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Abstract

This study reports the systematic development and optimization of a nanoemulsion-based delivery system for
Artemisia annua L. to enhance its antidiabetic efficacy and bioavailability. The hydroalcoholic extract yielded a
12.8% w/w semisolid extract containing flavonoids, terpenoids, and tannins. A 23 full factorial design was applied
to optimize the formulation variables (Tween 80, PEG 400, and Camelina sativa oil). Among the eight
experimental batches, formulation F6 (24% Tween 80, 10% PEG 400, 7% oil) demonstrated optimal
characteristics with a nanoscale particle size of 112.9 nm, high entrapment efficiency (89.2%), and zeta potential
of —27.7 mV, indicating good colloidal stability. The optimized nanoemulsion exhibited a near-neutral pH (7.02
+ (0.04), suitable viscosity (78.45 + 0.42 cP), and controlled drug release (98.78 £ 2.59% over 12 h) following
Higuchi diffusion kinetics (R? = 0.9448). Stability studies confirmed the preservation of physicochemical
parameters for 3 months under accelerated conditions. In a streptozotocin—nicotinamide-induced type 2 diabetic
rat model, the nanoemulsion (200 mg/kg) produced significant antihyperglycemic effects (-126.1 mg/dL),
improved body weight (+61.6 g), corrected dyslipidemia (notably TC —43.0 mg/dL and LDL —40.6 mg/dL),
restored antioxidant defenses (CAT +15.1 U/mg; MDA -3.1 nmol/mL), and normalized hepatic biomarkers
(SGPT -33.9 U/L), with efficacy comparable to metformin. These findings demonstrate that nanoemulsion-
mediated delivery substantially enhances the therapeutic performance of the A. annua extract. This study provides
a scalable nanotechnology-based strategy for improving phytopharmaceutical efficacy, offering globally relevant
insights for the development of plant-derived interventions for type 2 diabetes management.
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Development and evaluation
*Artemisia annua L.*-loaded Nanoemulsion for

Introduction

Diabetes mellitus is a severe metabolic condition
characterized by sustained hyperglycemia resulting
from inadequate insulin production, resistance, or both.
The prevalence of type 2 diabetes mellitus (T2DM) is
increasing globally, with significant contributions to
morbidity and mortality due to associated
complications such as dyslipidemia, oxidative stress,
and hepatic dysfunction °. Current pharmacological
therapies, including metformin, sulfonylureas, and
insulin, provide effective glycemic control but are
often limited by side effects, reduced patient
compliance, and inability to fully address the oxidative
and inflammatory pathways contributing to disease
progression. Consequently, there is a growing demand
for plant-derived therapeutics with multi-target actions
and improved safety profiles. Complementary and
alternative  medicine  approaches, particularly
phytotherapy, have gained considerable attention
because they offer bioactive compounds capable of
modulating  multiple  pathogenic =~ mechanisms
simultaneously, such as insulin resistance, pancreatic
B-cell dysfunction, and inflammation.
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In recent years, green nanotechnology and advanced
functional materials have emerged as transformative
tools for improving human health, while
simultaneously ~ addressing  environmental  and
economic challenges. Eco-friendly synthetic strategies
utilizing plant extracts, biodegradable polymers, and
low-energy fabrication routes have been widely
applied in environmental remediation, chemical
sensing, energy storage systems, and biomedical
applications.  For  example, green-synthesized
nanostructured materials have demonstrated efficient
electrochemical sensing performance for food safety
monitoring, advanced nanoparticle fabrication via
sustainable routes, eco-friendly nanomaterials for
sensing and electronic applications, and green-
fabricated nanocomposites for analytical measurement
systems ®°. These studies highlight the versatility,
scalability, and environmental compatibility of green
nanomaterials  across multiple fields.  Such
developments support the translation of sustainable
nanotechnology into pharmaceutical and medical
domains %13,
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Artemisia annua L., a medicinal plant belonging to the
Asteraceae family, has garnered significant attention
for its many pharmacological characteristics, including
antimalarial, antioxidant, anti-inflammatory, and
antidiabetic effects 46, Phytochemical investigations
of Artemisia annua L. have identified flavonoids,
terpenoids, tannins, saponins, and phenolic substances,
which together contribute to glucose reduction, lipid
modulation, and free radical scavenging activity.
Several studies have suggested that these bioactive
compounds may improve insulin sensitivity, reduce
postprandial hyperglycemia, and protect pancreatic
tissue from oxidative damage. However, the
therapeutic use of Artemisia annua L. is limited by
inadequate solubility, reduced bioavailability, and the
instability of its bioactive constituents when taken
orally in crude form, restricting its clinical utility
despite its proven pharmacological potential !7-2°,

To overcome these limitations, nanotechnology-based
delivery systems fabricated using green and sustainable
approaches are increasingly being explored.
Nanoemulsions, polymer—bioactive composites, and
plant-mediated nanostructures provide enhanced
solubility, stability, and controlled release, while
minimizing toxic residues and production costs. Green-
fabricated nanostructures reported in recent sensor and
materials research have demonstrated improved
surface reactivity, nanoscale uniformity, and stability,
which are directly translatable to pharmaceutical
nanoformulations 6%, Thus, integrating sustainable
nanomaterial design with phytotherapeutic
development represents an innovative strategy to
enhance therapeutic performance while aligning with
the global sustainability goals.
Nanotechnology-driven  drug delivery  systems,
especially nanoemulsions, have arisen as effective
methods to improve the solubility, stability, and
absorption of weakly water-soluble plant constituents
2122 Nanoemulsions are kinetically stable colloidal
dispersions consisting of oil, surfactants, and water,
with droplet sizes often between 20 and 200 nm. Their
high surface area and thermodynamic stability
facilitate enhanced absorption and controlled release,
improving pharmacological efficacy at lower doses.
Additionally, nanoemulsions can protect labile
bioactive compounds from enzymatic degradation and
gastrointestinal metabolism. Moreover, the
incorporation of natural stabilizers, such as pectin,
offers additional benefits by imparting stability,
mucoadhesion, and  biocompatibility, further
enhancing bioavailability 1'%, Such delivery systems
are increasingly being recognized for their potential to

optimize the therapeutic performance of herbal extracts
while minimizing systemic toxicity.

Despite significant progress in green nanomaterials for
environmental, sensing, and energy-related
applications, few studies have comprehensively
translated these sustainable fabrication principles into
optimized  nanoformulations  for  antidiabetic
phytomedicine. Therefore, developing an Artemisia
annua L.-based nanoemulsion through systematic
design and sustainable formulation principles
addresses both therapeutic and environmental
innovation gaps.

