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Abstract: Rice starch is an abundant, inexpensive, and biocompatible biopolymer -
with a wide range of potential applications, particularly in the biomedical field. /\;"> N
However, the use of rice starch is limited because of its water-solubility. One way s
of addressing this is to modify the crosslinking properties. If the degree of cross- Sl “”‘h\ .
T NH,

<

linking is sufficiently high, the starch becomes insoluble in water, but it remains
swellable. In this study, the first synthesis of pH-induced crosslinking of rice

starch without the use of any external chemical crosslinking agent was demon- B . M e
strated. The crosslinked rice starch was prepared by forming a Schiff base reac- cHo - bl
tion (imine) between the two modified starches: oxidized rice starch (ORS) and e ricaSarch Amine fice starch
amino rice starch (ARS). Here, the ORS and ARS were successfully synthesized, OHU ﬂH’

with the content of the glucose units being 32.01 and 27.80 mol%, respectively. Lﬁ

Imine bonds were shown to be formed from the aldehyde and amine groups. The NN

relationships between the pH and the degree of crosslinking were also investi-
gated. The chemical structures of the synthesized ORS and ARS and their cross-
linked products at different pH levels were determined by ‘H NMR, **C NMR, and
FTIR. Furthermore, the effect of pH on swelling behavior was explored. The rela-
tionships between the pH and the chemical structure agreed well with the swelling behavior. The swelling ratio was the highestat pH
5 and decreased with increased pH. Under basic conditions, hydrolysis was initiated, reducing the crosslink density and the efficiency
of water uptake. The present study suggests that the pH-induced crosslinked rice starch can be a promising biomaterial for controlled

A""SH-EI! I\‘Iﬂ-ﬁ,-

Crosslinked rice starch

release applications.
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1. Introduction

Polysaccharides are unique biopolymers. They are abundant,
inexpensive, renewable, stable, hydrophilic, and widely avail-
able in many countries. As well, they are modifiable, biological,
chemically non-toxic, biocompatible, and biodegradable. Starch
is a common polysaccharide. It is abundant as it is sourced
from food crops. Rice (Oryza sativa) is an important starch
resource in Thailand, which is one of the world’s largest rice
exporters.' Thailand’s Ministry of Commerce has estimated
that Thailand exported approximately 11 million tons of rice,
worth 5.62 billion USD, in 2018. Generally, starch is composed
of two glucose polymers (glucans): amylose, a low-branched
glucan? and amylopectin, a hyper-branched glucan, whose molec-
ular weights (Mw) range from 10* to 10° g/mol and from 10 to
10° g/mol, respectively. Thai rice starch (RS) contains approxi-
mately 15 wt% amylose and 75wt% amylopectin.**

*Corresponding Author: Chayanisa Chitichotpanya
(chayanisa.chi@mahidol.ac.th)
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One of the most important properties of starch is its large
number of reactive chemical groups, due to the hydroxy (-OH)
present at the 2-, 3-, and 6-positions in the glucose unit. These
functional groups can be modified by hydrolysis, oxidation,
grafting reactions, esterification, or etherification. One disad-
vantage of starch is that it is water-soluble, which limits its range
of applications. This can be addressed by crosslinking, which
occurs when a crosslinking agent is used to introduce bonds
between the starch polymer chains. Starch can be crosslinked
by the reaction between each hydroxy group in its chain and a
crosslinking agent. Crosslinking reduces the mobility of the
polymer chains, forming a three-dimensional network. If the
degree of crosslinking is sufficiently high, the starch becomes
insoluble in water but remains swellable. The degree of cross-
linking can be determined by the swelling behavior. Swelling,
or expansion in water, is an important characteristic for bio-
medical applications. The swelling mechanism of polymer films
can be determined by measuring swelling behavior through time.
This provides important parameters such as swelling kinetics
and the swelling ratio at equilibrium.>®
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Crosslinking of starch is normally achieved through chemical
methods using crosslinking agents. The various types of starch
such as corn,’ rice and potato® can be treated with different
crosslinking agents, including sodium trimetaphosphate (STMP),*°
sodium tripolyphosphate (STPP),!* phosphorus oxychloride
(POCl,)," and carboxylic acid.”® Rice starch has also been mod-
ified using chemical crosslinking with a mixture of STPP and
STMP,"* and epichlorohydrin," resulting in irreversible cross-
linking. Recently, novel crosslinking methods that do not require
crosslinking agents have been reported, including treatment
with various kinds of radiation; for instance, potato starch treated
with microwaves'® and corn starch with electron beams."”*® These
methods do not require a crosslinking agent and are simple
and easy to control.”” However, they are capital intensive and
require high levels of expertise.

