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Abstract

D-limonene is a bioactive monoterpene with recognized antioxidant, anti-inflammatory, and antimicrobial properties,
whose therapeutic application is severely constrained by its high volatility, sensitivity to oxidation, and poor aqueous
solubility. Nanoencapsulation within biopolymeric matrices represents a promising strategy to overcome these limitations.
Therefore, this study aimed to develop and characterize chemically modified avocado seed (Persea americana Miller)
starch nanoparticles, produced via a simple one-step nanoprecipitation method, for D-limonene encapsulation, evaluat-
ing their physicochemical properties, long-term stability, and immunomodulatory potential. Acetylation of the starch was
confirmed by FTIR, *C NMR, and degree of substitution (DS) determination, which collectively demonstrated successful
introduction of acetyl groups into the polymer backbone and the resulting increase in hydrophobicity that underlies the
encapsulation capacity of the nanocarrier. Thermogravimetric analysis further characterized the physicochemical proper-
ties of the modified starch and nanoparticles. The resulting nanoparticles displayed mean diameters lower than 350 nm,
predominantly homogeneous size distributions (PdI<0.3), zeta potentials ranging from —10.46 to —13.77 mV and encap-
sulation efficiency higher than 80% in two formulations. Long-term stability assessment demonstrated preservation of
colloidal integrity after 10 months under refrigerated storage, with retention of approximately 69% of initial encapsu-
lation efficiency. TEM analysis revealed small, globular particles with smooth surfaces and narrow size distribution,
while FT-IR spectroscopy provided surface chemistry characterization consistent with limonene confinement within the
nanoparticle core. In vitro release studies demonstrated a sustained, gradual release profile, with 59.1% of the encap-
sulated DL released after 24 h and release kinetics best described by a first-order model, with Fickian diffusion as the
dominant transport mechanism. Immunological analysis demonstrated a potent and context-dependent immunomodulatory
potential of ASNP-DLI. In vitro assays showed the suppression of pro-inflammatory cytokines (TNF-o and IL-6) in mac-
rophages and dendritic cells, concurrently maintaining anti-inflammatory IL-10 at basal levels, indicating a coordinated
shift toward an anti-inflammatory phenotype. These findings underscore the potential of this sustainable nanocarrier as a
versatile platform that effectively addresses the physicochemical limitations of D-limonene, positioning this sustainable,
agriculturally-derived nanocarrier as a promising candidate for immunomodulatory therapies with broad pharmaceutical
and biotechnological relevance.

Keywords Starch nanoparticles - D-limonene encapsulation - Immunomodulation - Sustainable nanocarriers -
Agricultural waste

Introduction

The urgency to reduce environmental impact and foster
sustainable development has driven global research toward
innovative solutions aligned with the principles of the
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circular economy and the United Nations SDGs [1]. A key
strategy to achieve these goals is the valorization of agro-
industrial by-products, enabling the conversion of residual
streams into high-value raw materials [2, 3]. Among the
possibilities, non-conventional starches are promising
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candidates. These biopolymers are characterized by diverse
physicochemical profiles, including distinct amylose con-
tents, pasting behaviors, and functional properties that con-
fer remarkable versatility for biotechnological applications
such as encapsulation and drug delivery, without competing
with the food supply chain, a critical consideration in the
context of global population growth [4—6].

In this scenario, the avocado seed (Persea americana
Miller) stands out as a significant and yet underutilized
resource. Global production of avocado reaches approxi-
mately 7.5 million tons per year, and the associated by-
products account for nearly 30% of the fruit’s total weight,
generating an estimated 2.42 million tons of waste annually
worldwide. The seed (approximately 50% of the residue)
is a rich source of valuable compounds, such as polyphe-
nols and non-conventional starch [7, 8]. The high amylose
content of avocado seed starch, ranging from approximately
15% to over 40% depending on botanical variety and ana-
lytical method, also confers distinct functional properties
relevant to nanoparticle development, including greater
resistance to retrogradation and enhanced capacity to form
compact, stable matrices upon chemical modification [9].

Therefore, the strategic utilization of the avocado starch
as a polymeric matrix for developing advanced drug deliv-
ery systems offers a sustainable and economically viable
pathway to meet the growing global demand for natural
biopolymers [7, 10, 11]. Nanoencapsulation within starch
matrices has proven effective in enhancing the stability of
volatile and thermolabile substances, while simultaneously
improving their bioavailability and targeted delivery [12,
13].

One such bioactive compound that significantly benefits
from nanoencapsulation is limonene, a major monoterpene
found in Citrus sinensis essential oils [14, 15]. D-limonene
(DL) is widely recognized for its diverse therapeutic activi-
ties, including potent antioxidant, anti-inflammatory, and
antimicrobial properties [16, 17]. However, its industrial
application is severely constrained by unfavorable physi-
cochemical characteristics, such as high volatility, sen-
sitivity to light and heat (thermo- and photolability), and
poor aqueous solubility [18, 19]. Within nanoparticle sys-
tems, the hydrophobic character of DL (logP = 4.5) plays
a direct mechanistic role: its affinity for the hydrophobic
domains of polymeric matrices drives partitioning into
the nanoparticle core during nanoprecipitation, while the
surface-associated phytochemicals act as stabilizing agents
that limit aggregation and modulate interfacial interactions
[20]. These properties, combined with the persistent chal-
lenges of poor aqueous solubility, high volatility, and exten-
sive phase-II metabolism that limit the oral bioavailability
of citrus-derived bioactives [21], underscore the rationale
for developing optimized nanocarrier systems capable of
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protecting and delivering DL with improved stability and
controlled release [22, 23].

Despite the clear advantages of using a sustainable,
non-conventional starch source for encapsulation, litera-
ture lacks studies combining avocado seed starch with the
production of nanoparticles for limonene delivery. This gap
represents a critical opportunity to develop an innovative
delivery system that integrates circular economy principles
with the optimization of a pharmacologically relevant bio-
active. Furthermore, limonene itself is often extracted from
orange peel residue, a by-product of the citrus industry,
which further reinforces the sustainability and circularity
of the proposed system [24]. Therefore, the objective of
this work was to develop and fully characterize chemically
modified avocado seed starch nanoparticles for the encapsu-
lation of limonene, evaluating the efficiency of the process,
the physicochemical properties of the resulting delivery sys-
tem, and its immunomodulatory potential.

Materials and Methods
Materials

D-limonene (DL, 95% purity) from Citrus sinensis was gen-
tly provided by Agroterenas Industrial Citrus Ltda, Santa
Cruz do Rio Pardo, SP, Brazil. Citric acid was acquired from
Merck (Merck, Darmstadt, GER). Acetone (P.A., ACS), pyr-
idine, N,N dimethylformamide (P.A.), and acetic anhydride
were purchased from Neon Comercial Reagentes Analiticos
Ltda (Suzano, SP, Brazil). All other reagents were of ana-
lytical grade. Solutions were prepared with deionized water.

Plant Material

The ripe fruits of Persea americana were collected from
trees geographically distributed in the city of Goidnia — GO,
Brazil (16°40'00" S, 49°15'00" W, reference point). After
harvest, the fruits were packed in plastic bags and promptly
delivered to the Polymer Chemistry Laboratory of the Fed-
eral University of Goias for immediate starch extraction
from the seeds.

Starch Extraction and Chemical Modification

Starch was isolated from avocado seeds according to the
method described by [25], with modifications. Initially, the
avocado seeds were immersed in a 1% (m/v) citric acid solu-
tion and cut into small pieces. Then, the seeds were trans-
ferred to an aqueous solution of 0.16% sodium metabisulfite
and crushed, a step employed to prevent enzymatic oxida-
tion and browning during processing, thereby preserving
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starch purity and ensuring downstream nanoparticle forma-
tion is not compromised by oxidative degradation products
[21]. The resulting material was filtered through a sieve (80
mesh), and the filtrate was left in an ice bath at 4 °C for 12
h. The precipitated starch was resuspended in water, and the
suspension was washed by centrifugation at 5000 rpm for
5 min at 4 °C. The obtained starch was dried at room tem-
perature (+ 25 °C), lyophilized, and acetylated as described
by Pitombeira et al. (2015), using acetic anhydride as acetyl
donor moieties [26].

