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Chitosan-based membranes comprising pristine chitosan (CS), PEG 4000-
blended chitosan (CP), and PEG 4000-blended chitosan crosslinked with malonic
acid (COP), malic acid (CAP), and adipic acid (CDP) were prepared at casting
volumes of 5, 7.5, and 10 mL for potential hemodialysis applications. This study
evaluated the effects of PEG blending, crosslinker type, and membrane thickness
on physicochemical properties, solute transport, and hemocompatibility. FTIR
analysis revealed changes in O—H, N-H, C=0, and C—N bands, suggesting
hydrogen bonding between chitosan and PEG and ionic interactions between
protonated amino and carboxylate groups. Zeta potential values ranged from
+55.8 to +74.58 mV. AFM analysis showed that CAP had the highest average
roughness (Ra) and root-mean-square roughness (Rq), whereas CDP exhibited
the highest maximum height (Rz). PEG blending and dicarboxylic acid
crosslinking improved porosity, swelling, water uptake, pH stability, and
biodegradability. Increasing casting volume increased membrane thickness,
mechanical properties, porosity, and swelling but decreased 6-hour water uptake
and solute transport, potentially due to longer diffusion pathways. The 5 mL CAP
membrane achieved the highest solute transport, with urea transport increasing
from 28.06% for CS to 61.16% and creatinine transport from 14.34% for CS to
49.68%. The modified membranes also retained larger molecules, including
vitamin B12 and bovine serum albumin (BSA). The CAP membrane exhibited the
lowest hemolysis (0.39%), the lowest thrombus formation (40.36%), and the
longest Partial Thromboplastin Time (PTT) (176 s). Overall, CAP demonstrated
balanced performance, highlighting its potential for hemodialysis membrane
development.

1. Introduction

exhibit excellent separation performance but present

Hemodialysis is a renal replacement therapy that
removes metabolic waste products and excess body
fluids, and maintains electrolyte balance in patients with
kidney failure. The key component of this process is the
hemodialysis membrane, which must possess
semipermeable characteristics, high selectivity, and
excellent biocompatibility to ensure efficient blood
purification [1, 2, 3]. Currently, hemodialysis membranes
are predominantly fabricated from synthetic polymers,
such as polyacrylonitrile (PAN), polymethyl methacrylate
(PMMA), and ethylene-vinyl alcohol (EVOH), which

environmental concerns due to their poor
biodegradability [4, 5]. Therefore, the development of
biodegradable membrane materials has emerged as a
promising and more sustainable alternative.

Current research on hemodialysis membranes
focuses on developing novel materials and structural
modifications to enhance the selective removal of uremic
toxins, particularly urea and creatinine, while
minimizing the loss of essential proteins [3, 6, 7, 8].
Among the various approaches, the use of biopolymers
such as cellulose, alginate, and especially chitosan has
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attracted considerable attention due to their
hydrophilicity, biocompatibility, biodegradability, non-
toxicity, and environmental sustainability [4, 9].
Chitosan, a natural polysaccharide obtained through the
deacetylation of chitin, contains reactive amino and
hydroxyl groups that enable facile chemical modification
through cross-linking or blending with other polymers to
improve semipermeability, mechanical strength, and pH
stability [10, 11, 12, 13]. These characteristics make
chitosan a promising alternative to synthetic polymers
for developing next-generation hemodialysis
membranes with enhanced selectivity,
hemocompatibility, and sustainability.

Previous studies have demonstrated that chitosan
modification using various agents can significantly
improve membrane properties for hemodialysis
applications. Blending chitosan with polyethylene glycol
(PEG) 4000 has been reported to enhance hydrophilicity,
flexibility, mechanical strength, and pore homogeneity
[14, 15, 16, 17]. In addition, cross-linking chitosan with
short-chain dicarboxylic acids, such as malonic acid,
malic acid, and adipic acid, has been shown to improve
mechanical stability, increase hydrophilicity, and
regulate pore size through interactions between the
carboxyl groups of the cross-linkers and the amino
groups of chitosan [18, 19, 20, 21, 22].

Furthermore, variations in the carbon chain length of
dicarboxylic acids are expected to influence the cross-
linked network architecture within the chitosan matrix,
resulting in differences in cross-linking density,
interchain spacing, pore structure, and free volume. The
carbon chain length and molecular structure of
dicarboxylic acids may influence chitosan chain spacing
and network architecture. Malonic acid may introduce
additional spacing between chitosan chains, while adipic
acid may provide greater interchain separation due to its
longer carbon chain [18, 22]. Malic acid, with its
additional hydroxyl group (—OH) that may promote
hydrogen bonding with chitosan and PEG 4000, is
hypothesized to provide a balance between
intermolecular interactions and network flexibility when
combined with PEG 4000 and potentially enhance
membrane performance for hemodialysis [19]. These
structural variations are anticipated to affect the
physicochemical properties, molecular transport
behavior, and hemocompatibility of the membranes [20,
23].

Membrane thickness is another important parameter
that influences the balance between solute clearance and
mechanical stability in hemodialysis. Thinner
membranes may facilitate solute transport by shortening
diffusion pathways, but insufficient thickness may
compromise mechanical integrity under operational
stress [24, 25]. Conversely, thicker membranes may
provide greater structural support while increasing
resistance to solute diffusion. Therefore, membrane
thickness must be optimized to balance transport
performance and mechanical stability. However, previous
studies have often focused on membrane composition or
chemical modification, while the combined effects of
different dicarboxylic acid crosslinkers and membrane

thickness on the physicochemical properties, dialysis
performance, and hemocompatibility of PEG 4000-
blended chitosan membranes remain insufficiently
understood. This highlights the need to investigate
membrane thickness alongside crosslinker type to
identify a suitable formulation for hemodialysis
applications.

To address these research gaps, the primary
objective of this study was to investigate how the carbon
chain length of dicarboxylic acid cross-linkers (malonic,
malic, and adipic acids) influences the physicochemical
properties and performance relationships of chitosan-
based hemodialysis membranes. PEG 4000 and the three
dicarboxylic acids were incorporated into the chitosan
matrix to investigate their effects on membrane
composition and properties. Different casting volumes
were also employed to investigate their effects on
membrane thickness and pore structure.

