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A B S T R A C T

Type 2 diabetes mellitus is frequently treated with empagliflozin (EZN), a sodium-glucose cotransporter 2 in-
hibitor. Solid lipid nanoparticles (SLNs) shield the drug from gastrointestinal breakdown and improve the
bioavailability of lipophilic drugs. The aim of the study is to use SLNs to enhance EZN's pharmacokinetics and
pharmacodynamics in the treatment of diabetes mellitus. To prepare EZN-loaded SLNs, central composite design
(CCD) was employed. The optimized batch (optimized EZN-loaded SLNs) had the desired values of dependent
variables Vesicle size (R1), Entrapment Efficiency (R2), and Cumulative Drug Release (CDR) (R3). This was
achieved by using analysis of variance (ANOVA) to analyse independent variables such as lipid concentration
(X1), surfactant concentration (X2), sonication time (X3), and homogenization speed (X4). F8 exhibited the
highest drug entrapment (90.6% � 2.8%), CDR (89.2 � 3.6), and average particle size (98.6 � 2.1 nm) among the
30 distinct formulated formulae (F1–F30). Based on the F-value and p-value, the model was determined to be
significant for particle size, entrapment efficiency, and CDR. The actual values of particle size entrapment effi-
ciency and CDR closely matched the projected values of the optimized batch. The in vitro release trials produced a
burst release followed by a continuous release. When compared to the EZN solution, the relative bioavailability of
EZN-loaded SLNs was 1.2 times higher, indicating superior protection against the gastrointestinal environment. In
rats with streptozotocin-induced diabetes mellitus, the optimized EZN-loaded SLNs outperformed the basic drug
suspension in terms of antidiabetic efficacy. One promising method for administering EZN in the treatment of
diabetes mellitus is by SLNs.
1. Introduction

Metabolic and chronic, Diabetes Mellitus (DM) causes elevated blood
sugar levels owing to insufficient insulin synthesis or insulin action, or
both. The current global prevalence of DM is 425 million, with an ex-
pected increase to 642 million by the year 2040. Among the several oral
anti-diabetic medications available for the treatment of diabetes are
sulfonylureas, biguanides, alpha-glucosidase inhibitors, meglitinide an-
alogues, and thiazolidinediones. Metformin, alpha-glucosidase in-
hibitors, sulfonylureas, and insulin are just a few examples of
medications that might cause hypoglycemia and weight gain, or gastro-
intestinal side effects. The prevalence of type 2 diabetes mellitus (T2DM),
which rises as a result of obesity, genetic predisposition, and other
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lifestyle diseases, is disproportionately high in the senior population
(around 95%). At now, a lot of diabetic medications are utilized to
control type 2 diabetes. The process involves halting glucose reabsorp-
tion from Henley's loop, increasing insulin synthesis, and decreasing in-
sulin resistance. Pharmacists mostly focus on diabetes management.1–4

Empagliflozin (EZN) is a Some nanoparticle formulations (such li-
posomes, which are vesicular structures) share comparable size ranges
Class III drug used to manage DM. Empagliflozin has a high solubility in
gastrointestinal fluids, making it a BCS Class III medication. Intestinal
mucosa is one example of a biological membrane with low permeability.
The medicine has a high solubility, which means it dissolves rapidly in
the digestive tract, but its low permeability means that only a tiny
amount of it can enter the bloodstream, even though it dissolves easily. In
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most cases, improving permeability is more important than increasing
solubility for BCS Class III medicines. Even though Empagliflozin has
enough solubility, its limited permeability and poor absorption can
nevertheless reduce its therapeutic efficacy and oral bioavailability. One
possible solution in this case is the use of solid lipid nanoparticles, or
SLNs. With a size typically in the nanometre range, SLNs are incredibly
microscopic. Due to factors such as increased uptake by enterocytes
(intestinal cells), lymphatic transport, or endocytosis, this diminutive
size can improve intestinal absorption, resulting in improved bioavail-
ability. A solid lipid core is the main component of SLNs and can store the
drug, which could enable regulated or sustained release. The drug's total
systemic circulation exposure can be enhanced in this way. When
administered with SLNs, drugs have a better chance of penetrating cell
membranes via the lipid bilayers. To improve absorption, lipid nano-
particles can interact with specific transporters or modify the shape of
intestinal cell membranes. The study's main objective is to assess the
inhibition of sodium-glucose cotransporter (SGLT2) in people with dia-
betes while enhancing solubility and bioavailability.5 A medicine that
inhibits SGLT and is used to treat diabetes is EZN, which is also called 1,
5-anhydro-1-(4-chloro-3-tetrahydrofuran-3-yloxy) D-Glucitol. It reduces
blood sugar levels and cures type 2 diabetes by blocking SGLT-2 and
making glucose be removed through urine. Newer molecules for the
treatment of diabetes include anti-diabetic medicines that work by
directing the kidneys to excrete glucose.6,7 Metabolic changes, gastric
issues, weight gain, fluid retention, hypoglycemia, and other
well-documented adverse effects.7,8 As a result of its efficacy and safety
in managing glucose, EZN has become a prominent medication option on
a global scale. In most cases, taking 10 mg orally each day, with or
without food, has no ill effects and is easily absorbed. To enhance the
hypoglycemic effects of other hypoglycemic drugs, they can be given
together.6,9,10

Lipid-based solid lipid nanoparticles (SLNs) offer several gains, such
as the ability to include hydrophobic/lipophilic medicines, targeted drug
delivery, elimination of organic solvents, favorable acceptableness, sta-
bility, and viability for large-scale production.11,12 SLNs are at the fore-
front of the rapidly emerging field of nanotechnology.8,10,13

Researchers have investigated lipid-based nanoformulations to
enhance poorly soluble drugs' solubility, dissolution, and absorption
profile.14–17 The usage of lipid systems is crucial since it is expected to
boost oral absorption in a similar manner to the lipid components of a
typical diet.18 Harde et al have explained themechanistic method of SLNs
absorption via the oral route in detail.19 SLNs of 50–1000 nm, typically
unaltered, have demonstrated sufficient particle absorption via the
lymphatic route.20 Additionally, SLNs have been transported to
numerous organs of the body's lymphatic systems in particulate form by
the colon via an intracellular or paracellular route.15,16,19

In addition to their nano size and unique structural features, the SLNs
exhibit high drug-loading capacity and biocompatibility.13,21 It consists
of a lipid core en-cased in a lipophilic drug and an outer shell with a
surfactant.15 Which intern improves intestinal permeability and absorp-
tion. It keeps drugs from degrading in an acidic environment and en-
hances their absorption into the bloodstream.17 SLNs avoid the usage of
the protein complex P-glycoprotein (P-gp) and first-pass metabolism by
the aid in transporting the drug to the lymphatic system. They also help
in intestinal permeability and drug absorption. Drug absorption in the
systemic circulation is improved by SLNs, which protect against drug
breakdown in an acidic environment.22

CCD design is a cutting-edge method for formulation optimization
since it requires fewer trials and less time. The response surfaces meth-
odology aims to comprehend how fundamental aspects affect the
response and arrive at optimal for-mulations with predetermined
objectives.23,24.25,26,27 RSM (Response Surface Methodology) reduces
the number of tests while still allowing for a thorough investigation into
the effects of several variables. Applying RSM's statistical and mathe-
matical methodolo-gies, one may achieve process development,
improvement, and optimization.
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The study aimed to find the best conditions for loading SLNs with EZN
utilizing a CCD design. Mean particle size and EE were evaluated as well
as PDI and zeta poten-tial as a reaction to factors such as lipid content,
surfactant concentration, and homogenization speed. The potential
formulation will be subjected to various studies such as solid-state
characterization, surface morphology, drug release kinetics, and in
vitro and in vivo confirmative studies.

