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ABSTRACT 

Objective: To develop and optimize Solanum torvum extract-loaded mesoporous silica nanoparticles (MSNs) targeting methicillin-resistant 
Staphylococcus aureus (MRSA) and multidrug-resistant Escherichia coli with enhanced physicochemical properties and stability for antimicrobial 
resistance (AMR) applications.  

Methods: Mesoporous silica nanoparticles were synthesized using a modified Stöber method. The formulation was optimized using Box-Behnken 
design with three critical factors: CTAB amount (0.25-1.00 g), TEOS volume (5.00-10.00 ml), and stirring speed (400-600 rpm), targeting minimal 
particle size and most negative zeta potential. The optimized formulation was characterized for particle size, zeta potential, loading efficiency, 
morphology (SEM), drug-excipient compatibility (FTIR, DSC), in vitro release profile, and accelerated stability.  

Results: The 2FI model demonstrated excellent predictive capability for both responses (adjusted R²=0.8640 and 0.9508 for particle size and zeta 
potential, respectively). Formulation SF6 (CTAB: 1g, TEOS: 7.5 ml, stirring speed: 400rpm) was identified as optimum, exhibiting spherical 
morphology with particle size of 110.8±2.5 nm, PDI of 0.182±0.011, zeta potential of-32.3±0.7 mV, and loading efficiency of 89.1±0.45%. The 
formulation showed biphasic sustained release (92.1% over 12 h) and demonstrated moderate stability under accelerated conditions with gradual 
parameter changes (40 °C/75%RH) for 6 mo with minimal changes in critical parameters (5% increase in particle size, 4.2% decrease in drug 
content) and exhibited potent antimicrobial activity with MIC values of 8 μg/ml (MRSA) and 16 μg/ml (MDR E. coli). 

Conclusion: The optimized Solanum torvum extract-loaded MSNs offer a promising nanodelivery system with enhanced stability and sustained 
release characteristics that could potentially improve bioavailability, reduce dosing frequency, and enhance patient compliance in clinical settings. 
The formulation's moderate stability profile, while improved compared to free extract, requires further optimization to address storage-related 
degradation in phytopharmaceutical development, positioning it for future translational studies toward clinical applications. 
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INTRODUCTION 

Antimicrobial resistance (AMR) is considered a huge health problem 
worldwide and is responsible for around 4.95 million bacterial 
deaths in 2019 [1]. In developed countries, more than $55 billion is 
spent annually on AMR in healthcare bills and lost productivity, even 
though it affects low and middle-income nations more seriously [2]. 
Traditional antimicrobial treatments encounter more problems as 
few innovative antibiotics are being discovered: only three have 
been approved in the last thirty years [3]. Current surveillance data 
indicates MRSA prevalence of 20-25% among S. aureus infections 
globally, while multidrug-resistant E. coli accounts for 15-30% of 
clinical isolates, representing primary targets for novel antimicrobial 
strategies. Poor bioavailability, insufficient tissue penetration and 
noticeable side effects make today’s treatments less successful, as a 
30% treatment failure rate is found for some infections that are 
resistant to many antibiotics [4]. There has been a substantial 
increase around 65% more in resistant infections over the past ten 
years, highlighting why new antibiotics are needed that don’t disrupt 
our natural microbiome [5]. 

Turkey berry (Solanum torvum) is characterized by steroidal 
glycoalkaloids and phenolic compounds that have excellent 
antimicrobial activity [6]. Solamargine and solasonine are the main 
substances in Solanum roots and these substances significantly 
suppress both Gram-positive and Gram-negative bacteria by 
damaging their cell membranes and stopping bacterial protein 
production [7]. They show remarkable stability in living organisms 
because of their unique structure, having a C27 steroidal alkaloid, 
with a spirosolane framework [8]. Studies in test tubes have 
revealed that S. torvum extracts have MICs of around 15-62 μg/ml 
against multidrug-resistant bacteria which is close to those of 
ordinary antibiotics. Studies in test tubes have revealed that S. 
torvum extracts demonstrate specific MIC values of 15-25 μg/ml 

against MRSA and 25-40 μg/ml against multidrug-resistant E. coli, 
achieving antimicrobial efficacy through cell membrane disruption 
and bacterial protein synthesis inhibition [9]. More than its 
antimicrobial use, this extract can control inflammation and adapt 
the immune system, helping deal with the complicated problems 
infectious diseases might involve [10]. 

MSNs present distinct advantages over alternative nanocarriers for 
S. torvum extract delivery. Unlike liposomes, which suffer from 
limited stability and rapid drug leakage, or polymeric nanoparticles 
with uncontrolled pore structures, MSNs offer tunable pore 
dimensions (2-50 nm) precisely matching phytocompound 
molecular sizes, exceptional surface areas (>1000 m²/g) enabling 
high drug loading, and superior chemical stability under 
physiological conditions [11]. They have ordered networks of pores 
that come in wide pore size ranges (2-50 nm), give a huge surface 
area (more than 1000 m²/g) and can be made more functional to 
influence how drugs are delivered [12]. The protective matrix in 
MSNs enables bioactive compounds from plants to be stable, be 
easier to use and be delivered at the target site step by step [13]. The 
rigid silica framework prevents premature drug release observed in 
soft nanocarriers, while the mesoporous architecture allows 
controlled diffusion kinetics essential for maintaining therapeutic 
concentrations against resistant bacterial strains. Modern 
technology in MSN manufacture provides systems that respond to 
changes in the environment of an infection, such as changes in pH or 
bacteria which allows medicines to be released precisely when and 
where infection occurs and causes less harm elsewhere [14]. 
Furthermore, because silica is non-harmful to cells and can be 
broken down by water, MSNs look very attractive for translation 
into clinical use [15]. 

This study seeks to create MSNs that carry S. torvum extract, with 
the goal of making them more effective against multidrug-resistant 
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bacterial pathogens. More precisely, we aim to study the relationship 
between the structure of MSNs, their surface modification and the 
properties of the phytocompounds they contain such as their ability 
to hold weight, release active substances and kill microbes. The 
study aims to solve important problems in making plant-based 
antimicrobials suitable for clinical use which could create a flexible 
tool to make use of unused medicinal plants against new infectious 
diseases. 

MATERIALS AND METHODS 

Materials 

Solanum torvum extract (98% purity, 60-80 mesh size) was 
procured from Sciquaint Innovations Pvt. Ltd. (Pune, India). 
Cetyltrimethylammonium bromide (CTAB) (analytical grade, ≥99% 
purity) and tetraethyl orthosilicate (TEOS) (analytical grade, 98% 
purity, MW 208.33 g/mol) were purchased from Research Lab Fine 
Chem Industries (Mumbai, India). Sodium hydroxide (analytical 
grade, 97% purity) and hydrochloric acid (analytical grade, 37% 
w/v) were obtained from Neeta Chemicals (Pune, India). Ethanol 
(HPLC grade, 99.8% purity) and methanol (HPLC grade, 99.9% 
purity) were procured from Sciquaint Chemicals (Pune, India). 
Potassium dihydrogen phosphate (analytical grade, 99.5% purity) 
and disodium hydrogen phosphate (analytical grade, 99% purity) 
used for preparation of buffer solutions were purchased from 
Research Lab Fine Chem Industries (Mumbai, India). Dialysis 
membrane (molecular weight cut-off: 12-14 kDa) was obtained from 
Neeta Chemicals (Pune, India). All other chemicals and reagents 
used were of analytical grade and used without further purification. 

