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ABSTRACT: Simvastatin (SIM) is a diet drug to treat high lipid
levels in the blood. It has the drawback of being metabolized in
humans’ gastrointestinal tract (GIT) when taken in an oral dosage
form. To enhance the role of SIM in treating hyperlipidemias and
bypassing its metabolism in GIT, a biodegradable nanocarrier as a
SIM-loaded lipid emulsion nanoparticle via the solvent injection
method was designed. Cholesterol acts as a lipid core, and Tween
80 was utilized to stabilize the core. The optimized nano-
formulation was characterized for its particle diameter, zeta
potential, surface morphology, entrapment efficiency, crystallinity,
and molecular interaction. Furthermore, the transdermal hydrogel
was characterized by physical appearance, rheology, pH, and
spreadability. In vitro assays were executed to gauge the potential
of LENPs and olive oil for transdermal delivery. The mean particle size and zeta potential of the optimized nanoparticles were 174
nm and −22.5 mV 0.127, respectively. Crystallinity studies and Fourier transform infrared analyses revealed no molecular
interactions. Hydrogels showed a sustained release compared to SIM-loaded LENPs that can be proposed as a better delivery system
for SIM. We encourage further investigations to explore the effect of reported formulations for transdermal delivery by in vivo
experiments.

■ INTRODUCTION

Nanomaterials are being widely explored in therapeutic drug
delivery systems (DDSs) to manage the different biomedical
pathologies.1,2 Presently, nanotechnology is the leading
research area in medical sciences with the ultimate objective
to diagnose and treat health issues with no side effects.
Nanomaterials are utilized as biosensors for diagnosis,3

colorimetric sensing agents,2 nanocarriers for targeted delivery,
and nanomedicines for therapeutic purposes.3,4 Using nano-
particles as drug carriers in DDSs has revolutionized the field
of biomedicine by enhancing the drug solubility, controlled
release, and site-specific delivery.5,6 The nanomedicines and
nanoparticle formulations are fine and small; therefore, they
remain hidden by the immune system and carry the
encapsulated drugs to target tissues.7,8 Naturally originated
with a low toxicity profile, lipid emulsion nanoparticles
(LENPs) are considered the safest9 and most effective carriers
than conventional systems.10,11 Nowadays, LENPs are gaining
greater acceptance in the research community because they are
biocompatible, biodegradable, stable, non-toxic, carry lipophilic
and hydrophilic compounds, and are easy to prepare.12 The
LENP carrier system reduces drug degradation and improves
loading capacity.13,14 Usually, triglycerides, cholesterol, glycer-

ides, steroids, waxes, and fatty acids are used as lipid carriers to
develop LENPs.15,16

Because of its long safety record since its first use,
simvastatin (SIM), along with many other pharmaceutical
applications, is known for its anti-hyperlipidemic proper-
ties17,18 associated with the bioavailability and aqueous
solubility.19 For better effects, SIM needs a new dosage system
that can enhance its poor solubility and bioavailability. Various
DDSs for enhancing the bioavailability of SIM by oral delivery
have been developed.20,21 Going through the literature, it has
been shown that LENPs formulating can improve the solubility
and dissolution rate of drugs.22−24 It has also been proved that
incorporating LENPs loaded with the drug for a transdermal
delivery system will minimize the side effects of drugs while in
systematic circulation.25 Moreover, LENPs are compatible with
the skin because of their bio-friendly origin.26,27 By developing
a transdermal delivery system, various side effects of oral
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dosage forms can be reduced, and greater patient compliance
can be achieved.28−30

In the present study, considering the development of an
efficient DDS based on encapsulation of SIM into the LENPs
will improve the solubility and enhance the bioavailability of
SIM, we designed a nanocarrier system as SIM-loaded lipid
emulsion nanoparticles (SIM-LENPs). The aim of the current
research was to assess SIM-LENP system characteristics and
their advantages for incorporation into a hydrogel to gain
maximum benefits. Transdermal hydrogels have the potential
to improve the therapeutic outcomes via enhancing bioavail-
ability and reducing toxicity associated with oral delivery. Olive
oil reduces triglycerides and low-density lipoproteins; hence,
synergism between SIM and olive oil is beneficial against
hyperlipidemia. Furthermore, we anticipated that further
studies on SIM-LENP hydrogel might help overcome the
issues of uncontrolled drug release and incomplete absorption
in traditional dosage forms like creams, lotions, and ointments.

