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ABSTRACT

Excessive use of agrochemicals can lead to environmental degradation, and thus, a potential solution is to control
their release using biodegradable polymeric nanoparticles. This study aimed to fabricate indole-3-acetic acid
chitosan/alginate nanoparticles (IAA-CANPs) through o/w emulsification and ionotropic gelation, employing a Box-
Behnken design (BBD) to evaluate the influence of various factors (alginate: chitosan mass ratio (ALG:CS), Tween™ 80,
and TAA concentration) on particle size, zeta potential, and encapsulation efficiency (EE). Response surface methodology
(RSM) was used to determine the optimum conditions for nanoparticle fabrication, which were ALG:CS mass ratio of
1:0.10, Tween™ 80 of 1.5% w/v, and IAA of 15 mg/mL. The IAA-CANPs produced under these optimal conditions
exhibited an average particle size of 275 + 19 nm, a polydispersity index (PDI) of 0.37 + 0.9, a zeta potential of -23.8 + (0.8
mV, and an EE of 68.5 + 1.4%. The IAA-CANPs also demonstrated superior physico-chemical stability under UV
irradiation exposure compared to free IAA. The IAA-CANPs had stability up to 3 months at 4°C. The release pattern in
dissolution media at pH 5.5 and 7.5 indicated a sustained-release behavior, which fit well with the Peppas-Sahlin kinetic
model, indicating anomalous diffusion, a non-Fickian diffusion mechanism. These findings suggest that CANPs could be a
promising approach for encapsulating and controlling the release of IAA, exhibiting excellent physicochemical stability

and potential for agricultural applications.
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1. INTRODUCTION

Agriculture is a crucial economic activity
globally, and it is expected to receive an investment of 2.9
billion dollars by 2030. Agrochemicals such as fertilizers,
pesticides, and plant growth regulators (PGRs) play a vital
role in enhancing agricultural productivity [1]. However,
their extensive use can lead to permanent environmental
damage and the development of plant pathogen resistance,
requiring new agrochemicals or increased dosages of
existing ones [2]. Nanoparticle encapsulation is a useful
technique to protect and control the release of
agrochemicals such as fertilizers, pesticides, herbicides,
fungicides, and PGRs [3, 8]. Biodegradable polymers like
alginate, cellulose, cyclodextrin, dextran, and chitosan are
commonly used to synthesize nanoparticles for this
purpose [4]. Chitosan (CS) and alginate (ALG) are natural
biopolymers that have gained attention as potential
delivery systems for agrochemicals due to their
biodegradability, biocompatibility, and safety [1, 5].
Alginate is a natural polymer extracted from brown algae,
composed of « -L-guluronic acid and A-d-mannuronic
acid. It is stable under acidic conditions but dissolves in
alkaline environments. Alginate has the potential for
encapsulating bioactive compounds, enabling their
controlled release in acidic or neutral alkaline

