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 Abstract: This research aims to assess the ability of Zn-crosslinked chitosan (Chi) and 
alginate (AG) membranes to deliver quercetin into the body by testing the release with 
variations in the pH of the dissolution medium. Chi-AG membrane crosslinked with Zn 
and loaded with quercetin to produce Chi-AG-Zn membrane with tear-resistant and 
elastic properties. The FTIR spectrum of the Zn crosslinked Chi-AG membrane 
containing quercetin shows the formation of a Chi-AG-Zn membrane with a shift in the 
characteristic peaks and the formation of new characteristic groups, namely Zn at a 
wavelength of 549 cm−1 and phenol at 1379 cm−1. SEM testing showed that the surface of 
the fibrous membrane and quercetin were successfully loaded. Entrapment efficiency 
testing yielded relatively high results, specifically 91 ± 0.08%. The release of quercetin 
from the Zn-crosslinked Chi-AG membrane was investigated by varying the pH of the 
dissolution medium, specifically at pH 1.2, 5.0, and 7.4. The results showed the highest 
release at pH 7.4. Membrane release follows the Korsmeyer-Peppas model, and the release 
mechanism is governed by Fick's diffusion. These findings suggest that the Zn-crosslinked 
Chi-AG membrane has potential as a pH-responsive drug delivery system for targeted 
release in intestinal conditions. 

Keywords: chitosan; alginate; Zn; quercetin; Zn-crosslinked Chi-AG membrane; drug 
release 

 
■ INTRODUCTION 

Quercetin is a polyphenolic flavonoid compound 
that is abundantly available in nature, found in almost all 
parts of the plant, including seeds, leaves, stems, flowers, 
and leaves, especially in fruits and vegetables [1]. 
Quercetin exhibits high antioxidant activity, which can 
reduce the risk of degenerative diseases, including heart 
disease, osteoporosis, diabetes, hypertension, and cancer 
[2-5]. Quercetin is classified in the Biopharmaceutical 
Classification System (BCS) as class II, indicating that 
quercetin has high permeability but low solubility [6]. 
Quercetin is a lipophilic compound with poor 
physicochemical properties, including very low water 
solubility, being practically insoluble in water, poor 
bioavailability, a low absorption rate, and rapid 

elimination [7-8]. A drug can provide pharmacological 
effects when the compounds in the drug are released 
from the carrier substance, and one of the factors that 
affects the release of drug compounds is solubility [9]. 

Chitosan (Chi) is a biopolymer derived from 
deacetylated chitin, possessing biocompatible, 
biodegradable, and non-toxic properties. Chi has the 
ability to form films [10]. Chi contains two functional 
groups, namely hydroxyl and amine groups, which 
confer the biopolymer polycationic properties and high 
chemical reactivity. Chi nanoparticles offer several 
advantages, including enhanced stability, improved 
cellular uptake, increased solubility of anticancer drugs, 
modulation of release kinetics, and altered 
biodistribution [11]. Chi can be used as a drug matrix; 
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however, in acidic media, chitosan is soluble and may 
aggregate [12]. Its low solubility in water and poor 
mechanical properties necessitate modifications to 
increase its solubility, making it suitable for tissue 
engineering and drug delivery applications [13]. Chi has 
been developed into a multifunctional drug delivery 
system by exploring positively charged properties and 
modifiable functional groups [14]. Alginate (AG) and 
Chi, both biocompatible polymers, are crosslinked to 
enhance the gel’s stability and mechanical strength [15]. 

Crosslinked membrane formation can increase the 
solubility of quercetin [16]. Modification of Chi and AG 
polyelectrolyte matrix with Zn crosslinking can 
strengthen the polymer and prevent degradation [17]. Chi 
can be used as a quercetin carrier matrix in drug delivery 
systems because it has good film-forming ability, good 
mucoadhesive, bioadhesion, and permeability properties 
that can improve drug delivery, transportation, and 
release [18-21]. AG polymer is composed of a linear chain 
consisting of α-L-guluronate acid and β-D-mannuronate 
acid residues connected by a 1,4 bond. AG is widely used 
as a drug delivery matrix because it is safe, cheap, and has 
good mechanical strength [22]. AG can form gels, and it 
is governed mainly by the coordination of the number of 
cations. The role of cations in alginate gels is believed to 
be the shielding of electrostatic repulsion between anionic 
groups, such as carboxylate, and direct binding through 
ionic bonds [23]. The most distinctive ability of AG is its 
gelation through ionic interactions, influenced by various 
divalent and trivalent metal cations, such as Zn. 