■ RESULTS

Concentration−Temperature Effect and Choice of
Optimized Emulsion. To optimize the formulation, a trial-
and-error method was used, varying the concentrations of

different components. Changing the component concentration
of nano-formulation, the most stable emulsion with the
smallest particle size was selected and further characterized.
Our result demonstrated that by changing the concentrations
of Tween 80 (0.1, 0.3, and 0.5%) and cholesterol (40, 45, and
50 mg) in six emulsions (E1−E6), particle size and stability of
the drug significantly vary. It has been noted that higher
concentrations of both Tween 80 and cholesterol produced
particles of smaller size, whereas low concentrations yielded
bigger size particles (Table 1, Figure 1). Similarly, emulsions
(E7, E8, and E9) were used to observe the effect of
temperature on the particle size. It was observed that particle
size does not significantly change with changing temperature
(Figure 1).
Smaller nanoparticle size and the highest stability are major

parameters to select the optimized emulsion. Selected
optimized emulsion with smaller nanoparticle size and the
highest stability was prepared at 55−60 °C temperature and
400 rpm containing 0.1% Tween 80 and 40 mg of cholesterol
with 10 mg of the drug.

Characterization of SIM-LENPs. Particle Size. Measuring
the potential and particle size of selected emulsions (LENPs
and SIM-LENPs) revealed that blank nanoparticles displayed a

Table 1. Tabulated Presentation of the Effect of Concentrations (Surfactant and Lipid) and Temperatures on the Nanoparticle
Size and Stability in Different Emulsions

emulsion Tween 80 (%) lipid (mg) stirring speed (rpm) temperature (°C) particle size (nm) stability

E1 0.1 40 400 60 230 ± 10.7 unstable
E2 0.3 40 400 60 230 ± 21.2 unstable
E3 0.5 40 400 60 161 ± 11.1 stable
E4 0.1 40 400 60 182 ± 13.3 stable
E5 0.1 45 400 60 242 ± 19.9 unstable
E6 0.1 50 400 60 551 ± 31.1 unstable
E7 0.1 40 400 50 177 ± 11.5 unstable
E8 0.1 40 400 55 180 ± 10.3 unstable
E9 0.1 40 400 60 182 ± 17.4 stable

Figure 1. Association between surfactant percentage, lipid concentration, temperature, and size of nanoparticles.
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particle size of 159.7 nm. In comparison, SIM-loaded
nanoparticles show a particle size of 174 nm. Figure 2a,b
depicts the size and polydispersity index (PDI) of LENs and
SIM-LENPs. Table 1 shows the effects of concentration
(surfactant and lipid) and temperature on the nanoparticle size
and stability in different emulsions.
Zeta Potential (mV). Zeta potential is a very important

parameter in the stability of nanoparticles. Therefore, it is
compulsory to determine the zeta potential of the final
formulation to observe the stability of the colloidal emulsion.
High values of zeta potential represent the stability of

nanoparticles. High positive and negative values (>+20 and
<−20 mV) show electrostatic and steric stability. Because of
the negative charge of lipid, a negative potential is displayed in
Figure 3, while the drug also has a negative charge. Results
explain the average potential of −22.5 mV (Figure 3).

Fourier Transform Infrared Analysis. For the chemical
stability of the drug, the Fourier transform infrared (FTIR)
spectrophotometer shows corresponding peaks of the OH
group in the drug displayed at 3545 cm−1 in the SIM spectra.
Due to the stretching vibration, the CH group shows peaks at
2914 and 2849 cm−1. Similarly, a characteristic peak at 1732

Figure 2. (a) Particle size and PDI of the selected blank nanoparticle. (b) Particle size and PDI of the selected drug-loaded nanoparticle.

