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Abstract. This paper reports on a pH responsive material and a mathematical model for a drug
release study. This material can be applied as a tumor drug carrier, because the tumor tissue has a
different pH (5.7-7.8) compared to the healthy tissue (7.3-7.4). Maleic anhydride (MA) is
introduced into the chitosan (CTS) backbone to create a polyampholyte chitosan-graft-maleic (CgM)
film that has a pH responsive property. The success of the reaction is confirmed by Fourier
transform infrared spectroscopy, which shows a new peak at 1705cm-1. The acidic content and
mechanical strength of the material increase with the MA:CTS ratio. Our result shows that the pH
responsive property of this material appears at a ratio of 4:2 (weight MA/weight CTS). The
equilibrium swelling ratio provides information regarding the isoelectric point, which is obtained
at pH 6. The drug release study involves adsorption isotherms and moving boundaries cases. Our
calculation results show that the D, value varies from 2.71 x 10-7 to 6.37 x 10-7 cm2/min. The Henry
constants vary by approximately 102 to 103 in the order of magnitude. The Langmuir maximum
adsorption capacity is approximately 100 to 102 mmol/g in the order of magnitude.

Keywords: Adsorption isotherm; Chitosan-graft-maleic; Mathematical model; Moving boundary;
pH-responsive

1. Introduction

Recently, the development of biomaterials has shifted from active materials to “smart”
materials. These smart materials can respond or adjust depending on their environment
(Zhang et al., 2019). In the field of drug delivery systems, several stimuli are used, such as
radiation intensity, temperature, enzyme, magnetic field, and pH (Qian et al.,, 2019). Among
these, pH is the most interesting because the human body naturally has a wide range of pH
values of approximately 2-7.4 (Manga & Jha, 2017). This stimulus has specific values in
different biological conditions; for example, in tumor tissue, the pH value is approximately
5.7-7.8, which is different from that in normal tissue (approximately 7.3-7.4) (Qian et al,,
2019). Hence, drug release is expected to be specific to the tumor tissue rather than the
healthy tissue.

The pH-responsive drug delivery system commonly uses hydrogel technology.
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However, to obtain a pH-responsive hydrogel, the hydrogel should be formed of a
polyampholyte, which exhibits different swelling behaviors depending on the pH value and
salt concentration of the environment (Su & Okay, 2017). This property is attributed to the
presence of anionic and cationic functional groups along the polymer chains. As
polyampholyte has both types of charges, the density of each charge type is important. The
charge density is affected by the salt concentration or the pH of the environment. When the
environment is acidic, the cationic functional groups have a higher density, while in basic
media, the density of the anionic functional groups is higher. There is a pH point at which
both functional groups have the same density, which is called the isoelectric point (IEP)
(Kono et al,, 2013). Thus, a polyampholyte can be synthesized from cationic or anionic
polymers.

Chitosan (CTS), (1-4)-2-amino-2-deoxy--D-glucan, is known as a natural polycationic
saccharide (Kusumastuti et al., 2017a) and the second most abundant polysaccharide after
cellulose (Muharam et al., 2015). It can be safely used as a raw biomaterial (Wibowo et al.,
2021), owing to its properties such as biocompatibility, biodegradation, nontoxicity, and
the ability to mimic the native properties of a tissue (Morgado et al., 2015). CTS also exhibits
a suitable film-forming ability (Timotius et al., 2020). Therefore, it is reasonable to use CTS
as araw material to build 2D hydrogels. Because CTS is polycationic, it needs to be modified
to obtain polyampholyte properties. Hasipoglu et al. (2005) modified CTS with maleic acid
through grafting copolymerization by using ceric ammonium nitrate as the initiator. This
resulted in chitosan-graft-maleic (CgM), which acts as a polyampholyte. Zhou et al. (2017)
grafted maleic anhydride (MA) into CTS without any initiator and further used it as a
potential wound dressing. In our previous work (Timotius et al, 2019), we observed that
this material can be used as a drug delivery system. We also observed a compatible
mathematical model of drug release kinetics in this system (Timotius et al., 2020).