The evaluation parameters in this study included

membrane physical property measurements,
physicochemical characterizations, mechanical
properties, permeation performance using four

permeates (urea, creatinine, vitamin B12, and bovine
serum albumin (BSA)), and hemocompatibility. These
evaluations were conducted to determine the effects of
membrane composition and casting volume on the
physicochemical properties, mechanical performance,
separation characteristics, and blood compatibility of the
membranes. The findings are expected to provide insights
into the potential of these biodegradable chitosan-based
membranes for hemodialysis applications and identify
promising formulations for further optimization and
evaluation under clinically relevant conditions.

2. Experimental
2.1. Materials

The materials used in this research were chitosan
(Chimultiguna, Indonesia; Mw = 6.3 x 10° g/mol, degree
of deacetylation (DD) = 89%), polyethylene glycol (PEG)
4000 (Merck; Mw = 4,000 g/mol), malonic acid
(analytical grade; Sigma-Aldrich; 104.05 g/mol), malic
acid (analytical grade; Merck; 134.09 g/mol), adipic acid
(analytical grade; Merck; 146.14 g/mol), acetic acid
(analytical grade; Merck; 60.05 g/mol), NaOH (Merck;
39.997 g/mol), creatinine (Merck; 113.11 g/mol), urea
(Merck; 60.06 g/mol), vitamin B12 (Merck; Mw = 1355.37
g/mol), bovine serum albumin (BSA; HiMedia; Mw = 66.5
kDa), picric acid (Merck; 22911 g/mol), p-
dimethylaminobenzaldehyde (p-DMAB; Merck; 149.19
g/mol), HCl 37% (analytical grade; SmartLab), ethanol
96% (analytical grade; Merck), NaH.PO,H.O (Merck;
137.99 g/mol), Na,HPO, (Merck; 141.96 g/mol), CaCl,
(Merck; 110.99 g/mol), sodium dodecyl sulfate (SDS;
Merck; 288.38 g/mol), glutaraldehyde 25% (analytical
grade; Merck), NaCl (Merck; 58.44 g/mol), CuSO,5H.0
(Merck; 249.68 g/mol), and KNaC;H;06¢4H.0 (Merck;
282.23 g/mol). Distilled water was obtained from the
Integrated Laboratory of Diponegoro University. Human
whole blood was used under ethical clearance No.
070/EC/KEPK/FK-UNDIP/VI/2026.
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2.2. Preparation of Chitosan/Dicarboxylic Acid Solution

Crosslinked chitosan solutions were prepared by
reacting a1.5% (w/v) chitosan solution with malonic acid,
malic acid, or adipic acid at a 1:1 molar ratio. The mixtures
were stirred magnetically for 24 hours at room
temperature and subsequently sonicated to remove air
bubbles. The formulations obtained were labeled CS/O
(malonic acid-crosslinked chitosan), CS/A (malic acid-
crosslinked chitosan), and CS/D (adipic acid-crosslinked
chitosan), corresponding to malonic acid, malic acid, and
adipic acid, respectively.

2.3. Preparation of Chitosan/Dicarboxylic Acid/PEG
4,000 Membranes

The overall molar ratio of chitosan, dicarboxylic acid,
and PEG 4000 was maintained at 1:1:0.129. This ratio was
obtained by normalizing the calculated molar amounts of
the three components, initially expressed as
9.375:9.375:1.208, relative to the molar amount of
chitosan. The molar amounts of chitosan and PEG were
calculated based on the molar masses of their monomer
units (160 g/mol for the monomer of chitosan and 62.07
g/mol for the monomer of PEG). The membranes were
fabricated by the phase inversion method. The
crosslinked chitosan solutions (CS/O, CS/A, and CS/D)
were blended with PEG 4000 until homogeneous casting
solutions were obtained. Each solution was cast onto Petri
dishes at volumes of 5.0, 7.5, and 10.0 mL, followed by
solvent evaporation at 40°C. The resulting films were
coagulated in 2 M NaOH, washed with deionized water
until neutral pH, and dried at room temperature. Five
membrane formulations were prepared, namely CS, CP,
COP, CAP, and CDP, as summarized in Table 1.

2.4. Characterization and Testing
2.4.1. Chemical Structure Characterization by FTIR

The chemical structure of the membranes was
characterized using Fourier Transform Infrared (FTIR)
spectroscopy. Spectra were collected over the range of
4000—-400 cm™ to identify functional groups and verify
the blending and crosslinking of the membrane
components.

Table 1. Composition of membrane variations

Dicarboxylic acid

Membrane Chitosan PEG 4000

() Malonic Malic Adipic

type acid acid acid (8)
(8) (8) (8)
CS 1.5 0 0 0 0
CP 1.5 0 0 0 0.075
COP 1.5 0.975 0 0 0.075
CAP 1.5 0 1.25 (0] 0.075
CDP 1.5 0 (0] 1.36 0.075

2.4.2. Zeta Potential Characterization

The particle charge of the membrane solutions was
analyzed using a Zetasizer Advanced Pro Blue Label. The
membrane solutions were loaded into zeta potential
capillary cells and analyzed at room temperature. Zeta
potential was determined by the Electrophoretic Light
Scattering (ELS) method, and electrophoretic mobility
was converted into zeta potential using the
Smoluchowski equation [26].

2.4.3. Surface Morphology Analysis by AFM

Surface morphology was characterized using atomic
force microscopy (AFM) by scanning a 5 x 5 um? area to
evaluate surface topography and roughness. The
roughness was quantified using the average roughness
(Ra) and root mean square roughness (Rq) parameters.

2.4.4. Membrane Weight and Thickness Measurement

The weight and thickness of the membranes were
measured before and after modification to evaluate
changes resulting from the membrane preparation
process. Membrane weight was determined using an
OHAUS analytical balance, while thickness was measured
with a Mitutoyo thickness meter.

2.4.5. Porosity

Membrane porosity was measured by immersing the
membrane in 12 mL of distilled water for 24 hours. The
membrane was then gently dried, and its weight was
recorded before and after immersion to determine the dry
and wet masses. Porosity was calculated using Equation 1.

%Porosity = WweeWary 1009 (1)

VXpy

Where V is the membrane volume (cm3), and pw is the
density of water (1 g/cm3).