Figure 3. Zeta potential of optimized emulsion.
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cm−1 was also observed because of stretching vibrations of the
ester group. Figure 4 shows specific peaks for blank LENPs (B-
LENPs) and medication-loaded LENP (D-LENP) spectra.

XRD and DSC of SIM-LENPs. To explain the crystal-like
nature of the drug, SIM-LENPs were analyzed by X-ray
diffraction (Figure 5). It has been observed that in SIM-

LENPs, the high-intensity peak of the drug is reduced, and the
drug has magnificently integrated into the lipid transporter in
the amorphous form.
DSC analysis explains that the drug is less crystalline in the

lipid matrix. The intensity of the drug peak and lipid
significantly reduced in the SIM-LENP curve at the same
temperature range. These results support the XRD spectra and
explain the amorphous nature of drugs in lipid nanoparticles
and the high solubility of medication. Figure 6 shows DSC
spectra of LENPs, lipids, and drug (SIM).
Percentage Yield of SIM-LENPs. Percent yield is a ratio

of actual to theoretical yield. It is calculated as the experimental
yield divided by the theoretical yield multiplied by 100%. If the
actual and theoretical yields are the same, the percent yield is
100%. Following all characterizations, the corresponding

calculation revealed that experiments constructed the percent-
age yield of SIM-LENPs (78 ± 0.012) (Table 2).

Evaluation of SIM-LENP Gel. Physical appearance explains
that SIM-LENP gel was uniform, clear, and with no grittiness
in texture. The final emulsion was slightly acidic, with a pH of
5.7. It is advantageous for transdermal delivery because pH in
various skin surface layers remains acidic, favoring the transfer
of nanoparticles through the skin. Furthermore, the rheological
study of SIM-LENP gel indicates an inverse relationship
between viscosity and the shear rate. Figure 7 exhibits the
viscosity of SIM-LENP gel at different shear rates. When stress
is applied, gel behaves like a liquid, and it changes back to the
viscous form when stress is removed. The spreadability of the
SIM-LENP gel was 273.2 ± 0.5 mm2, as shown in Figure 8.
Similarly, swelling index studies of gel reveal that gel having

a cross-linker exhibits a low swelling ratio compared to non-
cross-linked gel (Figure 9). The physical appearance of the
hydrogel did not change in terms of phase separation, color, or
grittiness in 6 months, as shown in Table S1. Stability is a
critical criterion for determining the efficacy of a product.
Because the results of this investigation showed no significant
changes, it may be assumed that hydrogels have a tendency to
maintain their effectiveness (Table S1).
In the case of drug release studies, it was observed that

∼37% of the drug was released within 3 h in the case of SIM-
LENPs, while 80% of the drug was released in the first 20 h
(Figure 8). In the case of SIM-LENP gel, the initial burst
release seems to be controlled where ∼21% of the drug was
released within 3 h, and approximately 64% of the drug was
released within 20 h (Figure 10).

■ DISCUSSION
A simple and more reliable technique “Solvent injection
method”, can synthesize the nanocarrier. LENPs are created
utilizing the solvent injection method, which produces particles
with a tiny size (174 nm), a low zeta potential (−22.5 mV),

Figure 4. FTIR spectrum for both B-LENPs and medication-loaded
LENPs (D-LENPs).

Figure 5. DSC spectrum of LENs, lipid, and drug (SIM).

Figure 6. X-ray diffraction spectrum of LENs, lipid, and drug (SIM).

Table 2. Percentage Yield of SIM-Loaded Nanoparticles

weight of lipid and
SIM (mg)

weight of dried
nanoparticles (mg)

percentage
yield average ± S.D.