Production of Nanoparticles

The nanoparticles were synthesized using the nanoprecipi-
tation method described by Tan et al. (2009), with modifica-
tions [27]. Initially, acetylated starch and D-limonene (DL)
were dissolved in acetone (organic phase), using a septum
vial to prevent DL volatilization. Distilled water was then
added dropwise to the polymer suspension through the rub-
ber septum using a 26G needle at a flow rate of 1 mL/min,
maintaining a solvent-to-antisolvent ratio of 2.5:1 (v/v) (50
mL acetone:20 mL water). The addition was performed
under continuous magnetic stirring at room temperature (&
25 °C) until the suspension became translucent, indicative
of nanoparticle formation. For the synthesis of unloaded
ASNP nanoparticles, the organic phase was prepared with-
out DL. The residual organic solvent was removed in a
vacuum concentrator (Eppendorf™ Concentrator Plus,
Hamburg, Germany). Different proportions of starch were
tested to optimize the nanomaterial properties, especially
the encapsulation efficiency (EE%), and the nanoparticles
were named as described in Table 1.

Particle Size Distribution and Zeta Potential

The hydrodynamic diameter and size distribution of the
nanoparticles were evaluated by dynamic light scattering
(DLS) at 25 °C using a Zetasizer Nano ZS90 (Malvern
Instruments Ltd., Worcestershire, UK), with a fixed detec-
tion angle of 90°. Samples were diluted 1:10 with purified
water (refractive index 1.33), and particle size distributions
were analyzed using the cumulants method to obtain the

Table 1 Components proportions of each formulation, with and with-
out limonene

Starch (mg) Acetone Water (mL) Limo-

(mL) nene
(1D
ASNPI 100 50 20 -
ASNP2 150 50 20 -
ASNP3 200 50 20 -
ASNP-DL1 100 50 20 50
ASNP-DL2 150 50 20 50
ASNP-DL3 200 50 20 50

Z-average diameter and polydispersity index (PdI). Zeta
potential was determined by laser Doppler electrophoresis
using the same equipment. All measurements were per-
formed in triplicate and results expressed as mean+SD.

Encapsulation Efficiency (EE%)

The EE% was determined by indirect UV-Vis spectropho-
tometry at 214 nm (KASVI K37-UV/VIS), following Ganje
et al. (2019) with modifications [28]. At this wavelength,
DL presents maximum absorbance, while unloaded ASNP
exhibited negligible absorbance, confirming spectral selec-
tivity. Unloaded ASNP was used as the spectrophotometric
blank, so that all absorbance readings were attributed exclu-
sively to DL. Since EE% is derived from relative absor-
bance ratios, no calibration curve or absolute concentration
quantification was required. EE% was calculated according
to Eq. (1).

(1

Free DL

EE (%) = [1_ <ASNPDL>} 2100

where ASNP-DL is the blank-corrected absorbance of
the limonene-loaded nanoparticles and Free DL is the absor-
bance of the total initial DL at equivalent concentration.

Colloidal and Encapsulation Stability

The long-term stability of selected formulations (ASNP1
and ASNP-DL1) was evaluated after 10 months of stor-
age in aqueous suspension under refrigeration (2-8 °C).
At this time point, hydrodynamic diameter, Pdl, and zeta
potential were re-measured by DLS under the same condi-
tions described in Sect. 2.5. The EE% of ASNP-DL1 was
re-determined by UV-Vis spectrophotometry at 214 nm fol-
lowing the procedure described in Sect. 2.6, using a freshly
prepared unloaded ASNP1 as the blank. Results were com-
pared to freshly prepared values (t=0) using Student’s t-test,
and differences were considered statistically significant at
p=<0.05.

Transmission Electron Microscopy (TEM)

ASNPI1 and ASNP-DL1 were also evaluated by transmis-
sion electron microscopy (TEM). A 20 puL drop of each
sample was deposited onto a carbon-coated copper grid and
allowed to adsorb for 10 min. Excess sample was removed
by blotting with filter paper, followed by negative staining
with 2% (w/v) uranyl acetate for 1 min. Grids were air-dried
at room temperature and examined using a TEM JEM-
2100 (JEOL, Tokyo, Japan) equipped with an EDS detector
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(Thermo Scientific), operating at 200 kV, at the Laboratoério
Multiusuario de Microscopia de Alta Resolugdo (LabMic),
Federal University of Goias, Brazil.

Fourier Transform Infrared (FTIR) spectroscopy

Native and acetylated starches, and the ASNP were charac-
terized by Fourier Transform Infrared (FTIR) spectroscopy
(Bruker Vertex 70) using an Attenuated Total Reflectance
(ATR) detector over the wavenumber range of 400 to
4000 cm™, with a resolution of 4 cm™ and an average of 32
scans. Samples were analyzed as dry powders without fur-
ther preparation. Spectra were baseline-corrected and nor-
malized prior to comparison. The analyses were conducted
in the Multiuser Analytical Center of the Chemistry Institute
(CAM/IQ) at the Federal University of Goias, Brazil.

Nuclear Magnetic Resonance Analysis (NMR)

Solid-state *C NMR experiments were performed on a
BRUKER Avance IIT 400 spectrometer (9.4 T), operating
at 75.48 MHz for the '*C nucleus. Samples were loaded into
a 4 mm zirconia rotor and measured with a 4 mm double-
resonance CP-MAS probe at room temperature. The analy-
sis was carried out at a spinning speed of 5-7 kHz, with a
cross-polarization contact time of 34 us, a recycle delay of
12 s, and an accumulation of 10,240 scans at room tem-
perature, according to Mutungi et al. (2012) with modifica-
tions [29]. The degree of substitution (DS) was estimated
from the solid-state *C CP/MAS NMR spectra using the
methyl-to-anomeric carbon ratio method. The relative inte-
gral of the acetyl methyl carbon signal (ca. 21 ppm, CHs)
was divided by the relative integral of the anomeric carbon
signal (ca. 99 ppm, C-1) of the acetylated starch spectrum,
according to Eq. (2):

ps = loms )
Ic 1

where Iy, and I | represent the relative integrals of the
acetyl methyl carbon and the anomeric C-1 carbon, respec-
tively. This approach is considered appropriate for CP/
MAS experiments, as both carbons are non-quaternary and
respond more homogeneously to cross-polarization [29].

Thermal Analysis
The thermal behavior of ASNP was investigated by Ther-
mogravimetric Analysis (TGA) on a DSC-60/60A ana-

lyzer (Shimadzu, Japan) at LAMES, Federal University
of Goias (UFG), Brazil. TGA measurements were carried
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out in platinum crucibles under a nitrogen atmosphere (50
mL-min™"), heated from 25 to 400 °C at 10 °C-min".

In Vitro Release Profile

The in vitro release profile of DL from ASNP-DL1 was
evaluated using vertical Franz diffusion cells. A dialysis
membrane (14 kDa MWCO) was hydrated for 24 h in the
receptor medium prior to assembly. The donor compartment
received 2 mL of ASNP-DLI1 suspension, and the receptor
compartment (15 mL) was filled with 10% ethanol in water,
selected from a preliminary solubility screening of four
media (0.1% Tween 80 in water, 10% ethanol, 50% ethanol,
and 3% acetic acid) as the medium providing adequate DL
solubility without membrane dissolution [30, 31]. The sys-
tem was maintained at 37 + 0.5 °C under constant stirring.
Aliquots of 0.5 mL were collected from the receptor com-
partment at pre-determined time-intervals, with immediate
replacement of an equal volume of fresh receptor medium
to maintain sink conditions. The concentration of released
DL was quantified by UV-Vis spectrophotometry at 214 nm.
Cumulative release (Q,, pg) was calculated correcting for
the volume removed at each sampling point according to

Eq. 3):

Q= CiaVi+ > (CizVy) 3)

where C, is the concentration at time t (ug/mL), V, is the
receptor volume (15 mL), C; is the concentration at each
previous collection point, and V is the aliquot volume (0.5
mL). Release data were fitted to zero-order, first-order,
Higuchi, and Korsmeyer-Peppas kinetic models. Model
selection was based on the coefficient of determination (R?).

