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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. 
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1. INTRODUCTION 

Polyphenolic compounds are bioactive substances 

prevalent in almost every medicinal plants, possess 

numerous potential therapeutic efficacies 1–3. 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 5 

and wedelia 6. 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 7,8. 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 9–11. Moreover, QC 

interacts with various dietary components and its stability 

is influenced by the pH and temperature conditions in the 

gastrointestinal tract 12. To this end, drug delivery systems 

such as liposomes 13,14, lipid-nanocapsules 15, or inorganic 

materials such as silica microspheres 16,17, 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 18,19. 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 20,21. 

Fibroin has excellent biological properties such as water 

solubility (in its silk I form) 22,23, slow biodegradation 24,25, 

non-toxicity and biocompatibility 26–28, making it an 

outstanding biomaterial. As such, fibroin usages in oral drug 

delivery has increasingly received a lot of attention 29–31. 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 32,33. 

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 35. 

Last but not least, the modification of FNP with PEI, a 

positively charged polymer commonly used in gene transfer 

with low cytotoxicity 36, through the ionic interactions, 

could increase the particle rigidity, drug entrapment 

efficiency, and controllable release efficiency 37,38. 

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 30. 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 µg/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 30. All particles were 

freeze-dried (-55°C, 72 h) and stored at 4°C for further 

investigations 38. The free/unencapsulated QC in the 

centrifuge supernatant was measured by UV-Vis 

spectroscopy at 370 nm, using a calibration curve (range 

0-32 µg/mL, y = 0.0723x - 0.0093, R2 = 0.9995), and the 

QC entrapment efficiency (EE%) was calculated 

according to Eq. (1) 31. 

 

𝐸𝐸% =  
5 −  𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑢𝑛𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑄𝐶 (𝑚𝑔)

5
 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 µg/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 (µg/mL). 

 

𝑄𝐶 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)  =  
100 −  𝐶𝑒

100
 𝑥 100     (2) 

 

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-1 

wavenumber range at a resolution of 4.0 cm-1. 

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, 
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with a QC standard curve in PBS (y = 0.0684x - 0.0037, 

R2 = 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. 

 
qe

qm
 =  

KLCe

1 + KLCe
   (3) 

 

qe = KFCe
1/n

   (4) 

 

lnqe =  lnqm −  βε2   (5) 

 

ln(qe – qt)  =  ln(qe) −  k1t   (6) 

 
t

qt
 =  

1

k2qe
2  +  

t

qe
   (7) 

 

where qe, qm, qt 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); β is the 

adsorption energy constant; KL is the Langmuir constant; 

KF is the Freundlich constant; n is the number 

demonstrating the degree of linearity between the 

adsorbate and the adsorption process; ε is the Polanyi 

potential energy; k1 and k2 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 

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 HCl (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 HCl 

medium (y = 0.0553x - 0.0048, R2 = 0.9985, range 0-10 

µg/mL), and at 376.5 nm in the PBS medium (y = 0.0684x 

- 0.0037, R2 = 0.9993, range 0-10 µg/mL). The QC release 

(%) was determined by Eq. (8), with Ct and Ci are the 

released QC concentrations at the time t and i, Vo is the 

total medium volume, Mo and Mi are the QC initial and the 

QC withdrawal amount at the time i. 

 

QC release (%) =
CtV0 + ∑ Ci

t−1
1

M0 −  ∑ Mi
t−1
1

 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, PI, 

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 (PI < 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 30,38. 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 6. 

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 

in biomedical applications 38,39. 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 40, making QC mostly stays in the anionic 

form at neutral pH, consequently shifted the system zeta 

potentials to be more negative. 

 

Table 1. Particle size, PI, zeta potential, and QC EE% of the FNP-QC and PEI-FNP-QC, together with the 

blank counterparts (n = 3). 

Formula Size (nm) PI Zeta potential  (mV) 
QC entrapment efficiency (%) 

Co-condensation Adsorption 

Blank FNP 328.1 ± 13.4 0.16 ± 0.02 -15.5 ± 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 35.8 ± 2.6 67.9 ± 2.2 

PEI-FNP-QC 219.8 ± 20.3 0.13 ± 0.02 +26.7 ± 2.9 55.9 ± 5.3 75.5 ± 2.9 

 

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 41, consequently, the QC molecules 

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 42), 

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% 30. 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 

38,43. On the other hand, both the fibroin and QC had 

negative charges, thus the repulsion forces decreased the 

EE% of the FNP-QC formula. 



Control-Release Polyethylenimine-Modified…                                                                                     Phuong T.M. Ha et al. 

- 632 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 44–46. 

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, II, and III structures, at 1626 cm-1 (C=O 

stretch signals), 1525 cm-1 (N-H bending signals), and 

1234 cm-1 (C-N stretch signals), indicating the success 

formulation process 38. The PEI-FNP shows PEI 

characterized peak at ~2900 cm-1 (PEI 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-1 (C=O stretching vibration), 3406 or 

3283 cm-1 (-OH stretching vibration), and at 1610, 1560, 

1510 cm-1 (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 I and amide III 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. 

 



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

- 633 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 µg/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 µg/mL) 

< FNP-QC-Co-condensation (48.2 ± 2.3 µg/mL) < PEI-

FNP-QC-Co-condensation (62.7 ± 4.7 µg/mL) < FNP-QC-

Adsorption (73.1 ± 5.5 µg/mL) < PEI-FNP-QC-

Adsorption (89.4 ± 6.2 µg/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 

in amorphous form in adsorption-particles. This 

phenomenon was proven by the SEM images (Figure 1) 

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 30. 