In this study, we developed and optimized an Artemisia
annua L.—loaded nanoemulsion using a 2* factorial
design. Tween 80, PEG 400, and Camelina sativa oil
were selected as critical formulation variables to
systematically assess their effects on particle size and
entrapment efficiency. The improved composition was
evaluated using droplet size analysis, zeta potential
(ZP) measurements, viscosity assessment, pH
determination, surface morphology examination, drug
release kinetics, and stability testing under accelerated
procedures.

Therapeutic potential was assessed by comparing the
optimized nanoemulsion with crude Artemisia annua
L. extract in streptozotocin-nicotinamide-induced
hyperglycemic Wistar rats. Antidiabetic effectiveness
was evaluated based on body weight, fasting blood
glucose, lipid profile, oxidative stress biomarkers, and
hepatic enzyme indicators. The quantitative results
were statistically analyzed to determine the relative
efficacy of the nanoemulsion versus the extract. By
integrating green nanotechnology concepts with
phytopharmaceutical ~ optimization, this  study
contributes to sustainable nanomedicine development
and provides a globally relevant platform for

improving plant-based therapies for metabolic
disorders.

Material and Method

Materials

Polyethylene glycol 400 (PEG 400), Tween 80,
Camelina sativa oil, and pectin were used as the
excipients. All chemicals and solvents were of
analytical grade and used without further purification.
Methods

Collection and Extraction of Plant Material
Artemisia annua L. powder was purchased from Agro-
Food Processing Emporium. Approximately 50 g of
powder was mixed with 500 mL of 70% ethanol (1:10
w/v) and subjected to ultrasonic-assisted extraction
using an ultrasonic probe (20 kHz, 750 W) operated at
50% amplitude in pulsed mode for 30 min while
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maintaining the temperature at 30-35 °C. The extract
was filtered and the residue was re-extracted under
identical conditions. filtrates were combined and
concentrated under reduced pressure at 40—45 °C using
a rotary evaporator to remove solvent. The resulting
extract was dried to semisolid consistency, weighed,
and stored at 4 °C in amber glass vials until use.
Qualitative Phytochemical Screening

The crude hydroalcoholic extract of Artemisia annua
L. was evaluated for the presence of major
phytoconstituents using standard phytochemical tests.
Alkaloids were identified using Dragendorff’s and
Mayer’s reagents, flavonoids using the Shinoda test,
saponins using the frothing test, tannins and phenolics
using ferric chloride solution, terpenoids using
Salkowski’s test, and glycosides using the Keller—
Killiani reaction. Preliminary screening identified the
presence of many bioactive compounds, such as
alkaloids, flavonoids, terpenoids, tannins, and
saponins, all of which are known for their
pharmacological effects, including antidiabetic and
anti-inflammatory activity 42326,

Preparation of Standard Calibration Curve of the
Extract in Ethanol

A stock solution was prepared by dissolving 100 mg of
Artemisia annua L. extract in 5 ml of ethanol and
adjusting the volume to 100 ml using the same solvent.
Various dilutions were prepared from this sample to
achieve concentrations between 10 pg/mL and 80
pg/ml. The solutions were examined using a UV
spectrophotometer to determine their maximum
absorbance wavelength (Amax). The absorbance of
each diluted sample was measured at Amax, and a
calibration curve was constructed with the
concentration (ug/ml) on the X-axis and absorbance on
the Y-axis. The linearity of the plot was validated
according to Beer’s law. The calibration graph was
then used to ascertain the concentration of the
medication released during the in vitro dissolution tests
2728

Determination of Extract—Polymer Compatibility
FTIR spectra of Artemisia annua L. extract and
excipients had been obtained using KBr pellet method
over 4000400 cm™'. DSC thermograms of the extract,
excipients, and their blends had been recorded in the
range of 30-350 °C under nitrogen purge 2°33.
Preparation
Nanoemulsion
Based on visual observations, such as transparency and
ZP, eight formulations were selected according to the
23 factorial design (Table 1) for the preparation of
Artemisia  annua  L.-loaded  pectin-stabilized

of Artemisia Annua L loaded

nanoemulsions. The formulations were prepared using
a high-energy emulsification technique by varying the
concentrations of Tween 80 (surfactant), PEG 400 (co-
surfactant), and Camelina sativa oil (oil phase) at two
levels. The aqueous phase was prepared by dissolving
pectin and methyl paraben in purified water and
preheating the mixture at 40-50°C. Separately,
Camelina sativa oil was slowly incorporated into Smix
(Tween 80/PEG 400) under continuous stirring,
followed by gradual addition of the pectin-containing
aqueous phase to obtain coarse emulsions. These
coarse emulsions were further processed by high-
pressure homogenization at 15,000 psi for 5-7 cycles,
producing nanosized droplets within the range of 20—
200 nm. Pectin served as a natural stabilizer, providing
interfacial protection and viscosity enhancement,
thereby improving droplet stability. Finally, the
nanoemulsions were cooled to room temperature and
stored in amber vials for subsequent evaluation 3¢,
Factorial Design
Design and optimization of formula with Artemisia
annua L.
A 23 full factorial design was employed using Design-
Expert® software to optimize the nanoemulsion
formulation containing Artemisia annua L. Three
independent  variables, surfactant concentration
(X1=18-24%), co-surfactant concentration (X2=6-
10%), and oil concentration (X3=5-7%), were selected
based on their potential impact on the formulation's
characteristics. The dependent variables used to
evaluate the performance were particle size (Y1) and
entrapment efficiency (Y2). Eight formulations were
generated to cover all combinations of the selected
factor levels, and each formulation was evaluated for
the defined responses. The experimental data were
statistically analyzed using ANOVA and model fitting
to determine the optimal conditions for achieving
minimal particle size and maximum entrapment
efficiency. The factorial design batches are listed in
Tables 1 and 2, respectively.

Table 1. Levels of variables for optimization

Sr. Factor Low level High
No. (%) Level (%)
Surfactant
1 18 24
(Tween 80)
Co-surfactant
06 10
(PEG 400)
3 Oil (Camelina 05 07

sativa oil)

Table 2. Factor level for 2° Full Factorial Designs
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Batch _ & X2:Co- — y3. 0il
Code Surfactant surfactant %)
(%) (%)
F1 24 6 7
F2 18 10 5
F3 24 6 5
F4 18 10 7
F5 18 6 7
Fé6 24 10 7
F7 18 6 5
F8 24 10 5
Properties of Nano-emulsion
Physical properties

The prepared nano-emulsion formulations were
carefully inspected visually to assess their color,
clarity, overall uniformity, and physical consistency to
ensure the quality and stability of the system.

Size Distribution and Size of Droplet

Droplet size was measured using PCS with a Zetasizer
(Malvern 1000 HS) by analyzing light scattering of
nanoemulsion (0.1 ml in 50 ml water) at 25°C and 90°
angle.

Zeta potential (ZP)

ZP refers to the overall net electrical charge carried by
the surface of droplets dispersed in a particular
medium. Understanding and measuring the ZP of a
nanoemulsion is essential, as it provides valuable
information about the electrostatic repulsion between
particles, and thereby helps in evaluating the physical
stability and shelf-life of the formulation during
storage.