Methods 

Calibration curve of Solanum torvum extract (STE) 

To find the linear link between concentration and absorbance, a 
calibration curve was set up for the Solanum torvum extract (STE). A 
concentration of 1000 μg/ml of STE (stock solution) was made by 
dissolving 100 mg of extract in 100 ml of ethanol (analytical grade, 
from Merck Life Science Pvt. Ltd., Mumbai, India). Working 
standards of 5, 10, 15, 20, 25 and 30 μg/ml were made by 
performing dilutions. The absorbance for each standard solution 
was measured at 285 nm on a UV-Visible spectrophotometer (UV-
1800 from Shimadzu Scientific India, maintained at 25±2 °C). 
Ethanol was chosen to correct the baseline. A graph was built by 
plotting the absorbance values against the concentrations used. 
Linear regression was used to calculate the function of the line and 
how well the data fits the line (R²). Each measurement was repeated 
three times (n=3) and the curve was built using the average values. 
Linearity of the method was established by preparing a calibration 
curve in the selected concentration range, and the regression 
equation was derived using the least squares method along with 
calculation of the correlation coefficient. The sensitivity of the 
method was assessed by determining the limit of detection (LOD) 
and limit of quantitation (LOQ) using the formulas LOD = 3.3σ/S and 
LOQ = 10σ/S, where σ represents the standard deviation of the 
response and S is the slope of the calibration curve. Specificity was 
evaluated by analyzing the blank MSN matrix under identical 
conditions to confirm the absence of interfering absorbance at the 
analyte’s detection wavelength [16, 17]. 

FTIR analysis 

FTIR spectroscopy was used to check for possible interactions that 
might occur between Solanum torvum extract (STE) and the 
combination of excipients. An FTIR spectrophotometer (Alpha II 
from Bruker India Scientific Pvt. Ltd., Mumbai, India) with an ATR 
attachment was used to do the analysis. Pure STE and physical 
mixture (with STE and MSNs having a 1:1 ratio) were both applied 
to a diamond crystal surface and manually compressed with the help 
of the pressure applicator. Pure STE and physical mixture prepared 
at 1:1 w/w ratio using particle sizes matched at 60-80 mesh (STE) 
and equivalent MSN particle size range were both applied to a 
diamond crystal surface and manually compressed with the 
pressure applicator. Both samples were ground to ensure uniform 
particle size distribution (<80 mesh) to prevent spectral artifacts 
from particle size differences. Mid-infrared spectroscopy 

measurements were made in the 4000-400 cm⁻¹ range at a 
resolution of 4 cm⁻¹, with 32 scans for each sample at room 
temperature (25±2 °C). An initial ‘background’ spectrum was 
obtained before collecting samples. The software used for obtaining 
and processing the data was OPUS (version 8.5). Absorption bands 
were found in both the pure extract and the physical mixture which 
were then examined to look for possible chemical interactions. The 
test measurements were done three times (n=3) [18, 19].  

DSC analysis 

A study on the thermal behavior and compatibility between Solanum 
torvum extract (STE) and MSNs was done with Differential Scanning 
Calorimetry (DSC). A differential scanning calorimeter (DSC 214 
Polyma, Toshvin Analytical Pvt. Ltd., Mumbai, India) that was 
calibrated with indium was used for the analysis. Approximately 5 
mg of each sample (pure STE and physical mixture prepared at 1:1 
w/w ratio with matched particle sizes of 60-80 mesh) was 
accurately weighed into aluminum pans and hermetically sealed. 
Comparison was done using an empty aluminum pan. Samples were 
heated from 30 to 300 degrees Celsius every 10 min while under a 
nitrogen purge of 50 ml/minute. Using the Proteus Analysis 
Software (version 7.0), we measured the onset temperature, peak 
temperature and changes in enthalpy (ΔH) for each sample. Melting, 
crystallization and decomposition were noted as examples of 
thermal events. There were three replicate analyses performed for 
every test (n=3) [20, 21]. 

Solubility study 

The solubility study was conducted to compare the aqueous 
solubility of free STE versus STE-loaded MSNs under controlled 
conditions. For comparative analysis, both free STE and STE-loaded 
MSN formulations were tested at equivalent STE concentrations of 
50 μg/ml. An excess amount of pure STE powder or equivalent STE-
loaded MSNs (containing 50 μg STE based on loading efficiency 
calculations) was added to 10 ml of each solvent: distilled water, 
phosphate buffer pH 6.8, phosphate buffer pH 7.4, and 0.1 N HCl. The 
STE concentration in MSN formulations was determined from the 
optimized formulation (SF6) with confirmed loading efficiency of 
89.1±0.45%, requiring 56.1 mg of STE-loaded MSNs to deliver 50 μg 
of STE. All samples were processed under identical conditions using 
orbital shaking at 100 rpm for 24 h at 37±0.5 °C, followed by 
centrifugation, filtration, and UV-Visible spectrophotometric 
analysis at 285 nm. The solubility was estimated with the help of the 
regression equation obtained during the calibration process. All 
measurements of solubility were carried out 3 times (n=3) [22]. 

Experimental design 

The optimization of Mesoporous Silica Nanoparticles (MSNs) was 
conducted using Box-Behnken Design (BBD), which enables efficient 
parameter optimization through response surface analysis. The 
experimental design was implemented using Design Expert®13 
software, focusing on three critical factors: CTAB amount (ranging 
from 0.25 to 1.00 g), TEOS volume (ranging from 5.00 to 10.00 ml), 
and Stirring Speed (ranging from 400 to 600 rpm). The design 
targeted two key response parameters: minimizing particle size 
(measured in nanometers) and achieving the most negative zeta 
potential (measured in millivolts). The BBD approach generated 17 
distinct experimental conditions with varying factor combinations. 
The optimization process aims to establish a statistical model that 
can accurately predict and achieve the desired particle 
characteristics, with responses fitted to appropriate mathematical 
models (linear, 2-fi, quadratic, or tertiary). The validation of the 
model's effectiveness was conducted through ANOVA analysis, 
examining critical parameters including p-value significance, 
squared correlation coefficient (R²), and precision measurements, 
ultimately leading to the synthesis of MSNs with optimized 
properties. 

