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Abstract: Ethanolic cashew leaf extract (ECL-E) is rich in phenolic compounds and shows remark-
able antioxidative and antimicrobial activities. Encapsulation could stabilize ECL-E as the core.
Tripolyphosphate (TPP)–chitosan (CS) nanoparticles were used to load ECL-E, and the resulting
nanoparticles were characterized. The nanoparticles loaded with ECL-E at different levels showed
differences in encapsulation efficiency (47.62–89.47%), mean particle diameters (47.30–314.60 nm),
positive zeta potentials (40.37–44.24 mV), and polydispersity index values (0.20–0.56). According to
scanning electron micrographs, the nanoparticles had a spherical or ellipsoidal shape, and a slight
agglomeration was observed. The appropriate ratio of CS/ECL-E was 1:3, in which an EE of 89.47%,
a particle size of 256.05 ± 7.70 nm, a zeta potential of 40.37 ± 0.66 mV, and a PDI of 0.22 ± 0.05 were
obtained. The nanoparticles also exhibited high antioxidant activities, as assayed by DPPH and ABTS
radical scavenging activities, ferric reducing ability power (FRAP), and oxygen radical absorbance
capacity (ORAC). Low minimum inhibitory concentration and minimum bactericidal concentration
were observed against Pseudomonas aeruginosa (9.38, 75.00 mg/mL) and Shewanella putrefaciens (4.69,
75.00 mg/mL). In addition, ECL-E loaded in nanoparticles could maintain its bioactivities under
various light intensities (1000–4000 Lux) for 48 h. Some interactions among TPP, CS, and ECL-E took
place, as confirmed by FTIR analysis. These nanoparticles had the increased storage stability and
could be used for inactivating spoilage bacteria and retarding lipid oxidation in foods.

Keywords: cashew leaf extract; encapsulation; chitosan; antimicrobial; antioxidant; nanoparticle

1. Introduction

Phenolic compounds are phytochemicals abundant in several plants, especially in
cashew leaf extracts, that exhibit a wide range of biological activities [1,2]. Cashew leaf
extract shows antioxidant and antimicrobial activities and can be used as a natural safe
food additive [2,3]. However, some polyphenols are unstable and lose their bioavailability,
which can be overcome through encapsulation [4,5].

Some bioactive substances and nutraceuticals need protection from external factors
such as light, pH, temperature, oxygen, and enzymes. It is practicable to use micro- or nano-
encapsulation to protect these substances [6]. Encapsulation in the form of microcapsules is
an efficient method for safeguarding bioactive substances [7]. Encapsulated nutraceuticals
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or bioactive compounds can be added to food matrices to create functional meals that are
highly absorbed by the digestive system [8]. Bioactive compounds are loaded inside micro-
capsules during the encapsulation process, and they are then released at a specific time [9].
To encapsulate bioactive compounds and nutraceuticals, nano-encapsulation has drawn
attention to creating stable nutrients for enriched foods [10]. Biodegradable polymers such
as polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), and poly(glycerol adipate)
(PGA) have been used to encapsulate bioactive compounds. However, there are still lim-
itations related to low loading efficiency. Some of the produced compounds have side
effects (toxicity), and these polymers have complicated synthesis steps [11]. Since several
polysaccharides are highly modifiable, soluble, and capable of binding via their functional
groups, they are appropriate for the encapsulation process as wall materials [7,10].

Because of its low toxicity, high biodegradability, and antibacterial qualities, chitosan,
a linear polysaccharide produced by partially deacetylating chitin, has attracted special
attention for a wide range of applications [12–15]. Furthermore, because its chain contains
several functional groups, chitosan is easily modifiable to achieve appropriate physic-
ochemical properties [12]. Chitosan is a widely used biocompatible polysaccharide for
the development of pharmaceutical formulations such as gels, films, tissue engineering
scaffolds, and nanoparticles. It also has antimicrobial properties [16].

The cationic character of chitosan is modified by a polyanion, like sodium tripolyphos-
phate (TPP), which causes ionotropic gelation, and the subsequent production of nanoparti-
cles is achieved [17,18]. Bioactive substances have been encapsulated in chitosan nanoparti-
cles and employed as delivery nanocarriers [19,20]. It has been demonstrated that chitosan
nanoparticles have antibacterial properties, thermal stability, antioxidative activity, aqueous
medium solubility, and increased release of bioactive chemicals [21,22]. As such, TPP-CS
nanoparticles have potential applications as nanocarriers in food.

Cashew is an abundant plant in tropical areas, especially in the southern part of Thai-
land. Its nut has a high price and has become popular for consumers. As a consequence,
the leaves are also available for the extraction of active compounds. Recently, cashew
leaf extract has been reported to contain a wide range of polyphenolic compounds such
as amentoflavone, quercetin, kaempferol, and catechin [2]. In addition, according to the
previous report by Sinlapapanya et al. [3], it was found that phenolic compounds easily
lose their activities when stored because of environmental factors such as light and heat.
To maintain the bioactivities of the extract, coacervation could be a promising means to
stabilize an extract exposed to the environment. The aim of the present study was to en-
capsulate ECL-E in TPP-CS nanoparticles. Nanoparticles were then characterized, and the
antioxidant and antimicrobial activities of ECL-E loaded in nanoparticles were determined.

