic acid, 

mesitylene (98%), sodium hydroxide (NaOH), 

acetonitrile, and ethanol were purchased from Merck 

(Germany). Curcumin, trypsin solution, 

glutaraldehyde (8% aqueous solution), β-

glycerophosphate (βGP), chitosan (low molecular 

weight, degree of deacetylation >90%), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), and phosphate-buffered saline (PBS) 

were obtained from Sigma-Aldrich (USA). Dulbecco’s 

Modified Eagle Medium (DMEM), penicillin–

streptomycin antibiotic solution, and fetal bovine 

serum (FBS) were purchased from Gibco BRL 

(Gaithersburg, USA). All solutions were prepared 

using deionized water. Simulated body fluid (SBF, pH 

7.4) was prepared according to the method previously 

described [9]. 

2.2 MSNs synthesis 

  MSNs were synthesized according to the method 

previously reported by Rashidi et al. [9]. Briefly, 3.5 

mL of 2.0 M NaOH solution and 1.0 g of N-

cetyltrimethylammonium bromide were dissolved in 

480 mL of deionized water and heated to 80°C under 

continuous stirring. After the reaction temperature 

reached 80°C, mesitylene was added, and the mixture 

was stirred for 5 h. Subsequently, 5 mL of tetraethyl 

orthosilicate was added dropwise at a rate of 1 mL 

min⁻¹. The reaction mixture was further stirred for an 

additional 2 h. The resulting MSN suspension was 

filtered through a 0.45 μm polypropylene membrane 

filter, washed thoroughly with a water/ethanol 

mixture, and dried under vacuum. Finally, the dried 

product was calcined at 540°C for 4 h using a heating 

rate of 1°C min⁻¹ to remove the surfactant template 

[7]. 

2.3. Loading capacity and entrapment 

efficiency  

To determine the optimal curcumin loading 

conditions into MSNs, different concentrations of 

curcumin in ethanol (0, 1, 2, 3, and 4 mg mL⁻¹) were 

prepared. Then, 10 mg of MSNs was added to 1 mL of 

each curcumin solution, resulting in initial 

curcumin/MSNs (CU/MSNs) weight ratios of 0, 0.1, 

0.2, 0.3, and 0.4, respectively. The suspensions were 

stirred at 200 rpm for 24 and 48 h. After incubation, 

http://creativecommons.org/licenses/by-nc/4.0/
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the samples were centrifuged at 9,400 × g for 5 min, 

and the clear supernatants were collected. To remove 

the remaining unencapsulated curcumin from the 

nanoparticle surface, 1 mL of ethanol was added to 

the precipitates, followed by a second centrifugation 

step. This washing procedure was repeated twice. The 

collected supernatants were combined for 

quantitative determination of the amount of 

curcumin incorporated into the MSN pores. The 

curcumin-loaded nanoparticles were subsequently 

dried under vacuum at 25°C. The amount of curcumin 

in the collected supernatants was determined using 

high-performance liquid chromatography (HPLC) 

equipped with a UV detector at a wavelength of 425 

nm [4]. The curcumin loading capacity (LC%) and 

entrapment efficiency (EE%) were calculated using 

Eq.1 & 2 [15]:  
 

DL(%) =
 weight of loaded curcumin

weight of curcumin loaded nanoparticles
× 100% 

      (Eq.1) 

EE(%) =
 weight of loaded curcumin  

initial weight of curcumin 
× 100%    

     (Eq.2)  
 

2.4. HPLC conditions for curcumin 

quantification 

The curcumin was determined using HPLC system 

(Young Lin 9100, Young Lin Instrument Co., Korea) 

equipped with a quaternary pump and UV detector. 

Chromatographic separation was performed using a 

reversed-phase Athena C18-WP column (4.6 mm × 

250 mm, 100 Å, 5 µm). 

