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ABSTRACT

Polyphenolic compounds are a big class of chemicals employed in numerous biomedical applications. However,
these compounds are susceptible to degradations, especially in the varied gastrointestinal pH, which hinders their
use in oral administrations. Thus, this work developed fibroin nanoparticles (FNP) and polyethylenimine-modified
FNP (PEI-FNP) to orally protect and deliver quercetin (QC), a model polyphenol. The particles were formulated
using two distinct methods: adsorption and co-condensation. Both formulas showed appropriate physicochemical
properties for oral administrations, including nano-sizes (~700 nm for FNP-QC and ~200 nm for PEI-FNP-QC),
narrow size distribution (polydispersity index < 0.3), adjustable zeta potentials (~-20 mV for FNP-QC and ~+25
mV for PEI-FNP-QC), enhanced QC aqueous solubility to 2-3 times, and observable chemical interactions
(hydrogen bonding and ionic interactions) between QC and fibroin/PEI. Moreover, depending on the formulation
process and particle compositions, the particles possessed moderate QC entrapment efficiency (35-75%),
smooth/rough surfaces, and rapid drug adsorption followed models including Langmuir and Dubinin-
Radushkevich isotherms, as well as pseudo-second-order kinetics. Interestingly, in the mimicked oral condition,
the particles can protect QC from the gastric condition at pH 1.2, with less than 20% QC release, while sustaining
its release in the intestine at pH 6.8, with the release rates that could be favorably controlled by varying the
formulation methods and/or PEI functionalization. In summary, the FNP and PEI-FNP demonstrated much
potential as release-controllable delivery systems for oral administrations of polyphenolic compounds.
Keywords: Fibroin; Polyethylenimine; Nanoparticles; Quercetin; Oral delivery

GRAPHICAL ABSTRACT

*Corresponding author: Duy Toan Pham
pdtoan@ctu.edu.vn

Received: 01/08/2024  Accepted: 21/09/2024.
DOI: https://doi.org/10.35516/jjps.v18i3.3082

- 627 - ©2025DSR Publishers/The University of Jordan. All Rights Reserved.


mailto:pdtoan@ctu.edu.vn
https://doi.org/10.35516/jjps.v18i3.3082

Control-Release Polyethylenimine-Modified...

1. INTRODUCTION

Polyphenolic compounds are bioactive substances
prevalent in almost every medicinal plants, possess
numerous potential therapeutic efficacies 3. Despite their
benefits, the effective utilization of polyphenols in oral
administration is significantly hampered due to their
susceptibility to degradation in varying pH conditions,
particularly within the gastrointestinal tract 4 This
instability reduces their bioavailability, limiting their
therapeutic efficacy when consumed orally. Previous
studies have attempted to address these challenges by
developing drug delivery systems, namely fibroin micro-
/nanoparticles (FNP), to encapsulate, protect, and sustain the
release of polyphenols in different plant extracts of guava °
and wedelia 8. These research demonstrated that FNP could
highly protect these polyphenolic compounds from
degradation ~ while  preserving their  bioactivity.
Nevertheless, no research has focused on the FNP ability to
orally deliver the polyphenols in the gastrointestinal tract.

To bridge this gap, the current study focuses on the
development of FNP, together with its functionalization
counterpart, polyethylenimine-modified FNP (PEI-FNP),
to encapsulate quercetin (QC), a model polyphenol, for
oral application. QC is a popular plant flavonoid found in
various vegetables and fruits, which has numerous
pharmacological effects, such as reducing the
inflammatory  response (regulating  eicosanoids
biosynthesis), reducing the low-density liporotein
oxidation (preventing atherosclerotic plaque formation),
and regulating the enzymatic activities of ornithine
carboxylase, calmodulin, or protein kinase ". However,
QC application in the pharmaceutical area is constrained
by its poor water solubility, low permeability, instability in
the gastrointestinal environment, and susceptibility to
extensive first-pass metabolism °'! Moreover, QC
interacts with various dietary components and its stability
is influenced by the pH and temperature conditions in the
gastrointestinal tract 2. To this end, drug delivery systems
such as liposomes 314, lipid-nanocapsules °, or inorganic
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materials such as silica microspheres 67, have been
explored to improve QC solubility and bioavailability. In
this context, proteins have a protective effect and resist
degradation of QC, as hydrophobic interactions with
proteins are responsible for stabilizing QC ¥1°. Thus,
protein-based delivery systems such as FNP and PEI-FNP
could be a potential approach for QC oral delivery.

