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Abstract. This work succeeded in synthesizing sponges from chitosan-graft-maleic anhydride.
Chitosan and maleic anhydride at a certain mass ratio (1:2, 1:1; and 2:1) were reacted in dimethyl
sulfoxide (DMSO) at 60°C for 24 hours. While the gel formation was carried out in distilled water
using a dialysis tube. The removal of DMSO from the gel was carried out by soaking the gel in
distilled water for two days. After that, the obtained gel was frozen at -25°C overnight before being
lyophilized under a vacuum at -40°C for 24 hours. The dry sponge weight obtained after
lyophilization is about 5.61% - 6.77% (dry sponge/wet gel). FTIR and TG/DTA then characterized
the sponges. The intensity of the new strong FTIR band appeared in the chitosan-graft-maleic
sponge at 1560.13 cm-1 which corresponds to the C=C strain. The results of TG/DTA showed that
pure chitosan and sponge chitosan-maleate underwent two stages of degradation, namely
evaporation of water and pyrolysis of organic compounds. The shift in the peak rate of degradation
in the second stage occurred at 300°C for pure chitosan and at 340°C for a graft-chitosan-maleate
sponge. Both results indicate that the reaction was successful. The drug loading capability was
investigated using methylene blue as the drug model. The drug loading kinetics corresponded to a
pseudo-first-order model with k¢ ranging from 0.287 to 0.317 day-l. According to the Freundlich
model, the adsorption equilibrium with K¢ and 1/n values was 4.923 mg/gram and 2.192,
respectively.
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1. Introduction

Sponges are porous materials synthesized from various materials and methods (Deb
et al, 2018). It has many advantages in the field of biomaterials, such as wound dressings
(Horio et al,, 2010), tissue engineering (Nikolova & Chavali, 2019), and drug delivery
systems (Cai et al., 2018). A large surface area is required to attach the active molecule or
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drug in drug delivery systems. Not only surface area but also materials for drug delivery
systems require several properties, such as non-toxicity, biocompatibility, and
biodegradability (Patel et al., 2018). These properties are found in many natural polymers,
one of which is chitosan (Peers et al., 2020).

Chitosan (1-4)-2-amino-2-deoxy-f-D-glucan is the second most abundant
polysaccharide (Ali & Ahmed, 2018). And it is usually synthesized from the deacetylation of
chitin (Sinha et al., 2004) which extracted from the exoskeleton of crustaceans (Liu et al,,
2016). Chitosan and chitin can be distinguished by deacetylation (DD) degree. If the DD
greater than 50%, it will consider as chitosan (Knidri et al,, 2018). Chitosan has been
extensively used as a drug delivery system due to its properties, namely non-toxic,
biodegradable, and mucoadhesive (Krisanti et al., 2020). Chitosan has two active functional
groups, amine and hydroxyl, and is usually further modified by other chemicals. Sponges
from chitosan are made by lyophilization of gel or chitosan solution. Lyophilization or
freeze-drying is a process in which water is frozen and removed through sublimation
(primary drying) and desorption (secondary drying). In sponges, pore size is an important
parameter (Deb et al., 2018). The pore size of the sponge can be controlled by varying
several parameters, such as the geometry of the thermal gradient during freezing, ice
crystal size, freezing temperature, and freezing rate (Pottathara et al,, 2021).

Chitosan is usually reacted with a crosslinking agent to form a gel. There are many
crosslinking agents with different interactions, namely chemical and physical crosslinkers
(Hamedi et al.,, 2018). Chemical crosslinks are formed by irreversible covalent bonds
between polymers and crosslinkers (Liu et al, 2014), whereas physical crosslinks are
reversible interactions between polymers and crosslinkers (Croisier & Jérome, 2013). In
physical crosslinking, crosslinking can be found in the form of ions or ionic molecules.
Chitosan is polycationic with a protonated amine group. Therefore, to physically crosslink
chitosan, anions or anionic molecules are needed (Kono et al.,, 2013). Maleic anhydride
becomes an attractive anionic molecule to use if it is to be further modified. Chitosan reacts
with maleic anhydride through the amidation and esterification processes. After the
reaction, chitosan has a cationic functional group from the protonated amine group and
anionic functional group from the deprotonated carboxyl group, therefore it becomes a
polyampholyte (Timotius et al., 2022).

