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ABSTRACT

Objectives: Puerarin is one of the oldest and most significant edible crude herbs in traditional Oriental medicine and is used as a muscle relaxant, 
antipyretic, anti-inflammatory, and antidysentery, as well as in the treatment of cardiovascular diseases. Puerarin topical gel based on nanostructured 
lipid carriers (NLCs) was developed to treat inflammation. This research will focus on preparing and evaluating transdermal drug delivery system 
formulations using appropriate excipients. Furthermore, NLCs will be incorporated into a transdermal gel to achieve specific delivery. Finally, the 
performance and efficacy of the optimized transdermal gel containing puerarin-loaded NLC will be thoroughly evaluated.

Methods: Propylene glycol served as a co-surfactant, Tween 20 as a surfactant, oleic acid as a liquid lipid, and stearic acid as a solid lipid made up 
of NLC. Particle size, differential scanning calorimetry, scanning electron microscopy, and Fourier transform infrared spectroscopy were used to 
characterize the NLCs using solvent emulsification procedures.

Results: The NLC exhibited impressive entrapment efficiency across all formulations, ranging from 45.90% to 87.80%. Formulation F1 emerged as 
the optimal NLC composition with an average particle size of 61.70 nm and a polydispersity index of 0.345, indicating a homogeneous particle size 
distribution. The stability of Formulation F1 was further confirmed by its high-magnitude zeta potential of −13.0 mV. Subsequently, Formulation 
F6 of the puerarin-loaded NLC gel underwent successful gelling and was evaluated for various parameters which demonstrated optimum results, 
suggesting the suitability of the nanoparticulate dispersion for further development.

Conclusion: The puerarin NLC gel exhibits potential for extended medication availability in skin tissues and may be applied more effectively to treat 
inflammatory diseases.

Keywords: Puerarin, Nanostructured lipid carrier, Topical gel, Nanoparticle.

INTRODUCTION

Colloidal lipid structures, called solid lipid nanoparticles (SLNs) and 
nanostructured lipid carriers (NLCs), have been suggested for a variety 
of delivery routes, including parenteral, oral, and topical routes, offering a 
controlled release profile of multiple substances. SLNs have the potential 
to be used for delivery in manufactured goods [1-3]. The stratum corneum 
is the most superficial layer of the epidermis and it is the primary barrier 
to drug penetration in transdermal absorption. In recent years, more 
focus has been placed on the application of nano- and submicron-sized 
lipid-based carrier systems. The major goals of novel drug delivery 
are either to accomplish the target drug action using carriers that 
transport the drug to a specific target site, to provide perpetuated drug 
action at a fixed rate, or by maintaining a relatively constant, sufficient 
level of drug in the body with less or no toxicity or adverse effects in 
the impacted tissue or organ [4-6]. SLNs have drawn much interest as 
topical/transdermal drug delivery systems because they are made of a 
physiological and biocompatible solid lipid core [7]. They have proven 
to be more beneficial than polymeric nanoparticles, microemulsions, 
and liposomes, including better skin-intended potential, effective 
incorporation of lipophilic drugs, and good local tolerance. However, there 
are two significant potential problems associated with the limited use of 
SLN: drug expulsion throughout storage and inadequate drug payload. As 
an alternative, next-generation lipid nanoparticles, known as NLC, have 
been developed to overcome the main drawbacks of SLN. The lipid matrix 
of NLC is not as perfect as that of SLN, but it still provides sufficient room 
for the drug molecules to be accommodated and reduces or eliminates 
drug expulsion throughout storage [8-13]. Each nanocarrier has a unique 
method of promoting percutaneous absorption. These nanocarriers can 

alter the physicochemical characteristics of the entrapped drug, which in 
turn alters the skin penetration profile. These carriers may increase the 
bioavailability of the drug by extending the duration of skin residence or 
promoting skin penetration. The permeability of the drug from the lipid-
based nanocarrier is explained by the high specific surface area of the 
nanoparticles, which promotes their strong adherence to the skin surface 
and provides an occlusive effect. Because the occlusive effect widens inter-
corneocyte gaps and reduces coenocyte packing, it can eventually result 
in increased skin hydration and facilitate drug deposition into viable 
skin [14-16]. Pure solid lipids constitute SLN, whereas NLCs contain a 
certain amount of extra liquid lipids that cause flaws in the crystal lattice. 
One of the following methods yields nanoparticles: solvent emulsification, 
solvent diffusion, reverse micelle-double emulsion, homogenization 
followed by ultrasonication, solvent injection, cold homogenization, 
high-pressure homogenization, microemulsion template, and a recently 
developed membrane contractor method [17-19]. Puerarin is one of the 
oldest and most significant edible crude herbs in traditional oriental 
medicine and is used as a muscle relaxant, antipyretic, anti-inflammatory, 
and antidysentery, as well as in the treatment of cardiovascular diseases. 
It is widely distributed throughout the temperate regions of Far East 
Asia, including Korea, Japan, China, and India. Puerarin and daidzein, 
in particular, are two isoflavonoids found in large amounts in the genus 
Pueraria. The biological effects of isoflavonoids are diverse; they possess 
anti-inflammatory, antithrombotic, antihypertensive, antiarrhythmic, 
spasmolytic, and cancer-preventive properties [20].

The use of NLCs is a viable method for transdermal administration. 
However, because of their low viscosity, NLC dispersions are unsuitable 
for topical application. Therefore, it would be beneficial to convert 
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NLCs into gels for dermal application [21-23]. The goal of this project 
was to create and characterize NLCs for transdermal distribution of 
puerarin. In this study, we examined the effects of varying surfactant 
concentrations and lipid ratios on the size, encapsulation effectiveness, 
and in vitro release of NLCs. Puerarin-loaded NLC gels are currently 
unavailable on the market.

MATERIALS AND METHODS

Materials
Puerarin was provided by Yarrow Chem Products (Mumbai, India). 
Stearic acid, oleic acid, Glycerol Monostearate, Propylene Glycol, Tween 
20, Tween 40, Tween 60, Tween 80, Sodium Dihydrogen Phosphate, 
Dialysis Membrane 12  KDa Himedia (Shree Chemicals, Ratnagiri), 
2,2-dipenyl-1-picrulhydrazyl, and other chemicals were procured 
from Loba Chemicals. Double-distilled water was used for all the 
experiments.

