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ABSTRACT

This research is focused on the optimation of green tea extract-loaded polyvinylpyrrolidone (PVP) submicron particles
by electrospraying for enhanced delivery of antioxidants. The novelty lies in the explanation of the critical connection
between process parameters, drug loading, and biological activity. A precursor solution of GTE and PVP in ethanol (13
wt.%) was electrosprayed at a fixed voltage (15 kV) and distance (15 cm), and the flow rate varied (1, 3, and 5 pL/min)
as an important parameter. Spherical morphologies were examined using scanning electron microscopy (SEM), with the
average diameter of particles increasing from 391 nm to 713 nm with increasing flow rate. FTIR spectroscopy employing
Fourier transform infrared verified effective encapsulation of the GTE in the PVP matrix via hydrogen bonding.
Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) analysis indicated that the encapsulated GTE
existed in an amorphous form, a desired state for enhanced bioavailability. More importantly, diphenylpicrylhydrazyl
(DPPH) assay demonstrated pronounced antioxidant activity in the composite particles to be significantly enhanced
relative to free GTE (ICso values of ~22 pg/mL vs. 47 pug/mL). Compared to typical emphasis on nano-size for rapid
release, bigger particles (separated at higher flow rates) contained superior antioxidant activity with higher GTE loading
content (~47%), overshadowing kinetic advantage of smaller particles. The above findings emphasize that optimization
of encapsulation efficiency can be more crucial than mere size decrease. Thus, electrosprayed PVP-GTE particles reveal
a highly promising platform for creating efficient natural antioxidant delivery systems.
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1. Introduction

The development of drug delivery systems based on natural bioactive compounds has gained increasing attention in recent
years, in line with the rising demand for functional food and pharmaceutical products with higher therapeutic
effectiveness. In drug delivery systems, nano-structured particles composed of biodegradable polymers provide promising
assurance in meeting specific criteria, such as transformability, stability during aerosolization, biocompatibility, target
site specificity, controlled drug release, and degradation within an acceptable timeframe [1]. Moreover, polymers offer
advantages in controlling drug release rates, enhancing solubility, breaking down into biologically metabolizable
molecules, masking unpleasant tastes, improving drug stability, and modifying release characteristics [2,3]. Based on
these explanations, specific studies are required to produce nano-sized and nano-structured morphologies, such as
nanoparticles, including drug or active substance loading, in order to determine their morphological structure and
pharmacological characteristics. Between the various encapsulation techniques, electrospray has been a potential method
for producing controlled morphology and narrow size distribution. The method is suitable for the encapsulation of
bioactive compounds within a polymer matrix for enhancing their stability, solubility, and bioavailability.

One of the most rapidly developing and widely used methods for the production of micro to nano-scale particles is the
electrospray method. Electrospraying is a variation of the electrospinning method and is more commonly known as
electrohydrodynamic atomization (EHDA) or electrohydrodynamic (EHD) spraying. This engineering technique utilizes
electrostatic forces on the surface of a polymer solution due to a very high potential difference, resulting in the formation
of particles or fibers [4-6]. The method has been widely used due to its advantages in controlling morphology, particle
size, cost-effectiveness, and ease of implementation [5—7]. There are several parameters on this method which are directly
correlated to morphology and size controlled. The solution-related properties (additives, solvent mixture, and



concentration) and the process-related parameters (collector geometry, environmental conditions, needle-to-collector
distance, flow rate, and applied voltage) are these parameters [8,9]. A research conducted by [5] described a strong
relationship between the phase of particle formation towards fibers or vice versa, with viscosity, surface tension, and flow
rate being crucial in morphological control and size during the process. Therefore, electrospray process can be said to be
an excellent technique for preparing polymers-loaded drug particles [10]. Electrospray can produce diverse morphologies
such as fibers, rods, or spheres depending on processing conditions [11,12]. Spherical or hemispherical particles are ideal
due to their uniform surface area and superior functional performance, yet they are difficult to obtain consistently due to
the sensitivity of process parameters [13].