Analysis of Inmunomodulatory Effect

These analyses were performed at the Applied Immunol-
ogy Laboratory of the Institute of Biological Sciences of
the University of Brasilia (UnB), Brasilia - DF. All immu-
nomodulatory assays were conducted exclusively in vitro,
using bone marrow-derived macrophages (BMDMs) and
bone marrow-derived dendritic cells (BMDCs) obtained
from C57BL/6J male mice (8—10 weeks of age) solely as
a primary cell source. The use of animals was restricted to
bone marrow extraction for subsequent in vitro cell differ-
entiation, in accordance with the 3Rs principles. All pro-
cedures involving animals were approved by the Animal
Ethics Committee of the University of Brasilia (UnBDoc
number 66729/2016) and conducted in accordance with the
Brazilian Council for the Control of Animal Experimenta-
tion (CONCEA) guidelines.



Journal of Polymers and the Environment (2026) 34:232

Page50f20 232

Differentiation of Bone Marrow-Derived
Macrophages (BMDM) and Bone Marrow-Derived
Dendritic Cells (BMDC)

Bone marrow-derived macrophages (BMDM) and den-
dritic cells (BMDC) were obtained according to Marina et
al. (2020) [32]. Briefly, to generate pro-inflammatory M1
macrophages and dendritic cells, 2 x 10° cells were cul-
tured in Roswell Park Memorial Institute (RPMI)-1640
(Thermo Fisher Scientific) medium supplemented with
10% fetal bovine serum (FBS), gentamicin, 20 ng/mL
GM-CSF (ImmunoTools — Friesoythe, Germany), and 50
pM B-mercaptoethanol (Sigma-Aldrich — St. Louis, MO,
USA). Medium was replenished on days 3 and 6. On day
8, dendritic cells were collected from the supernatant, while
adherent macrophages were detached using TrypLE Express
dissociation solution (Life Technologies — Carlsbad, CA,
USA). Cells were resuspended in fresh RPMI-1640 with
10% FBS and counted, using a flow cytometer (FACSVerse
— BD Biosciences — San Jose, CA, USA).

Interaction of the ASNPs with BMDM and BMDC

BMDMs or BMDCs (1x10° cells/well) were incubated
at 37 °C in a humidified 5% CO, atmosphere. The culture
medium was subsequently replaced with 90 uL. of RPMI-
1640 supplemented with 10% FBS and 10 pL of the respec-
tive samples. ASNP-DL1 and DL samples were evaluated
at concentrations of 125, 250, and 500 pg/mL, expressed
as limonene mass per volume. Preliminary screening across
a broader range (31.25, 62.5, 125, 250, and 500 pg/mL)
was performed, however no statistically significant differ-
ences were observed at the lower concentrations relative to
the negative control. Thus, the three highest concentrations
were selected for presentation to maintain clarity and focus
on the biologically relevant range. Lipopolysaccharide
(LPS, 500 ng/mL; Sigma-Aldrich) and phosphate-buffered
saline (PBS, pH 7.0) were employed as positive and nega-
tive controls, respectively. Unloaded ASNP1 was also tested
to determine whether the starch matrix could trigger inflam-
masome activation. After a 24 h incubation period (37 °C,
5% COz), the plates were centrifuged, and the supernatants
were harvested for cytokine quantification.

Cytokine Quantification

The cell-free supernatants of the BMDM and BMDC cul-
tures were harvested for measurement of interleukins (IL)
IL-10, IL-6, and tumor necrosis factor (TNF)-a concentra-
tions using ELISA (Ready-Set-Go! Kit — Thermo Fisher
Scientific), according to the manufacturer’s guidelines
(Invitrogen).

Data Analysis

All cytokine quantification assays were performed in tech-
nical triplicate (n=3 wells per concentration per cell type),
and all remaining experiments were performed in triplicate.
Results are expressed as mean+ SD. The cytokine data pre-
sented are representative of three independent experiments
conducted on separate days, all of which yielded consistent
results. One-way ANOVA followed by Tukey’s post hoc
test was applied to comparisons involving multiple groups,
including physicochemical characterization of nanopar-
ticle formulations and cytokine quantification data. Stabil-
ity assessments, involving pairwise comparisons between
freshly prepared and stored formulations (t=0 vs. t=10
months), were analyzed using Student’s independent t-test.
All analyses were performed using Statistica software (ver-
sion 6.0, Statsoft Inc., Tulsa, USA). A p-value<0.05 was
considered statistically significant.

Results and Discussions
Particle Size Distribution

Polymer amount is a crucial parameter to control nanopar-
ticle size and distribution. If the content exceeds the criti-
cal concentration, the system may fail to achieve effective
dispersion, resulting in agglomerates and heterogeneous
populations. Furthermore, size and chemical composition
substantially influence the interactions of nanomaterials
with biological membranes, governing processes such as
adhesion, internalization, and biodistribution, factors of
critical relevance for the rational design and optimization
of nanotherapeutics [33, 34]. Therefore, different amounts
of starch were tested to optimize nanomaterial properties,
and the results for mean particle diameter, zeta potential,
polydispersity index (PdI), and encapsulation efficiency are
presented in Table 2.

The average particle size of ASNP was below 300 nm,
with a predominantly homogeneous size distribution
(PdI<0.3) in most formulations. Notably, variations in
starch concentration did not significantly affect the particle
size of unloaded ASNP. The incorporation of DL also had
no measurable effect on the particle diameters of ASNP-DL
1 and 2, maintaining low PdI values statistically similar to
those of the unloaded formulations. Conversely, ASNP-
DL3 exhibited a subtly larger particle size, probably due
to a combination of elevated starch concentration and DL
content. Moreover, ASNP-DL3 exhibited a broader distri-
bution (PdI=0.35+0.02), suggesting the coexistence of
multiple particle populations and potential aggregation.
Formulations with even higher starch content yielded larger
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Table 2 Particle size, polydispersity index, zeta potential, and encap-
sulation efficiency of nanoparticles without and with limonene encap-
sulated (ASNP and ASNP-DL, respectively)

Sample Particle Size Pdl Zeta Potential EE%
Name (nm) (mV)
ASNP1 287.87+12.24*  0.20+0.04* -16.50+0.72* -
ASNP2 259.23+£13.64° 0.27+£0.06° -10.46+1.16" -
ASNP3 273.40+11.99%° 036+0.10*° -10.93+0.64° -
ASNP-DL1 309.27+12.21* 0.27+0.04* -13.77+0.74° 85.6%
+
2.3%°
ASNP-DL2 294.70+20.99°  0.23+0.02* -11.87+0.67° 79.2%
+
5.7%
ASNP-DL3 351.17428.54° 0.35+0.02° -11.57+0.38° 54.8%
+
3.8%"

The different small superscript letters on the average data with stan-
dard deviation () in the same column are significantly different
(p<0.05)

particles, with elevated polydispersity indices (PdI>0.7),
and were consequently excluded from further analyses (data
not shown).

The absence of a monotonic concentration—size relation-
ship in the unloaded ASNP series (287, 259, and 273 nm for
100, 150, and 200 mg, respectively) is consistent with the
known behavior of polysaccharide-based nanoprecipitation
systems. Tan et al. (2009) demonstrated that particle size
in starch acetate nanospheres prepared by nanoprecipitation
increases with polymer concentration due to higher organic
phase viscosity, which promotes larger nanodroplet forma-
tion, and identified a critical overlapping concentration (c*)
above which PDI increases abruptly [27]. In the present
study, all three starch concentrations tested appear to oper-
ate below or near this threshold, as evidenced by the statisti-
cally comparable mean diameters across ASNP1-3 (Table
2). However, concentration did influence size distribution
homogeneity: PdI increased progressively from 0.20 + 0.04
(ASNP1) to 0.36 + 0.10 (ASNP3), reflecting a broadening
of the particle population at higher polymer loads, consis-
tent with the onset of interchain interactions that impair uni-
form nanoprecipitation [27, 35, 36].

