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ABSTRACT 

Objective: Aceclofenac (ACE) is a derivative of phenylacetic acid and a non-steroidal anti-inflammatory drug (NSAID) known for its anti-inflammatory, 
analgesic, and antipyretic properties. This study aims to enhance ACE's solubility and therapeutic efficacy by developing NanoSponges (NS) loaded into a 
hydrogel for topical drug delivery, addressing the limitations of current ACE formulations, such as rapid metabolism and short half-life. 

Methods: NS were synthesized using the emulsion solvent diffusion technique with varying concentrations of Ethyl Cellulose (EC) and Poly Vinyl 
Alcohol (PVA). Ten NS formulations were evaluated for particle size (PS), Particle Dispersion Index (PDI), Production Yield percentage (PY%), and 
Entrapment Efficiency percentage (EE%). Fourier Transform Infrared Spectroscopy (FTIR) and Differential Scanning Calorimetry (DSC) analyses 
confirmed the compatibility between ACE and the excipients. The surface morphology of the NS was examined using Field Emission Scanning Electron 
Microscopy (FESEM). The optimal Formulation (F2) was integrated into seven hydrogel formulations based on Hydroxy Propyl Methyl Cellulose 
(HPMC). 

Results: The F2 had a PY% of 77.92±2.2%, an EE% of 90.05±1.1%, a PS of 127.3±3.2 nm, and a PDI of 0.1±0.02. The optimal hydrogel formulation (G1) 
showed a pH of 6.2±0.15, a Drug Content (DC%) of 95.19±0.23%, a spreadability of 9.5±0.2 cm, and a permeation rate of 55.94±1.4% over 8 h. Additionally, 
G1 demonstrated in vivo anti-inflammatory activity of 65.38±1.1% over 24 h and a cumulative drug release of 84.5±3.8% over the same period. 

Conclusion: The NS-loaded hydrogel presents a promising strategy for enhancing ACE's therapeutic potential by providing extended drug release 
and improved stability, effectively addressing the limitations of existing formulations. 
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INTRODUCTION 

The immune system mistakenly assaults healthy cells in the body, 
leading to inflammation (painful swelling) in the affected areas of 
the body, making rheumatoid arthritis, an autoimmune and 
inflammatory disorder. In most cases, rheumatoid arthritis affects 
numerous joints simultaneously. Symptoms of rheumatoid arthritis 
include joint involvement in the hands, wrists, and knees. 
Rheumatoid arthritis attacks a joint by inducing inflammation of the 
joint lining, destroying the joint tissue. Degeneration of this tissue 
can result in persistent or chronic discomfort, distortion, and 
instability. Rheumatoid arthritis has the potential to impact various 
tissues in the body, leading to pathological conditions in vital organs 
including the lungs, heart, and eyes [1]. Nanosponge (NS) are a novel 
category of materials characterized by their small mesh-like NS 
structures composed of Nanosized particles. These structures have 
cavity widths of a few nanometers, allowing for the encapsulation of 
a wide range of substances [2]. The exceptional flexibility of NS is 
attributed to their ability to encapsulate both hydrophilic and 
hydrophobic medicinal molecules, facilitated by their features such 
as inner hydrophobic chambers and exterior hydrophilic branches, 
therefore enhancing the solubility of molecules with low water 
solubility [3]. The manufacture of NS depends on the particular 
delivery mechanism, polymers, and properties of the formulation 
and solvents. A notable approach utilized for NS development is the 
Emulsion Solvent Diffusion method, the emulsion solvent diffusion 
technique was selected over alternatives like ultrasound-assisted 
synthesis due to its simplicity, scalability, and ability to produce 
uniform nanoparticles. This method involves dissolving the drug and 
polymer in a common solvent, followed by emulsification and 
solvent evaporation, resulting in the formation of nanoparticles. 
Ultrasound-assisted synthesis, while effective, can be challenging to 
scale up and may require specialized equipment. Additionally, the 
emulsion solvent diffusion technique allows for better control over 
Particle size (PS) and drug loading [4, 5]. Aceclofenac (ACE) is an 