The mobile phase consisted of solvent A, containing 

distilled water with 0.1% (v/v) citric acid adjusted to 

pH 3, and solvent B, acetonitrile. The analysis was 

performed using an A/B ratio of 50:50 (v/v) for 60 

min under isocratic conditions. The mobile phases 

were degassed before analysis, and the flow rate was 

maintained at 1.0 mL min⁻¹. The UV detector was set 

at 425 nm for the quantitative determination of 

curcumin concentration [16]. 

2.5. Preparation of injectable thermosensitive 

CS/βGP hydrogel 

The thermosensitive injectable hydrogel system was 

prepared using chitosan (2% w/v) and β/GP (8% 

w/v). Briefly, 100 mg of chitosan powder was 

dissolved in 4.5 mL of 0.1 M hydrochloric acid 

solution. The chitosan solution was maintained in an 

ice-water bath at 4°C to prevent premature gelation 

during preparation. For preparation of curcumin-

loaded CS/βGP hydrogel (CS/βGP/CU), 22 mg of 

curcumin (corresponding approximately to the 

amount of curcumin present in 100 mg of MSNs-CU) 

was gradually added to the cold chitosan solution 

under vigorous stirring until a homogeneous 

dispersion was obtained. Subsequently, 800 mg of 

βGP was slowly added to the chitosan/curcumin 

mixture while continuously stirring at 4°C. The 

resulting solution was incubated at 37°C to evaluate 

hydrogel formation. For preparation of CS/βGP 

hydrogel containing curcumin-loaded MSNs 

(CS/βGP/MSNs-CU), 100 mg of MSNs-CU 

containing the equivalent amount of curcumin was 

dispersed into the CS/βGP solution under continuous 

stirring. A blank CS/βGP hydrogel without curcumin 

or nanoparticles was prepared using the same 

procedure and used as the control formulation [14]. 

2.6. Sample Characterization  

The specific surface area, pore size distribution, and 

pore volume of the MSNs were determined using a 

Micromeritics ASAP 2010 surface area analyzer. The 

specific surface area was calculated according to the 

Brunauer–Emmett–Teller (BET) method over the 

relative pressure (P/P₀) range of 0.20–0.40. The 

morphology of the synthesized MSNs was examined 

using field-emission scanning electron microscopy 

(FE-SEM; Philips XL-30). Prior to imaging, the 

samples were sputter-coated with a thin carbon layer 

to improve conductivity. X-Ray Diffraction (XRD) 

analysis was performed to confirm the hexagonal 

structure of the synthesized nanoparticles. MSNs 

exhibit characteristic reflections at low diffraction 

angles. The low-angle XRD pattern of the mesoporous 

silica nanoparticles was recorded over a 2θ range of 

0° to 10°. For the analysis, the sample was placed on 

a glass substrate, and X-rays with a wavelength of 1.5 

Å were used for diffraction measurements. The 2θ 

angle was varied from 1° to 10° with a step size of 

0.02°. Here, 2θ represents the angle between the 

incident and diffracted X-ray beams, whereas θ is the 

angle between the incident X-ray beam and the plane 

of the sample surface. For morphological evaluation 

of the hydrogel formulations, 1 mL of CS/βGP/MSNs-

CU or blank CS/βGP/MSNs hydrogel was transferred 

into separate vials and frozen at −80°C. The frozen 

samples were subsequently freeze-dried at −50°C 

under a vacuum of 0.1 mbar for 3 h. The lyophilized 

samples were then observed by FE-SEM. Fourier 

transform infrared (FTIR) spectra of all samples were 

http://creativecommons.org/licenses/by-nc/4.0/
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recorded using an FTIR spectrometer (PerkinElmer, 

USA) employing the KBr pellet method. The cellular 

uptake of MSNs-CU and CS/βGP/MSNs-CU by MCF-

7 human breast cancer cells was evaluated using TEM 

(Philips CM120) [7]. 