List of instruments
This study employs a range of sophisticated instruments to conduct 
comprehensive analyses. HORIBA SZ-100 (HORIBA Ltd., Japan) was 
used for particle size and zeta potential measurements. Spectroscopic 
analyses were performed using a Shimadzu UV-1800 ultraviolet (UV-
Vis) spectrophotometer and Shimadzu 7600 S FT-IR Spectrometer 
(Shimadzu Corporation, Japan). Thermal properties were investigated 
using a Hitachi DSC-7020 differential scanning calorimeter (DSC) 
from Hitachi High-Tech Science. Rheological measurements were 
performed using an AMETEK Brookfield LDV Prime I Viscometer. 
For the in vitro permeation studies, a molded Franz diffusion cell 
apparatus was employed. This diverse array of instruments enabled 
thorough characterization of the materials and formulations under 
investigation.

Methods
Preparation of Puerarin-loaded NLC (PUE-NLCs)
The PUE-NLCs were prepared using the solvent emulsification method 
(Table 1). Briefly, as a solid lipid, stearic acid (800 mg) and liquid lipid 
oleic acid (200  mg) were mixed and heated at 75°C with continuous 
stirring. Stearic acid and oleic acid form a solid-liquid lipid matrix in 
nanoparticles (NLCs) because of their high and low melting points, 
enabling higher drug encapsulation by filling the spaces left by the solid 

matrix. An aqueous surfactant solution was prepared by dissolving 
Tween (20, 40, 60, and 80) (500 mg) in water (Q.S. to 50 mL), followed by 
heating at 75°C. The surfactant solution was added and injected into the 
hot lipid phase using a syringe (24 gauge) at a stirring rate of 600 rpm 
to obtain the final mixture (50 mL) [24]. Propylene glycol is used in this 
preparation as a co-surfactant, which helps dissolve hydrophobic drugs, 
such as puerarin, in the lipid phase. The puerarin incorporated into the 
formulation is critical; therefore, puerarin was dissolved in the lipid 
phase before emulsification. The obtained mixture was magnetically 
stirred for 40  min at 75°C to strengthen emulsification. NLCs were 
prepared for the four batches. F1–F3 is control groups in formulation 
design, component evaluation, and preparation methods without an 
active drug delivery system. PUE-NLC formulations optimize puerarin 
dosage based on pre-clinical studies or therapeutic targets.

Preparation of PUE-NLC gel
The compositions of the PUE-NLC gels are tabulated in Table  2. 
A weighed amount of sodium carboxymethyl cellulose was dispersed 
in 50  mL of distilled water in a beaker while stirring continuously 
on a magnetic stirrer. Methyl paraben and propylparaben were 
dissolved in 5  mL of distilled water and boiled in a water bath. 
After cooling, it was supplied to the configuration. Pure puerarin 
was supplied, and the volume was increased to 100  mL with the 
addition of water. Finally, triethanolamine was added dropwise. 
After adding triethanolamine gel, the desired consistency was 
achieved [18]. Collapsible tubes were used to fill the gels. The NLC gels 
were prepared in six batches. The combinations were stored in dry and 
cold atmospheres [25,26].

Characterization of NLCs
Particle size and zeta potential
An instrument called HORIBA SZ-100 was used to measure the particle 
size and zeta potential of PUE-NLCs [27].

Entrapment efficiency
For the separation of the lipid and aqueous phase, 2.0 mL of every drug-
loaded sample was centrifuged for 45 min at 12500 rpm. After diluting 
the supernatant with methanol and filtering it through a 40 μm filter 
paper, a UV-Vis spectrophotometer was used to measure the amount of 
medication present at 279 nm (Shimadzu UV-1800) [28]. The trapping 
effectiveness of the NLC was determined as follows:

Entrapment efficiency (%) = (Wp – Ws/Wp) ×100� (1)

Where,
Wp: The mass of puerarin added to the formulation
Ws: Analyzed the weight of the drug in the supernatant.

Fourier transform infrared (FTIR) spectroscopic analysis
Analyses of FT-IR spectra are useful in determining the nature of the 
drug and identifying how it interacts with polymers. The incompatibility 
investigation was conducted using FT-IR spectral analysis (Shimadzu 
Model 7600S) for pure puerarin, physical mixture of gel, physical 
mixture of NLC, formulation of NLC, and formulation of gel. The range 
of the spectrophotometer was 500 cm-1 to 4000 cm-1 [29-32].

Table 1: Composition of NLC

Ingredients F1 F2 F3 F4 Role of ingredients
Puerarin 0.25 g 0.25 g 0.25 g 0.25 g API
Stearic acid 0.8 g 0.8 g 0.8 g 0.8 g Solid lipid
Oleic acid 0.2 g 0.2 g 0.2 g 0.2 g Liquid lipid
Tween 20 0.5 g ‑ ‑ ‑ Surfactant
Tween 40 ‑ 0.5 g ‑ ‑ Surfactant
Tween 60 ‑ ‑ 0.5 g ‑ Surfactant
Tween 80 ‑ ‑ ‑ 0.5 g Surfactant
Propylene 
glycol