Viscosity determination

viscosity of Nanoemulsion was measured using a
Brookfield viscometer with using spindle number 62 at
25°C. A sample volume of 30 ml was used and was
subjected to various rpm, for example, 5, 10, 20, 50,
and 100, and the rheological behavior of the disperse
system was examined by constructing a theological
gram of shear stress vs. shear stress rate.
Measurement of pH

Nanoemulsion pH was measured at 25°C using a
calibrated digital pH meter (with pH 4 and 7 buffers)
on a 10% w/w dispersion (1 g in 10 ml distilled water).
SEM

The surface morphology of the prepared nanoemulsion
was examined using scanning electron microscopy
(SEM, Carl Zeiss SEM equipped with Oxford EDX).
For the analysis, a small quantity of the nanoemulsion
was carefully placed onto Formvar-coated copper
grids, excess liquid was removed, and the sample was
allowed to dry before imaging.

In-vitro Release Study

In-vitro permeation studies were performed using a
Franz diffusion cell fitted with a dialysis membrane,
where the receptor compartment contained 25 ml of
phosphate buffer (pH 7.4). The entire setup was
positioned on a magnetic stirrer and continuous
agitation of the receptor medium was maintained with
magnetic beads at a speed of 100 rpm. The temperature
of the system was carefully regulated and maintained
at 37 £ 0.5 °C for the duration of the experiment to
simulate physiological conditions. The amount of oil
permeated was quantitatively estimated using a UV—
Visible spectrophotometer at a detection wavelength of
272 nm.

Kinetics of Drug Release

The in vitro drug release data were fitted to various
kinetic models to determine the drug release
mechanism. Zero-order kinetics were assessed by
plotting cumulative drug release versus time, whereas
first-order kinetics used the logarithm of the remaining
drug percentage against time. The Higuchi model
examines diffusion-controlled release by plotting
cumulative release against the square root of time. The
Korsmeyer—Peppas model involved plotting the
logarithm of cumulative release versus the logarithm of
time to calculate the release exponent (n) and further
characterize the mechanism.

Stability Study

stability of the optimized nanoemulsion was tested per
ICH guidelines for 3 months at 40+5°C and 70+5% RH
in amber glass bottles. After three months, the nano-
emulsion was tested for pH, ZP, and viscosity.

In vivo Antidiabetic Activity of Extract and
Optimized Nanoemulsion

Chemicals and Reagents

The drugs used were Artemisia annua extract (AAE)
and Artemisia annua Nanoemulsion (AAN). All
reagents and chemicals employed in this study were of
analytical grade. Streptozotocin (STZ), nicotinamide,
and metformin hydrochloride were purchased from
Sigma-Aldrich (USA). Diagnostic assay kits for blood
glucose, lipid profile, hepatic enzymes, and antioxidant
markers were obtained from Span Diagnostics (India)
and Thermo Fisher Scientific (USA), respectively. STZ
solutions were freshly prepared prior to administration
in cold 50 mM citrate buffer (pH 4.5) to preserve their
stability.

Experimental Animals

Adult male Wistar albino rats, weighing between 180
and 250 g, were procured from an institutional animal
breeding facility for use in this study. The animals were
maintained in clean polypropylene cages under well-
regulated laboratory conditions, including a controlled
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temperature of 25 + 2°C, relative humidity of
approximately 55%, and a standard 12-hour light/dark
cycle. They were provided free access to a balanced
pellet diet and drinking water throughout the
experimental period. The study protocol was approved
by the Institutional Animal Ethics Committee (IAEC)
following the guidelines prescribed by the Committee
for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) (Approval No.
10/IAEC-II/SLSRPL/2025).

Acute Oral Toxicity Evaluation

An acute oral toxicity study of AAE was performed in
female Wistar rats (n = 6) following OECD Guideline
423. Rats were fasted overnight, received a single oral
dose of 2000 mg/kg, observed for 24 h for immediate
toxicity, and monitored for 14 days for clinical signs,
body weight, food and water intake, and general health.
At the end of the study, necropsy of the major organs
(liver, kidneys, heart, lungs, and spleen) revealed no
pathological changes or mortality, indicating a wide
safety margin. Based on these results, therapeutic doses
of 100 and 200 mg/kg were selected for efficacy
studies.

Induction of Experimental T2DM

T2DM was induced in the rats after overnight fasting.
A single intraperitoneal injection of nicotinamide at a
dosage of 120 mg/kg body weight was administered,
followed 15 min later by streptozotocin (65 mg/kg
body weight) freshly dissolved in cold citrate buffer
(pH 4.5). To avert acute hypoglycemia post-induction,
the animals were administered a 10% sucrose solution
for the first 24 h. Seventy-two hours after induction,
fasting blood glucose levels were assessed using a
glucometer, and animals exhibiting glucose
concentrations of > 200 mg/dL were designated as
diabetic and chosen for further experimental
treatments.

Experimental Design and Treatment Protocol
Following successful induction of diabetes, the animals
were randomly allocated into five experimental groups
(n = 6 per group) (Table 3), as outlined below:

Table 3. Experimental groups and treatment regimen

G D ot Treatment
rou escripio Induction Administere
P n

d
0
Normal 1% gl.lm
| No acacia
Control )
(vehicle)
TZ + 19
Diabetic 12" /o gum
11 Nicotinamid acacia
Control )
e (vehicle)

Standard STZ + .
.. . Metformin
I Drug Nicotinamid 100 me/k
Group e gxe
STZ +
v AAE (Low Nicotinamid 100 mg/kg
Dose) . b.w.
AAE STZ +
200 mg/k
v (High  Nicotinamid meke
b.w.
Dose) e
STZ +
VI AAN  Nicotinamid 200 m&/ke
. b.w.