2. Materials and Methods
2.1. Chemicals

Ethanol was supplied by RCI Labscan Limited (Bangkok, Thailand). Chitosan (low
molecular weight, 50–190 kDa) and sodium tripolyphosphate (TPP) were acquired from
Sigma Aldrich, Inc. (St. Louis, MO, USA). Mueller–Hinton broth (MHB) and tryptic soy
broth were obtained from Himedia (Mumbai, India).

2.2. Preparation of Ethanolic Cashew Leaf Extract (ECL-E) and the Encapsulation Process
2.2.1. Preparation of ECL-E

Dried cashew (Anacardium occidentale L.) leaves were powderized before extraction
using 80% ethanol following the method explained by Sinlapapanya et al. [2]. Leaf powder
(10 g) was mixed with 80% ethanol (200 mL) before ultrasonication at 70% amplitude
for 40 min under pulsed mode (5s:5s) (Sonics, Model VC750, Sonica & Materials, Inc.,
Newtown, CT, USA). The temperature of the mixture during extraction was maintained
below 35 ◦C. After that, the supernatant was collected and centrifuged (5000× g, 30 min,
4 ◦C) (Beckman Coulter, Avanti J-E Centrifuge, Fullerton, CA, USA). An Eyela rotary
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evaporator (Tokyo Rikakikai, Co. Ltd., Tokyo, Japan) was employed to remove ethanol,
and nitrogen flushing was applied to eliminate the remaining ethanol.

2.2.2. Dechlorophyllization of ECL-E

Chlorophylls in ECL-E were eliminated by the sedimentation process, as explained by
Sinlapapanya et al. [3]. The extract and distilled water were mixed at 1:1 (v/v) ratio and
properly mixed. After being chilled for 24 h, centrifugation (10,000× g, 30 min) was performed
at 4 ◦C. The supernatant was freeze-dried and the final powder, known as “ethanolic cashew
leaf extract” or “ECL-E”, was packed in a zip-lock bag and kept at −20 ◦C.

2.2.3. TPP–Chitosan (TPP-CS) Encapsulation Process

Encapsulation via TPP-CS complexation was performed [7]. CS powder was dissolved
in acetic acid solution (1% v/v) to gain the concentration of 1% (w/v). The mixture was
stirred overnight, and centrifugation (9000× g, 10 min, 4 ◦C) was employed to remove the
debris. ECL-E was mixed with CS solution (20 mL) to obtain varying CS/ECL-E ratios
(1:1; 1:2; and 1:3) with the aid of homogenizer (IKA Labortechnik homogenizer, Selangor,
Malaysia) at 13,000 rpm (Table 1). After pH adjustment to 4.2 with 2 M NaOH solution,
TPP solution (0.4% w/v, 8 mL) was added dropwise with rigorous stirring to induce ionic
gelation. Centrifugation (9000× g, 30 min, 4 ◦C) was used to separate TPP-CS gels from
non-gelling substances, and the gels were dispersed in 100 mL of DI water containing 1%
(w/v) trehalose. Then, the nanoparticles were prepared by dissociation of the flocculated
pellet by ultrasonication (70% amplitude, 10 min) in pulse mode (5s:5s). TPP-CS complexes
and TPP-CS complexes loaded with ECL-E were frozen (−40 ◦C) and lyophilized at −50 ◦C
for 72 h by a freeze dryer (CoolSafe 55, ScanLaf A/S, Lynge, Denmark). Nanoparticles
with CS/ECL-E ratios of 1:1, 1:2, and 1:3 were named as ECL-E-N-E1, ECL-E-N-E2, and
ECL-E-N-E3, respectively. The nanoparticles were then analyzed.

Table 1. Encapsulation condition of ECL-E by the TPP-CS process.

Treatment Ratio EE (%) PS (nm) ZP (mV) PDI
Color

L* a* b*

ECL-E - - - - - 59.34 ± 0.07 e 1.33 ± 0.03 a 10.16 ± 0.04 a

TPP-CS CS 43.01 ± 8.89 b 47.30 ± 4.60 d 43.96 ± 0.96 a 0.56 ± 0.06 a 63.02 ± 0.36 d −0.54 ± 0.06 d −0.65 ± 0.01 d

ECL-E-N-E1 CS(1):ECL-E(1) 47.62 ± 5.71 b 314.60 ± 20.65 a 44.24 ± 0.92 a 0.30 ± 0.03 b 64.71 ± 0.03 c 0.73 ± 0.05 c 10.07 ± 0.01 b

ECL-E-N-E2 CS(1):ECL-E(2) 86.72 ± 2.28 a 273.60 ± 3.70 b 41.13 ± 1.01 b 0.20 ± 0.02 c 66.91 ± 0.03 b 1.26 ± 0.02 b 9.73 ± 0.09 c