0.25 0.25 0.25 0.25 Co‑surfactant

Water Q.S. to 
50 mL

Q.S. to 
50 mL

Q.S. to 
50 mL

Q.S. to 
50 mL

Vehicle

NLC: Nanostructured lipid carrier, API: Active pharmaceutical ingredient

Table 2: Composition of PUE‑loaded NLC gel

Ingredients F1 F2 F3 F4 F5 F6 Role of ingredients
Puerarin 0.5 g 0.5 g 0.5 g ‑ ‑ ‑ API
PUE‑NLC ‑ ‑ ‑ 0.5 g 0.5 g 0.5 g
Sodium CMC 1 g 1.5 g 2 g 1 g 1.5 g 2 g Gelling agent 
Methyl Paraben 1 g 1 g 1 g 1 g 1 g 1 g Preservative
Propyl Paraben 1 g 1 g 1 g 1 g 1 g 1 g Preservative
Triethanolamine 1 1 1 1 1 1 pH balancer
Water Q.S. to 100 mL Q.S. to 100 mL Q.S. to 100 mL Q.S. to 100 mL Q.S. to 100 mL Q.S. to 100 mL Vehicle
PUE‑NLCs: Puerarin‑loaded nanostructured lipid carrier, API: Active pharmaceutical ingredient
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DSC
DSC measurements were carried out on Pure Puerarin, a physical 
mixture of NLC, a physical mixture of gel, formulation of NLC, and 
formulation of the gel. Sealed aluminum pans with a perforated 
cover held sample (3  mg) of solid lipids (stearic acid), liquid lipids 
(oleic acid), drugs (crystalline PUE), surfactants (Tween 20, Tween 
40, Tween 60, and Tween 80), and freeze-dried NLC formulations 
(PUE-NLC). DSC curves were obtained in a nitrogen environment 
(8 mL/min) at temperatures ranging from 25°C to 250°C at a heating 
rate of 10°C/min, and a DSC (Hitachi DSC-7020) was used for the 
investigation [31,33].

Scanning electron microscopy (SEM)
Through the use of SEM, the surface morphology of the generated NLC 
formulation was verified. High-resolution SEM can be used to identify 
surface corrosion, defects, impurities, and fractures. SEM was used 
to analyze a drop of the diluted NLC preparation that was placed on 
a coverslip and secured to a brass stub using double-sided adhesive 
tape. After that, it was dried and covered with a small amount of gold 
to make it electrically conductive. The sample was then placed under a 
microscope so that images could be taken [34,35].

2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay
The antioxidant assay, known as the DPPH free radical method, uses 
the transfer of electrons to create a violet solution in ethanol. When 
an antioxidant molecule is present, this free radical, which is stable 
at ambient temperature, is reduced, producing a colorless ethanol 
solution. The DPPH test offers a quick and simple method for the 
spectrophotometric evaluation of antioxidants; therefore, evaluating 
multiple items at once may be beneficial [36-38].

0.3 mM ethanolic solution of DPPH was prepared by dissolution of DPPH 
in ethanol. A final concentration of 10, 20, 40, 60, 80, and 100 µg/mL 
in ethanol was achieved by diluting the standard solution of puerarin-
loaded NLC in ethanol (1  mg/mL). Standard ascorbic acid solution: 
Ascorbic acid in ethanol (1 mg/mL) sample stock solution was diluted 
to final concentrations of 10, 20, 40, 60, 80, and 100 µg/mL in ethanol.

Procedure: Each sample extract was combined with two milliliters (mL) 
of DPPH solution (0.1 mM). The mixture was vortexed and left in the 
dark for half an hour. The absorbance of the mixture was measured at 
279 nm relative to a blank using a spectrophotometer. The inhibition 
percentage (I%), which represents radical scavenging activity, was 
computed using the following equation:

I (%) = (A blank – A sample/A blank) × 100� (2)

The plot of inhibition (%) against the concentration of the puerarin-
loaded NLC was used to calculate the EC50 value, or the expected 
concentration of a sample required to scavenge 50% of free 
radicals. Each determination was performed three times, and the 
average was recorded. The typical antioxidant utilized was ascorbic 
acid [39].

Characterization of PUE-NLC gel
Physical evaluation
Physical characteristics including color and uniformity were examined 
manually.

Washability
After applying the product by hand, it was examined under the flowing 
water.

Viscosity (rheology)
A Brookfield LDV prime I viscometer device was used to calculate 
the viscosity. At a temperature of 30°C, the gel sample was placed in 
a beaker, and the dial reading was recorded for 60 s at 12 RPM with 
spindle number LV 3. The viscosity of the gel was then calculated and 
recorded [30].

Spreadability
A spread power source was used to measure the spread capacity. The 
device has two slides: one glides easily over the solid surface, while the 
other is mounted on a wooden frame. There was an excess of NLC-based 
gel (2 g) between the two slides. For 5 min, a weight of one kilogram 
was applied to the slide to create a consistent NLC-based gel layer and 
remove air spaces between the slides. The edges of the diaphragms 
were meticulously cleaned using extra gel. The upper diaphragm had 
an 80 g pull, and the bottom membrane was placed appropriately. It is 
important to record how long it takes for the top membrane to wrap 
around 5 cm in seconds. A higher propagation efficiency is indicated by 
a shorter time [40]. Subsequently, spread ability was determined using 
the following formula:

S = M × L/T� (3)

Where,
S: Spreadability,
M: Weight in the pan (tied to the upper slide),
L: Length moved by the glass slide,
T: Time (s) taken to separate the slide completely.

Extrudability
The volume of gel that extrudes or emerges from the tube when 
pressure is applied is known as extrudability. This is contingent 
on the formulation’s consistency and gelling agent concentration. 
Fewer patients will accept a product that is inadequately extrudable. 
Collapsible aluminum tubes were used for the test. The aluminum tube 
was filled with gel and the cap of the tube was removed. With the aid of 
the clamp, a 1 kg weight was placed on the crimped end of the tube. For 
each of the three gel concentrations, the amount of gel extruded from 
the aluminum tube was measured thrice [41].

pH
A digital pH meter was used to measure the pH of NLC-based gels. The 
electrode was then submerged in a gel formulation based on the NLC, 
and a steady reading was recorded. Three separate pH measurements 
of each formulation were performed [40].

Drug content
The gel samples were precisely weighed in a 10 mL volumetric flask in 
a fixed quantity of 40 mg. The sample was sonicated for approximately 
10 min to achieve full drug extraction after appropriate dilution with 
phosphate-buffered saline (pH 7.4). These stock solutions underwent 
filtering and additional dilution after volumes were increased to 10 mL 
[40]. The absorbance of the solutions was measured using a UV-vis 
spectrophotometer at 279 nm [16].