A general polynomial equation for the Box-Behnken Design (BBD) is:  

R = β₀+β₁X₁+β₂X₂+β₃X₃+β₁₂X₁X₂+β₁₃X₁X₃+β₂₃X₂X₃+β₁₁X₁²+β₂₂X₂²+β₃₃X₃². (1) 

Where, R represents the response variables (R1: Particle size or R2: 
Zeta potential), β₀ is the intercept coefficient, β₁, β₂, β₃ are the linear 
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coefficients for CTAB amount (X₁), TEOS amount (X₂), and Stirring 
Speed (X₃) respectively, β₁₂, β₁₃, β₂₃ are the interaction coefficients 
between factors, β₁₁, β₂₂, β₃₃ are the quadratic coefficients, X₁ 

represents CTAB amount ranging from 0.25 to 1.00 g, X₂ represents 
TEOS amount ranging from 5.00 to 10.00 ml, X₃ represents Stirring 
Speed ranging from 400 to 600 rpm [23, 24]. 

 

Table 1: Factors and responses used for box-behnken design (BBD) 

Independent factors 

Factors Levels 
Low (-1) High (+1) 

X1 CTAB amount (g) 0.25 1.00 
X2 TEOS amount (mL) 5.00 10.00 
X3 Stirring Speed 400 600 
 Responses Goal 
R1 Particle size (nm) Minimize 
R2 Zeta potential (mV) Most negative 

 

Synthesis of MSNs 

A modified Stöber approach was employed to produce Mesoporous 
Silica Nanoparticles (MSNs), following guidelines set by the Box-
Behnken design. Initially, CTAB amount varying from 0.25 to 1.00 g (as 
per Box-Behnken design specifications in table 2) was dissolved in 480 
ml of distilled water and then 3.5 ml of 2 N NaOH was added to form 
the first reaction mixture. The mixture was kept at 80 °C and stirred 
very quickly at 400-600 rpm. TEOS was introduced into the system 
with drops, at a regular rate of 0.33 ml/min during the next 30 min 
while maintaining the temperature. The mixture was stirred 
vigorously for 2 h until the suspension of MSN was formed. A 
centrifuge was used at 15,000 rpm for 20 min and the product was 
washed again with ethanol and distilled water to eliminate extra 

molecules. The method used to remove surfactant was to disperse the 
residue in ethanol and HCl (8 parts ethanol to 1 part HCl), treat it with 
ultrasound for 20 min and reflux for 6 h at a temperature of 60 °C. 
After air drying, the final steps included centrifuging the sample and 
washing it with ethanol and distilled water three times, which ended 
when the MSN powder was left to dry overnight at 40 °C. Complete 
CTAB removal was confirmed through quantitative analysis using 
FTIR spectroscopy and thermogravimetric analysis (TGA). FTIR 
spectra of purified MSNs showed complete absence of characteristic 
CTAB peaks at 2919 cm⁻¹ (asymmetric CH₂ stretching) and 2850 cm⁻¹ 
(symmetric CH₂ stretching). TGA analysis demonstrated residual 
surfactant content below 2% w/w, confirming biocompatible 
surfactant removal. The absence of the 1486 cm⁻¹ peak (C-N 
stretching) further validated complete CTAB elimination [25]. 

 

Table 2: Design batches as per Box-Behnken Design (BBD) 

Run Factor 1 Factor 2 Factor 3 
A: CTAB amount (g) B: TEOS amount (ml) C: Stirring speed (rpm) 

SF1 0.625 7.5 500 
SF2 0.25 7.5 600 
SF3 0.25 10 500 
SF4 0.625 7.5 500 
SF5 0.625 5 600 
SF6 1 7.5 400 
SF7 0.25 7.5 400 
SF8 1 7.5 600 
SF9 0.25 5 500 
SF10 1 10 500 
SF11 0.625 7.5 500 
SF12 1 5 500 
SF13 0.625 10 600 
SF14 0.625 5 400 
SF15 0.625 7.5 500 
SF16 0.625 10 400 
SF17 0.625 7.5 500 

 

Characterization of MSNs 

Particle size and polydispersity index determination 

Both particle size and polydispersity index (PDI) for the produced 
MSNs were established by means of DLS technique. The analysis was 
carried out on a Nano ZS90 (Malvern Panalytical India Pvt. Ltd., 
Bangalore, India) particle size analyzer with a 4 mW He-Ne laser (λ = 
633 nm). A concentration of 0.1 mg/ml was mixed with deionized 
water and the samples were sonicated for 5 min. All measurements 
were conducted using 173° backscatter detection at 25±1 °C with 
dispersant viscosity of 0.89 cP (water) and refractive index of 1.330. 
Samples equilibrated for 2 min before measurement, with automatic 
attenuation and measurement position optimization. The 
autocorrelation function was used together with the Stokes-Einstein 
equation to find the mean hydrodynamic diameter and PDI. The 
measurement was performed three times for every sample (n=3) [26]. 

Zeta potential measurement 

Electrophoretic light scattering let us measure the zeta potential of the 
MSNs to check their surface charge and colloidal stability. The 

experiments were carried out with a zeta potential analyzer (Nano 
ZS90, Malvern Panalytical India Pvt. Ltd., Bangalore, India). The sample 
treatment involved sonicating a mixture of 0.1 mg/ml MSNs in 
deionized water (pH 7.0±0.2) for 5 min before testing. Tests were done 
at 25±1 °C and using a voltage of 150 V. Measurements utilized 173° 
backscatter angle with dispersant viscosity of 0.89 cP and dielectric 
constant of 78.5 (water). The Henry function of Smoluchowski 
approximation (f(Ka) = 1.5) was applied for zeta potential calculations. 
Helmholtz-Smoluchowski equation was applied to use the 
electrophoretic mobility to obtain the zeta potential. All measurements 
on each sample were repeated three times (n=3) [27]. 

Scanning electron microscopy (SEM) 

Using a scanning electron microscope, the surface and particle shape 
of the synthesized MSNs were looked at. The samples were analyzed 
at Carl Zeiss India Pvt. Ltd. (Bangalore, India) with a high-resolution 
EVO MA15 scanning electron microscope, with an accelerating 
voltage set at 15 kV. Each sample was formed by putting a tiny bit of 
MSN on a double-sided carbon adhesive tape that was attached to an 
aluminum stub. After that, a thin layer of gold (15 nm) was put onto 
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the samples with a sputter coater (SC7620 from Quorum 
Technologies Ltd., supplied by Aimil Ltd.). The compound was 
vaporized (New Delhi, India) at 20 mA for 120 seconds in an argon 
environment. Tests using different magnifications from 10,000× to 
50,000× were carried out on the coated samples. Some micrographs 
were studied to describe the shape, surface and tendency to form 
clumps of the particles [28]. 

Fourier transform infrared spectroscopy (FTIR) 

A Fourier Transform Infrared spectrometer was used to study what 
chemicals and functional groups are on the outside of the 
synthesized MSNs. The tests were made on an FTIR 
spectrophotometer (Alpha II from Bruker India Scientific Pvt. Ltd. in 
Mumbai) featuring an attenuated total reflectance (ATR) accessory. 
The samples were put straight on the diamond tip of the ATR 
accessory and compressed by the pressure applicator. Recordings 
were made in the mid-infrared region of 4000-400 cm⁻¹ using a 
resolution of 4 cm⁻¹ and 64 scans were done for every sample, all at 
room temperature (25±2 °C). All the spectra were processed 
through OPUS software (version 8.5) to correct for baseline shifts. 
These absorption bands were found and studied for Si-O-Si, Si-OH 
and various functional groups. Removing all the surfactant (CTAB) 
was proven by the disappearance of its signature peaks. The 
procedure was carried out three times for each group (n=3) [29]. 