Transition metal oxides are used as crosslinkers in 
ionic reactions between molecules, as well as gelation 
enhancers for polymers to improve their basic properties, 
such as mechanical and thermal stability. Crosslinking 
between Zn and AG shows excellent prospects for drug 
loading at a sustained level over a long period, to act as a 
controlled drug delivery system [24-26]. AG contain 
many free hydroxyl (–OH) and carboxyl (–COOH) 
groups that enable them to form intramolecular hydrogen 
bonds [27]. When combined with Chi, a polycationic 
polymer, AG can form a polyelectrolyte complex through 
ionic interactions between amino groups in Chi and 
carboxyl groups in AG. When functioning as a matrix for 

immobilizing biomaterials, PEC has an advantage over 
its original polymers [28]. This complex exhibits high 
stability against pH changes and enhances encapsulation 
efficiency compared to using a single polymer [29]. Such 
properties make Chi-AG membranes highly promising 
for various biomedical applications. 

Previous studies have developed Chi-AG 
membranes crosslinked with agents such as calcium ions 
or glutaraldehyde, which exhibited good film formation 
and controlled swelling behavior [30]. Additionally, an 
AG-Chi-based membrane hydrogel is also available, 
utilizing sodium tripolyphosphate (TPP) as a 
crosslinking agent [31]. Studies involving zinc ions 
(Zn2+) as a crosslinker have primarily focused on AG 
hydrogels or AG films without Chi, and have indeed 
demonstrated antimicrobial activity and improved 
stability [32]. However, studies specifically utilizing 
Zn2+-crosslinked Chi-AG membranes for drug delivery 
are still limited, particularly in assessing their 
performance at different physiological pH conditions. 
This study fills that gap by developing Zn2+ crosslinked 
Chi-AG membranes loaded with quercetin. The novelty 
lies in systematically evaluating how Zn²⁺ crosslinking 
influences membrane structure, mechanical stability, 
and pH-responsive release kinetics of quercetin. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were quercetin 
(Sigma Aldrich), technical Chi food grade, technical AG 
food grade, acetic acid (Mallinckrodt, USA), and 
distilled water. Additionally, ZnCl2, sodium acetate, 
potassium dihydrogen phosphate, hydrochloric acid, 
ethanol, potassium chloride, and sodium hydroxide 
were supplied from Merck, Germany. 

Instrumentation 

The tools used in this study were a set of paddle-
type dissolution apparatus (Biobase RC-6 Dissolution 
Tester; Tianjin, China), UV-vis spectrophotometer 
(Genesys 10s UV-vis; California, USA), Fourier-
transform infrared (FTIR) spectrophotometer, scanning 
electron microscopy (SEM), X-ray diffractometer 
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(XRD), oven (Memmert: Schwabach, Germany), pH 
meter (Eutech pH 330: Illinois, USA), digital analytical 
balance (Sartorius, d=0.001; Gŏttingen, Germany), stirrer 
(Mtops MS300 Hs; Seoul, Korea), magnetic stirrer, 
stopwatch, and laboratory glassware (Pyrex; Corning, 
USA). 

Procedure 

A Chi-AG membrane was prepared by carefully 
weighing 0.763 g of Chi powder, which was then dissolved 
in 100 mL of a 2% CH3COOH solution. The mixture was 
stirred at 1,000 rpm for 30 min at room temperature until 
the Chi was completely dissolved and then allowed to 
stand for 24 h. AG powder was carefully weighed to a 
mass of 0.396 g and then dissolved in 100 mL of a 2% 
CH3COOH solution. The mixture was stirred at 
1,000 rpm for 1 h at room temperature, until the AG was 
completely dissolved, and then allowed to stand for 24 h. 
Then, the solution was molded using plastic molds and 
oven-dried at 55 °C for approximately 40 h. The 
concentration of AG and Chi was selected based on 
preliminary trials to achieve uniform drug distribution 
and optimal mechanical strength of the membrane. 