Fibroin is the main protein in the silk fiber core,
recognized by the US FDA as a biomedical material 202,
Fibroin has excellent biological properties such as water
solubility (in its silk I form) 222, slow biodegradation 242>,
non-toxicity and biocompatibility 262, making it an
outstanding biomaterial. As such, fibroin usages in oral drug
delivery has increasingly received a lot of attention 23, The
unique fibroin structure of anti-parallel amino acid chains
with the interactions of intramolecular and intermolecular
hydrogen bonds along with van der Waal forces and
hydrophobic bonds, providing a stable 3-dimensional
structure, thereby increasing fibroin’s flexibility, making it
stable in a wide pH range and other degrading factors 32,
Additionally, fibroin has the ability to adhere to mucous
membranes 34, making FNP to adhere tightly to intestinal
epithelial cells, consequently enhance the encapsulated drug
oral bioavailability. At the same time, fibroin degradation in
the digestive tract usually takes place slowly (about a few
weeks), giving FNP enough time to perform their effects *.
Last but not least, the modification of FNP with PEI, a
positively charged polymer commonly used in gene transfer
with low cytotoxicity %, through the ionic interactions,
could increase the particle rigidity, drug entrapment
efficiency, and controllable release efficiency 3%,

Ultimately, the main objective of the present work was
to focus on the development and usage of FNP and PEI-
FNP for the oral delivery of QC. This study aims to fill a
significant research gap in the field of polyphenol
bioavailability and oral drug delivery systems, providing a
novel approach to solve the challenges allied with the
gastrointestinal ~ stability and  bioavailability  of
polyphenolic compounds.
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2. MATERIALS AND METHODS

2.1. Materials

Cocoons of the Bombyx mori silkworm were gathered
from Nam Dinh, Vietnam, and fibroin was extracted and
purified utilizing the standard process . The source of QC
and PEI (branched, molecular weight of 25 kDa) was
imported from Sigma-Aldrich, Singapore. Ethanol
(99.5%) and other chemicals were supplied by general
chemical companies and were of at least reagent grade or
higher.

2.2. Preparation of the FNP and PEI-FNP

The QC-loaded FNP (FNP-QC) and QC-loaded PEI-
FNP (PEI-FNP-QC) were prepared using two different
methods: adsorption and co-condensation. For the co-
condensation method, 1 mL of the fibroin aqueous solution
(8 ng/mL) was mixed with 1 mL ethanol comprising 5 mg
QC, without/with 1 mL PEI solution (1% w/v, pH 7.0), to
yield the PEI-FNP-QC and FNP-QC, respectively. The
mixture was maintained for 24 h at 4°C, cold centrifuged
(18,000 rpm, 30 min), and the resulting particles were
washed thrice with water. The blank FNP and blank PEI-
FNP were also prepared similarly 3. All particles were
freeze-dried (-55°C, 72 h) and stored at 4°C for further
investigations 3. The free/unencapsulated QC in the
centrifuge supernatant was measured by UV-Vis
spectroscopy at 370 nm, using a calibration curve (range
0-32 pg/mL, y = 0.0723x - 0.0093, R? = 0.9995), and the
QC entrapment efficiency (EE%) was calculated
according to Eqg. (1) 3%

5 — Amount of unencapsulated QC (mg)

EE% = z x 100 (1)

For the adsorption method, the blank FNP or blank
PEI-FNP (0.015 g) were dispersed in 50 mL of QC
ethanolic solution (100 pg/mL) for 4 h. To monitor the
adsorption process, 1 mL of the dispersion was taken out
every 30 min, with medium refilled. The samples were
then centrifuged (18,000 rpm, 3 min), and the centrifuge
supernatants were UV-Vis spectroscopic analyzed at 370

nm to evaluate the unadsorbed QC. The QC adsorption
efficiency (%) was calculated according to Eq. (2), where
Ce is the QC equilibrium concentration (ug/mL).