2. Materials and methods

Hetero Pharma (Pvt.) Ltd. Hyderabad generously contributed EZN
(API) as a gift sample for the study. Thematerials such as standard, lupeol
(95% purity), poloxamer 188 (Pluronic F-68), and palmitic acid (melting
point, 69.3 �C; mol. weight, 284.5 g/mol) were procured from Sigma-
–Aldrich Chemicals Pvt. Ltd., Bangalore, India. Glyceryl monostearate,
Tween 80, and sodium deoxycholate were purchased from Hospira
Healthcare India Pvt. Ltd., Chennai, India. Dialysis membrane (MW
12,000–14,000 Da) procured from Hi–Media, India. Milli-Q plus water
was used in all tests (Millipore, India).

2.1. Preliminary screening

2.1.1. Selection of solid lipid
Palmitic acid, cetyl alcohol, and glyceryl monostearate were used to

study the solubility of EZN. Since EZN is lipid-soluble, it was selected for
developing SLNs. An accurate or precise quantity of the EZN drug was
blended with molten lipids as well as warm distilled water. After that, it
was shaken for 45 min over a hot water bath to measure the solubility
factor. Under constant stirring and heating, gradually add the lipid to the
solution until clear, homogenous liquid results. Total EZN solubility was
calculated for each lipid.22–28

2.1.2. Selection of surfactant
The preparation method of optimized SLNs may influence the choice

of surfactant. The nanoparticles' size and degree of polydispersity are
directly affected by the con-centration and quantity of surfactant utilized
to manufacture the suspension of SLNs. A volume of 1 mL of surfactant
solution, was added to an Eppendorf tube together with Tween 20,
Tween 80, PEG200, Limonene, and Cremophor EL. Subsequently, the
surplus EZN and the tube were subjected to agitation for a duration of 15
min. The solution was allowed to incubate for a duration of 72 h using an
orbital shaker. Following centrifugation of the mixture at a speed of
5000 revolutions per minute for a duration of 15 min, the supernatant
was subsequently gathered and subjected to separation. The quantifica-
tion of EZN was conducted at a wavelength of 224 nm using a spectro-
photometer, following appropriate dilution procedures.22

2.1.3. Selection of stabilizer
The titration approach was used to determine the best stabilizer for

the experi-ment's needs. Lecithin, glycerol behenate, poloxamer 188, and
a (synthetic stabilizer) Labrasol VR were investigated. At 65 �C, a uni-
form solid lipid mixture was heated with various co–surfactant combi-
nations (at different weight-to-weight ratios). Drop by drop, under
constant stirring, the resultant combinations were gradually titrated until
they became cloudy. A dispersion percent range was obtained for each
stabilizer capable of dispersion.29

2.1.4. Selection of sonication time and amplitude
Based on its superior repeatability and high intensity, probe soni-

cation was chosen. The reduction in particle size can be achieved by
raising the intensity of ultrasonic waves and prolonging the duration of
sonication. Nevertheless, once beyond a specific threshold, the
augmentation of both the period and amplitude leads to an escalation in
the size of particles due to the phenomenon of particle aggregation. The
optimal amplitude and duration of sonication were discovered through
rigorous experimentation. A stabilizer and surfac-tant were used to make
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the SLNs. For about 5–8 min, formulations were sonicated at 20%, 40%,
and 50% amplitudes and were assessed for entrapment effectiveness and
particle size.
2.2. Preparation of SLNs from EZN

The method of hot homogenization, followed by ultrasonication, was
employed in the preparation of EZN-SLNs. A predetermined quantity of
EZN, Lipid, and poloxamer 188, Specifically, 10 mg was dissolved in a
predetermined volume of ethanol and then heated in a water bath to 75
�C. This process facilitated the formation of a lipophilic phase. Simulta-
neously, to produce an aqueous phase, a precise quantity of Tween-80
was dissolved in a suitable volume of distilled water and heated to the
same temperatures as the lipid phase. The lipid phase was combined with
the aqueous phase under magnetic stirring and afterwards homogenized
at a speed of 15,000 rpm for a duration of 10 min producing a suspension
with a high-speed Ultra Turrax T25 homogenizer (IKA®Labortechnik,
Germany). The suspension underwent ultrasonication using an ultrasonic
cell crusher (Sonics, USA) operating at a power of 300W for a duration of
5 min. Following this, the suspension was subjected to centrifugation at a
temperature of 4� or a 30-min window in order to extract it EZN-loaded
solid lipid nanoparticles (SLNs). The emulsion system created, known as
EZN-SLNs, was thereafter kept at a temperature of 4 �C. The EZN solid
lipid nanoparticles (SLNs) were subjected to additional characterization
using Fourier-transform infrared spectroscopy (FTIR), differential scan-
ning calorimetry (DSC), and X-ray diffraction (XRD) techniques.25
2.3. Factorial research design

EZN-SLNs formulations were designed by identifying the factors that
may impact the intended formulation attributes.26 Using a CCD and
Design Expert® software (DoE) could improve the performance of SLNs
(12.0.3.0, Stat-Ease Inc., Minneapolis, 11 MN, USA). The independent
variables, such as lipid concentration (X1), surfactant concentration (X2),
sonication time (X3), and homogenization speed (X4), were all consid-
ered. The dependent variables used were Vesicle size (R1), Entrapment
Efficiency (R2), and cumulative drug release (CDR) (R3) were optimized
to get the best values for each parameter. The program created a total of
30 runs (Table 1). The PDI, zeta po-tential, and mean particle size of the
SLNs were all expressed using second-order pol-ynomial equation (28).

The following is the polynomial equation that was derived from the
experiment:

Yi¼ b0þ b1X1þ b2X2þ b3X3þ b12� 1� 2þ b13� 1� 3þ b23� 2� 3
þ b11X12 þ b22X22 þ b33X32

There is a correlation between each component level combination
and the re-sponse of the dependent variable, which is described in terms
of particle size, EE, CDR, and b0 an intercept. The correlation between
the factors and the outcomes was evaluated using the P-values associated
with the regression coefficients. The model's appropriateness was
assessed using an analysis of variance and a predicted R2 value.30
Table 1
Formulation variables of EZN SLNs.

Parameter Low (�1) Medium (0) High (þ1)

Independent Variables
Lipid Concentration (X1) 2 5 8
Surfactant (X2) 1 1.75 2.5
Sonication Time (X3) 2.5 5 7.5
Homogenization Speed (X4) 5000 7500 10000
Dependent variables
R1: Vesicle Size (nm) Maximize
R2: Entrapment Efficiency (%) Minimize
R3: Cumulative Drug Release (%) Maximize
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2.4. Statistical analysis

The influence of the formulation variables was examined using
ANOVA and how they interact with the outcomes. Following p-values,
adjusted R2 and predicted R2 were employed to select the best-fit model
using the DoE program. The significance of each factor is indicated by a p
� 0.05 and an F-value >0.05.31 3D surface plots and counterplots were
made using DoE software to illustrate the relationship between the in-
dependent factors and dependent variables. A negative sign on a co-
efficient's magnitude indicates an antagonistic impact on responses.

2.5. Optimized formulation

SLNs loaded with EZN were chosen for their high EE, high zeta po-
tential, and tiny particle size as the optimal formulation. The overlay plot
was created using a graphical optimization approach depending on the
desired function between 0 and 1. SLNs were built using the predicted
values with the most excellent desirability function (R1-0.9748, R2-
0.9581, and R3-0.9695) to acquire the actual values.32 The results of
the experiments were compared to the predicted values.

2.6. Characteristics of SLNs

2.6.1. Size, PDI, and zeta potential of particles
SLNs formulations' particle size, PDI, and zeta potential were evalu-

ated using dynamic light scattering. The samples were analyzed for
particle size and PDI analysis, recorded at a constant angle of 165� and a
temperature of 25 �C. Triplicate readings of the PDI and Zeta potential
were taken. (n ¼ 3). Particle size was calculated using the Sto-
kes–Einstein relation.33 The Zetasizer Nano ZS90 has been used to
quantify the zeta potential (ζ) of EZN-SLNs. The electrophoretic mobility
of the particles is converted into zeta potential using Henry's equation:
(μ):

μ¼ 2ζε=3ŋ0 fðKrÞ
Particle radius to Debye double-layer thickness ratio Kr is (i.e., water

viscosity). Henry's function is referred to as f (Kr). A total of three times
each measurement was recorded.

