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Active compounds from annatto seeds were extracted
using alcoholic solvents (ethanol) and synthesized
with chitosan nanoparticles (CsNPs) to analyze their
properties and antibacterial activity. The annatto seed
extracts yielded 4.3% of the powder. The CsNPs were
synthesized via ion coagulation which is simple and
does not require harsh chemicals. The particle sizes
ranged from 39.48 to 43.48 nm. UV-Vis analysis
showed an absorption peak at 214 nm for the annatto
extract/ chitosan nanoparticles (A EX/CsSNPs),
indicating their formation by the surface plasmon
resonance (SPR) phenomenon. The presence of
functional groups such as alcohols, phenols, and
alkaloids in the extract and nanoparticles was
confirmed. Heightened intensity of the amide peak of
1580-1650 cm™ in the nanoparticles was also shown,
indicating the interaction of the bioactive compounds
with chitosan. The nanoparticles exhibited two peaks
at angles of 19.9° and 23.7°, confirming their
crystalline structure. Lower peak intensity was
observed upon incorporation of the extract, indicating
increased flexibility of the polymer chains.
Microscopic images revealed nanoparticles of sizes
39.48-43.48 nm with rough surfaces, which may
enhance interaction with biological targets. The
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alcoholic extract (A Ex) showed activity against
bacteria such as E. coli and S. aureus at a minimum
inhibitory concentration (MIC) of 1.17 mg/ml, while
the A Ex/CsNPs recorded higher activity of 92.08
ng/ml with three replicates. This activity is attributed
to phenolic compounds, flavonoids (antioxidants),
and alkaloids that weaken bacterial membranes, and
disrupts their cellular functions. It can be concluded
that nanoparticles loaded with annatto extract have
superior antibacterial activity compared to the crude
extract due to their greater stability and surface area.
These findings offer new avenues for applications in
the pharmaceutical and food industries as natural
alternatives to synthetic preservatives.

Keywords: Antibacterial, Annatto extract, Sol-gel, Contaminated fresh meat.
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Introduction

Microbial contamination in meat primarily occurs on the surface, often originating
from animal hides, feces, and intestinal spillage during slaughter and processing (35).
Contamination risks also arise from equipment, personnel, pests, and improper
storage or transportation conditions (12). Factors influencing microbial presence
include the physiological state of the animal, processing hygiene, storage
temperatures, and competing microorganisms (21). Preservation methods like
refrigeration, drying, irradiation, antimicrobial additives, and modified atmosphere
packaging are used to control contamination, with the aim of ensuring safety,
extending shelf life, and maintaining meat quality by inhibiting microbial growth
(26). Annatto seeds (Bixa orellana L.) are used as a natural colorant in the meat
industry, ranking second in economic importance worldwide among all natural
colorants, and their extract exhibits antimicrobial and antioxidant properties (36).

The seeds display yellow-red pigments and reduce microbial spoilage in meat
products (32). Thin (1-100 nm), layer-by-layer antimicrobial coatings inhibit
pathogen growth, which is crucial for anaerobic-packed meats to maintain sensory
quality (5). The European Food Safety Authority indicates that nanotechnology can
significantly enhance food packaging, and that meat quality preservation is
significantly enhanced by appropriate packaging under optimal storage conditions
(12). Some researchers have been developing packaging methods that exclude
artificial chemicals; this advancement may assist in managing odor and lipid
oxidation, thereby inhibiting microbial growth (2). The objectives of this research
were to biosynthesize and characterize chitosan nanoparticles encapsulated with
annatto extract to evaluate their enhanced antimicrobial efficacy against meat
contaminants as against using annatto alone. This approach merges natural
compounds with advanced nanotechnology to obtain safer, longer-lasting meat
products.
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Materials and Methods

Preparation of annatto alcoholic extract (A Ex): The annatto seed powder (150 g)
was extracted and dried in an electric oven. Alcoholic extraction (85% ethanol, 750
ml) was performed for 8 h using a Soxhlet apparatus. The extract was concentrated
using a rotary evaporator and dried in an electric oven at 40-45 °C. The extract yield
was calculated using the Eq. (3).

% Extract Yield (g/100 g) = W1/W2*100

where, W2 is the weight of the dried plant powder, and W1 the weight of the extract

residue after solvent removal.