Nevertheless, consistently reproducible methods for generating bioactive polymer-based molecules for biomedical
applications still face many challenges [14]. A deeper understanding of electrospraying for encapsulation has been
reported by [15] which is crucial, as this method may improve bioavailability, biological activity, and overall
characteristics of various food products. Furthermore, developed formulations are directed toward targeted drug delivery
systems with controlled release capabilities [16]. Various natural bioactive compounds, such as polyphenols, are known
to possess therapeutic properties and are highly potential candidates for further formulation, such as extracts from
functional food plants. Green tea is one of the most popular beverages consumed for health benefits. Its chemical
composition is similar to that of fresh leaves, particularly due to its polyphenol content [12,17,18]. Moreover, polyphenols
in green tea exhibit strong antioxidant activity [17,19-21]. Polyphenolic compounds have been proven to possess
pharmacological actions in prevention, treatment, and high antioxidant activity [18,22-24].

Therefore, in this study, we aim to comprehensively report our research on producing submicron composite particles with
the potential to encapsulate bioactive compounds from green tea extract using Polyvinylpyrrolidone (PVP) as the polymer
matrix. PVP was selected as the matrix because it is widely used, non-toxic, water-soluble, biocompatible, and recognized
as safe for healthcare applications by the U.S. Food and Drug Administration (FDA). Our previous research successfully
formulated PVP-GTE using the electrospray technique [25]. Subsequently, we optimized the process by considering
solution parameters and obtained pure spherical submicron-sized composite particles [26]. While electrospraying of PVP-
GTE has been reported [25,26], a comprehensive study correlating process parameters (e.g., flow rate) with critical quality
attributes like drug loading, release profile, and resultant pharmacological efficacy is still lacking.

Therefore, this study is extended to thoroughly investigate the effect of a key process parameter (flow rate) on the
encapsulation of green tea extract using electrospraying. The goal is to produce superior particle formation and directly
correlate it with pharmacological assessments, such as antioxidant activity testing. In this study, the electrospray process
is further analyzed to examine the effects of process parameters (flow rate) on morphology and size, molecular
interactions, thermal stability, crystallinity, and pharmacological properties. The PVP-GTE composite particles were
characterized morphologically using scanning electron microscopy (SEM), molecular interactions using Fourier
transform infrared spectroscopy (FTIR), thermal properties using differential scanning calorimetry (DSC), crystallinity
using x-ray diffraction (XRD), and pharmacological properties. Pharmacological characterizations included antioxidant
activity testing.

2. Materials and Methods

2.1. Materials and Sample Preparation

Green tea leaves were purchased from a local market in Bandung, Indonesia. Polyvinylpyrrolidone (PVP, MW 40,000
g-mol™), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and analytical-grade ethanol were obtained from Sigma-Aldrich
(Indonesia). Ethanol of technical grade with 96% purity, along with deionized water, was obtained from Bratachem,
Indonesia. Green tea extract (GTE) was prepared by maceration to obtain powdered extract at the Natural Product
Laboratory, Bioscience and Biotechnology Research Center (BBRC), Bandung Institute of Technology (ITB). PVP was
dissolved in ethanol diluted with deionized water (7:3 w/w) to obtain a 15 wt.% PVP solution. Polymer concentration and
solvent composition were selected from previous work [5] that was proven to be optimal for particle formation. GTE was
dissolved in 10 wt.% ethanol [26]. PVP and GTE solutions were shaken for approximately one hour before mixing. The
solutions were blended at different asymmetric ratios and stirred for two hours at room temperature using a magnetic
stirrer. At 6:4 PVP-to-GTE ratio, the most uniform precursor solution was obtained, which is equivalent to a 13 wt.%
PVP-GTE solution containing 0.9 g PVP and 0.4 g GTE. Solution properties were determined using a Fenske-Ostwald
viscometer (Fisher), a du Noiiy tensiometer (Fisher), and a conductometer (Mettler Toledo). The measured values were:
viscosity = 7.368 cP, surface tension = 32.1 dyne/cm, and conductivity = 2.36 pS/cm [26]. The PVP solution appeared
transparent white, while the GTE solution was dark brown; the mixed PVP-GTE solution was also dark brown. The
precursor solution was subsequently processed using the electrospraying apparatus.



2.2. Electrospraying Process

The electrospraying apparatus is schematically shown in Figure 1. A Terumo 1 mL syringe was loaded with the PVP-
GTE precursor solution and subjected to a high voltage of 15 kV for initiating electrospraying. The grounded electrode
was an aluminum foil-covered collector plate, positioned 15 cm away from the needle of the syringe (27 gauge = 0.36
mm). Spraying was done within an acrylic chamber at room temperature and humidity regulated at 60—-70%. Flow rate
was regulated at 1, 3, and 5 puL/min, designated as PG1, PG3, and PGS, respectively. The syringe pump was regulated by
a PC through dedicated software. Real-time spray modes were visualized using a high-speed digital camera (Panasonic,
M2050).
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Figure 1. Schematic diagram of the electrospraying apparatus used in this study.