Considering that this material has been extensively studied, in this study, a CgM film
was synthesized and characterized as a potential pH-responsive material. The drug release
study was conducted at various pH values. A mathematical model was derived, involving
several adsorption isotherm models, such as the thermodynamic equilibrium model,
namely the Henry model, Langmuir model, and Freundlich model. The moving boundary
caused by the film degradation was also involved in the model. Curcumin was used as the
drug model in the drug release study and was identified as a cancer medicine.

2. Methods

2.1. Materials

Low-molecular-weight CTS (50-190 kDa, 75-85% DD) was obtained from Sigma
Aldrich, USA. Acetic acid (100%) was supplied by Merck, Germany. MA (>99% purity) was
purchased from Nacalai Tesque Inc., Japan. Curcumin was purchased from Bio Basic, Inc.,
Canada. Tween 80 and citric acid buffer solution (pH 2, 4, and 6) were supplied by Merck,
Germany. All reagents were used without further purification or treatment.

2.2. Film Preparation

A CgM film was synthesized based on our previous study with slight modification
(Timotius etal., 2020). Approximately 2 g of CTS was dissolved in 100 mL of acetic acid (1%
v/v). In different glasses, MA (1, 2, and 4 g) was pounded and dissolved in ethanol (70%
v/v). The MA solution was then poured into the CTS solution and constantly stirred for 24
h under atmospheric conditions. Then, the unreacted maleic acid was removed through
dialysis, which was conducted using a cellulose membrane (MWCO 15 kDa) in #4 L of
Aquadest for 24 h at 4°C. The dialyzed solution was cast on a polyethylene petri dish and
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dried at 50°C for 24 h. The samples were encoded as CgM-xy, where x and y represent the
masses of MA and CTS, respectively. As the standard, a pure CTS film was synthesized using
the same method but without the addition of MA; it was encoded as CTS. All these films were
further characterized using Fourier transform infrared (FTIR) spectroscopy. The films were
scanned by SHIMADZU IR Prestige-21 in the range of 400- 4000 cm1. The samples were
scanned in the solid state using KBr pellets with 10 scans and 4 cm-! resolution.

2.3. Drug Loading

Drugloading was performed after the dialysis process. The dialyzed solution was mixed
with Tween 80 (70% weight Tween 80/weight CTS). Then, curcumin was dispersed and
stirred until the solution became homogeneous. Next, the drug-loaded solution was cast on
a polyethylene petri dish and dried at 50 °C for 24 h.

2.4. Mechanical Strength

Mesdan Lab Tenso 300 (Type 168E, Serial Number: 397, Salo, Italy) was used to
determine the tensile strength and elongation at break of the samples. Each sample was
tested 3 times. The films were cut into 2.5 cm x 10 cm and the thickness was determined
before mechanical strength measurement. Each sample was pulled at a constant rate (196.5
mm/min) under 300 N load.

2.5. Swellability

The samples (@10 mm) were dried at 50 °C in the oven. The dried films were weighed
(W,, g) and then immersed in 50 mL of buffer solution (pH 2, 4, 6, and 7.4). After a certain
time interval, the films were taken out and the remaining water on the surface was removed
gently. These swelled films were weighed (W;, g). The equilibrium swellings ratio (Q., %)
was calculated as using Equation 1.

W
Q. = —= x100%
W (1)

2.6. Degradation Measurement

The dried films were immersed in the buffer solution (50 mL). After that, the films were
dried and followed by weighing (Imani et al., 2021, Nadia et al, 2021). The step was
repeated in a specific time interval. The drug release analysis was conducted at different pH
values (2, 4, 6, and 7.4). The degree of degradation of all samples was calculated using
Equation 2 where the W, (g) was the dried sample after immersion.