2.7. In vitro curcumin release  

For the in vitro release study, 10 mg of MSNs-CU was 

weighed and dispersed in 1 mL of simulated body 

fluid (SBF, pH 7.4). A blank sample consisting of 10 

mg of unloaded MSNs in 1 mL of SBF was prepared as 

the control. The vials were incubated in a shaking 

water bath at 37°C with continuous agitation at 100–

120 rpm. At predetermined time intervals, the 

samples were centrifuged at 9,400 × g for 5 min. The 

supernatants were carefully collected and analyzed by 

HPLC to determine the amount of released curcumin. 

An equal volume of fresh SBF was added after each 

sampling to maintain a constant release volume 

throughout the experiment. To evaluate curcumin 

release from the hydrogel formulations, 5 mL of each 

hydrogel precursor suspension (CS/βGP/MSNs-CU 

and CS/βGP/CU) was transferred into separate flasks 

and incubated at 37°C until complete gelation 

occurred. Subsequently, 10 mL of SBF (pH 7.4) was 

gently added onto the surface of each hydrogel. The 

flasks were maintained at 37°C on a shaker operating 

at 120 rpm. At predetermined sampling intervals, 

aliquots of the release medium were withdrawn and 

analyzed by HPLC for curcumin quantification. After 

each sampling, an equal volume of fresh SBF was 

added to maintain a constant release volume 

throughout the experiment. The cumulative amount 

of released curcumin was calculated by considering 

both the amount of drug present in the release 

medium at each sampling point and the amount 

removed in the previous samples. The cumulative 

release profiles were then plotted as a function of time 

[17]. 

2.8. Biocompatibility of the prepared samples 

The in vitro biocompatibility of the prepared 

formulations was evaluated using the MTT assay on 

healthy primary human mammary fibroblast 

(HPHMF) cells. HPHMF cells were obtained from the 

National Institute for Genetic Engineering and 

Biotechnology (Tehran, Iran). The cells were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM; 4.5 

g/L glucose) supplemented with 10% FBS, penicillin 

(100 IU/mL), streptomycin (100 μg/mL), and 1% L-

glutamine (200 mM). The cells were maintained in a 

humidified incubator at 37°C with 5% CO₂ and 95% 

relative humidity. The culture medium was refreshed 

every 3–4 days.  The biocompatibility of MSNs, 

CS/βGP and CS/βGP/MSNs was investigated using 

the MTT assay. Briefly, HPHMF cells were seeded 

into 96-well plates and incubated until appropriate 

cell attachment was achieved. Subsequently, the 

culture medium was replaced with fresh medium 

containing different concentrations (10–500 μg/mL) 

of the prepared samples.  After 24 and 48 h of 

incubation, the treatment media were removed and 

replaced with fresh medium containing MTT solution 

(5 mg/mL). The cells were incubated for an additional 

4 h at 37°C to allow the formation of formazan 

crystals. The supernatant was then removed, and 100 

μL of DMSO was added to each well to dissolve the 

crystals. The absorbance of each well was measured at 

570 nm using a Multiskan Spectrum microplate 

reader (Thermo Fisher Scientific).  The percentage of 

viable cells was calculated relative to untreated 

control cells using the Eq. 3: 
 

Cell viability [%] = 100 ×
Abs570 (Treated Cells )

Abs570 (Control Cells )
  

   (Eq.3) 

where Abs570 is absorbance at 570 nm [18]. 

2.9. TEM evaluation of MSNs-CU inter-

nalization in MCF-7 Cells 

MCF-7 human breast cancer cells were obtained from 

the National Institute for Genetic Engineering and 

Biotechnology (Tehran, Iran). The cells were cultured 

as a monolayer in T-75 flasks containing Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 