2.3. Morphology and Size

The morphology of electrosprayed particles was examined with a scanning electron microscope (SEM, Hitachi SU3500)
at 5 kV and 10,000X magnification. The mean diameter of the particles was determined using 300 measurements with
Image-MIF v3.0 software, and the size distribution was analyzed by Origin 9.0.

2.4. Fourier Transform Infra-Red Spectroscopy

Fourier transform infrared (FTIR) spectroscopy (Bruker, Alpha 1-176-396) was used to determine the functional groups
present and to evaluate the intermolecular interactions occurring between PVP and GTE in the composite particles. The
spectra were recorded in the range of wavenumbers of 500—4000 cm ™.

2.5. XRD Characterization

Crystalline structure of samples was analyzed using x-ray diffraction (XRD) at 20 angles between 10° and 90°. The
analysis was performed on a Rigaku diffractometer at the Hydrogeology Laboratory, Mining Engineering Department,
ITB, with 40 kV and 30 mA conditions and a Cu anode filter. The samples examined include PVP powder, electrosprayed
PVP, GTE powder, and PVP-GTE composite particles with different flow rates.

2.6. DSC Characterization

Thermal characteristics were examined using differential scanning calorimetry (DSC 4000, Perkin Elmer) in Microstructure
Laboratory, Department of Physics, Universitas Negeri Makassar. The heating rate was 10 °C/min. Sample of PVP powder,
electrosprayed PVP, GTE powder, and PVP-GTE composites of various flow rates were used for testing.

2.7. The GTE Content Assay and the Antioxidant Activity

The GTE content in PVP-GTE composite particles was determined using UV—Visible spectrophotometry (Beckman DU-
75001). A calibration curve was prepared by dissolving GTE in analytical-grade ethanol at concentrations of 15, 20, 25,
30, 35, 40, and 45 pg-mL, and the absorbance was measured at 274 nm. The calibration equation (y = mx + ¢) was then
applied to calculate the GTE concentration in the samples. For analysis, the composite particles were suspended at a
concentration of 100 ug particles'mL™, and the dissolved GTE was measured at A = 274 nm. The obtained GTE



concentrations (Lg-mL ") were substituted into the calibration equation and subsequently converted into loading content
(LC, % w/w) relative to the particle mass (100 pg-mL™"). Each measurement was performed in triplicate to ensure data
reliability.
Antioxidant activity was evaluated using the DPPH assay [27-29]. Activity was calculated using Equation (1):

%AA — Acontral_Asample] X 100% (1)

Acontrol
where Acontrol is the absorbance of a 25 ppm DPPH solution without composites, and Asampie 1s the absorbance of a 50 ppm

DPPH solution mixed with 50 ppm PVP-GTE particles (1:1 v/v with ethanol) after incubation for 30 min in the dark.
Absorbance spectra were recorded at 517 nm, corresponding to the DPPH absorption maximum [27,30].

3. Results and Discussion
3.1. Morphology, Size, and Spraying Modes

Polyvinylpyrrolidone (PVP) loaded with green tea extract (GTE) was successfully electrosprayed under different flow
rate conditions, confirming the feasibility of this technique for producing submicron-sized particles. These findings
highlight electrospraying as a promising method for formulating pharmaceutical materials intended for drug delivery
applications. The morphological features of the PVP-GTE composite particles were characterized using scanning electron
microscopy (SEM) at 10,000x magnification. Representative SEM micrographs, particle size distributions, and spray
modes observed during electrospraying are presented in Figure 2.
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Figure 2. The SEM images, Spraying Modes (Inset pictures), and particles diameter distribution of PVP-GTE composite
particles obtained under three different flow rates (a) 1 pL/min (PG1), (b) 3 pL/min (PG3), and (c¢) 5 pL/min (PG5).
Figure 2. displays SEM images showing the morphology of PVP-GTE particles with varying flow rates, all of which are
spherical. These results align with and improve upon our previous study, which also used the same PVP-GTE material
but produced bead-fibers [25] and particles with different parameters [26]. In contrast, [31] reported fiber formation under
similar conditions which produced fibers. In principle, this method can produce fibers, beads, fiber beads, and pure
particles depending on the applied parameters [5]. Therefore, this method holds great promise for application in the
pharmaceutical industry. Particle morphology influences many properties, including solubility, bioavailability,
dissolution rate, flowability, and compliance, thus impacting the overall efficacy of pharmaceutical formulations [32,33].
According to [34], pharmaceutical particles originating from solid suspensions can be viewed as systems in which the