50 39 78 78% ± 0.012
50 41 82
50 37 74
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and a high PDI index, indicating the formulation’s durability.
The concentration of lipid and the surfactant are two main
parameters to observe the size of particles. The particle size
increases when we enhance the cholesterol concentration
because, at high concentrations, lipid show coalesces, and van
der Waal forces increase. It can also be enhanced due to the
density difference between the two phases. Particle size
decreased by increasing the Tween 80 concentration due to
low surface tension between the aqueous and organic phases

(Table 1, Figure 1). It may be due to a stabilizer, which inhibits
particles’ coagulation and provides stability to particles.
Enlarged particle size can arise as a result of a density
differential between the exterior and interior phases, or as a
result of a decreased diffusion rate of solute molecules in the
outer phase. It was discovered that raising the quantity of
surfactant causes particle size to decrease. It might be because
to a decrease in surface tension between the organic and
aqueous phases.31 The value of PDI < 0.1 represents the
existence of a mono dispersing system. The system will be
thermodynamically or sterically stable if the zeta potential is
above ±20 mV. Zeta potential is reduced when surfactants are
adsorbed on nanoparticles by shifting the shear plane of
particles. Cholesterol has a negative charge, the stabilizer is also
ionic, and the system has electrostatic stability. A crucial
measure of stability impacting the physical stability of colloidal

Figure 7. Viscosity of SIM-LENP gel at different shear rates.

Figure 8. Spreadability of SIM-LENP gel.

Figure 9. Swelling index of SIM-LENP gel at different time intervals.
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dispersions is the nano particulate formulation's zeta potential.
Higher zeta potential inhibits aggregation by generating
electrostatic attraction between similarly charged particles,
giving colloidal dispersion stability.
FTIR spectra confirm the deficiency of any electrostatic and

chemical interaction in SIM and nanoparticles. Characteristic
peaks of drug maintained in the entire LENP. The lack of new
peaks exhibits the absence of any new functional group;
therefore, no interaction between constituents was observed.
Reports of other studies also support the conclusion derived
from FTIR analysis.32 The permeation enhancer may not have
been damaging to the skin, according to FTIR spectra. Olive
oil-induced intercellular penetration may be the cause of the
little disturbance found in spectra. These alterations are slight,
and the skin may recover from them because to its elasticity
and regeneration abilities. Lack of any new peak or functional
group indicate there has been no interaction between the
elements. Regular bands may be seen in the FTIR spectra of
LENs produced using this method. The present results
recommend the formulation as harmless and encourage further
studies to use this as a transdermal delivery system.
XRD analysis of drug, cholesterol, and SIM-loaded nano-

particles represents that the drug was in a crystalline, free state,
but its crystallinity decreased when encapsulated in nano-
particles. A sharp peek between 10 and 30 in drug XRD spectra
represents the crystalline nature of the medication. There is no
such peak after encapsulation in a nanoparticle that confirms
the decreased crystalline nature of the drug in a carrier. Change
in the nature of the drug is due to the adsorption of stabilizers
on the surface of SIM-LENPs (Figure 6) within this range.
Before and after drug loading, Precirol remained crystallised
that seems consistent with past research since the drug's nature
shifted from crystalline to amorphous but its lipid nature
remained same. Crystallinity may have decreased as a result of
surfactant absorption on LEN's surface. The results are
consistent with earlier studies showing SIM in an amorphous
form inside a solid lipid core.33

A hydrogel based on Carbopol may help SIM-LENPs to
cross the skin easily. A secondary carrier (hydrogel) is
necessary to prevent the burst release of the drug. As shown
in Figure 10, SIM-LENP gel showed a controlled initial burst
release, where in the first hour, 11% of the drug was released
compared to SIM-LENPs, where 23% drug release was

observed. Olive oil is expected to enhance the permeation34

of a DDS, and it also has an anti-hyperlipidemic effect. In the
transdermal DDS (TDDS), a skin barrier is an important
factor, and the use of olive oil enhances the permeation of
drugs through the transdermal route.35 The permeation
enhancer has no toxicity and is non-reactive and biocompat-
ible. The hydrogel was smooth in texture with no grittiness and
was uniform and clear. The normal pH of the skin ranges from
4−6, whereas the pH of transdermal hydrogel was 5.7,
indicating a slightly acidic nature. It is beneficial for
transdermal formulation because pH at the skin surface and
within different layers remains acidic, favoring intact delivery of
nanoparticles across the skin. Such DDSs might be suitable for
transdermal drug delivery.36,37