The mean diameters obtained (259-351 nm) are consis-
tent with those reported for analogous nanocarrier systems,
including chitosan/alginate Pickering emulsions (ca. 274
nm) [37], alginate/collagen nanoparticles (ca. 300 nm) [38],
and PLGA-based systems (ca. 280 nm) [39]. OSA-modified
starch nanoparticles have been reported across a wider size
range (62—-248 nm) [12], reflecting the greater sensitivity of
that system to formulation variables. The narrow size distri-
butions obtained for most ASNP formulations (PdI < 0.27)
compare favorably with these systems and are indicative of
a controlled nanoprecipitation process.
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Zeta Potential

Zeta potential measurements revealed negative surface
charges for all nanoparticle formulations (Table 2), consis-
tent with previous findings involving various starch sources
[40-42]. ASNP1 and ASNP-DL1 exhibited the most nega-
tive values (— 16.50 mV and — 13.77 mV, respectively), while
ASNP 2 and 3, as well as ASNP-DL 2 and 3, displayed less
negative surface charges (ranging from — 10.46 to — 11.87
mV). These subtle variations may be attributable to polymer
content. Nanoparticles with lower polymeric load (ASNP1
and ASNP-DL1), although exhibiting comparable hydrody-
namic diameters, possess reduced surface coverage, thereby
exposing a greater proportion of negatively charged core
functional groups. Indeed, the negative surface potential
largely arises from the ionization of hydroxyl groups and
the presence of phosphate esters naturally associated with
amylopectin [33].

The values observed across all formulations fall below
the + 30 mV threshold conventionally associated with elec-
trostatically stabilized dispersions. However, this criterion
applies strictly to charge-stabilized systems and does not
account for the steric stabilization provided by polymeric
surface layers [43—45]. In acetylated starch nanoparticles,
hydrophobic acetyl groups distributed along the polymer
backbone reduce interfacial mobility and limit interparticle
approach, providing a steric barrier that operates indepen-
dently of surface charge magnitude. The low PDI values
and absence of aggregation across formulations are more
reliable indicators of practical colloidal stability than zeta
potential alone and are consistent with this mechanism.
Similar low-to-moderate zeta potential values have been
reported for analogous systems: Apostolidis et al. (2023)
found values between — 13.34 and — 21.56 mV for starch
nanoparticles produced by nanoprecipitation [43], and
Cerqueira et al. (2019) reported — 14.8 to — 18.1 mV for
acetylated galactomannan micelles, both with maintained
colloidal integrity [46].

Encapsulation Efficiency (EE%)

The EE% of the ASNP-DL1 and ASNP-DL2 systems was
consistently high (85.6 + 2.3% and 79.2 + 5.7%, respec-
tively; Table 2), with no significant difference between
them, indicating efficient encapsulation under these con-
ditions. These values are comparable to those reported for
alginate/collagen nanoparticles encapsulating limonene (ca.
83.6%) [38] and approach the values achieved with OSA-
modified starch systems (ca. 90%) [12], which benefit from
the amphiphilic character conferred by the octenyl succinate
groups. These high EE% values may be attributable to the
chemically favorable core environment for DL (logP = 4.5)
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created by the polymer backbone, driving its preferential
partitioning into the forming nanoparticle during solvent
diffusion. As the organic phase disperses into the aqueous
antisolvent, the polymer matrix consolidates rapidly around
the hydrophobic core, kinetically trapping the DL before
redistribution to the aqueous phase can occur [27].

In contrast, ASNP-DL3 exhibited markedly reduced EE%
(54.8% =+ 3.8%), likely due to the higher polymer concentra-
tion, which may have promoted excessive intramolecular or
intermolecular interactions during the initial stages of nano-
precipitation. Such uncontrolled aggregation compromises
the efficiency of the self-assembly mechanism, leading to a
suboptimal dispersion and a failure to effectively partition
the DL into the core. This mechanistic explanation is consis-
tent with the observed poor colloidal stability, as evidenced
by the larger particle size (351.17+28.54 nm) and higher
PdI (0.35+0.02), which are secondary indicators of a non-
uniform and less efficient formulation.

Considering the physicochemical parameters collec-
tively, ASNP1 and ASNP-DL1 emerged as the superior for-
mulation pair. Among the unloaded nanoparticles, ASNP1
presented the narrowest size distribution (PdI=0.20+0.04)
and the highest surface charge magnitude (—16.50+0.72
mV), while maintaining a mean diameter statistically com-
parable to the other formulations. Its DL-loaded counterpart,
ASNP-DLI, achieved the highest encapsulation efficiency
(85.6+2.3%), with no statistically significant difference in
particle size or PdI relative to ASNP-DL2. Although ASNP-
DL2 also presented high EE% (79.2+5.7%), ASNP-DL1
offered a more favorable combination of colloidal homo-
geneity, surface charge, and encapsulation performance.
ASNP-DL3, despite sharing the same preparation method,
was consistently inferior across all parameters evaluated.
Accordingly, ASNP1 and ASNP-DL1 were selected for
all subsequent characterization and biological assays, rep-
resenting the most promising formulation in terms of both
physicochemical quality and encapsulation efficiency.

Colloidal and Encapsulation Stability

The physicochemical stability of ASNP1 and ASNP-
DL1 was assessed after 10 months of storage in aqueous

suspension under refrigeration (2—8 °C), and results are pre-
sented in Table 3.

Both formulations retained their colloidal properties
throughout the storage period, with no statistically signifi-
cant changes in particle size or PdI (»p > 0.05). ASNP1 main-
tained a mean diameter of 231.73 + 51.25 nm with Pdl of
0.26 + 0.05, while ASNP-DL1 presented a mean diameter of
345.00 + 18.07 nm with PdI of 0.36 + 0.05, both consistent
with the values recorded at t = 0. The preservation of size
distribution across 10 months indicates that the acetylated
starch matrix confers adequate colloidal integrity under
refrigerated aqueous storage, likely owing to the hydro-
phobic character introduced by acetylation, which reduces
polymer—water interfacial mobility and limits interparticle
interactions [26].

Zeta potential values showed a statistically significant
reduction in magnitude for both formulations (p < 0.05),
declining from — 16.50 = 0.72 mV to — 11.87 + 0.84 mV
for ASNP1, and from — 13.77 £ 0.74 mV to — 10.87 + 0.36
mV for ASNP-DL1. Despite this reduction, neither formula-
tion crossed the threshold typically associated with colloidal
instability, and the absence of concomitant increases in par-
ticle size or PdI confirms that the charge reduction did not
translate into aggregation. This behavior is consistent with
previously reported observations for starch-based nanopar-
ticles stored in aqueous media, where progressive surface
charge attenuation over time is attributed to rearrangement
of surface functional groups and partial hydration of the
polymer shell without structural disruption [43, 47].

Regarding encapsulation capacity, ASNP-DL1 exhibited
a statistically significant reduction in EE% after 10 months,
from 85.6 + 2.3% to 59.1 £ 4.0% (p < 0.05), representing
retention of approximately 69% of the initial encapsulation
efficiency. This partial loss is attributable to the gradual dif-
fusion of DL from the hydrophobic core toward the aque-
ous phase over extended storage, a phenomenon commonly
reported for volatile and lipophilic bioactives. Li & Lu
(2016) reported a continuous decline in the encapsulated
ratio of DL in nanoemulsions over 98 days even at 4 °C, a
finding attributed to diffusion-driven leaching of the vola-
tile monoterpene across the interfacial film. Notably, the
69% EE% retention observed here was achieved over a
period approximately three times longer than that evaluated

Table 3 Physicochemical characterization and encapsulation efficiency of ASNP1 and ASNP-DL1 at t=0 (freshly prepared) and after 10 months

of storage in aqueous suspension under refrigeration (2—8 °C)

Sample Time point Particle Size (nm) Pdl Zeta Potential (mV) EE%

ASNP1 t=0 287.87+12.24 0.20+0.04 -16.50+0.72 -
t=10 months 231.73£51.25 0.26+0.05 -11.87+0.84* -

ASNP-DL1 t=0 309.27+12.21 0.27+0.04 -13.77+£0.74 85.6% +2.3%
t=10 months 345.00+18.07 0.36+0.05 -10.87+0.36* 59.1% + 4.0%*

* Indicates significant difference from freshly prepared values (p<0.05). No statistically significant differences were observed in particle size

or PdI for either formulation between time points
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in analogous DL nanoemulsion systems, underscoring the
protective role of the solid acetylated starch matrix relative
to liquid-phase emulsion carriers, in which the absence of
a continuous polymeric barrier allows more rapid and sus-
tained cargo diffusion [48].

