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ABSTRACT
This	 study	 presents	 the	 synthesis	 and	 comprehensive	 characterization	 of	 three	 edible	 nanoformulation	 systems:	 chitosan	
nanoparticles	produced	by	ionic	gelation,	lipid	nanoparticles	formulated	via	solvent	evaporation,	and	zein	protein	nanoparticles	
prepared	 using	 antisolvent	 precipitation.	 The	 chitosan	 nanoformulations	 exhibited	 a	 uniform	 milky	 dispersion	 without	
sedimentation,	supported	by	a	high	mean	zeta	potential	of	+38.7	mV	and	particle	sizes	ranging	from	49–140	nm,	indicating	
excellent	colloidal	stability.	SEM	analysis	con�irmed	predominantly	spherical	chitosan	nanoparticles	with	smooth	surfaces,	while	
FTIR	spectra	showed	characteristic	O–H,	N–H,	amide	I/II,	and	C–O–C	vibrations,	verifying	the	preservation	of	chitosan's	structural	
integrity	and	successful	crosslinking	with	TPP.	Thymol-loaded	lipid	nanoparticles	displayed	a	mean	zeta	potential	of	–16.9	mV	and	
particle	sizes	between	84	and	180	nm,	forming	a	stable,	uniform	suspension.	SEM	images	revealed	well-formed	spherical	particles	
with	compact	morphology,	and	FTIR	analysis	identi�ied	O–H,	C–H,	C=O,	aromatic	C=C,	and	C–O–C	peaks,	con�irming	intact	lipid	
chains	and	effective	thymol	encapsulation.	Zein	nanoparticles	demonstrated	a	strong	positive	surface	charge	(+31.5	mV)	and	
nanoscale	size	distribution	(66–94	nm),	consistent	with	controlled	self-assembly.	SEM	micrographs	showed	uniformly	shaped	
spherical	particles,	while	FTIR	spectra	displayed	prominent	amide	I	and	II	bands	along	with	C–H	and	O–H	signals,	indicating	
preserved	protein	secondary	structure	and	successful	nanoparticle	formation.	Collectively,	these	results	con�irm	that	all	three	
fabrication	 techniques	 yielded	 stable,	 monodisperse,	 and	 structurally	 intact	 edible	 nanoparticles,	 highlighting	 their	 strong	
potential	for	application	in	functional	foods,	targeted	nutraceutical	delivery,	and	bioactive	encapsulation.
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Introduction
The integration of green synthesis principles into food-grade 
nanotechnology has rapidly advanced over the last decade, 
d r ive n  by  t h e  n e e d  fo r  s a fe r,  b i o d e g ra d a b l e ,  a n d 
environmentally responsible delivery systems in food and 
nutraceutical applications. Conventional bioactive compounds 
such as antioxidants, essential oils, �lavonoids, and vitamins 
often suffer from instability, low solubility, and rapid 
degradation in food matrices. To overcome these challenges, 
edible nanoformulations based on natural polymers have 
received signi�icant attention as sustainable carriers capable of 
improving the stability, bioavailability, and controlled release of 
bioactive compounds [1, 2]. At the same time, global trends 
toward clean-label foods and biodegradable packaging 
materials have created strong demand for nanostructured 
edible systems that align with green chemistry principles [3] . 
Biopolymer-based edible �ilms and coatings offer multiple 
advantages, including improved mechanical strength, enhanced 
barrier performance, and the ability to act as delivery platforms 
for functional ingredients. 
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When nanomaterials are incorporated into edible coatings, 
properties such as antimicrobial activity, oxidative stability, and 
moisture resistance are signi�icantly enhanced [4, 5]. The 
nanoscale dimension provides increased surface area, tunable 
charge properties, and better dispersion of hydrophobic actives, 
making nanoencapsulation a valuable approach in modern food 
preservation and nutraceutical delivery [1]. Recent advances 
show that edible nanostructures based on polysaccharides, 
proteins, and lipids can substantially extend the shelf life of 
perishable produce while offering controlled release of 
encapsulated bioactives [6].
Among polysaccharide-based carriers, chitosan nanoparticles 
produced via ionic gelation represent one of the most widely 
ex p l o re d  e d i b l e  n a n o c a r r i e r  sys te m s .  C h i to s a n  i s 
biodegradable, biocompatible, and possesses inherent 
antimicrobial activity, making it an ideal material for food 
applications. The ionic gelation method relies on electrostatic 
interactions between protonated chitosan and multivalent 
anions such as sodium tripolyphosphate (TPP), enabling 
nanoparticle formation without organic solvents and under 
mild processing conditions. 
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This green, aqueous-based method has been successfully used 
to produce nanoparticles with excellent mechanical and barrier 
properties in edible coatings [7, 8]. Applications include fruit 
preservation, where chitosan nanoparticles improve �irmness, 
reduce microbial spoilage, and maintain nutritional quality [9, 
10]. Lipid-based nanoformulations, including solid lipid 
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs), 
form another important category of edible nanocarriers. These 
systems are particularly suitable for poorly soluble hydrophobic 
compounds such as thymol and other essential oils. Lipid 
nanoparticles produced through solvent evaporation provide 
high encapsulation ef�iciency, protect sensitive compounds 
from oxidation, and allow for controlled release kinetics [11, 
12]. Recent studies demonstrate that thymol-loaded lipid 
nanoparticles incorporated into edible coatings signi�icantly 
improve antimicrobial performance and extend the shelf life of 
fresh produce [6]. Their biocompatibility, stability, and food-
grade lipid composition make them versatile green carriers for 
functional foods.
In addition to polysaccharide and lipid-based systems, zein 
protein nanoparticles have gained prominence as edible 
nanocarriers. Zein, a hydrophobic corn protein with GRAS 
status, readily forms nanoparticles through antisolvent 
precipitation, where diffusion of ethanol into water induces 
nanoparticle formation. This technique enables encapsulation 
of  hydrophobic phytochemicals ,  essential  oi ls ,  and 
nutraceuticals under mild conditions favorable for sensitive 
compounds [13, 14]. Zein nanoparticles exhibit excellent �ilm-
forming ability, good dispersibility in aqueous media, and 
enhanced photostability of loaded compounds, making them 
promising for food packaging and nutraceutical delivery [15]. 
From a sustainability perspective, chitosan, lipids, and zein are 
all derived from renewable biological resources—crustacean 
shells, plant oils, and maize by-products—allowing for low-
energy, solvent-minimized fabrication strategies that align 
closely with green synthesis principles [4]. These edible 
nanomaterials are increasingly used in smart packaging 
systems, pH-responsive �ilms, and active coatings capable of 
inhibiting spoilage microbes or indicating food freshness [5]. 
Despite rapid growth in the �ield, studies comparing different 
types of edible nanocarriers fabricated using distinct bottom-up 
techniques remain limited. Most research focuses on single-
material systems, and comprehensive comparisons among 
chitosan nanoparticles (ionic gelation), lipid nanoparticles 
(solvent evaporation), and zein nanoparticles (antisolvent 
precipitation) are lacking [7].