ideal option for sustained-release formulations because of its short 
biological half-life of approximately 4 h and the necessity for more 
frequent dosing [6]. It exhibits minimal solubility in water but 
demonstrates substantial solubility in 96% ethanol. ACE is advised to 
manage symptoms associated with rheumatoid arthritis, 
osteoarthritis, and ankylosing spondylitis, in both acute and chronic 
phases [7]. The NS-loaded hydrogel addresses the limitations of 
current ACE formulations by significantly improving the stability and 
efficacy of ACE. The NSs encapsulate ACE molecules, protecting them 
from rapid metabolism and degradation, which extends the drug's 
therapeutic effect. The hydrogel matrix provides a sustained and 
controlled drug release over time, ensuring a steady and prolonged 
therapeutic impact. This method also enhances the bioavailability of 
ACE, meaning a higher concentration of the drug reaches the target 
site more effectively [8]. Additionally, topical delivery of ACE is ideal 
because it reduces gastrointestinal side effects commonly associated 
with oral administration of NSAIDs. Oral NSAIDs can cause adverse 
effects such as gastrointestinal bleeding, ulcers, and perforation. By 
applying ACE topically, the drug bypasses the gastrointestinal tract, 
thereby minimizing these risks. Additionally, topical delivery provides 
targeted therapy directly to the affected area, enhancing the drug's 
efficacy and reducing systemic exposure [9]. Compared to other 
advanced topical formulations like liposomes and microsponges, NS 
hydrogels offer superior drug loading capacity and stability. While 
liposomes are limited in carrying capacity and prone to chemical and 
microbial instability, NSs provide a more robust and efficient delivery 
system. Microsponges, although effective, have larger PSs that can 
disrupt the system, whereas NSs, with their smaller size, impose less 
risk and offer better control over drug release [10, 11]. 

MATERIALS AND METHODS 

Material 

The following ingredients were obtained from China, Zhengzhou, 
and Fushi Technology: ACE powder and PVA polymers. 
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DiChloroMethane (DCM) was acquired from Germany: Merck KGaA. 
EC was given by Samara Drug Industry, Samara, Iraq. Dialysis bag 
(MWco 8000-14000 D) was purchased from Special Product 
Laboratory, USA. Polyethylene glycol 400, Potassium dihydrogen 
phosphate, Disodium hydrogen phosphate, and sodium chloride 
were purchased from Loba Chem, India, and a Micro porous 
membrane of 0.22mcm was purchased from ANOW, China. Absolute 
ethanol 99% was produced by Honeywell in Böblingen, Germany. 
And HPMC (K100) from Alpha Chemika, India.  

Method 

Formulation of NSs 

The summary of the composition of the synthesized is provided in 
table 1. The synthesis of ACE NS is achieved by the emulsion solvent 

diffusion technique [12]. An ultrasonic shaker (Copley Scientific, UK) 
was employed to solubilize ACE and EC in 5 ml of DCM, therefore 
forming the internal phase. The external phase consisted of 50 ml 
of Distilled Water (D. W.) with dissolved PVA. Using a hot plate 
magnetic stirrer (Joan lab, China) at different rates of Revolutions 
Per Minute (RPM), the internal phase was then incrementally 
introduced to the external phase while the mixture was agitated 
for two hours at ambient temperature. The solid NS precipitated 
from the organic solvent, which evaporated at this stirring rate.  

A vacuum pump and Buchner funnel equipment (Kennedy 
Manufacturing, USA) were employed to collect the prepared NS. 
Subsequently, it was cleaned thrice with distilled water and then 

dried for 12 h in a 40 ℃ oven imported from Germany (Memmert, 
Germany) [13, 14]. 

  

Table 1: Composition of various EC NSs loaded with ACEs 

Formula Ratio of ACE: EC PVA conc.(w/v %) RPM Acetone (ml) DCM (ml)** DW (ml)** 
F1 1:0.5 0.125 1000  5 50 
F2 1:0.5 0.25 1000  5 50 
F3 1:1 0.125 1000  5 50 
F4 1:1 0.25 1000  5 50 
F5 1:3 0.25 1000  5 50 
F6 1:0.5 0.75 1000  5 50 
F7 1:0.5 0.25 1250  5 50 
F8 1:0.5 0.25 1500  5 50 
F9 1:0.5 0.25 500  5 50 
F10 1:0.5 0.25 1000 5  50 

*All formulations were developed with 100 mg of ACE and a stirring duration of 2 h,**DW: distilled water, DCM: dichloromethane. 

 

Characterization of NS 

Proposed NS compositions underwent first evaluation testing. The 
physicochemical parameters encompass the quantification of:  

PS and PDI 

The vesicle size and dispersity were measured by Dynamic Light 
Scattering (DLS) at 90ºѲ using an ultra-zeta sizer, all measurements 
were performed in triplicate and expressed as Mean±Standard 
Deviation (M±SD, n=3). The PDI is calculated by dividing the SD by 

the mean droplet size and ranges from 0 to 1 [15]. 