The drug model used in this study is methylene blue. Methylene blue has a long journey
as adrug that is applied on malaria diseases (Ashley & Phyo, 2018). Now, this cationic drug
has been widely used, not only on malaria, but also on other diseases, namely
methemoglobinemia, ifosfamide-induced neurotoxicity, paraplegic adrenaline-resistant
shock, and Alzheimer's (Schirmer et al.,, 2011). Another study uses methylene blue to
enhance the apoptosis of cells in lung cancer by photodynamic therapy (Lim et al, 2013).
Another study reviews its potency as anti-aging drug (Xue et al., 2021).

This study is aiming the potency of chitosan-graft-maleic sponges as a drug carrier. In
this study, the lyophilization method successfully synthesized a novel chitosan base sponge
from chitosan and maleic anhydride. The modified chitosan solution is prepared by reacting
low molecular weight chitosan with maleic anhydride in dimethyl sulfoxide (DMSO).
Furthermore, the gel formation is carried out by dialysis of the modified chitosan solution
under aquadest. Then before lyophilization, the gels were frozen at -25°C. The obtained
sponges are then further characterized.
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2. Methods

2.1. Materials

Low molecular weight chitosan (50 - 190 kDa, 75 - 85% DD) was obtained from Sigma
Aldrich, USA. Acetic acid (100%) was supplied from Merck, Germany. Maleic anhydride
(>99% purity) was purchased from Nacalai Tesque Inc. Japan. Methylene blue was
obtained from Merck, India. Merck, Japan, supplied dimethyl sulfoxide (DMSO). All reagents
were used without further purification or treatment.

2.2. Methods
2.1.1. Synthesis of Chitosan-graft-Maleic Sponges

The chitosan-graft-maleic (Chi-MA) synthesis followed previous studies with slight
modifications (Zhou et al,, 2017). The scheme of sponges synthesis is provided in Figure 1.
About 1 gram of chitosan is dissolved in 50 mL of dimethyl sulfoxide. After the chitosan was
dissolved entirely, maleic anhydride was added to the solution, followed by stirring at 300
rpm, 60°C for 24 hours. Gel formation was carried out using a dialysis tube. After the
reaction, the solution is placed in cellulose dialysis tubing (MWCO 15 kDa) and dialyzed
under deionized water to form a gel. The removal of DMSO from the gel was carried out by
soaking the gel in distilled water for two days. Afterward, the obtained gel was frozen at -
25°C overnight before being lyophilized under a vacuum at -40°C for 24 hours. This method
was performed for several MA masses (0.5 grams, 1 gram, and 2 grams) labeled Chi-MA-21,
Chi-MA-22, and Chi-MA-24.

Chitosan Maleic Anhydride

| |

Reaction
300 rpm

&0°C
24 Hours

Chitosan-graft-Maleic
Solution

Gel Formation
Cellulose Dialysis Tubing
Distilled Water
24 Hours

Chitosan-graft-Maleic
Gels

Impurities
Removwval
Distilled Water
28 Hours

Chitosan-graft-Maleic
Gels

Freeze Dry
-20°C, Vacuum
24 Hours

Chitosan-graft-Maleic
Sponges

Figure 1 Preparation of Chitosan-graft-Maleic Sponges

2.1.2. Characterization

FTIR and thermogravimetric analysis were carried out for the characterization of
chitosan sponges. The FTIR study was performed by SHIMADZU IR Pestige-21. The sponges
were scanned with wavenumber ranging from 400 - 4000 cm-1. The thermogravimetric
analysis (TGA) study was conducted by NEXTA STA (Hitachi STA2Z00RV) with actual view
sample observations, and 15 mg of the sample was heated to a temperature of 900°C with
a heating rate of 10°C /min.

2.1.3. Drug Loading
Drug loading was carried out using the Chi-MA gel state. Methylene blue was dissolved

in deionized water and analyzed using a Vis Spectrophotometer (Genesys 20) as the initial
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concentration (C,). Chi-MA gel was weighed and immersed in methylene blue solution. A
decrease in concentration (C;) was observed for several increments. Observations are
completed when equilibrium has been reached. The adsorbed methylene blue (gq;) was
calculated using Equation 1, where the V and mj are the volumes of the methylene blue
solution and the dry sponge.

(Co—Ct)
G =——=xV (1)

mp
Kinetic studies were evaluated using two simple models, namely pseudo-first-order
(PFO, Equation 2) and pseudo-second-order (PSO, Equation 3) (Syafiuddin et al.,, 2018).
Where g, k¢, and kg are the drug absorbed at equilibrium, PFO constant, and PSO constant,

respectively. Fitting data minimizes the sum of square error (SSE) as described in Equation
4.

q: = qe(l — exp(—kft)) (2)
ks qg t

qe = 1+kgsqet 3)

SSE = (Qt,exp — Q¢ caic )2 (4)

The adsorption model evaluation was conducted by two different models: Langmuir
adsorption isotherm and Freundlich adsorption isotherm. The Langmuir model was
presented using Equation 5, while the Freundlich model was shown in Equation 6 (Ayawei
et al.,, 2017). The adsorption isotherm was conducted by measuring the equilibrium state
of drug loading.