Methodology	
Preparation	of	chitosan	nanoformulations	
Chitosan nanoparticles were produced using an ionic gelation 
approach. A 1% (w/v) chitosan solution was obtained by 
dissolving chitosan in 1% (v/v) glacial acetic acid and stirring 
until the mixture became uniform. After �iltration, a 0.25% 
(w/v) sodium tripolyphosphate (TPP) solution was prepared 
separately in distilled water. Under constant stirring at 1000 
rpm, the TPP solution was introduced dropwise into the 
chitosan solution at a typical chitosan–TPP ratio of 5:1 (w/w). 
The electrostatic complexation between the oppositely charged 
components facilitated nanoparticle formation. The dispersion 
was then sonicated for 5 minutes to reduce particle dimensions 
and improve uniformity. Nanoparticles were recovered by 
centrifuging at 12,000 rpm for 30 minutes at 4°C, washed 
thoroughly with distilled water, and stored at 4°C until further 
analysis.

Preparation	of	lipid-based	nanoformulations	
Lipid nanoparticles were prepared using a solvent evaporation 
technique. Stearic acid (100 mg) and the selected bioactive 
compound (thymol, 10 mg) were dissolved in 5 mL of ethanol to 
form the lipid phase. An aqueous phase was prepared by 
dispersing Tween 80 (0.5% v/v) in 50 mL of distilled water. The 
organic phase was added slowly to the aqueous medium under 
homogenization at 10,000 rpm to obtain a �ine emulsion. The 
mixture was stirred for approximately 2 hours at ambient 
temperature to remove ethanol, promoting the formation of 
solid lipid nanostructures. The nanoparticles were collected by 
centrifugation at 12,000 rpm for 30 minutes, washed to 
eliminate excess surfactant or free bioactives, and stored under 
refrigeration for subsequent characterization.