ECL-E-N-E3 CS(1):ECL-E(3) 89.47 ± 1.78 a 256.05 ± 7.70 c 40.37 ± 0.66 b 0.22 ± 0.05 c 69.55 ± 0.04 a 1.22 ± 0.05 b 10.10 ± 0.01 a

CS: chitosan, TPP: sodium tripolyphosphate, ECL-E: ethanolic cashew leaf extract, EE: encapsulation efficiency,
PS: particle size, ZP: zeta potential, PDI: polydispersity index. Different lowercase superscripts within the same
column indicate significant differences (p < 0.05). * Mean value (n = 3).

2.3. Analyses
2.3.1. Encapsulation Efficiency (EE)

The suspension of ECL-E-N was stirred gently for 30 min and centrifuged at 10,000× g
for 15 min and 4 ◦C. The initial TPC of the dissolved ECL-E-N (M2) was noted.

EE (%) = [1 − (M1/M2)] × 100

where M1 is the TPC outside the dialysis bag (in 200 mL of dialysis water) and M2 is the
total TPC loaded.

2.3.2. Particle Size (PS), Polydispersity Index (PDI) and Zeta Potential Measurement

The dynamic light scattering technique was used to determine the PS, PDI, and zeta
potential of different samples by the ZetaPlus zeta potential analyzer (Brookhaven Instru-
ments Corporation, Holtsville, NY, USA) according to Tagrida et al. [23]. Ten milliliters of
each sample suspension (10 mg/mL) was appropriately diluted in DI water and measured
at 25 ◦C with a medium refractive index of 1.330. The particle size and PDI were determined
at an angle of 90 ◦C.
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2.3.3. Color

A colorimeter (ColorFlex, Hunter Lab Reston, VA, USA) was employed to examine the
lightness (L*), redness/greenness (a*), and yellowness/blueness (b*) of different nanoparticles.

2.3.4. In Vitro Releasing Efficiency (RE)

A dialysis bag (2.5 × 10 cm, MW cut-off: 3500 Da) was used to examine the in vitro
RE of different ECL-E-Ns compared with ECL-E [24]. One mL of 1% ECL-E (control) and
various ECL-E-Ns (1 mg/mL, 100 mg/mL) were transferred into each dialysis bag, and the
bags were clamped before dialysis in 100 mL of DI water by continuous stirring (100 rpm)
for 72 h at 4 ◦C. Three milliliters of dialysis water were taken every 12 h up to 72 h for TPC
analysis. RE was determined using the equation shown below.

RE (%) = [1 − (TPCrelease/TPCtotal)] × 100

where RE denotes the release efficiency (%), TPCrelease (mg/mL) represents the TPC released
after being dialyzed at the designated time (every 12 h), and TPCtotal (mg/mL) is the total
TPC in ECL-E-Ns, obtained from the known amount of TPC in ECL-E used for preparation
of nanoparticles.

For TPC determination, the Folin–Ciocalteu’s reagent (FCR) method was adopted as
described by Benjakul et al. [25]. TPC was expressed as mg gallic acid equivalent (GAE)/g
dry solid.

2.3.5. Antioxidant Activities

ECL-E-Ns with different loading conditions (CS/ECL-E ratios) were tested for antioxi-
dant activities in comparison with ECL-E (unencapsulated) [3].

ABTS Radical Scavenging Activity

A sample (150 µL) was mixed with ABTS solution (2850 µL) and incubated for 1 h at
room temperature in the dark. Absorbance 734 nm was read. Blank was prepared using
distilled water instead of a sample.

DPPH Radical Scavenging Activity

A sample (0.3 mL) was mixed with 2.7 mL of 0.15 mM DPPH in methanol, shaken, and
incubated for 60 min at 25 ◦C in the dark. DPPH reduction was monitored by the decrease
in OD at 517 nm.

Ferric Reducing Ability Power

A sample solution (150 µL) was mixed with 2.85 mL of working FRAP reagent, and
the mixture was incubated in the dark at room temperature for 30 min. The absorbance at
593 nm was read.

Metal Chelating Activity

A sample (1 mL) was mixed with distilled water (3.7 mL). Subsequently, 2 mM FeCl2
(0.1 mL) and 5 mM ferrozine (0.2 mL) were added. The absorbance at 562 nm was read
after 20 min. For the control, 1 mL of distilled water was used to replace the extract.

Oxygen Radical Absorbance Capacity

The oxygen radical absorbance capacity (ORAC) assay was performed according to
Sae-Leaw et al. [26].

Antioxidant activities were expressed as µmol Trolox equivalents (TE)/g dry solid, except
metal chelating activity, which was reported as µmol EDTA equivalent (EE)/g dry solid.