2.4.6. Swelling Degree

The swelling degree of the membranes was
determined by measuring the change in membrane
diameter before (Do) and after immersion in 12 mL of
distilled water for 24 hours (Ds). The swelling percentage
was calculated using Equation (2)

Ds—Do
Do

%Swelling = x 100% (2)

2.4.7. Water Uptake

The membrane water uptake was determined by
immersing the dry membrane in 12 mL of distilled water
for 6 hours [27]. The membrane was periodically weighed
after gentle drying to obtain the wet weight per hour
(Wwet), and water uptake was calculated using Equation 3.

%W ater uptake = W X 100% 3)

dry

2.4.8. Water Contact Angle

The water contact angle was measured using the
sessile drop method to determine the membrane surface
hydrophilicity. The contact angle image was captured and
analyzed using Corel Draw software.



Jurnal Kimia Sains dan Aplikasi 29 (9) (2026): 648-664 651

2.4.9. pH Resistance Test

The pH resistance of the membranes was evaluated
by immersing them in 12 mL solutions with different pH
values (3, 5, 7, 9, and 11) for 24 hours. The membrane
weights before (W,) and after immersion (W:) were
recorded to calculate the percentage weight change as an
indicator of pH resistance (Equation 4).

_ We-wo)
Wi

%Weight change x 100% (4)

2.4.10. Biodegradable Test

The biodegradation of the membranes was evaluated
by burying dry membrane samples in moist soil for 8
weeks or longer until no visible membrane residue
remained. The membrane weight (W:) was recorded
weekly, and the degradation percentage was calculated
from the initial and final weights (Equation 5).

%Degree of degradation = % X 100% (5)
0

2.4.11. Tensile Strength Test

Membranes (20 cm x 4 cm) were subjected to tensile
testing in the wet state. The test was performed at a
crosshead speed of 10 mm/min to determine the tensile
strength (MPa) and elongation at break (%) of each
membrane variation.

2.5. Transport Performance Test

The membrane permeability evaluation was
conducted using a two-compartment dialysis chamber
consisting of feed and receiving phases. The feed or donor
phase was filled with individual permeate solutions of
creatinine (2.5 mg/dL), urea (50 mg/dL), vitamin B12 (2.2
mg/dL), and BSA (480 mg/dL), while the receiving phase
was filled with phosphate buffer solution (pH ~7.4). The
dialysis process was carried out for 6 hours, with samples
collected hourly from both compartments and analyzed
by UV-Vis spectrophotometry at the following
wavelengths: creatinine with picric acid at 483 nm; urea
with p-DMAB at 420 nm; vitamin B12 at 367 nm; and BSA
with Biuret reagent at 545 nm. The membrane with the
best performance was further evaluated using a mixed
permeate solution containing urea, creatinine, vitamin
B12, and BSA simultaneously to assess its transport
capability under more complex conditions.

2.6. Hemocompatibility Test

Blood compatibility of the membranes was evaluated
by assessing protein adsorption, hemolysis ratio, partial
thromboplastin time (PTT), and thrombus formation. In
this study, Human whole blood (WB) was obtained from
the researcher. Platelet-poor plasma (PPP) was prepared
by centrifuging the whole blood at 3000 rpm for 15
minutes, followed by collection of the supernatant. This
study was conducted in accordance with the relevant
ethical requirements (Ethical  Clearance No.

070/EC/KEPK/FK-UNDIP/VI/2026). Membrane samples
were sterilized with 70% ethanol, soaked in PBS for 24
hours, and dried before testing. These parameters were
used to evaluate the interaction between the membrane
surface and blood components. Hemocompatibility tests,
including protein adsorption, hemolysis, thrombus
formation, and PTT, were performed according to ISO
10993-4:2017 [28].

2.6.1. Protein Adsorption Test

Protein adsorption was evaluated by immersing the
membranes in PPP at 37°C for 60 minutes. After washing
with PBS to remove unbound proteins, the adsorbed
proteins were extracted using 2% SDS solution and
quantified using the Biuret method. The absorbance was
measured by UV-Vis spectrophotometry at 540—550 nm.

2.6.2. Hemolysis Ratio Test

The hemolytic activity of the membranes was
determined by incubating membrane samples with
diluted WB in 0.9% NaCl solution at 37°C for 60 minutes.
The samples were centrifuged, and the absorbance of the
supernatant was measured at 540 nm. The hemolysis
ratio was calculated by comparison with positive (1%
SDS) and negative (0.9% NaCl) controls.

2.6.3. Partial Thromboplastin Time (PTT) Test

The effect of membranes on blood coagulation was
evaluated using the PTT test. Membranes were pre-
incubated in PBS at 37°C, followed by exposure to PPP and
CaCl, addition. The clotting time was determined by
observing fibrin formation after incubation.

2.6.4. Thrombus Formation Test

Thrombus formation was evaluated by immersing
membranes in whole blood at 37°C for 1 hour, followed by
CaCl, addition and further incubation. The formed
thrombi were washed, dried, and weighed to determine
the thrombus mass.

3. Results and Discussion
3.1. Characterization and Test Results

The synthesis of chitosan-based dialysis membranes
through blending and crosslinking with dicarboxylic
acids and PEG was successfully achieved using the phase
inversion method. The membrane-forming solutions
exhibited good homogeneity, indicating proper
dissolution and mixing of chitosan with the modifying
agents. The formation of flexible and peelable membrane
films after casting and drying further confirmed the
successful membrane fabrication process. The
incorporation of PEG and dicarboxylic acids was expected
to influence the intermolecular interactions within the
polymer matrix, leading to structural rearrangements
that affect the physical and morphological characteristics
of the resulting membranes.
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Figure 1. FTIR spectra of the five membrane variations: (A) Full spectra (4000—400 cm™), (B) O—H stretching region,
(C) Carbonyl and amide region (1800—-1500 cm™), and (D) C—H and C—N region (1550—1250 cm™)

3.1.1. FTIR Spectra Analysis

As shown in Figure 1, the FTIR spectrum of the pure
CS membrane exhibited characteristic absorption bands
at 1653 cm™ (amide I, C=0 stretching), 1585 cm™ (amide
II, N—H bending), and 1377 cm™ (C-H bending) [29].
After PEG 4000 incorporation, the O—H absorption band
around 3360 cm™ showed increased transmittance,
indicating hydrogen bonding between CS and PEG (Figure
1(A)). In the crosslinked membranes (COP, CAP, and CDP),
shifts in the bands near 1585 cm™ and 1642-1646 cm™
were observed, corresponding to protonated amine (-
NH;*) and carboxylate (-COO-) groups, confirming
intermolecular interactions between chitosan and the
dicarboxylic acids (Figure 1(C)) [18, 19, 21]. In addition,
peak shifts and intensity changes were also observed in
the regions of 1500-1350 cm™ and 1350-1250 cm™,
corresponding to CH, bending vibrations (and symmetric
COO- stretching) and C—N stretching vibrations (Figure
1(D)).