Nanoparticle biosynthesis: This paper details the methodology for developing
chitosan nanoparticles encapsulated with annatto extract (A Ex/CsNPs) to enhance
antimicrobial activity in meat preservation. The key steps included:

A. Chitosan-A Ex adduct formed using a Dean-Stark apparatus: Chitosan (5%) and
annatto extract (1%) were mixed in equimolar ratios, and the condensation
occurred in the presence of xylene using the Dean-Stark apparatus until the
theoretical water quantity was separated. The resulting chitosan amide product
was sequentially filtered and washed several times with methanol, hot distilled
water, and ethanol, and then dried (1).

B. lonic gelation with tripolyphosphate (TPP) creates A Ex/CsNPs: Chitosan
nanoparticles loaded with annatto extract (A Ex/CsNPs) were synthesized using
an ionic gelation method. The Cs-A Ex adduct was dissolved in acetic acid, and
tripolyphosphate (TPP) was added at a 1:2.5 ratio. The mixture was stirred for 6
h at room temperature, leading to the formation of NPs. The nanoparticles were
separated, washed, and dried (27).

Overall, the process involved creating a chitosan-annatto extract adduct followed
by the formation of nanoparticles through ionic gelation.

C. Characterization of annatto ex/chitosan nanoparticles (5): This study utilized
advanced analytical techniques to characterize chitosan nanoparticles loaded with
annatto seed extract.

1. UV-Vis Spectroscopy: Absorption spectra (200-800 nm) were measured using a
dual-beam system in a 1 cm quartz cell, with distilled deionized water as a
control. The concentrated samples were diluted 1:10 (2). Measurements were
conducted at the Scientific Research Commission, Research and Technology
Center of the Environment, Water and Renewable Energy Department, Iraqg.

2. FTIR Analysis: Functional groups were identified using Shimadzu FTIR (4000-
400 cm™ range, 4 cm! resolution). The samples were prepared as potassium
bromide (KBr) pellets (1:99 sample-to-KBr ratio) following (2). Analyses were
performed at the Scientific Research Commission, Research and Technology
Center of the Environment, Water and Renewable Energy Department, Irag.

3. AFM, SEM, EDX: Assessments of morphology and elemental composition were
done according to (17).

4. XRD: This was done to determined crystal structure and particle size, and
performed according to Eq. (29).
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Collaboration: Analyses were conducted at institutions in Iraq and Iran.
This study aimed to optimize a natural, nanotechnology-based solution for inhibiting
microbial contamination in meat products.

This research focused on the methodical preparation and characterization of
nanoparticles, leveraging standardized protocols and institutional collaboration to
ensure accuracy. The measurements were performed at the Scientific Research
Commission, Research and Technology Center of the Environment, Water and
Renewable Energy Department, Iraq.

5. Determination of the minimum inhibition concentration of annatto seed extract
and its nanoparticles.

The study evaluated the antibacterial activity of chitosan nanoparticles loaded with
annatto seed extract against Salmonella spp., E. coli, Staphylococcus spp., and
Pseudomonas spp. The microtiter plate (MTP) method was used to determine MBC
and minimum inhibitory concentrations (MIC). Key steps included:

- Preparation: serial dilutions of nanoparticles (annatto seed extract: 2.3—-1209
ug/ml) in a 96-well plate.

- Controls: Well 11 (Mueller Hinton broth) and, Well 12 (bacterial suspension).

- Bacterial inoculation: 1.5 x 108 CFU/mL (McFarland 0.5 standard).

- Incubation: Plates were incubated at 37 °C for 24 hours. Resazurin (0.015%) was
added post-incubation; and the color change was monitored after 2—4 h.

- Results Interpretation: MIC: Last well retained blue color (no bacterial growth).

- Sub-MIC (SIC): first pink well (indicating partial inhibition).

The method, adapted from (9), provided a systematic approach to assess
antimicrobial efficacy, leveraging resazurin as a metabolic activity indicator.

Results and Discussion

Extraction in the pharmaceutical field separates the medicinally active parts of
plant or animal tissues, such as alkaloids, flavonoids, terpenes, saponins, steroids, and
glycosides, from the inactive or inert parts using special solvents in standard
extraction procedures. Plant products formed through this are mostly dirty liquids,
semisolids, or powders that are only meant to be taken orally or applied to the skin.
Medicinal plants are collected and handled so that they could be used directly as
herbal or traditional medicine or in experiments (16).