The nanoparticle with the optimal CS/ECL-E ratio and the highest antioxidant activity
was chosen for further analysis.
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2.3.6. Antimicrobial Activity

Pseudomonas aeruginosa ATCC 27853, obtained from The American Type Culture Col-
lection, and Shewanella putrefaciens JCM 20190, from the Japan Collection of Microorganisms,
were used. Both bacteria are major spoilage bacteria commonly found in seafood. All
bacteria were checked for purity before being used each time by re-streaking from the stock
on TSA agar and selecting only a single colony for enrichment.

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

A Mueller–Hinton broth microdilution was adopted to evaluate the MIC and MBC
of the ECL-E-Ns in a 96-well microplate [2]. The ECL-E-Ns were dissolved in DI water,
and shaken vigorously, followed by filtration using a syringe. The filtrate from ECL-E-N
(100 µL) was poured into a sterile 96-well plate at various concentrations (0.59–300 mg/mL).
Bacterial inoculum (100 µL) in TSB medium with a concentration of 1 × 106 CFU/mL was
added. A bacterial suspension with no extracts was employed as a positive control, whereas
only extracts in the absence of bacterial suspension was used as a negative control [27]. The
96-well microplates were incubated at 37 ◦C for 15 h, and then 10 µL of rezasurin solution
(0.18% w/v) was added to each well. The plate was incubated at 37 ◦C for 2–3 h. The MIC
is the lowest concentration (bacteriostatic) of the extract at which there is no color change
(blue color) detected. To validate the survival of bacteria, a suspension (10 µL) was taken
from each well and spread on TSA agar before being incubated at 37 ◦C for 24 h. The MIC
was the lowest concentration that inhibited the growth of bacteria, whereas the MBC was
the lowest concentration of the agent that killed 99.9% of the bacteria or no growth was
noted (bactericidal) [28].

2.3.7. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the free ECL-E fraction, empty nanoparticles, and ECL-E-loaded
nanoparticles (ECL-E-Ns) were determined using an FTIR spectrometer (model Equinox 55,
Bruker, Ettlingen, Germany) at a wavenumber between 4000 and 400 cm−1. OPUS software
(version 8.5 Bruker Optik GmbH 2020, Bruker, Ettlingen, Germany) was used for analysis.

2.3.8. Scanning Electron Microscopic (SEM) Images of ECL-E-Ns

The selected ECL-E-N samples were visualized using a scanning electron microscope
(SEM, FEI Quanta 400-ESEM FEG, Hillsboro, OR, USA). Images were recorded as per the
method explained by Sinlapapanya et al. [2].

2.4. Light Stability

The stability of the ECL-E-Ns toward light exposure under varying conditions was
tested [3]. An ECL-E-N (10 mL, 50 mg/mL) was placed in a screw-cap test tube. After
being exposed to light at varying intensities (1000, 2000, and 4000 lux), samples were taken
every day for a total of 6 days for analyses of TPC, ABTS, DPPH, and radical scavenging
activities as well as FRAP.

2.5. Statistical Analysis

The experiment was run in triplicate. The SPSS software program (SPSS 22.0 for
Windows, SPSS Inc., Chicago, IL, USA) was used to perform an analysis of variance
(ANOVA) and Duncan’s multiple range test (DMRT) for mean comparisons.

3. Results and Discussion
3.1. Characteristics of ECL-E-Ns Prepared Using CS/ECL-E at Various Ratios by TPP-CS
Complexation Methods
3.1.1. Encapsulation Efficiency (EE)

EE indicates the percentage of ECL-E present in nanoparticles. Depending on the
CS/ECL-E ratio utilized, the EE of nanoparticles loaded with ECL-E varied from 43.01% to
89.47% (Table 1), suggesting that ECL-E was entrapped in nanoparticles to varied degrees.
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CS/ECL-E ratios of 1:2 and 1:3 yielded the highest EE. There was a significant increase in
EE (p < 0.05) when the CS/ECL-E ratio exceeded 1:1, which might have been caused by
more ECL-E being entrapped in nanoparticles. When TPP was added, the positive charge
of chitosan could be neutralized by the negative charge of the phosphate, forming a gel
that could trap the ECL-E as its core.

EE can be higher with a high volume of extract because of several factors such as
(a) increased cross-linking: a higher volume of extract may provide more active compounds
that interact with chitosan, leading to better cross-linking with TPP, which stabilizes the
nanoparticles and enhances encapsulation [29,30]; (b) higher availability of the encapsulat-
ing material: more extract means more material available to be encapsulated, increasing
the likelihood of forming more complete nanoparticles with higher payloads [31]; and
(c) enhanced viscosity: a greater volume of extract can increase the solution’s viscosity,
which may slow down particle aggregation and enhance encapsulation by allowing better
dispersion of active compounds [32]. These combined phenomena likely contributed to
higher EE when using a larger volume of extract in the TPP-CS encapsulation process.