Transmission Electron Microscopy (TEM)

TEM analysis was employed to assess the morphological
properties of the starch nanoparticles, including particle
shape and size distribution, as shown in Fig. 1.

TEM micrographs revealed small, smooth-surfaced
globular nanoparticles with a narrow size distribution, cor-
roborating the results of the DLS analysis. The formulations
exhibited similar geometry, with ASNP-DL1 displaying an
oily-dense core aspect with characteristic lipophilic appear-
ance, contrasting with the uniform lucent core of ASNP1,
thereby suggesting successful DL encapsulation within
the starch-based nanocarrier system. The sizes observed
by TEM were smaller than the hydrodynamic diameters
determined by DLS, consistent with the expected difference
between the dehydrated nanoparticle core visualized under
vacuum conditions and the hydrodynamic diameter, which

Fig. 1 TEM images of ASNP1 (A and B) and ASNP-DL1 (C and D)
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includes the polymer solvation shell. This behavior was pre-
viously reported for analogous acetylated polysaccharide
nanoparticles produced by nanoprecipitation [15].

The homogeneous distribution and absence of surface
roughness also demonstrate the versatility of avocado starch
as a polymeric matrix for bioactive encapsulation, exhib-
iting sufficient malleability to reduce or eliminate surface
defects following the nanoprecipitation process. Further-
more, the proximity of nanoparticles without evidence of
coalescence indicates good formulation stability, likely due
to electrostatic repulsion from surface charges [15].

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy was used to investigate the changes in
the molecular structure of starch after chemical modifica-
tion and nanoprecipitation. Therefore, the FT-IR spectra of
native and acetylated avocado starch, ASNP1 and ASNP-
DL1, are presented in Fig. 2.

Spectral analysis revealed characteristic absorption bands
consistent with native starch polymers, including a promi-
nent broad band at 3327 cm™! corresponding to O-H stretch-
ing vibrations hydroxyl groups and residual moisture. The

100 nm

500 nm
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band observed at 2925 cm™ was assigned to asymmetric
C-H stretching vibrations of methylene (-CH>) groups [49].
The absorption at 1639 cm™ was attributed to O-H bend-
ing deformation vibrations associated with intermolecular
hydrogen bonding networks characteristic of native starch
architecture. Within the fingerprint region, the peak at 1242
cm™! was attributed to C-O-C stretching vibrations of a-1,4
glycosidic linkages and the peak at 1010 cm™ indicated
C-O and C-C stretching modes within the polysaccharide
framework.

Spectroscopic examination of acetylated starch revealed
molecular structural modifications consequent to chemi-
cal derivatization, evidenced by the emergence of distinct
absorption features. The band at 1722 cm™ was assigned to
C = O stretching vibrations, while the absorption at 1370
cm™' corresponded to methyl group vibrational modes
within the acetyl substituents [50—54].

The spectra of both ASNP1 and ASNP-DL1 preserved all
characteristic absorption bands of acetylated starch, with no
emergence of bands exclusively attributable to free DL. It
should be noted, however, that the major vibrational modes
of limonene, including C-H stretching (29662834 cm™),
C = C stretching (1644 cm™), and CH deformation bands
(1377-1243 cm™), overlap substantially with bands present
in the acetylated starch matrix [55], which precludes unam-
biguous identification of surface-associated or free DL by
FTIR alone. The primary evidence for effective encapsula-
tion is therefore attributed to the EE% of 85.6 + 2.3% deter-
mined by UV-Vis spectrophotometry, corroborated by the
statistically larger hydrodynamic diameter of ASNP-DLI
relative to ASNP1 (309.27 vs. 287.87 nm), consistent with

limonene incorporation into the nanoparticle core, and by
TEM micrographs showing a dense, opaque core in ASNP-
DL1 that contrasts markedly with the uniform lucent core of
unloaded ASNPI.

Nuclear Magnetic Resonance Analysis (NMR)

For further information on the chemical modification, the
starch samples were subjected to '*C nuclear magnetic reso-
nance (NMR), and the results are shown in Fig. 3.

Acetylation of avocado seed starch was confirmed by the
appearance of signals at 172.3 ppm and 21.2 ppm, attrib-
uted to the carbonyl carbon (C = O) and methyl group (CHs)
of the acetyl moiety, respectively, which are absent in the
native starch spectrum. These findings are consistent with
the FTIR data, which independently confirmed the introduc-
tion of acetate ester groups through the carbonyl stretching
band at 1722 cm™ and the methyl deformation band at 1370
cm™'. The remaining signals corresponded to the glucose
backbone: a broad singlet at 72.4 ppm (C-2, C-3, and C-5),
82.8 ppm (C-4), 61.9 ppm (C-6), and a single anomeric car-
bon signal at 99.9 ppm (C-1), consistent with values reported
by Cuenca, Ferrero, and Albani [51]. The acetylated starch
spectrum displayed an amorphous character, evidenced by
the broadening of the C-2, C-3, and C-5 signals relative
to native starch (Fig. 3), reflecting high structural disorder
attributed to the disruption of starch chain organization by
the acetyl substituents, combined with the lyophilization
process.

The DS, calculated as the ratio between the relative
integrals of the acetyl methyl carbon (ca. 21 ppm) and the
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Fig. 3 Solid-state '*C NMR spectra of native and acetylated avocado seed starch

anomeric carbon C-1 (ca. 99 ppm) in the solid-state *C CP/
MAS NMR spectrum, yielded a value of approximately
1.15, indicating the introduction of roughly one acetyl
group per glucose unit (theoretical maximum: 3). This result
confirmed effective acetylation of the starch chains. Since
nanoparticle formation does not involve covalent modifi-
cation of the polymer backbone, the chemical identity of
the acetylated starch is preserved throughout the nanopar-
ticulation process, and the NMR characterization presented
here is therefore considered representative of the polymeric
matrix composing ASNP1 and ASNP-DL1. The introduc-
tion of acetyl groups, by replacing hydroxyl groups with
acetyl moieties, reduces the hydrophilic character of the
native starch and increases the affinity of the polymer matrix
for hydrophobic molecules, a modification considered a key
factor underlying the encapsulation capacity of ASNP-DL1
for DL (logP~4.5) and the formation of a stable hydropho-
bic core capable of retaining the essential oil within the
nanoparticle structure.

Thermal Analysis

The thermal stability of native starch, acetylated starch,
ASNP1, and ASNP-DL1 was investigated by thermogravi-
metric analysis (TGA), and the resulting curves are pre-
sented in Fig. 4.

All samples exhibited a single major degradation event
between approximately 280 and 360 °C, consistent with
the thermal decomposition of the starch backbone previ-
ously reported for chemically modified starches [50, 52].
The onset of degradation did not differ substantially across

@ Springer

samples, indicating that neither the nanoprecipitation pro-
cess nor limonene encapsulation compromised the intrinsic
thermal stability of the polymeric matrix.

In the low-temperature region (40-75 °C, Fig. 4 inset),
native starch showed the greatest mass loss (3.43%), reflect-
ing its high hygroscopicity. Acetylated starch (2.85%) and
ASNPI1 (2.96%) displayed progressively reduced mass loss,
consistent with the decreased water affinity conferred by
acetylation, in agreement with the FTIR and DS data dis-
cussed previously. Also, ASNP1’s similar profile reflects
the preservation of surface chemistry upon nanoprecipita-
tion. Moreover, the thermogram evidenced an improved
structural stability of the acetylated starch, since it has the
highest residual mass in the high-temperature region (300 to
400 °C) suggesting that alterations in the molecular struc-
ture may enhanced intermolecular interactions.