10% (v/v) fetal bovine serum (FBS). Cell cultures were 

maintained at 37°C in a humidified atmosphere 

containing 5% CO₂ and 95% relative humidity. The 

cells were detached and adjusted to the desired 

concentration using a hemocytometer. Subsequently, 

MCF-7 cells were seeded into T-25 flasks at a density 

of 6 × 10⁵ cells per flask and incubated overnight. The 

cells were then treated with CS/βGP/MSNs-CU 

suspension (100 μg/mL) and incubated for 24 h. After 

treatment, the culture medium was removed, and the 

cells were washed three times with PBS. The cells were 

subsequently collected by centrifugation at 1500 rpm 

for 5 min. The obtained cell pellets were fixed using a 

mixture of 2.5% (v/v) glutaraldehyde, 4% (v/v) 

paraformaldehyde, and 0.1 M PBS for 3 h. After 

fixation, the cell pellets were washed with 0.1 M PBS, 

embedded in 2% agarose gel, and post-fixed with 4% 

http://creativecommons.org/licenses/by-nc/4.0/
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osmium tetroxide solution for 1 h. The samples were 

then washed with distilled water and stained with 

0.5% aqueous uranyl acetate for 1 h. Dehydration was 

performed using a graded ethanol series (10, 30, 60, 

70, 90, and 100%). Finally, ultrathin sections (50–70 

nm) were prepared using an ultramicrotome and 

subsequently stained with 5% aqueous uranyl acetate 

and 2% aqueous lead citrate before TEM observation 

[9]. 

2.10. Statistical Analysis 

All experimental data were obtained from at least 

three independent measurements and are presented 

as mean ± standard deviation (SD). Statistical analysis 

was performed using one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc test to 

determine significant differences among groups. A 

value of p < 0.05 was considered statistically 

significant. 

3. RESULTS AND DISCUSSION  

3.1. Characterization of MSNs nanoparticles 

The FTIR spectra of MSNs and MSNs-CU are 

presented in Fig. 1a and 1b, respectively. The 

characteristic absorption bands of MSNs observed at 

approximately 801 and 1084 cm⁻¹ correspond to the 

symmetric and asymmetric stretching vibrations of 

the Si–O–Si framework, confirming the formation of 

the silica network. The broad absorption band around 

1630 cm⁻¹ is mainly attributed to the bending 

vibration of adsorbed water molecules associated 

with surface silanol groups. 

Following curcumin loading, noticeable changes in 

the FTIR spectrum were observed. The increased 

intensity of the absorption band around 1084 cm⁻¹, 

together with the appearance and enhancement of 

characteristic curcumin-related bands, suggests 

successful incorporation of drug into the mesoporous 

structure. The absorption band near 1629 cm⁻¹ can be 

assigned to the conjugated carbonyl (C=O) and 

aromatic C=C stretching vibrations of curcumin, 

while the band at approximately 1570 cm⁻¹ 

corresponds to the aromatic C=C stretching vibration 

of the benzene rings. Furthermore, the broad 

absorption region between 3000 and 3750 cm⁻¹ is 

attributed to O–H stretching vibrations originating 

from the phenolic hydroxyl groups of curcumin and 

surface silanol groups, indicating possible hydrogen-

bonding interactions between curcumin and the silica 

surface [19]. These spectral changes collectively 

support the successful loading of curcumin into the 

pores of the MSNs. 
 

 

Fig.1. FTIR spectra of a) MSNs and b) MSNs-CU 

http://creativecommons.org/licenses/by-nc/4.0/
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The XRD patterns of MSNs and MSNs-CU are 

presented in Fig. 2. The characteristic diffraction 

peaks indexed to the (100), (110), (200), and (210) 

planes confirm the well-ordered hexagonal 

mesoporous structure of the synthesized MSNs. After 

curcumin loading, the diffraction pattern retained the 

characteristic (100) reflection, indicating that the 

ordered mesoporous framework remained intact. 

However, a noticeable decrease in the intensity of the 

diffraction peaks was observed following curcumin 

loading. In particular, the (200) and (210) reflections 

became indistinguishable, while the intensities of the 

(100) and (110) peaks were markedly reduced. These 

changes are consistent with the incorporation of 

curcumin into the mesoporous channels, which 

decreases the electron density contrast between the 

silica walls and the pore interiors. The attenuation 

and disappearance of the higher-order reflections 

further suggest partial filling of the mesopores and a 

reduction in long-range pore ordering after drug 

loading, while preserving the overall meso structure 

of the nanoparticles [20]. 