— Ce
x100 (2)

QC adsorption ef ficiency (%) = oo

2.3. Characterizations of the FNP and PEI-FNP

Particle size, polydispersity index, and zeta potential

The mean particle size, size distribution (polydispersity
index, PI), and zeta potentials were measured by the
dynamic light scattering (DLS) and phase analysis light
scattering (PALS) technique, respectively, using
ZetaPALS® analyzer (Brookhaven Instrument
Corporation, USA) installed with a helium-neon laser
diode (35 mW, 632.8 nm). The particles were diluted with
water until a count rate of 500-600 kcps, and the
measurements were conducted in triplicate at 25°C.

Particles morphology

Scanning electron microscope (SEM, Carl Zeiss,
Germany) was utilized to illustrate the particle
morphology. The particles were re-dispersed in water and
diluted until a count rate of 400 kcps and the dispersions
were dropwise added onto 100-nm plastic discs, which
were mounted on a metal base, followed by gold coating,
and observed by SEM.

Particles structure

The particle structures and chemical interactions were
determined using Fourier-transform infrared spectroscopy
(FT-IR, Jasco 6300, Japan), using the KBr tablet
technique. The spectra were acquired in a 4000-400 cm*
wavenumber range at a resolution of 4.0 cm™.

Drug solubility

The aqueous solubility of the free/pure QC, QC in
FNP-QC, and QC in PEI-FNP-QC, was tested in
phosphate buffer saline (PBS). The samples were
dispersed in PBS, stirred overnight (200 rpm, 25°C), cold
centrifuged (18,000 rpm, 30 min), and the supernatant was
UV-Vis measured at 376.5 nm. The QC solubility was
determined as the highest concentration of QC in PBS,

- 629 -



Control-Release Polyethylenimine-Modified...

with a QC standard curve in PBS (y = 0.0684x - 0.0037,
R?=0.9993).

2.4. Isotherm and kinetics of QC adsorption

The QC adsorption process onto the FNP and PEI-FNP
was evaluated utilizing the standard isothermal and
kinetics models. The Langmuir model (Eq. (3)) describes
whether the adsorption process is monolayer or
multilayers. The Freundlich model describes a physical
type of adsorption occurring in multilayer, with the
assumption that the adsorption sites are heterogeneous
(Eq. (4)). The Dubinin-Radushkevich model (Eq. (5))
assesses the adsorption nature of physical or chemical
adsorption. The pseudo-first-order kinetics (Eq. (6)) and
pseudo-second-order  kinetics (Eq. (7)) show the
adsorption rates and properties of the QC onto the
particles.

& _ KLce

11 KGO

de = KeCe" (4)
Inge = Ingy — Be? (5)

In(qe - q0) = In(ge) — kyt (6)

t 1

t
qt N k,q3 * E @)
where Qe, Om, g are the QC equilibrium adsorption
capacity, the maximum adsorption capacity, and the
adsorption capacity at time point t (mg/g), respectively; Ce
is the FNP/PEI-FNP concentration (mg/L); B is the
adsorption energy constant; K. is the Langmuir constant;
Kr is the Freundlich constant; n is the number
demonstrating the degree of linearity between the
adsorbate and the adsorption process; € is the Polanyi
potential energy; ki and k; are the pseudo-first-order and
pseudo-second-order Kinetics rate constant.

2.5. In-vitro QC release in simulated oral condition

The FNP-QC and PEI-FNP-QC were evaluated for
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their ability to release QC at 37°C in the mimicked
gastrointestinal condition, utilizing the standard shaking
method. Firstly, the FNP-QC and PEI-FNP-QC were
dispersed in 10 mL HCI (pH 1.2), which simulates
gastrointestinal juice, for 2 h. Then, the FNP-QC/PEI-
FNP-QC were subjected to 40 mL PBS (pH 6.8), which
simulates intestinal fluid, for an additional 6 h. Every 30
min, 1 mL dispersion was taken out, with medium refilled,
centrifuged at 18,000 rpm for 3 min, and the QC released
was measured by UV-Vis spectroscopy method. The
absorbance was determined at 368.5 nm in the HCI
medium (y = 0.0553x - 0.0048, R? = 0.9985, range 0-10
pg/mL), and at 376.5 nm in the PBS medium (y = 0.0684x
- 0.0037, R? = 0.9993, range 0-10 pug/mL). The QC release
(%) was determined by Eq. (8), with C; and C; are the
released QC concentrations at the time t and i, V, is the
total medium volume, M, and M; are the QC initial and the
QC withdrawal amount at the time i.