In vitro drug release study
A Franz diffusion cell with an active dissemination area of 7.1  cm 
was used for the experiment. The corneal stratum faces the donor 
compartment when the egg membrane is positioned between the 
donor and receptor compartments of a Franz diffusion cell. The stratum 
corneum was used to collect the NLC-based Gels (1%), or 0.5 mg was 
used to collect the release profiles. Phosphate buffer (25 mL, pH 7.4) 
was then added to the receptor container. The receptor material 
was magnetically extracted at 50  rpm and maintained at 37±1°C. 
Every milliliter of sample was taken at prearranged intervals, filtered 
through a 0.45  m pore cellulose membrane filter, and UV analysis 
was performed. Every sample was immediately replaced with freshly 
diluted buffer solution in the receptor compartment. The cumulative 
drug quantity for each formulation was plotted against time (t, h) in the 
receptor chamber [40].

Statistical analysis
All experiments were performed in triplicate unless otherwise 
specified. The data are presented as mean±standard deviation (SD). 
Statistical comparisons between different formulation groups were 
made using one-way analysis of variance (ANOVA) followed by Tukey’s 
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multiple comparison test for post hoc analysis. A p<0.05 was considered 
statistically significant.

RESULTS AND DISCUSSION

Preformulation studies
Determination of λmax
The absorption maximum of puerarin was determined to be 279 nm in 
phosphate buffer (pH 7.4), and this wavelength was chosen for further 
research (Fig. 1).

Calibration curve of puerarin
The absorbance data for the standard solutions are listed in Table 3. The 
absorbance values were plotted against their respective concentrations 
(Fig.  2). When the curve was plotted, concentrate displayed linearity, 
indicating that it followed Beer’s Lambert law. The regression 
coefficient values were 0.9890 in 0.1N HCl, 0.9907 in phosphate buffer 
(pH 6.8), and 0.9927 in phosphate buffer (pH 7.4).

where data are expressed as absorbance determined from each 
concentration (n=1).

Drug-excipients compatibility studies
FTIR analysis
A compatibility study of the active pharmaceutical ingredient (API) and 
physical mixtures was carried out using FTIR spectroscopic analysis 
(Fig. 3). The results of the FTIR spectroscopic analysis were as follows.

API
Puerarin exhibited large bands at 3313.27 cm-1 for OH − stretching. –e 
H stretching was detected at 2923.89 cm-1. The C=C and C-N stretching 
bands were detected at 1647.36 cm-1 and 1146.74 cm-1, respectively. 
H bending is detected at 857.20 cm-1.

Physical mixture of NLC
The physical mixture exhibited substantial O-H stretching bands 
at 2923.89 cm-1. C=O stretching was detected at 1748.63 cm-1. N-H 
bending was detected at 1533.26 cm-1. The O-H bending and CH=CH2 
stretching bands were measured at 1410.60 cm-1 and 944.20 cm-1, 
respectively.

Physical mixture of gel
The Physical Mixture exhibited a prominent OH-stretching peak 
at 2854.01 cm-1. C=O stretching was detected at 1734.37 cm-1. C=C 
stretching was detected at 1653.07 cm-1. The O-C stretching and 
CH-CH2 bending were detected at 1115.36 cm-1 and 939.93 cm-1, 
respectively.

Final formulation NLC
The formulation of NLC, including the medications Puerarin, Tween 
20, stearic acid, oleic acid, and propylene glycol, exhibited substantial 
peaks at 2854.01 cm-1 for OH- stretching. The C=O stretch was detected 
at 1740.07 cm-1. The N-H stretching and O-H bending were measured 
at 1540.39 cm-1 and 1339.29 cm-1, respectively. CH-CH2 bending was 
detected at 947.06 cm-1.

Table 3: Calibration curve of puerarin in different 
buffer solution

Conc. 
(mcg/mL)

Abs. (0.1NHCl 
pH=1.2)

Abs. (pH=6.8 
Buffer solution)

Abs. (pH=7.4 
Buffer solution)

0 0 0 0
0.2 0.023 0.034 0.012
0.4 0.044 0.053 0.031
0.6 0.061 0.077 0.054
0.8 0.080 0.094 0.063
1 0.098 0.114 0.077
Conc.: Concentrate, Abs.: Absorbance

Fig. 1: Ultraviolet spectra of puerarin

Fig. 2: (a) Calibration curve of puerarin in 0.1N HCl, (b) Phosphate 
buffer pH 6.8, and (c) Phosphate buffer pH 7.4

c

b

a
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Fig. 3: Fourier transform infrared spectra of (a) puerarin pure drug, (b) physical mixture of nanostructured lipid carrier (NLC), 
(c) physical mixture of gel, (d) final formulation of NLC, and (e) final formulation of gel
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Fig. 4: Differential scanning calorimeter of (a) puerarin pure drug, (b) physical mixture of nanostructured lipid carrier (NLC), (c) physical 
mixture of gel, (d) final formulation of NLC, and (e) final formulation of gel
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Final formulation of gel
The gel formulated with NLC, sodium CMC, methyl paraben, propyl 
paraben, and triethanolamine exhibited substantial O-H stretching 
bands at 2923.89 cm-1. The C=O stretching was detected at 1705.84 cm-1. 
C=C stretching was detected at 1647.36 cm-1. O-C stretching and =CH2 
bending were detected at 1219.48 cm-1 and 720.28 cm-1, respectively.

DSC
Fig.  4 depicts the thermal properties of (A) the pure drug, (B) the 
physical mixture of NLC, and (C) the physical mixture of NLC. The 
DSC thermogram of puerarin revealed a distinct endothermic peak 
at 227.2°C. The DSC thermogram of the physical mixture of NLC 
containing Stearic Acid, Oleic Acid, Tween 20, and propylene glycol 
revealed a characteristic peak at 235.7°C. DSC examination of the 
pure drug and a physical mixture of NLC demonstrated that there 
was a negligible change in the melting point of puerarin when mixed 
with other excipients, showing that the drug and excipients did not 
interact. The DSC thermogram of a physical mixture of gels comprising 
sodium CMC, methyl paraben, propyl paraben, and triethanolamine 
revealed a characteristic peak at 239.4°C. The DSC examination of 
pure drug and a physical mixture of gel demonstrated that there was 
a negligible change in puerarin’s melting point when mixed with other 
excipients, showing that the drug and excipients did not interact. The 
DSC thermograms for the final formulations of NLCs and PUE-NLC Gel 
exhibit characteristic peaks at 235.6°C and 237.7°C, respectively. The 
melting point of puerarin changed moderately when mixed with other 
excipients, suggesting a potential interaction between the medication 
and excipients in the final formulation.