dispersed phase consists of smaller solid entities embedded within a continuous phase. In the case of PVP-GTE particles,
PVP serves as the continuous polymeric matrix, while GTE molecules act as the dispersed phase. The amount of GTE
that can be successfully encapsulated is directly related to the capacity of the PVP matrix to accommodate and stabilize
the bioactive compounds. There are two possible formations to encapsulate the GTE as a bioactive compound, as shown
in Figure 3(b).

Meanwhile, the results of the PVP-GTE diameter measurements resulting from variations in flow rate are shown in the
bar chart in Figure 2. The calculated particle diameters of PG1, PG3, and PG5 are in the range of 169-831, 195-2190,
and 216-1429 nm, respectively, with average values of 391, 684, and 713 nm. The geometric standard deviation
calculations of PG1, PG3, and PG5 are 1.37, 1.41, and 1.42, respectively. Based on the calculated geometric standard
deviation, the particles showed a wide and polydisperse size distribution. Based on [35], uniformity was classified when
the geometric standard deviation was <1.22. The result was found that the average diameter of particles increases with
the increase of flow rates, which is consistent with previous work [5,36]. Moreover, flow rate is the most important
operating parameter where particle size increases with flow rate [37,38]. This broad distribution is attributed to the
instability of the electrospray jet, which transitioned from an oscillating jet mode at 1 pL/min to a multi-jet mode at higher
flow rates (3 and 5 pL/min), as visualized in the inset of Figure 2. This jet instability leads to the production of particles
with a wide size distribution, a phenomenon that has been previously reported [39]. The spray mode mechanism can be

seen in Figure 3.
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Figure 3. The illustration of (a) mechanism of particle formation based on spraying modes during electrospraying process
and (b) possible PVP-based particle formation [11]
Figure 3(a). illustrates the particle formation mechanism during the electrospraying process. Applying high voltage to a
syringe needle coupled to a grounded collector generates a strong electric field between the two. This electric field
generates a Coulomb force that triggers the formation of a jet and spray from the precursor solution. The flow of the
precursor solution is continuously controlled by a syringe pump, ensuring a stable jet and spray formation process. The
resulting charged droplets move toward the collector and undergo rapid shrinkage due to solvent evaporation.
Furthermore, the droplets can undergo a Coulombic explosion, producing a large number of smaller daughter droplets.
This process is similar to the research reported by [40]. However, highly monodisperse particles such as microparticles
and nanoparticles can be produced by controlling the electrospray parameters to obtain a Taylor cone-jet spray mode
[38,41]. As with the observed results as shown in Figure 2, the inserted image shows the variation of flow rate which is



one of the process parameters in the electrospray method resulting in various spray modes. The mode spray of PG1 was
oscillating jet while PG3 and PG5 were multi-jet [42]. Thus, the jet instability of the PVP-GTE electrospraying process
at these parameters results in submicron particles and non-uniform size distribution.

On the other hand, the particle size measured for PVP-GTE composites was analyzed in relation to the theoretical model.
This model suggests that the diameter of electrosprayed particles depends on both the flow rate and the conductivity of

the solution, described by [36,43]:
5
Ddrop = G(K{K‘C"O %j (1)

oV
Dconw = G(K{¢K‘90 Ej (2)

where D drop refers to the predicted droplet size, Dcomp corresponds to the composite particle diameter, « is the dielectric

constant, Q is the flow rate, ¢ is the volume fraction of the composites, and &) corresponds to the permittivity of free
space. Here, K stands for electrical conductivity, and G(x) is a dimensionless function defined as follows:

G(x)= 10.9% 5 +4.085 5 ?3)

Figure 4. illustrates the estimated droplet diameters predicted by Eq. (1) and (2). The triangular and square markers
represent data derived from polymer—pigment—nanoparticle composites [36] and pure polymer systems [43], respectively.
In contrast, the circular and star symbols correspond to data from green tea extract composites, reported previously [26]
and and obtained in the present study, plotted as the logarithm of diameter (D) versus the logarithm of Q/K.