From the five membrane compositions, changes in
the intensity of the O-H stretching band were also
observed, as shown in Figure 1(B). The integrated peak
area increased in the following order: CS < CP < COP < CDP
< CAP.Theincrease in the integrated absorption peak area
corresponds to greater infrared absorption, which is
associated with decreased transmittance. This trend is
consistent with the structural composition of the

membranes, in which the incorporation of PEG increased
the number of hydroxyl-containing groups, and a further
enhancement was observed after crosslinking with
dicarboxylic acids. Among the modified membranes, CAP
exhibited the highest O—H band intensity, which can be
attributed to the additional hydroxyl group present in
malic acid.

Overall, the FTIR results indicate that membrane
formation involved hydrogen bonding between CS and
PEG, while crosslinking with malonic, malic, and adipic
acids occurred through electrostatic interactions between
protonated amine groups of chitosan and deprotonated
carboxylate groups of the acids [30]. The proposed
bonding interactions are illustrated in Figure 2. Based on
their chemical structures, malonic acid is expected to
provide the shortest spacing between crosslinked
chitosan chains, followed by malic acid and adipic acid.
This is attributed to differences in their molecular
structures and the distance between their two carboxyl
groups, which may influence the spacing between
polymer chains when the acids act as crosslinking agents.
However, FTIR analysis alone cannot establish
differences in network density. Therefore, the
implications of these structural differences should be
considered alongside the swelling behavior, which
reflects changes in membrane dimensions upon
immersion.
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Figure 2. Schematic illustration of the proposed interactions between chitosan, PEG 4000, and dicarboxylic acids

3.1.2. Zeta Potential

The results of zeta potential measurements, as
shown in Figure 3, show that all membranes have a
positive charge with values ranging from +55.8 to +74.58
mV. The CS membrane exhibits a zeta potential of +58.91
mV, arising from the protonation of chitosan amino
groups. The addition of PEG causes a slight decrease to
+55.8 mV because PEG is non-ionic and can cover some of
the amino groups on the membrane surface. In contrast,
dicarboxylic acid cross-linking increased the zeta
potential to +72.68 mV (COP), +67.21 mV (CAP), and
+74.58 mV (CDP), indicating structural reorganization
that enhanced the exposure of protonated amino groups.

The highest zeta potential value was obtained on the
CDP membrane. This phenomenon may be attributed to
the longer carbon chain of adipic acid compared with
malonic and malic acids, which increases the distance
between polymer chains and may prevent some chitosan
amino groups from participating directly in cross-linking
interactions [31]. As a result, some amino groups remain
available for protonation to form —NH;* groups, thereby
contributing to the increase in the measured positive
charge. The zeta potential results did not follow the same
trend as the measured pH values, indicating that the
differences in zeta potential may not be attributed to pH
alone, but may also be influenced by other factors, such as
ionic strength and interactions among the components of
the membrane-forming solutions.

The effect of surface charge on urea and creatinine
transport was not expected to be significant. This is
because urea is a neutral molecule, whereas creatinine is
only weakly charged in solution. CDP membranes have
the highest positive charge density, thus potentially
having the strongest electrostatic interactions with

negatively charged species, such as protein molecules.
The higher the positive surface charge, the stronger the
possibility of electrostatic interactions with negatively
charged protein [32]. Consequently, protein adsorption
on the membrane surface can increase if other factors
such as hydrophilicity and surface roughness are unable
to inhibit the process.

3.1.3. Surface Morphology Analysis by AFM

Based on the AFM analysis (Figures 4 and Table 2),
the membrane surface roughness increased in the order
of COP < CS < CP < CDP < CAP. COP exhibited the lowest
Ra, Rq, and Rz values, indicating the smoothest surface
due to a more homogeneous polymer distribution and a
more uniform crosslinked network. In contrast, the
incorporation of PEG increased the surface roughness of
the CS membrane, likely because of phase separation and
the formation of more heterogeneous polymer domains.

Among the crosslinked membranes, CAP showed the
highest average roughness (Ra and Rq), which may be
attributed to the additional hydroxyl group of malic acid
that enhances hydrogen bonding, promoting local
polymer aggregation during solvent evaporation and
membrane drying, thereby producing a rougher surface
morphology in the dried membrane [33]. Meanwhile, CDP
exhibited the highest Rz value, indicating greater
differences between the highest peaks and deepest
valleys, reflecting more pronounced local surface
irregularities. Interestingly, this trend differed from the
zeta potential results, in which CDP exhibited the most
positive surface charge. This finding suggests that
protein adsorption was influenced not only by the
electrostatic properties of the membrane but also by its
surface morphology.
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Table 2. AFM-derived surface roughness parameters of

Table 3. Results of the weight and thickness of the

the five membrane variations membrane
Parameter Type of Weight (x10'mg)  Thickness (x10™>mm)
of CS CP cop CAP CDP b
roughness membrane 5 my, 75mL 10mL 5mL 7.5mL 10 mL
Rq 2234 4626 1717 59.39 51.31 CS 7.02 10.72 13.05 6.40 7.60 8.40
Ra 16.85 37.96 13.61 46.38 39.17 Ccp 7.20 10.87 1428 6.80 7.20 7.80
cop . 2 22 6.20 .60 .80
Rz 168.43 292.43 112.76 364.13 406.18 4771 723 9 7 7
CAP 480 7.28 1010 8.00 8.40 11.00
3-14. Weightand Thickness CDP 4.81 7.57 1026 7.60 8.20 1160

In Table 3, the membrane weight and thickness
varied with the crosslinking agent and casting volume.
The incorporation of PEG 4000 increased the membrane
weight relative to pure chitosan, whereas crosslinking
with dicarboxylic acids initially reduced it, likely due to
the additional solvent wused during membrane
preparation. Among the crosslinked membranes, the
weight increased with the molecular weight of the
dicarboxylic acid, following the order COP < CAP < CDP.
Increasing the casting volume from 5 to 7.5 and 10 mL also
resulted in higher membrane weights for all
formulations.