3.1.2. Particle Size (PS), Zeta Potential (ZP), and Polydispersity Index (PDI) of ECL-E-Ns

The PS of different nanoparticles varied with different ratios of ECL-E loaded (Table 1).
The PS of ECL-E at varying ratios ranged from 47.30 to 314.60 nm, as shown in Table 1. The
result was similar to the study by Al-Nemrawi et al. [33], who found that CS nanoparticle
sizes ranged from 145.73 to 724.23 nm. Regardless of the CS/ECL-E ratio, the smallest
nanoparticles were found in those devoid of ECL-E, while the largest nanoparticles were
found when CS/ECL-E at 1:1 ratio was used (p < 0.05). According to Hadidi et al. [22]
and Hosseini et al. [34], nanoparticles became larger in size as they were loaded with the
core substances. The larger diameter of ECL-E-loaded nanoparticles was mediated by the
TPP-CS layer that enveloped the individual ECL-E droplets [34]. As evidenced by a high EE,
in the presence of a substantial amount of ECL-E, CS might entrap more ECL-E, especially
during the gelation process with the aid of ultrasonication. A smaller nanoparticle could
provide the uniform entrapment or encapsulation of ECL-E. Gulzar et al. [7] noticed a
similar trend in the particle diameter of CS nanoparticles loaded with shrimp oil. However,
there was no difference in the particle sizes of the nanoparticles loaded with ECL-E utilizing
the CS/ECL-E ratios of 1:2 and 1:3 (p > 0.05).

The PDI is a measure of particle size distribution in a sample. In general, the PDI
ranges from 0 (monodisperse particles) to 1 (highly polydisperse particles) [35]. A lower PDI
indicates a more uniform particle size distribution, which is often desirable for consistent
behavior in applications [33]. ECL-E-N-E2 and ECL-E-N-E3 had the lowest PDI (p < 0.05)
among all the nanoparticles (0.20–0.22), indicating the most homogeneity or consistency.
For CS nanoparticles, a PDI value of less than 0.3 was generally considered acceptable,
indicating a relatively narrow size distribution [36]. Strong repulsions among the particles
may have resulted from the dispersion of positive charges on the nanoparticles’ surfaces,
thus reducing the coagulation or collision [23]. Consequently, ECL-E-N-E2 and ECL-E-N-E3
displayed a low PDI.

The zeta potential (ZP) of CS nanoparticles is a critical parameter in determining their
stability, interaction with biological systems, and overall functionality [37,38]. ZP is the
electrical potential at the slipping plane of a particle in a fluid. It indicates the degree of
electrostatic repulsion or attraction between particles [38,39]. All nanoparticles carried
positive charges ranging between +40.37 and +44.24 mV, which showed a similar range
to the CS nanoparticles prepared by Al-Nemrawi et al. [33]. Adsorption or encapsulation
of phenolic extracts in cationic carriers, such as chitosan nanoparticles, typically leads to
noticeable changes in the zeta potential of these carriers. This change is primarily due
to phenolic compounds, which might carry both negative charge and positively charged
surface. During complex formation, the interaction between the phenolic compounds
and the cationic carrier could lead to the formation of complexes or conjugates. These
complexes might have a lower net positive charge or even shift the zeta potential towards
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the negative value, depending on the relative amounts and the charge density of the
phenolic compounds. A higher zeta potential (either positive or negative) typically reflects
better stability of the nanoparticle suspension [40]. Particles with a high zeta potential repel
each other and resist aggregation [41]. CS nanoparticles with a high positive zeta potential
are more stable in suspension because of electrostatic repulsion [42]. CS nanoparticles often
exhibit zeta potentials in the range of +30 to +60 mV, indicating good stability [43].

3.1.3. Color

The L* values of the ECL-E nanoparticles were higher (p < 0.05) when compared with
those of free ECL-E. This could be the result of the entrapment of ECL-E in the nanoparticles,
thus hiding its color [23]. In the TPP-CS encapsulation process, an increased amount of
extract encapsulated resulted in a higher L* value (indicating lightness). This was because
ECL-E at a higher amount was entrapped, and the surface of wall materials contributed
to reflecting lighter and increasing the lightness [44]. In addition, the formation of larger
particles or agglomerates could scatter light more effectively, and lighter samples could be
noticed [45]. A slightly lower a* value was found in nanoparticles, compared with free ECL-
E. Regarding the b* value, similar values were found between ECL-E and nanoparticles
loaded with ECL-E at different CS/ECL-E ratios since ECL-E was dechlorophylized before
loading into nanoparticles or encapsulation. As a result, green coloring pigments were
removed, making the powder fade in color.