As illustrated in Figure 4, the experimental findings were in reasonable agreement with the theoretical model. In this
study, the experimental data were fitted to the model by varying the flow rate in the range of 10* to 10°, representing
roughly one order of magnitude. Consequently, the mean diameter of the electrosprayed particles could be linked to the
predictive equations, indicating that particle size is tunable through adjustments in flow rate.
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Figure 4. Experimental determined and theoretically initial droplet as predicted sizes of particle diameters during the
electrospraying

3.2. Fourier Transform Infra-Red (FTIR) Spectra

Figure 5. shows the FTIR spectra of GTE, PVP, and PVP-GTE composite particles. In the FTIR spectrum of PVP (Figure
5(a)), the peak at 3417 cm™ indicates O-H stretching of the hydroxyl group [25,44]. The peaks at 2954 and 1648 cm™!
proved the existence of asymmetric stretching of CH; and stretching of C-O, respectively [25,39]. The CH, wagging was
observed at 1290 cm™!, respectively [25,39]. Meanwhile, the GTE spectrum is given in Figure 5.(¢), the broad peak at



3331 cm! represents the presence of O-H stretching of the hydroxyl group [25,45]. The peak of 2924 cm™ was identified
as asymmetric C-H alkanes stretch [25,45]. The group of C=C stretch in the aromatic ring and C=O stretch in polyphenols
were characterized at 1689 and 1604 cm™ in polyphenol, respectively [25,45]. The peak at 1335 ¢cm™! indicates C-O
stretching in amino acid [25,45]. Therefore, these findings revealed that the GTE was rich in polyphenols similarly with
our previous work.
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Figure 5. The FTIR Spectra of (a) PVP, (b) PG1, (¢) PG3, (d) PGS, and (e¢) GTE

The FTIR spectra of PVP-GTE in Figure 5. (b), (c), and (d) as PG1, PG3, and PG5 show specific peaks at 3379, 3372,
and 3359 cm’!, respectively. The peaks at 2954, 1651, and 1290 cm™! appeared not shifted. This characteristic presents
that each peak of PVP-GTE composite stands between the peaks of PVP and GTE at broadband 3550-3200 cm™ which
are assigned as O-H stretching [44]. It suggested that the O-H stretching peak of the PVP-GTE composite submicron
particles shifted to a higher wavenumber with increasing its flow rate as electrospraying parameter process. Therefore,
the shifting peaks of PVP-GTE composite particles as PG1, PG3, and PG5 had intermolecular interactions between PVP
and GTE via hydrogen bonds as OH groups of GTE [27,39].

Furthermore, the peak PVP-GTE composite particle at that band's shifts toward from the higher wavenumber as lower
particle diameter to the lower wavenumber as the higher particle diameter of PVP-GTE composite particles. This result
also shows the relationship of molecular interaction in PVP-GTE as the amount of GTE encapsulation. Similar results by
composing the natural extract with polymer also shown the shifting the higher wavenumber to lower wavenumber as the
presence of bioactive compound on polymer [27,39]. This is because adjusting the flow rates affects the amount of GTE
encapsulated within the PVP-GTE composite particles. Moreover, a higher flow rate resulted in larger particle diameters
and a higher GTE content. Thus, from the FTIR characteristics analyzed in this study, it can be concluded that GTE has
been successfully encapsulating into PVP which is formulated in the form of PVP-GTE composite particles.

3.3. DSC Characterization

The results of thermal characterization using differential scanning calorimetry (DSC) are shown in Figure 6. The
thermograms of all samples show endothermic curves. Figure 6(a) shows that the PVP powder curve exhibits a change
in glass temperature (T,) at 113,72 °C and PVP electrospray shows a melting temperature (Tm) at 128,20 °C. The DSC
curve of GTE shows an endothermic response at 132,73 °C which indicates its melting temperature (Twm). Meanwhile,
there was a change in the melting temperature (Tm) in samples PG1, PG3, and PGS, respectively, namely 113.14 °C,
124.89 °C, and 127.94 °C. This shows that the greater the flow rate of the electrospray solution has produced the larger
the PVP-GTE composite particle size and caused the greater the increase in temperature. The relationship between particle
diameter and thermal transition temperatures is consistent with the results that have been reported previously [40,46].
Another result obtained is the change in enthalpy (H) values in samples PG1, PG3, and PG5 which were -327.929, -
300.125, and -274.79 J/g, respectively. These results indicate that the larger the diameter of the composite particles, the
smaller the enthalpy change that occurs.
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Figure 6. DSC thermograms (a) PVP powder, (b) PVP electrospray, (¢) GTE, (d) PG1, (e) PG3, dan (f) PGS