The average wet membrane thickness at a casting
volume of 5 mL increased in the order COP < CS < CP < CDP
< CAP. Although the crosslinked solutions (COP, CDP, and
CAP) appeared less viscous than the CS and CP solutions,
the resulting membrane thicknesses were also influenced
by the final membrane diameter. In particular, CAP and
CDP exhibited smaller diameters in both the dry and wet
states, resulting in greater thicknesses than CS and CP. In
contrast, COP exhibited a larger diameter than CAP and
CDP, corresponding to a lower thickness. As with
membrane weight, thickness increased with increasing
casting volume across all membrane variations.
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Furthermore, the CS and CP membranes exhibited
different trends in weight and thickness at casting
volumes of 7.5 and 10 mL. At casting volumes of 7.5 and 10
mL, the CP membranes exhibited larger diameters than
the corresponding CS membranes and were therefore not
necessarily thicker than CS. This observation suggests
that the additional casting solution may have promoted
greater lateral spreading of CP rather than a proportional
increase in thickness. Therefore, membrane thickness
depends not only on membrane weight but also on the
extent of lateral spreading and the resulting membrane
geometry.

3.1.5. Porosity Test

The porosity test, conducted by immersing the
membranes in distilled water for 24 hours, revealed
variations in porosity among the membrane
formulations, which may be influenced by material
composition and fabrication conditions. Porosity reflects
the formation of a porous structure that plays an
important role in membrane transport properties. As
shown in Figure 5(A), at a casting volume of 5 mL, the CS
membrane exhibited the lowest porosity (33.85%),
whereas the CAP membrane exhibited the highest
porosity (43.85%), followed by the CDP membrane
(41.46%). The relatively high porosity of CAP may be
associated with the incorporation of malic acid as a
crosslinking agent. Malic acid contains both carboxyl
groups (-COOH) and a hydroxyl group (-OH), which may
contribute to the hydrophilicity of the polymer network
and facilitate water penetration into the membrane
structure [19]. Meanwhile, the relatively high porosity of
CDP may be related to the longer aliphatic carbon chain of
adipic acid, which may influence the arrangement and
spacing of polymer chains, potentially promoting the
formation of a more open membrane structure [21, 33].
Furthermore, increasing the membrane casting volume
from 5 mL to 7.5 mL and 10 mL led to a corresponding
increase in porosity for all membrane types.

The increase in porosity at higher casting
thicknesses may be associated with the combined effects
of membrane thickness and the chemical structure of the
crosslinking agents used. Increasing the casting volume
may influence the formation of the membrane's internal
structure, including the distribution of voids and pore
channels accessible to water. Meanwhile, malic acid, used
as the crosslinking agent in the CAP membrane, contains
hydroxyl (-OH) groups that may enhance the
hydrophilicity of the polymer network [19]. The increased
hydrophilicity may facilitate water penetration and
retention within the membrane matrix during 24 hours of

immersion, potentially contributing to CAP exhibiting the
highest apparent porosity among all tested membrane
formulations. These findings suggest that membrane
porosity is influenced not only by casting thickness and
the carbon chain length of the crosslinking agent but also
by the availability of hydrophilic functional groups and
the internal structure of the resulting polymer matrix.

3.1.6. Swelling Degree Test

The degree of swelling analysis revealed variations in
the dimensional changes of the membranes, as
determined by changes in membrane diameter after 24
hours of immersion in distilled water. As shown in Figure
5(B), the swelling behavior did not completely follow the
porosity trend, indicating that membrane expansion was
not determined by porosity alone. Differences in the
chemical structures of the dicarboxylic acid crosslinkers
may also contribute to the observed swelling behavior. As
illustrated by the proposed molecular structures in Figure
3, COP has the shortest carbon chain, followed by CAP,
which contains an additional hydroxyl group, and CDP,
which has the longest aliphatic chain. These structural
differences may influence the arrangement of the
chitosan network and, consequently, the extent of
dimensional expansion upon immersion.

Furthermore, the degree of swelling increased with
casting volume, indicating greater diameter expansion
after immersion. Among all samples, the CDP membrane
exhibited the highest degree of swelling (58.62, 60.60,
and 66.66%), followed by CAP and COP. These findings
suggest that membranes crosslinked with dicarboxylic
acids developed a more interconnected porous network,
which facilitated greater water penetration and retention
within the polymer matrix during the 24 -hour immersion
period. Consequently, the enhanced pore
interconnectivity and increased free volume contributed
to the superior swelling behavior observed in these
membranes.

3.1.7. Water Uptake

The water uptake results differed slightly from the
porosity and degree of swelling measurements. At a
casting volume of 5 mL, the water uptake exhibited the
same trend as the previous two tests. However, at higher
casting volumes (7.5 and 10 mL), the water uptake
behavior varied among the five membrane compositions,
indicating differences in their water absorption kinetics.
An increase in water uptake was observed for the CS and
CDP membranes, whereas the CP, COP, and CAP
membranes exhibited a decrease. Nevertheless, the CDP
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membrane consistently exhibited the highest overall
water uptake (123.05, 125.36, and 126.48%) at casting
volumes of 5, 7.5, and 10 mL. These results in Figure 5(C)
suggest that the increase in water uptake with increasing
casting volume observed for CS and CDP may be
associated with differences in water absorption capacity,
the accessibility of the internal membrane structure, and
interactions between water and the polymer matrix. In
CS, the hydroxyl and amino groups of chitosan can
interact with water, whereas in CDP, interactions between
chitosan and adipic acid may influence the polymer chain
arrangement and water retention [21]. In contrast, CP,
COP, and CAP exhibited decreasing water uptake as
casting volume increased, suggesting that their short-
term water absorption behavior may be influenced by
composition-dependent changes in membrane structure
and water accessibility.

Notably, porosity increased with increasing casting
volume across all membrane formulations after 24 hours
of immersion. This finding, together with the different
water uptake trends observed after 6 hours, suggests that
water absorption during the 6-hour test may not have
reached its maximum under the tested conditions. Thus,
the water uptake measured at 6 hours may reflect
differences in short-term water absorption behavior
rather than the maximum water-holding capacity of the
membranes. However, further measurements at multiple
immersion times would be required to confirm whether
water uptake had reached equilibrium [34].