environments [6]. Alginate nanoparticles are formed via
ionotropic gelation with divalent cations or cationic
polymers [7-8]. However, these nanoparticles tend to be
unstable at room temperature, which can cause the
encapsulated compounds to leak out of the nanoparticle
matrices [9-10]. Nevertheless, chitosan, a cationic
polysaccharide produced by deacetylating chitin, can be
used to stabilize alginate nanoparticles [7, 11-12]. CANPs
have been used as carriers for various active ingredients in
agriculture, such as insecticides such as cartap
hydrochloride [13] and acetamiprid [8], herbicides like
imazapic and imazapyr [l], and micro-nutrients like
copper oxide nanoparticles [16]. However, there have been
limited studies on their effectiveness as a release system
for plant growth regulators (PGRs).Chitosan/alginate
nanoparticles (CANPs) have found diverse applications in
agriculture, particularly as carriers for encapsulating and
delivering various active ingredients, such as insecticides
like cartap hydrochloride and acetamiprid, herbicides like
imazapic and imazapyr, and micro-nutrients like copper
oxide nanoparticles [4, 2]. Although previous research has
highlighted the potential of CANPs as a delivery matrix
for various molecules, there have been limited studies on
their effectiveness as a release system for plant growth
regulators (PGRs). PGRs are a group of natural or
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synthetic compounds that mimic the behavior of plant
hormones, acting at low concentrations to modulate plant
growth and development. These compounds are
commonly used in agriculture to improve crop yields,
enhance product quality, and induce plant responses to
stress. Examples of PGRs include auxins, cytokinins,
gibberellins, ethylene, abscisic acid, brassinosteroids, and
nitric oxide [1]. Auxin, such as indole-3-acetic acid (IAA),
is an important plant growth regulator that controls various
aspects of plant development. However, the application of
PGRs like auxin in agriculture is challenging due to their
susceptibility to environmental stress [14-15]. To
overcome this, CANPs loaded with different PGRs have
been developed for controlled release [16-18]. These
nano-encapsulated PGRs have shown increased
effectiveness in promoting plant growth and development.
Design of experiment (DOE) approaches, such as Box-
Behnken design (BBD) and response surface methodology
(RSM), have been used by researchers to assess the impact
of parameters such as size, surface charge, morphology,
and physicochemical properties of the encapsulated active
compounds on the release of active compounds from
CANPs. Studies have shown the effectiveness of these
approaches in evaluating the influence of variables on the
release of active compounds [4, 19-21].

In this study, RSM and BBD were utilized to
examine the influence of alginate: chitosan mass ratio
(ALG:CS), Tween™ 80, and IAA concentration on the
fabrication of CANPs loaded with IAA (IAA-CANPs).
The optimal conditions were determined and used to
obtain the IAA-CANPs, which were characterized using
various instrumental techniques. The release of IAA from
the CANPs was also studied, and the physicochemical
stability of the IAA-CANPs was evaluated.

2. MATERIALS AND METHOD

2.1 Materials

Sodium alginate (ALG), with a molecular weight
range of 80,000-120,000 g/mol and a guluronic acid
content of 0.39, was procured from Sigma located in St.
Louis, MO, USA. Chitosan (CS), having a molecular
weight of 75,000 g/mol and a deacetylation degree of
85%, was provided by Marine Bio Resources Co., Ltd. in
Samut Sakorn, Thailand. Tween™ 80 was acquired from
Thermo Fisher ACROS Organics™ situated in Geel,
Belgium. Indole-3-Acetic acid (IAA) (99% purity was
purchased from Loba Chemie™ Pvt. Ltd. (Mumbali,
India). Analytical grade chemicals were used for the
experiment, and purified water was obtained through the
Milli-Q® water purifier manufactured by Millipore,
France.

2.2 Preparation of IAA-CANPs

To prepare the IAA-CANPs, the oil in water
(o/w) emulsification and ionotropic gelification methods
described by Sorasitthiyanukarn et al. [22] were used with
some modifications. Initially, different concentrations of

ethanolic TAA solution were added dropwise into 20 mL of
alginate solution (0.6 mg/mL, pH 4.9) containing different
concentrations of Tween'" 80 under continuous magnetic
stirring at 1000 rpm for 10 min. The resulting mixture was
then sonicated for 15 min using an ultrasonic bath. Next,
4 mL of CaCl, solution (0.67 mg/mL) was slowly added
and continuously stirred for 30min. The resulting
emulsion was mixed with 4mL of chitosan solution
(pH 4.6) at various ALG:CS mass ratios and stirred for an
additional 30 min. The resulting suspension was then
equilibrated overnight in the dark at room temperature,
and the IAA-CANPs were obtained as a dispersion in an
aqueous solution.

2.3 Design and Optimization of IAA-CANPs

The Box Behnken statistical design (BBD) was
employed to create various nanoparticle formulations.
Three factors, namely the ALG:CS mass ratio (X)),
Tween™ 80 (X5), and TAA concentrations (X3), were
considered, each with three different levels (low, medium,
and high). Three responses were also evaluated, including
particle size (Y;), zeta potential (Y;), and encapsulation
efficiency (EE) (Y3). Table-1 summarizes the factors and
their respective levels, as well as the responses.