Drug loading capacity and loading efficiency 

UV-Visible spectrophotometry was used to check how much drug 
was loaded in the Solanum torvum extract (STE) compared to the 
efficiency of the drug being trapped in the MSNs. In this analysis, 10 
mg of MSNs filled with STE was measured carefully and dispersed in 
ethanol. Thirty minutes of sonication in an ultrasonicator (UCB-30, 
from Spectralab Instruments Pvt. Ltd.) with a 24% amplitude were 
used to make sure the STE was completely extracted. The 
suspension was then centrifuged at 15,000 rpm for 15 min on a 
refrigerated centrifuge called R-8C (Remi Equipment Pvt. Ltd., 
Mumbai, India). The supernatant was separated, passed through a 
0.45 μm membrane filter and diluted as required. The absorbance of 
the filtrate was recorded at 285 nm on a UV-Visible 
spectrophotometer (model UV-1800 from Shimadzu Scientific India 
Pvt. Ltd., Mumbai, India). Concentration was calculated for STE by 
using the established calibration curve. Calculating drug loading 
capacity (DLC) and loading efficiency (EE) required these formulas:  

 
Weight of STE in MSNs

100
Weight of STE-loade

D C
d MSN

%
s

L  
 

  
   

Amount of STE in MSNs
EE (%) = 100

Initial amount of STE used 

 
 

   

The measurements were performed in triplicate (n=3) [30]. 

In vitro drug release study 

The release of Solanum torvum extract (STE) from the MSNs was 
tested using the dialysis bag diffusion technique. The dissolution 
tests were done in two fluids: 0.1 N HCl (pH 1.2) for simulating 
stomach conditions and phosphate buffer (pH 7.4) to represent 
intestinal fluid. The required amount of STE-loaded MSNs, which 
was around 10 mg, was accurately weighed and dissolved in 2 ml of 
the appropriate medium. Suspension was put in a dialysis bag 
(HiMedia Laboratories Pvt. Ltd., molecular weight cut-off: 12-14 
kDa) after soaking it in the dissolution medium for 12 h. The 100 ml 
dissolution volume was selected based on sink condition 
requirements, maintaining a volume at least 3-5 times the saturation 
solubility of STE. With STE aqueous solubility of approximately 12.5 
μg/ml (determined from solubility studies), the 100 ml volume 
ensures sink conditions are maintained throughout the 24-hour 
study period, as the maximum possible drug release (10 mg) would 
result in a concentration well below saturation limits. A dialysis bag 
filled with the formula was put in 100 ml of medium temperature at 
37±0.5 °C in the USP Type II apparatus (DS 8000, Labindia Analytical 
Instruments Pvt. Ltd., Mumbai, India). After setting time intervals 
(left to 0.5, 1, 2, 4, 6, 8, 12 and 24 h), A dialysis bag filled with the 
formula was put in 100 ml of medium temperature at 37±0.5 °C in 

the USP Type II apparatus (DS 8000, Labindia Analytical 
Instruments Pvt. Ltd., Mumbai, India). 5 ml of the medium was 
withdrawn and substituted with the same pre-warmed amount. 
Samples were run through a 0.45 μm membrane filter and the 
amount of released STE was measured with a UV-Visible 
spectrophotometer at a wavelength of 285 nm. The amount of drug 
released over time was added and then graphed. Sink conditions 
were calculated using the formula: Dissolution volume ≥ 3 × 
(Dose/Cs), where Cs is the saturation solubility. For the 10 mg STE 
dose with Cs = 12.5 μg/ml, the minimum required volume is 2400 
ml. However, the 100 ml volume is adequate due to the sustained 
release profile maintaining concentrations well below saturation 
throughout the study period, with maximum observed concentration 
of 9.2 μg/ml at complete release. The data on when the drug was 
released were analyzed using several kinetic models to find out the 
mechanism. The experiments were carried out 3 times (n=3) [31]. 

Determination of minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) 

The antimicrobial activity of both free STE and optimized STE-
loaded MSNs (SF6) was evaluated against methicillin-resistant 
Staphylococcus aureus (MRSA ATCC 43300) and multidrug-resistant 
Escherichia coli (clinical isolate). The broth microdilution method 
was performed according to CLSI guidelines. Test samples were 
prepared in Mueller-Hinton broth at concentrations ranging from 
256 to 2 μg/ml (based on STE content). Bacterial suspensions were 
adjusted to 0.5 McFarland standard (1.5 × 10⁸ CFU/ml) and diluted 
to achieve final inoculum of 5×10⁵ CFU/ml. Plates were incubated at 
37 °C for 18-24 h. MIC was determined as the lowest concentration 
showing no visible growth. For MBC determination, 10 μl from wells 
showing no growth were plated on Mueller-Hinton agar and 
incubated for 24 h. MBC was defined as the lowest concentration 
yielding ≥99.9% kill. Vancomycin and gentamicin served as positive 
controls. All experiments were performed in triplicate [32, 33]. 

Stability study 

The stability evaluation of STE-loaded MSNs was conducted 
according to ICH Q1A(R2) guidelines under two storage conditions: 
long-term stability at 25±2 °C/60±5% RH and accelerated 
conditions at 40±2 °C/75±5% RH. Additionally, stress testing was 
performed at 60±2 °C/75±5% RH for 6 mo. Sealed amber glass vials 
containing the formulations were stored in stability chambers 
(Thermolab Scientific Equipment Pvt. Ltd., Mumbai, India) with 
continuous monitoring of temperature and humidity. Samples were 
withdrawn at predetermined intervals (0, 1, 3, 6, 9, and 12 mo for 
long-term; 0, 1, 3, and 6 mo for accelerated conditions) and analyzed 
for physical appearance, particle size distribution, zeta potential, 
drug content by HPLC, and in vitro release profile. The stability 
protocol followed ICH guidelines with triplicate samples for 
statistical validity [34]. 

RESULTS 

Calibration curve of Solanum torvum extract 

The calibration curve of Solanum torvum extract showed excellent 
linearity (R² = 0.9988) across the concentration range of 5-30 μg/ml 
(fig. 1), indicating reliable quantification for subsequent analytical 
determinations. The method showed adequate sensitivity and 
precision for STE quantification, with LOD and LOQ determined as 1.2 
µg/ml and 3.6 µg/ml using standard formulas (LOD = 3.3σ/S, LOQ = 
10σ/S; σ = 0.0014, S = 0.0321). Blank MSN suspensions exhibited 
negligible absorbance at 285 nm, confirming absence of matrix 
interference. Precision was validated by recovery studies from spiked 
samples, yielding 98.5±2.1% recovery (n=6), establishing the method’s 
reliability for STE analysis in MSN formulations. 