The alcoholic (ethanolic) extraction to yield phytochemicals from annatto seeds
resulted in a satisfactory yield of 4.3% annatto seeds powder (Fig. 1).
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Figure 1: Annatto seeds extraction process (Soxhlet alcoholic extraction).

Annatto seeds alcoholic extract/chitosan nanoencapsulation biosynthesis: The
alcoholic extract of annatto seeds has shown promising results in the production of
chitosan nanoparticles (CNPs). Due to changes in its molecular structure during
manufacture, chitosan is no longer soluble in acid solutions and can exist in gel-like
or liquid forms (31) (Fig. 1).

Figure 2: A Ex/Chitosan nanoencapsulation biosynthesis process.

Natural chitosan (Cs) is a complex carbohydrate that is positively charged and is
made when chitin is deacetylated. Cs is good material for developing nanocarrier
systems because it breaks down naturally, is sensitive to pH, and is easy chemically
(33). There are other ways to prepare chitosan nanoparticles, but ionic gelation is
usually the most common because it can be used in many situations. The method is
simple and straightforward, and improves the specific actions of the chemicals inside.
(26). It produces chitosan nanoparticles with sizes between 125 and 175 nm.

Characterization of annatto extract/chitosan nanoparticles: UV-Vis spectroscopy
was performed at different at wavelengths after dilution with deionized water to
obtain a good absorption value. The presence of broad resonances in the UV-Vis
absorption spectra of annatto extract/chitosan encapsulated nanoparticles obtained
from UV-Vis analysis indicates the formation of encapsulated nanoparticles in the
solution (3). The existence of an absorption peak at about 275, 240.5, and 209 nm in
Ex A indicated absorbance at 1.234, 0.526 and 0.499. Meanwhile, while the
maximum absorption peak at approximately 214 nm in the A Ex/CsNPs indicated
nanoparticle formation due to surface plasmon resonance (SPR) electrons on the
surface of the nanoparticles, and the differences in the wavelength peak and
absorbance comparison with UV-Vis spectra of A Ex. The SPR pattern is determined
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by the parameters of the individual particles, such as size and shape, as well as the
dielectric properties of the synthesis media and interactions between nanoparticles.
The strength of the SPR band increased with interaction time, indicating that chitosan
nanoparticles were synthesized (25).
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Figure 3: Uv-Vis Spectroscopy of (A) Annatto alcoholic extract-A Ex and (B) A
Ex/ CsNPs.

FTIR of A Ex and A Ex/CsNPs: Both the A Ex and the biosynthesized A EX
CsNPs may be seen in the FTIR spectra presented in Table 1. Fig. 4A shows the A Ex
spectra containing peaks indicative of different biomolecules, such as alcohol and
phenol (3610-3640) cm™. The predicted chemical makeup of A Ex and chitosan
molecules agrees with these findings. Fig. 4B shows that the spectra of
biosynthesized nanoencapsulated particles are very close to the A Ex spectrum,
indicating that the biomolecules from the extract were successfully attached to the
surfaces of the nanoparticles. Water molecules, phenol, terpenoids, and flavonoids are
all examples of biomolecules that may be involved. The detected peaks may also be
attributable to leftover O-H groups which are products of the synthesis process.

Table 1 provides an exhaustive list of the recognized functional categories together
with the corresponding wavenumbers. The disparity in intensity between the A
Ex/CsNPs spectra and the amide | peak (1580-1650) is an important finding. An
increase the intensity of the nanoparticles’ spectra indicates that their associated
amide content is higher. This may be explained by the fact that several biomolecules
attach to the material during synthesis, which may serve as a stabilizing factor. The
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absence of many peaks in the nanoparticle spectrum may be attributed to attachment
sits with chitosan and tripolyphosphate compounds. The presence of many indicators
of different active compounds, including alkaloids, phenols, and terpenoids, can
indicate the efficiency of the nano-encapsulation process and its association with
chitosan and polyphosphate triphosphate.

This result is reinforced by the analysis of the presence of carbon and oxygen,
confirming the presence of chitosan and other elements such as phosphorus, sodium,
and potassium (4C). (29) found that biosynthesis-encapsulated nanoparticles
containing A Ex and chitosan molecules had attachment sites not filled in by A
Ex/CsNPs (665-910, 2312.65, 2434.17 cm™). The H-C=0 and C-H stretch at 2695-
2830 cm revealed structural details of chitosan. FTIR analysis, which is performed
alongside the bioconversion of chitosan nanoparticles, conformed the structural
stability of chitosan.