Table-1. Factors and responses in BBD for preparation of

IAA-CANPs.
Level used
Low | Medium | High
Factors
X; = ALG:CS 1:0.15 | 1:0.125 | 1:0.10
X,=Tween ™ 80 (% wiv) | 1 2 3
X; =IAA (mg/mL) 5 10 15
Responses Constraints
Y; = Particle size (nm) Minimize
Y, = Zeta potential (mV) Y,>+20
Y; = EE (%) Maximize

Using Design Expert software® version 13 (Stat-
Ease, Inc., Minneapolis, MN, USA), a total of 15
experimental runs were generated, as shown in Table-2. In
order to assess the interaction effects of factors in the
nanoparticle formulations, a 3-factor, 3-level BBD was
utilized. Using the results obtained from the experimental
runs shown in Table-2, a polynomial model was generated
for each response. These models were calculated using the
Design Expert software® and are presented below.

Y, =PBo+BiX; + szz‘*‘ B32X3 + Blz)glxz"‘ B13Xi X,
+B23Xo X3 + BiiXy + BXy” + BasXs (D

where £ is intercept, S, f, and f; are linear

coefficients f1,, f13, and f,; are interaction coefficients
while f1, B2, and f33 are quadratic coefficients.
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Table-2. Observed responses in BBD for development and optimization of IAA-CANPs.

factor Response
Run X, X, X Y, Ys
1 1:0.10 1 10 303+ 19 -259+0.5 52+32
2 1:0.15 1 10 516+22 -19.8+ 1.1 62+4.5
3 1:0.10 3 10 441+ 17 -22.6 +0.8 57+2.7
4 1:0.15 3 10 541+ 13 -169+1.3 62+3.8
5 1:0.10 2 5 265 +28 -242+0.7 35+2.6
6 1:0.15 2 5 426+ 15 -188+ 1.5 50+2.3
7 1:0.10 2 15 309 + 23 -21.3+0.8 66+ 1.6
8 1:0.15 2 15 470+ 26 -16.6 +1.3 59+2.8
9 1:0.125 1 5 404 + 11 -20.6+1.9 36 +1.2
10 1:0.125 3 5 478 +13 -182+1.2 46+ 3.5
11 1:0.125 1 15 424 + 24 -193+0.9 70+2.9
12 1:0.125 3 15 524 +31 -153+1.5 63+1.8
13* 1:0.125 2 10 438 +21 -16.1+1.1 70.1+2.2
14* 1:0.125 2 10 421+ 16 -17.1+14 68+34
15% 1:0.125 2 10 447 + 28 -15.8+0.2 70+ 1.6

* Indicates the center point of the design.

2.4 Characterization

The dynamic light scattering (DSL) technique
was utilized to measure the particle size and polydispersity
index (PDI). The zeta potential was measured using Laser
Doppler Micro-electrophoresis on a Zetasizer, Nano-ZS
instrument (Malvern Instruments Worcestershire, Ltd.,
UK). The morphology of the nanoparticles was studied by
Transmission Electron Microscopy (TEM) using a JEM
1400 Plus instrument (JEOL, Tokyo, Japan). To determine
EE, the supernatant of the IAA-CANPs suspension was
collected after ultracentrifugation at 4°C, 35,000 rpm for
45 min using a Hitachi Ultracentrifugation (Model CP100-
NX, Hitachi Koki, Tokyo, Japan). The amount of free [AA
in the supernatant was determined using a UV-Vis
spectrophotometer at 280 nm. The values of EE were
calculated using the following equation.