The rheological study of the hydrogel is important to know
the retention time of gel on the skin and force of adhesive with
the skin. Various shear rates of hydrogels were calculated for
rheological studies of the hydrogel. There is an anti-relation
between the shear rate and viscosity. During the stress, “shear
thinning gels” show such behavior. These gels can be easily
applied to the skin by a small force. This behavior was
observed during the thixotropic study of hydrogels.38 The
viscosity of the hydrogel and the shear rate are inversely
related. By increasing shear rate, hydrogel viscosity will be
lowered, and vice versa. The hydrogel's behaviour is
comparable to that of shear thinning gels, which, while
under stress, act like liquids before changing to viscous form.
Shear thinning is the term for this type of stress-related
behaviour. Shear thinning is thought to be the result of minute
structural changes within the fluid, which cause the fluid's
microscale geometries to reorganise to enable shearing, even if
the exact source of this phenomenon is not entirely known.
Rheological qualities are crucial for determining adhesive
capacity and skin retention duration. It is clear from the
swelling index results that the hydrogel has a higher value of
the swelling index without a cross-linker. The cross-linker
swelling index is reduced because gel diffuses and creates
ample space for water in the matrix without a cross-linker. The
cross-linker also provides strength to gel and controls burst
release of the drug. Glutaraldehyde cross-linked effects were
studied by Mirzaei et al. for chitosan hydrogel during TDDS.39

The spreadability of the hydrogel was also measured after
studying all these factors, and analysis shows that it is the easy
and more comfortable spreading of the hydrogel on the skin
surface. Spreadability and ease of application are crucial
formulation properties for consistent medication administra-
tion. Additionally, it increases patient adherence. Studies on
spreadability attested to the ease of spreading on the skin's
surface.40 These results agreed with former studies as values
are in the satisfactory range (Figures 7−9).41 The carrier of the
natural product (lipid) is suitable, non-toxic, and non-reactive.
Nanoparticles release drugs slowly and in the controlled way;
hence, half-life and stability of the drug can be increased.42

■ CONCLUSIONS
The current study demonstrates the designing of a well
characterized, stable formulation of SIM-LENPs loaded
hydrogel. The hydrogel with olive oil and NPs, formulated
with biodegradable and biocompatible ingredients, is a suitable
candidate for transdermal delivery. Furthermore, the uniform
particle size distribution and morphology of loaded SIM-LENs
define the high encapsulation efficiency, better retention time,
increased permeability and sustained drug release. This

Figure 10. In vitro release profile of SIM.
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composite of nanoparticles in hydrogel form might significantly
enhance bioavailability. Given the mentioned advantages, of
SIM-LENPs hydrogel could be promising nano carriers to
enhance therapeutic potential of drugs suffering from gastro-
intestinal problems and low bioavailability. Considering the
pharmacological and clinical advantages of the formulated
hydrogel, we anticipate that findings of our study will stimulate
the esteemed reader-researcher community of prestigious
target journal for further exploration in the in vivo experiments
and its future application of SIM-LENPs hydrogel in nano-
medicine formulation.

■ EXPERIMENTAL SECTION

Fabrication of SIM-LENs. To synthesize the SIM-LENPs,
the organic phase was prepared by mixing cholesterol with
ethanol and acetone (3:1). First, blank nanoparticles (without
SIM) were fabricated by injecting 10 mg of 0.1% Tween 80
solution into the organic phase with continuous stirring. To
optimize the formulation (SIM-LENs), a trial-and-error
method was used, varying the concentrations of different
components. To fabricate the SIM-LENs, the same optimized
procedure was applied after mixing 10 mg of SIM in the
organic phase. The blue tin-colored lipid nanoparticles were
collected after drying the organic phase with the help of a
rotary evaporator. Figure 11 describes the procedure for
preparing LENPs.
Optimization of SIM-LENPs. The trial and error methods

were used to optimize SIM-LENPs by changing the
concentration of different emulsion components: Tween 80
ranges between 10 and 40 mg, and lipid ranges between 10−50
mg. To determine the particle size and stability of the
nanocarrier, 21 trials were run. With better stability, small-sized
nanoparticle emulsion was selected as a target-finalized
emulsion. Table 1 represents various trials conducted for the

optimization of lipid nanoparticles. Small size emulsions with
maximum stability were further characterized in terms of
temperature, magnetic stirrer speed, and injection rate.