CVo + 27" Gi

C rel %) =———
QC release (%) My — YEIM,

x 100 (8)

3. RESULTS AND DISCUSSIONS

3.1 Preparation of the FNP and PEI-FNP

In this study, the FNP-QC and PEI-FNP-QC were
formulated using the simple one-pot preparations
employing the co-condensation or adsorption technique.
Then, all particles were characterized in terms of sizes, P,
zeta potentials, morphology, chemical interactions, and
QC solubility. Finally, the in-vitro QC release profiles in
the oral simulated condition were investigated. The
particles were successfully prepared and characterized,
discussed in the next sections.

3.2. Characterizations of the FNP and PEI-FNP

Firstly, both the blank and QC-loaded particles were
successfully prepared with nano-sized (150-700 nm) and
narrow size distribution (Pl < 0.3) (Table 1). The PEI-FNP
showed statistically smaller sizes than those of the FNP,
which was due to the tightening and rigidifying effects
based on ionic interactions between the PEI (positive
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charge) and the fibroin molecules (negative charge), in
agreements with previous studies 3¢, When being loaded
with QC, the particles sizes increased, possibly due to
additional interactions (i.e., hydrophobic interactions,
hydrogen bonding, and ionic interactions) between the QC
and fibroin/PEI, consequently enlarging the particles ©.
These interactions are discussed in the FT-IR section.
Secondly, the zeta potentials of PEI-FNP shifted to
positive values, indicating the presence of PEI, whereas
the FNP showed negative values of the fibroin inherent

negative charge. This fact expands the versatility of FNP
biomedical applications 33, Moreover, the
incorporation of QC into the particulate systems slightly
reduced the zeta potentials to a more negative value (i.e.,
from -15 mV of blank FNP to -22 mV of FNP-QC; from
+33 mV of blank PEI-FNP to +26 mV of PEI-FNP-QC).
This was because the QC has five pKa of 7.17, 8.26, 10.13,
12,30, and 13.11 %, making QC mostly stays in the anionic
form at neutral pH, consequently shifted the system zeta
potentials to be more negative.

in

Table 1. Particle size, Pl, zeta potential, and QC EE% of the FNP-QC and PEI-FNP-QC, together with the
blank counterparts (n = 3).

Formula Size (nm) Pl Zeta potential (mV) QC entrapme.nt efficiency (%)
Co-condensation | Adsorption
Blank FNP 328.1+134 | 0.16+£0.02 | -155+1.1 - -
Blank PEI-FNP | 176.2+10.2 | 0.11+0.03 | +33.7+2.4 - -
FNP-QC 680.4+24.7 | 0.12+£0.02 | -22.7+1.2 358+2.6 67922
PEI-FNP-QC 219.8+20.3 | 0.13+0.02 | +26.7+2.9 55.9+5.3 75529

Regarding the QC EE%, in the preliminary experiments,
the initial QC loading amounts were varied (1 mg, 5 mg, and
10 mg) in both formulation methods. The results showed
that at high QC amount of 10 mg, the particles were
unstable, easy to aggregate to from micron-size clumps,
whereas at lower QC amounts of 1 mg and 5 mg, the
nanoparticles were achieved. Moreover, no significant
differences were noted between the formulas with 1 mg and
5 mg QC. Thus, to maximize the drug loading amount, we
selected the initial QC amount of 5 mg. Both co-
condensation and adsorption techniques yielded a moderate
EE% of 30-70%, depending on the entrapment method
(Table 1). It was found that the adsorption method had a
higher EE% than that of the co-condensation method for
both formulations. This was due to disparities in drug
molecule behaviors concerning the two methods. Regarding
the co-condensation technique, the drug molecules
dissolved in ethanol were co-condensed with fibroin during
the particle formation 4, consequently, the QC molecules
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were encapsulated in the particle mainly in the crystalline
form (proven in the SEM images, with the QC crystals
presented on the particle surfaces (Figure 1)). Due to the
moderate solubility of QC in ethanol (4 mg/mL at 37°C #?),
a part of the drug molecules stayed in the amorphous form
and was not co-precipitated, thereby reducing the QC EE%.
Besides, in the adsorption process, all drug molecules
(100%) were in molecular form and can freely interact with
FNP and PEI-FNP. As a consequence, more QC could be
adsorbed and absorbed onto and into the particles in its
amorphous form, thus increasing the EE% *. Interestingly,
the PEI-FNP provided higher QC EE% than that of FNP for
both adsorption and co-condensation methods. This was
because of the additional ionic interactions between the PEI
(positive charge) and QC (negative charge), which make
more QC molecules being encapsulated into the particles
%43 0On the other hand, both the fibroin and QC had
negative charges, thus the repulsion forces decreased the
EE% of the FNP-QC formula.
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Figure 1. SEM images of FNP-QC and PEI-FNP-QC, formulated using the co-condensation and adsorption techniques.