Zn crosslinked Chi-AG membrane loaded with 
quercetin was prepared by the solvent casting method. A 
ZnCl2 solution of up to 5 mL was mixed with the AG 
solution that had been allowed to stand overnight. Then, 
a Chi solution was added and stirred at 1,000 rpm until 
homogeneous. Quercetin powder, weighing up to 25 mg, 
was weighed and then dissolved in 25 mL of ethanol. The 
quercetin solution was then mixed with the Chi-AG-Zn 
solution mixture and stirred at 1,000 rpm until a 
homogeneous mixture was achieved. Then, the solution 
was molded using plastic molds and oven-dried at 55 °C 
for approximately 20 h. 

An entrapment efficiency (EE) test was conducted 
by preparing a series of calibration solutions in both 
ethanol media and buffer media with pH levels of 1.2, 5.0, 
and 7.4, and with concentrations of 2.0, 4.0, 6.0, 8.0, and 
10 μg/mL. The absorbance was measured using a UV-vis 
spectrophotometer with the maximum wavelength 
obtained. Quercetin-loaded Zn-crosslinked Chi-AG 
membrane, weighing as much as 200 mg, was immersed 
in 96% ethanol for 24 h. The absorbance was then 

measured using a UV-vis spectrophotometer at the 
maximum wavelength of quercetin. 

The quercetin release test from the membrane was 
conducted by carefully weighing the Zn-crosslinked 
Chi-AG membrane as much as 200 mg and then 
inserting it into the dissolution media of buffer solution: 
96% ethanol (70:30 v/v) with pH variations of 1.2, 3.6, 
and 7.4 each, as much as 250 mL at a temperature of 
37 ± 0.5 °C. The stirring speed was maintained at 
75 rpm. The release of quercetin was measured at 0, 15, 
30, 45, 60, 120, 180, and 240 min for 4 h by withdrawing 
5 mL of dissolution media at each time point, 
maintaining the same pH and temperature. 
Furthermore, the solution was measured for absorbance 
using a UV-vis spectrophotometer at a maximum 
wavelength. All experiments were performed in 
duplicate (n = 2) to ensure data reproducibility. 

Membrane characterization 
FTIR characterization was carried out by the KBr 

pellet method. The sample was crushed and weighed 
carefully, ranging from 1 to 10 mg. It was then mixed 
with dry KBr powder, up to 100 mg, and the resulting 
mixture was molded into pellets. Furthermore, scanning 
was carried out at wavenumbers 400–5,000 cm−1. SEM 
characterization was performed by placing the sample in 
a specimen holder that had been coated with a thin layer 
of platinum and then vacuum-sealed and inserted into 
the specimen chamber. Sample analysis was carried out 
at magnifications of 500×, 1000×, and 1500× with a 
voltage of 10 kV. Diffraction patterns of Zn crosslinked 
alginates-chitosan, chitosan, alginates, and alginates-
chitosan were obtained using XRD. The samples were 
scanned using X-ray radiation with a monochromatic 
Cu Kα1 source at a voltage of 50 kV and a current of 
100 mA. The diffraction pattern was obtained at 
temperatures ranging from 10 to 70 °C with a diffraction 
angle of 2θ, a scanning speed of 5°/min, and a rate size 
of 0.02°/s [33]. 

■ RESULTS AND DISCUSSION 

The characteristics of the Zn-crosslinked Chi-AG 
membrane based on organoleptic assessment are that 
the membrane appears transparent and slightly 
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yellowish in color with a characteristic acidic odor of 
acetic acid. The membrane has plastic-like surface 
properties and is slightly stiff. The membrane formed is 
sturdy and not easily torn, as shown in Fig. 1(a). The 
quercetin-loaded Zn-crosslinked Chi-AG membrane is 
marginally stiffer than the membrane that has not been 
loaded with quercetin. The membrane packed with 
quercetin is also bright yellow in color, typical of 
quercetin, as shown in Fig. 1(b). 