2.6.2. Drug loading and entrapment efficiency (% EE)
SLNs were centrifuged in the supernatant for 30 min at 10,000 rpm

(REMI laboratory Instrument, Mumbai, India) to remove the pellet to
assess the efficacy of EZN. UV spectroscopy (UV1800, Shimadzu, Japan)
was used to determine the quantity of free EZN in the supernatant. Using
a standard curve for absorption and a known concentration of EZN, we
could determine how much EZN was free in the supernatant. % EE was
calculated using an aqueous surfactant solution. Separation was accom-
plished by centrifuging the water from the rest of the sample. The
dispersion of EZN-SLNs was centrifuged in Eppendorf tubes for 30 min at
10,000 rpm and 4� 1 �C. EZNwas quantified in the supernatant by using
UV-spectrophotometric analysis.34 The calibration curve was used to
measure the EZN concentration, and the following equation was used to
compute the % EE:

Entrapment Efficiency (%)¼ (Amount of drug in formulation-Amount
of the drug in supernatent)/(Amount of the drug in the formulation)

Drug Loading (%) ¼ (Amount of drug in formulation-Amount of the drug in
supernatant)/(Amount of drug in formulation þ polymer weight)

2.6.3. Drug content
The drug concentration was determined by dilution with 10 mL of

methanol of 0.1 mL of SLNs. The solution was siphoned into a syringe and
sonicated for 2 min, finally separated using a Millipore filter paper
(0.045-μm).35 The solution's chemical composition was determined using
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a spectrophotometer at 224 nm. The formula was used to determine the
amount of drugs present.

Drug Content (%) ¼ (Amount of drug)/(obtained, total drug added) X100

2.6.4. Morphological studies

2.6.4.1. Scanning electron microscopy (SEM). SEM examined the SLNs'
particle size and shape (Model: Hitachi S3400, Tokyo, Japan). Primary
and secondary electron emission SEM was used to investigate how the
SLNs samples behaved in their native environment. Then themorphology
of these samples was studied at a 15 kV acceleration voltage scan.36

2.6.4.2. Atomic force microscopy (AFM). AFM was used to examine the
surface characteristics of SLNs loaded with EZN (NT-MDT Solver NEXT,
Russia). AFM was used to investigate an aqueous nanosuspension layer
formed on a clean microscope slide.37

2.6.4.3. Transmission electron microscopy (TEM). A transmission electron
microscope (TEM) was employed to examine the morphological char-
acteristics of the sentinel lymph nodes (SLNs). A minute quantity of EZN-
SLNs was applied onto the carbon-coated copper grid, followed by the
addition of phosphotungstic acid (2% v/v) to facilitate sample staining.
The specimen was subjected to a 10-min incubation period, after which
any surplus material was eliminated using filter paper. The sample,
which had been stained and dried, was carefully placed in the electron
microscope apparatus to facilitate examination. Subsequently, the elec-
tronmicroscopewas employed to take an image of the sample, which was
subsequently subjected to detailed analysis.38
2.7. In vitro release study

EZN solubility tests were performed using a UV–visible spectropho-
tometer, it was submerged for 2 h at pH 1.2, then transferred for 2 h to pH
6.8, and finally to pH 7.4. The sink condition for EZN dissolution was
achieved in vitro tests using a SIF pH 7.4 solution. 1% solution of Tween
80 in SIF phosphate buffer pH 7.4, and the study was carried out in
accordance with ICH recommendations. The study uses a diffusion
method through which the particle permeated in vitro drug release
studies. Prior to conducting the experiment, distilled water was pre-
soaked in the dialysis membrane (molecular weight cut-off: 12–14
kDa), which was then filled with 10 mg of the drug solution and opti-
mized EZN-SLNs. The dialysis membrane tube was sealed at both ends
once it had been filled. SIF and phosphate buffer 7.4 were used to store
the dialysis tube. At a temperature of 37� 1 �C, samples were shaken and
centrifuged at 100 rpm. A 1 mL sample was obtained at a specific interval
and examined using a UV spectrophotometer. When the level was at that
removed and refilled nearly, it maintained the sink state conditions (n ¼
3). The investigation of drug release kinetics from solid lipid nano-
particles (SLNs) was conducted through the utilization of various nu-
merical models, namely the Higuchi model, the Korsmeyer-Peppas
model, and the zero-order kinetics model. The graphical representation
illustrates the progressive accumulation of drug quantities discharged
over a period of time.39 The percentage of cumulative data reduction
(CDR) against the square root of time was plotted. The Korsmeyer-Peppas
model is employed to elucidate the diffusion behavior of both Fickian
and non-Fickian processes, with the coefficient's magnitude serving as a
means of determination. The release kinetics of a drug were analyzed by
plotting the logarithm of the cumulative drug release percentage (%
CDR) against the logarithm of the time, using data obtained from in vitro
drug release studies.
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2.8. Characterization of solid states

2.8.1. FTIR studies
FIR spectroscopy was used to study the interaction between EZN and

excipients (FTIR-8400S, Shimadzu). Using the standard KBR pellet
technique, the FTIR spectra of EZN, Palmitic acid, and SLNs were
obtained. Anhydrous KBr powder was used for crushing and compressing
the samples into pellets. For a total of 50 scans, With a resolution of
4 cm�1, FTIR spectra between 4000 and 400 cm�1 were collected.

2.8.2. DSC
For Obtaining the DSC, thermograms of the samples EZN, Palmitic

acid, and SLNs were studied using a DSC (DSC25, Mettler Toledo, USA).
Samples were weighed and scanned in an aluminum pan at 30–300 �C in
a dry nitrogen environment. The interaction between drugs and lipids
was studied using thermograms and at a heating rate of 5 �C/min.40

2.8.3. X-ray diffraction studies
The degree of crystallinity of the samples EZN, Lipid, Surfactant, and

Optimized SLNs can be tested with an X-ray diffractometer. The physical
properties of EZN, lipoprotein (palmitic acid), drug, and lipoprotein were
analyzed using X-ray patterns obtained using a diffractometer (Rigaku,
Smart lab) under Cu Ka radiation as the X-ray source at a voltage of 45 kV
and an applied current of 80 mA(42).
2.9. Pharmacokinetic studies

Pharmacokinetic studies were performed at Nalanda College of
Pharmacy, Nalgonda (proposal number IAEC/NCP/2022-006), with an-
imal experiments performed in a recognized animal house facility. The
Sprague Dawley rats used in the experiments weighed between 180 and
220 g andwere appromately six weeks old when they were obtained from
the National Institute of Nutrition in Hyderabad. The in vivo bioavail-
ability tests were performed on 12 rats, and they were randomly assigned
to one of two treatment groups. Group A was given EZN (pure drug),
while Group B received Optimized SLNs. Prior to the experiment, the
animals were starved for the whole night, although they were given
unrestricted access to water. Each group of rats received orally admin-
istered capsules containing SLNs and EZN at 10 mg/kg of body weight.
For investigations, 0.5 mL of bloodwas withdrawn into amicrocentrifuge
tube at 0, 2, 4, 8, 12, 24, 36, and 48 h using the retroorbital plexus
technique. After collecting the samples, they were centrifuged for 20 min
at 5000 g. After collection, the plasma was kept at 20 �C for future
analysis. By combining 180 mL of plasma with 1.8 mL of dichloro-
methane in a vortex for 3 min, the plasmawas deproteinized. The organic
supernatant was transferred to a clean tube after being centrifuged at
10,000 rpm for 10 min at 4 �C. A gentle stream of nitrogen was then used
to dry the organic supernatant.The residue was reconstituted and mixed
in a vortex mixture using a 120 μL mobile phase consisting of methanol:
acetonitrile (75:25) and a 10 μL EZN (10 mg/mL) internal standard was
used. After centrifuging the suspension at 10,000 rpm for 10min, A 20 μL
portion of the supernatant was added to the HPLC for recording. the
chromatograms at 222 nm. The chromatographic column was main-
tained as per the protocol. The flow rate and wavelength were adjusted
slightly for the in vitro analysis. Parameters of pharmacokinetics were
determined using the non-compartmental assay (NCA) module of the
WinNonlin® 6.1 pharmacokinetic software program.
2.10. Pharmacodynamic study