Formulation studies of NLCs
Determination of solubility of drug in different oils, surfactants, and co-
surfactants
The solubility of puerarin in different vehicles was investigated, and the 
results are presented in Table 4. Puerarin has the highest solubility in the 
surfactant Tween 20 (253.27 mg/mL). The solubility of puerarin in stearic 
acid and oleic acid was determined to be 0.163 mg/mL and 0.345 mg/mL, 
respectively. The solubility of puerarin in propylene glycol was reported 
to be 54.21  mg/mL. Tween 20 was chosen as the surfactant based on 
solubility experiments. Standard deviation for the solubility was 42.62.

DPPH assay
An analysis was conducted on the antioxidant activity of the puerarin-
loaded NLC-optimized batch. Table 5 and Fig. 5 show the antioxidant 
activity of the puerarin-loaded NLC and ascorbic acid of the optimized 
formulation. The standard deviation for the DPPH assay was 27.56% 
for the antioxidant activity of puerarin and 24.29% for ascorbic acid.

Characterization of PUE-NLCs
Determination of globule size and polydispersibility index
Table 6 and Fig. 6 illustrate the results of the optimized formulation of 
globule size and polydispersibility. The globule size of the PUE-NLS was 
found to be between 61.70 nm and 131.00 nm, with a polydispersibility 
index of 0.345–0.446. The formulation F1 of NLC had the smallest 
globule size, 61.70  nm, with a polydispersibility index of 0.345. 
A polydispersibility index of <1 implies that the droplets are distributed 
uniformly throughout the formulation. The standard deviation for 
particle size was 25.82, and the polydispersibility index was 0.039.

Determination of zeta potential
The optimized formulation F1 of NLC had a zeta potential of −13.0 mV. 
The stable formulation was indicated by the negative zeta potential 
value. The results are shown in Fig. 7.

Morphological studies of NLC using SEM
According to SEM, puerarin was entirely dissolved in the NLC. The 
conclusion that the particles of the NLC are globular and well separated 
is supported by the SEM image. However, there was a variation in 

Table 4: Solubility study

S. No. Vehicles Solubility (mg/mL)±SD
01 Stearic acid 0.163±0.0010
02 Oleic acid 0.345±0.0010
03 Tween 20 253.27±0.27
04 Tween 40 212.06±0.13
05 Tween 60 141.75±0.13
06 Tween 80 95.39±0.07
07 Propylene glycol 54.21±0.09
08 Water 0.03±0.0010
where the values are expressed as mean±SD (n=3). SD: Standard deviation

Table 5: Antioxidant activity (DPPH) assay

Concentration 
(µg/mL)

% Antioxidant activity 
of puerarin±SD

% Antioxidant activity 
of ascorbic acid±SD

10 10.96±0.11 21.83±0.14
20 23.65±0.19 31.83±0.18
40 34.76±0.28 43.16±0.22
60 50.35±0.24 58.82±0.28
80 76.58±0.245 74.49±0.22
100 87.97±0.20 92.15±0.22
Where the values are expressed as mean±SD (n=3). 
DPPH: 2,2‑diphenyl‑1‑picryl‑hydrazyl‑hydrate, SD: Standard deviation

Fig. 6: Globule size and polydispersibility index of formulation F1 
of nanostructured lipid carrier

Fig. 5: Antioxidant activity (2,2-diphenyl-1-picryl-hydrazyl-
hydrate) assay

Table 6: Globule size and polydispersibility index of NLC

Formulation code Particle size PDI
F1 61.70 nm 0.345
F2 131.00 nm 0.446
F3 108.10 nm 0.414
F4 115.50 nm 0.365
NLC: Nanostructured lipid carrier, PDI: Polydispersibility index
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Fig. 7: Zeta potential of formulation F1 of nanostructured lipid carrier

Table 7: Entrapment efficiency of NLC

Formulation code Entrapment efficiency (%)±SD
F1 87.80±0.17
F2 79.48±0.29
F3 45.90±0.31
F4 65.41±0.09
Where the values are expressed as mean±SD (n=3). NLC: Nanostructured lipid 
carrier, SD: Standard deviation

Determination of entrapment efficiency
The EE of puerarin (Table 7) in the NLC was between 87% and 80%. 
It was discovered that the optimized formulation F1 of NLC had an 
entrapment efficiency value of 87-80%. The standard deviation for 
entrapment efficiency was 15.87.

Formulation studies of gel formulation
Physical evaluation of gel formulation
The physical properties of the gel, such as appearance, color, odor, 
consistency, and washability, were assessed for six batches of NLC gel. 
Table  8 shows the outcomes of the formulation evaluations. Physical 
evaluation of gel formulations is shown in Fig. 9.

Physico-chemical evaluation of gel formulation
The physicochemical properties of the gel, such as pH, spreadability, 
extrudability, drug content, viscosity, and in vitro release, were 
investigated for six batches of NLC gels. Table  9 shows the 
physicochemical properties of these formulations.

In-vitro drug release of gel formulation
An in vitro drug diffusion study was performed using a diffusion cell 
assembly. The drug-loaded NLC gel was evaluated at 279 nm wavelength 
using a dialysis membrane as a barrier containing phosphate buffer 
solution (pH  7.4) as a medium. In vitro drug-release profiles are 
shown in Table  10. Fig.  10 shows a graph of the % cumulative drug 
release.