Zn was added to act as a crosslinking agent that 
would bind to both polymers. Zn binds to the OH groups 
present in Chi and AG. The bond that occurs is a covalent 
bond where Zn shares an electron pair with each OH. 
Quercetin can be loaded onto the Chi-AG membrane, as 
shown in the proposed interaction in Fig. 2. The 
interaction between polycationic from Chi and 
polyanionic from AG is formed from the synthesis of Zn 
crosslinked Chi-AG membrane. The interaction occurs 
between the two polymers, namely OH− from Chi and 
OH− from AG, that have interacted with Zn+ to form a Zn-
crosslinked Chi-AG-PEC membrane. Chi and AG form 
covalent bonds as shown in Fig. 2(a). The loading of 
quercetin on the Zn-crosslinked Chi-AG membrane 

forms a new bond. Quercetin has an OH− group that can 
bind to the NH3

+ group present on the Zn-crosslinked 
Chi-AG. Hydrogen bonds are formed from OH− 
quercetin interacting with OH- AG on the Zn 
crosslinked Chi-AG by forming hydrogen bonds, as 
shown in Fig. 2(b). 

Membrane Characterization 

Fig. 3 shows the differences in characteristic peaks 
of functional groups found in Chi membranes, AG 
membranes, Zn-crosslinked Chi-AG membranes, and Zn-
crosslinked  Chi-AG  membranes loaded  with quercetin  

 
Fig 1. Membrane (a) Zn-crosslinked Chi-AG and (b) 
quercetin-loaded Zn-crosslinked Chi-AG 
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Fig 2. Proposed interaction of (a) Zn-crosslinked Chi-AG and (b) quercetin-loaded Zn-crosslinked Chi-AG 
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Fig 3. FTIR spectra of Chi, AG, Zn-crosslinked Chi-AG, and quercetin-loaded Zn-crosslinked Chi-AG membranes 

 
that have been prepared. The interaction between Chi and 
AG is evident in the FTIR spectra, which exhibit several 
characteristic features, including wavelength shifts and 
intensity differences. 

FTIR spectra show that the AG membrane shows 
absorption at 3500 cm−1, which is the O–H stretch 
vibration. In contrast, the absorption of 2956 cm−1 is the 
vibration of the C–H group. In addition, there is 
absorption at 1420 and 1597 cm−1, which correspond to 
symmetrical C=O group vibration and asymmetrical 
C=O, respectively. A signal at 1037 cm−1 shows C–O–C 
stretch vibration. The FTIR spectrum of the Chi-AG 
membrane shows that the absorption at a wavenumber of 
3449 cm−1 corresponds to the vibration of the O–H group, 
in addition to the C–H vibration appearing at a 
wavenumber of 2956 cm−1. The absorption at 1643 cm−1 is 
the characteristic absorption of the asymmetrical C=O 
group of AG [34] and 1571 cm−1 is the characteristic 
absorption of the N–H group from Chi. The C=O group 
of AG and the amine group of Chi that still appear on the 
FTIR spectrum of the Chi-AG membrane show that what 
occurs in the formation of the Chi-AG membrane. 

The interaction between Chi and AG forms a 
polyelectrolyte complex which can be seen from the shift 
in the number of waves of the N–H group from 1582 to 

1528 cm−1 and the C=O group which shifts from 1597 to 
1636 cm−1 in addition to the change in intensity in the 
FTIR spectrum of the Chi-AG membrane when 
compared to the FTIR spectrum of individual Chi and 
AG. Chi exhibits an absorption band that is distinct from 
AG, specifically in the absorption region at a 
wavenumber of 1623 cm−1, indicating the presence of a 
primary N–H group. The characteristics that distinguish 
alginate from chitosan include the presence of a–COOH 
group at 1613 cm−1 [35]. 