Preparation	of	zein	protein	nanoformulations	
Zein-based nanoparticles were produced through an 
antisolvent precipitation process. Zein (100 mg) was dissolved 
in 10 mL of 70% ethanol to form the organic fraction. This 
solution was rapidly injected into 50 mL of distilled water 
stirred at 800 rpm. The immediate diffusion of ethanol into the 
aqueous medium reduced zein solubility, causing spontaneous 
nanoparticle precipitation. The suspension was stirred to 
stabilize the formed particles. Ethanol was removed under 
reduced pressure using a rotary evaporator operated at 40°C. 
The �inal dispersion was �iltered to eliminate coarse aggregates 
and either freeze-dried or kept at 4°C for further evaluation.

Characterization	of	edible	nanoformulations
Particle	size	and	zeta	potential	analysis	
The particle size, polydispersity index (PDI), and zeta potential 
of the nanoformulations were assessed using a Dynamic Light 
Scattering (DLS) instrument. Each sample was diluted with 
double-distilled water to reduce scattering interference and 
gently mixed to ensure uniform dispersion. Approximately 1 mL 
of the diluted suspension was transferred into a clean cuvette 
for measurement. Particle size and PDI were recorded to 
evaluate distribution and uniformity, while zeta potential values 
were used to determine surface charge and colloidal stability. 
Formulations with zeta potential values around ±30 mV or 
higher were considered to exhibit good electrostatic stability.

Scanning	Electron	Microscope	(SEM)	analysis
The surface structure and morphology of the nanoparticles 
were analyzed using a Scanning Electron Microscope (SEM. A 
small drop of the nanoformulation was placed on an aluminum 
stub and allowed to dry completely at room temperature. Once 
dried, the sample was coated with a thin gold layer using a 
sputter coater to enhance conductivity. Imaging was performed 
under high vacuum to visualize particle shape, surface texture, 
and the presence of any aggregates or irregularities at the 
nanoscale.

Fourier	transform	infrared	spectroscopy	(FTIR)	analysis
Chemical interactions within the nanoformulations were 
examined using FTIR spectroscopy. Freeze-dried samples were 
�inely mixed with potassium bromide (KBr) in a ratio of 1:100 
and compressed into thin pellets using a hydraulic press. The 
pellets were scanned across a spectral range of 4000–400 cm⁻¹. 
The resulting spectra were interpreted to identify characteristic 
functional groups and evaluate possible interactions—such as 
hydrogen bonding or electrostatic associations—between the 
bioactive components and the biopolymer or lipid matrices.
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Results
Chitosan	nano	formulations	
The chitosan nanoformulations formed through ionic gelation 
produced a uniform, milky white suspension, indicating 
successful nanoparticle synthesis. The dispersion appeared 
stable, with no visible sedimentation or clumping, suggesting 
effective crosslinking between chitosan and TPP. The consistent 
turbidity of the suspension re�lected good particle dispersion, 
con�irming the formation of a homogeneous colloidal system 
suitable for further analytical characterization (Fig. 1).

Figure	1.	Chitosan	nanoformulations	prepared	by	IGM

Lipid-based	nanoformulations	
The lipid nanoformulations obtained through the solvent 
evaporation method showed a consistent milky appearance and 
remained uniformly suspended throughout visual inspection. 
The formulation displayed no phase separation or settling, 
indicating ef�icient emulsi�ication and complete solvent 
removal. The stable dispersion suggested that the lipid matrix 
successfully encapsulated the bioactive compound, supported 
by the presence of the surfactant, yielding nanoparticles 
appropriate for additional physicochemical evaluation (Fig. 2).

Figure	2.	Lipid-based	nanoformulations	prepared	by	Solvent	Evaporation	

Protein-based	nanoformulations	
The zein-based nanoformulations produced via antisolvent 
precipitation resulted in a stable, homogenous suspension with 
a characteristic milky white appearance. The dispersion was 
smooth and free from visible aggregates or sediment, 
demonstrating effective nanoparticle formation upon rapid 
mixing of the ethanolic zein solution with water. The absence of 
clumping suggested good colloidal stability and con�irmed the 
reliability of the antisolvent method in generating protein 
nanoparticles ready for subsequent characterization (Fig. 3).