All therapies were administered orally once daily by
oral gavage for 21 consecutive days. Fasting blood
glucose levels and body weight were assessed on days
0, 7, 14, and 21 of the treatment intervals.
Biochemical and Oxidative Stress Evaluation

At the end of the study, the animals were fasted
overnight and anesthetized for blood collection via the
retro-orbital plexus. Serum was separated by
centrifugation and analyzed for biochemical and
oxidative stress markers. Lipid profile parameters
included total cholesterol (TC), triglycerides (TG),
HDL-C, LDL-C, and VLDL-C, while liver function
was assessed using SGOT/AST and SGPT/ALT levels.
Antioxidant and oxidative stress status were evaluated
by measuring the levels of superoxide dismutase
(SOD), catalase, malondialdehyde (MDA), and
reduced glutathione (GSH). All analyses were
performed using standard spectrophotometric methods,
following the validated manufacturer’s protocols.
Statistical Analysis

All data are presented as mean =+ standard error of the
mean for each experimental group, with a sample size
of six (n = 6). Statistical comparisons between groups
were conducted using one-way ANOVA, followed by
Tukey’s post hoc multiple comparison test to evaluate
inter-group differences. Differences were considered
statistically significant at a p-value of less than 0.05.
Results and Discussion

Physical Characterization and Evaluation of
Extract

Hydroalcoholic extraction yielded a 12.8% w/w
semisolid extract, indicating the effective recovery of
phytoconstituents using ultrasonic-assisted extraction.
The moderate yield reflects the efficient extraction of
both polar and moderately nonpolar compounds,
consistent with the solvent system employed.
Ultrasonication likely enhances solvent penetration
and cellular disruption, facilitating improved mass
transfer. The brownish-green appearance further
supported the presence of chlorophyll derivatives,
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flavonoids, and phenolic compounds, which are widely
associated with antioxidant and antidiabetic activities.
Qualitative Phytochemical Analysis

Phytochemical screening confirmed the presence of
flavonoids, phenolics, terpenoids, alkaloids, tannins,
saponins and glycosides (Table 4). Collectively, these
bioactive classes justify the therapeutic relevance of
Artemisia annua. Flavonoids and phenolic compounds
contribute to antioxidant activity and enzyme
inhibition (o-amylase/a-glucosidase), whereas
terpenoids may enhance insulin sensitivity. The
detection of multiple secondary metabolites supports a
multi-target pharmacological mechanism, which is
advantageous for managing multifactorial disorders
such as T2DM. The absence of steroids reduces
concerns regarding the steroid-associated metabolic
effects.

Table 4. Qualitative phytochemical screening of
Artemisia annua L. hydroalcoholic extract

Phytochemic Test Observati  Resu
al Class Performed on It
Mayer’s, Orange-red
Alkaloids Dragendorf precipitate, ++
f’s cream ppt
Shinoda, 1K tored
Flavonoids Alkaline coloration, ++
reagent yellow
color
Ferric
. Blue-black
Tannins chloride, coloration, +
Lead white ppt
acetate
Stable
Saponins Froth test persistent ++
froth
. Keller— Brown ring
Glycosides Killiani at interface -
Reddish-
Terpenoids Salkowski brown +
layer
Steroids Liebermann  No color B
—Burchard change
Phenolic Ferric Bluish-
compounds chloride greer} i
coloration
Carbohydrat Molisch’s Vi.olet ring .
es at interface
No
Proteins & Biuret, violet/purp
amino acids  Ninhydrin le -
coloration

These phytoconstituents may contribute to the
antidiabetic potential of the extract. Flavonoids and
phenolic compounds are known to inhibit a-amylase
and a-glucosidase, thereby reducing postprandial
glucose levels and exerting antioxidant effects that
protect the pancreatic B-cells from oxidative stress.
Terpenoids may enhance insulin sensitivity and
peripheral glucose utilization, whereas alkaloids,
tannins, and saponins are associated with modulation
of glucose metabolism and delayed carbohydrate
absorption. The combined presence of these bioactive
compounds supports the therapeutic relevance of this
extract in diabetes management.

UV Spectroscopy

The UV—Visible spectral analysis of Artemisia annua
L. extract was performed over a scanning range of 200—
400 nm to identify its characteristic absorption
maxima. The spectrum exhibits a prominent absorption
peak at 275 nm (Figure 1), which is typically associated
with the n—n* electronic transitions of aromatic rings
and conjugated systems present in phenolic and
flavonoid compounds. The presence of this well-
defined Amax confirmed the abundance of
chromophoric phytoconstituents in the extracts.

The detection of a single sharp absorption maximum
also indicates minimal spectral interference and
supports the suitability of 275 nm as the analytical
wavelength for subsequent quantitative estimation
during calibration and in vitro release studies. The
observed Amax is consistent with previously reported
spectral characteristics of Artemisia annua, thereby
validating the identity and stability of the extract used
in formulation development.

1.2

1.0

o8

0.6

Absorbance

0.4

0.2

0.0

200 225 250 375 355 350 375 200

360
Wavelength (nm)

Figure 1. UV spectrum of Artemisia Annua L
Standard calibration curve
A standard calibration curve of the A. annua L. extract
was constructed over a concentration range of 10—-80

pg/mL to validate the analytical method for
quantitative estimation. The absorbance values
increased  proportionally ~ with  concentration,

demonstrating a clear linear relationship within the
selected range, and confirming adherence to Beer—
Lambert’s law.

As shown in Table 5, the mean absorbance values
progressively increased from 0.121 = 0.02 at 10 pg/mL
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to 0.828 = 0.03 at 80 pg/mL. The relatively low
standard deviation at each concentration level indicated
good precision and minimal instrumental variability.
The near-uniform increase in absorbance between
successive concentrations confirms the sensitivity and
reliability of the method across the working range.
The linear profile illustrated in Figure 2 further
supports the robustness of the calibration model and
validates its suitability for the accurate quantification
of extract concentration during in vitro release and
formulation analysis. Overall, the calibration data
confirm that the developed spectrophotometric method
is precise, reproducible, and appropriate for the
analytical applications in this study.

Table 5. Standard calibration curve of Artemisia
Annua L in Ethanol

S Mean
r Concentra Absorba
tion nce
N (ng/ml) (n=3; £
0 SD)
1 0 0
2 10 0.121+0.02
3 20 0.241+0.04
4 40 0.474+0.06
5 60 0.697+0.06
6 80 0.828+0.03
Calibration Curve in Ethanol
08 ! ¥ =0.0106x+ 0022
; e
Absorbance 8; ATV e Absorbance
gf [/ ——Linear (Absorbance)
o1 A

Figure 2. Standard calibration curve of Artemisia
Annua L in Ethanol

Determination of drug-polymer compatibility
FTIR Spectroscopy

The FTIR spectra (Figure 3) of Artemisia annua L.
extract, PEG-400, Tween-80, Camelina sativa oil,
pectin, and their physical mixture were analyzed to
assess the functional groups and compatibility.
Artemisia annua L. exhibited a broad band around
3400 cm™ corresponding to O—H stretching of phenolic
and alcoholic groups, peaks at 2920-2850 cm™ due to
aliphatic C—H stretching, a sharp band near 1730 cm™
attributed to carbonyl stretching of terpenoids and
flavonoids, and characteristic C=C aromatic stretching
around 1600-1500 cm™, along with C—O—C vibrations

in the fingerprint region (1200-1000 cm™). PEG-400
showed a broad O-H band at 3400 cm, C-H
stretching bands at 2880-2860 cm™, and strong C—O—
C stretching near 1100 cm™. Tween-80 displayed O-H
stretching, C-H stretching, a strong ester carbonyl
band at 1735 cm™, and ether linkages around 1100

BN A
iy it w 1 AP &
VY
1l NS M\
g Camelina sativa oil \] U\/ A
Mr\»eenrsow\ — M JW e /w 1

PEG-400

Artemisia Annua L.