2.10.1. Animals
The Animals were purchased from the National Institute of Nutrition's
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albino Sprague Dawley (SD) rats weighing 200–250 g. (Hyderabad,
India). The IAEC of the School of Pharmacy, Nalanda College of Phar-
macy, Hyderabad, Telangana (reference number IAEC/NCP/2022-006)
authorized all animal research. At a constant temperature of 22 � 2 �C,
four animals were housed in independent cages. All of the animals were
given unlimited access to food and water. (Golden Feeds, New Delhi).
Dark and light cycle studies were performed.41

2.10.2. Induction of diabetes
Streptozotocin (STZ) was injected intraperitoneally into SD rats at 60

mg/kg body weight to develop diabetes. The citrate buffer in which the
STZ was dissolved was ice-cold. To combat the hypoglycemia caused by
STZ, the animals were given a 5% glucose solution to consume
throughout the night. A diabetic animal was defined as having a blood
glucose level higher than the standard value after receiving an STZ in-
jection for three days. A blood glucose level of 200 mg/dL was attained
after inducing STZ. On the fourth day following the STZ injection,
treatment was initiated, and it lasted for a total of 28 days. After the
experiment, blood glucose and body weight were monitored and
measured on days 0, 7, 14, 21, and 28(44).

2.10.3. Experimentation
Randomly, six animals were placed in each group. STZ was admin-

istered to groups II, III, and IV to induce diabetes, whereas group I
remained nondiabetic. As a diabetic control, group II got blank SLNs,
while the third group (100 mg/kg p.o.) got the pure drug solution (by
oral route). Group 4 got the most improved EZN-SLNs (100 mg/kg p.o.),
while group I received blank SLNs (5 mg/kg p.o).

2.10.4. Accelerated stability studies
The stability studies were conducted as per the methods provided by

Chalikwar and the ICH Q1A(R2) guidelines in conjunction with the
optimized batch of EZN-SLNs for stability experiments.42,43 The dosage
forms were kept in a refrigerator at 5 �C and 25 �C/60�5% RH, respec-
tively, while conducting long-term stability and accelerated stability
testing, in accordance with ICH standards. To investigate the particle
Table 2
The make-up of the 30 runs produced by CCD and the observed results.

Run X1 X2 X3 X4 R1

1 5 1.75 5 7500 306 � 3.6
2 8 2.5 2.5 5000 426 � 7.4
3 2 2.5 7.5 10000 431 � 4.2
4 5 1.75 0 7500 395 � 1.9
5 8 1 2.5 5000 412 � 3.5
6 2 2.5 7.5 5000 426 � 2.7
7 5 1.75 5 2500 286 � 6.5
8 8 2.5 2.5 10000 98.6 � 2.1
9 2 1 2.5 5000 412 � 3.5
10 8 1 7.5 10000 296 � 6.4
11 11 1.75 5 7500 354 � 1.6
12 5 1.75 5 12500 261 � 5.2
13 5 3.25 5 7500 328 � 3.9
14 2 2.5 2.5 10000 323 � 2.8
15 5 1.75 5 7500 335 � 3.1
16 2 1 7.5 10000 356 � 3.8
17 5 1.75 5 7500 331 � 2.4
18 2 1 2.5 10000 321 � 2.9
19 5 1.75 5 7500 338 � 3.2
20 5 1.75 5 7500 334 � 3.5
21 5 1.75 10 7500 226 � 2.6
22 2 1 7.5 5000 184 � 1.8
23 8 1 7.5 5000 186 � 3.9
24 5 1.75 5 7500 336 � 4.6
25 �1 1.75 5 7500 495 � 4.5
26 2 2.5 2.5 5000 652 � 5.2
27 8 2.5 7.5 5000 264 � 6.1
28 5 0.25 5 7500 238 � 5.9
29 8 2.5 7.5 10000 129 � 3.6
30 8 1 2.5 10000 315 � 5.9
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size, EE, and CDR stability of SLNs, a 24-h accelerated stability research
at 25 2 �C/60 5 percent relative humidity was performed. The samples
were stored for six months under dry conditions. Later, the SLNs were
prepared freshly and studied for their stability behavior (the CHM-10S
from Remi Instruments Ltd., Mumbai, India). The samples were recon-
stituted in deionized water and analyzed for particle size, EE %, and CDR
percentage every month.44

2.10.5. Statistical analysis
The data is provided as three independent replications (n ¼ 3)' of

mean and standard deviation. The data were subjected to analysis using
GraphPad Prism Software, developed by GraphPad Software Inc. in San
Diego, California, United States. The determination of significance values
in Using one-way ANOVA and Tukey–Kramer multiple comparisons
testing, this study was carried out. The threshold for statistical signifi-
cance is commonly set at a significance level of 0.05.

3. Results & discussion

3.1. EZN solubility studies in different lipids

Evaluation of solubility in Glyceryl monostearate, cetyl alcohol,
and Palmitic acid was used to select the suitable lipid for the
formulation. Glyceryl monostearate, Cetyl Alcohol, and palmitic acid had
concentrations of 0.39 � 0.17 mg/mL, 0.26 � 0.14 mg/mL, and 0.56 �
0.42 mg/mL, respectively. Out of the lipids described above, palmitic
acid was more soluble, so it was selected for making SLNs.

3.2. Selection of stabilizer

Out of the four stabilizers, poloxamer 188 has shown high entrapment
efficiency and small particle size compared to other stabilizers studied; it is
possible to make SLNs with or without stabilizers. Table 2 shows how the
stabilizers of SLNs impact the preparation. As a result, a 1% stabilizer was
added to all the formulations to improve their quality. Table 3 displays the
optimal particle size for entrapping the maximum number of particles.
R2 R3 Zeta PDI

60.3 � 2.1 55.6 � 0.5 �15.6 � 1.2 0.195 � 0.01
53.8 � 3.5 65.3 � 3.2 �18.3 � 0.6 0.286 � 0.01
50.9 � 3.3 60.2 � 1.2 �20.4 � 0.9 0.316 � 0.02
62.8 � 1.2 57.3 � 1.5 �23.4 � 0.5 0.246 � 0.05
50.6 � 1.6 47.5 � 2.3 �21.6 � 0.3 0.198 � 0.02
53.7 � 1.4 57.9 � 0.9 �17.9 � 0.4 0.264 � 0.04
68.2 � 2.1 74.2 � 1.0 �26.5 � 0.1 0.352 � 0.02
90.6 � 2.8 89.2 � 3.6 �35.6 � 1.2 0.023 � 0.03
48.2 � 3.2 45.9 � 2.5 �28.4 � 1.1 0.325 � 0.02
72.9 � 3.1 69.5 � 2.4 �26.4 � 0.9 0.126 � 0.01
60.5 � 1.1 65.3 � 1.2 �22.1 � 0.2 0.218 � 0.02
80.3 � 1.8 79.2 � 2.1 �26.4 � 0.1 0.135 � 0.04
74.5 � 1.3 69.5 � 3.2 �23.9 � 0.2 0.267 � 0.02
69.2 � 2.5 64.3 � 2.3 �14.2 � 0.4 0.098 � 0.06
60.3 � 1.6 55.6 � 1.1 �19.1 � 0.2 0.265 � 0.02
75.8 � 3.2 79.1 � 1.2 �23.4 � 0.6 0.098 � 0.05
60.3 � 4.2 55.3 � 1.3 �30.5 � 1.3 0.254 � 0.02
75.2 � 3.1 65.4 � 3.5 �25.4 � 0.5 0.394 � 0.01
60.3 � 1.6 54.3 � 4.2 �29.8 � 0.4 0.526 � 0.23
60.3 � 2.5 55.1 � 0.8 �29.7 � 0.3 0.642 � 0.11
68.4 � 2.7 73.5 � 0.5 �30.5 � 0.5 0.597 � 0.02
86.7 � 3.2 85.6 � 0.9 �22.8 � 1.2 0.359 � 0.01
85.1 � 3.3 80.4 � 0.4 �26.9 � 0.8 0.364 � 0.02
59.4 � 2.6 55.8 � 0.6 �30.8 � 0.2 0.328 � 0.23
45.9 � 2.9 43.2 � 1.5 �27.5 � 0.3 0.197 � 0.02
45.6 � 2.4 51.6 � 1.8 �19.5 � 0.4 0.459 � 0.11
78.5 � 2.5 70.8 � 1.2 �23.4 � 0.1 0.294 � 0.02
84.2 � 2.3 64.9 � 2.4 �29.8 � 1.1 0.349 � 0.02
72.3 � 1.2 69.1 � 2.9 �22.5 � 0.2 0.284 � 0.02
65.2 � 2.4 61.3 � 1.6 �29.1 � 0.3 0.356 � 0.12