Figure	3.	Protein-based	nanoformulations	prepared	by	antisolvent	precipitation	

Characterization	of	chitosan-based	nanoformulations
Zeta	potential	and	particle	size	
The chitosan nanoparticles displayed a distinctly high positive 
surface charge, with a mean zeta potential of +38.7 mV and a 
peak near +35.2 mV, indicating a highly stable colloidal system. 
The strong positive charge suggests effective protonation of 
amino groups and robust electrostatic repulsion between 
particles, preventing aggregation. Electrophoretic mobility 
values supported this observation, con�irming smooth and 
consistent particle movement under an applied electric �ield. 
The high scattering intensity and conductivity further re�lected 
the presence of a dense, well-dispersed nanoparticle 
population. Particle size evaluation across intensity-, volume-, 
and number-based distributions showed that the D₁₀, D₅₀, and 
D₉₀ values remained tightly grouped within the nanometer 
range, demonstrating good control over particle formation. The 
narrow span values indicated minimal variation in size, 
reinforcing the monodisperse nature of the formulation. The 
consistency observed in both charge and size distribution 
con�irms that the ionic gelation method produced a uniform 
nanosystem suitable for applications where stable dispersion 
and predictable particle behavior are essential. (Fig. 4).
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Figure	4.	Zeta	potential	&	particle	size	distribution	of	chitosan-based	nanoformulations

SEM	analysis
The SEM examination of the chitosan nanoformulations showed 
a collection of well-formed nanoparticles that appeared 
predominantly spherical, with a few displaying slight 
irregularities in shape. The particles were evenly distributed 
across the �ield of view, and only minimal aggregation was 
observed, indicating good formulation stability. Measured 
particle sizes ranged from about 49 nm at the lower end to 140 
nm at the upper limit, with a majority clustering between 70 and 
120 nm. This narrow distribution re�lects controlled nucleation 
and growth during the ionic gelation process. The particle 
surfaces appeared smooth and compact, suggesting successful 
crosslinking between chitosan and TPP. The absence of cracks, 
pores, or surface defects further supports the structural 
integrity of the nanoparticles. The uniformity observed in both 
shape and size con�irms that the synthesis method reliably 
produced nanoscale particles with desirable morphological 
characteristics (Fig. 5).

Figure	5.	SEM	picture	of	chitosan-based	nanoformulations

FTIR	analysis	
The FTIR spectrum of the chitosan nanoformulations displayed 
a series of distinct absorption bands consistent with the 
functional groups present in chitosan. A broad band in the 
region associated with O–H and N–H stretching con�irmed the 
presence of hydroxyl and amino groups, re�lecting the 
characteristic backbone of the polymer. Prominent C–H 
stretching vibrations from aliphatic chains were also evident, 
indicating preservation of the polysaccharide structure during 
nanoparticle formation. The amide-related peaks, including 
those corresponding to amide I and amide II, suggested partial 
acetylation and the presence of residual amine groups. Strong 
C–O and C–O–C stretching bands further con�irmed the integrity 
of the glycosidic linkages within the chitosan matrix. The slight 
shifts observed in certain peak positions implied possible 
electrostatic interactions or hydrogen bonding between 
chitosan and the crosslinker during nanoparticle synthesis. 
These spectral features collectively demonstrated that the 
chemical framework of chitosan remained intact while 
participating in the formation of stable nanoparticles (Fig. 6).

Figure	6.	FTIR	spectrum	of	chitosan-based	nanoformulation
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Figure	7.	Zeta	potential	&	particle	size	distribution	of	lipid-based	nanoformulations	(Thymol)

Characterization	of	Thymol-loaded	lipid-based	nanoformulations	
Zeta	potential	and	particle	size	
The thymol-loaded lipid nanoparticles exhibited a mean zeta potential of –16.9 mV, with the main peak occurring at –13.6 mV, 
indicating that the formulation carries a moderate negative charge. Although the charge is lower in magnitude compared to highly 
stable colloidal systems, it is suf�icient to impart reasonable electrostatic repulsion and prevent rapid aggregation. The consistent 
scattering intensity recorded during the measurements re�lects a well-dispersed population of nanoparticles and suggests minimal 
interference from oversized particles or aggregates. Conductivity values further supported the presence of a stable lipid matrix 
surrounding the encapsulated thymol molecules. Particle size analysis across intensity-, volume-, and number-based distributions 
con�irmed that the nanoparticles remained well within the nanometer scale, with all D-values showing a narrow and controlled 
range. The calculated span values indicated a uniform particle population with limited variability in size. This uniformity is essential 
for predictable behavior in delivery applications, as consistent particle dimensions in�luence release characteristics and stability. 
Collectively, the DLS results verify that the solvent evaporation method effectively produced thymol-loaded lipid nanoparticles with 
desirable colloidal stability and evenly distributed nanoscale dimensions (Fig. 7).