3.4. XRD Characterization

The results of the phase structure characterization using x-ray diffraction (XRD) can be seen in Figure 7.
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Figure 7. XRD pattern (a) PVP powder, (b) PVP electrospray, (¢) GTE, (d) PG1, (e) PG3, dan (f) PG5

Figure 7. shows that the diffraction patterns of all characterized samples indicate an amorphous form. This is because
there are no specific peaks for each sample, indicating a crystalline structure. Powdered PVP and electrosprayed PVP
exhibit broad spectra with one valley and two shoulders between the 2-theta angles of 11.52° and 20.81°. A broad peak
in GTE is observed at the 2-theta angle of 22.74°.

PVP-GTE composite particles with varying flow rates of PG1, PG3, and PG5 did not exhibit significant changes.
However, the diffraction patterns generally indicate that GTE has been successfully loaded and formulated into PVP-
GTE composite particles with an amorphous structure. An amorphous structure is a criterion in drug delivery systems due
to its superior interaction capabilities compared to crystalline forms.



3.5. The GTE Content Assay and Antioxidant Activity

The relationship between particle size, the encapsulated bioactive content (loading content), and antioxidant activity is a
crucial aspect in understanding the effectiveness of PVP-GTE particle formulations [16,47]. In general, particle size
directly influences the encapsulation capacity and the release mechanism of bioactive compounds [39]. Smaller particles
typically possess a larger specific surface area, that has thinner encapsulation make it to more vulnerable and then
facilitates a faster release of active compounds. However, their internal volume is relatively limited, resulting in a lower
loading content. Conversely, larger particles have greater internal capacity, allowing them to encapsulate more GTE
molecules, although their release rate tends to be slower [36,43].

As highlighted by [11], PVP prevents the recrystallization of incorporated actives and enhances their solubility, thereby
increasing the effective loading content. This explains the experimental observation that larger PVP-GTE particles (PG3,
PGS5) exhibit higher GTE loading content than smaller particles (PG1). The greater internal volume of larger particles
allows more GTE molecules to be entrapped and stabilized by intermolecular interactions with PVP, leading to stronger
antioxidant activity. Hence, the loading capacity is not only a function of particle diameter but also a manifestation of
PVP’s role as a stabilizing and solubilizing carrier, ensuring that higher GTE content can be retained within the particle
structure

The GTE content in the PVP-GTE composite particles was measured using a UV-Vis spectrophotometer by generating a
calibration curve of GTE. The antioxidant activity test using the DPPH method, as the ICso values also measured. The
GTE content and the ICso values were shown in Figure 8.
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Figure 8. (a) The GTE content in on PVP-GTE Particles and (b) the ICso values
As shown in the Figure 8.(a), The quantity of GTE that was loaded on PG1, PG3, and PG5 was 25.45 + 1.12,40.72 +
1.86, and 46.94 + 1.02 ng/ml, respectively. In this study, the GTE content analysis showed an increase in loading content



with increasing particle diameter from PG1 to PGS5. This phenomenon can be theoretically explained by the fact that
particle volume increases proportionally with 3, while surface area increases only with r2. Thus, larger particles provide
greater internal capacity for bioactive encapsulation [16]. Therefore, although smaller particles (PG1) may release GTE
more rapidly, their lower GTE content results in weaker antioxidant activity compared to larger particles (PG3 and PG5)
with higher GTE loading. This phenomenon is in line with the encapsulation model in the electrospray system [16,36,43].
The antioxidant activity test using the DPPH method further confirmed these findings, as the ICso values decreased
significantly as shown in Figure 8.(b). A decrease in ICso value indicates an increase in the potential or activity of an
antioxidant compound to inhibit 50% of DPPH free radicals. The lower the ICso value, the lower the concentration required
to achieve 50% inhibition, thereby indicating that the compound possesses stronger antioxidant activity. Thus, the higher
the GTE content encapsulated in PVP, the stronger the antioxidant activity produced, because the number of polyphenol
compounds is greater, protected by the polymer matrix, and able to interact more effectively with free radicals.