3.1.4. In Vitro Releasing Efficiency

Figure 1 shows the releasing efficiency (RE) of nanoparticles at different ECL-E/CS
ratios in comparison to the control (1% ECL-E). The nanoparticles showed a slower release
rate of ECL-E than that of the control. After 8 h of dialysis, the release profile of 1% ECL-E
revealed a roughly 54% RE. RE was significantly decreased by the entrapment of ECL-E
in TPP-CS gel. After 8 h, the RE of ECL-E-N-E3, ECL-E-N-E2, and ECL-E-N-E1 was 17%,
20%, and 26%, respectively. ECL-E-N-E3 exhibited the lowest release rate among all the
nanoparticles after 72 h. A RE of 51% was reached for ECL-E-N-E3, followed by ECL-E-N-E2
(57%) and ECL-E-N-E1 (63%). The different ECL-E ratios acted as a mediating factor in
the variation in their release rates. The reduced RE in the nanoparticle loaded with ECL-E
showed that the release of ECL-E was retarded. The releasing efficiency of TPP-CS gel can be
influenced by several factors. High cross-linking with TPP can lead to a slow release rate [29].
Small particles often release encapsulated compounds more quickly because of a larger
surface area [46,47]. The pH sensitivity of chitosan can affect the swelling of the matrix and,
consequently determine the release rate [48]. Controlled release is one of the most desired
characteristics of encapsulated substances [24]. Encapsulating ECL-E into nanoparticles
significantly reduced the diffusion rate, depending on the amount of ECL-E employed.
Furthermore, the manufacturing method controlled their release at different rates.

3.1.5. Antioxidant Activities of TPP-CS Nanoparticles Prepared Using Different
CS/ECL-E Ratios

The empty nanoparticles (without loaded ECL-E) and the nanoparticles loaded with
ECL-E at varying CS/ECL-E ratios had different antioxidant activities (p < 0.05). The
amounts of ECL-E corresponding to those entrapped in nanoparticles were used to de-
termine antioxidant activities (Table 2). When the quantity of ECL-E entrapped in the
nanoparticles was compared, a higher amount of TPC was correlated with the stronger
antioxidant activity of the nanoparticles made with a higher amount of ECL-E. This result
revealed that ECL-E was loaded into the nanoparticles, and the ratios affected the amount
of ECL-E loaded. Table 2 shows that the produced nanoparticles could significantly increase
DPPH radical scavenging, which indicated that encapsulation improved the dispersion
of hydrophobic antioxidative compounds [49]. This suggested that the active ingredients
in ECL-E might scavenge free radicals that were both amphiphilic (ABTS) and hydropho-
bic (DPPH) [23,25]. Furthermore, the FRAP assay revealed that ECL-E encapsulated in
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nanoparticles might provide electrons for free radicals. Additionally, ECL-E also had metal
chelating activity, indicating the binding or sequestration of metal ions, prooxidants in
the process of lipid oxidation. The ORAC varied among nanoparticles made with varying
ECL-E/CS ratios. The highest ORAC was found in the nanoparticles loaded with the
highest ratio of ECL-E/CS. This was related to the highest EE or the active compounds
loaded as the core of nanoparticles.
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Figure 1. Release profiles of TPP-CS loaded with ECL-E at different levels in comparison with non-
encapsulated ECL-E at 1% during a 72 h dialysis period at 4 ◦C. Bars represent standard deviations
(n = 3). ECL-E-N-E1, ECL-E-N-E2, and ECL-E-N-E3 denote nanoparticles using CS/ECL-E ratios of
1:1, 1:2, and 1:3, respectively. ECL-E 1%: free extract at 1%.

Table 2. TPC and antioxidant activities of TPP-CS loaded with ECL-E at different levels in comparison
with non-encapsulated ECL-E at 1%.

Treatment
TPC

(mg GAE/g Dry
Solid)

ABTS
(µmol TE/g Dry

Solid)

DPPH
(mg TE/g dry

Solid)

FRAP
(mg TE/g Dry

Solid)

MCA
(µmol EE/g Dry

Solid)

ORAC
(µmol TE/g Dry

Extract)

ECL-E 345.81 ± 16.22 a 1409.09 ± 24.26 a 362.42 ± 22.24 c 892.25 ± 36.87 a 4.51 ± 0.14 c 73.91 ± 8.67 b

TPP-CS 0.33 ± 0.07 e 2.15 ± 0.06 e 29.01 ± 0.57 e 0.08 ± 0.02 e 5.81 ± 0.41 b 120.75 ± 2.26 a

ECL-E-N-E1 47.41 ± 0.74 d 438.18 ± 0.83 d 68.81 ± 0.24 d 156.37 ± 0.35 d 6.83 ± 0.38 a 26.99 ± 1.44 d

ECL-E-N-E2 97.55 ± 0.35 c 1302.86 ± 12.06 b 1058.81 ± 1.61 b 394.20 ± 0.62 c 3.30 ± 0.31 d 28.93 ± 1.42 d

ECL-E-N-E3 253.34 ± 0.20 b 1240.80 ± 13.02 c 1112.75 ± 13.89 a 518.56 ± 0.38 b 4.73 ± 0.32 c 50.08 ± 1.31 c

CS: chitosan, TPP: sodium tripolyphosphate, ECL-E: ethanolic cashew leaf extract. Different lowercase superscripts
within the same column indicate significant differences (p < 0.05). Mean value and SD± (n = 3).