4000 3600 3000 2500 2000 1500 1000 500
Wavenum bers (cm- 1)

Figure 3. FTIR spectra of Extracts, Excipients and
Physical Mixture
Camelina sativa oil showed prominent C—H stretching

at 2925 and 2855 cm™, a sharp ester carbonyl band at
1740 cm™, CH2/CHs bending peaks at 1460-1370
cm™, and C-O stretching vibrations at 1160-1090
cm!, confirming triglyceride structure. Pectin
exhibited a broad O-H band near 3400 cm™, C-H
stretching at 2920 cm™, a strong esterified carbonyl
band at 1730 cm™, COO~ asymmetric stretching at
1600 cm™, and glycosidic C—O—-C peaks between 1015
and 1050 cm™. The physical mixture retained all
characteristic peaks of the individual components
without significant shifts or disappearance, indicating
the absence of chemical interactions and confirming
the compatibility between Artemisia annua extract and
the selected excipients.

Differential Scanning Calorimetry

The DSC thermograms (Figure 4) of Artemisia annua
L. extract, PEG-400, Tween-80, Camelina sativa oil,
pectin, and their physical mixture showed distinct,
component-specific endothermic events and no
appearance of new thermal events, indicating physical
compatibility. The extract exhibited a sharp endotherm
at 98.5°C (likely loss of adsorbed water and/or
melting/softening of low-molecular-weight
phytoconstituents), which is retained in the physical
mixture with a minor up-shift to 99.1°C, suggesting
only weak physical interactions (e.g., hydrogen
bonding or miscibility) rather than chemical reactions.
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Figure 4. DSC graph of Extracts, Excipients and
Physical Mixture

Tween-80 shows an endotherm near 118°C and a
higher thermal event at 268-269°C. PEG-400 displays
a major thermal transition at 250°C, Camelina sativa
oil presents a broad endotherm centered 230°C
(consistent ~ with  triglyceride = melting/thermal
rearrangement), and pectin exhibits an endotherm near
238-239°C attributable to depolymerization/thermal
decomposition of the polysaccharide. In the physical
mixture, the higher-temperature events were retained
with slight broadening, confirming the thermal stability
of the components and the absence of chemical
incompatibility or new compound formation.
Preparation of Artemisia Annua L
Nanoemulsion
Based on visual observations, such as transparency and
ZP, eight formulations were selected according to the
23 factorial design (Table 6) for the preparation of

loaded

Artemisia Annua L-loaded nanoemulsions.
Formulation Design
Table 6. Factor level for 2° Full Factorial Designs

X3

Bate v x2:0- ¢ VEOYE
h . Partic %E

Cod Surfacta surfacta oil e I
nt (%) nt (%) (;/0 (m) (%)
F1 24 6 7 119.6  85.7
F2 18 10 5 1534 719
F3 24 6 5 131.8 79.6
F4 18 10 7 1412  77.8
F5 18 6 7 146.5 75.4
Fé6 24 10 7 1129 89.2
F7 18 6 5 158.1  69.7
F8 24 10 5 126.7 83.5

Table 6 presents the two factors at the lower, middle,
and upper levels for both the coded and actual values.

Responses Y1 and Y2 ranged from 112.9-158.1 d.nm
and 69.7-89.2%, respectively. All responses from the
nine prepared formulations were best described by the
main effects model, as determined using Design
Expert® software. The R?, SD, and %CV values along
with the regression equations for each response are
provided in Tables 7 and 9. The ANOVA results
(Tables 8 and 9) confirmed the significance of the
model for all dependent variables. Independent
variables X1, X2, and X3 positively influenced %EE,
resulting in the desired nano-emulsion particle size.
Table 7. Summary of results of regression analysis
for responses Y1 and Y2

Respo
nse
Adjust Predict %C
2
Model = R* 4R er P v
s Main
Effect
0.99 0.65 0.48
Y1) 01 0.9983  0.9962 05 40
0.99 0.50 0.64
(Y2) 68 0.9944  0.9871 ”7 31

Regression Equations

Y1= +136.38-13.52°A-2.73 B+6.23 C --------mrmmmmm-
&)

Y2= +79.10+5.40°’A+1.50B-2.92" C
(10)

Model Assessment

The experimental data were analyzed using Design-
Expert® software to evaluate the suitability of the
statistical model for predicting the formulation

responses. The Fit Summary analysis identified the
Main Effect Model as the most appropriate for both
particle size (Y1) and entrapment efficiency (%EE,
Y2). The ANOVA results presented in Tables 8 and 9
confirm the statistical significance of the developed
models, with p-values < 0.0001 for both responses,
indicating a strong model reliability and predictive
capability.

For particle size (Table 8), the model F-value (1404.46)
and extremely low p-value (< 0.0001) demonstrated
that the model terms were highly significant. Among
the independent variables, surfactant concentration (A)
exerted the most pronounced influence (F = 3364.15),
followed by oil concentration (C), and co-surfactant
(B). The very low residual sum of squares (1.74)
indicated minimal unexplained variation, confirming a
good model fit and low experimental error.

Similarly, for entrapment efficiency (Table 9), the
model was highly significant (F =411.88, p <0.0001).
The surfactant concentration again showed the
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strongest effect (F = 901.57), highlighting its critical
role in improving drug incorporation within
nanoemulsion droplets. Oil concentration also
significantly influenced %EE (F = 264.52), while the
co-surfactant contributed moderately but significantly
(p = 0.0011). The low residual value further confirms
the adequacy of the model.

The regression equations indicate that variations in
formulation variables directly impact the response
magnitude, with surfactant concentration being the
dominant factor affecting both droplet size reduction
and entrapment enhancement. Overall, statistical
analysis confirmed that the factorial design approach
effectively optimized the formulation and reliably
predicted the influence of critical process parameters
on nanoemulsion performance.