3.1.8. Water Contact Angle

The water contact angle results, as shown in Table 4,
differed from those obtained in the previous
characterization tests. Unlike porosity, swelling degree,
and water uptake measurements, the water contact angle
test evaluates the wettability of the membrane surface
immediately upon contact with a water droplet, without
requiring water to penetrate or be absorbed into the
membrane matrix. Consequently, this analysis primarily
reflects the surface hydrophilicity rather than the bulk
water absorption behavior of the membrane. Among the
tested membranes, the CAP membrane exhibited the
lowest water contact angle, indicating the highest surface
hydrophilicity, whereas the CS membrane showed the
highest contact angle, corresponding to the lowest
wettability and hydrophilicity among the tested
membranes.

The superior hydrophilicity of the CAP membrane

contains two carboxyl (—COOH) groups and an additional
hydroxyl (—OH) group. The presence of the extra hydroxyl
group provides additional hydrogen-bonding sites,
thereby enhancing the affinity of the membrane surface
toward water [10, 35]. The COP membrane, crosslinked
with malonic acid, exhibited the second-highest
hydrophilicity because malonic acid has two carboxyl
groups and a relatively short carbon chain, yielding a
highly polar crosslinking structure. In contrast, the CDP
membrane crosslinked with adipic acid exhibited lower
hydrophilicity than CAP and COP despite containing two
carboxyl groups. This may be related to the longer
aliphatic chain of adipic acid compared with malic and
malonic acids [21]. The longer hydrocarbon segment may
increase the relative nonpolar character of the
crosslinked network, thereby reducing its affinity for
water despite the presence of carboxyl groups [10, 35].

3.1.9. pH Resistance Performance

Based on Figure 6, the pH resistance test
demonstrated the stability of each membrane across pH
levels (3, 5, 7, 9, and 11). At pH 3, all membrane variations
exhibited 100% weight loss, indicating complete
structural degradation under strongly acidic conditions.
This is attributed to the protonation of chitosan amino
groups, which disrupts intermolecular interactions and
weakens the polymer network, leading to membrane
dissolution. At pH 5, some membranes still exhibited
weight loss, suggesting partial destabilization of the
polymer structure under mildly acidic conditions.
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[ JcstomL
B cP5mL
I cp7.smL
[ JeriomL
I COP 5 mL
I coP 7.5 ml.
B cop 10mL
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Figure 6. pH stability of the fabricated membrane
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At pH 7, only the unmodified CS membrane exhibited
weight loss (2.70% for 5 mL and 1.02% for 7.5 mL), while
the crosslinked membranes remained stable. The
improved stability of the modified membranes was
attributed to the stronger polymer network formed by
dicarboxylic acid crosslinking, which limited chain
mobility and prevented dissolution. This stability at
neutral pH is crucial for hemodialysis applications, as it
closely matches the physiological blood pH (~7.4) [36,
37]. Under alkaline conditions (pH 9 and 11), all
membranes remained intact, a result attributed to the low
solubility of chitosan.

3.1.10. Biodegradation Performance

The biodegradation test revealed different
degradation behaviors among the membrane variations
within 9 weeks. Based on composition (Figure 7(A)), the
degradation rate at a casting volume of 5 mL followed the
order CP > CAP > COP > CDP > CS. The CP membrane
exhibited the fastest degradation due to PEG
incorporation, which increased membrane hydrophilicity
and free volume, facilitating water penetration and
polymer degradation [38]. The dicarboxylic acid-
crosslinked membranes showed slower degradation due
to the formation of a more stable network. Among them,
CAP degraded faster than COP and CDP because the
hydroxyl (-OH) group of malic acid enhanced
hydrophilicity and water accessibility, whereas CDP
showed the lowest degradation rate due to the longer
carbon chain of adipic acid, which reduced membrane
polarity and limited water penetration [20].

Based on membrane thickness, thinner membranes
generally degraded faster due to lower polymer mass and
shorter water diffusion pathways (Figure 7(B, C, and F)).
However, this trend was not observed for COP and CAP
(Figure 7(D and E)), likely due to the higher contribution
of hydrophilic functional groups from the crosslinkers in
thicker membranes. The increased presence of malonic
and malic acid facilitated water penetration and
hydrolytic degradation, particularly in CAP due to its

additional hydroxyl (-OH) group. Therefore,
biodegradation behavior was influenced not only by
membrane thickness but also by the balance between
crosslinking structure, hydrophilicity, and water
accessibility within the polymer matrix.

3.1.11. Tensile Strength

Tensile strength tests were conducted on wet
membranes to better represent hemodialysis conditions,
where membranes are exposed to an aqueous
environment and come into contact with blood. This wet
state provides a more relevant assessment of their
mechanical behavior under conditions closer to their
intended application. The mechanical properties of the
membranes, evaluated through tensile strength and
elongation in Table 5, were influenced by membrane
composition and casting volume. The lowest tensile
strength was observed for the COP membrane at 5 mL and
10 mL, while the highest was obtained for the CP
membrane at the same volumes. The lower tensile
strength of COP may be related to the shorter carbon
chain of malonic acid, which provides weaker
reinforcement within the chitosan network [39]. In
contrast, the CP membrane exhibited the highest tensile
strength at both casting volumes, potentially due to PEG—
chitosan interactions that influence intermolecular
cohesion and stress transfer, resulting in higher tensile
strength.

Table 5. Results of membrane tensile strength test

Tensile stress (MPa)  Elongation (%)

Membrane
5 mL 10 mL 5 mL 10 mL
CS 0.38 1.43 14.62  29.80
CcpP 0.94 2.97 16.45  24.90
COP 0.17 112 12.39 51.49
CAP 0.78 1.32 29.53 46.95
CDP 0.6 1.09 23.65 33.84
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The elongation results showed a different trend
overall, although the membranes cast at 5 mL followed
the same order as the wet membrane thickness results
(Table 3) at the same casting volume (COP < CS < CP < CDP
< CAP). The COP membrane at 5 mL and CP membrane at
10 mL exhibited the lowest elongation. The CP membrane
had lower elongation at break than the CS membrane at 10
mL, which may be associated with its higher porosity, as
pores can act as stress concentration sites and restrict
deformation under wet conditions. While CAP at 5 mL and
COP at 10 mL showed the highest elongation. The higher
elongation of CAP was attributed to the hydroxyl (-OH)
group of malic acid, which increased hydrophilicity and
chain mobility. Meanwhile, the increased elongation of
COP at 10 mL may result from greater water accessibility
and membrane thickness, which promoted polymer chain
movement [29, 40]. Overall, the mechanical behavior was
governed by the balance between crosslinking structure.
polymer interactions. and membrane flexibility.