For the TPP-CS nanoparticles or empty nanoparticles, the antioxidant activities were
also evaluated, as shown in Table 2. Because the hydroxyl and amino groups in the
chitosan backbone can react with free radicals, empty nanoparticles have the ability to
exhibit antioxidant properties. These findings are in line with earlier research conducted
by Soleymanfallah et al. [50], especially for DPPH radical scavenging activity and ORAC.
For DPPH radical scavenging activity, amino (-NH2) and hydroxyl (-OH) groups in the
structure of chitosan could donate electrons or hydrogen atoms to DPPH free radicals,
making DPPH free radicals stable and non-reactive [51]. At the same time, it can donate
electrons or hydrogen atoms to oxygen radicals, stabilizing free radicals and reducing
oxidative damage [52]. Chitosan has a high ORAC activity. Chitosan with high degree of
deacetylation with more free amino groups had, the increases antioxidant capacity [53].

The nanoparticles possessed lower antioxidant activity compared with the free form.
Active compounds might bind and disperse within the nanoparticle matrix, potentially
lowering their immediate release into solution compared with free compounds [54–56].
When active compounds were encapsulated effectively, the amount available for antiox-
idant activity could be reduced [55]. A low controlled release can initially reduce the
concentration of active compounds available for immediate reaction with radicals [56],
which is beneficial for sustained activity.
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3.1.6. Antimicrobial Activity

Different MICs and MBCs (Table 3) were found between nanoparticles loaded with
ECL-E and free ECL-E (p < 0.05). As shown in Table 3, TPP-CS nanoparticles or empty
nanoparticles showed antibacterial activity, which was attributed to chitosan’s amino group
(-NH3

+, positive charge) binding to the bacterial cell wall (negative charge), disrupting
the integrity of the cell wall and cell membrane, and possibly causing membrane damage,
leakage, and cell death [57,58]. The MICs and MBCs of nanoparticles were higher than
those of free ECL-E against P. aeruginosa and S. putrefaciens (p < 0.05), indicating that ECL-E
with antimicrobial activity was entrapped within nanoparticles and the release of ECL-E
was lowered. This resulted in a decrease in antibacterial activity by initially reducing the
concentration of active compounds available for immediate reaction with microorganisms
and delaying their antimicrobial effects [59]. Meanwhile, the active agents were also
distributed throughout the nanoparticle matrix [55], in which their concentration was
diluted compared with the free form. In addition, the barrier from encapsulation was an
important factor, potentially limiting their immediate availability [60]. These factors could
collectively contribute to decreased antimicrobial activity in nanoparticle formulations
compared with free forms.

Table 3. MIC and MBC values of TPP-CS loaded with ECL-E at different levels in comparison with
non-encapsulated ECL-E at 1%.

Treatment
P. aeruginosa (mg/mL) S. putrefaciens (mg/mL)

MIC MBC MIC MBC

ECL-E 2.34 a 9.38 a 1.17 a 4.69 a

TPP-CS 37.50 d 300.00 d 18.75 d 150.00 c

ECL-E-N-E1 18.75 c 150.00 c 9.38 c 75.00 b

ECL-E-N-E2 9.38 b 75.00 b 9.38 c 75.00 b

ECL-E-N-E3 9.38 b 75.00 b 4.69 b 75.00 b

CS: chitosan, TPP: sodium tripolyphosphate, ECL-E: ethanolic cashew leaf extract. Different lowercase superscripts
within the same column indicate significant differences (p < 0.05). Mean value (n = 3).

3.1.7. Fourier Transform Infrared Spectroscopic Spectra

The relationship among TPP, CS, and ECL-E in the nanoparticles was verified by FTIR
spectroscopy. Figure 2A shows the FTIR spectra of ECL-E and nanoparticles without and
with ECL-E. The peaks at 3600–2800 cm−1 and 1700–400 cm−1 were the main peaks in
the infrared spectra. This was similar to the study by Antoniou et al. [61]. The peaks at
3400–3200 cm−1 were a result of the −OH stretching vibration associated with free, inter-,
and intramolecular bound hydroxyl groups for ECL-E [61]. In addition, these peaks might
also be associated with hydroxyl groups in free chitosan and CS-TPP cross-links in nanopar-
ticles [7]. In the same area, the peaks at ≈3300 cm−1 in nanoparticles were attributed to
N−H (amino) group stretching [7]. Peaks in the range of 3000–2800 cm−1 corresponded
to the typical C−H vibration [61]. The asymmetric stretching of the C−O−C bond in the
glycosidic linkage appeared around 1150 cm−1, while the peak at 1077 cm−1 corresponded
to the C−O stretching vibration [61]. The peaks in the range of 1220–1080 cm−1 were
attributed to P=O stretching, while the absorption bands at 843 cm−1 corresponded to
P−O and P−O−P in the TPP spectrum [61]. Additionally, the peak at 1204 cm−1 in the
nanoparticle spectra indicated P=O stretching, resulting from the cross-linking between CS
and TPP [62]. The bioactive chemicals in ECL-E exhibited strong peaks at the following
wavenumbers: 3383 cm−1, which corresponded to O–H stretching; 1544 cm−1, which repre-
sented C=C stretching; 1447 cm−1, which corresponded to C–C stretching; and 1037 cm−1,
which indicated C–O–C stretching (Figure 2) [63]. A portion of these peaks were found in
ECL-E-Ns. Finally, the peak for N−H bending vibration of primary amines at 1639 cm−1