Degradation(%) = Wo 100%
Wo (2)
2.7. Drug Release
This study was conducted at various pH values (2, 4, 6, and 7.4). The drug-loaded films
(410 mm) were immersed in of buffer solution (50 mL). The concentration of the solution
was analized using spectrophotometer (Genesys-20) in a certain time interval.

2.8. Kinetics Model
The drug release system is illustrated in Figure 1 and Figure 2. The diffusion of the

drug through the matrix film was determined from the following partial differential
equation as expressed in Equation 3.

o°C, 1 oC,

oz’ D, ot (3)
where C,(z,t) is the concentration of curcumin in the matrix film (mg/cm3), and D,
indicates the effective diffusivity of the matrix film (cm?/min). The position and time were
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labeled as z and t, respectively. There were second-order derivatives with respect to
position and first-order derivatives with respect to time; therefore, we would need one
initial condition and two boundary conditions as written in Equation 4, 5, and 6
respectively.

CA(Z’O):CAO @)
oC
A(0,t)=0
oz ( ) (5)
aCA * _ kCA * _
)= 004 ) .

where Cyo and C4f are the initial concentrations of curcumin in the matrix film and bulk
liquid, respectively (mg/cm3), and L*(t) indicates the half thickness of the film (it decreases
with time because of degradation). The variable k., is the convection mass transfer
constant (cm/min), and Cj4 is the concentration of curcumin in the liquid present on the
matrix film surface (mg/cm3).

r r
t=0 t>0
r=R r=R
4-------| Degraded
z=0 z=1Lg Z z=0 z=L" z=1L, z

Figure 1 Illustration of Film Degradation that causes the Moving Boundary Case

The correlation between the curcumin concentrations on the film surface in the solid
phase (C4(L*, t)) and liquid phase (C;(t)) can be described using an adsorption isotherm.
In this study, we used three mathematical models for the adsorption isotherm (i.e., Henry,
Langmuir, and Freundlich), as described in Equations 7, 8, and 9, respectively.

C.(L t)=HC,(t)
(7)
K, C,Cilt)

1+ K, C() (8)
c. (L t)=K, [cit)) (9)

In the drug release study, the measured curcumin concentration was in the bulk liquid.
Hence, the result of C4(z, t) can be transformed into C,r as expressed in Equation 10.

2.5 L
C, 0)==2|L,C, - [C.(ztd
0 V{ fe.t )z] o

All parameters were obtained by minimizing the sum of squares of error (SSE), which
was calculated using Equation 11. We conducted minimization by using MATLAB to obtain
all parameters (D, k¢ ,, H, K}, Cry, K, and n) (Timotius, 2020).

CA(L*’t):
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Figure 2 Illustration of the Mass Transfer from the Matrix Film to the Bulk Liquid

3. Results and Discussion

3.1. FTIR Analysis

In this study, CTS and dialyzed CgM-42 were scanned using FTIR to observe the shifting
or appearance of any new peaks (Krisanti et al,, 2019). The results of both samples are
presented in Figure 3. The CTS film shows characteristics of CTS spectra. The wide bands
at approximately 3448 cm! correspond to the hydrogen bonds of amines. The amide I
(C=0) and amide II (C-N) peaks appear at 1658 and 1558 cm1, respectively (Kusumastuti
et al, 2017b). The amide band appears because CTS is not 100% deacetylated. Then, the
existence peaks at 1373 and 1080 cm-! are attributed to the stretching of the amide III (C-
N) and C-0O-C bands, respectively.