 

 

 

 

 

 

 

 

Fig.2. XRD patterns of MSNs and 

MSNs-CU 

 

 

 

 

 

 

 

 

 

 

The textural properties of MSNs and MSNs-CU, 

obtained from nitrogen adsorption–desorption 

analysis, are summarized in Table 1. Following 

curcumin loading, the BET specific surface area 

decreased from 992.4 to 783.1 m² g⁻¹, while the 

Barrett–Joyner–Halenda (BJH) adsorption pore 

volume decreased from 1.037 to 1.000 cm³ g⁻¹. A 

slight reduction in the average pore diameter, from 

4.70 to 4.60 nm, was also observed. These changes 

are consistent with the incorporation of curcumin 

molecules into the mesoporous channels, resulting in 

partial occupation of the pore space and a consequent 

reduction in the accessible surface area and pore 

volume. The synthesized MSNs exhibited a high 

specific surface area (992.4 m² g⁻¹) and an average 

pore diameter of 4.70 nm, confirming the successful 

preparation of a highly porous mesoporous silica 

structure suitable for drug loading. 

 

 

Table 1. Barrett–Joyner–Halenda )BJH( and Brunauer–Emmett–Teller (BET) Parameters of MSNs and MSNs-

CU 

Sample BET 

Surface area  
(m2g-1) 

BJH 

Adsorption volume of Pore 
(cm3g-1) 

Pore diameter 
(nm) 

BJH 
Adsorption area of 
pore (m2g-1) 

MSNs 992.4 1.037 4.70 1251 
MSNs-CU 783.11 1.00 4.60 922.7 

http://creativecommons.org/licenses/by-nc/4.0/
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3.2. Drug loading capacity and entrapment 

efficiency 

LC and EE of curcumin were evaluated by incubating 

10 mg of MSNs with different amounts of curcumin (0, 

1, 2, 3, and 4 mg). The LC and EE values were 

calculated according to Equations (1) and (2). As 

shown in Fig. 3, the LC increased progressively with 

increasing initial curcumin concentration, indicating 

greater incorporation of the drug into the mesoporous 

structure. In contrast, the EE gradually decreased as 

the initial drug-to-carrier ratio increased, which can be 

attributed to the finite loading capacity of the MSNs. As 

the available adsorption sites within the mesopores 

approached saturation, an increasing proportion of the 

added curcumin remained unencapsulated.  At the 

highest initial CU/MSNs weight ratio (0.4), the EE and 

LC reached 78% and 20 wt%, respectively. No 

statistically significant differences were observed 

between the LC and EE values obtained after 24 and 48 

h of incubation (p > 0.05), indicating that adsorption 

equilibrium was achieved within the first 24 h. 

These findings are comparable to those reported by 

Ribeiro et al. [10], who achieved an encapsulation 

efficiency of approximately 87.7% for curcumin-loaded 

MSNs incorporated into a thermoresponsive hydrogel. 

Although the EE obtained in the present study was 

slightly lower, both studies demonstrate the high 

loading capability of mesoporous silica nanoparticles 

toward hydrophobic compounds such as curcumin. 

The difference in EE may be attributed to variations in 

MSN physicochemical characteristics, including pore 

size, specific surface area, synthesis protocol, and drug-

loading conditions. Moreover, the LC achieved in the 

present study (20 wt%) indicates that a substantial 

amount of curcumin was successfully incorporated 

into the mesoporous structure while maintaining a 

relatively high encapsulation efficiency, supporting the 

suitability of the prepared MSNs for subsequent 

incorporation into the injectable CS/βGP hydrogel. 

 

 

 

Fig. 3. Curcumin loading capacity (LC%) and entrapment efficiency (EE%) 

 

3.3. Characterization of injectable hydrogels  

The FTIR spectra of curcumin, CS/βGP hydrogel, 

CS/βGP/CU, and CS/βGP/MSNs-CU are presented in 

Fig. 4. The characteristic absorption bands observed at  

approximately 2859 and 2940 cm⁻¹ correspond to the 

C–H stretching vibrations of the chitosan backbone. 