EE (%) = [(W; — W)/W;] x 100 2

where W, and W, are the total amounts of initial IAA and
the total amount of IAA in supernatant.
2.5 Release Kinetics Assays and Mathematical
Modeling

To evaluate the release of TAA from TAA-
CANPs, a dialysis bag diffusion technique was employed
with modifications based on a previously reported protocol
by Ana Valderrama et al. [23]. The releasing medium
consisted of water containing 30% ethanol, adjusted to pH
5.5 and 7.5, which is a commonly used pH range in plant

hormone studies due to its optimal range for many
enzymes involved in plant hormone metabolism and
signaling pathways. Ethanol was added to increase TAA
solubility and promote uniform release while minimizing
aggregation [23-24]. Both the IAA-CANP suspension and
free IAA solution, at an equivalent IAA concentration,
were loaded into the dialysis bags and incubated at
ambient temperature with continuous gentle shaking at
100 rpm. At specific time intervals (0-96 h), 2-mL aliquots
were withdrawn from the releasing medium and quantified
for IAA amount using UV-vis spectrophotometry at 280
nm. An equivalent amount of the releasing medium was
immediately replenished to maintain sink conditions and
promote drug diffusion into the surrounding medium. The
release data were modeled using the DDSolver program in
Excel, and the release kinetics were evaluated using
various statistical parameters, including Rzad_,-umd, Akaike
information criterion (AIC), and model selection criterion
(MSCQC). The selection of the best-fitted kinetic model was
based on the highest Rzudﬁ,s,ed and AIC values, as well as
the lowest MSC values [36].

2.6 Physicochemical Stability Study of IAA-CANPs

2.6.1 Photostability

The photostability of [AA-CANPs was evaluated
following the protocol reported by Li et al. [37], with
some modifications. In brief, 20 mL of both IAA solution
(free TAA) and TAA-CANP suspension were placed in
clear bottles and were exposed to UV lamp irradiation
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environments (30 W, 254nm) for 1h. The distance
between the samples and the UV lamp was kept constant
at 26 cm. Sampling was taken at specific intervals, and the
amount of IAA in both free IAA and IAA-CANPs was
analyzed using UV—vis spectrophotometry at 280 nm. The
percentage of IAA remaining after the test was calculated
using Eq. (3).

TIAA retention (%) = (IAA at each time interval / TAA at
initial) x 100 3)

2.6.2 Storage stability

The stability of IAA-CANP suspension during
storage was evaluated for a period of 3 months at two
different temperatures, 4°C and 25°C [38]. The IAA-
CANP suspension was stored in amber colored vials and
kept in a refrigerator at 4°C or in a cabinet at room
temperature (25°C). The physicochemical properties of the
IAA-CANPs, including particle size, zeta potential, and
EE, were analyzed at specific time intervals using the
same method as previously described.

2.7 Statistical Analysis

All experiments in this study were conducted in
triplicate and results were expressed as means + standard
deviation (SD). Data were analyzed using Microsoft Excel
365 (Microsoft Corporation) and statistical analyses were
performed using one-way analysis of variance (ANOVA)
for comparisons between groups, and t-tests for
comparisons within groups. A p-value of less than 0.05
was considered statistically significant.

3. RESULTS AND DISCUSSIONS

3.1 Statistical Analysis of the BBD

Based on the experimental results obtained using
the BBD model, it was observed that the nanoparticles
exhibited an average size (Y;), zeta potential (Y;), and EE
(Y3) value within the range of 265 + 28 to 541 £ 13 nm, -
153+£15t0-259+ 0.5mV, and 36.3 £ 1.2% to 70.1 +
1.6%, respectively (Table-2). Furthermore, regression
equations were formulated to elucidate the relationship
between the independent variables and the response
variables, as represented by Eqs (4) - (6), respectively.

Table-3. Summary of results of regression analysis for all responses.

Response p-value R’ Rzadj,,s,ed Rzpm,,-c,ed Lack of fit Remark
Response (Y;): Particle size
Linear 0.0016 0.7367 0.6648 0.4420 0.0636 -
2F1 0.7333 0.7737 0.6039 -0.1801 0.0497 -
Quadratic < 0.0001 0.9952 0.9865 0.9755 0.9060 Suggested
Factors that have a statistically significant effect on the response Y; (p < 0.05) are X;, X, az X;
Response (Y3): Zeta potential
Linear 0.0089 0.6372 0.5383 0.4068 0.0745 -
2F1 0.9857 0.6434 0.3760 -0.1264 0.0512 -
Quadratic 0.0002 0.9905 0.9735 0.9338 0.7968 Suggested
Factors that have a statistically significant effect on the response Y, (p < 0.05) are X; , X, Uaz X;
Response (¥3): EE
Linear 0.0196 0.5782 0.4632 0.3093 0.0158 -
2F1 0.4402 0.6935 0.4635 0.2610 0.0145 -
Quadratic 0.0004 0.9902 0.9725 0.8636 0.2193 Suggested