Table 4
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3.3. Time and amplitude of sonication

The greater particle size was seen at 20% amplitude when sonication
was done for 5 min, compared to 40% and 50% amplitudes. This might
be due to shorter sonication time and lower amplitude. Accordingly, after
2.5 min of sonication at 40% amplitude, particles had shrunk to 200–300
nm, while bigger particles were seen at 20% and 50% amplitude
(Table 3). When sonication was done for 2.5 min, the exact amplitude
was discovered to be 40%, belowwhich sonication remained incom-plete
(at 20%) and above which the formulation began to form aggregates (at
50%). The EE, on the other hand, decreased with time when amplitude
and sonication dura-tion was increased. Therefore, EMP-SLNs were
developed with a 40% amplitude and a sonication period of 2.5 min.

3.4. SLN preparation

To create SLNs, researchers used hot homogenization at 5000–10000
rpm at 70 �C and an ultrasonication time of nearly 5–8 min. For this
approach to work, an organic miscible solvent (e.g., ethanol) is rapidly
diffused into an aqueous solution, causing a significant change in the
hydro-organic solvent's dielectric constant and solubility pa-rameter,
which intern induces lipid precipitation. Using high-shear mixing and
stabi-lizers in the preparation media, the lipid nanoparticles that
comprise the core body of the SLNs are confined to the nanoscale region.
The primary benefits of this procedure are its simplicity and the ability to
avoid dangerous solvents in the formulation of SLNs reported. Lipids are
precipitated in the presence of a stabilizer because ethanol is highly
water-soluble and has low interfacial tension in water. This results in the
for-mation of nanoparticles. Homogenization and ultrasonication
methods were modified in this investigation to include the ethanolic
solution to the liquid phase of the mixture at a temperature of around 50
�C. The particles broke down into smaller sizes when the temperature
was higher than the melting point of the lipids. It might be because the
organic phase (ethanol) evaporates more quickly, resulting in a lesser
inclination for the lipid phase to adhere to the aqueous phase. To further
stabilize lipid particles, high temperatures provide surfactants more time
to adhere to them.45 In earlier studies, surfactant concentrations have
been shown to influence the synthesis of SLNs, with particle size as the
response. There is no significant influence on the particle size as a re-
action to other circumstances, such as stirring rate (in a range of
500–2000 g), etha-nolic phase addition to the aqueous phase, and so on.
As a result, these conditions re-mained consistent throughout the
experiment. Several studies have used this method of comparing the ef-
fects of various surfactants.46–48 Surfactant effects may be evaluated
using this method alone, without other interactions. The lipids, EZN, and
surfactants were completely soluble in ethanol. Palmitic acid-based SLNs
had the highest opalescenc features compared to tween 80-based
formulations.

3.5. Particle size, zeta potential, and polydispersity index

Due to its hydrophobic nature, EZN particle size may be affected by
various pa-rameters, including lipid content, surfactant concentration,
sonication length, and homogenization speed. We added emulsifier
Tween 80 and stabilizer (Poloxamer188) to avoid aggregation of the
nanoparticles and SLNs in the formulation to make it pH-sensitive. The
findings showed a considerable increase in particle size with in-creasing
lipid content. A particle size analyzer and SEM were used to examine the
Table 3
Stabilizer's effect on the creation of SLNs.

Poloxamer 188-Stabilizer Concentration % EE Particles size

0 39.4 � 2.6 986 � 26.4
0.5 56.24 � 3.9 651 � 6.9
1 79.68 � 2.5 135 � 4.2
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size and shape of SLNs particles. The particle size, zeta potential, and
polydispersity index of EZN-loaded SLNs were analyzed. A direct corre-
lation between particle size and li-pid content and an inverse correlation
between particle size and surfactant concentra-tion was observed. Soni-
cation duration was also shown to be inversely proportional to particle
size. As the surfactant concentration was raised, the particle size
decreased due to the increased surface area provided by the high lipid
content. Because of the large quantities of macromolecular surfactant
chains, the surface was very tight. The stability of nanoparticulate sys-
tems is indicated by a zeta potential greater than �30 mV. There was no
evidence of aggregation in the nanoparticles that were created, which is
consistent with the results of the Zeta potential measurements. A
polydisper-sity index is a dimensional number that may vary from 0.01
for monodispersed parti-cles up to 0.5–0.8 for highly scattered nano-
particles. Samples with a wide range of siz-es tend to have values larger
than 0.8. The results showed that the nanoparticle poly-dispersity index
ranged from 0.023 � 0.03 to 0.642 � 0.11.
3.6. Evaluation of the drug loading and encapsulation efficiency

The results demonstrate that EZN's drug loading capacity is satisfac-
tory, with an EE of 90.6%� 2.8% and a drug loading capacity of 32.49%
� 1.43% for the optimized for-mulation F8. Higher lipid content in-
creases drug loading capacity and EE. Owing to the longer time required
for lipid precipitation, its entrapment may be limited due to a combi-
nation of a low-lying polymer coating and an additional lipid coat. Both
EE and drug loading capacity improve gradually with increasing sur-
factant content. This could be because the medication is floating freely
atop the nanoparticle rather than being bound inside entrapped inside
the nanoparticles themselves.
3.7. Experimental design

In experiment design, the CCD is one response surface model used to
reach the goal, reduce variability, and limit or maximize responses to
enhance product produc-tion or decrease waste. The formulations' results
were analyzed to determine the best study design possible. Using DoE VR
12 program, contour plots and desirability plots were produced. Particle
size and EE were modeled using a quadratic model. ANOVA was used to
identify the variables that significantly impacted the responses. Accord-
ing to the findings (Tables 4 and 5), independent factors such as particle
size (nm) and EE (%) had significant effects on the chosen responses, with
values ranging from 98.6 � 2.1 to 431 � 4.2 nm and 45.6% � 2.4% to
90.6% � 2.8%, respectively.

3.7.1. Effect of independent variables on particle size
Solid lipid nanoparticles (SLNs) have a spherical or nearly spherical

shape and are made of lipids. Some nanoparticle formulations (such li-
posomes, which are vesicular structures) share comparable size ranges,
which could lead to the term "vesicle" being used. But SLNs aren't hollow
like vesicles; they're solid. Like other vesicular structures, such as lipo-
somes or emulsions, SLNs typically have a size that ranges from 100 to
1000 nm. This instance lends itself to the scientifically inaccurate terms
"vesicle size" and "nanoparticle size" being used interchangeably.

The following equation may express particle size response (R1) based
Sonication time and amplitude affect the creation of SLNs.

Sonication time (min) Amplitude (%) Particle size (nm) EE (%)

5 20 459 � 2.6 69.4 � 1.2
40 256 � 1.6 79.5 � 0.9
50 346 � 3.4 70.2 � 2.3

8 20 596 � 4.5 59.4 � 1.1
40 346 � 1.9 62.3 � 2.4
50 426 � 5.3 65.8 � 1.6



Table 5
ANOVA response for quadratic Modelling.

Parameter source DF Sum of
squares

Mean of
squares

F
Value

p-Value

SIZE Model 14 3.313Eþ05 23663.24 18.23 <0.0001
Residual 15 15376.23 1025.08
Lack of
fit

10 14658.23 1465.82 1.50 0.3416

Pure
error

5 718.00 143.60

% EE Model 14 4423.98 316.00 18.90 <0.0001
Residual 15 176.98 11.80
Lack of
fit

10 176.30 17.63 1.22 0.4390

Pure
error

5 0.6750 0.1350

% CDR Model 14 3760.00 268.57 22.88 <0.0001
Residual 15 150.21 10.01
Lack of
fit

10 148.74 14.87 2.36 0.1779

Pure
error

5 1.47 0.2937
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on the re-gression coefficients computed.