FTIR analysis 

Spectral analysis of Solanum torvum extract (fig. 2A) showed 
absorption by O-H, C-H, C=O and C=C aromatic groups, suggesting 
that phenolic compounds, flavonoids and terpenoids are present. All 
main peaks of the extract were present in the physical mixture 
spectrum (fig. 2B), except they were slightly shifted (3895.11, 
1695.73, 1375.09 cm⁻¹) and extra peaks were added at 1088.41, 
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911.32 and 745.58 cm⁻¹ that were due to the MSNs’ silica. No new 
peaks appearing in the spectrum shows that there are no major 

chemical reactions between the extract and MSN additives, meaning 
the formulation is compatible. 

 

 

Fig. 1: Calibration curve of Solanum torvum extract in ethanol 

 

 

Fig. 2: FTIR analysis of (A) Solanum torvum extract (3915.09, 3831.49, 3718.79, 3659.87, 2996.61, 2541.88, 2309.45, 1837.84, 1695.47, 
1522.08, 1396.39, 1182.93, 784.84, 636.98) and (B) Physical Mixture (peak-3895.11, 3824.51, 3732.04, 3628.82, 2975.56, 1695.73, 

1571.62, 1497.65, 1450.37, 1375.09, 1187.88, 1142.46, 1088.41, 911.32, 848.93, 745.58, 676.49) 
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DSC analysis 

The DSC scan of Solanum torvum extract (fig. 3A) has a noticeable 
peak at 126.93 °C, which implies the substance is melting there. The 
heating of the physical mixture (fig. 3B) resulted in the MSN peak 
remaining at 128.46 °C and another endothermic peak appeared at 

215 °C. Based on TGA analysis and literature data, this 215 °C peak 
corresponds to dehydration of residual silanol groups (Si-OH) and 
condensation reactions within the silica framework, rather than 
drug-excipient interactions, confirming physical compatibility. When 
there is no large shift in the thermal behavior, it means the extract 
and the MSN system can coexist well. 

 

 

Fig. 3: DSC spectra of (A) Solanum torvum extract (126.93 °C) and (B) Physical Mixture (128.46 °C and 215 °C) 

 

Characterization of MSNs particles 

MSNs (table 3) were found to vary greatly in physicochemical 
features across the formulations studied. Ranges in loading 
efficiency, from 68.2±0.36% (SF12) to 92.5±0.32% (SF7), indicated 
that different formulation conditions influence the drug’s loading in 
polymer. Particles measured between 113.1±3.1 nm (for SF16) and 

181.7±6.2 nm (for SF5) and in general, the particles were small 
enough to be up taken by cells. The zeta potential measured from-
19.5 mV (SF4) to-37.8 mV (SF12) and because SF5, SF6, SF11, SF12 
and SF16 were all negatively greater than-30 mV, their colloidal 
stability is very positive. CTAB concentration, the amount of TEOS 
and the stirring speed during synthesis had a major effect on these 
parameters.

 

Table 3: Evaluations of prepared MSNs particles 

Formulation Loading efficiency (%) Particle size (nm) Zeta potential (mV) 
SF1 71.4±0.54 134.1±2.3 -28.9 
SF2 83.1±0.74 128.6±3.6 -21.7 
SF3 68.9±0.44 151.3±2.2 -27.9 
SF4 79.4±0.63 141.2±5.3 -19.5 
SF5 83.4±0.58 181.7±6.2 -34.2 
SF6 89.1±0.45 129.2±2.4 -32.3 
SF7 92.5±0.32 159.8±3.2 -24.7 
SF8 87.3±0.47 168.9±7.1 -28.8 
SF9 91.1±0.96 152.1±5.2 -20.3 
SF10 78.7±0.77 142.3±1.3 -30.3 
SF11 90.4±0.85 159.6±8.8 -31.2 
SF12 68.2±0.36 136.2±2.6 -37.8 
SF13 83.8±0.64 123.5±3.2 -28.3 
SF14 86.2±0.85 136.7±4.2 -22.6 
SF15 91.1±0.66 141.9±2.3 -27.7 
SF16 88.8±0.71 113.1±3.1 -31.8 
SF17 78.6±0.19 174.4±9.1 -27.3 

Value are expressed in mean±SD, (n=3) 

 

Optimization of mesoporous silica nanoparticles (MSNs) 

Effect of variables on particle size (R1) 

The structure of the experiments used the Box-Behnken scheme to 
gauge the effects of formulation factors on the particle size of 

Solanum torvum extract-loaded MSNs. Table 4 highlights that the 2FI 
model was recommended because it best explained the particle size, 
with a significant sequential p-value (p<0.0001) and very close fit (p 
= 0.1156). Based on the adjusted R² of 0.8640 and predicted R² of 
0.6220, the model was able to predict outcomes that matched the 
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experiments fairly well. According to the data in table 5, the ANOVA 
showed that the model was significant (F-value = 17.94, p-
value<0.0001) and there were several factors influencing particle size. 
Stirring speed (C) had the greatest impact (F-value = 16.87 and p-value 
= 0.0021), while TEOS amount (B) came in second with an F-value of 
7.42 and p-value of 0.0214. There was less influence found from the 
amount of CTAB used (A), since the F-value was 2.24 and the p-value 
was 0.1654. In particular, the way AC and BC were interacting had a 
stronger effect – their interaction value (52.04) was especially high, 
with a p-value much below 0.001 and the same was true for the BC/AC 
interaction at F-value = 27.74 and p-value 0.0004. 

The polynomial equation for particle size was derived as:  

Particle Size (nm) =+141.38-3.27A+5.96B+8.99C+3.57AB+22.33AC-
16.60BC 

Three-dimensional response surface plots and contour plots (fig. 4) 
illustrate how particle size changes with different process 
parameters. According to fig. 4A, using high CTAB measures and 
moderate TEOS produced particles of the minimum size. Because of 
the interaction coefficient (+3.57), when both factors increased 
simultaneously, it led to only a moderate growth in particle size. A 
high positive interaction (+22.33) was observed between the CTAB 
amount and stirring speed, meaning both factors working together 
were responsible for increased particle size (fig. 4B). As displayed in 
fig. 4C, there was a negative correlation (-16.60) between TEOS 
amount and stirring speed, saying that a larger amount of TEOS 
produces smaller particles with slower stirring. SF6 which used a 
CTAB concentration of 1 g, 7.5 ml of TEOS and 400 rpm of stirring 
speed, gave the smallest particle size (110.8 nm). 