Factors that have a statistically significant effect on the response Y; (p < 0.05) are X, X, ez X;

Particle size (Y,) =+ 435.4 +79.25X, +41.92X, +
19.33X; — 28.33X,X, + 0.0001X,X; + 6.15X,X; -
37.58X,* + 52.39X,” - 30.31X5° “)

Zeta potential (Y,) =-16.29 + 275X, + 1.57X; + 1.18X;
—0.12X,X;5- 0.18X, X5+ 0.42X,X5 — 3.43X,% - 1.55X,° -
0.49X+* Q)

EE (Y3) =+ 69.38 + 3.17X; + 1.06X, + 11.19X; —
1.48X,X,- 5.70X,X; - 4.43X,X; — 6.09X,% - 5.25X,* —
10.32X> (6)

The above equation revealed that the primary
factor with a statistically significant effect (p < 0.05) on
the size (Eq. 4) and zeta potential (Eq. 5) of the
nanoparticles was the ALG: CS (X;), which demonstrated
a positive effect. Additionally, the concentration of IAA
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was identified as the primary factor with a statistically
significant effect (p < 0.05) on the EE of the nanoparticles,
also showing a positive effect. It has been observed that an
increase in the ALG: CS ratio results in an increase in
nanoparticle size, which may be attributed to an increase
in the thickness of the CS layer surrounding the
nanoparticles. Consequently, larger nanoparticles are
formed [25]. Moreover, an excessive concentration of
Tween ™ 80 in the system beyond a certain threshold can
result in the aggregation of unstable clusters due to the
overloading of Tween™ 80 molecules, caused by an
increase in system viscosity. Consequently, the
concentration of Tween™ 80 in the system may be
considered a parameter that can lead to an increase in
nanoparticle size [26]. Conversely, it was found that the
concentration of IAA in the system does not exhibit any
significant statistical correlation (p > 0.05) with
nanoparticle size. However, an increase in the
concentration of IAA may lead to an interaction between
IAA and the polymer, resulting in an increase in system
viscosity, which can lead to the formation of larger
nanoparticles. Interestingly, it was observed that
increasing the CS component in the ALG:CS ratio resulted
in a decrease (more positive) in the zeta potential value of
the nanoparticles. This may be attributed to the
protonation of the carboxylate group (CH;3;COO-) of ALG
by the positively charged amino group (NH;") in the
chemical structure of CS. This protonation results in a
decrease in the negative charge of the zeta potential [26].
Furthermore, increasing the concentrations of both
Tween™ 80 and TAA in the system led to a decrease in the
negative zeta potential value of the nanoparticles. This
phenomenon may be attributed to the increase in system
viscosity, which causes the formation of larger and less
stable nanoparticle aggregates, resulting in a decrease in
the negative zeta potential value [27]. Eq. (6) suggests that

the concentration of IAA plays a critical role in enhancing
EE of nanoparticles, as evidenced by its higher coefficient
compared to other factors. The study revealed that the EE
value of nanoparticles increases with increasing
concentration of IAA. This could be attributed to the
concentration gradient that exists between the IAA
solution and the enlarged surface area of the nanoparticles,
which enhances the rate of diffusion of IAA into the
nanoparticles, thereby increasing the amount of IAA
encapsulated inside [26-27]. Furthermore, increasing the
concentration of IAA may increase its binding to the
surface of the nanoparticles, resulting in higher retention
of TAA inside the nanoparticles. This is because IAA
molecules that bind to the surface of the nanoparticles are
unable to diffuse out into the surrounding fluid. These
factors collectively contribute to an increase in the EE
value of the nanoparticles [28]. Moreover, an increase in
the proportion of CS in ALG:CS ratio also enhances the
EE value. This could be due to the thicker CS layer that
covers the ALG nanoparticles, thereby minimizing the
leakage of IAA trapped inside the nanoparticles [29-30].
Additionally, an increase in the concentration of Tween™
80 also leads to higher EE values. This may be attributed
to the appropriate concentration of Tween'" 80 in the
system, which helps to emulsify the process better, leading
to improved stability and integrity of the nanoparticles,
thus resulting in an increase in the EE value. Moreover,
the ANOVA analysis performed on the experimental data
of nanoparticle size, CS concentration, and EE
demonstrated that all factors exhibited R’ and Rzp,.edic,ed
values above 86% (Table 3). These results suggest that the
experimental data were well-fitted to the model and can be
utilized to describe the association between the factors and
response. Furthermore, the model can be employed to
forecast the most suitable formulation for the synthesis of
nanoparticles.
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Figure-1. 3D-Response surface plots showing the effects of investigated factors on: (a-c) particle size
(Y1), (d-f) zeta potential (Y,), (e-f) and EE (Y3).