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 47 and 

kinetics models (pseudo-first-order and pseudo-second-

order). Both FNP and PEI-FNP did not followed the 

Freundlich model (R2 < 0.9) and followed well with the 

Langmuir and Dubinin-Radushkevich model, with R2 > 

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 

force and hydrogen interactions 30. 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/√2β) of 0.036 

kJ/mol (< 8 kJ/mol) for FNP-QC and 0.033 kJ/mol (< 8 

kJ/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 kinetics, the adsorption 

process of QC onto FNP and PEI-FNP particles in this 

study was mainly followed the pseudo-second-order 

kinetics model with R2 = 0.9998 for FNP-QC and R2 = 

0.9999 for PEI-FNP-QC, instead the pseudo-first-order 

kinetics model with lower R2 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 µg/mL) 

for 4 h at 25oC. 
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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 HCl 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 particles 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 38. 

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 

rapid48. 

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 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 administrations, 

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% 

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 
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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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جسيمات نانوية من الفيبروين معدلة ببولي إيثيلين إيمين لإطلاق خاضع للتحكم كوسيلة محتملة للتوصيل 

 للكويرسيتينالفموي 
 

 ،³، مانه كوان نغوين²، نغوين ترونغ توان²، نغوك ين نغوين²، ثانه ليتش نغوين¹ها .فونغ تي إم
 *²، دوي توان فام⁴تران ثي بيش كوين 

 
 ، فيتنام900000شارع تران تشيين، كان ثو 68 قسم الكيمياء، كلية الصيدلة والتمريض، جامعة تاي دو، 1

 ، فيتنام900000، كان ثو 3/2قسم العلوم الصحية، كلية العلوم الطبيعية، جامعة كان ثو، الحرم الجامعي الثاني، شارع ²
 ، فيتنام900000شارع نغوين فان كو، كان ثو  179مراقبة جودة الأدوية، كلية الصيدلة، جامعة كان ثو للطب والصيدلة،  –قسم الكيمياء التحليلية ³
 ، فيتنام900000، كان ثو 3/2الكيميائية، كلية الهندسة، جامعة كان ثو، الحرم الجامعي الثاني، شارع  كلية الهندسة⁴

  

 ملخـص
تُعد المركبات متعددة الفينول فئة كبيرة من المركبات الكيميائية المستخدمة في تطبيقات طبية حيوية متنوعة. ومع ذلك، 

بيئات الأس الهيدروجيني المتباينة في الجهاز الهضمي، مما يعيق  فإن هذه المركبات عرضة للتدهور، لا سيما ضمن
وجسيمات  (FNP )استخدامها في الإعطاء الفموي. لذلك، يهدف هذا العمل إلى تطوير جسيمات نانوية من الفيبروين )

نموذجًا للمركبات  فمويًا، باعتباره( (QCلحماية وتوصيل الكويرسيتين ) (PEI-FNPفيبروين معدلة ببولي إيثيلين إيمين )
متعددة الفينول. تم تحضير الجسيمات باستخدام طريقتين مختلفتين: الامتزاز والتكثيف المشترك. أظهرت الصيغتان 

وحوالي  FNP-QCنانومتر لـ  700كيميائية مناسبة للإعطاء الفموي، بما في ذلك أحجام نانوية )حوالي -خصائص فيزيائية
(، إمكانات زيتا قابلة للتعديل 0.3توزيع حجمي ضيق )مؤشر تعددية التشتت > ، (PEI-FNP-QCنانومتر لـ  200

، زيادة ذوبانية الكويرسيتين في الماء (PEI-FNP-QCمللي فولت لـ  25وحوالي + FNP-QCمللي فولت لـ  20-)حوالي 
علاوة  .PEIوالفيبروين/ QCمرات، وتفاعلات كيميائية ملحوظة )روابط هيدروجينية وتفاعلات أيونية( بين  3-2بمقدار 

–35على ذلك، وبناءً على عملية التحضير وتركيب الجسيمات، أظهرت الجسيمات كفاءات احتواء معتدلة للكويرسيتين )
-%(، وأسـطحًا ناعمة أو خشنة، وامتصاصًا سريعًا للدواء يتبع نماذج تشمل متساوي حرارة لانغموير ودوبينين75

ية من الدرجة الثانية الزائفة. المثير للاهتمام أن الجسيمات، في بيئة فموية محاكية، رادوشكيفيتش، بالإضافة إلى حرك
%، مع استمرار إطلاقه في الأمعاء 20، مع إطلاق أقل من pH 1.2في الظروف المعدية عند  QCتمكنت من حماية 

خلاصة القول، أظهرت كل  .PEI، بمعدلات يمكن التحكم بها من خلال تعديل طرق التحضير و/أو وظيفة pH 6.8عند 
 إمكانات كبيرة كنظم توصيل دوائية خاضعة للتحكم للإعطاء الفموي للمركبات متعددة الفينول. PEI-FNPو FNPمن 

  .الفيبروين؛ بولي إيثيلين إيمين؛ الجسيمات النانوية؛ الكويرسيتين؛ التوصيل الفموي  الكلمات الدالة:
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