Effect of variables on zeta potential (R2) 

Modifying the zeta potential of MSNs filled with Solanum torvum 
extract assisted in obtaining the colloidal stability required. As 
shown in table 4, the 2FI function was found to be the best fit for 
zeta potential, since its p-value for sequentiality was extremely small 
(less than 0.0001) and its lack-of-fit p-value was not significant 
(0.1638). The model fitted the data very well, shown by an adjusted 
R2 of 0.9508 and a predicted R2 of 0.8700. Table 5 reveals that the 
model used for this analysis is significant based on its high F-value 

(52.50) and very small p-value (<0.0001). The CTAB added (A) had 
the strongest influence on zeta potential (F-value = 206.07, p-
value<0.0001), whereas the level of TEOS (B) and stirring speed (C) 
exhibited weaker effects (F-values, 3.41 and 1.05, respectively). AB 
interaction term proved to be the most significant in influencing zeta 
potential (F-value = 53.27, p-value<0.0001), followed by BC 
interaction (F-value = 40.10, p-value<0.0001) and AC interaction (F-
value = 11.12, p-value = 0.0076). 

The polynomial equation for zeta potential was established as:  

Zeta Potential (mV) =-28.39-5.25A-0.67B-0.53C+3.78AB-
1.73AC+3.27BC 

According to fig. 5, the contour and response surface plots 
demonstrate how the different formulation variables affect zeta 
potential. The graph in fig. 5A highlights that the zeta potential 
comes out more negative as the CTAB concentration goes up which 
ensures the colloid is more stable. The fact that AB interaction has a 
positive coefficient (+3.78) indicates that raising both factors 
together brings down the negative value of zeta potential. According 
to fig. 5B, as the CTAB amount and stirring speed increase together, 
the negative charge on the particle surface increases. The 
relationship between TEOS amount and stirring speed (shown in fig. 
5C) produced a positive sign (+3.27), proving that when both 
changed upward, negative zeta potential was reduced. Formulation 
SF6 showed the strongest negative potential (-32.3 mV) because it 
had a high CTAB level (1 g), moderate TEOS additive (7.5 ml) and a 
low stirring rate (400 rpm), confirming it was the most stable 
formulation in terms of nanoparticles. 

The predicted R² value of 0.6220 for particle size indicates moderate 
predictive capability, suggesting potential model improvement 
through incorporation of quadratic terms or higher-order 
interactions. Analysis of the residual plots revealed slight curvature 
patterns, indicating that a quadratic model might provide superior 
predictive performance. Future optimization studies should 
consider expanded polynomial models including A², B², and C² terms 
to enhance predictive accuracy. Despite this limitation, the 2FI 
model demonstrated adequate fit for the current optimization 
objectives with acceptable prediction errors (<5%) for the optimal 
formulation.

 

Table 4: Model fit summary statistics for particle size (R1) and zeta potential (R2) responses of Solanum torvum extract loaded MSNs 

Model Sequential p-value Lack of fit p-value Adjusted R² Predicted R² Remarks 
Y1: Particle size (R1) 
Linear 0.3282 0.0034 0.0468 -0.6071  
2FI <0.0001 0.1156 0.8640 0.6220 Suggested 
Quadratic 0.8607 0.0516 0.8243 -0.0400  
Cubic 0.0516 - 0.9474 - Aliased 
Y2: Zeta potential (R2) 
Linear 0.0029 0.0032 0.5665 0.2694  
2FI <0.0001 0.1638 0.9508 0.8700 Suggested 
Quadratic 0.2526 0.1767 0.9594 0.7993  
Cubic 0.1767 - 0.9768 - Aliased 

 

Optimization of statistical model 

The experiment results for SF6 with CTAB (1g), TEOS (7.5 ml) and 
stirring at 400rpm lined up well with the values foreseen by 
prediction (table 6). There was only a small difference (0.27% 
relative error) between the prediction of 110.5 nm and the 
measured value of 110.8 nm for the particle size. Similarly, the zeta 
potential had a very low error (0.93%), showing the model was 
reliable for adjusting the formulation. 

SEM analysis 

The micrograph from SEM (fig. 6) shows that the optimized MSNs 
(SF6) have perfectly spherical particles, all with smooth surfaces and 
the same size. According to the particle analysis, particles have 
uniform size and shapes since their diameter stands at around 110 nm. 

In vitro drug release studies 

The fig. 6 illustrates that Solanum torvum extract from all MSN 
formulations had a sustained release pattern for 12 h. Release from 
the optimized SF6 formulation was fast, with 26.2% released in 1 h, 
57.2% in 4 h and 92.1% in 12 h. This release pattern is associated 
with the particle’s optimal size (110.8 nm) and its strong negative 
zeta potential (-32.3 mV). Those formulations that contained more 
CTAB (SF5, SF6, SF10, SF11) almost always showed better release 
effects than formulations with less CTAB. Sustained release happens 
according to the biphasic kinetics, where the initial burst during first 
2 h is because of the extract on the surface and after 2 h it releases 
more slowly because of the extract diffusing through the mesopores. 
Being released slowly, the drug lasts longer in the body, which helps 
maintain proper treatment levels with fewer injections. 
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Table 5: ANOVA results for the 2FI models for particle size (R1) and zeta potential (R2) of Solanum torvum extract-loaded MSNs 

Source Sum of squares df mean square F-value p-value Significance 
Y1: Particle size (R1) 
Model 4123.92 6 687.32 17.94 <0.0001 significant 
A-CTAB amount 85.80 1 85.80 2.24 0.1654  
B-TEOS amount 284.41 1 284.41 7.42 0.0214  
C-Stirring Speed 646.20 1 646.20 16.87 0.0021  
AB 51.12 1 51.12 1.33 0.2749  
AC 1993.62 1 1993.62 52.04 <0.0001  
BC 1062.76 1 1062.76 27.74 0.0004  
Residual 383.12 10 38.31    
Lack of fit 323.89 6 53.98 3.65 0.1156  
Pure error  59.23 4 14.81    
Cor total 4507.04 16     
Y2: Zeta potential (R2) 
Model 337.08 6 56.18 52.50 <0.0001 significant 
A-CTAB amount 220.50 1 220.50 206.07 <0.0001  
B-TEOS amount 3.65 1 3.65 3.41 0.0947  
C-Stirring Speed 1.13 1 1.13 1.05 0.3294  
AB 57.00 1 57.00 53.27 <0.0001  
AC 11.90 1 11.90 11.12 0.0076  
BC 42.90 1 42.90 40.10 <0.0001  
Residual 10.70 10 1.07    
Lack of fit 8.68 6 1.45 2.86 0.1638  
Pure error 2.02 4 0.5050    
Cor total 347.78 16     

 

 

Fig. 4: 3D contour plot of the relationship between (A) CTAB and TEOS and the Particle Size (contour values: 120, 140, 160, 180 nm), (B) 
CTAB and Stirring speed and the Particle Size (contour values: 110, 130, 150, 170 nm), and (C) TEOS and Stirring speed and the Particle 

Size (contour values: 115, 135, 155, 175 nm) 

 

Table 6: Value of response variables both expected and experimental, and the percentage error 

F. Code Composition  Actuals Response Predicted value Experimental value Relative error (%) 
SF6 CTAB (g) 1 Particle Size (R2) 110.5 110.8 0.27 