Entrapment Efficiency % 

The EE of a polymeric carrier is defined as the ratio of the drug mass 
actually trapped within the carrier to the initial drug loading. The 
following equation (1) is used to calculate it:  

EE(%) = 
Actual loading  

Theoretical  loading
 *100 …. Eq. (1) 

The following (eq. 2) is the theoretical drug loading, which was 
determined by comparing the dosage of the medication with the 
total dosage and excipients utilized to make the NS:  

Theoretical loading (%) = 
Total drug

Total drug+Total excipients
 *100 …. Eq. (2) 

For actual drug loading to make the NS, 10 mg of the dry-prepared 
NS loaded with the drug was mixed with 2 ml of distilled water. The 
mixture was then centrifuged at 13000 rpm for 20 min. After 
eliminating any solid particles, the remaining transparent liquid was 
tested for unbound ACE linked to the NS. An Ultra Violet-Visible 

(UV) spectrophotometer (Carry100 UV, Varian, Australia), was 
used to measure the amount of light absorbed at an ACE maximum 
absorbance wavelength (λ max.) of 273 nm. By mixing 10 mg of 
the dried powder with 10 ml of ethanol, the drug content in the NS 
could be measured. After that, a micro syringe filter with a pore 
size of 0.22 μm is used to pass the solution through after 
subjecting it to sonication. Analyzing the filtrate's absorbance with 

UV spectrophotometer allows one to determine whether ACE is 
present. To determine the real loading, the following equation (3) 
was used [16]. 

Actual loading (%) = 
Total drug − Free drug

mg of dried powder
 * 100 …. Eq. (3) 

PY% 

The PY% is calculated by dividing the dry formula weight by the 
total weight of the drug and polymer, as shown in equation (4) [17]:  

PY% = 
Practical weight of nanosponge

Theoratical weight

(polymer+drug)

 * 100 …. Eq. (4) 

Then the optimum formula was investigated for:  

FESEM 

FESEM was employed to examine the surface morphology of the 
particles. The Zeiss-Gemini FESEM was used to analyze both the pure 
drug and the optimized NS formulation. Samples were sputtered with 
gold to make them conductive, and images were captured to provide 
detailed visualization of the surface topography and confirm the NS 
structure [18]. 

FTIR 

FTIR was employed to confirm the chemical interactions between 
ACE and the polymeric matrix. The FTIR spectra were recorded 
using an FTIR 2500 instrument, scanning a range from 4000 to 400 
cm-1 with a resolution of 4 cm-1. The analysis included the pure drug, 
a physical mixture of the drug and polymer, and the optimized NS 
formulation, ensuring the absence of chemical interactions that 
could affect the drug's stability [19]. 

DSC 

DSC was utilized to study the thermal behavior of ACE and its 
compatibility with the excipients. Using a Shimadzu DSC-600, heat 
flow was measured as a function of temperature, ranging from 25 °C 
to 300 °C at a heating rate of 10 °C/min in a nitrogen atmosphere. 
The analysis was performed on the pure drug, the physical mixture 
of the drug and polymer, and the optimized NS formulation to 
determine the crystallinity and thermal stability [20]. 

Preparation of ACE hydrogel 

In order to prepare the gel formulation, 70% of the total needed 
weight of D. W. was heated to 70 °C. Subsequently, HPMC-K100 
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powder (at different concentrations: 1%, 1.5%, 2%) was gradually 
added and evenly distributed in the preheated D. W. The final 
mixture was agitated until a uniform dispersion was achieved. To 
facilitate polymer swelling, the aqueous dispersion of HPMC-K100 
was left undisturbed overnight. The remaining formulation 
components, including PolyEthylene Glycol 400 (PEG400) at 
different concentrations (5%, 7.5%, and 10%), which serves as a 

humectant and viscosity modifier, together with the active 
ingredients (either the ACE or the ACE NS equivalent to 1% w/w 
ACE) and the D. W. to reach the final weight, were added to the 
solution. The solution was homogenized at 700 RPM. The gel was 
left undisturbed overnight to eliminate trapped air bubbles, and a 
sealed glass container was used to keep the gel that was made [21]. 
All hydrogel compositions are listed in table 2. 

 

Table 2: ACE-NS-hydrogel compositions 

Formula  NS equivalent to ACE% Pure ACE% HPMC-K100% PEG400% D. W. up to(g) 
G1 1  2 10 100 
G2 1  2 7.5 100 
G3 1  2 5 100 
G4 1  1 10 100 
G5 1  1 7.5 100 
G6 1  1 5 100 
G7 1  1.5 7.5 100 
G-plain  1 2 10 100 
 

Evaluation of the prepared hydrogel 

The visual examination 

The evaluation assessed several visual attributes, including 
uniformity, color, and homogeneity [22]. 