3.2. Permeation Performance in Dialysis

The membrane permeation performance was
evaluated through four transport tests, as shown in
Figure 8. Based on Figure 8(A), the transport of four
model solutes (urea, creatinine, vitamin B12, and BSA)
was investigated using membranes prepared at the lowest
casting volume (5 mL) to evaluate the rejection of larger
solutes while maintaining the transport of small uremic
toxins. All membrane variations completely rejected
vitamin B12 and BSA, indicating that the membrane pore
sizes were smaller than the molecular dimensions of
these macromolecules [41, 42]. The high rejection of BSA
and vitamin B12 demonstrates the membrane’s ability to
retain relatively large molecules and may contribute to its

selective transport characteristics. While BSA represents
a large protein, vitamin B12 is an essential nutrient that
should be maintained at adequate levels in patients
undergoing hemodialysis [43, 44). Therefore, the
retention of these solutes may help minimize the loss of
essential biological components during dialysis.
However, this selectivity must be balanced with effective
clearance of uremic toxins. In contrast, urea and
creatinine readily permeated the membranes due to their
significantly smaller molecular sizes [45].

Among the tested membranes, the CAP membrane
exhibited the highest transport efficiencies for urea
(61.16%) and creatinine (49.68%), followed by CDP, COP,
CP, and CS (28.06% for urea and 14.34% for creatinine).
The superior transport performance of CAP is attributed
to the use of malic acid as the crosslinking agent. In
addition to its two carboxyl groups, malic acid contains an
additional —-OH group that increases membrane
hydrophilicity and promotes the formation of a hydrated
transport pathway, facilitating the diffusion of small
solutes. The CDP membrane exhibited the second-
highest transport due to the longer carbon chain of adipic
acid, which increased free volume within the polymer
matrix, although its lower hydrophilicity than malic acid
limited solute diffusion. Meanwhile, the COP membrane
exhibited moderate transport performance because
malonic acid possesses a shorter carbon chain and lacks
the additional —OH group, resulting in lower free volume
and hydrophilicity than CAP. These results suggest that
membrane transport is governed not only by pore size but
also by the hydrophilicity and molecular structure of the
crosslinking agent, which together regulate water-
mediated diffusion through the membrane.
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As shown in Figure 8(B), the transport performance
of the CAP membrane, which exhibited the best overall
permeation performance, was further evaluated at
different casting volumes (5, 7.5, and 10 mL) to
investigate the effect of membrane thickness. Only urea
and creatinine were used as permeating solutes because
of their relatively small molecular sizes. The results
showed that the 5 mL membrane achieved the highest
transport efficiencies for both urea and creatinine,
followed by the 7.5 mL and 10 mL membranes. This trend
is primarily attributed to the increase in membrane
thickness as casting volume increases. Thicker
membranes provide a longer diffusion pathway and
greater transport resistance, thereby reducing the
diffusion rate of small solutes across the membrane.
Although increasing the casting volume also increased
membrane porosity, the effect of the longer diffusion
distance was more dominant, resulting in lower overall
permeation [46, 47). These findings indicate that
membrane thickness plays a critical role in determining
transport performance, with thinner membranes offering
more efficient diffusion while maintaining sufficient
selectivity.

After identifying the 5 mL CAP membrane as the
optimal composition, its transport performance was
further evaluated through five consecutive dialysis cycles
using urea and creatinine as model solutes (Figure 8(C)).
The transport efficiency of both solutes gradually
decreased with repeated use, indicating progressive
membrane fouling and reduced mass transfer efficiency.
The decline was more pronounced for creatinine, whereas
urea transport remained relatively stable, showing only a
slight fluctuation with a temporary increase during the

fourth cycle before decreasing again in the fifth cycle.
This difference is likely attributed to the smaller
molecular size and higher diffusion coefficient of urea,
which allow it to diffuse through the membrane more
readily even after partial pore blockage. In contrast,
creatinine, with a larger molecular size and lower
diffusivity than urea, is more susceptible to transport
resistance due to pore fouling or partial blockage during
repeated dialysis cycles. These results indicate that the
membrane exhibits its highest dialysis performance
during the initial cycle, while repeated use progressively
reduces transport efficiency due to membrane fouling
(48, 49]. Therefore, membrane regeneration or
replacement should be considered to maintain optimal
dialysis performance in practical applications.

The final transport test compared the performance of
the 5 mL CAP membrane using single-solute and mixed-
solute systems (Figure 8(D)). The single-solute system,
containing either urea or creatinine alone, was used to
determine the maximum transport efficiency of each
solute. In contrast, the mixed-solute system, consisting
of urea, creatinine, vitamin B12, and BSA, was designed to
simulate a more realistic hemodialysis environment in
which small uremic toxins coexist with larger
biomolecules. The results showed that the transport
efficiency of urea decreased from 61.16% to 42.27%, while
creatinine transport decreased more markedly from
49.68% to 23.85% in the mixed-solute system. This
reduction indicates that the presence of larger molecules
hindered the diffusion of small solutes through the
membrane. Although vitamin Bi12 and BSA were
completely rejected due to their larger molecular sizes,
their accumulation near the membrane surface likely
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caused concentration polarization and partial pore
blockage, thereby increasing mass-transfer resistance.
BSA can induce membrane fouling through adsorption on
the membrane surface and protein cake layer formation,
while vitamin B12 may contribute to fouling through
adsorption or interactions with membrane pores.

The positively charged membrane surface, as
indicated by the zeta potential results (Figure 3), may
promote electrostatic attraction with negatively charged
BSA under the experimental conditions, facilitating
protein adsorption and subsequent cake layer formation
[32]. This protein layer can increase mass-transfer
resistance and reduce the diffusion of urea and creatinine.
In contrast, vitamin Bi12, which has a relatively large
molecular structure, may contribute to transport
resistance through steric hindrance, pore restriction, or
adsorption, depending on the membrane pore size and
surface chemistry [50, 51].