The reaction between CTS and MA follows both amidation and esterification
mechanisms (Timotius et al., 2020). This creates new peaks in the CgM-42 film at 1705 and
1573 cm-1, which correspond to the carboxyl group (C=0) and vinyl group (C=C) of the
grafted MA, as shown in Figure 3. There are also some shifts at amide [ and amide II, as well
as increased intensity at amide III (1365 cm1) and C-O-C (1072 cm™1) caused by the MA
grafted on the amine group and hydroxyl group of CTS. This result shows that the CgM film
is successfully synthesized.
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Figure 3 FTIR Results of the CTS and Dialyzed CgM-42 Film

3.2. Acidic Content

It is important to measure the acidic content of all films because it represents the
amount of acid in the films. The acidic content of CTS represents the amount of protonated
amine groups, while in CgM, the samples are assumed to be proportional to the amount of
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grafted MA (Timotius et al., 2019). Figure 4a shows the acidic content of each sample for
both dialyzed and undialyzed CgM films. The higher acidic content of the undialyzed film
corresponds to the appearance of unreacted MA. As the samples are dialyzed, the acidic
content of each CgM film decreases. This is because the unreacted MA is removed. This
result agrees with that obtained by Vasi et al. (2014). As the grafting is increased, the acid
content also increases. The grafted substance is an acid molecule.
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Figure 4 Acidic Content (a) and Mechanical Properties (Tensile Strength and Elongation at Break)
(b) of Each Sample

3.3. Mechanical Strength

The tensile strength and elongation at break of each sample are displayed in Figure 4b.
This measurement is performed to observe the effect of grafting MA on the mechanical
strength of the film. The tensile strength of CTS observed in this study is slightly higher than
that observed previously (Pereda et al., 2011), which is attributable to the different values
of deacetylation and drying processes which has positive effect to the tensile strength
(Homez-]Jaraetal.,, 2018). They (Peredaetal., 2011) dried the film at 35°C which give tensile
strength value at 17.34+2.43 N/mm?. The low elongation at breaks is typically caused by
the properties of CTS, which is known as a stiff material (Escarcega-Galaz et al., 2018).

The results of the mechanical strength measurement show that a higher MA
concentration tends to increase the tensile strength and decrease the elongation. This
means that the existence of maleic acid on the chitosan backbone creates a crosslinking
effect (Zurick & Bernards, 2014) due to the presence of carboxyl groups (negatively charged
functional groups) and amine groups (positively charged functional groups). An increased
concentration of grafted MA in the film is expected to increase the density of negative
charges in the film and lead to increased physical crosslinking.

3.4. Swellability

We observe the swellability of each sample at various pH values, which is an important
method to observe the [EP of a polyampholyte. This method is also used to determine which
ratio yields polyampholyte properties. The swellability of each sample in various pH
environments is presented in Table 1, where the symbol “+” indicates soluble, “+” indicates
partially soluble (break into small pieces), and “0” indicates swollen.

Table 1 Swellability of Each Sample in Various pH Environments

Samples pH 2 pH 4 pH6 pH 7.4
CTS + + + 0
CgM-12 + + 0 0
CgM-22 * * 0 0
CgM-42 0 0 0 0
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The swellability of the CTS film can be explained by its solubility. CTS is highly soluble
in acidic solutions (Rinaudo et al., 1999). As we do not use any crosslinker in the CTS film,
itis reasonable to assume that the CTS film is only swollen at a pH of 7.4. However, with the
introduction of MA into the CTS backbone, the film tends to be swollen. This occurs because
of the physical crosslinking, as explained before, and this result agrees with the mechanical
strength result. As presented in Table 1, all samples are swollen at pH 7.4, which means
that the amine groups of CTS do not react at all with the MA. If the MA:CTS ratio is increased

to approximately 3.5:1, it can lead to the formation of water-soluble CTS (Zhou et al., 2017).
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Figure 5 Equilibrium Swelling Ratio of CgM-42 at Various pH Values

Figure 5 shows the equilibrium swelling results of CgM-42 at various pH values. This
observation is conducted to identify the IEP of CgM-42. The number of deprotonated
carboxyl groups from grafted MA is the same as that of protonated amine groups from CTS
(Zurick & Bernards, 2014). This phenomenon causes an attraction between the positive and
negative charges and decreases the swelling ratio.