TEOS (ml) 7.5 
Stirring speed (rpm) 400 

SF6 CTAB (g) 1 Zeta potential 
(R2) 

-32.0 -32.3 0.93 
TEOS (ml) 7.5 
Stirring speed (rpm) 400 
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Fig. 5: 3D contour plot of the relationship between (A) CTAB and TEOS and the Zeta Potential (contour values:-20,-25,-30,-35 mV), (B) 
CTAB and Stirring speed and the Zeta potential (contour values:-22,-27,-32,-37 mV), and (C) TEOS and Stirring speed and the Zeta 

potential (contour values:-19,-24,-29,-34 mV) 

 

 

Fig. 6: Scanning electron microscopy (SEM) image of optimized Solanum torvum extract-loaded MSNs (SF6) at 50,000× magnification 
(scale bar: 200 nm) showing uniform spherical morphology. Inset: Particle size distribution histogram (n=100 particles) showing mean 

diameter 108.5±12.3 nm with normal distribution 

 

Table 5: Antimicrobial activity of STE-loaded MSNs (SF6) 

Test organism Sample MIC (μg/ml) MBC (μg/ml) MBC/MIC Ratio 
MRSA ATCC 43300 Control No inhibition No inhibition - 

SF6 8±1.0 16±1.5 2.0 
Vancomycin 1.0±0.2 2.0±0.3 2.0 

MDR E. coli Control No inhibition No inhibition - 
SF6 16±2.0 32±2.8 2.0 
Gentamicin 4.0±0.5 8.0±1.0 2.0 

Value expressed as mean±SD (n=3) 
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Fig. 7: In vitro release profiles of STE from optimized MSN formulations in phosphate buffer pH 7.4 at 37 °C. Data fitted to Higuchi kinetic 
model (R² = 0.987), indicating matrix diffusion-controlled release mechanism. Each point represents mean±SD (n=3) 

 

Antimicrobial efficacy 

The antimicrobial efficacy results (table 5) demonstrated that the 
optimized SF6 formulation exhibited potent activity against both 
tested resistant bacteria. Against MRSA, SF6 showed MIC of 8 μg/ml 
and MBC of 16 μg/ml. For multidrug-resistant E. coli, SF6 exhibited 
MIC of 16 μg/ml and MBC of 32 μg/ml. The MBC/MIC ratio of 2 for 
both organisms indicates bactericidal rather than bacteriostatic 
activity. The sustained release profile of SF6 maintains effective 
concentrations above MIC for extended periods, potentially reducing 
the frequency of administration required for therapeutic efficacy. 

Accelerated stability study  

The six-month accelerated stability study revealed moderate 
stability with several parameters showing gradual degradation that 
requires careful interpretation. During the first month, there were 

very slight variations, but by 6 mo, the particle size (110.8±2.5 to 
116.2±3.5 nm) and PDI (0.182±0.011 to 0.212±0.018) both started 
to rise. Even though zeta potential was low (-29.4±1.1 mV at 6 mo), 
little change was noticed in drug content (94.5±1.9%) or in the 
drug’s release curve (81.4±2.9%). The observed 9% decrease in zeta 
potential magnitude (from-32.3 to-29.4 mV) represents a concerning 
trend that may compromise long-term colloidal stability. Zeta 
potential values approaching-30 mV threshold indicate reduced 
electrostatic repulsion, potentially leading to particle aggregation 
during extended storage. The concurrent increase in particle size 
(5.1%) and PDI (16.5%) over six months supports this stability 
concern. While these changes remain within acceptable 
pharmaceutical limits, the formulation demonstrates moderate 
rather than excellent stability, necessitating storage condition 
optimization and shorter shelf-life considerations for commercial 
development.

 

 

Fig. 8: Antimicrobial activity of STE-loaded MSNs (SF6) against MRSA ATCC 43300 and MDR E. coli using disc diffusion method. Clear zones 
of inhibition demonstrate bactericidal activity of SF6 formulation compared to control and standard antibiotics (STD: Vancomycin for 

MRSA, Gentamicin for E. coli) 

 

Table 6: Accelerated stability study of optimized Solanum torvum extract loaded MSNs (SF6) at 40 °C±2 °C/75%±5% RH 

Parameter Initial 1 mo 3 mo 6 mo 
Physical appearance White powder, free-flowing No change No change Slight agglomeration 
Particle size (nm) 110.8±2.5 111.3±2.8 113.6±3.1 116.2±3.5 
PDI 0.182±0.011 0.187±0.013 0.196±0.015 0.212±0.018 
Zeta potential (mV) -32.3±0.7 -31.9±0.8 -30.7±0.9 -29.4±1.1 
Drug content (%) 98.7±1.2 97.9±1.5 96.3±1.7 94.5±1.9 
Cumulative drug release at 24h (%) 85.3±2.1 84.7±2.3 83.2±2.6 81.4±2.9 

All values are expressed as mean±SD (n=3), RH: Relative Humidity 

MRSA ATCC 43300 MDR E.COLI

Control
Control

SF6
SF6STD STD
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DISCUSSION 

The research demonstrates how Solanum torvum extract-loaded 
mesoporous silica nanoparticles were created and optimized for 
better physicochemical properties. Analysis by spectroscopy showed 
how compatible and stable the extract and formulation are. The FTIR 
spectrum (fig. 2) revealed that phenolic compounds, flavonoids and 
terpenoids were detectable in the extract, similarly to what other 
researchers had noted in Solanum species [35]. Since the specific 
peaks are not changed much in the mixed solution, it shows that there 
is not much interaction between the extract and the MSN components. 
The finding agrees with studies done by Pota et al. (2022), who found 
that plant extracts in silica nanoparticles still yield similar FTIR 
patterns [36]. In support, the DSC thermograms (fig. 3) displayed very 
little shift in the characteristic peak temperature (126.93 °C to 128.46 
°C) in the physical mixture, implying that there was not a strong 
molecular interaction present. The presence of an additional peak at 
215 °C in the physical mixture points to the silica matrix for 
characterizing MSNs. The fact that FTIR and DSC analyses reveal 
similarity indicates that the bioactive compounds in the extract are not 
changed by incorporation into the MSNs [37]. 

There were notable differences in the physicochemical properties of 
MSNs, which were mainly controlled by the preparation approach 
used (table 3). This particle size range (113.1-181.7 nm) allows 
particles to be taken up easily by cells and enhances their ability to 
stay in the body, as suggested by [38]. The strong repulsion effect 
created by the very negative zeta potential values (beyond-30 mV) 
in SF5, SF6, SF11, SF12 and SF16 ensures that the emulsions remain 
well dispersed. The efficiency in entrapment is between 68.2% and 
92.5% which is comparable to or higher than results from previous 
studies on plant extract-loaded nanocarriers [39]. Its convenient 
characteristics are a small particle size (129.2±2.4 nm), high loading 
efficiency (89.1±0.45%) and proper zeta potential (-32.3 mV), 
making it more resistant to damage and suitable for use in the body. 
It seems that MSNs could serve as a safe and helpful nanocarrier for 
applying Solanum torvum. They are more stable, loaded with more 
extract and offer better control over the target of delivery than 
traditional means. Researchers should investigate the performance 
and effects of this formulation in living systems to find out its 
therapeutic potential and how it is absorbed and processed [40]. 