In terms of the particle morphology, the SEM
micrographs showed distinct patterns between the particles
formulated by the adsorption method and the co-
condensation method (Figure 1). As previously discussed,
in the co-condensation process, the QC was precipitated on
the particle surfaces, making their crystals visually
appeared in the images. On the other hand, the FNP-QC
and PEI-FNP-QC made by the adsorption technique
demonstrated a uniform distribution of spherical particles,
linked together into large arrays to create a complete
nanoparticle system on which QC molecules are attached
in amorphous form. This result was consistent with that of
previous studies 44,

To elucidate the particle structures and chemical
interactions, the FT-IR spectroscopy was employed
(Figure 2). The blank FNP and PEI-FNP show the silk-II
water-insoluble fibroin structure with distinguished peaks
of the amide I, 11, and 11l structures, at 1626 cm™ (C=0
stretch signals), 1525 cm™® (N-H bending signals), and
1234 cm™ (C-N stretch signals), indicating the success
formulation process . The PEI-FNP shows PEI
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characterized peak at ~2900 cm® (PElI C-H stretch),
suggesting the PEI was incorporated into the FNP
structure. Moreover, after encapsulating the QC, both
FNP-QC and PEI-FNP-QC demonstrate QC distinctive
peaks at 1666 cm* (C=0 stretching vibration), 3406 or
3283 cm! (-OH stretching vibration), and at 1610, 1560,
1510 cm? (C=C stretching signals of the aromatic rings),
indicating that the QC molecules were successfully loaded
into the nanoparticle systems. Interestingly, the intensities
of the amide | and amide 111 peaks of the FNP-QC and PEI-
FNP-QC were reduced, compared to those of the blank
counterparts, suggesting that the QC formed additional
bonding with fibroin at these two locations, possibly the
hydrogen bonding between oxygen and nitrogen atoms of
fibroin with the hydrogen atoms of QC. Furthermore, the
PEI signal of PEI-FNP-QC was also decreased, confirming
the ionic interaction between negatively charged QC and
positively charged PEI. Overall, these chemical
interactions were in well agreement with the particles
properties, as previously discussed.
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Amids I Amide ITI

C=0 aryl ketonic stretching of QC

PEI-FNP-QC

PEI-FNP-QC

FNP-QC
-OH stretching of QC E
C=C aromatic ring ' i * : :
e stretching of QC Y- i - : i
N ; i i PEL-FNP
o :
v , :
| . ! 1
\ | C-Hstretching of PEI i :
AT :
§ i FNP
T T T T T T T e T : T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 2. FT-IR spectra of the blank FNP, blank PEI-FNP, FNP-QC, and PEI-FNP-QC, formulated using the
co-condensation and adsorption techniques.

For the QC water solubility test, the pure QC has very
low aqueous solubility of 29.7 + 1.2 pg/mL. Remarkably,
owning to the submicron sizes, both FNP-QC and PEI-
FNP-QC statistically increased the QC solubility by 2-3
times, following the order of pure QC (29.7 £ 1.2 pug/mL)
< FNP-QC-Co-condensation (48.2 + 2.3 pug/mL) < PEI-
FNP-QC-Co-condensation (62.7 + 4.7 ug/mL) < FNP-QC-
Adsorption  (73.1 55 pg/mL) < PEI-FNP-QC-
Adsorption (89.4 6.2 pg/mL). The fact that the
adsorption technique produced particles with greater QC
solubility than those of the co-condensation technique was
attributed to the QC polymorphs, of which the QC mainly
stayed in crystalline form in co-condensation-particles and
amorphous form adsorption-particles.  This
phenomenon was proven by the SEM images (Figure 1)

+

+

in in
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and in well agreement with the previous published report
30, Thus, the QC in co-condensation-particles encountered
more difficult to be dissolved in water. Additionally, the
solubility of PEI-FNP-QC was significantly higher than
that of FNP-QC, which was because PEI molecules act as
a surfactant, thereby helping to solubilize the QC ¥,

Overall, the FNP-QC and PEI-FNP-QC were
successfully formulated with appropriate properties that
are beneficial for the oral administration.