SEM	analysis
The SEM images of the thymol-loaded lipid nanoformulations 
revealed a well-distributed population of nanoparticles with 
predominantly spherical shapes and occasional slight 
irregularities. The particles were uniformly dispersed across 
the examined �ield, with no evidence of strong agglomeration or 
clustering, indicating good physical stability of the formulation. 
Measured particle sizes ranged from approximately 84 nm to 
180 nm, aligning well with the expected nanoscale dimensions 
for lipid-based delivery systems. The smooth surface 
morphology of  the nanoparticles suggests that the 
emulsi�ication and solvent evaporation steps were ef�iciently 
executed, allowing the lipid molecules to reorganize into 
compact, uniform structures. The absence of cracks, pores, or 
surface disruptions further con�irms the structural integrity of 
the nanosystems. The consistent appearance of particles 
throughout the micrograph highlights the reproducibility of the 
preparation method (Fig. 8).

Figure	8.	SEM	pictureof	Thymol	loaded	lipid-based	nanoformulations	
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FTIR	analysis
The FTIR spectrum of the thymol-loaded lipid nanoformulation 
showed a clear set of absorption peaks that re�lected the 
functional groups associated with both the lipid matrix and the 
encapsulated thymol. A broad O–H stretching band con�irmed 
the presence of hydroxyl groups, consistent with the phenolic 
structure of thymol. Distinct C–H stretching peaks indicated the 
saturated hydrocarbon chains of the lipid components, 
demonstrating that the lipid backbone remained intact after 
processing. A well-de�ined C=O stretching band suggested the 
presence of ester linkages, con�irming the structural integrity of 
the lipid carriers. The appearance of aromatic C=C stretching 
vibrations further supported the presence of thymol within the 
formulation. Additional C–O and C–O–C stretching peaks were 
observed, characteristic of ester and ether bonds commonly 
found in fatty acids and surfactants used in the system. Subtle 
shifts in some bands implied mild interactions between thymol 
and the lipid matrix, possibly through hydrogen bonding or van 
der Waals forces. These interactions are desirable, as they 
indicate successful embedding of thymol within the 
nanostructure. The absence of disruptive new peaks suggests 
that no chemical degradation occurred during formulation (Fig. 
9).

Figure	9.	FTIR	spectrum	of	Thymol-loaded	lipid-based	nanoformulations	

Characterization	 of	 protein-based	 nanoformulations	
(Zein)
Zeta	potential	and	particle	size	
The zein-based protein nanoformulations demonstrated a 
distinctly high positive surface charge, with a mean zeta 
potential of +31.5 mV and a peak centered at +33.4 mV. These 
values indicate strong electrostatic repulsion between particles, 
which is essential for maintaining a stable colloidal suspension 
without rapid aggregation. 

The particle size data obtained from volume-, intensity-, and number-based distributions con�irmed that the nanoparticles were 
consistently within the nanometer range. The D₁₀ and D₅₀ values across all analytical modes showed that a large proportion of the 
particles fell within smaller size classes, suggesting ef�icient nucleation and controlled growth during antisolvent precipitation. 
Although a moderate degree of polydispersity was observed, the distribution remained narrow enough to support uniform particle 
behavior. The combination of high zeta potential and well-de�ined nanoscale sizes indicates that the formulation procedure 
successfully yielded stable and �inely dispersed zein nanoparticles. (Fig. 10).