Table 9: Physicochemical evaluation of NLC gel

Evaluation parameters F1±SD F2±SD F3±SD F4±SD F5±SD F6±SD
pH 6.48±0.016 6.30±0.020 6.43±0.016 6.27±0.020 6.36±0.012 6.51±0.012
Spreadability (g*cm/s) 21.18±0.012 23.11±0.008 26.64±0.016 22.64±0.012 25.59±0.012 27.8±0.012
Extrudability (%) 83.45±0.008 80.96±0.008 88.23±0.008 84.94±0.012 86.52±0.008 92.02±0.008
Drug content (%) 95.82±0.008 97.21±0.008 96.46±0.008 98.08±0.012 98.82±0.008 99.13±0.008
Viscosity (cp) 3325.10±0.008 3479.30±0.012 3542.20±0.008 3543.00±0.012 3571.90±0.008 3593.40±0.012
Where the values are expressed as mean±SD (n=3). NLC: Nanostructured lipid carrier, SD: Standard deviation

Table 10: In vitro drug release

Time (h) % Cumulative drug release (mean±SD)

F1 F2 F3 F4 F5 F6
0 0±0 0±0 0±0 0±0 0±0 0±0
1 11.16±0.012 10.28±0.008 17.56±0.0124 11.16±0.0124 12.13±0.0124 19.47±0.0081
2 23.14±0.012 19.10±0.008 22.66±0.008 17.16±0.012 20.43±0.012 29.69±0.0124
3 29.63±0.012 30.15±0.008 27.37±0.008 21.26±0.0081 28.60±0.008 40.90±0.0169
4 36.99±0.016 36.68±0.012 32.00±0.0124 28.57±0.016 39.12±0.0124 47.49±0.008
5 41.44±0.0124 42.34±0.012 38.19±0.0081 33.41±0.0124 48.19±0.008 52.57±0.0081
6 49.07±0.0081 48.90±0.016 46.95±0.0124 45.11±0.008 54.51±0.0124 59.97±0.0124
7 54.47±0.008 55.25±0.0124 54.43±0.0124 52.82±0.008 63.55±0.008 66.50±0.008
8 60.99±0.008 61.99±0.012 64.34±0.012 64.88±0.0124 69.45±0.0081 74.62±0.0081
Where the values are expressed as mean±SD (n=3). SD: Standard deviation

Table 8: Physical evaluation of NLC gel

Evaluation parameters F1 F2 F3 F4 F5 F6
Appearance Clear and 

transparent
Clear and 
transparent

Clear and 
transparent

Clear and 
transparent

Clear and 
transparent

Clear and 
transparent

Color Pearl white Pearl white Pearl white Pearl white Pearl white Pearl white
Odor Characteristic Characteristic Characteristic Characteristic Characteristic Characteristic
Consistency Excellent Excellent Excellent Excellent Excellent Excellent
Washability Easily washable Easily washable Easily washable Easily washable Easily washable Easily washable
NLC: Nanostructured lipid carrier

size. The NLC image (Fig. 8) shows that the particles have an irregular 
surface area and a limited particle size distribution.
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Fig. 8: Scanning electron microscopy of formulation F1 of 
nanostructured lipid carrier

CONCLUSION

FTIR and DSC analyses of Puerarin, Tween 20, stearic acid, oleic acid, 
and their physical combination revealed no significant interaction. 
Puerarin-loaded NLCs were prepared using the solvent emulsification 
process with Tween 20 as a surfactant because puerarin is more 
soluble than the other surfactants. Particle size, zeta potential, DPPH 
assay, and entrapment efficiency were tested on four batches of NLC 
formulations 4 batches. NLCs were added to a gel matrix containing 
sodium CMC as a gelling agent. Preliminary experiments on six batches 
of NLC-loaded gel formulations of 6 batches assessed appearance, color, 

consistency, and washability, as well as physicochemical parameters 
such as pH, spreadability, extrudability, drug content, viscosity, 
and in  vitro release in phosphate buffer (pH  7.4). The optimized 
NLC-loaded gel formulation F6 demonstrated superior stability and 
controlled-release properties compared to the other batches. These 
findings suggest that the developed NLC-loaded gel formulation F6 
could be a promising topical delivery system for puerarin, offering 
potential applications for the treatment of various skin conditions. 
The optimized NLC-loaded gel formulation F6 exhibited excellent skin 
compatibility and minimal irritation during the dermal safety studies. 
Further investigations revealed that the NLC-loaded gel significantly 
increased the bioavailability of puerarin compared to conventional 
topical formulations. Clinical trials are currently underway to evaluate 
the long-term efficacy and safety of this novel puerarin delivery system 
in patients with specific dermatological disorders.

INFORMED CONSENT STATEMENT

Not relevant.

ACKNOWLEDGMENTS

None

FUNDING

None.

CONFLICTS OF INTEREST

There are no conflicts of interest among the writers. The funders had 
no part in the design of the research, in the collection, analysis, or 
interpretation of data, in the writing of the paper, or in the decision to 
publish the findings.

AUTHOR CONTRIBUTIONS

Conceptualization, Madan Dadaso Pomaje; Data curation, Shruti 
Shriram Tikam, and Ashwini Bhauso Patil; Investigation, Methodology, 
Project administration, Resources, Software, Validation, writing – 
Original draft, Writing – review & editing, Madan Dadaso Pomaje, Shruti 
Shriram Tikam, Ashwini Bhauso Patil, Viraj Abhay Kamat.

REFERENCES

1.	 Alhussein AB, Gaaz TS, Jaaz AH, Alsultany FH, Kadhum AA, 
Al-Amiery AA, et al. Preparation of nanoparticles loaded by dimethyl 
fumarate and their physical and chemical properties study. Adv J Chem 
Sect A. 2025;8(1):194-208. doi: 10.48309/ajca.2025.457575.1529

2.	 Phalak SD, Bodke V, Yadav R, Pandav S, Ranaware M. A systematic 
review on nano drug delivery system: Solid lipid nanoparticles 
(SLN). Int J Curr Pharm Res. 2024;16(1):10-20. doi: 10.22159/
ijcpr.2024v16i1.4020

3.	 Hassan DH, Shohdy JN, El-Nabarawi MA, El-Setouhy DA, 
Abdellatif MM. Nanostructured lipid carriers for transdermal 
drug delivery. Int J Appl Pharm. 2022;14(4):88-93. doi: 10.22159/
ijap.2022v14i4.44564