Notably, ASNP-DL1 presented the lowest mass loss
among all samples in this region (2.60%), falling below
even that of the acetylated starch precursor. Considering
DL appreciable volatility at lower temperatures, surface-
adsorbed or poorly encapsulated DL would be expected
to contribute additional mass loss relative to the unloaded
ASNPI1. Thus, the observation of a lower loss in ASNP-
DL1 suggests that the monoterpene is retained within the
hydrophobic nanoparticle core, where its volatilization is
constrained by the polymeric matrix and where its presence
may further limit water mobility at the particle interface.
This interpretation is corroborated by the high encap-
sulation efficiency (85.6+2.3%) determined by UV-Vis
spectrophotometry and by the FT-IR spectral evidence of
limonene incorporation discussed in the preceding section,
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Fig. 5 In vitro cumulative release of DL from ASNP-DL1 over 24 h

collectively supporting the conclusion that limonene is
effectively encapsulated rather than merely adsorbed onto
the particle surface.

In Vitro Release Profile

The in vitro release profile of D-limonene from ASNP-DL1
was assessed using Franz diffusion cells over a 24 h period
at 37 °C, with 10% ethanol as the receptor medium, and the
resulting cumulative release curve is presented in Fig. 5.

I . I . I . I = I I
150 200 250 300 350 400

Temperature (°C)

ASNP-DL1 displayed a sustained, gradual release
behavior over 24 h, reaching a total cumulative release of
59.1% (1077.4 pg) at the end of the assay (Fig. 5). An ini-
tial release of 8.4% (153.0 pg) was observed within the first
5 min, which, in the absence of detectable surface-adsorbed
DL as evidenced by ATR-FTIR analysis of freshly prepared
nanoparticles, is attributed to diffusion of DL located in
low-density or amorphous regions of the outermost layers
of the acetylated starch matrix rather than to surface adsorp-
tion. Release progressed continuously, reaching 27.0% at
60 min and 42.1% at 180 min, without evidence of a pro-
nounced plateau during the first 3 h. A notable increase in
release rate was observed between 30 and 45 min (0.459%/
min), exceeding the rates in adjacent intervals (0.336%/
min for 20-30 min and 0.278%/min for 45-60 min), sug-
gesting the presence of heterogeneous populations within
the matrix with distinct diffusion barriers. A relative sta-
bilization became apparent between 6 h (49.2%) and 24 h
(59.1%), where the release rate declined to 0.009%/min,
indicating progressive depletion of the accessible DL frac-
tion and the establishment of a near-plateau regime. A total
0f40.9% (746.5 pg) of the initial payload remained retained
in the matrix at the end of the assay, reflecting the hydro-
phobic interactions between DL and the acetyl groups intro-
duced by chemical modification, which increase the affinity
of the bioactive for the lipophilic domains of the polymer
and restrict its diffusion into the hydroethanolic medium.
This retained fraction may function as a sustained-release
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reservoir whose depletion would depend on more specific
in vivo solubilization conditions, a favorable attribute for
controlled delivery applications.

Among the kinetic models evaluated (Table 4), the
first-order model provided the best fit (R* = 0.950;
Mmax=53.54%; k=0.0102 min™"), fitted using nonlin-
ear regression with Mmax as a free parameter according
to F=Mmax-(1—e"{—kt}), where F represents the cumu-
lative release fraction (%). This model indicates that the
release rate of DL is proportional to the amount of bioactive
remaining within the nanoparticle matrix at each time point,
a behavior consistent with concentration-driven diffusion
from a finite reservoir. The finite Mmax* (53.54%) repre-
sents the theoretical asymptotic release limit estimated by
the model, reflecting the existence of a fraction that would
remain inaccessible under the prevailing experimental con-
ditions. It is noteworthy that the actual cumulative release
at 24 h (59.1%) slightly exceeded this modeled asymptote,
a discrepancy attributable to the progressive deceleration of
release observed beyond 6 h (0.009%/min between 6 and
24 h), which indicates that the system was approaching its
practical release ceiling within the experimental window
rather than actively releasing at rates that would substan-
tially alter the cumulative outcome with further time. The
Korsmeyer—Peppas model also yielded a satisfactory fit (R?
=0.939; k=4.511; n=0.397), and the diffusional exponent
n<0.45 confirms Fickian diffusion as the dominant transport
mechanism, in which DL migrates through the acetylated
starch matrix following a concentration gradient without
significant contribution from polymer chain relaxation or
swelling. The Higuchi model provided an intermediate fit

Table 4 Kinetic models fitted to the in vitro cumulative release data
of D-limonene from ASNP-DL1 (Franz diffusion cells, 10% ethanol,
37°C, 5-24h)

Kinetic  Equation R? Parameters Mechanism
Model
Zero- F=F,+ Xkt 0.591 k,=0.0307%/ Not
order min applicable
First- F=M, . (1-¢) 0950 M, =53.54%; Concentra-
order k=0.0102 min"! tion-driven
release
from finite
reservoir
Higuchi F=k; -t 0.824 ky;=1.490%/  Diffusion
min'? from homo-
geneous
matrix
Kors- F=kt" 0.939 k=4.511; Fickian
meyer- n=0.397 diffusion
Peppas (n<0.45)

F=cumulative release fraction (%); t=time (min); k=release rate
constant; Mmax=maximum release (%); n=diffusional exponent.
First-order model fitted using nonlinear regression with Mmax as a
free parameter [F=Mmax-(1 —ekt)]. Highlighted row indicates best-
fitting model. R? values calculated from 11 time points (524 h)
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(R? =0.824), while the zero-order model was the least ade-
quate (R?=0.591), confirming that DL release does not fol-
low a purely square-root-of-time dependence or a constant
rate. The compact hydrophobic character of the acetylated
matrix, evidenced by the increased degree of substitution
(DS=1.15) and the FTIR- and NMR-confirmed presence of
acetyl groups, limits water uptake and constrains polymer
relaxation, mechanistically supporting the Fickian regime.

Similar diffusion-controlled profiles have been reported
for limonene-loaded amylose nanostructures [28] and
polysaccharide-based nanofibers [30]. Ganje et al. (2019)
reported Fickian diffusion (n < 0.45) as the dominant mech-
anism for limonene release from amylose nanostructures,
with first-order kinetics also providing satisfactory fits (R
=~ 0.94-0.98), corroborating the concentration-driven dif-
fusion behavior observed in the present work. The cumu-
lative release of ca. 59% at 24 h obtained for ASNP-DL1
is consistent with the controlled release range of 34-79%
reported by the same authors over 6 h under intestinal con-
ditions, reflecting the capacity of polysaccharide matrices
to modulate limonene diffusion rates through hydrophobic
core interactions [28].

Immunomodulatory Effect Analysis

Bone marrow-derived macrophages (BMDMs) and bone
marrow-derived dendritic cells (BMDCs) are widely
employed in immunological assays to quantify cytokine
production due to their complementary roles in orchestrat-
ing the immune response, especially in innate responses.
Macrophages primarily contribute through efficient phago-
cytosis and rapid cytokine secretion, thereby providing the
tissue’s first line of defense and shaping the local inflam-
matory milieu. Likewise, immature dendritic cells internal-
ize antigens and, upon maturation, migrate from peripheral
tissues to lymph nodes. Upon arrival, they become highly
specialized in antigen presentation and T-lymphocyte acti-
vation, thus functioning as a critical interface between
innate and adaptive immunity [56, 57]. Importantly, these
two cell types differ substantially in their expression profiles
of pattern recognition receptors (PRRs), including C-type
lectin receptors such as Dectin-1, and Toll-like receptors,
as well as in their endocytic capacity and downstream sig-
naling repertoire, which collectively underlie their distinct
functional responses to particulate stimuli [58, 59].