Table 8. Results of Analysis of Variance for
Measured Response (Particle Size)
Sum Mea

Sourc of d n F- p-
valu val
e Squ f Squ
(3 ue
ares are
1832 610. 1404
Model 3 ' 0.0
81 4 4
8 ? ° o1
A 463 1463 3364
Surfac 1 0.0
40 40 15
tant 001  Signifi
B-Co-
Suff:c 94 | 594 136 00 cant
0 0 56 003
tant
310 310, 712,
C-0il T ' " 00
1 ]
0 0 66 4o
Resid 0.43
174 4
ual 7 50
Cor 1834 7
Total .55

Table 9. Results of Analysis of Variance for
Measured Response (%EE)

Sum Mea
F- P-
of d n
Source val val
Squa f Squ
ue ue
res are
< Signifi
319. 106. 411.
Model .
ode 7 3 57 28 0.00 cant
01
A- <
233. 233. 1.
Surfac 23 ; 1 23 ; 9507 0.00
tant 01

B-Co-
Suffzc 180 | 180 695 0.00
0 o 7 11
tant
68.4 684 264,
C-0il o %% " 0.00
4 4 5
01
Residu 0.25
104 4
al 0 88
Cor 320. 7
Total 76

Response Surface Plot Analysis

Particle size is a critical determinant of PNs and affects
both the release and absorption of the extract. Smaller
particles provide an increased surface area, thereby
improving extract absorption and bioavailability. The
polydispersity index (PDI), derived from the mean
particle size, solvent refractive index, measurement
angle, and distribution variance, signifies population
uniformity; a low PDI denotes strong homogeneity,
while a high PDI shows diverse or numerous size
distributions. The 3D response surface map (Figure
5A) indicated that the nanoemulsion batch with the
smallest particle size was the recommended optimal
formulation. The investigation demonstrated that an
elevated oil content (X3 = 7%) resulted in an enlarged
particle size (F7:158.1 nm), whereas an adequate
surfactant concentration (F6) preserved a smaller size
(112.9 nm), underscoring the critical function of the
surfactant in regulating droplet dimensions.

From the 3D response surface plot (Figure 5 B), In
terms of entrapment efficiency (Y2), the 3D plot
indicates that the prepared nanoemulsions exhibited
entrapment efficiency values between 69.7% and
89.2%. The results revealed that increasing the
surfactant (Tween 80) and co-surfactant (PEG 400)
concentrations significantly reduced droplet size while
improving entrapment efficiency. This can be
attributed to the enhanced interfacial stabilization and
increased solubilization of the Artemisia annua extract.
Among the tested formulations, Batch F6 (24% Tween
80, 10% PEG 400, 7% Artemisia) showed the lowest
particle size (112.9 nm) and highest %EE (89.2%),
thereby representing the optimized formulation
suitable for further evaluation.

A)
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Figure 5. Response surface plots for X1, X2 and X3 on

mean particle size of 112.9 nm with PDI of 0.534, as
shown in Figure 8.

A)

B)

Figure 6. Contour plots for X1, X2 and X3 on A)
Mean Particle Size (Y1) and B) %EE (Y2).
Figure 6 illustrates that the contour plots in QbD are
graphical representations that depict the relationship
between CQAs and CPPs. These plots are useful for
visualizing the design space and understanding how
changes in the process parameters may affect product
quality. Both indicate a flat contour and that the critical
quality attribute is relatively insensitive to changes in
the associated process parameters within that region.
This suggests a robust design space in which variations
in these parameters are less likely to affect product
quality. Both responses showed optimized results in the

design space.

Characterization of Nanoemulsion

Physical Characterization

The nanoemulsions were visually inspected for color,
clarity, uniformity, and consistency. All nanoemulsion
batches (F1-F8) exhibited a consistent physical
appearance characterized by a transparent, slightly
white coloration. None of the formulations showed any
signs of phase separation, which indicated good
physical stability. However, all batches were
heterogeneous, as shown in Figure 7.

Figure 7. Physical Characterization
Droplet Size and Size Distribution
Particle size in nanoemulsions (NEs) is crucial, as it

influences drug release and absorption; smaller
particles provide a larger surface area, enhancing
bioavailability. The polydispersity index (PDI), which
includes the mean size, solvent refractive index,
measurement angle, and distribution variance, reflects
particle uniformity; low PDI indicates high
homogeneity, while a high PDI suggests a wider size
range. The optimized formulation (F6) exhibited a

Results
Size (d.nm): St Dev (d.n...
Peak1: 1156 100.0 1135

% Intensity:
Z-Average (d.nm): 112.9

Pdl: 0534 Peak2:  0.000 00 0.000
Intercept: 0.962 Peak3:  0.000 00 0.000

Result quality : Good

Size Distribution by kntensity

Intensty (Percert)
88 s 88
38 8 3

3

o

10 100 1000 10000
Size (d.nm)

[F——_Record 1085: F6 Batch ]

Figure 8. Particle size of F6 formulation

p

The ZP of the optimized drug-loaded nanoemulsion
(F6) was found to be —27.7 mV (Figure 9). This value
indicates adequate electrostatic repulsion between the
dispersed droplets, which helps to prevent aggregation
and coalescence during storage. In colloidal systems,
ZP wvalues approaching +30 mV are generally
considered indicative of good physical stability;
therefore, the observed negative surface charge
suggests a stable nanoemulsion system.

Results

Mean (mV) Area (%) St Dev (mV)
Peak1: -27.7 100.0 7.28
Peak2: 0.00 0.0 0.00

Peak 3: 0.00 0.0 0.00

Zeta Potential (mV): -27.7
Zeta Deviation (mV): 7.28
Conductivity (mS/cm): 0.170

Result quality : Gc

Zeta Potential Distribution

)

/

-100 o 100 200
Apparent Zeta Potential (mV)

400000

Total Counts

[E=——_Record 10867:F6 Batch Zeta ]

Figure 9. ZP of F6 formulation
Viscosity determination
The viscosity (Table 10) of the optimized
nanoemulsion batch (F6) was evaluated using a
Brookfield viscometer at varying spindle speeds to
assess its rheological behavior. The results
demonstrated shear-thinning behavior, where viscosity
decreased with increasing shear rate, indicating non-
Newtonian flow characteristics. At 10 RPM, the
viscosity was highest at 78.45+0.42 cP with a torque
of 22.10%, which progressively decreased to
64.15+0.33 cP at 50 RPM with a torque of 30.95%.
Among all formulations, F6 exhibited the highest
viscosity, suggesting better structural integrity and
stability under low-shear conditions.
Table 10. Viscosity of Optimized batch of
Nanoemulsion (F6)
Speed (RPM) Viscosity(cP)
10 78.45+0.42

Torque (%)
22.10
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20 75.63+0.35 39.85
30 71.92+0.29 37.40
40 69.48+0.41 34.22
50 64.15+0.33 30.95

Measurement of pH

The pH values of the nanoemulsion formulations F1 to
F8 were found to range between 6.18+0.02 and
7.02+0.04, as presented in Table 11. These values fall
within the normal pH range of the human skin (5-7),
indicating that the formulations are unlikely to cause
skin irritation. Among all formulations, F6 exhibited
the highest pH (7.02 + 0.04), while F5 had the lowest
(6.18+0.02). Overall, the pH values confirmed that all

In-vitro Release Study of Nano-emulsion

The in-vitro drug release of the Artemisia Annua L-
loaded F6 nanoemulsion was assessed using a Franz
diffusion cell (Figure 11). As detailed in Tables 12 and
13, F6 showed a maximum release 98.78+2.59%. The
study was performed in phosphate buffer saline (PBS,
pH 7.4) at 37°C with a 60-minute dialysis period. Drug
release was measured using a UV-visible
spectrophotometer. An initial burst release was
observed, likely due to the small particle size offering
a greater surface area and drug diffusion from the outer
layer of the nanoemulsion.