_ kL Coqm
e 1+k1Ce (5)
qe = Kf(Ce)l/n (6)

3. Results and Discussion

3.1. Gel Preparation

The gel synthesis is successfully obtained up to 2:1 of MA to chitosan mass ratio.
According to previous work (Zhou et al., 2017), the MA to chitosan ratio of about 3.5:1
makes the modified chitosan dissolve in the water instead of gel formation. It might happen
because most of the amine groups are grafted by MA. Therefore, carboxyl groups instead of
amine groups will dominate the chitosan. In the present work, 2:1 is being a maximum MA
to chitosan ratio. The appearance of the gel is presented in Figure 1.

Figure 2 Gel State of Chitosan-graft-Maleic

The drying process of the gel is performed with two different methods, namely oven
and freeze-drying. The oven-drying process shows an extreme shrinkage in the gel volume,
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as shown in Figure 2a. This might have happened because the polymers cannot hold their
structure. Unlike the oven-drying process, the freeze-drying or lyophilization process
creates a sponge with low shrinkage, and the polymer can maintain its structure, as
presented in Figure 2b. The shrinkage on oven drying is about 92.97% in volume, while
freeze-dried sponge only shrank about 12.11%. This is occurred due to the sublimation
process when the ice crystal is directly converted into a gas state (Kassem et al., 2015). The
sponge's sample varies from 5.61 - 6.77%, while the rest is water.

(a) (b)
Figure 3 Result of Oven Drying (a) and Freeze Drying (b) of Chi-MA Gels

3.2. Component Analysis

FTIR study on chitosan and Chi-MA-24 is conducted to observe each sample's
functional group. Both results are shown in Figure 3. The FTIR spectrum of pure chitosan
shows a broad peak at around 3443.28 cm ™1, which corresponds to the hydrogen bond of
-NH and -OH stretching (Barleany et al., 2020). Amide I (C=0) and amide II (C-N) groups
around 1658.80 and 1558.48 cm™! (Kusumastuti et al., 2017; Haerudin et al., 2010)
respectively, it appears due to the incomplete deacetylation of chitosan. The C-0-C
stretching vibration appears at 1075.12 cm™!, while the C-N stretches around 1311.35
cm™! (Timotius etal., 2022). The result of Chi-MA-24 FTIR spectra shows a strong intensity
at 1560.13 cm™!, which corresponds to the presence of C=C stretching of grafted maleic
anhydride (Lavanya et al, 2017). A sharper peak at 3443.28 cm™! corresponds to the
appearance of a hydrogen bond from the COOH functional group introduced on the chitosan

backbone. It confirms the introduction of maleic on the chitosan backbone (Lavanya et al.,
2017).
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Figure 4 FTIR Spectra of Pure Chitosan (a) and Chitosan-graft-Maleic (b)

3.3. Thermogravimetric Analysis

The study is conducted to analyze the thermal stability of the Chi-MA samples. The
result of TG/DTA from Chi and Chi-MA samples is presented in Figure 5. The result shows
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that the first endothermic peak in DTA result at 82.56°C for pure chitosan and around 63-
67°C for Chi-MA are due to the evaporation of water and volatile organic compound
(Kusumastuti et al,, 2020), which in line with the TG result. At the same time, the second
endothermic flow corresponds to the glass transition temperature. The rate of degradation
of chitosan and Chi-MA samples consists of 2 steps, as shown in Figure 5b. The first step is
due to the samples' drying process, water evaporation, and volatile organic matter. In
contrast, the second step occurs due to the degradation of organic compounds to form char.
In the first step of pure chitosan, water evaporation occurs up to 100°C with a weight loss
of about 15%. Meanwhile, the primary degradation occurs from about 250 to 450°C, with a
minimal degradation rate. It is consistent with another study (Kumar & Koh, 2012). The
degradation pattern of Chi-MA samples is similar to pure chitosan. However, there is a
slight shift in the degradation rate between chitosan and Chi-MA samples, as shown in
Figure 5a. The chitosan has a steeper degradation rate, while the Chi-MA samples are
thermally more stable.
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Figure 5 TG/DTA of Chi and Chi-MA Samples at 10°C/min Heating Rate