In this context, BMDMs and BMDCs were co-cultured
and stimulated with different concentrations of DL and
ASNP-DLI1. TNF-a and IL-6 were selected as represen-
tative pro-inflammatory mediators rapidly induced upon
innate immune cell activation, orchestrating leukocyte
recruitment, vascular changes, and amplification of immune
responses [42]. IL-10 was included as a counterregulatory



Journal of Polymers and the Environment (2026) 34:232

Page 13 0f 20 232

cytokine that limits excessive immune activation by sup-
pressing pro-inflammatory cytokine production, antigen-
presenting cell activation, and dendritic cell maturation,
thereby maintaining immune homeostasis [60]. The com-
bined analysis of these cytokines provides a mechanistically
informative readout of the inflammatory phenotype adopted
by immune cells in response to a given stimulus, enabling
discrimination between pro-inflammatory activation, regu-
latory responses, and generalized immunosuppression. The
results of TNF-a and IL-6 cytokine production by BMDMs
are shown in Fig. 6.

Unloaded ASNP1 did not increase TNF-o secretion
when administered as a single agent, demonstrating that
avocado starch does not activate the BMDM inflamma-
tory response via TNF-a-mediated mechanisms (Fig. 6A).
For IL-6, the response pattern was more heterogeneous
(Fig. 6B). Unloaded ASNP1 stimulated IL-6 levels of
secretion (442.16+5.00 pg/mL), albeit very close to nega-
tive control (PBS=284.45+23.51 pg/mL) and substan-
tially lower than those observed with positive controls
(LPS=4,772.42+137.89 pg/mL).

ASNP-DLI1 and DL triggered no TNF-a production by
BMDMs, with all concentrations yielding similar levels
and no statistically significant differences among doses
(Fig. 6A). Similarly, ASNP-DL1 maintained IL-6 secretion
at near-basal levels across all tested concentrations (125
pg/mL: 306.15 + 23.72; 250 pg/mL: 346.71 + 16.27; 500
pg/mL: 265.65 £ 12.61 pg/mL), comparable to the nega-
tive control (PBS = 284.45 + 23.51 pg/mL), revealing that
the inflammatory effect of the unloaded ASNP1 decreased,
probably due to the presence and release of the encapsulated
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Fig. 6 Production of TNF-a (A) and IL-6 (B) by BMDMs following
stimulation with ASNP-DL1 and DL at different concentrations. PBS,
LPS, and ASNP1 were used as controls. * Indicates significant differ-
ence compared to the negative control (PBS); ** indicates significant

DL. Free DL induced a marked dose-dependent reduction in
IL-6 production by BMDMs, with the two highest concen-
trations yielding the lowest cytokine levels (77.05 + 20.43
and 69.47 £ 15.18 pg/mL, respectively). It was an expected
outcome, since the anti-inflammatory effect observed for
DL is widely reported in literature [13, 19, 61, 62]. How-
ever, the distinct IL-6 modulation patterns for ASNP-DL1
and DL suggest differences in their mechanisms of action.

A different pattern was observed in dendritic cells. Data
presented in Fig. 7 demonstrates that unloaded ASNP1 did
not elicit inflammatory responses in BMDCs, as evidenced
by the TNF-a (79.18+£12.24 to ASNP1x89.78+3.78 to
PBS) and IL-6 (682.01+£10.30 to ASNP1x727.50+30.59
to PBS) production close to that observed with PBS.

ASNP-DL1 and DL markedly suppressed TNF-o pro-
duction by BMDCs, with all tested concentrations yielding
lower levels compared to the LPS group, and no statisti-
cally significant differences were observed among doses
(Fig. 7A). In contrast, IL-6 secretion exhibited a com-
plex, dose-dependent modulation characterized by a dis-
tinct biphasic pattern (Fig. 7B). ASNP-DLI1 treatment at
concentrations of 125 pg/mL (494.07+7.67 pg/mL) and
500 pg/mL (475.64+7.53 pg/mL) produced comparable
cytokine levels, both lower than the intermediate concen-
tration of 250 pg/mL (256.93+41.03 pg/mL). Notably, all
treatment groups remained below negative control values
(PBS=727.50+30.59 pg/mL), suggesting a complex, non-
linear immunomodulatory mechanism. DL displayed a clear
inhibitory dose-response, with progressive reductions in
IL-6 secretion from 125 to 500 pg/mL.
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difference compared to both the positive (LPS) and negative controls
(PBS). All comparisons were performed using one-way ANOVA fol-
lowed by Tukey’s post hoc test (p<0.05)
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Fig. 7 Production of TNF-a (A) and IL-6 (B) by BMDCs following
stimulation with ASNP-DL1 and DL at different concentrations. PBS,
LPS, and ASNP1 were used as controls. * Indicates significant differ-
ence compared to the negative control (PBS), and ** indicates signifi-

The divergent cytokine profiles elicited by ASNP-DLI
and free DL suggest that nanoencapsulation fundamentally
alters the mode of cellular exposure to the bioactive. Free
DL, being immediately and fully bioavailable in the culture
medium, produced a pronounced, concentration-dependent
suppression of IL-6 in both BMDMs and BMDCs, consis-
tent with direct interaction of the monoterpene with pro-
inflammatory signaling pathways. ASNP-DL1, by contrast,
exhibited a distinct and less linearly dose-dependent profile,
which may be partly explained by the sustained release kinet-
ics characterized for this formulation. The first-order release
profile obtained indicates that only a fraction of the encapsu-
lated DL is available at any given time point: approximately
26.9% was released within the first hour, and approximately
41% of the initial payload remained retained in the matrix
at the end of the 24 h assay. Although the physicochemical
conditions of the Franz cell system differ from those of the
cell culture environment, this profile suggests that immune
cells co-incubated with ASNP-DL1 are exposed to a pro-
gressively increasing, rather than immediately maximal, DL
concentration throughout the 24 h incubation period. This
kinetically distinct exposure may account for the attenuated
dose-dependency and divergent suppression patterns rela-
tive to the free compound, representing a plausible contribu-
tor to the observed immunomodulatory divergence.

Furthermore, unloaded ASNP1 elicited only a marginal
IL-6 signal in BMDMs and was without effect in BMDCs,
while ASNP-DL1 consistently suppressed pro-inflammatory
cytokine production across both cell types. This contrast
indicates that the anti-inflammatory activity of ASNP-DL1
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cant difference compared to both the positive (LPS) and negative con-
trols (PBS). All comparisons were performed using one-way ANOVA
followed by Tukey’s post hoc test (»<0.05)

is attributable to the presence of encapsulated DL rather
than to the starch matrix itself.

Beyond the kinetic dimension, the cell-type-specific
responses add a further layer of functional relevance. The
suppression of both TNF-a and IL-6 in BMDCs, with preser-
vation of TNF-a production in BMDMs, suggests a selective
immunomodulatory profile rather than generalized cytokine
suppression. In dendritic cells, the reduction of these pro-
inflammatory mediators may attenuate T-cell activation and
survival during early immune priming, potentially expand-
ing T regulatory cell populations and dampening excessive
adaptive immune responses [63, 64]. In macrophages, the
maintenance of TNF-a responsiveness indicates that innate
immune effector functions are preserved, which is a critical
distinction from broad immunosuppression. This differen-
tial modulation, attenuating dendritic cell-driven adaptive
amplification while maintaining macrophage-mediated
innate defense, represents an attractive profile for contexts
where cytokine balance is therapeutically relevant, such as
autoimmune diseases and chronic inflammatory disorders.

Figure 8. Production of IL-10 by BMDMs (A) and
BMDC (B) following stimulation with ASNP-DL1 and DL
at different concentrations. PBS, LPS, and ASNP1 were
used as controls. * Indicates significant difference compared
to the negative control (PBS), and ** indicates significant
difference compared to both the positive (LPS) and negative
controls (PBS). All comparisons were performed using one-
way ANOVA followed by Tukey’s post hoc test (p<0.05).

Interestingly, treatment with ASNP-DL1 maintained
IL-10 secretion by BMDMs at levels comparable to those
in the PBS control, regardless of concentration, suggesting
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Fig. 8 shows the response profile of DL and the nanomaterials over
IL-10 production by BMDMs and BMDCs. Both cells exhibited a
marked increase in IL-10 secretion following LPS stimulation and the

that DL-loading may counteract the suppressive effects
observed with unloaded ASNP1. BMDCs exhibited reduced
IL-10 production only at 125 pg/mL (683.11+£8.44 pg/
mL), likely due to an insufficient DL load, as the levels
were comparable to those observed with unloaded ASNP1
(657.22+36.50 pg/mL). DL showed a dose-dependent trend,
with low concentrations (125-250 pg/mL) associated with
reduced or near-basal IL-10 production, whereas the highest
concentration (500 pg/mL) restored or even enhanced IL-10
secretion, particularly in BMDCs.