Therefore, the reduction in urea and creatinine
diffusion is more likely associated with BSA and vitamin
B12 fouling. Furthermore, competition among solutes for
available transport pathways reduced the effective
diffusion of urea and creatinine [52]. The greater
reduction observed for creatinine is likely due to its lower
diffusion coefficient and larger molecular size than urea,
making its transport more sensitive to the increased
diffusion resistance. These findings suggest that
membrane performance evaluated using mixed-solute
systems provides a more realistic assessment of dialysis
performance than single-solute experiments, as it better
represents the competitive transport conditions
encountered during hemodialysis.

3.3. Hemocompatibility Test

The hemocompatibility of the membranes was
namely protein

evaluated through four assays,

adsorption, hemolysis ratio, thrombus formation, and
PTT, using membranes prepared at a casting volume of 5
mL as shown in Figure 9. In the protein adsorption test
(Figure 9(A)), the CAP membrane exhibited the highest
protein adsorption, whereas the COP membrane showed
the lowest. The lower protein adsorption of the COP
membrane indicates a reduced affinity for plasma
proteins, while the higher adsorption observed for CAP is
likely associated with its greater surface hydrophilicity
and the presence of additional —OH groups that promote
protein—surface interactions [53, 54]. Furthermore, the
protein adsorption trend was more consistent with the
surface roughness measured by AFM (Table 2) than with
the zeta potential results (Figure 3), suggesting that
surface morphology played a more dominant role than
surface charge in governing protein adsorption under the
present experimental conditions. Membranes with higher
surface roughness provided a larger effective surface area
and more favorable sites for protein attachment.

Based on Figure 9(B), the hemolysis assay results
showed that the COP membrane produced the higher
value, because of the highest erythrocyte damage, while
CAP membrane produced the lowest value (0.39%),
indicating that CAP possessed the best blood
compatibility with minimal erythrocyte damage [55]. But
all tested membranes still exhibited very minor damage,
as hemolysis rates were less than 0.6% and the materials
were considered non-hemolytic based on ASTM F756 and
1SO10993-4 [28, 56]. A similar trend was observed in the
thrombus formation test as shown in Figure 9(C), where
the COP membrane generated the greatest amount of
thrombus, while CAP exhibited the least thrombus
formation  (40.36%), demonstrating its lower
thrombogenicity and reduced tendency to activate blood
coagulation [1].

Figure 10. Membrane appearance before and after the thrombus formation test
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Visual comparison of the membrane surfaces before
and after the thrombus formation test is shown in Figure
10. As shown in Figure 10, visible blood deposits were
observed on the COP membrane, potentially reflecting the
retention of blood components on its surface and
contributing to the observed thrombus accumulation.
Consistent with those findings, the PTT assay, as shown
in Figure 9(D), revealed that the CP membrane induced
the fastest clot formation (136 seconds), whereas the CAP
membrane exhibited the longest clotting time (176
seconds). A prolonged PTT indicates delayed activation of
the intrinsic coagulation pathway, suggesting that the
CAP membrane possesses superior anticoagulant
properties [57]. The increased hydrophilicity of the CAP
membrane may promote the formation of a stable
hydration layer on its surface, thereby potentially
limiting the activation of surface-induced coagulation
[58]. The CP membrane exhibited the fastest clot
formation after the CS membrane, which may be
associated with changes in surface chemistry following
the incorporation of synthetic PEG into the chitosan-
dense matrix. If PEG coverage is incomplete or
nonuniform, exposed chitosan-rich regions may interact
with plasma proteins, potentially promoting contact-
mediated coagulation.

Overall, the CAP membrane demonstrated favorable
hemocompatibility compared with all other tested
membranes, as indicated by its low hemolytic activity,
minimal thrombus formation, and prolonged PTT
(coagulation kinetics at first contact), even with the
highest protein adsorption. This is because the total
protein adsorption assay measures multiple plasma
proteins, not only fibrinogen, which plays an important
role in clot (thrombus) formation [59, 60, 61]. Therefore,
high total protein adsorption does not necessarily
indicate high fibrinogen formation as the result of
thrombus formation, which is consistent with the
minimal thrombus formation observed for the CAP
membrane. Although the CAP membrane exhibited the
highest protein adsorption, it still showed overall
favorable performance across permeation, selectivity,
and other hemocompatibility parameters. This suggests
that the CAP membrane, especially CAP 5 mL, warrants
further investigation for potential applications in
hemodialysis.

4. Conclusion

The incorporation of PEG 4000 and dicarboxylic acid
cross-linkers modified the physicochemical properties of
the chitosan-based membranes. FTIR analysis revealed
broadening of the O—H stretching band (typically around
3200-3600 cm™) and shifts in the C=0 stretching band
(approximately 1750-1600 cm™), N-H bending
(approximately 1650—1500 cm™), and C—N stretching
band (approximately 1550-1250 cm™), suggesting
changes in the chemical interactions within the
membrane matrix. Zeta potential measurements showed
that all membranes maintained positive surface charges
(from +55.80 mV to +74.58 mV). AFM analysis revealed
differences in surface morphology, with CAP exhibiting
the highest surface roughness (Rq = 59.39 nm and Ra =
£46.38 nm). Membrane modification increased porosity,

degree of swelling, water uptake, and thickness. CAP
exhibited the highest hydrophilicity, with a water contact
angle of 59.33°. Most membranes remained stable at pH
7-11 and completely degraded after 9 weeks. Regarding
mechanical properties, CP exhibited the highest tensile
strength, with reported values of 0.94 and 2.97 MPa,
whereas CAP at 5 mL and COP at 10 mL showed the highest
elongation at break, at 29.53% and 51.49%, respectively.
Among the fabricated membranes, CAP 5 mL
demonstrated the most balanced overall dialysis
performance. Compared with the pristine CS membrane,
CAP increased urea and creatinine transport from 28.06%
to 61.16% and from 14.34% to 49.68%, while effectively
retaining vitamin B12 and BSA, and exhibiting the best
overall hemocompatibility, characterized by the lowest
hemolysis ratio (0.39%), lowest thrombus formation
(40.36%), and the longest PTT (176 seconds). In addition,
increasing membrane thickness enhanced hydrophilic
interactions and mechanical strength but reduced
permeation performance owing to the longer diffusion
pathway. These findings identify CAP as a promising
membrane for hemodialysis applications and
demonstrate that optimizing both membrane
composition and thickness is an effective strategy for
developing high-performance chitosan-based dialysis
membranes. However, further studies under clinically
relevant conditions are needed to establish its potential
for use in hemodialysis.
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