Measurement of pH 

Human skin is acidic, contributes to bodily defense, and prevents the 
degradation of stratum corneum integrity [23, 24]. Skin pH 
fluctuates due to various causes including illness, detergents, aging, 
and sweat constituents [25]. Consequently, the skin pH possesses 
critical characteristics that must be confirmed such that the 
formulation is safe and irritation is minimized. One g of the gel was 
introduced into 10 ml of D. W. and subjected to sonication for five 
minutes [26]. The pH of the gel was measured utilizing a meter 
manufactured by Hanna, Nus, Falau, Romania. The procedure was 
conducted in 3 times. 

Determination of Drug content 

Precisely weighed (1g) ACE-NS hydrogels, being equivalent to 10 mg 
of ACE, were placed in a 50 volumetric flask filled with phosphate-
buffered saline at a pH of 7.4. Following a 30 min sonication torsion, 
the solution was allowed to rest overnight. The medication's 
concentration was determined by quantifying the absorbance at 272 
nm as measured by an UV spectrophotometer (Carry100 UV, Varian, 
Australia [27]. 

Determination of spreadability 

Hydrogel weighing 1g was positioned between two glass plates 
measuring 14x14 cm. A load weighing (500 g) was positioned on the 
top glass plate. Following a five minute waiting period, the diameter 
was measured and recorded. The hydrogel spreading mechanism 
was shown to result in an increase in diameter [28]. 

Viscosity determination 

At room temperature viscosity and rheological behavior of the 
hydrogel compositions were evaluated using a spindle no. 7. The 
speed of rotation was increased from 0 to 200. The test was done 
using a viscometer (Myr VR3000, Visotech, Spain) [29].  

In vitro permeation test 

The Franz diffusion cell with an effective diffusion area of 1.767 cm2 
was used to conduct in vitro permeation tests on all hydrogel 
compositions permeating (Strat-M®) Membrane [30]. In order to 
establish a sink condition, 12 ml of Phosphate Buffer Saline pH 7.4 
(PBS) was introduced into the receptor compartment. This decision 
was made based on our previous investigation of ACE saturation 
solubility in PBS, which revealed a solubility of 13.05±0.15 mg/ml. 
Next, a Strat-M® Membrane was placed in the space between the 
donor and receptor compartments. With the stirring speed set at 
600 RPM and the temperature kept at 37±0.5 °C, we let the 
membrane's temperature stabilize for a duration of 15 min. 

Thereafter, a quantity of 1g (equal to 10 mg of ACE)-NS Hydrogels or 
the plain Hydrogel was added to the donor part. At regular time 
periods of 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 h, 1 ml of the receptor 
compartment was withdrawn and substituted with fresh PBS to 
ensure a consistent solubility state. In order to quantify the amounts 
of ACE that penetrated during each time interval, the absorbance at 
the maximum wavelength of ACE in PBS was measured using 
spectrophotometry. Permeation testing was conducted using Strat-
M® Membrane due to its strong connection with permeation 
research with human body skin [31]. The operation was executed 
three times, and the total quantity of ACE that permeated was 
computed as follows:  

The cumulative ACE amount =VR × Cn+[VS (∑C1+C2+.+Cn-1)] ……Eq. (5) 

Denoted as VR, the receptor volume, VS represents the volume of 
withdrawal samples each time, and Cn represents the sample 
concentration at the nth time. To determine the permeation in 
µg/cm2, the computed cumulative amount was then divided by the 
surface area of the Franz in cm2. The slope was used to calculate the 
steady-state flow (JSS) after graphing the cumulative ACE penetrated 
per unit area and time (µg/cm2/h). Additionally, the coefficient of 
permeability (Kp) was determined by formulating a ratio of flow to 
the starting concentration of ACE in the ACE–NS–hydrogel in the 
donor compartment [32]. The permeability coefficient (Kp) was 
determined using the following equation:  

Kp = 𝐽𝐽𝐽/𝐽𝐽……Eq. (6) 

Given the initial concentration of the medicine in the donor section, 
denoted as Co, the steady condition flow is represented by Jss, and the 
apparent penetration coefficient is denoted as Kp [33]. 