Zn crosslinking is characterized by a characteristic 
peak at 507 cm−1. FTIR spectra of the membranes 
confirmed the interaction between AG, Chi, and Zn2+. 
The characteristic absorption band of AG at 1634 cm−1 
(asymmetric stretching of –COO−) shifted to a lower 
wavenumber upon crosslinking, indicating ionic 
interaction with the protonated amine groups (–NH3

+) 
of Chi and coordination with Zn2+ ions. Similarly, the 
peak at 3434 cm−1, corresponding to O–H and N–H 
stretching, became broader and less intense, suggesting 
hydrogen bonding and partial involvement of O–H 
groups in crosslinking [36]. These spectral changes 
support the formation of Zn2+-crosslinked membranes, 
making the Chi-AG structure more stable and 
organized. 
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The inclusion of quercetin in the Zn-crosslinked 
Chi-AG membrane is evident from the FTIR spectra, 
which exhibit several characteristic features, including 
wavelength shifts and intensity differences. The absorption 
intensity of the wavelength of each membrane changes so 
that there is a difference in the intensity of the Zn-
crosslinked Chi-AG membrane and the quercetin-loaded 
Zn-crosslinked Chi-AG membrane. There is a phenol 
peak at 1379 cm−1, which is characteristic of quercetin. 
This can indicate that the membrane was successfully 
loaded with quercetin. The surface morphology of the 
membrane can be characterized using SEM. 

The maximum magnification of SEM testing can be 
achieved at 1500×. The Chi membrane (Fig. 4(a)) appears 
to have a surface that is more fibrous than that of the AG 
membrane. The AG membrane (Fig. 4(b)) seems to have 
a smoother surface than the Chi membrane. Fig. 4(c) 
shows the surface morphology of the Chi-AG-Zn 
membrane, which is rough and porous. These results are 
similar to those of previous studies, which reported that 
AG-Chi membranes exhibit a rough and porous inner 
surface structure [37]. Surface roughness is an important 

feature associated with cell adhesion and proliferation 
[38]. 

Zn on Chi-AG membrane crosslinked Zn-loaded 
quercetin appears more evenly distributed compared to 
Zn on Chi-AG membrane crosslinked Zn. Quercetin on 
the quercetin-loaded Zn-crosslinked Chi-AG 
membrane appears successfully loaded as shown in Fig. 
4(d). The large number of pores in the chitosan alginate 
membrane has the potential to encapsulate large 
quantities of quercetin. The ionic bond between Chi and 
AG breaks the close packing of Chi to form a crystal 
structure, so that Chi-AG membrane is more stable 
when compared to the pure compound. The pore size on 
the surface of microparticles significantly influences the 
release rate of encapsulated substances. Microparticles 
with larger pores allow for faster release of active 
ingredients, while smaller pores tend to slow down the 
process [36]. 

XRD analysis was performed to determine the 
crystallinity of AG, Chi, Chi-AG, and Chi-AG 
membranes crosslinked with Zn. The results are shown in 
Fig. 5. The AG’s spectrum shows  high crystallinity [39]. 

 
Fig 4. SEM analysis results with 1500× magnification of (a) Chi membrane, (b) AG membrane, (c) Zn-crosslinked 
Chi-AG membrane, and (d) Zn-crosslinked Chi-AG membrane loaded with quercetin 
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Fig 5. XRD analysis results of AG, Chi, Chi-AG, and Zn-
crosslinked Chi-AG 

Based on Fig. 5, it is known that the XRD results of 
AG have several sharp peaks. While Chi is semi-
crystalline, as indicated by two broad peaks. Fig. 5, in 
green, is an XRD spectrum of Chi, indicating that it is 
semicrystalline, as evidenced by the presence of peaks at 
2θ = 12° and 22°. When AG and Chi are crosslinked with 
Zn, they exhibit lower intensity peaks than pure AG and 
Chi. This indicates that the crystallinity properties 
decrease due to the crosslinking process. The red color 
Chi-AG XRD spectrum shows a combination of 
properties of Chi and AG; the greater amount of AG on 
the membrane causes a more amorphous structure. 