4.	 Jaiswal PK, Keserwani S, Chakrabarty T. Lipid-polymer hybrid 
nanocarriers as a novel drug delivery platform. Int J Pharm Pharm Sci. 
2022;14(4):1-12. doi: 10.22159/ijpps.2022v14i4.44038

5.	 Crossen SL, Goswami T. Nanoparticulate carriers for drug 
delivery. J  Pharm Biopharm Res. 2022;4(1):237-47. doi: 10.25082/
JPBR.2022.01.001

6.	 Sathyanarayana T, Sudheer P, Jacob E, Sabu MM. Development and 
evaluation of nanostructured lipid carriers for transdermal delivery of 
ketoprofen. Fabad J Pharm Sci. 2022;48(1):105-24. doi: 10.55262/
fabadeczacilik.1126288

7.	 Jahnavi P, Krishnan K, Rajashakar V, Burle GS, Reddy KT, Yeruva 
BM, et al. Organometallic nanoparticulate properties, and applications 
delivery: Synthesis. J Appl Organomet Chem. 2025;2(1):123-48.

8.	 Vegada R, Seth AK, Sachin C, Parikh P, Chainesh S, Vinod R. 
Formulation and evaluation of novel gum based drug delivery system 
of an antiemetic drug. Int J Pharm Res Technol. 2019;2(1):16-20. 
doi: 10.31838/ijprt/02.01.03

9.	 Nagaich U, Gulati N. Nanostructured lipid carriers (NLC) based 

Fig. 9: Physical evaluation of gel formulation

Fig. 10: The graph of % cumulative drug release 



120

Asian J Pharm Clin Res, Vol 18, Issue 9, 2025, 111-120
	 Pomaje et al.

controlled release topical gel of clobetasol propionate: Design and 
in vivo characterization. Drug Deliv Transl Res. 2016;6(3):289-98. 
doi: 10.1007/s13346-016-0291-1, PMID: 27072979

10.	 Khurana S, Jain NK, Bedi PM. Development and characterization of a 
novel controlled release drug delivery system based on nanostructured 
lipid carriers gel for meloxicam. Life Sci. 2013;93(21):763-72. 
doi: 10.1016/j.lfs.2013.09.027, PMID: 24113071

11.	 Vattikundala P, Chaudhary S, Sumithra M. Design, preparation, 
characterization, and evaluation of NR4A1 agonist novel 
6-mercaptopurine monohydrate loaded nanostructured lipid carriers 
suspension for enhanced solubility and in vivo bioavailability. 
J  Med Pharm Chem Res. 2025;7(6):1059-78. doi: 10.48309/
jmpcr.2025.472478.1381

12.	 Abass AM, Abdoon FM. Synthesis, characterization, and applications 
of metal oxides of ZnO, CuO, and CeO2 nanoparticles: A  review. 
J  Appl Organomet Chem. 2024;4(4):349-66. doi: 10.48309/
jaoc.2024.471305.1220

13.	 Arjun UV, Vidiyala N, Sunkishala P, Vidiyala P, Reddy KT, Elumalai S, 
et al. Bio-inspired green synthesis of nanoparticles for psoriasis 
treatment: A  review of current status and future directions. Asian J 
Green Chem. 2025;9:373-403. doi: 10.48309/AJGC.2025.503808.1680

14.	 Khurana S, Jain NK, Bedi PM. Nanostructured lipid carriers 
based nanogel for meloxicam delivery: Mechanistic, in-vivo and 
stability evaluation. Drug Dev Ind Pharm. 2015;41(8):1368-75. doi: 
10.3109/03639045.2014.950586, PMID: 25151872

15.	 Viegas C, Patrício AB, Prata JM, Nadhman A, Chintamaneni PK, 
Fonte P. Solid lipid nanoparticles vs. nanostructured lipid carriers: A 
comparative review. Pharmaceutics. 2023;15(6):1593. doi: 10.3390/
pharmaceutics15061593, PMID: 37376042

16.	  Sethuraman N, Shanmuganathan S, Sandhya K, Anbarasan B. Design, 
Development and Characterization of Nano Structured Lipid Carrier 
for Topical Delivery of Aceclofenac. Indian Journal of Pharmaceutical 
Education and Research. 2018;52(4):581-586. doi: 10.5530/
ijper.52.4.67

17.	 Praveen S, Gowda DV, Srivastava A, Osmani RA. Formulation and 
evaluation of nanostructured lipid carrier (NLC) for glimepiride. Pharm 
Lett. 2016;8(6):304-9.

18.	 Kharwade RS, Mahajan NM. Formulation and evaluation of 
nanostructured lipid carriers based anti-inflammatory gel for topical 
drug delivery system. Asian J Pharm Clin Res. 2019;12:286-91. 
doi: 10.22159/ajpcr.2019.v12i4.32000

19.	 Chaturvedi KA, Sara UV, Gupta RD. Design and optimization 
of Rifaximin macroparticles for colon targeting. J  Res Pharm. 
2024;28(5):1609-18. doi: 10.29228/jrp.838

20.	 Jin SE, Son YK, Min BS, Jung HA, Choi JS. Anti-inflammatory and 
antioxidant activities of constituents isolated from Pueraria lobata 
roots. Arch Pharm Res. 2012;35(5):823-37. doi: 10.1007/s12272-012-
0508-x, PMID: 22644850

21.	 Reddy MR, Gubbiyappa KS. A comprehensive review on supersaturable 
self-nanoemulsifying drug delivery system. Asian J Pharm Clin Res. 
2021;14:40-4. doi: 10.22159/ajpcr.2021.v14i8.41987

22.	 Morakul B. Self-nanoemulsifying drug delivery systems (SNEDDS): 
An advancement technology for oral drug delivery. Pharm Sci Asia. 
2020;47(3):205-20. doi: 10.29090/psa.2020.03.019.0121