3.2 Optimization and Model Validation

The optimal condition for preparing nanoparticles
was determined using Design Expert® statistical software.
The numerical optimization technique and the desirability
function were utilized to determine the optimal
formulation with the maximum desirability value. The
optimal formulation was defined as having the smallest
particle size, zeta potential > + 20, V, and the highest EE
value, as presented in Table-4. The statistical prediction
results indicated that the optimal formulation for preparing
nanoparticles consisted of an ALG:CS of 1:0.10, a
Tween™ 80 concentration of 1.5% (w/v), and an IAA

concentration of 15 mg/mL. The predicted response values
for particle size, CS concentration, and EE were 283 nm, -
229 mV, and 66.4%, respectively. Subsequently, the
nanoparticles prepared using the optimal formulation were
analyzed to determine their characteristics. A comparison
was then made between the predicted values and the actual
experimental results to calculate the percentage error.
Statistical analysis revealed no significant difference (p >
0.05) between the predicted and experimental values,
suggesting that the predicted values obtained from the
software can be considered as actual values for the
preparation of nanoparticles.

Table-4. Optimized condition of IAA-CANPs with experimental observed and predicted values.

Factor Optimum Response Predicted | Observed | % Error
ALG:CS mass ratio 1:0.10 Particle size (nm) 283 275 19 -2.9
Tween™ 80 (%w/v) 1.5 Zeta potential (mV) -22.9 -23.8+£0.8 +3.7

TIAA (mg/mL) 15 EE (%) 66.4 685+1.4 +3.1

Notes: % Error = [(observed value - predicted value) / observed value] x 100. Desirability value was 0.92;
The polydispersity index (PDI) value of the optimized formulation was 0.37 £ 0.9
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3.3 Characterizations
The results of the analysis of the size and
morphology of the IAA-CANPs prepared from the optimal
formulation using TEM are presented in Figures 2a and
2b. It was observed that the nanoparticles were spherical
in shape, with a smooth surface and an average diameter
of approximately 200 nm, with good size distribution.
. (a) (b)

& 253 nm
L L ] —
=

253 nm b -
L]

257 nm .

L]
276
. 263 nm . .'"“

183 nm @
197 nm

w-m 1um ’ 200 nm

Figure-2. TEM images of (a) size distribution and (b)
morphology of IAA-CANPs prepared from the optimal
formulation. (Figure-2a is magnified at 8000x and Figure-
2b is magnified at 50, 000x).

3.4 Physico-Chemical Stability

3.4.1 Storage stability

The results of a stability study of IAA-CANPs
stored at 4°C and 25°C for 90 days are shown in Figures
3(a)-3(c). At 4°C, the size, zeta potential, and EE of the
nanoparticles remained statistically unchanged (p > 0.05)
after 90 days of storage, compared to the initial state. In
contrast, at 25°C, the nanoparticles exhibited an increase

600

a
At 4°C @
5004 M At 25°C

400 |
3004

200

Particle size (nm)

1004

0 5 10 15 30 60 90
Storage time (days)

100
B At 4°C (c)

I At 25°C

Encapsulation efficiency (%)

10 15 30 60
Storage time (days)

in size, a decrease in zeta potential, and a decrease in EE
after more than 60 days of storage. These findings indicate
that storing the nanoparticles at 4°C is more effective in
maintaining their stability compared to storage at 25°C.