The membrane of Chi-AG-Zn (black color) is more 
similar to the structure of Chi-AG (red color), which 
shows more amorphous. The presence of AG in the Chi 
membrane of alginate-Zn causes a decrease in the 
crystallinity level of Chi or AG. This can be observed from 
the disappearance of 2θ at 12° after the formation of the 
AG-Chi polyelectrolyte complex. The formation of the 
Chi-AG membrane broke the hydrogen bonding between 
amino and hydroxyl groups in Chi. Then it resulted in an 
amorphous structure of the Chi-AG complex. The 
decreased crystallinity of the Chi-AG membrane also 
implied that the ionic interaction between Chi and AG led 
to their good compatibility [35]. 

Amorphous solids lack the repeating array of atoms 
in the structure and present greater free energy than their 

crystalline counterparts, which in turn enhances the 
solubility of the compound. The loading of drug 
compounds into porous materials has been described as 
a promising approach for stabilizing the amorphous 
state, but it is dependent on many factors, including the 
pore size and surface chemistry of the substrate material 
[40]. The determination of the percentage of quercetin 
rerelease in the solution medium was determined using 
a UV Vis spectrophotometer by observing the 
wavelength of the visible light region of 300–500 nm. 
Quercetin has chromophore and auxochrome groups, 
which provide color absorption in the visible light 
wavelength region. 

The release profile of quercetin from Zn-
crosslinked Chi-AG membrane was obtained by 
conducting a dissolution test. The dissolution test is an 
in vitro test used to determine the percentage of a drug 
that is distributed into the body. The dissolution test was 
conducted by preparing a 200 mg sample of Zn-
crosslinked Chi-AG membrane for each dissolution 
medium. The release test used a paddle-type dissolution 
apparatus with modifications. The dissolution media 
used were made in pH variations of 1.2, 5.0, and 7.4 with 
a mixture of pH buffer: ethanol (70:30). Each pH 
describes the conditions in body fluids; pH 1.2 describes 
the acidic conditions of the stomach, pH 5.0 describes 
the conditions of the small intestine, and pH 7.4 
describes the conditions in the human large intestine. 

The release profile of quercetin from Zn-crosslinked 
Chi-AG membranes at several medium pH levels can be 
seen in Fig. 6. The dissolution medium used included 
simulations of gastric pH (pH 1.2), intestinal pH (pH 
5.0), and pH 7.4. The release profile of quercetin from 
Zn-crosslinked Chi-AG membranes appeared to increase, 
followed by a relatively stable release even in dissolution 
media with different pH. The release profile showed that 
the amount of quercetin released increased as the pH of 
the dissolution media increased. The percentage of 
quercetin released in the dissolution medium at pH 1.2, 
pH 5.0, and pH 7.4 from the membrane was 35.1059, 
70.2783, and 94.3471%, respectively. The highest release 
was observed in dissolution media with a pH of 7.4, and 
the lowest  was in  pH 1.2. This is  because the  pH of the  
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Fig 6. Release profile of quercetin from Zn-crosslinked 
Chi-AG membrane 

solvent can affect the ionic interaction between NH3
+ 

from Chi and OH− from AG, as well as the interaction 
between OH− from quercetin and the solvent. Quercetin 
is weakly acidic, and in an environment with a higher pH, 
it will be more ionized. The electrostatic bond will weaken 
when the pH decreases or the atmosphere is more acidic. 
If the electrostatic bond decreases, the membrane will 
expand slowly. Adding AG and Zn can prevent acid-
soluble Chi, ensuring the membrane surface does not 
extend at low pH, which can cause quercetin to be 
released from the membrane. This can prevent quercetin 
from being released at low pH levels when consumed, 
such as in the stomach, allowing quercetin to avoid 
degradation by stomach acid and provide more benefits. 