These findings indicate that the dominant factor in enhancing antioxidant activity is not solely particle size, but primarily
the amount of GTE successfully encapsulated within the PVP matrix [39,47]. Hence, higher loading content in larger
particles leads to stronger antioxidant activity compared to smaller particles, despite the theoretical advantage of faster
release in the latter.

The Relationship between Particle Size, the loading content, and antioxidant activity was shown in Table 1.

Table 1. The Relationship between Particle Size, the loading content, and antioxidant activity

- - 5
Samples AI\)/?:;%; ;a;tllcml;es Loading Content (%) ICso (ng/mL)
GTE - - 4710+ 1.79
PG1 391 25.45+1.12 4420+3.32
PG3 684 40.72 £ 1.86 23.73 £2.06
PG5 713 46.94 £ 1.02 22.36+1.15
Vit. C - - 1.00+0.23

The relationship between particle diameter, loading content, and antioxidant activity can be more comprehensively
understood by correlating the results of FTIR, DSC, and XRD characterization. First, FTIR analysis revealed a shift in
the absorption band within the range of 3200-3400 cm™, indicating the formation of hydrogen bonds between the —OH
groups of GTE polyphenols and the carbonyl groups of PVP [27,39]. This shift was more pronounced in samples with
larger particle diameters (PG3, PGS5), suggesting that a higher amount of encapsulated GTE leads to stronger
intermolecular interactions [44]. Such interactions play a critical role in maintaining the stability of polyphenol molecules
and preventing oxidative degradation, thereby supporting enhanced antioxidant activity.

Second, DSC results showed shifts and changes in the intensity of endothermic peaks in PG1, PG3, and PG5 compared
to pure PVP and GTE. The decrease in enthalpy and the shifts in glass transition temperature (Tg) and melting temperature
(Tm) indicated that GTE was dispersed within the PVP matrix, particularly in larger particles [46]. This provides further
evidence that loading content increases with particle size, as more GTE is associated with PVP in the form of a
homogeneous mixture [16].

Third, XRD patterns demonstrated an amorphous structure in PVP-GTE particles compared to the semi-crystalline peaks
observed in pure GTE. The disappearance of crystalline peaks of GTE in PVP-GTE particles indicated that GTE
molecules were amorphously distributed within the PVP matrix [27,39]. This amorphous structure is highly significant
in drug delivery systems, as it enhances the solubility and bioavailability of active compounds [14], thereby directly
contributing to the increased antioxidant activity observed in PG3 and PG5 .

Overall, the FTIR, DSC, and XRD data support the finding that larger particle diameters correspond to higher GTE
loading content within the PVP matrix. This increase is evidenced by stronger molecular interactions (FTIR), altered
thermal stability (DSC), and the formation of an amorphous phase (XRD). These results are consistent with the DPPH
assay, which showed that higher loading content resulted in stronger antioxidant activity (lower ICso) [16,47]. Therefore,
the key determinant of enhanced antioxidant activity in this study is the degree of GTE encapsulation and its molecular
interactions within PVP, which play a more dominant role than particle size alone.

4. Conclusion

This study successfully validates that the electrospraying technique is effective for fabricating GTE-loaded PVP
composite particles. Most importantly, we established that the larger particles, achieved at higher flow rates, possess
superior GTE loading content and consequently, significantly enhanced antioxidant activity compared to both smaller
particles and pure GTE. SEM observations showed that PVP-GTE composites formed smooth, spherical particles ranging
in size from microns to nanometers. The increase of flow rates shows the increased the diameter of particles. From the
FTIR characterization, it was confirmed that GTE was successfully entrapped within the PVP structure through hydrogen
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bonding, representing the molecular interactions between GTE and PVP in the PVP-GTE composites. Also, DSC and
XRD characterization validated that the GTE was loaded into an amorphous phase within the PVP matrix, as evidenced
by endothermic events. Antioxidant assays demonstrated that GTE retained its activity after the encapsulation process.
The composite of PVP-GTE particles presented significantly higher antioxidant activity compared to pure GTE. This
discovery has overturned the traditional hypothesis that only nanoparticle size is the most important feature of delivery
systems by pointing out that encapsulation efficiency and payload capacity could be key factors of biological activity for
certain applications. The upcoming study will work on how to optimize the formulation to get a size distribution with the
least error without affecting the content carried and at the same time, the release profile and in-vivo models’ efficacy will
be assessed.
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