Table 1: Results of the FTIR analysis of A Ex and A Ex/CsNPs.

Annatto Extract Description A Ex/CsNPs. cm™
Functional Groups. cm™*

532.35 Alkyl halides 553.97

C-Br stretch Higher intensity than the annatto extract suggests a higher
concentration of alkyl halides compound (saponin, coumarin,
terpenoid) groups.

(700-610) 624.94 cm-!

624.94 Alkynes Referred to contain the chitosan molecules

-C=C-H: C-H bend

(665-910) cm

723.31, 835.18 1’, 2’ amines Absent
N-H wag
(1000- 650) cm'? Alkenes 999.13 cm?

997.2

Referred to contain the chitosan molecules

=C-H bend

1250- 1020 Aliphatic amines 1139.93 cm™?

1134.14 Likely due to C-N stretching in alkaloids, possibly from

C-N stretch encapsulated biomolecule (phenolic, flavonic, terpenoids,
alkaloids) compounds and with higher intensity than Extract
because biosynthesis nanoparticles have higher surface structure
with smaller sized particles.

1382.96 Alkanes 1386.82

C-H rock, P=0, C-F, Likely due to C-OH stretching in alcohols, esters, and ethers,

C-O0,C-OH possibly from encapsulated biomolecules (phenolic, flavonic,
terpenoids, Alkaloids) compounds and with higher intensity
than Extract because biosynthesis nanoparticles with higher
surface structure with the smaller sized particles.

1580- 1650 1’ amines 1633.714

1641.42 Higher intensity than the annatto extract suggests higher

N-H bend concentration compound (saponin, alkaloids, phenol) groups.

(2260- 2210) 2695-2830
2879.72

2312.65 and2434.17 Nitriles Shifting and finding aldehyde group with H-C=0: C-H

C-N stretch stretch. It may be the site of reaction and attachment between
the chitosan molecule and the active compound of annatto
extract used in biosynthesis nanoencapsulation particles.

3200-3500 Alcohols, phenols 3435.22

3433.29 Likely due to O-H stretching and H-bonded in alcohols, phenol,

O-H stretch, H-bonded possibly from encapsulated biomolecules (phenolic, flavonic,
terpenoids, alkaloid) compounds

3610-3640 Alcohols, phenols 3736.12

3739.97 Likely due to O-H stretching and H-bonded in alcohols,

O-H stretch phenol, possibly from encapsulated biomolecules (phenolic,

flavonic, terpenoids) compounds and chitosan molecules.
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Figure 4: FTIR spectroscopy and EDX(C) of A- A Ex and B- A Ex/CsNPs.

Fe-scanning electron microscope and force electronic microscope analysis of A
Ex/CsNPs: Biosynthesized A Ex/CsNPs AFM testing results. The photo shows much
shape variability in the nanoparticles which are sized 39.48 - 43.48 nm and having
both smooth and rough surface protrusions, lending credence to their high stability.
Rough surfaces may provide more extensive interaction between biological
processes, such as plant active groups and their targets than smoother surfaces with
smaller contact areas (Fig. 5A). Surface protrusions are approximately 83.17 nm,
whereas particles typically measure 38.43 nm in height. Fig. 5B shows the
nanoparticle aggregates having several sharp edges in addition to their elongated
shape and parallel plates. The sharp edges may enhance antibacterial activity by
causing damage to bacterial membranes.

Particle analysis conducted with Image J 19 software indicated an average size of
83.17 nm which is consistent with the results derived from AFM analysis. Handling
the samples before examination could explain the presence of specific nanoparticle
clumps. This offers compelling proof that the particles remain stable and highly
effective within the cells. A previous study (33) utilized AFM to examine clove
extract loaded with CsNPs; their 3D pictures revealed a homogeneous population of
particles with regular surfaces, which was supported by this study’s results. AFM
imaging showed clove-loaded chitosan nanoparticles interacting intelligently with
one another, forming unique aggregates.
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Figure 5: SEM image and AFM results of A Ex/CsNPs X-ray Diffraction-XRD
of A Ex/CsNPs.