The cytokine profiles observed across BMDMs and
BMDCs reveal a cell-type-specific immunomodulatory
signature for ASNP-DL1 that warrants mechanistic inter-
pretation. The differential response of the two cell types to
unloaded ASNP1, i.e. selective induction of low-level IL-6
in macrophages without a corresponding effect in dendritic
cells, is consistent with known differences in PRR expres-
sion and endocytic activity between these populations. Mac-
rophages express a broader repertoire of scavenger receptors
and display higher constitutive phagocytic activity, which
may favor early recognition of polysaccharide-based partic-
ulate matter and trigger low-grade innate signaling without
full inflammatory activation [58, 59]. Dendritic cells, while
also capable of particle internalization, rely more selectively
on receptor-mediated endocytosis and are less prone to non-
specific particulate uptake under resting conditions, which
may explain the absence of IL-6 induction by ASNP1 in this
cell type [65].

Upon DL loading, this basal starch-driven IL-6 signal
in macrophages was abolished, and both cell types exhib-
ited suppression of pro-inflammatory cytokines, with DCs

/L
"

D-limonene (pg/mL)

exposure to unloaded ASNP1 significantly reduced IL-10 production
in both cell types

additionally showing strong TNF-a inhibition. The anti-
inflammatory activity of DL has been documented in sev-
eral cellular and animal models, where it has been shown to
inhibit pro-inflammatory mediators including TNF-a, IL-1p,
and COX-2 [66, 67], and to attenuate neuroinflammation by
suppressing microglial and astrocyte activation [68]. The
mechanistic basis of these effects has been attributed in part
to modulation of NF-kB signaling, a central transcriptional
regulator of pro-inflammatory cytokine expression in innate
immune cells [66]. Within the ASNP-DL1 system, the grad-
ual release of DL, as characterized by the first-order kinet-
ics and Fickian diffusion profile described in the release
experiments, may sustain this inhibitory effect over the 24 h
incubation period, potentially engaging transcriptional and
post-transcriptional regulatory mechanisms that differ from
those activated by the immediate, full-concentration expo-
sure to free DL.

Notably, IL-10 was maintained at basal levels across
both cell types and all ASNP-DL1 concentrations, a pat-
tern distinct from classical immunosuppression, in which
compensatory IL-10 upregulation typically accompanies
the inhibition of pro-inflammatory cytokines. The main-
tenance of IL-10 at basal levels further suggests that the
suppression of pro-inflammatory cytokines by ASNP-DL1
occurs at an early regulatory node, potentially at the level
of transcriptional priming rather than downstream effec-
tor amplification, since compensatory IL-10 induction is
typically observed when pro-inflammatory signals reach
sufficient magnitude to trigger regulatory feedback loops
[60]. This observation suggests that ASNP-DL1 promotes
a coordinated shift toward an anti-inflammatory phenotype
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through reduction of pro-inflammatory output, rather than
through activation of the canonical IL-10-mediated regula-
tory axis. This profile is particularly relevant in the context
of therapeutic applications where prevention of excessive
inflammation is desired without compromising the regula-
tory capacity of the immune system, a balance that has been
highlighted as critical in the management of chronic inflam-
matory disorders and as a desirable property of immuno-
modulatory nanocarriers [63—65]. Whether the molecular
mechanisms underlying this selective modulation involve
specific PRR engagement by the acetylated starch matrix,
intracellular DL delivery following nanoparticle uptake, or
a combination of both remains an open question that future
mechanistic studies, including receptor-blocking assays,
knockout cell models, and intracellular tracking approaches,
would be well positioned to address.

When benchmarked against a broader spectrum of poly-
meric nanoparticles for DL delivery, ASNP-DL1 dem-
onstrates competitive physicochemical performance and
distinctive functional advantages. Critically, ASNP-DLI
achieves these metrics through a simple one-step nanopre-
cipitation route, without requiring the specialized process-
ing demanded by competing systems, such as complex
coacervation and autoclaving (chitosan-oleic acid) or multi-
layer electrostatic adsorption (soy protein isolate microcap-
sules) [69]. Beyond carrier performance, and in contrast to
the antimicrobial [38, 70], anticancer [71], or purely physi-
cochemical profiles reported for the comparative systems,
ASNP-DL1 demonstrated context-dependent immuno-
modulatory activity in vitro, suppressing pro-inflammatory
TNF-o and IL-6 in macrophages and dendritic cells while
maintaining IL-10 at basal levels.

This dual-action functionality, combining efficient encap-
sulation with inherent immunomodulatory activity, has not
been reported for any of the polymeric systems identified
in this expanded literature survey. The sustainability advan-
tage is particularly meaningful in the context of global food
security: while conventional starch sources such as maize,
cassava, and potato are increasingly disputed between
food, biofuel, and materials industries, avocado seed starch
is derived entirely from an agro-industrial waste stream,
thereby offering a scalable, circular-economy-aligned raw
material with no competition with the food supply chain.
Furthermore, the amphiphilic character of acetylated starch,
arising from the balance between hydrophobic acetyl
groups and residual hydrophilic hydroxyl groups, suggests
that this nanocarrier platform may be broadly applicable to
other hydrophobic bioactives with similar physicochemical
profiles, including essential oil components, lipophilic vita-
mins, and poorly water-soluble phytochemicals. The tun-
ability of acetylation degree further offers a rational handle
for adapting core hydrophobicity to the logP of different

@ Springer

target compounds, expanding the translational scope of this
sustainable matrix beyond the present application.

Conclusions

This study successfully developed a novel green nanomate-
rial using an underexploited, non-conventional starch source
via a simple single-step nanoprecipitation method. Chemi-
cal modification of avocado seed starch was confirmed by
FTIR, *C NMR, and degree of substitution (DS) determi-
nation, demonstrating successful acetylation and the result-
ing hydrophobic character that enables DL encapsulation.
Thermogravimetric analysis further supported the physico-
chemical integrity of the modified starch and nanoparticles,
with ASNP-DL1 presenting the lowest mass loss in the
40-75 °C region among all samples, consistent with effec-
tive retention of the encapsulated monoterpene within the
hydrophobic nanoparticle core. Characterization by DLS,
EE%, TEM, and FT-IR confirmed the suitability of avocado
acetylated starch as a polymeric matrix, with ASNP-DL1
achieving encapsulation efficiencies above 80% through a
one-step process. Long-term stability assessment demon-
strated preservation of colloidal integrity after 10 months
under refrigerated storage, with retention of approximately
69% of initial encapsulation efficiency, supporting the prac-
tical viability of the formulation. In vitro release profiling
under physiological conditions demonstrated a first-order
release pattern (R? = 0.95) with Fickian diffusion (Kors-
meyer—Peppas n~0.30), reaching approximately 59%
cumulative release at 24 h. Immunomodulatory assays dem-
onstrated that ASNP-DL1 modulates cytokine responses in
a context-dependent manner. In macrophages and dendritic
cells, ASNP-DL1 suppressed pro-inflammatory cytokines
(TNF-a, IL-6) while maintaining anti-inflammatory IL-10
at basal levels, indicating a shift toward an anti-inflamma-
tory phenotype. This adaptability is especially relevant for
diseases where cytokine balance is critical for progression
or resolution.

Collectively, these features position ASNP-DLI as a ver-
satile nanocarrier platform at the interface of pharmaceuti-
cal science and biotechnology, fostering the productive use
of agricultural by-products and circular-economy-aligned
fabrication. In vivo validation represents the logical next
step to elucidate the underlying pharmacological mecha-
nisms and advance the translational potential of this system.
Further studies addressing bioavailability, pharmacokinet-
ics, cell-nanoparticle interactions, and effective routes of
administration will be essential to consolidate the consider-
able promise demonstrated by this formulation for immuno-
modulatory therapeutic applications.
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