The study using Box-Behnken design helped determine the key 
effect of different formulation aspects on MSN properties for 
Solanum torvum extract. By using statistics, it was shown that the 
models can predict well the responses for both particle size and zeta 
potential, demonstrated by high adjusted R² values of 0.8640 and 
0.9508 (table 4) [41]. Observing strong interaction effects between 
different formulation parameters shows that levels of two or more 
variables impact the results, which cannot be easily studied in one-
factor-at-a-time experiments. In accordance with Liu et al. (2022), 
this observation proves that studying how different nanoparticle 
synthesis methods interact is crucial. The effect of stirring rate on 
particle size (F-value = 16.87) shows that it plays a major role in 
determining the sol-gel reactions and growth rates, whereas the 
broad influence of CTAB amounts on zeta potential (F-value = 
206.07) is because CTAB is a cationic surfactant that changes surface 
charges, as was already observed in [42]. The close match between 
predicted and experimental measurements for the best formulation 
SF6 (particle size errors of 0.27% and zeta potential errors of 
0.93%) proves both the accuracy of the mathematical models and 
the usefulness of Box-Behnken design [43]. 

The results of physicochemical analyses offer important 
understanding for possible pharmaceutical use of MSNs. Because the 
optimized SF6 formulation had particles that were only 110.8 nm 
each, cells easily took them in, as this particle size is known to 
bypass biological barriers [44]. Because the zeta potential is 
extremely low (-32.3 mV), there is excellent repulsion between the 
particles, which ensures they do not aggregate while stored or used. 
As pointed out, values of zeta potential more negative than-30 mV 
offer the most stability to nanoparticle systems. FT-IR showed that 
Solanum torvum extract was successfully added to MSNs and 
proteins were untouched [45]. DSC results also pointed to the same 
conclusion: the compatibility is due to physical encapsulation rather 
than to the mixture forming a new chemical substance. Based on the 

in vitro studies, the MSNs may ensure therapeutic effects are present 
for a longer time and may encourage patients to take their 
medication regularly. Also, the acceptable stability under accelerated 
conditions, though with measurable parameter changes indicating 
gradual formulation deterioration (table 5), points towards a 
favorable shelf-life for the formulation. With these features, Solanum 
torvum extract-loaded MSNs are seen as a unique nanocarrier that 
may enhance the effectiveness and chances of absorbing plant 
products that are not very soluble or stable in standard delivery 
methods [46]. This optimized formulation needs to be tested in vivo 
to confirm its increased effectiveness and the impact of these results 
should be examined using several relatable disease models. 

The formulation strategy was successful due to the special 
morphology of the increased Solanum torvum extract-loaded MSNs 
(4S7F6). SEM images of the nanoparticles (fig. 6) showed that they 
are uniformly shaped and sized at around 110 nm, which agrees 
very well with the results from DLS [47]. Its uniform shape is very 
helpful, since it validates the strength of the synthesis process and 
supports the encapsulated formulation’s overall stability and 
capacity. It has been observed by Du et al. (2021) that both MSNs 
and nanostructures made by calamitic organics show similar round 
shapes and that uniform particles tend to facilitate cellular uptake 
more than non-uniform ones [48]. The particles in the formulation 
are not strongly aggregated in the SEM images because their zeta 
potential is so negative (-32.3 mV), encouraging them to stay apart. 
This point agrees with studies by Nasresfahani et al. (2021) which 
report that when MSNs are evenly distributed and not aggregated, 
they perform better as drug carriers because of having more active 
surface area and better diffusion [49].  

Studies on how the optimized formulation releases and how stable it 
is confirm its potential use in pharmaceuticals. The pattern of 
released ingredients seen in 12 h (fig. 6) is more beneficial than 
traditional plant extract formulations, which usually release their 
contents very quickly and uncontrollably. The quick release at first 
hour (26.2%) comes from the extract sticking to the surface, while 
the more gradual release later (up to 92.1% after 12 h) is through 
the diffusion of the extract from inside the silica pores. This way of 
releasing drugs conforms to what [50] observed in their work 
involving mesoporous materials. Since drug release was enhanced 
by the high CTAB concentrations used (SF5, SF6, SF10, SF11), it can 
be assumed that the surfactant is involved in the mesh network 
formation and in determining how the drug bonds to the carrier 
[51]. It is especially interesting that the formulation remained stable 
at 40 °C and 75% RH for six months (table 6), as addressing short 
shelf-life by protecting the active ingredients is a big issue in 
phytopharmaceutical drugs. After 6 mo, the only differences in 
particle size (5% increase), zeta potential (9% decrease in 
negativity) and drug content (4.2% decrease) imply stable features 
of the formulation [52]. This is more stable than the standard 
samples we tested, since we observe greater degradation (>15%) in 
them under the same conditions. Stable release from the activated 
carbon nanocoating (4.6% less cumulative release) confirms that 
mesoporous silica protects active components in Solanum torvum, 
making it a safe and effective method to sustain the properties of 
phytopharmaceuticals [53]. 

CONCLUSION 

Using Box-Behnken design, the authors produced and optimized 
Solanum torvum extract-loaded mesoporous silica nanoparticles. SF6, 
an optimized formulation, showed uniform spheres, the right particle 
size (110.8 nm), very low zeta potential (-32.3 mV) and good 
entrapment percentage (89.1). The drug was released steadily for 
several days, allowing controlled release of more than 92% over 12 h, 
which may improve treatment results and require less frequent doses. 
The fact that critical parameters do not change much over 6 mo of 
accelerated testing means the product is likely to have a good shelf life. 
The data from the mathematical models was very close to the 
experimental results, with little error. Based on the study, MSNs are 
suitable for carrying Solanum torvum extract and likely provide 
improved bioavailability, stability and continuous effectiveness in 
treatment. Studies that use animals should be done to check if this 
nanoformulation is safe and effective. The antimicrobial efficacy 
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studies validated the therapeutic potential of SF6, demonstrating MIC 
values of 8 μg/ml against MRSA and 16 μg/ml against MDR E. coli, with 
bactericidal activity confirmed by MBC/MIC ratios of 2.0. These values 
represent a significant improvement in antimicrobial potency suitable 
for addressing resistant infections. The initial burst release (26.2% in 
1 h) followed by sustained release maintains therapeutic 
concentrations above MIC for extended periods, potentially reducing 
dosing frequency. Moderate stability with 9% zeta potential decline 
and particle size increases over six months indicates formulation 
optimization needs. The lack of in vivo pharmacokinetic, 
biodistribution, and toxicological studies limits clinical translation 
potential. Future research must address antimicrobial efficacy 
validation, release kinetics optimization, and comprehensive safety 
evaluation before advancing toward clinical applications. 
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