3.4.2 Light stability

The results of the light stability study of TAA-
CANPs and IAA solution under a UV light source
simulation for 120 min, as shown in Figure-4(d), revealed
that the IAA in the form of a solution degraded rapidly
after 60 min of UV exposure. The remaining percentage of
TIAA (% IAA remaining) was only 42.3 + 2.7% compared
to its initial state, and it continued to decrease over time
after UV exposure. The percentage of remaining IAA was
less than 5% after 120 min of UV exposure. This study is
consistent with the chemical properties of IAA, which has
a chemical structure with a conjugated double bond that
can quickly degrade when exposed to light, resulting in the
formation of reactive free radicals that can degrade or alter
the effectiveness of IAA [31]. However, although the
degradation of IAA encapsulated in nanoparticles after
exposure to UV light was observed, similar to TAA
solution, it was found that the percentage of remaining
IAA-CANPs was higher than in a solution. The percentage
of remaining IAA-CANPs after exposure to UV light for
120 minutes was 27.3 + 3.3%, which was much higher
than that of TAA solution (4.2 £ 2.5%). These findings
suggest that the light stability of IAA may increase when it
is encapsulated in CANPs, which have the potential to
effectively protect IAA from light-induced degradation.

] (b)
-54

-104
-154

-20 4

Zeta potantial (mV)

-251 B A aoC
I At 25°C

0 5 10 15 30 60 90
Storage time (days)

(d)

1004

% IAA Remaining
= [=)) %0
T 2.7

]
=]
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—@— Free IAA
—@— IAA-CANPs

<
I

0 20 40 60 &0 100 120
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Figure-3. The storage stability of IAA-CANPs is expressed in changes of (a) particle size, (b) zeta
potential and (c) EE at 4°C and 25°C for 90 days (n = 3); (d) percentages of retention IAA in
TAA-ACNPs and TAA solution upon exposure to UV light radiation (n = 3).

2327



VOL. 18, NO. 20, OCTOBER 2023

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences ﬁ «a

©2006-2023 Asian Research Publishing Network (ARPN). All rights reserved.

www.arpnjournals.com

3.5 Release and Mathematical

Modelling

Kinetics Assays

3.5.1 Release profile of IAA

The release profiles of free IAA and IAA from
TAA-CANPs (at an equivalent JAA concentration) were
obtained in dissolution media at pH 5.5 and pH 7.5, as
shown in Figure-4. The cumulative release profiles of free
IAA in both dissolution media showed rapid release in the
first 8 h, followed by slow release until 48 h. The release
of TAA increased by less than 3.3% during the period of
48 to 96 h, indicating the sustained-release characteristics
of free IAA in all dissolution media. On the other hand,
TIAA was released much slower after being encapsulated
within CANPs compared to free IAA. The results suggest
the sustained-release manner of IAA-CANPs. For
example, after 24 h, 54% and 35% of IAA were released
from IAA-CANPs in dissolution media at pH 5.5 and 7.5,
respectively. In contrast, more than 70% of free IAA was
released in the two-dissolution media.

Additionally, the results indicated that the release
of IAA from TAA-CANPs was more prominent under
acidic conditions (pH 1.2) than slightly alkaline conditions
(pH 7.5). The increased release in acidic conditions was
attributed to the high solubility of CS in acidic
environments, which facilitated the leakage of the
encapsulated IAA through the porous structure of the
CANPs into the dissolution media [32]. In contrast, the
release of TAA from the IAA-CANPs was reduced in
neutral or alkaline environments due to the shrinkage of
chitosan, which hindered the release of the encapsulated
IAA from the nanoparticles [32]. These findings suggest
that IAA-CANPs have the potential to be used as a
controlled and sustained-release delivery system for TAA.
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Figure-4. Percentage of cumulative release of free JAA
and TAA from IAA-CANPs in dissolution media at
pH 5.5 and pH 7.5, respectively.