The attenuated peaks observed in the A Ex/CsNPs pattern signify a reduction in
their strength. The reflection of crystal planes results in the formation of X-ray
diffraction (XRD) peaks. Figure 6 presents the XRD patterns of the A Ex/CsNPs and
natural chitosan. Two distinct peaks at 20 = 19.9° and 23.7346° (Fig. 6 A)
corresponding to the typical chitosan peaks identified in XRD pattern of chitosan
nanoparticles (CsNPs) demonstrate that chitosan possesses a well-organized crystal
structure. Identifying additional peaks at 20 =18.58° for chitosan reduced peak
intensity in this study. The XRD pattern of chitosan nanocomposite membranes
containing A EXx/CsNPs showed reduced peak intensity (Fig6). The additional
diffraction peaks identified in the chitosan nanocomposite membranes reinforced
with A Ex/CsNPs correspond to their (100), (002),(101),(110),and (112)
planes (Fig. 6).

The data demonstrate that the nanocomposite membranes successfully integrated
the A Ex nanoparticles which altered the arrangement of polymer chains by affecting
the steric interactions and intermolecular hydrogen bonding. (23) demonstrated that
incorporating A ex nanoparticles into chitosan resulted in a reduction in the
crystallinity of the composite membranes and increased the flexibility of the polymer
chains. The results align with the findings of (21), both of which reported a 26 value
of 18.41°.
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Figure 6: XRD diagram of A Ex/CsNPs.

Total phenolic content of A Ex and A E/CsNPs: Phenolic compounds are major
constituents of plants, possessing redox properties that confer antioxidant activity,
primarily due to the presence of hydroxyl groups, which facilitate free radical
scavenging (22).

The total phenolic content of the annatto seeds extract was evaluated using a
straight-line equation (Fig. 7) derived from the absorbance of standard gallic acid at
different concentrations, expressed in mg/100 g dry weight. The data in Table 2
indicate that the plant extract (A Ex) had the highest total phenolic content, at 119.7
mg/100 g of plant dry weight, while A Ex/CsNPs recorded 78.5 mg/100 g of plant
dry weight.

The total concentration of flavonoids in the alcoholic extract of annatto seeds was
83.5 mg/100 g (Table 2). The concentration was 42.1 mg/ 100 g of plant dry weight
in A Ex/CsNPs, based on the straight-line equation of standard rutin absorbance at
different concentrations (Fig. 8). Studies by (16) using a gallic acid calibration curve
found total phenolic content to be about 52 mg GAE/g of dried extract while total
flavonoid content using a rutin calibration curve was about 41 mg rutin/g of dried
extract. In contrast, (7 and 14) showed that the highest levels of total phenol (2.87 mg
GE/ ml) were produced by extraction using distilled water.

gallic acid standared Curve

absorption

o =1 10 is 20 25
con ( ng/gm)

Figure 7: Standard gallic acid calibration curve.

1335



Anbar J. Agric. Sci., Vol. (23) No. (2), 2025. ISSN: 1992-7479 E-ISSN: 2617-6211

Rutin standared Curve

¥ = 0.0368x + 0,004
R = 0.9996

absorption

Q
/]

10 is 20 25
con (g gm)

Figure 8: Standard rutin absorbance at different concentrations.

Antibacterial activity determination of A Ex and A Ex/CsNPs: The antibacterial
activity of A Ex and A Ex/CsNPs was examined against the E. coli, S. aureus, Sal.
typhimurium, and P. aeruginosa bacterial isolates. The MIC and sub-MIC ranges of
A Ex were 1.17 mg/ml and 0.585 mg/ml, respectively while those for A Ex/CsSNPs
were 92.08 pug/ml and 46.4 pg/ml, respectively, as shown in Table 2 and Fig. 9.

Table 2: MIC and Sub-MIC of annatto seed extracts against four bacterial

isolates.
Isolate No. CHE (mg/ml) CHCs-NPs (mg/ml)
MIC Sub-MIC MIC Sub- MIC
E. coli 1.17 0.585 92.8 46.4
S. aureus 1.17 0.585 92.8 46.4
Sal. Typhimurium 1.17 0.585 92.8 46.4
P. aeruginosa 1.17 0.585 92.8 46.4
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Figure 9: MIC detection by microtiter plate technique of A Ex. and A Ex/CsNPs.