The spectra of CS/βGP, CS/βGP/CU, and 

CS/βGP/MSNs-CU also exhibited the characteristic 

amide I and amide II bands of chitosan at 

approximately 1671 and 1564 cm⁻¹, respectively. 
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Fig.4. FTIR spectra of curcumin, CS/βGP, CS/βGP/CU, and CS/βGP/MSNs-CU 
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Following incorporation of CU-loaded MSNs into 

the hydrogel, the amide II band shifted from 1564 to 

1583 cm⁻¹ and exhibited increased intensity. This 

spectral shift suggests the presence of intermolecular 

interactions, most likely hydrogen bonding and 

electrostatic interactions, among chitosan, βGP, MSNs, 

and curcumin. The absorption bands observed at 

approximately 1442, 1365, and 1315 cm⁻¹ are assigned 

to C–H bending and C–O stretching vibrations of the 

chitosan polymer backbone. In addition, the band 

detected at approximately 1416 cm⁻¹ in the 

CS/βGP/MSNs-CU spectrum can be attributed to N–H 

bending vibrations, further indicating interactions 

between the hydrogel matrix and the incorporated 

nanoparticles. A broad absorption band between 3000 

and 3750 cm⁻¹, corresponding to the stretching 

vibrations of hydroxyl (O–H) and amino (N–H) 

groups, showed a noticeable decrease in intensity after 

incorporation of MSNs-CU. This change is consistent 

with the formation of hydrogen-bonding interactions 

between the hydroxyl groups of curcumin, the surface 

silanol groups of MSNs, and the amino and hydroxyl 

groups of chitosan, confirming the successful 

integration of the drug-loaded nanoparticles within the 

hydrogel network [20]. 

 

 

Fig. 5. SEM images of a) CS/βGP/MSNs-CU (100X) and b) CS/βGP/MSNs-CU (50000X) 

 

Representative SEM images of the freeze-dried 

CS/βGP/MSNs-CU hydrogel is presented in Fig. 5. 

CS/βGP/MSNs-CU hydrogel exhibited a three-

dimensional (3D) interconnected macroporous 

architecture with a honeycomb-like morphology. At 

higher magnification (Fig. 5b), the MSNs were 

observed to be uniformly dispersed throughout the 

hydrogel matrix, suggesting successful incorporation 

of the nanoparticles into the polymeric network. The 

nanoparticles retained their spherical morphology 

following encapsulation within the hydrogel. 

The particle size of the incorporated MSNs ranged 

from approximately 61.7 to 91.2 nm, while the pore size 

of the freeze-dried hydrogels ranged from 

approximately 200 to 500 μm. The interconnected 

porous structure is expected to facilitate water 

penetration and mass transport within the hydrogel. 

3.4. In Vitro curcumin release study 

The cumulative release profile of curcumin from the 

CS/βGP/MSNs-CU hydrogel in simulated body fluid 

(SBF, pH 7.4) is presented in Fig. 6. During the first 20 

h, approximately 5% of the encapsulated curcumin was 
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released, indicating the absence of a pronounced initial 

burst release. Thereafter, the release proceeded 

gradually, reaching approximately 36% after 120 h. 

Even after 220 h, more than 50% of the encapsulated 

curcumin remained within the hydrogel, demons-

trating the ability of the developed system to provide 

prolonged and sustained drug release. 