SIM-LENP-Loaded Hydrogels. Carbopol 934 was utilized
to prepare the transdermal hydrogel (Figure 10). Briefly, a 1%
Carbopol solution was prepared by dissolving it in distilled
water with stirring at 300 rpm, followed by SIM-SLN addition
to the solution. Glutaraldehyde (0.5%) was added as a cross-
linker during stirring. In the end, triethanolamine (0.5%) as a
gelling agent was added to neutralize the pH of the medium.
The hydrogel having a penetration enhancer was prepared in
the same manner by adding olive oil (1 mL) before
incorporating triethanolamine hydrogel (Figure 12).

Characterization of SIM-LENPs and Blank. For further
evaluation, the most stable and small-sized emulsions with and
without drugs were characterized.

Zeta Potential of Lipid Nanoparticles. The size of
particles and zeta potential of samples were measured by Zeta
Sizer Nano ZS 90. For this purpose, 10 μL of the sample was
mixed with 1 mL of deionized water, vortexed for 2 min, and
analyzed using a zeta sizer. Each result displayed was measured
in triplicate.

FTIR Spectroscopy. To check the chemical stability of the
drug in nanoparticles, FTIR spectra of emulsion were obtained
using a Bruker spectrophotometer. Spectra were scanned
between 500 and 3500 cm−1.

XRD and DSC Analyses. DSC and XRD analyses were
performed at room temperature to know the amorphous or
crystalline nature of SIM inside the nanocarrier. The absolute
intensity was recorded in the range of 2−θ. DSC clearly
explains the exothermic or endothermic process when a drug
changes its nature in the nanoparticle.

Yield (%) of Nanoparticles. Percentage yield is necessary
to prepare large-scale production of the desired compound at

Figure 11. Fabrication of drug (SIM)-loaded LENPs.

Figure 12. Fabrication of SIM-loaded hydrogels.
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the industrial level. To determine yield (%), the total mass of
lyophilized nanoparticles was divided by the sum of the total
mass of lipid and drug.

=
+

× 100% yield
Mass of lyophilized nanoparticles

Mass of drug lipid

Physicochemical Evaluation of SIM-Loaded Gels. To
study the physicochemical properties of the drug-loaded
hydrogel, transparency, softness, homogeneity, pH, spread-
ability, and swelling index were observed and analyzed.
For the spreadability of the SIM-loaded gel, the glass slide-

weight method was utilized43 with a spreading equation to
measure the diameter of the drug spread on pressing with a
slide.

π= ×A D
4

2

A = spreading area; D = gel diameter.
Similarly, a gravimetric method was utilized to measure the

swelling index of the hydrogel.44 To achieve this target, gel
after lyophilizing was placed in a buffer solution of pH 5.5. In
the end, the weight of swollen hydrogel was checked in
different time periods, and swelling % was measured.

= − ×M M
M

Swelling %
2 1

1
100

where M1 = initial mass of gel and M2 = mass after placing in
buffer solution.
In vitro drug release profile for SIM was studied for 48 h.

SIM-LENPs and prepared SIM-LENP hydrogels were
individually placed in a dialysis membrane (14 kDa cutoff
size). The release was studied in a shaking water bath where 1
mL of the sample was analyzed at a wavelength of 238 nm at
different time intervals using a spectrophotometer.
Stability tests for hydrogels were carried out in accordance

with ICH recommendations.45 At a temperature of 25 °C and
relative humidity of 60%, accelerated experiments were
conducted for 6 months (1, 3, and 6 months). Changes in
pH and physical appearance were used to test the hydrogel.
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