3.5.2 Release kinetic of IAA from IAA-CANPs

The kinetic model fitting results presented in
Table-4 demonstrate that the Peppas-Sahlin model had the
highest Rzadjm,ed and MSC values, and the lowest AIC
values for the release profile of IAA from IAA-CANPs in
both pH 5.5 and pH 7.5 dissolution media. This model
combines Fickian diffusion (controlled by diffusion) and
non-Fickian release (relaxation of the nanoparticle matrix).
The Peppas-Sahlin model's release exponent (m) value
indicates the type of diffusion mechanism: a value less
than 0.45 indicates Fickian diffusion, while 0.45 < m <
0.85 indicates non-Fickian diffusion [33-34]. The IAA
release exponent (m) value in both pH 5.5 (0.563) and pH
7.5 (0.589) dissolution media was greater than 0.45 but
less than 0.85, suggesting that IAA release occurs through
anomalous diffusion, which is a non-Fickian diffusion
mechanism. To further explore the contribution of
nanoparticle matrix relaxation and compound diffusion
phenomena, the diffusion constant (k;) and relaxation
constant (k) of the Peppas-Sahlin model were compared.
A higher value of k; than k; indicates that drug diffusion is
more important than the relaxation of the nanoparticle
matrix, whereas a higher value of k, than k; implies that
nanoparticle matrix relaxation is the dominant contributor
[35]. As per the values presented in Table 4, compound
diffusion is the major contributor to IAA release from
IAA-CANPs in both pH 5.5 and pH 7.5 dissolution media.
Therefore, the release of IAA from IAA-CANPs in both
dissolution media is likely to occur through two
mechanisms: (1) Fickian diffusion, which is governed by
the concentration gradient of the compound between the
nanoparticles and the dissolution media, and (2) non-
Fickian diffusion or anomalous transport, which is caused
by the erosion of the nanoparticle matrix.
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Table-4. Kinetic modeling on IAA released from IAA-CANPs by DDSolver.

Model : Evaluation criteria

Media R’ cgjusted AIC MSC k, n m

Zero-order pH 5.5 0.241 85.432 | -0.121 0.964 - -

(F = ko.1) pH7.5 0.199 76.489 | -0.170 0.583 - -

First-order pH 5.5 0.739 | 74.781 | 0.945 0.031 - -

(F = 100. e*1) pH7.5 0.418 | 73.301 | 0.149 0.009 - -

Hixson-Crowell pH 5.5 0.639 | 78.051 | 0.618 0.009 - -

(F = 100.[1-(I-kyct)']) pH7.5 0345 | 74.490 | 0.031 0.003 - -

Korsmeyer-Peppas pH 5.5 0.943 60.339 | 2.389 0.350 15.384 -

(F = kgp.t") pH7.5 0.914 54.959 | 1.982 0.344 9.623 -

Higuchi pH 5.5 0.639 | 78.051 | 0.618 0.009 - -

(F = kp.t™) pH7.5 0.834 | 60.761 | 1.403 5.330 - -
Peppas-Sahlin pH 5.5 0.998 36.611 | 4.762 ’Z; _101;‘7611 - 0.563
(F =k 0"+ - 17 pH7.5 0.981 | 40415 | 3.437 ]’;’ - : 0.589

4. CONCLUSIONS

In this study, the fabrication and optimization of
IAA-CANPs were successfully achieved through the
application of BBD and RSM, resulting in the desired
characteristics of the nanoparticles. The morphology of the
optimized TAA-CANPs appeared spherical and exhibited a
narrow size distribution. Moreover, the optimized IAA-
CANPs demonstrated better physicochemical stability
against UV irradiation compared to free IAA and
exhibited promising storage stability for up to 3 months at
4°C. The release profile of IAA from the optimized IAA-
CANPs showed a sustained-release pattern following the
Peppas-Sahlin  kinetic model, indicating anomalous
diffusion, which is a non-Fickian diffusion mechanism.
These results suggest that CANPs hold great potential as
delivery systems for IAA, serving as an alternative plant
hormone for agricultural applications.
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