Vesicle Size ¼ þ330.00–52.52A þ 18.65B �42.73C -30.93D �53.15AB
�4.10AC �12.90AD þ11.77BC �55.02BD þ62.28CD þ24.31A2 -11.07B2
-4.19C2 -13.44D2

EZN SLNs were generated by varying the independent factors (see
Fig. 1). It was determined that the coefficients of determination (R2) and
the adjusted R2 for R1 were 0.9556 and 0.9142, respectively, and the
unsuitability was deemed barely insignificant. Non-significant (p �
0.0001). Particle sizes ranged from 98.6 � 2.1to 431 � 4.2 nm in diam-
eter. The particle size was reduced by increasing the sonication time and
homogeniza-tion speed. Figure 2 shows Particle size response surface
plots in three dimensions. The mean particle size of SLNs was signifi-
cantly reduced by increasing the homogeniza-tion speed from 5000 to
10,000 rpm. There was no drastic decrease in particle size when the
homogenization speed was increased to 20,000 rpm. For sonication time,
the particle size of SLNs reduced as sonication time increased, but
additional increases had little impact. Studies have looked at sonication
times ranging from 2.5 to 7.5 min. After 2.5 min of sonication, particle
size dropped significantly, but an additional sonication duration of 5 min
had little impact on particle size. Particle size was unaffected by varying
the sonication intensity.
Fig. 1. Influence of independent variables on particle
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3.7.2. Effects of independent variabes on the entrapment efficiency
The model was significant according to the quadratic model's F value

of 26.78. All terms had a p-value of 0.0001 and were considered
important. The adjusted R2 value of 0.9256 showed minor deviations in
the experimental model, with a regression coeffi-cient of R2 of 0.9615. In
terms of coded factors, the polynomial equation obtained was

Entrapment Efficiency¼þ60.15þ 3.87A�2.69Bþ 3.70Cþ 3.92Dþ5.49AB
þ1.23AC �0.2437AD �5.32BC þ2.06BD �8.38CD �1.90A2 þ4.64B2
þ1.20C2 þ3.37D2

Several different aspects must be considered while creating EZN
nanoparticles, as illustrated in Fig. 3. Table 2 shows the findings of drug
entrapment in the SLNs formulation. A positive coefficient suggests that
the EE was directly related to lipid quantity and the sonication time
length. Regarding EE, the term B surfactant concen-tration has a negative
coefficient. The lipid–polymer interaction was studied. Figure 3 depicts
each component's influence on the sample's percent EE.

3.7.3. Effects of independent variabes on cumulative drug release
CDR as a percentage may be expressed as follows in the following

way:

Cumulative Drug Release ¼ þ55.28 þ 3.64A þ 0.1208B þ 4.77C þ 2.63D
þ4.86AB �1.82AC �0.1812AD �6.68BC þ1.33BD �5.42CD �0.1656A2
þ3.07B2 þ2.62C2 þ5.45D2

Table 6 shows that the model has a substantial F value of 26.82. A
good match was established with a correlation value of 0.9897. No sig-
nificant discrepancies were found between the calculated R2 value of
0.9257 and the expected R2. The precision of 18.1498 (>4) suggested
that the signal was sufficient.

In formulations F1–F30, the % CDR ranged from 43.2% � 1.5% to
89.2% � 3.6% (Table 2; Fig. 3). According to Eq. (3), the quantity of
surfactant and stabilizer was the most significant factor in the percentage
CDR, while palmitic acid content was the least sig-nificant. The per-
centage CDR was inversely proportional to the quantity of palmitic acid
present. Increasing the quantity of Palmitic acid may lead to larger
nanoparticles with less effective surface area for interacting with the
release medium, decreasing EZN release. EZN's diffusion route from the
organic to the aqueous phase is prolonged when the nanodroplet size
rises.49,50 Drug release properties may improve with in-creased surfac-
tant concentration due to the surfactant's ability to decrease particle size
and increase surface area and drug release.

Particle size and EE were discovered to be affected by homogeniza-
tion speed, which ranged from 5000 to 10,000 rpm. According to the
size for preparing EZN solid lipid nanoparticles.



Fig. 2. Influence of independent variables on entrapment efficiency for preparing EZN solid lipid nanoparticles.

Fig. 3. Cumulative drug release for EZN SLN as influenced by independent factors.

Table 6
EZN Nanoparticle formulation optimization.

Parameters Actual value Predicted Value % Relative Error

R1 98.6 � 2.1 112.517 13.917
R2 90.6 � 2.8 88.6458 1.96
R3 89.2 �3.6 87.8 1.4
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findings, particle size and EE were influenced by homoge-nization speed.
Due to an inability (10,000 rpm), particle size decreased as homogeni-
zation speed increased from 5000 to 10,000 revolutions per minute. The
shear force exerted on the particles is of such a high intensity that it can
overcome the intraforces working within the particles, resulting in a
reduction in particle size.51 The speed of homogenization influences EE,
as was found in the current study. EE was enhanced during
high-intensity, high-speed homogenization, whereas low-intensity,
high-speed processing. Newly produced particles lack a surfactant
molecule, re-sulting in drug diffusion from the lipid matrix of smaller
particles with a greater surface area to volume ratio. This resulted in
increased drug loss in the SLNs dispersion (www.sciencedirect.com/sci
ence/article/abs/pii/S1773224721002458). Because of its lower
par-ticle size (98.6 � 2.1 nm) and greater entrapment effectiveness
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(90.6% � 2.8%) than the other formula-tions, F8 was chosen because it
was the most effective formula and was further investigated. The best
formulation has a zeta potential of �35.6� 1.2 mV. Because EZN (which
contains a single basic chlorine atom) is oriented on the surface of SLNs,
its negative zeta potential might result from this study.52

3.8. Application of central composite design for formulation optimization

The central composite design was used to make 30 formulations of
SLNs, as indi-cated in Table 2, by choosing four elements at five levels.
Dimensions of particles, EE, and drug accumulation were significant
dependent variables (responses). DoE VR 12.0.3.0 software was used to
develop polynomial equations with coded factors. The most desirable
overlay plot from a central point batch was chosen for optimization as
advised by the program (Fig. 4). DoE created several possible solutions,
and the formulation with the greatest attractiveness score was selected
for further optimiza-tion. Any answer may have a desirability rating
ranging from 0 to 1. If one or more re-plies fall outside the acceptable
range, they are marked with a value of 0 instead of 1. In this scenario, the
optimal formulation of nanoparticles desirable is 0.967, and there is a
0.33% possibility of error due to noise. The percent relative error was
used to com-pare the anticipated and actual values of the improved
formulation (Table 7). Nano-particles with a relative inaccuracy of less

https://www.sciencedirect.com/science/article/abs/pii/S1773224721002458
https://www.sciencedirect.com/science/article/abs/pii/S1773224721002458


Fig. 4. Perturbation plots and overly plot of optimized EZN SLNs formulation.

Table 7
Data on the pharmacokinetics of EZN suspension and EZN-loaded SLNs.