In vitro release investigation 

This study investigated in vitro drug dissolution of the optimum ACE-
NS-Hydrogel formulation. The release after eight hours was 
determined using the dialysis bag technique [34]. From the selected 
ACE-NS-Hydrogel formulation and plain hydrogel, one g of the gel 
(equal to 10 mg of ACE) was extracted and added to dialysis bags that 
had been immersed in the release media overnight. The dialysis bags 
were placed in a paddle-style (type II-dissolving equipment) containing 
250 ml of a PBS solution as the release medium. The paddles rotated at a 
speed of 100 RPM, while the overall temperature of the system was kept 
at 37±0.2 °C. At set time intervals of 5, 10, 15, 30 min, and 1, 2, 3, 4, 5, 6, 7, 
8hr, 5 milliliters were withdrawn and substituted with a fresh PBS. The 
samples were filtered via a 0.22 μm filter syringe and subsequently 
tested for ACE concentration using a double-beam UV-visible 
spectrophotometer at its λmax of ACE at 272 [35]. 

In vivo anti-inflammatory study 

The ethical committee of the Iraqi Ministry of Scientific Research 
and Higher Education at the University of Baghdad, College of 
Pharmacy (permission number: RECAUBCP3102023K), accepted 
the animal model employed in the study. An albumin-induced 
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paw in rat’s edema was used as an animal model for 
investigation of the anti-inflammatory impact of ACE following 
topical administration. Acute inflammation and edema induced 
by albumin commenced after 30 min [36]. Nine adult female 
albino rats, with an average weight of 150±25 g (prepared by the 
College of Veterinary Medicine at the University of Baghdad), 
were randomly allocated into three groups: control, ACE-NS 
hydrogel (G1), and plain ACE-hydrogel (G-P), each consisting of 
three rats. Except for the control group, the dorsal region of the 
rats was shaved 24 h prior to the onset of the trials.  

To induce paw swelling, 0.1 ml of fresh egg albumin was injected 
into the right paws and should be administered 30 min prior to 
treatment with hydrogel. 0.5 g of Treatments G1 and (G-P) were 
administered to the shaved dorsal area of all animals, except for 
the control group. Measurements of paw volume were taken at 1, 
2, 3, 4, and 24 h. Post-injection using a Vernier caliper and 
reported as a percentage of the original hind paw volume. The 
edema inhibition % was determined using the following equation:  

% Inhibition of edema % = S0–St/S0 …. Eq. (7) 

Where the treatment group’s edema size is St, and S0 is the control 
group. 

Study the impact of temperature on stability 

The optimized hydrogel formula was maintained at room temperature 
(30 °C) and in a refrigerator at (4 °C) for a period of three months. After 
three months, a sample was evaluated for physical appearance, pH, drug 
content, and in vitro drug release profile. This stability testing follows the 
guidelines outlined in ICH Q1A (R2), which provides recommendations 
on stability testing protocols, including temperature, humidity, and trial 
duration for different climatic zones [37]. 

Statistical analysis 

Analyzed using one-way ANOVA to determine statistical significance, 
followed by post-hoc Tukey tests to compare group means. Power 
analysis was conducted to ensure adequate sample sizes, providing a 
power of 0.8 to detect significant differences at a significance 
threshold of P<0.05, the results of the studies were reported as the 
mean of triplicate samples±SD [38].  

RESULTS AND DISCUSSION 

Evaluation of NS 

DCM was selected as the internal phase organic solvent due to its 
affinity for both the drug and the polymer, as well as its rapid 
evaporation after diffusion, resulting in the formation of solid ACE 
NSs. The emulsion solvent diffusion technique was employed 
because of its simplicity in execution [39]. 

 

Table 3: The statistical characteristics of NS, which included the PY%, EE%, PDI, and PS 

Formula code  PY%±SD EE%±SD PS±SD (nm) PDI±SD 
F1 76.74±3.1 87.9±3.6 87.06±2.9 0.47±0.005 
F2 77.92±2.2 90.05±1.1 127.3±3.2 0.1±0.02 
F3 74.44±5.09 53.4±2.7 292.7±79.01 0.49±0.15 
F4 74.66±7.05 74.8±2.2 694.7±16.5 0.57±0.006 
F5 68.66±2.8 44.3±3.9 923.3±113.03 1±0.1 
F6 75.25±4.8 52.5±0.7 1815.3±460.8 1.04±0.27 
F7 75.25±2.2 67.3±0.9 98.03±2.9 0.55±0.01 
F8 74.96±2.05 60.2±1.8 80.5±1.6 0.55±0.004 
F9 75.25±3.5 74.7±1.9 1832±346.08 1.09±0.14 
F10 76.14±2.2 35.6±2.5 894.3±32.3 0.28±0.02 
n=3 
 