Table 1 shows that the kinetics of quercetin release 
from Zn-crosslinked Chi-AG membranes at all pH 
variations follow the Korsmeyer-Peppas model. 
Korsmeyer-Peppas model is used to describe drug release 
from a polymeric system, considering non-Fickian 
mechanisms [41]. The first-order model assumes that the 

release rate is either constant or directly dependent on 
the concentration [42]. Theoretically, the Higuchi model 
cannot be used to analyze swellable drug delivery 
systems [38]. Therefore, both are often unable to 
describe the non-linear release profiles that arise in 
crosslinked polymer matrices, where diffusion, swelling, 
and/or erosion mechanisms can simultaneously 
influence the release rate. On the contrary, non-linear 
equations coming from Korsmeyer-Peppas and Weibull 
models better fit the release profiles [43]. 

The r2 value of each release of Zn-crosslinked Chi-
AG membrane with pH variations of 1.2, 5.0, and 7.4 
were 0.9635, 0.9598, and 0.9889, respectively, with 
quercetin release rate based on the release constant of 
2.3795, 2.3938, and 2.3393 min−1, respectively. The value 
of n (exponent) indicates the mechanism of release. The 
value of n in each pH variation of the release was at the 
value of n < 0.5, which means the release of quercetin 
from Zn-crosslinked Chi-AG membrane follows the 
Fick diffusion mechanism, which describes the 
mechanism of drug release from a non-swellable matrix, 
so that the release of quercetin from Chi-AG-Zn 
membrane through diffusion from high concentration 
to lower concentration [44]. 

The dense polymer network formed by Zn2+ 
crosslinking limits chain mobility and reduces pore size, 
thereby controlling the diffusion of drugs. Under 
conditions that mimic the in vivo environment, this 
diffusion-based release mechanism is advantageous 
because it can maintain prolonged quercetin availability 
and reduce the initial release (burst) effect, thereby 
enhancing  therapeutic efficiency and  reducing the need  

Table 1. Results of quercetin release testing of Zn-crosslinked Chi-AG membrane 
pH Parameters Zero Order First Order Higuchi Korsmeyer-Peppas 
1.2 r2 0.9255 0.7522 0.9557 0,9635 

Fick diffusion 
(n < 0.5) 

k 0.0030 0.0039 0.0256 2.3795 
n - - - 0.3765 

5.0 r2 0.9112 0.7446 0.9470 0.9598 Fick diffusion 
(n < 0.5) k 0.0060 0.0039 0.0519 2.3938 

n - - - 0.3791 
7.4 r2 0.9676 0.8483 0.9496 0.9889 

Fick diffusion 
(n < 0.5) 

k 0.0080 0.0040 0.0683 2.3393 
n - - - 0.3691 
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for frequent dosing. Burst release is often considered an 
adverse effect when considering long-term drug delivery 
systems. This burst release effect leads to negative 
consequences, such as local toxicity from high drug 
concentrations, requiring more frequent dosing, and 
economically and therapeutically wasting the drug. 
Crosslinking has been shown to improve network stability 
and prevent burst release [45]. The complexation of Chi 
with AG reduces the burst release behavior. This 
reduction is due to a decrease in voids in the AG polymer 
network. The low voids in the polymer network reduce 
swelling and thus prevent burst release [38]. 

■ CONCLUSION 

The pH variation of the dissolution medium affects 
the release of quercetin from the Zn-crosslinked Chi-AG 
membrane. The higher the pH of the dissolution medium, 
the faster the release of quercetin from the Zn-crosslinked 
Chi-AG membrane. This is because quercetin is weakly 
acidic, and when in an environment with a higher pH, 
quercetin will be more ionized. The release of quercetin 
from the Zn-crosslinked Chi-AG membrane, in response 
to variations in the dissolution medium, follows the 
Korsmeyer-Peppas kinetics model, with the release 
mechanism described by Fick's diffusion, which 
characterizes the release of drugs from non-swellable 
membranes. Overall, Zn2+ crosslinking enhanced 
membrane stability and enabled sustained release of 
quercetin, highlighting its potential as a pH-responsive 
delivery platform for poorly soluble bioactive 
compounds. However, this study was limited to in vitro 
characterization and release evaluation under simplified 
conditions. Further studies are recommended to assess 
the in vitro-in vivo correlation and optimize crosslinking 
parameters for targeted therapeutic applications. 
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