3.3. Isotherm and kinetics of QC adsorption

The QC adsorption capacity over time of both the FNP
and PEI-FNP is presented in Figure 3. The adsorption
process was divided into two main stages of the rapid
adsorption within 30 min, followed by a steadily-increase
adsorption stage until 4 h. The PEI-FNP exhibited greater
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adsorption capacities than the FNP, which reflected the
complementary ionic interactions of PEI and QC, thereby
enhancing the amount of drug bound on the particles.

To elucidate the mechanism of the QC adsorption
process, the study described the standard isotherm
(Langmuir, Freundlich, and Dubinin-Radushkevich 4" and
kinetics models (pseudo-first-order and pseudo-second-
order). Both FNP and PEI-FNP did not followed the
Freundlich model (R? < 0.9) and followed well with the
Langmuir and Dubinin-Radushkevich model, with R? >
0.9 for all formulas (Figure 4). This fact indicates that the
QC adsorption on the particles might not be governed by
multilayer process on heterogeneous surfaces. Based on
the Langmuir model, we determined the highest theoretical
adsorption capacity of this process was 158.7 mg/g for
FNP and 192.3 mg/g for PEI-FNP. In fact, the
experimental adsorption capacity of this process was ~210
mg/g for FNP and ~230 mg/g for PEI-FNP. This suggests
that the QC adsorption process was mainly monolayer,
with some extra interactions between the QC and
fibroin/PEI molecules, possibly through the van der Waals

Adsorption capacity (mg/g)
[y L]
g & B &

8
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force and hydrogen interactions . Further research are
necessary to elucidate this issue. Besides, with the energy
of the adsorption process (E) calculated based on the
Dubinin-Radushkevich model (E = 1/\/2_6) of 0.036
kJ/mol (< 8 kJ/mol) for FNP-QC and 0.033 kJ/mol (< 8
kd/mol) for PEI-FNP-QC, it can be concluded that the
nature of the adsorption process of QC onto FNP and PEI-
FNP particles was mainly a physical adsorption process.
This was in accordance with the FT-IR results, since most
of the interactions between QC and fibroin/PEI was
hydrogen bonding and ionic interactions.

Regarding the adsorption Kkinetics, the adsorption
process of QC onto FNP and PEI-FNP particles in this
study was mainly followed the pseudo-second-order
kinetics model with R? = 0.9998 for FNP-QC and R? =
0.9999 for PEI-FNP-QC, instead the pseudo-first-order
kinetics model with lower R? of 0.9744 for FNP-QC and
0.9138 for PEI-FNP-QC (Figure 4). This fact suggests that
both FNP and PEI-FNP demonstrate rapid adsorption
rates.

—a—FNP-QC

=—ai—PEI-FNP-QC

90 120

150 180 210 240 270

Time (min)

Figure 3. Adsorption capacity (mg/g) of QC on the FNP and PEI-FNP (n = 3). The adsorption process was
conducted with 0.015 g of blank FNP or blank PEI-FNP, dispersed in 50 mL of QC ethanolic solution (100 pug/mL)
for 4 h at 25°C.
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Figure 4. Adsorption isotherms (Langmuir (a, b), Dubinin-Radushkevich (c, d), and Freundlich (e, f)) and kinetics
(pseudo-first-order (g, h), pseudo-second-order (i, j)) model fitting of QC on the FNP and PEI-FNP.

3.4. In-vitro QC release in simulated oral condition

To evaluate the in-vitro release processes of QC from
FNP-QC and PEI-FNP-QC, the experiments were
performed under conditions simulating the human
gastrointestinal tract, with HCI pH 1.2 for 2 h and PBS pH
6.8 for the subsequent 6 h (Figure 5). In general, the QC
release was limited to less than 20% QC released in the
gastric juice environment for both FNP-QC and PEI-FNP-
QC nparticles formulated by both adsorption and co-
condensation technique. This result demonstrated the
ability of FNP and PEI-FNP particles to protect QC in the
critical gastric environment in human body. This was
because both fibroin and PEI possess many different
amino groups acting as basic buffer systems, thereby
neutralizing the acidic micro-environment surrounding the
particles %.