According to the experimental result, the [EP of CgM-42 appears at pH 6. When the pH
is below 6, the amine groups are protonated. This makes the film rich in positive charges
and creates repulsion between the positive charges. At pH 7.4, the carboxyl groups from
grafted MA are deprotonated and create many negative charges. This also produces the
repulsion effect and increases the equilibrium swelling ratio (Qian et al., 2019).

3.5. Degradation and Drug Release Study

The rate of degradation is an important factor in this study as it forms the base for the
moving boundary case. An empirical model is used as the model for the degradation rate,
as shown in Equation (12). Here, mp, m,, and t represent the film mass at each time point,
initial mass of the film, and time (min), respectively, while a, and a; are constants. The
obtained constant values are presented in Table 2. When the degradation is large enough,
it affects the drug release rate. The degradation of the polymer also releases the drugs that
are entrapped in the matrix. In our experiment, the samples retain their shape; it is assumed
that erosion only occurs in the axial direction. Therefore, by using mass conservation,
Equation (12) can be modified into Equation (13), where L and L, represent the film
thickness each time point and the initial thickness of the film, respectively. It is used to
determine the film thickness as a function of time.

m, =m, xa,(1—exp(-a, xt))
L = Ly xa,(L-exp(-a xt))

(12)

(13)
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Figure 6 Degradation Rate (a) and Drug Release Study (b) on CgM-42 at Various pH Values.

The degradation of CgM-42 at various pH values is presented in Figure 6a. This result
agrees with that obtained for the equilibrium swelling ratio. The polymer degradation is
the lowest at the IEP of CgM-42. This result is consistent with the equilibrium swelling ratio
result, which is attributable to the fact that the interaction between the positive and
negative charges can maintain the entanglement of the chains. Meanwhile, pH values lower
and higher than the IEP show that the degradation decreases more than at IEP. This is
attributable to the repulsion of the same charge, which implies the disentanglement of the
polymer chains (Kono etal., 2013).

A drug release study was conducted for 70 min to observe the behavior of curcumin
release at several pH values from CgM-42. The parameters are obtained using SSE
minimization in MATLAB®, and the results are presented in Table 2. The fittings between
the data and Equation (10) are presented in Figure 6b. Unlike the degradation and swelling
equilibrium, the results of the drug release study show different trends. This can be
explained by the charge of the film and the drug model. Curcumin, as the drug model, has
two structural forms depending on the medium in which it is present: keto form and enol
form. In acidic and neutral media, curcumin appears in the keto form and acts as a proton
donor (Singh et al,, 2017). The film is dominated by a positive charge at pH values below
the IEP, and vice versa (Kono et al., 2013). Therefore, if the pH value decreases, the released
curcumin is expected to be lower. In an acidic environment, the film has more positive
charges, while curcumin is negatively charged. This means that curcumin has many active
sites, which can hold curcumin in the film. However, there is an anomaly at pH 2, which
releases more curcumin than at pH 4. This result might have been influenced by polymer
erosion. The polymer erosion at pH 2 is greater than that at pH 4. This explains why this
phenomenon occurs. At the IEP, curcumin is almost completely released. This occurs
because the film has almost neutral net charges, which has been explained by the swelling
result.

The results of De for all pH and equilibrium models are in the order of magnitude 10-7
cm?/min. This results is consistent with that obtained previously (Timotius et al., 2020). In
our previous study, the same order of magnitude of approximately 107 cm?/min for the
same ratio of MA:CTS at pH 7.4 was obtained, while the order of magnitude for the pure CTS
film was 10-5> cm2/min. This means that the release of curcumin from the CgM-42 film is
more controlled than that from the pure CTS film. This indicates that D¢ is not much affected
by the pH value.
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Table 2 Parameter Values of Each Equilibrium Model at Various pH Values