in the nanoparticle spectra shifted to 1626 cm−1 when loaded with ECL-E in ECL-E-Ns.
These results indicated the interaction between ECL-E and nanoparticles. The emergence
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of these peaks signifies the production of nanoparticles and the enhancement of inter- and
intramolecular interactions in nanoparticles.
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Figure 2. FTIR spectra of free ECL-E, empty nanoparticles, and ECL-E-N-E3 (A). Scanning electron
micrographs of empty nanoparticles (B) and ECL-E-N-E3 (C). ECL-E-N-E3: nanoparticles using
CS/ECL-E ratios of 1:3; Free ECL-E: free extract at 1%.

3.1.8. Scanning Electron Microscopic Images

The nanoparticles were spherical and nanometer in size, as displayed in Figure 2B,C.
In Figure 2C, the nanoparticles loaded with ECL-E have a continuous and regular shape.
Their morphology could be affected by the freeze-drying method. During drying, particles
align closer together and bind together [64,65]. Figure 2B represents nanoparticles without
ECL-E loaded, which had an uneven distribution because of the fact that the nanoparticles
without ECL-E loaded did not have the core of the extract [65,66]. The particle size was
thus smaller than nanoparticles loaded with ECL-E, as shown in Table 1. Figure 2C shows
that the nanoparticles loaded with ECL-E have larger particle diameters (Table 1). The
nanoparticles in each treatment had varying particle sizes. Size could be governed by the
electrostatic interaction of TPP and CS in the ionic gelation process and was dependent on
the mixing occurring during preparation [7].

3.2. Light Stability of TPP-CS Nanoparticles Loaded with ECL-E as Affected by Light at
Various Intensities

Figure 3 illustrates the TPC, ABTS, and DPPH radical scavenging activities and FRAP
of nanoparticles loaded with ECL-E. The TPC and antioxidant activities of nanoparticles
exposed to light increased in the first 48 h and then progressively declined after 72 h.
The increased light intensity caused the rapid degradation, in which some products with
antioxidant properties were produced. Esua et al. [67] also found a similar result, in which
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the antioxidant of tomato dried for a longer time had increased antioxidant activity. As
shown in Figure 3, the period of exposure was another significant factor that influenced
the breakdown of phenolic compounds. For the longest duration (144 h), the nanoparticles
were exposed to the maximum intensity of light (4000 lux). This resulted in the greatest
losses in TPC and, naturally antioxidant activities.
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ABTS radical scavenging activity (ABTS, (B)), DPPH radical scavenging activity (DPPH, (C)), and
ferric reducing antioxidant power (FRAP, (D)) of TPP-CS loaded with ECL-E at different levels.
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Light intensity can affect nanoparticles by causing degradation or structural changes,
especially UV, which can degrade chitosan, breaking down its molecular structure [12,68,69].
At the same time, high-intensity light can increase the temperature, potentially affecting the
stability of the nanoparticles [70]. These effects can reduce the effectiveness and stability of
chitosan nanoparticles. This was evidenced by an increase in TPC and antioxidant activities.
Because of the damage to nanoparticles, the ECL-E inside was released. When the ECL-E
was released freely, polyphenols with several OH groups could possess a high capacity
as antioxidants. However, those compounds were mostly light-sensitive [71]. Therefore,
it decomposes and loses its antioxidant activities easily. Nevertheless, those compounds
could be protected or the loss of bioactive compounds in ECL-E could be delayed to a
certain extent when compared with free ECL-E (un-encapsulation) [3]. This result was
also in accordance with the study on cashew leaf extract by Sinlapapanya et al. [3], who
documented that TPC decreased when exposed to light and decreased to a higher extent
when exposed to high-intensity light.

4. Conclusions

Encapsulation of ECL-E with TPP-CS nanoparticles by the ionic gelation method was
carried out. The ECL-E-N-E3 nanoparticles exhibited excellent physical properties and
bioactivities. It had a pale color, tiny particle size, positive zeta potential, and low PDI
with high antioxidant and antibacterial activities. The ECL-E/CS ratio had a significant
impact on the interaction among TPP, CS, and ECL-E for the creation of nanoparticles.
Furthermore, it also affected the shape of nanoparticles. The nanoparticles demonstrated a
protective effect against the loss of ECL-E activity induced by light intensity and also played
a significant function in regulating the rate of ECL-E release. Thus, ECL-E encapsulated
with TPP-CS nanoparticles could serve as a delivery vehicle with enhanced stability by
maintaining the antioxidant activity and antibacterial activity of ECL-E.
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