The sustained release profile observed in the 

present study is consistent with previous reports on 

curcumin-loaded mesoporous silica nanoparticles. For 

example, Ahmadi Nasab et al. [12] reported that, at pH 

7.4, cumulative curcumin release reached approx.-

imately 35% from uncoated MSNs and only 17% from 

chitosan-coated MSNs after 48 h, followed by only a 

slight increase up to 100 h. In both studies, a consid-

erable proportion of the encapsulated curcumin rema-

ined retained within the carrier throughout the release 

period, confirming the ability of silica-based nano-

carriers to provide sustained release of hydrophobic 

compounds. However, unlike the chitosan-coated 

MSNs developed by Ahmadi Nasab et al., the present 

formulation incorporates curcumin-loaded MSNs into 

an injectable thermoresponsive CS/βGP hydrogel, 

providing an additional diffusion barrier after in situ 

gelation. This dual carrier system is expected to 

enhance local drug retention while minimizing the 

initial burst release, making it more suitable for 

localized sustained drug delivery applications. 

 

 

 

 

 

 

 

Fig. 6. Cumulative 

release study of 

curcumin from 

CS/GP/MSNs-

CU. 

 

 

 

 

 

 

 

 

The prolonged release behavior of the 

CS/βGP/MSNs-CU system can be attributed to several 

complementary mechanisms. First, curcumin can 

interact with the amino and hydroxyl groups of the 

chitosan network through hydrogen bonding, thereby 

reducing its diffusion rate from the hydrogel matrix. 

Second, encapsulation of curcumin within the 

mesoporous channels of silica nanoparticles introd-

uces an additional diffusion barrier, resulting in slower 

drug transport than free curcumin. Furthermore, the 

thermally induced CS/βGP hydrogel forms a three-

dimensional polymeric network that restricts 

penetration of the release medium and further retards 

drug diffusion. Collectively, these structural charac-

teristics account for the sustained release behavior 

observed under physiological conditions. 

To further elucidate the release mechanism, the 

cumulative release data were fitted to the Higuchi and 

Korsmeyer–Peppas kinetic models. The Higuchi model 

is described by the equation Q=kHt1/2, where Q is the 

cumulative percentage of drug released at time t and kH 

is the Higuchi constant. The Korsmeyer–Peppas model 

is expressed as Mt/M∞=ktn, where K is its constant and 

n is the release exponent indicative of the release 
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mechanism. The fitting results are summarized in 

Table 2. The Higuchi model yielded a rate constant of 

kH=3.53 with R2=0.846. For the Korsmeyer–Peppas 

model, the release exponent was found to be n=0.57 

(R2=0.856). The value of n lying between 0.45 and 0.89 

indicates anomalous (non-Fickian) transport, 

suggesting that curcumin release is governed by the 

combined effects of drug diffusion through the 

mesoporous silica channels and the polymeric network 

of the thermoresponsive chitosan hydrogel, as well as 

limited polymer chain relaxation. These findings are 

consistent with the observed prolonged and sustained 

release profile with minimal burst effect. 

3.5. In Vitro biocompatibility study 

The in vitro biocompatibility of MSNs, CS/βGP 

hydrogel, and CS/βGP/MSNs toward healthy primary 

HPHMF cells was evaluated using the MTT assay, and 

the results are presented in Fig. 7a–c. The viability of 

HPHMF cells was not significantly affected by 

increasing the concentration of the tested samples or 

by extending the incubation period from 24 to 48 h. 

As shown in Fig. 7, cell viability remained above 90% 

for all tested formulations, even at the highest 

concentration after 48 h of incubation, indicating 

excellent biocompatibility toward healthy fibroblast 

cells. These findings suggest that neither the MSNs nor 

the injectable CS/βGP hydrogel induced detectable 

cytotoxic effects under the experimental conditions. 

 

Table 2. Kinetic parameters of curcumin release from CS/βGP/MSNs-CU hydrogel 

Kinetic Model Equation Parameters R² 

Higuchi Q=kHt1/2 kH=3.53 0.846 

Korsmeyer–Peppas Mt/M∞=ktn k=0.0258, n=0.57 0.856 

 