Table 3 demonstrates that the percentage of ACE entrapment exhibited 
similar patterns to the PY%. Specifically, when the polymer: drug ratio 
was increased, there was a significant reduction (p<0.05) in the PY% 
from 77.92±2.2% to 68.66±2.8% and in the percentage of ACE EE% from 
90.05±1.1% to 44.3±3.9% for formula F2 and F5, respectively. This 
phenomenon can be elucidated by the observation that reducing the 
quantity of polymer simultaneously results in an increase in the quantity 
of drug introduced, thereby causing a reduction in the viscosity of the 
medium. This, in turn, facilitates the diffusion of the drug moiety and the 
development of a more pliable polymer layer, thus enhancing the EE% 
[40]. Conversely, as the ratio of polymer to drug proportion rises, the PS 
will also increase. This is because a higher ratio of polymer to drug 
results in a greater quantity of the polymer accessible for the synthesis of 
ACE-NS. Consequently, the thickness of the polymer increases, leading to 
the production of larger-size NS [41]. Smaller PSs generally result in 
increased surface area available for drug loading, which can lead to 
higher EE% and PY%. A higher surface area allows more drug molecules 
to be adsorbed or encapsulated within the nanoparticle matrix, the 

obtained results were inconsistent with that obtained by Patel et al., 
2020; Zhang et al., 2020 [42, 43]. 

Selecting the optimal formulation 

For subsequent testing, the NS formulation exhibiting the optimal 
characteristics of minimal PS distribution, satisfactory PY%, and 
maximal drug EE% was selected. Consequently, the formula F2 from 
table 3 was chosen. The enhanced stability and solubility of ACE in this 
study are due to the high surface porosity of the NSs, which increases the 
surface area for drug loading and controlled release. This structural 
feature ensures a more consistent and effective drug delivery [44]. 

FESEM 

The findings of a FESEM morphological examination of (F2) are 
shown, in comparison to ACE pure powder. Fig. 1 the NSs embedded 
with ACE exhibited tiny particles with approximately rough round in 
shape as illustrated in fig. 2 the rough and porous surface of NS was 
a result of the diffusion of DCM from the surface [45]. 

 

 

Fig. 1: FESEM of ACE at 1000X magnification 
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Fig. 2: FESEM of formula (F2); at 7.00Kx magnification 

 

 

 

 

Fig. 3: The FTIR spectra for pure ACE powder, physical mixture (1-1), and F2 
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FTIR 

Here are the features of the absorption bands of ACE: for N -H or O-
H stretching, 3317 cm-1, 2934 cm-1 for C-H stretching (aromatic 
and aliphatic stretching vibrations, respectively), 3277 cm-1, for-
C=O stretching, 1771 cm-1, and for-C=C stretching of aromatic 
compounds, 1585 cm-1 and 1506 cm-1. Fig. 3 offers additional 
information on the noticeable bands. There was no evidence of 
drug-polymer interaction since the ACE peaks in the prepared NS 

did not differ significantly from those in the pure drug with no 
appearance of new peaks or major shifting of the drug 
characteristic peaks [46]. 

DSC 

The DSC thermogram of pure ACE exhibited a distinct endothermic 
peak at 148.51 ℃, which corresponds to the melting point of pure 
ACE in its crystalline state fig. 4. 

 

 

 

Fig. 4: DSC thermogram of pure ACE, physical mixture, and (F2) NS 
 

In fig. 4, it is evident that the endothermic peak of ACE in the 
physical mixture has undergone a displacement towards a reduced 
melting point of 142.85 °C. The DSC thermogram of the chosen 
formula (F2) exhibits a depressed endotherm of the drug at a lower 
melting point of 145.10 °C, leading to a comparatively less 
crystalline structure [47]. 

Evaluation of the prepared hydrogel 

The visual examination 

Visual examination of the physical characteristics of all the ACE-NS 
hydrogels produced showed that the formulations exhibited 

excellent uniformity, absence of any roughness, a light white color, 
and no occurrence of phase separation. 

pH determination 

All synthesized hydrogels have a pH within the range of 6±0.14 to 
6.5±0.14, which closely approximates the pH of the skin. This pH 
range is well-established in the literature and does not cause any 
irritation or itching when applied [48]. 

Determination of DC 

Table 4 presents the reported ACE content data for all the ACE-NS 
hydrogels that were produced. The actual DC quantified varied 
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between 89.3±0.18% and 95.19±0.23% of the theoretical quantity. 
The homogeneous distribution of ACE-NS throughout the hydrogel 
structure was proven. 

Spreadability 

Hydrogel spreadability is the degree to which the hydrogel disperses 
over the skin when applied. As the polymer concentration increases, 
the spreadability of the hydrogel diminishes. Table 4 presented data 
of spreadability measurements. 