Pharmacokinetics Parameter Drug Suspension Optimized SLNs

C0 (mcg/mL) 3.585 2.064
K(h-1) 0.040 0.010
Dose (mg) 10 10
Vd (mL) 2789.014 4843.385
t 1/2 (hr) 17.324 65.392
Clearance (L/h) 111563.722 51327.627
AUC 0-t (μg⋅h/mL) 4.585 2
AUC t-inf (μg⋅h/mL) 5.249 208.540
AUC Total (μg⋅h/mL) 225.915 502.020
MRT0-t (h) 15.342 20.649
C max(ng/mL) 5.049 5.602
T max (h) 11.972 15.857

Fig. 5. FTIR spectroscopy studies of the Pure Drug (drug2), Poloxamer 188 (P188
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than 10% indicate that the manufacturing process is stable.53

3.9. Characterization of solid states

3.9.1. Fourier transform infrared spectroscopy (FT-IR)
FTIR studies were conducted on the drug and its formulation, such as

palmitic acid, Tween 80, and poloxamer 188, as shown in Fig. 5. The
drug's functional groups have been discovered and mapped. For example,
EZN FTIR shows intense bands at 3445.98, 2963.28, 1730.51, 1603, and
1066 cm�1, which indicate the presence of quinazoline clusters, aromatic
tertiary groups (C-N), carbonyl group stretching (C-O), alkyne stretching,
piperidine groups, primary amine stretching (–NH2). At 1702 cm�1 (C ¼
O stretching), 2918 cm�1 (OH stretching), and 2849 cm�1, the FTIR
spectra of pal-mitic acid exhibited a prominent peak (CH stretching).
There is a long-chain bond vis-ible at 720 cm�1, as well as bands for the
hydrocarbons CH2 and CH3 at 1550 cm�1 and 1300 cm�1. It seems that
1), Tween 80 (T801), Palmitic Acid (PA-1), and optimized formulation (F1).
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the intermolecular interactions and molecular reorganization in the SLN
structure are connected to the small displacements for 2918 cm�1 (OH
stretching) and 2849 cm�1 (CH stretching) in the palmitic acid FTIR
spectrum, which reveals almost all absorbances of palmitic acid in SLNs.
Surfactants likely are to blame for the additional peaks in the SLN's
spectrum. Because of the absence of chemical in-teractions between the
nanocarrier and the drug, the drug's primary structure remains stable
throughout the production process. According to the findings, the
experiment unaffected EZN's primary peaks (www.sciencedirect.com/sci
ence/article/abs/pii/S1773224721007425).

3.9.2. DSC
Figure 6 depicts the DSC thermograms of Drug, Palmitic acid,

poloxamer 188, and SLNs. The melting of palmitic acid caused the peak
to move slightly away from 64.8 �C, as seen in the graph. There may be a
connection between the GMSmelting point and this region of stearic acid
due to the similarity in melting point. Poloxamer 188 has a temperature
peak that is lower than 55.8 �C. Crystalline nature gave it an endother-
mic peak at 151.6 �C for its pure drug melting point. The thermogravi-
metric analysis confirmed the presence of distinct peaks for each con-
stituent in the physical mixture instance, but the optimized SLNs
thermograms showed the presence of lipid and poloxamer peaks and a
small broadened drug peak; this could be due to the conversion of a drug
from crystallized to amorphous form in SLNs formulations. The FTIR
results confirm that the constituent peaks have been slightly displaced,
indicating the inter-molecular interaction of the drug and excipients.

3.9.3. X-ray diffractogram
The crystallinity and polymorphic nature of SLNs may be determined

using X-ray diffractograms. This investigation focused on poloxamer 188,
a pure drug, lipids, and optimized SLNs. It is critical to use PXRD to
ascertain the polymorphism and crystal-linity of API and excipients in
solid dosage forms to assure their physical stability. The physical mix-
tures and diffractograms were compared for polymorphic variations in
the PXRD investigation (Fig. 7). At two values, 18.64; 20.18; 25; and
14.52; these re-sults were compared to previously published values, and
it was concluded that the crystal form of the drug was crystalline peaks
were missing from the SLNs formula-tion, suggesting that the drug was
not crystallized at the time of manufacture. With the SLNs formulation,
there was also a reduction in the intensity of pure lipid peaks. This lower
intensity proves that the lipid in the SLNs formulation has a decreased
crystallinity. This might be because the SLNs formulation was prepared
using a solvent evaporation process.
Fig. 6. DSC Thermograms of various excipients and formulations are depicted as a
Optimized formula.
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3.10. Morphology

SEM, TEM, and AFM were used to determine the optimal formula-
tion's shape and surface morphology. The surfaces of the particles were
smooth and spherical, accord-ing to the SEM micrograph (Fig. 8A). Most
of the optimized SLNs (Fig. 8B) were spheroidal and had a homogeneous
distribution, confirming the particle size meas-urement. According to an
AFM study, the SLNs were found to have a spherical form and a particle
size of roughly 100 nm (Fig. 8C). AFM's particle size and dynamic light
scattering measurements of particle size are highly connected. SLNs have
an av-erage roughness of 12.035 nm, suggesting that their surfaces are
pretty smooth.

3.11. Studies on the in vitro release of drug

In the formulation investigations, in vitro release profiles were
compared with pure drug solutions (Fig. 9). Analysis and comparison of
the release pattern of pure EZN under identical conditions were made
with the release of EZN from EZN-SLN. The variation in release pattern is
explained as follows. An in vitro drug release test was conducted to
evaluate the drug releasing profile of encapsulated EZN SlNs in PBS. This
involved simulating the pH conditions of gastric fluid (pH 1.2, 37 �C), the
first zone of intestinal fluid (pH 6.8, 37 �C), and the second intestinal
zone fluid and plasma (pH 7.4, 37 �C) over a duration of 48 h. As can be
shown in Fig. 9, all EZN released 49.3% of their drug in the first 5 h,
demonstrating a burst drug release. Additionally, compared to the first 5
h, 95% of the medication contained in SLNs was delivered in a reg-ulated
manner after 48 h. In pharmacokinetic testing, the drug's ability to lower
blood sugar was lost after 24 h, however EZN SLNs' sustained release
profiles demonstrated a longer blood glucose reducing effect that lasted
for 48 h. Com-pared to pure EZN, which had a poor release pattern with a
release rate of 95.64% � 1.81% in 12 h of testing, the EZN-SLNs
formulation demonstrated a greater and sustained release of 91.56% �
2.18% in 48 h. The release of EZN from EZN-SLN exhibited a discernible
and consistent pattern of persistence 54. The rapid release of EZN, which
was adsorbed onto the surface of the SLNs, facilitated the observed
release behavior. The hydrophobic structure of EZN led to a potent
degradation process, resulting in several notable outcomes. These
include an extended release duration, enhanced protection against drug
release under low pH settings, and controlled release in alkali conditions.
Subsequently, the solubilized or dispersed enzyme-zinc nanoparticle
(EZN) is gradually released from the inside of the lipid core matrix via
diffusion mechanisms, leading to a sustained pattern of release. The
n overlay plot. DG: Pure Drug, P188: Poloxamer 188, PA: Palmitic acid, and F:

https://www.sciencedirect.com/science/article/abs/pii/S1773224721007425
https://www.sciencedirect.com/science/article/abs/pii/S1773224721007425


Fig. 7. XRD spectrums of various excipients and formulations are depicted as an overlay plot. DG: Pure Drug, P188: Poloxamer 188, PA: Palmitic acid, and F:
Optimized formula.

Fig. 8. Investigations on the morphology of an improved formulation A. SEM picture; B. TEM image; C. AFM image.

Fig. 9. In vitro release studies of a free drug suspension and optimized SLNs.
Values are expressed as Mean � SD. (n ¼ 3).
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enhanced release of weakly soluble medicines was seen in the EZN-SLNs
due to the incorporation of palmitic acid as a solid lipid and tween 80 as a
surfactant, which facilitated improved drug release. Various release ki-
netic models were applied to the release data in order to determine the
most appropriate model fit for the investigation. The Korsmeyer-Peppas
model was identified as the most suitable release model based on its
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highest R2 value. This method signifies a means of controlled release,
achieved through the processes of diffusion and breakdown of a lipid
matrix.