Fig. 7. Biocompatibility of a) MSNs, b) CS/GP hydrogel and c) CS/GP/MSNs on HPHMF cells by MTT assay. 
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The high cell viability can be attributed to the 

inherent biocompatibility of chitosan and MSNs. The 

absence of significant cytotoxicity indicates that the 

developed injectable hydrogel is a promising carrier for 

sustained drug delivery applications. Furthermore, 

according to the ISO 10993-5 guideline, materials 

exhibiting cell viability greater than 70% are generally 

considered non-cytotoxic. Therefore, the obtained 

results confirm the favorable biocompatibility of the 

developed formulations. Although the present study 

demonstrates excellent biocompatibility toward 

healthy fibroblasts, further studies using cancer cell 

lines are required to evaluate the therapeutic efficacy 

of the developed delivery system. These results are 

consistent with those reported by Ribeiro et al. [10], 

who demonstrated the biocompatibility of curcumin-

loaded MSNs dispersed in a thermoresponsive 

hydrogel for intranasal administration. Both studies 

indicate that incorporation of curcumin-loaded MSNs 

into thermoresponsive hydrogel systems does not 

compromise the biological safety of the carrier.  

3.6. Cellular uptake analysis 

Representative TEM images of MCF-7 cells treated 

with CS/βGP/MSNs-CU are shown in Fig. 8. Electron-

dense nanoparticles were observed within the cellular 

compartments, confirming the successful 

internalization of MSNs-CU by MCF-7 cells. The 

presence of nanoparticles inside the cells indicates that 

the hydrogel-dispersed MSNs-CU remained available 

for cellular uptake after incubation. No obvious 

aggregation of nanoparticles was observed in the 

examined sections. These findings demonstrate that 

the developed CS/βGP/MSNs-CU formulation is 

capable of delivering MSNs to MCF-7 cells under the 

experimental conditions. 

 

 

 

Fig. 8. TEM images of MCF-7 cells after 24 h incubation with CS/βGP/MSNs-CU a) scale bar = 450 nm and (b) 

scale bar = 150 nm. 
 

It should be noted that TEM analysis provides 

qualitative evidence of nanoparticle internalization 

and intracellular localization. However, this technique 

does not directly quantify the amount of internalized 

nanoparticles or demonstrate intracellular release of 

curcumin. Therefore, the present results support 

successful cellular uptake of the nanoparticle 

formulation rather than therapeutic efficacy. 

Although the present study demonstrated excellent 

biocompatibility of the developed formulation toward 

healthy primary human mammary fibroblasts and 

confirmed the cellular uptake of MSNs-CU by MCF-7 

cells, its anticancer efficacy was not investigated. 

Future studies should evaluate the cytotoxicity and 

therapeutic performance of the injectable 

CS/βGP/MSNs-CU hydrogel in relevant cancer cell 
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lines and in vivo tumor models to further explore its 

potential for localized cancer therapy. 

4. CONCLUSIONS 

In this study, MSNs-CU were successfully incorporated 

into an injectable thermoresponsive CS/βGP hydrogel 

to develop a sustained drug delivery system. 

Physicochemical characterization confirmed the 

successful loading of curcumin into the MSNs and their 

homogeneous incorporation within the hydrogel 

network. The developed formulation exhibited a 

prolonged release profile with minimal initial burst 

release under physiological conditions, demonstrating 

its potential for sustained local drug delivery. 

In vitro biocompatibility studies showed that both 

MSNs-CU and CS/βGP/MSNs-CU maintained high 

viability of HPHMF after 24 and 48 h of incubation, 

indicating favorable biocompatibility. Furthermore, 

TEM analysis confirmed the successful cellular 

internalization of the nanoparticles by MCF-7 cells. 

The observed intracellular localization of MSNs-CU 

suggests that the developed hydrogel-based 

formulation can maintain nanoparticle availability for 

cellular internalization while providing sustained drug 

release under physiological conditions. Overall, the 

developed injectable CS/βGP/MSNs-CU hydrogel 

combines sustained drug release, good 

biocompatibility, and efficient cellular uptake, 

suggesting its potential as a localized delivery platform 

for curcumin and other hydrophobic therapeutic 

agents. Further in vitro and in vivo studies are 

warranted to evaluate its therapeutic efficacy and long-

term performance. 
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