Table 12. Formulation of F6

Ingredients Quantity
the prepared nanoemulsion formulations were No.
dermatologically suitable and safe for topical 1 Artemisia Annua L 50 mg
application. 2 Surfactant (Tween 80) 24%
Table 11. Characterization of Nanoemulsion 3 Co-surfactant (PEG 400) 10%
Formulation code pH value 4 Oil (Camelina sativa oil) 7%
F1 6.88+0.03
F2 6.61+0.02 Table 13. In-vitro release profile of Nano-emulsion
F3 6.90£0.01 Sr. Time (Hours) Nano-emulsion (F6)
F4 6.49+0.03 No.
FS 6.18+0.02 1 0 0
Fé6 7.02+0.04 2 1 8.83£1.59
F7 6.52+0.02 3 2 15.16£2.18
F8 6.60+0.03 4 3 28.27+1.91
5 4 44.81+£2.21
Surface Morphological Study 6 6 61.71+2.61
The surface morphology of the optimized 7 8 73.86+2.60
nanoemulsion formulation (F6) was analyzed using 8 10 84.12+2.55
SEM, as shown in Figure 10. The image reveals that 9 12 98.78+2.59
the droplets were uniformly spherical in shape with %CDR F6
smooth surfaces, indicating a well-formed and stable -
nanoemulsion structure. The observed particle sizes in 80 //
the image range from 50.8 nm to 159.7 nm, closely Absorbancs // —el9iCDR
aligning with the average droplet size of approximately "
200 nm. However, based on dynamic light scattering or Fd 8 e 2 B

other size measurement techniques, the average
particle size of formulation F6 was found to be
112.9 nm, confirming its nanoscale dimensions.

det HV mag | spot| WD

TD [30.00 kV | 2500 x| 4.0 [11.1 mm

Figure 10. SEM image of F6 formulation

Figure 11. In-vitro drug release study of F6

Kinetics Study

The release kinetics of the F6 formulation are listed in
Table 14 and shown in Figure 12. The in vitro results
of the Artemisia annua L-loaded F6 nanoemulsion
were evaluated using several kinetic models. The
formulation demonstrated excellent linearity with zero-
order kinetics (R? = 0.9735), indicating regulated drug
release over 12 h. The Higuchi model (R? = 0.9448)
demonstrated linearity, indicating diffusion-controlled
release. The improved F6 formulation exhibited zero-
order release kinetics and was most closely aligned
with the Higuchi model.
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Table 14. R? values of various Kinetic Models

Kinetic Model R? Value (F6)
Zero order 0.9735
First order 0.7918

Higuchi 0.9448
Korsemeyer Peppas 0.8785
F6 Zero Order
120
o // TR0
%CDR Zg = -
20 / —— Linear (F6)
0 0 5 1‘0 15
Time (Hours)

F6 Korsmeyer-Peppas Equation

Figure 12. Kinetics of F6.
Stability Study
The optimized nanoemulsion (F6) was subjected to
accelerated stability testing for three months under
specified temperature and humidity conditions to
evaluate its physicochemical robustness. The results
presented in Table 15 indicate that the formulation
maintained consistent characteristics throughout the
study period, thereby confirming its stability.
The pH values showed only minor fluctuations,
ranging from 7.02 + 0.04 initially to 6.90 + 0.08 at the
end of three months. These small variations remained
within acceptable limits and suggested the absence of
chemical degradation or hydrolytic instability.
Similarly, viscosity values remained relatively constant
(78.45 £+ 0.42 cps initially to 78.38 + 0.44 cps at three
months), indicating preservation of the internal
structural integrity and rheological behavior of the
nanoemulsion system.
The zeta potential showed minimal variation from —
27.7 + 0.0l mV to —26.96 = 0.07 mV, demonstrating
sustained electrostatic stabilization and absence of
significant droplet aggregation. The maintenance of a
sufficiently high negative surface charge throughout
the storage confirms colloidal stability. Overall, the
negligible changes observed in pH, viscosity, and zeta
potential over the three-month period demonstrated
that the optimized nanoemulsion (F6) possessed good
physical stability under accelerated conditions,

supporting its suitability for further pharmaceutical
development.
Table 15. Stability analysis of the parameters of the
improved formulation (F3)

Parame Initial 1%t 2nd 3rd
ters Month Month Month Month
pH 7.02+40. 6.87+£0. 7.00£0. 6.90+0.

04 04 07 08

Viscosit 78.45+  78.88+ 77.76=  78.38+

y (cps) 0.42 0.45 0.34 0.44
(:157) 27.7£0. 2711+ 27.55+ 26.96+
01 0.04 0.06 0.07

In vivo Antidiabetic Activity of Extract and
Optimized Nanoemulsion

Effect of AAE and AAN on Body Weight in Diabetic
Rats

Repeated-measures mixed-model analysis
demonstrated a substantial significant impact of group.
(p < 0.001), day (p < 0.001), and a significant Group
21 Day interaction, indicating differential weight
changes across the treatment groups. Post-hoc Tukey
tests at Day 21 showed that the diabetic control group
had significantly lower body weight than the normal
controls (—69.9 g, p < 0.001). Treatment with
metformin (25.8 g higher vs diabetic, p <0.001), AAE
200 mg/kg (+55.6 g, p < 0.001), and AAN 200 mg/kg
(+61.6 g, p <0.001) significantly restored body weight
compared with diabetic rats. On Day 21, AAN 200
mg/kg also differed significantly from AAE 200 mg/kg
(+6.0 g, p < 0.05), suggesting superior efficacy of the
nanoemulsion formulation (Figure 13).

Body weight over time (mean + SEM)
350

e

;;;;;

Body weight (g)

AAE100
m AAE200

- AAN200

m Diabetic | I B
= Metformin

= Normal

Figure 13. Impact of AAE and AAN on body weight
in STZ-nicotinamide—induced diabetic rats over 21
days. Data are expressed as mean + SEM (n = 6).
Groups included Normal control, Diabetic control,
Metformin (100 mg/kg), AAE (100 & 200 mg/kg), and
AAN (200 mg/kg). One-way ANOVA with Tukey’s
post hoc test was used for statistical analysis. Red stars
denote significance versus Diabetic control (*p < 0.05,
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*p < 0.01, ***p < 0.001); blue stars denote
significance versus Normal control.