The Korsmeyer-Peppas, Higuchi kinetics, zero-order, and first-order
models are suitable for analyzing in vitro drug release data. In the opti-
mized batch, the Higuchi model exhibited the highest correlation coef-
ficient (R2 ¼ 0.9889). Diffusion-controlled drug release takes place from
a matrix system when the sink conditions are accurately achieved in the
release environment. The Higuchi model of release kinetics exhibited a
greater degree of linearity compared to the zero-order or first-order ki-
netics in the ideal formulation. According to the Korsmeyer-Peppas
model, it was predicted that the formulation of solid lipid nano-
particles (SLNs) exhibited Fickian diffusion, with a value that was around
0.5.
3.12. Pharmacokinetic data

EZN's HPLC validation parameters include the following: Calibration
curves were 0.02–10 μg/mL in phosphate buffer; 10–200 μg/mL in rat
plasma, linear concen-tration range, with a retention time of 5.284 �
0.84 min for the drug. The RSD 2% accu-racy and precision for accuracy
and precision were attained within and between days. There were two
levels of detection: 0.2 μg/mL for LOQ and 0.015 μg/mL for LOD. At
doses of 0.2, 0.4, and 2.0 μg/mL, the% entrapment efficiency was 86.5 �
6.57, 81.39� 7.24, and 92.58� 9.35 (n¼ 3), respectively. The retention
time of the drug was found to be 2.53� 0.04 min. Linearity was observed
between 5 and 30 μg/mL (r2 ¼ 0.994; n ¼ 6). The study showed that the
analyte concentration linearly correlates to the peak area. De-spite the



A.K. Chettupalli et al. Intelligent Pharmacy 3 (2025) 193–206
precision of the new method, the LOQ was found to be negligible. The
accuracy ranged from 99.04 to 102.31% during intraday and interday
testing with EZN at concentrations of 5 mcg/mL, moderate (15 μg/mL),
and 30 μg/mL(56).

Poor solubility and significant first-pass metabolism restrict EZN's
oral bioavaila-bility. EZN has been formulated as SLNs to increase their
bioavailability. Male Wistar rats were fed a mixture of suspension and
SLNs containing EZN, and the pharmacoki–netic parameters were stud-
ied. EZN suspension and optimized SLNs were subjected to a graphical
analysis of plasma concentration versus time profile (Fig. 10), and their
mean pharmacokinetic data is tabulated in Table 8. EZN-loaded SLNs
increased the mean plasma concentration in response to the drug and
were compared with controls. EZN-loaded SLNs and pure EZN were
subjected to a parameter such as AUC 0-total plasma concentrations and
found to be 502.020 μg. Hr/mL and 225.91 μg. Hr/mL, re-spectively. The
higher AUC (0–∞) for SLN may be due to lymphatic transport preventing
first-pass metabolism.55 Peyer's patch of the gut, which is essential for
lymphatic absorption, may be responsible for the increase in AUC (0–∞)
in the study samples. Sus-pension and SLNs formulation had Cmax values
of 5.049 μg/mL and 5.602 μg/mL, re-spectively. Pure drug suspension
had a mean residence time (MRT) of 15.342 h, whereas optimized SLNs
had an MRT of 20.649 h. The regulated release of drugs from SLNs may
be responsible. To reach maximum plasma concentration (Tmax), the
duration was extended from 11.972 h to 15.857 h. SLNs loaded with EZN
seem to have a better pharmacokinetic profile than the suspension, ac-
cording to these findings of the results.
3.13. Pharmacodynamic study

Four groups of Wistar rats were used for the pharmacodynamic
studies. The rats in groups I and II received normal saline, and were
considered normal and diabetic, respectively. Groups III and IV were
diabetic rats receiving EZN SLNs and EZN sus-pension. STZ was used to
induce type II diabetes in rats, and blood glucose levels were studied to
Fig. 10. Pure EZN suspension and EZN-loaded SLN drug level profiles. Mean
standard deviation, n ¼ 6.

Table 8
Stability studies of optimized formulation.

Time 25 �C � 2 �C/60% � 5% RH

Appearance Size EE CDR

0 Milky white-colored throughout the
study

98.6 � 2.1 90.6 � 2.8 89.2 � 3.6
30 100.2 � 3.8 89.5 � 1.5 87.5 � 1.2
60 102.8 � 2.5 88.2 � 2.4 85.4 � 2.4
90 104.3 � 4.1 87.4 � 3.6 83.2 � 2.3
180 107.9 � 3.6 86.9 � 2.5 800.6 � 2.1
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determine the diabetic condition of rats. Diabetic rats, defined as those
with blood sugar levels higher than 200 mg/dL, were used in the study.
Groups using EZN suspension or SLNs had blood glucose levels between
155.2 and 212.5 mg/dL and 100.4–220.1 mg/dL, respectively (Fig. 11).
EZN's anti-hyperglycemic action was confirmed in both of these groups,
which showed substantial (p � 0.01) decreases in blood sugar lev-els
compared to the diabetic group (Group II). At 4 h, EZN suspension had
the most significant effect on blood glucose levels. The promising anti-
diabetic activity of EZN-SLNs was enhanced compared to that of the
marketed formulation. Accordingly, the increased therapeutic efficacy
might be interpreted as acting as a drug substrate for P-gp.

On the other hand, poloxamer 188 and Tween 80 inhibited efflux
transporter pump P-gp in EZN-SLNs, leading to higher levels of EZN
inflow and bioavailability at 12 h; EZN-SLNs had a significant impact on
blood glucose levels. Researchers also found that diabetic rats may be
given a lower dosage of EZN-SLNs while monitoring an effective blood
glucose level. As a result, EZN-SLNs can increase patient compli-ance.

3.14. Anti-diabetic activity

Figure 12 depicted the impact of a drug suspension and optimized
SLNs on blood glucose and insulin levels. Compared to the standard
group, diabetic rats had higher blood glucose levels, whereas the SLNs-
treated group had a substantial drop in blood glucose levels. When
comparing the diabetes group to the control group, it was dis-covered
that the plasma insulin level rise in the treatment group. SLNs were
more successful in lowering insulin levels than drug suspensions. These
findings show that SLNs were more effective in treating diabetes than
EZN suspensions in experimental animal models. Levels of blood glucose
(A) and plasma (B) in rats (n¼ 6 for each group). The graph depicts mean
� SD. *p < 0.05, **p < 0.01, ***p < 0.001.

3.15. Stability studies

A product's shelf life had to be determined using stability experi-
ments, including raising the temperature and humidity to hasten
decomposition. For six months, the improved formulation was kept be-
tween 25 �C and 40 �C and 60% and 75% RH and periodically examined
for changes in physical appearance, EE, particle size, and drug release by
ICH guidelines. According to the results (Table 8), even after six months
of stress testing, there was no difference in the appearance of SLNs.

4. Conclusions

In conclusion, based on lipid solubility tests, palmitic acid was chosen
to prepare SLNs. Stabilizer concentration, frequency, and period of son-
ication were determined by conducting pilot experiments. Preparation of
SLNs using the CCD design in which independent variables such as lipid
content, sonication time, homogenization speed, and surfactant con-
centration have a response on dependent variables cumulatively drug
release, EE, and particle size. It was found that the optimized formulation
pre-pared by CCD had less particle size with greater EE and cumulative
drug release near-est to the predicted values (98.6% � 2.1%, 90.6% �
2.8%, and 89.2% � 3.6%, respectively). The invitro drug release showed
an initial burst release followed by sustain release of the formulated EZN
40 �C � 2 �C/75% � 5% RH

Appearance Size EE CDR

Milky white-colored throughout the
study

98.6 � 2.1 90.6 � 2.8 89.2 � 3.6
101.5 � 3.1 88.3 � 3.1 86.1 � 2.5
104.6 � 2.5 85.4 � 2.1 83.5 � 2.7
105.9 � 2.1 83.9 � 2.5 80.5 � 3.4
110.3 � 2.3 80.8 � 3.8 76.8 � 2.6



Fig. 11. Concentration (mg/dL) of EZN (EZN-SLNs) in blood glucose (mg/dL) (pharmacodynamic study).

Fig. 12. Blood glucose and plasma levels in treated rats after induction of STZ.
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SLNs. In the formulation, the morphological findings indicated that the
particles were spherical and evenly distributed. According to the DSC
studies, the drug was shifted from crystallization to amorphous nature.
Improved pharmacoki-netics and better anti-diabetic effectiveness were
demonstrated and confirmed by in vivo experiments comparing it to an
optimized formulation. EZN oral administration through the SLNs route
may be an opted for treating DM. In turn, the prepared SLNs showed
higher bioavailability and better compliance over glycemic control in
experi-mental animals.
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