3.4. Drug Loading

The result of methylene blue adsorption into the hydrogel’s matrices is presented in
Figure 6. The result shows that the equilibrium state appeared after eight days of
adsorption for all samples. The optimum drug loading appears in Chi-MA-22 samples with
the highest methylene blue loading. Kinetic adsorption of methylene blue onto Chi-MA
samples is determined using pseudo-first order and pseudo-second order kinetics
(Aljeboree et al, 2017). The plot for both models is shown in Figure 6, while the parameter
values are shown in Table 1. From the results, it can be concluded that pseudo-first order
best fits all samples. Where g, is the amount of methylene blue adsorbed at a given time
(mg/g), and kf is the first-order-adsorption Kinetic constants (min~1). The pseudo-first-
order rate model primarily models the physical adsorption phenomenon, while the pseudo-
second-order model primarily models the chemical adsorption phenomenon. According to
the result, the kinetic has the best fit on the pseudo-first order model with higher R?
compared to pseudo-second-order model. The physical adsorption occurred due to the
interaction between positive charges of the methylene blue with the COO- functional groups
in the Chi-MA samples (Wirawan et al, 2022).

The equilibrium study is carried out by measuring the equilibrium concentration of
methylene blue. The measurements are conducted at room temperature and several Chi-
MA-22 doses involving two equilibrium models: Langmuir (Equation 5) and Freundlich
(Equation 6), which are presented in Table 2. The Langmuir model consists of 2 parameters:
full monolayer coverage (g,,) and Langmuir constant (k; ). While in the Freundlich model,
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Kr and 1/n stand for adsorption capacity and adsorption intensity, respectively (Ayawei et
al, 2017). Another study (Nadtoka et al.,, 2020) conducted methylene blue loading on
hydrogels. They use a small increment time which resulting an adsorption equilibrium at
about 140 min. This result might be because the monolayer adsorption has been reached.
An extended time conducted in our study shows that methylene blue shows an equilibrium
reached after about eight days which follows the Freundlich equilibrium model. This means
that methylene blue is adsorbed at multilayer adsorption. In contrast, the Langmuir
adsorption model assumes that the methylene blue is adsorbed at monolayer adsorption
(Wirawan et al, 2022). In multilayer adsorption, the phenomena only occur in the physical
adsorption mechanism, which is in line with the kinetics result.

Table 1 Kinetic Parameter Values of Each Model

Samples Pseudo-First-Order Pseudo-Second-Order
P ke (day™)  q.(mg/g) R? ks (g/(mg day)  q.(mg/g) R?
Chi-MA-21 3.17 x 107! 13.25 0.9552 1.29 x 1072 18.8186 0.9444
Chi-MA-22 3.03x 107! 19.92 0.9580 8.04 x 1072 28.5435 0.9487
Chi-MA-24 2.87 x 1071 15.79 0.9618 9.30 x 1073 22.9023 0.9534
20
154 [ ]
T s
£ 0. g
g‘ m  Chi-MA-21
= e Chi-MA-22
< A ChiMA-24
——PFO
1 J7 e PSO
H
0 T T T T
0 2 4 6 8
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Figure 6 Methylene Blue Loading into Chi-MA Samples
Table 2 Adsorption Equilibrium Parameter Values of Each Model

Equilibrium Model Parameters Value
qQm-mg/g 570325
Langmuir ki, L/g 4.09x 1075
R? 0.8187
K, 4.92
Freundlich 1/n 2.19
R? 0.9640
1404 ® Data

- - Freundlich
Langmuir

120
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Figure 7 Adsorption Isotherm of Methylene Blue in Chi-MA-22
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4. Conclusions

The chitosan-graft-maleic sponge was synthesized using the lyophilization method.
The maximum ratio of maleic anhydride to chitosan mass ratio is 2:1. According to the
result, the reaction and lyophilization were successfully conducted, which showed by the
appearance of a peak at 1560.13 ¢cm™1, corresponding to the C=C bond. The shift in the peak
rate of degradation in the second stage occurred at 300°C for pure chitosan and at 340°C
for a graft-chitosan-maleate sponge. The methylene blue loading followed a pseudo-first-
order kinetics model with k; values varying from 0.287 - 0.317 day~'. While the
adsorption isotherm was best fitted with the Freundlich isotherm model with K¢ and 1/n
values are 4.92 and 2.19, respectively. Hence it can be concluded that a chitosan-graft-
maleic sponge can be used as a methylene blue carrier.
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