Figure	10.	Zeta	potential	and	particle	size	distribution	of	protein-based	nanoformulations	(Zein)
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SEM	analysis
The SEM examination of the zein nanoformulations revealed a 
uniform populat ion of  wel l -de� ined nanopartic les , 
predominantly spherical in shape. The measured particle sizes 
ranged from 66 to 94 nm, con�irming their placement �irmly 
within the nanometer scale. The particles appeared evenly 
distributed across the micrograph, with no noticeable clumping 
or aggregation, indicating effective stabilization during the 
antisolvent precipitation process. The smooth and compact 
surfaces of the nanoparticles re�lected the natural self-
assembling behavior of zein proteins when exposed to aqueous 
antisolvent conditions. This structural uniformity suggests that 
the formulation parameters—such as ethanol concentration, 
injection speed, and stirring rate—were well optimized to 
promote controlled nucleation and particle formation. The 
absence of surface defects or irregularities further highlights 
the integrity of the nanostructures. Such morphological 
regularity is advantageous in applications requiring predictable 
interaction with biological systems, controlled release of 
encapsulated compounds, or stable incorporation into food 
matrices (Fig. 11).

Figure	11.	SEM	picture	of	protein-based	nanoformulations	(Zein)

FTIR	analysis
The FTIR spectrum of the zein-based nanoformulations 
displayed several distinct absorption bands that clearly 
re�lected the characteristic functional groups of the protein 
matrix. The strong amide I band, attributed primarily to C=O 
stretching of peptide linkages, indicated that the core protein 
structure remained intact after nanoparticle formation. 
Similarly, the amide II band, arising from N–H bending and C–N 
stretching, further con�irmed the preservation of zein's 
secondary structural elements. Peaks corresponding to C–H 
stretching were evident, re�lecting the presence of hydrophobic 
aliphatic chains that are abundant within the zein protein. A 
broad O–H stretching region suggested hydrogen bonding 
interactions, possibly formed during the transition of zein from 
the ethanolic phase into the aqueous antisolvent. Additional 
mid-region C–N and C–O vibrations were observed, supporting 
the presence of stable protein conformations within the 
nanoparticles. The absence of signi�icant peak shifts or 
disappearance of major protein bands indicated that the 
nanoparticle fabrication process did not disrupt the 
fundamental structure of zein. Instead, the spectral pro�ile 
suggested that zein maintained its functional backbone while 
adapting to the nanoscale arrangement (Fig. 12).

Figure	12.	FTIR	spectrum	of	protein-based	nanoformulations	(Zein)