Effect on Fasting Serum Glucose Levels
Mixed-model analysis confirmed the significant group,
time, and interaction effects (p < 0.001). On Day 21,
diabetic rats had markedly elevated glucose levels
compared with normal controls (+165.4 mg/dL, p <
0.001). Metformin significantly reduced glucose levels
relative to diabetic controls (—123.5 mg/dL, p <0.001).
AAE 200 mg/kg (-118.9 mg/dL, p < 0.001) and AAN
200 mg/kg (—126.1 mg/dL, p < 0.001) produced robust
reductions in fasting glucose levels. AAN 200 mg/kg
achieved glucose-lowering that was statistically
indistinguishable from metformin (difference = +2.6
mg/dL, p > 0.05). AAE 100 mg/kg showed a partial
reduction compared with diabetic controls (-105.2
mg/dL, p <0.001), but remained higher than metformin
and nanoemulsion treatments (Figure 14).

Fasting glucose over time (mean + SEM)
AAE100

- 200 T .
250 mm aan200 [ ]
= Diabetic

Metformin

= Normal

Fasting glucose (mg/dL)

0 7 14 21

Figure 14. Impact of AAE and AAN on fasting blood
glucose in diabetic rats over 21 days. Values are mean
+ SEM (n = 6). One-way ANOVA with Tukey’s post
hoc test was applied; red stars denote significance
versus Diabetic control, blue stars versus Normal
control.

Effect on Biochemical and Oxidative Stress

Lipid profile (Day 21)

One-way ANOVA revealed significant group
differences for all lipid parameters: TC (F=155.5, p <
0.001), TG (F=220.8, p <0.001), HDL (F=65.6, p <
0.001), VLDL (¥ = 117.2, p < 0.001), and LDL (F =
133.2, p <0.001). Diabetic rats displayed pronounced
dyslipidemia (1TC, 1TG, tVLDL, tLDL, |HDL)
compared to normal controls. Treatment with
metformin, AAE 200 mg/kg, and AAN 200 mg/kg
significantly reduced TC (-51.9, —36.0, and —43.0
mg/dL vs diabetic, respectively; all p <0.001) and TG
(-=67.0, —46.0, —55.0 mg/dL; all p < 0.001). HDL was
significantly improved by AAE 200 and AAN 200
(+13.0 and +15.0 mg/dL vs diabetic, respectively; p <
0.01). AAN 200 produced numerically greater
reductions in LDL (—40.6 mg/dL vs diabetic, p <0.001)

compared with AAE 200 (-30.6 mg/dL, p < 0.001)
(Figure 15).

TC-Day 21
= I [~

B)

VDL - Day 21,

| . &
0 =
n

o AACION  AALZI0  AANZOD Toimal— Debelic  Metiorn
©) (D)
]

it
(E)

Figure 15. A) Total serum cholesterol levels (mg/dL);
B) Serum triglyceride levels (mg/dL); C) Serum HDL
cholesterol levels (mg/dL); D) Serum VLDL
cholesterol levels (mg/dL); E) Serum LDL cholesterol
levels (mg/dL) on Day 21. Values are shown as mean
+ SEM (n = 6). Significance of stars: red indicates
Diabetic, blue indicates Normal.

Oxidative stress and antioxidant markers (Day 21)
The ANOVA indicated significant group effects for all
parameters: SOD (F'=2.8, p=0.035), MDA (F=19.1,
p <0.001), CAT (F=29.4, p <0.001), and GSH (F =
4.0, p = 0.006). Diabetic rats showed decreased
antioxidant enzyme activities (SOD, CAT, and GSH)
and elevated MDA levels compared to normal controls.
Metformin significantly restored SOD (+3.5 U/mL vs
diabetic, p <0.001), CAT (+18.9 U/mg, p <0.001), and
GSH (+2.7 mg/dL, p <0.001), while lowering MDA (—
4.0 nmol/mL, p < 0.001). AAN 200 mg/kg produced
significant improvements in all markers compared with
diabetic controls ( CAT +15.1 U/mg, p <0.001; MDA
—=3.1 nmol/mL, p < 0.001), with effects approaching
those of metformin. AAE at 200 mg/kg showed
moderate but significant antioxidant restoration
(Figure 16).
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50D - Day 21

MDA - Day 21

©) (E)

Figure 16. A) Superoxide dismutase (SOD) activity
(U/mL); B) Malondialdehyde (MDA) concentration
(nmol/mL); C) Catalase (CAT) activity (U/mg
protein); D) Reduced glutathione (GSH) levels
(mg/dL) on Day 21. Values represent mean + SEM (n
= 6). Significance: red = vs Diabetic, blue = vs Normal.
Liver function enzymes (Day 21)

Significant differences among the groups were
observed for SGOT (£ = 100.5, p <0.001) and SGPT
(F = 597.6, p < 0.001). Diabetic rats had elevated
SGOT (+34.9 U/L vs normal, p < 0.001) and SGPT
(+57.9 U/L, p < 0.001). Metformin, AAE 200, and
AAN 200 significantly reduced both enzymes
compared to diabetic controls (SGPT reductions: —
46.2,-23.1,and —33.9 U/L, respectively; all p <0.001).
Among the treatments, AAN 200 achieved greater
normalization of SGOT/SGPT than AAE 200 (Figure
17).

SGOT - Day 21 SGPT - Day 21

) (B)

Figure 17. A) Serum glutamate oxaloacetate
transaminase (SGOT) activity (U/L); B) Serum
glutamate pyruvate transaminase (SGPT) activity
(U/L) on Day 21. Values are shown as mean = SEM
(n=6). Red stars indicate relevance in comparison to
Diabetic, whereas blue stars indicate significance in
comparison to Normal.

Conclusion

This study successfully developed and optimized an
Artemisia annua L.-loaded nanoemulsion using a 23
factorial design to overcome the limitations of the
crude extract. The optimized formulation (F6)
exhibited nanoscale particle size (112.9 nm), high
entrapment efficiency (89.2%), acceptable zeta
potential (—27.7 mV), controlled drug release (98.78%

over 12 h following Higuchi kinetics), and stability
under accelerated conditions for three months.
Biological evaluation demonstrated significant
reduction in fasting blood glucose (—126.1 mg/dL),
improvement in body weight, favorable modulation of
lipid profile parameters, enhancement of antioxidant
markers (SOD, CAT, GSH), reduction of MDA levels,
and decreased elevated liver enzyme levels compared
to the crude extract. These findings confirm that
nanoemulsion-based delivery improves both the
physicochemical characteristics and biological
performance of Artemisia annua extracts. However,
this study was limited to preclinical evaluations in an
experimental animal model and short-term stability
assessments. Long-term safety, pharmacokinetic
profiling, and clinical validation in human subjects
have not been performed. Future research should focus
on extended stability studies, detailed bioavailability
and pharmacokinetic investigations, dose-optimization
studies, and large-scale clinical trials to validate the
therapeutic efficacy and safety. Additionally, scaling-
up strategies and regulatory evaluations should be
explored to facilitate their translation into practical
pharmaceutical applications. Overall, the optimized
nanoemulsion represents a promising formulation
strategy for enhancing plant-based therapeutic
interventions in type 2 diabetes management.
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