During the next 6-h, under simulated intestinal
conditions at pH 6.8, the QC release pattern differed
between the two encapsulation methods. Roughly, the
pattern followed the order of FNP-QC-Adsorption > FNP-
QC-Co-condensation > PEI-FNP-QC-Adsorption > PEI-

FNP-QC-Co-condensation. As such, the adsorption-
particles released faster than the co-condensation-
particles, and the PEI-modified particles released slower
than the non-modified particles. Expectedly, as previously
discussed in section 3.2, the co-condensation particles had
most of QC molecules presented in crystalline form, with
limited solubility, therefore, the QC was released slower
than those of the adsorption method, which possessed QC
amorphous form and higher solubility. Moreover, section
3.3 also proves that most QC was adsorbed onto the FNP
and PEI-FNP particles through a physical adsorption
process, with deficient interactions and small adsorption
energy. Thus, the desorption process was simple and
rapid*®.

Interestingly, although the PEI-FNP-QC demonstrated
higher QC solubility than those of FNP-QC, the release
results of PEI-FNP-QC showed slower release efficiency
than FNP-QC particles. This fact could be explained by
two reasons. Firstly, as discussed in the FT-IR section, the
PEI-FNP-QC form additional ionic interactions between
PEI and QC, making it more difficult for the QC molecules
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to be dissolved out into the buffer. Secondly, the PEI-FNP-
QC particle sizes were small, with compact and tight
structure 38, thus, the buffer water molecules could not
freely come into contact with QC molecules in the particle
cores, consequently limiting the solvating process and
reducing the QC released amount.

Notably, during the whole release process, there is a
slight fluctuation in the percentages of the released QC,
which might be due to a part of the released QC molecules

SGFpH12 I
100 4 4

% Quercetin release

20 A

Phuong T.M. Ha et al.

being hydrolyzed in the medium, leading to a minor
decrease in total QC amounts.

In summary, the particles could protect QC from the
gastric condition, while facilitating its release in the
intestinal condition, which was favorable for oral

administration. More importantly, one can precisely
control the release rate of QC by adjusting the formulation
methods (i.e., co-condensation and adsorption) and/or the
PEI functionalization.

—i—FNP-QC-Condensation

—@— PEI-FNP-QC-Condensation
FNP-QC-Adsorption

——o— PEI-FNP-QC-Adsorption

T

180

210 240 270 300

330 360 390 420 450 480 510

Time (min)

Figure 5. The release profiles of QC in simulated gastrointestinal fluid (pH 1.2 for 2 h and pH 6.8 for the next 6 h)
at 37°C of FNP-QC and PEI-FNP-QC, formulated using co-condensation and adsorption techniques (n = 3).

4. CONCLUSIONS

This study prepared FNP and PEI-FNP for QC oral
delivery using two techniques: adsorption and co-
condensation. The formulas demonstrated appropriate
physicochemical properties for oral
including nano-sizes, narrow size distribution, adjustable
zeta potentials, moderate QC encapsulation, smooth/rough
surfaces dependent on the formulation process, observable
chemical interactions, and increased drug solubility. In the
simulated oral condition, the particles could protect QC
from the gastric condition at pH 1.2, with less than 20%

administrations,
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QC release, while facilitating its release in the intestinal
condition.  Lastly but most importantly, the
fast/slow/sustain release rates of QC could be favorably
controlled and adjusted by varying the formulation
methods and/or PEI functionalization. The study has some
limitations, including (1) the study primarily focuses on in-
vitro conditions, which may not fully predict in-vivo
behavior due to the complexity of biological systems, and
(2) the use of PEI, while beneficial for modifying
nanoparticle properties, could raise concerns about
cytotoxicity and biocompatibility, which needs thorough



Jordan Journal of Pharmaceutical Sciences, Volume 18, No. 3, 2025

evaluation. Future research should focus on the in-vivo
studies to assess the bioavailability, pharmacokinetics, and
overall efficacy of FNP-QC and PEI-FNP-QC, the long-
term stability of the particles, and the toxicity and safety
evaluations. In conclusion, the FNP and PEI-FNP are
potential delivery systems for oral administrations, with
adjustable release properties, and could open new avenues
for oral delivery of bioactive molecules.
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