Discussion	
The development of edible nanoformulations using chitosan, 
lipids, and zein demonstrated that each biopolymer possesses 
unique structural and functional mechanisms contributing to 
successful nanoparticle formation. The ionic gelation process 
used for chitosan resulted in nanoparticles with a markedly high 
positive surface charge, indicating strong stability and well-
maintained dispersion. Chitosan is well known for its cationic 
nature in mildly acidic environments due to protonation of free 
amino groups, which promotes electrostatic stability and 
prevents aggregation—a behavior widely reported in earlier 
studies [16, 17). The narrow particle size distribution obtained 
for these nanoparticles re�lects ef�icient crosslinking between 
chitosan and TPP, a phenomenon attributed to rapid ionic 
interaction and the formation of a tightly bound network, 
consistent with observations from recent nanodelivery 
research [18]. The morphological characteristics con�irmed 
through SEM analysis further emphasized the ef�iciency of ionic 
gelation, as chitosan nanoparticles exhibited smooth surfaces 
and well-de�ined spherical shapes. Such observations align with 
previous work demonstrating that ionic gelation often yields 
uniform nanoscale structures with limited surface defects, 
making them suitable for bioactive delivery and antimicrobial 
coating applications [19]. FTIR �indings also supported 
nanoparticle formation by showing slight shifts in functional 
groups indicative of intermolecular interactions between 
chitosan and the crosslinker. These interactions, often in the 
form of hydrogen bonding or electrostatic attraction, are 
essential for structural stability and have been documented in 
the literature describing chitosan-based encapsulation systems 
[20].
Thymol  loaded Lipid-based nanoformulations also 
demonstrated successful nanoparticle synthesis, as con�irmed 
by both DLS and SEM analyses. The moderate negative zeta 
potential (–16.9 mV) of these nanoparticles suggests that the 
formulation relies on a combination of electrostatic and steric 
stabilization provided by surfactants like Tween 80. Similar 
stabilization patterns have been reported in solid lipid 
nanoparticles and nanostructured lipid carriers developed for 
encapsulating hydrophobic compounds [21, 22]. The nanoscale 
dimensions observed across particle size measurements re�lect 
ef�icient emulsi�ication and solvent evaporation processes, 
enabling stable lipid reorganization during formulation. 
Previous reports also highlight that the solvent evaporation 
technique yields nanoparticles with well-controlled size 
distribution, particularly when bioactive compounds such as 
essential oils are incorporated [23]. 
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SEM imaging of lipid nanoparticles reinforced the DLS results, 
showing consistently shaped spherical particles with minimal 
aggregation. The smooth surfaces observed suggest proper lipid 
solidi�ication and stabilization, a feature crucial for achieving 
controlled release and enhancing the bioavailability of 
hydrophobic compounds. Studies examining thymol- and 
carvacrol-loaded lipid nanoparticles have similarly 
demonstrated that lipid matrices can encapsulate phenolic 
compounds without compromising their structural attributes 
[24]. FTIR spectra further validated this, con�irming the 
presence of functional groups corresponding to both lipids and 
thymol and demonstrating that encapsulation preserves the 
chemical integrity of the bioactive. Comparable �indings in 
current literature show that lipid nanocarriers retain essential 
functional groups of the encapsulated molecules while forming 
stable ester- and ether-based interactions within the matrix 
[25].
Zein-based nanoparticles demonstrated strong positive zeta 
potentials and excellent structural integrity, re�lective of the 
protein's amphiphilic nature. Zein is known to self-assemble 
into spherical nanoparticles due to its high hydrophobic amino 
acid content—a phenomenon driven by hydrophobic 
interactions and hydrogen bonding when dissolved in ethanol 
and introduced into water [26]. The nanoscale dimensions of 
the zein nanoparticles in this study align with �indings that 
antisolvent precipitation produces tightly packed protein 
nanostructures suitable for carrying hydrophobic and 
moderately hydrophilic compounds [27]. SEM analysis further 
con�irmed the ability of zein to form monodisperse, smooth 
nanoparticles without aggregation, an observation frequently 
reported in studies involving zein nanocarriers for food-grade 
bioactives and antioxidants [28]. FTIR spectra of zein 
nanoparticles indicated well-preserved amide I and II regions, 
con�irming that secondary structures remained intact during 
nanoparticle formation. This retention of structure is signi�icant 
for maintaining the functional capabilities of zein as a delivery 
vehicle, as it preserves the protein's ability to bind or 
encapsulate bioactive compounds ef�iciently. Previous analyses 
also show that antisolvent precipitation maintains the α-helical 
structure of zein, ensuring stability of the resulting nanosystem 
[29]. When comparing the three nanoformulation systems, it 
becomes evident that chitosan produced the strongest 
electrostatic stability due to its higher surface charge, while zein 
nanoparticles exhibited stability due to protein self-assembly 
behaviours. Lipid nanoparticles, though possessing lower zeta 
potentials, bene�ited from steric stabilization and dense core 
formation, resulting in adequate colloidal stability. Across all 
systems, FTIR and SEM analyses con�irmed structural integrity, 
successful encapsulation, and effective nanoparticle formation.

Conclusion	
The present investigation demonstrated that three distinct 
green synthesis approaches—ionic gelation, solvent 
evaporation, and antisolvent precipitation—can effectively 
p ro d u c e  e d i b l e  n a n o f o r m u l a t i o n s  w i t h  f avo ra b l e 
physicochemical and structural attributes.  Chitosan 
nanoparticles prepared by ionic gelation exhibited high 
colloidal stability, as re�lected by their strong positive surface 
charge and uniform nanoscale size distribution. Lipid-based 
nanoparticles containing thymol formed a stable, well-
dispersed system with consistent particle morphology and clear 
spectral evidence of intact lipid and bioactive functional groups. 
Zein nanoparticles generated through antisolvent precipitation 

displayed controlled self-assembly, high surface charge, and 
preserved protein structural features, con�irming the suitability 
of the method for protein-based nanocarrier development. SEM 
imaging across all formulations veri�ied well-de�ined nanoscale 
morphology with minimal aggregation, while FTIR spectra 
con�irmed that the core chemical structures of chitosan, lipids, 
and zein were retained following nanoparticle formation. 
Collectively, these �indings highlight the effectiveness of the 
selected fabrication techniques in producing stable, 
monodisperse, and structurally sound edible nanoparticles. The 
resulting systems offer signi�icant promise for applications in 
functional foods, nutraceutical delivery, natural preservatives, 
and controlled-release formulations, providing a strong 
foundation for future development of safe and ef�icient bioactive 
carriers.
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