Determination of the viscosity 

As illustrated in fig. 5, as the shear rate increased, the viscosity of 
the gel decreased, indicating a shear-thinning pseudo plastic flow 
characteristic. Pseudo plasticity is desirable for topical gels 
because it ensures ease of spreading when applied to the skin, as 
the viscosity decreases under shear stress such as during 

application [49]. The results indicated that HPMC exhibited 
effective gelling properties in the production of hydrogels, making 
it a suitable choice for formulating stable and user-friendly topical 
products. Comparing the viscosity to benchmarks for similar 
topical formulations, the values obtained for the HPMC hydrogel 
fall within the acceptable range, indicating its practical application 
for efficient drug delivery [50].  

In vitro permeation study 

The hydrogel formulations undergo in vitro permeation testing, and the 
outcomes of the transdermal permeation through (Strat-M®) from 
various formulations are presented in fig. 6. The flux, permeability 
coefficient, and Permeation Enhancement (PE) values obtained for 
various formulations are presented in table 5. The release profile 
demonstrated that the drug release from each formulation was 
influenced by the concentration of polymers, HPMC-K100and PEG400. 

 

Table 4: pH Data, DC, and spreadability of hydrogels loaded with ACE-NS 

Formula code PH±SD DC%±SD Spreadable diameter (cm)±SD 

G1 6.2±0.15 95.19±0.23 9.5±0.2 
G2 6.3±0.14 93.15±0.31 7.7±0.15 
G3 6.0±0.12 93.61±0.21 9±0.2 
G4 6.4±0.13 91.9±0.41 11.7±0.25 
G5 6.5±0.14 93.45±0.31 13.8±0.3 
G6 6.2±0.12 92.33±0.26 13.2±0.2 
G7 6.5±0.2 89.3±0.18 10.7±0.15 
G-plain 6±0.14 90.55±0.27 13±0.15 

n=3 
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Fig. 5: Viscosity analysis of ACE-NS hydrogels 
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Fig. 6: Ex-vivo permeation profiles of all formulated transdermal hydrogels of ACE 

 

Table 5: The permeation parameters of the ACE-NS hydrogel and plain hydrogel 

Formula code Flux (µg/cm2/h)±SD Permeability coefficient (cm/h × 10-2)±SD Permeation-enhanced ratio 
G1 723.93±5.1 7.23±0.5 28.8 
G2 600.9±4.8 6±0.3 23.9 
G3 601.24±5.6 6.01±0.3 23.91 
G4 91.14±3.2 0.91±0.08 3.62 
G5 104.41±3.7 1.04±0.02 4.15 
G6 450.71±5.9 4.5±0.09 17.92 
G7 232.9±5.1 2.32±0.05 9.26 
G-plain 25.14±1.9 0.25±0.01 ------ 

n=3 
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A statistical analysis of the flux over a period of 8 h revealed that the 
ACE-NS-hydrogel preparations G1 exhibited the highest cumulative 
penetration rate of 55.94±1.4% among all the preparations, while G-
plain of ACE exhibited cumulative penetration rates of 2.73±0.3% at 8 
h. The ratio of PE of G1 (28.8), derived from the subsequent equation:  

PE = Jss (ACE-NS-of gel)/Jss of ACE plain gel…… Eq… (8) 

PE is the quantitative measure of the permeation enhancement, 
while Jss represents the flux of ACE-NS and plain hydrogel [51]. The 
significantly higher (p<0.05) penetration rate and permeability 
coefficient for the ACE-NS hydrogel (G1) compared to the plain ACE 
hydrogel (G-plain) suggest that the NS formulation substantially 
enhances drug permeation through the skin. This improvement can 
be attributed to the smaller PS and increased surface area of the NSs, 
which facilitate better interaction with the skin and more efficient 
drug delivery [52]. Recent studies have reported similar findings 
with other NSAID-loaded NSs. For example, a study by Gupta et al. 
(2022) found that a NS formulation of Diclofenac exhibited a 
cumulative penetration rate of 48.7±2.1% over 8 h, significantly 
higher than the plain Diclofenac gel, which had a penetration rate of 
3.1±0.2%. Another study by Liu et al. (2024) on Ibuprofen NSs 
reported a permeability coefficient of 6.95±0.45 cm/h×10⁻², 
indicating that NS formulations generally exhibit higher permeation 
rates compared to traditional hydrogels [53, 54]. The permeability 
coefficient was evaluated using the Strat-M® membrane, a synthetic, 
non-animal-based model for transdermal diffusion testing. Strat-M® 
membrane is designed to mimic human skin permeability and is 
predictive of diffusion in human skin for a wide range of compounds 
and formulations 1. This model provides consistent and reliable data 
without the variability associated with biological skin models [55]. 