The broth microtiter plate method was employed in a previous study by (33) to
determine the effectiveness of niacin and annatto leaf and seed extracts as
bacteriostats against gram-positive and gram-negative bacteria. Both P. aeruginosa
and B. cereus had MICs of 512 and 4096 mg/ml, respectively, when tested with
annatto extract. For P. aeruginosa, B. cereus, L. innocua, and A. hydrophila, the MIC
values were 1024, 256, 512, and 256 mg/ ml, respectively, when compared to niacin,
the only bacteriocin generally recognized as a natural food preservative. The limit of
detection for annatto seeds Ex-ASE in P. aeruginosa was 128 mg/ ml and 1024
mg/ml for B. cereus. As with annatto leaf extract (ALEX), the concentration ranges
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examined for AS Ex did not limit the development of L.innocua and A. hydrophila.
The antibacterial activities of both annatto extracts against P. aeruginosa were higher
than that of niacin.

Despite extensive evidence of these effects, little is known about the MIC values
for the antibacterial effects of annatto extracts. There was antibacterial action against
S. aureus with MICs of 62.5 mg/ml in ethanolic annatto leaf extracts according to
(11) who found that commercial annatto extracts exhibited antibacterial activity
against various gram-positive bacteria. Specifically, the extracts were effective
against B. cereus, C. perfringens, and S. aureus, with MIC values of 0.08, 0.31, and
0.16% (v/v), respectively. The ethanolic extracts of B. orellana leaves and seeds
showed activity against all gram-positive and gram-negative bacteria as well as the
yeast-like fungus Candida albicans, according to (8), with the leaf extract activity
being more noticeable. Compared to annatto L. Ex, this investigation demonstrated
that annatto stem Ex significantly inhibited bacterial growth.

Antimicrobial properties including phenolic acids, flavonoids, and carotenoids
have been found in the active components of the plant. Phenolic rings are toxic to
microbes and are the building blocks of some of the most basic phytochemicals with
biological activity. Some factors contribute to the observed variation in the
antibacterial activity of different plant extracts when tested against different bacterial
strains. These include differences in extraction methods, environmental factors (such
as soil, humidity, temperature, and climate), physiological variations (such as plant
life cycles, growth phase, and stress conditions), and genotype. However, the results
show a few bioactive compounds in the ethanolic extract of annatto seeds that are
pharmaceutically relevant and may have antibacterial properties. In contrast, it was
found by (10) that compared to antibiotics alone, the effects of chitosan and alginate
NPs loaded with doxycycline antibiotics increased against MDR Proteus mirabilis, E.
coli, and E. Faecalis. According to (16), a plant extract encapsulated with nano-
chitosan showed improved effectiveness, even when used with nano-chitosan-loaded
NPK fertilizer.

The effects on all aspects of vegetative development were particularly striking
when green tea and nettle leaf extract were combined. For instance, antibacterial
agents tend to degrade cellular membranes, form complexes with metal ions, harm
microbial genetic material, cause cell contents to leak out, inhibit metabolic enzymes,
and deplete cellular energy in the form of ATP (27). Several factors influence the
bacteriostatic effects of these naturally occurring active substances. These include the
chemical properties of the substances, the microorganisms they target, environmental
factors such as pH, ionic strength, water activity, temperature, and atmospheric
composition, and food properties such as ingredients and initial bacterial load (24).

The cytoplasmic membrane is where the A Ex and A Ex/ Cs NP components are
mostly targeted. Owing to their acidic nature, tannin-rich plants can combine with
polypeptides to produce powerful water-soluble compounds, giving them
antibacterial characteristics. Therefore, these chemicals can effectively destroy
bacteria by penetrating their cell walls (4). Flavonoids have antimicrobial and
spasmolytic characteristics (14), making them a subclass of polyphenols. According
to (27), plant alkaloids are frequently shown to have antibacterial activities.
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Conclusions

Nanoencapsulation of annatto extract in chitosan improves antibacterial
performance, possibly due to their enhanced stability, targeted delivery, and
nanoparticle-bacteria interactions. While the phytochemical content decreased post-
encapsulation, the trade-off in efficacy highlights the potential of CsNPs as carriers
for bioactive compounds. Further optimization could address the encapsulation
efficiency and evaluate in vivo applications. This study underscored the potential of
nanotechnology for enhancing herbal extracts for pharmaceutical applications.
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