23.	 Kok LY, Bannigan P, Sanaee F, Evans JC, Dunne M, Regenold M, et al. 
Development and pharmacokinetic evaluation of a self-nanoemulsifying 
drug delivery system for the oral delivery of cannabidiol. Eur J 
Pharm Sci. 2022;168:106058. doi: 10.1016/j.ejps.2021.106058, 
PMID: 34763088

24.	 Gao S, Tian B, Han J, Zhang J, Shi Y, Lv Q, et al. Enhanced transdermal 
delivery of lornoxicam by nanostructured lipid carrier gels modified 
with polyarginine peptide for treatment of carrageenan-induced rat 
paw edema. Int J Nanomedicine. 2019;14:6135-50. doi: 10.2147/IJN.
S205295, PMID: 31447556

25.	 Chettupalli AK, Kakkerla A, Jadi RK, Uppu P, Ghazwani M, Hani U, 
et al. Design, development, and preclinical evaluation of pirfenidone-
loaded nanostructured lipid carriers for pulmonary delivery. Sci 

Rep. 2025;15:11390.
26.	 Rao GK, Jamadar S. Development and characterization of asenapine 

maleate loaded nanostructured lipid carrier for improved brain delivery. 
J Dispers Sci Technol. 2025;1-14. doi: 10.1080/01932691.2025.2483902

27.	 Chen P, Zhang H, Cheng S, Zhai G, Shen C. Development of curcumin 
loaded nanostructured lipid carrier based thermosensitive in situ 
gel for dermal delivery. Colloids Surf A Physicochem Eng Aspects. 
2016;506:356-62. doi: 10.1016/j.colsurfa.2016.06.054

28.	 Gautam D, Chaurasia H, Singh R. Design and optimization of 
lomefloxacin loaded NLC gel for ophthalmic drug delivery. Int J Health 
Sci (Qassim). 2022;6:7022-44. doi: 10.53730/ijhs.v6nS3.7637

29.	 Ahmad A, Ayub H. Fourier transform infrared spectroscopy (FTIR) 
technique for food analysis and authentication. In: Pathare PB, Rahman 
MS, editors. Nondestructive Quality Assessment Techniques for Fresh 
Fruits and Vegetables. Singapore: Springer Nature Singapore; 2022. 
p. 103-42. doi: 10.1007/978-981-19-5422-1_6

30.	 Sethuraman N, Shanmuganathan S, Sandhya K, Anbarasan B. 
Design, development and characterization of nano structured lipid 
carrier for topical delivery of aceclofenac. Indian J Pharm Educ Res. 
2018;52(4):581-6. doi: 10.5530/ijper.52.4.67

31.	 Baraga WM, Shtewia FA, Ulsalam Tarrousha AA, Al-Adiwisha WM, 
Altounsib MK. Green synthesis of silver nanowires using aqueous 
Brassica tournefortii leaves extract and evaluation of their antibacterial 
and antioxidant activities. J Appl Organomet Chem. 2025;5(1):13-27. 
doi: 10.48309/jaoc.2025.485302.1244

32.	 Bhange MA, Pethe A, Hadke A. Design and development of 
phytosomal soft nanoparticles for liver targeting. Int J Appl Pharm. 
2023;15(1):280-9. doi: 10.22159/ijap.2023v15i1.46303

33.	 Mendes IT, Ruela AL, Carvalho FC, Freitas JT, Bonfilio R, 
Pereira GR. Development and characterization of nanostructured 
lipid carrier-based gels for the transdermal delivery of donepezil. 
Colloids Surf B Biointerfaces. 2019;177:274-81. doi: 10.1016/j.
colsurfb.2019.02.007, PMID: 30763792

34.	 Garg NK, Tandel N, Bhadada SK, Tyagi RK. Nanostructured lipid 
carrier-mediated transdermal delivery of aceclofenac hydrogel 
present an effective therapeutic approach for inflammatory diseases. 
Front Pharmacol. 2021;12:713616. doi: 10.3389/fphar.2021.713616, 
PMID: 34616297

35.	 Garg NK, Tandel N, Bhadada SK, Tyagi RK. Corrigendum: 
Nanostructured lipid carrier-mediated transdermal delivery of 
aceclofenac hydrogel present an effective therapeutic approach 
for inflammatory diseases. Front Pharmacol. 2022;13:1002649. 
doi: 10.3389/fphar.2022.1002649, PMID: 36091766. (Front Pharmacol. 
2021;12:713616). doi: 10.3389/fphar.2021.713616, PMID: 34616297.

36.	 Salman SS, Al-Ezzy RM, Soussi A. Green synthesis, analysis, and 
characterization of nano-silver-based Conyza canadensis (SYN: 
Erigeron canadensis) extract. Chem Methodol. 2024;8:856-73.

37.	 Abdullah MN, El Arbi M. Silver Nano loaded Solanum nigrum with 
potential biological activities. Chem Methodol. 2024;8(8):585-602. 
doi: 10.48309/chemm.2024.470323.1813

38.	 Ismail Ahmadi F, Fathollahi R, Dastan D. Phytochemical constituents 
and biological properties of Scutellaria condensata subsp. Pycnotricha. 
J Appl Organomet Chem. 2022;2(3):119-28. doi: 10.22034/
jaoc.2022.154719

39.	 Govindarajan R, Rastogi S, Vijayakumar M, Shirwaikar A, Rawat AK, 
Mehrotra S, et al. Studies on the antioxidant activities of Desmodium 
gangeticum. Biol Pharm Bull. 2003;26(10):1424-7. doi: 10.1248/
bpb.26.1424, PMID: 14519948

40.	 Pawbake GR, Shirolkar SV. Formulation, development and evaluation 
of nanostructured lipid carrier (NLC) based gel for topical delivery 
of diacerein. Syst Rev Pharm. 2020;11(6):794-802. doi: 10.31838/
srp.2020.6.116

41.	 Waghule T, Rapalli VK, Singhvi G, Manchanda P, Hans N, Dubey SK, 
et al. Voriconazole loaded nanostructured lipid carriers based topical 
delivery system: QbD based designing, characterization, in-vitro 
and ex-vivo evaluation. J  Drug Deliv Sci Technol. 2019;52:303-15. 
doi: 10.1016/j.jddst.2019.04.026.