Parameters pH 2 pH 4 pH 6 pH 7.4
D,, cm?/min 2.94 x 107 4.15 x 107 6.32 x 107 2.95 x 107
‘E’ k., cm/min 7.30 x 103 1.28 x 102 2.23x103 1.68 x 101
T H 6.99 x 103 9.96 x 103 1.76 x 102 4.21x 103
SSE 2.10x10¢ 3.46 x108 8.59 x 108 5.19 x 107
D,, cm?/min 3.66 x 107 4.15 x 107 6.37 x 107 3.08 x 107
§ k., cm/min 4.78 x 103 1.27 x 102 1.74 x 103 1.43 x 101
§o C,,, mmol/g 1.78 x 102 3.00 x 10t 1.20 x 100 4.70 x 100
S k;, L/mmol 2.65x 102 2.64 x 101 1.22 x 101 7.42 x 101
SSE 2.15 x 106 3.46 x 108 8.66 x 10-8 5.28 x 107
- D,, cm?/min 2.71x 107 2.45 x 107 6.33 x 107 2.99 x 107
% k., cm/min 8.33x 103 1.79 x 102 2.29 x 103 1.60 x 101
£ ke 1.92 x 10* 1.42 x 104 1.86 x 102 7.64 x 103
E n 3.80 x 101 7.23 x 101 9.71 x 101 5.55 x 101
SSE 2.11 x 106 3.94 x 108 8.64 x 108 5.24 x 107
oy 5.45 x101 3.15x101 2.82x 101 4.49 x 101
a;, min 8.68x10-2 1.15x101 1.44 x 101 1.26 x 101

The values of the equilibrium parameters are affected by the pH value. This is most
likely related to the charge density of the film and curcumin, as explained above. In this
study, Henry constants vary by approximately 102-103 in the order of magnitude. This
constant explains the proportional concentration of curcumin in the solid state (film) and
liquid state (buffer solution) (Frenning & Strgmme, 2003). However, this constant is only
applicable at low concentrations (Ayawei et al, 2017). In the Langmuir model, the
parameters are Cn and ki, which indicate the maximum adsorption capacity at full
monolayer coverage and the Langmuir constant, respectively (Varnier et al., 2018). In the
Freundlich model, k_f and n are the relative adsorption capacity and energy of adsorption,
respectively (Proctor & Toro-Vazquez, 2009). The trend of maximum adsorption capacity
(Cm and kg) is consistent with that of the charge density. The adsorption capacity of
curcumin increases at pH values below the IEP and decreases as the pH values increase. The
increasing intensity of the adsorbent-adsorbate is indicated by the decreasing n value,
which is favorable between 0.1 and 1 (Varnier et al., 2018). When the n value approaches
1, the adsorption energy distribution is uniform. It occurs at the IEP, where the active sites
are few; therefore, the energy is distributed uniformly. Apparently, all adsorption isotherm
models can fit the data, as the curcumin concentration is sufficiently low in this study;
however, each model explains a different meaning.

4. Conclusions

The grafting of MA and CTS is successfully performed in this study. Increasing the
MA:CTS ratio leads to an increase in the tensile strength and a reduction in the elongation
at break. The MA:CTS ratio that results in polyampholyte properties is obtained at 2:1
(w/w) and is denoted as CgM-42. The IEP of CgM-42 is identified at pH 6, which is obtained
from the equilibrium swelling ratio study. The degradation behavior is consistent with the
swelling result. In the drug release study, all adsorption isotherm models fit the data. The
value of D, is not affected by the pH. However, the adsorption equilibrium parameters are
strongly influenced by the pH. The D, value varies from 2.71 x 10-7 to 6.37 x 107 cm?/min.
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The Henry constants vary by approximately 102 to 103 in the order of magnitude, and the
Langmuir maximum adsorption capacity is approximately 10° to 102 mmol/g. The trend of
C,, is consistent with the equilibrium swelling ratio. These results show that this film can
be used for pH-responsive drug delivery systems.
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