In vitro drug release study  

The drug release investigation was conducted in vitro using phosphate 
buffer at a pH of 7.4. The release pattern of the medication from the 

synthesized hydrogels is shown in fig. 7. During the 8 h release assay, 
the drug release of the gel of G1 had a percentage of 84.5±3.8%, 
whereas the plain hydrogel had a percentage of 24.8±4.2%. There was 
a statistically significant difference (p<0.05) between G1 hydrogel and 
plain hydrogel. This difference can be attributed to the enhanced 
dissolving rate and permeation resulting from the smaller size of the 
NS. Due to the reduced size of drug particles, the Noyes-Whitney 
equation requires a larger surface area, resulting in a substantial 
elevation area for the NS. Moreover, the diffusion distance shortens for 
particles of extremely small size. Therefore, the elevated surface area 
and the concomitant reduction in diffusion distance could greatly 
enhance the rate of dissolution of the drug [56]. 

The results were compared with existing NS-based hydrogels used 
for other NSAIDs, such as ibuprofen and ketoprofen. The results 
demonstrated superior drug EE% and release profile, highlighting 
the potential advantages of our formulation. Specifically, our ACE-
loaded NS showed a more consistent and prolonged drug release 
compared to the existing formulations by Farsana P and Chandur 
VK, which can lead to improved therapeutic outcomes [57, 58]. 

In vivo anti-inflammatory-activity 

Fig. 8 demonstrated that formula G1-Hydrogel showed a substantial 
effect (p-value<0.0001). Inhibited the inflammation by 65.38±1.1% 
for the duration of 24 h. Conversely, the inhibition of ACE–Plain 
hydrogel was 24.23±0.95%. The NS hydrogel performs better 
primarily due to its superior skin penetration and longer drug 
retention in the affected area. The NS formulation enhances drug 
permeation through the skin, attributed to the smaller PS and 
increased surface area of the NSs, which facilitate better interaction 
with the skin. Additionally, the controlled release mechanism of the 
NSs ensures prolonged drug retention at the site of inflammation, 
leading to more effective and sustained therapeutic effects [59]. 
Throughout the experiment, no rats exhibited irritation, erythema, 
or lesions following hydrogel treatment as depicted in fig. 9.  
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Fig. 7: In vitro drug dissolution of G1−hydrogel and ACE−plain hydrogel 
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Fig. (8): Inflammatory inhibition% of ACE−NS− hydrogel and ACE plain hydrogel, (**** indicates a p-value<0.0001) 
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a     b 

Fig. 9: One rat of the G1 group after A) 1 h and B) 24 h 

 

Table 6: Effect of storage temperature 30 °C and 4 °C after 3 Mo on G1 

Parameters Results 
Initial±SD Stored at 4 °C±SD Stored at 30 °C±SD 

PH 6.2±0.15 6.1±0.6 6.2±0.4 
DC% 95.19±0.23 95±0.4 94.2±0.5 

n=3 
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Fig. 10: Release profile of G1 after three months of storage at 30 °C and 4 °C 

 

Stability study 

The chosen ACE NS loaded EC hydrogel formulation exhibited no 
significant differences (p>0.05) in physical appearance, pH, DC, and 
in vitro drug release profile as illustrated in fig. 10 after being stored 
at 30 °C and in a refrigerator at 4 °C for three months [60]. The 
outcomes of stability investigations are presented in table 6.  

CONCLUSION 

The data demonstrate that emulsion solvent diffusion technique is 
an efficient and cost-effective method for the preparation of drug 
nanoparticles, and it is simple to implement in drug nanoparticle 
manufacturing. The data indicate that the dissolution is enhanced 
when ACE particles are at the nanoscale. The ACE-NS-based 
hydrogel exhibited an improved drug release rate in comparison to 
the blank hydrogel. These findings suggest that the NS-loaded 
hydrogel approach can be extended beyond ACE to other poorly 
soluble drugs. This technology holds promise for targeted therapies 
in inflammatory diseases. Future clinical development stages will 
involve more extensive in vivo studies and eventual clinical trials. 
While no direct comparisons were made in this study, the NS 
hydrogel formulation has potential commercial advantages over 
existing ACE gels. These advantages include reduced dosing 
frequency and improved patient compliance. The enhanced skin 
penetration and prolonged drug retention provided by the NS 

formulation could lead to more effective and sustained therapeutic 
effects, making it a promising alternative to current commercial options. 
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