The acid condensation reaction between aldehyde and amine
is used for chemical crosslinking in polysaccharides such as
chitosan and alginate.***' Crosslinking of chitosan with small
molecular dialdehydes, such as glyoxal and glutaraldehyde, was
reported by Zhang et al.?’ Oxidized alginate can also be used as
a crosslinking agent, forming a hydrogel by the introduction of
aldehyde groups into the polymer. The chitosan and oxidized
alginate form a hydrogel through this reaction,”” which is known
as imine formation or the Schiff base. Current studies are inves-
tigating its thermostability,”* ligand forming ability,?* and semi-
conducting properties.”> Furthermore, the Schiff base reaction
produces a reversible condensation between the amines and
aldehydes. It is an efficient reaction involving the loss of H,0
when an amino (-NH,) and carbonyl group (C=0) react to form
an imine (C=N) bond. The bond can be either intra- or intermo-
lecular. The reversible nature of the imine bond allows the
reaction to be driven forwards or backwards, as shown in Fig-
ure 1. The pH level determines the equilibrium between the
imine and its corresponding precursors. This reversibility of
imine bonds is part of dynamic covalent chemistry (DCC), in
which the formation and cleavage of covalent bonds within the
molecule are reversible.”® One area of current DCC research is
the development of stimuli for responsive dynamic functional
materials. These play a critical role in the emerging technolo-
gies of self-healing systems,” sensors,” and actuators.” Imine
formation has the potential to produce a reversible crosslinked
polysaccharide.

This study proposed the first pH-induced crosslinking of rice
starch synthesized without the use of an external chemical
crosslinking agent. The crosslinked starch was prepared by the
Schiff base reaction between two modified starches: oxidized
rice starch (ORS) and amino rice starch (ARS). The goal of this
research was to determine the relationship between the pH
value and crosslinking by studying the degree of crosslinking
and hydrolysis at different pH levels.

0 H® N
+ R;—NH
R1)LH 2~NH,

R H
eOH 1

Figure 1. Schiff base formation between the aldehyde and amine.
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2. Experimental
2.1. Materials

Native rice starch (RS) was supplied by Nguansoon Co, Ltd (Bang-
kok, Thailand). Epichlorohydrin was purchased from Sigma-
Aldrich (Steinhiem, Germany). Ethylenediamine was purchased
from Merck (Hohenbrunn, Germany). Other commercial grade
and analytical grade chemicals were purchased from RCI-Lab-
Scan (Bangkok, Thailand).

2.2. Synthesis of oxidized rice starch (ORS)

The oxidation procedure was adapted from Zhang et al*° First,
5 g of RS was suspended in 50 mL of water. The starch slurry
was heated at 80 °C for 30 min, then cooled to 60 °C. Next, 18.5
mL of 20% H,0, was added to the slurry, and kept at 60 °C
for 90 min. After the reaction was complete, the ORS solution
was precipitated in ethanol. Then, the ORS was filtered and
washed with ethanol, and then it was dried in an oven at 40 °C
for 24 h.

2.3. Synthesis of amino rice starch (ARS)

The synthesis method was adapted from Motte et al.*! First5 g
of RS was reacted in 18 mL of epichlorohydrinat 110 °C for 1 h.
The mixture was cooled to 60 °C. Next, 50 mL of 1 M NaOH and
4 mL of ethylenediamine were added. After the reaction was
complete, the ARS slurry was precipitated in ethanol, filtered,
and washed with ethanol. The ARS powder was then dried in
an oven at 40 °C for 24 h.

2.4. Crosslinked starch film preparation

Crosslinked starch films were prepared by the casting tech-
nique. The mixture of 2.5 g of ORS and 2.5 g of ARS was dissolved in
50 mL of distilled water. The solution was heated at 90 °C until it
was dissolved completely. After that, the starch slurry was cast
on a Teflon plate and dried in an oven at 40 °C for 24 h. The sche-
matic for the preparation of pH-induced crosslinked starch is
shown in Scheme 1.

2.5.Determination of aldehyde content

The aldehyde content of ORS was determined following Wing
et al** First 0.1 g of ORS was dissolved in 10 mL of water. The
solution was heated at 80 °C until the ORS was dissolved, then
cooled in a water bath to room temperature. Next, 10 mL of
standardized 0.1 M HCl, and 15 mL of hydroxylamine hydro-
chloride solution (25 g of hydroxylamine hydrochloride; 100
mL 0.5 M NaOH diluted to 500 mL using deionized water) were
added to the ORS solution. The solution was heated to and kept
at40 °C for 4 h and titrated rapidly with 0.1 M HCl using methyl
orange as an indicator. A blank test was performed with the
hydroxylamine hydrochloride solution. The aldehyde content
was calculated using the following Eq. (1):

Macromol. Res., 27(12), 1193-1199 (2019)
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Scheme 1. The schematic of synthetic route of pH-induced cross-
linked rice starch (RS).

CHCI X (Vblank_ Vsample)

CHO content = 0 T dry sample,/ 162

x100 )

where C is the concentration (mol/L) and V is the volume of
HCI (mL).

2.6. Determination of terminated amine content

To estimate the amine content of the prepared amino starch, the
nitrogen content was determined following ASTM E 258-67,
using Eq. (2). Briefly, this method consists of three steps: diges-
tion, distillation, and titration. In the digestion step, 0.1 g of sam-
ple, 5 g of K,SO,, 0.04 g of CuSO,, and 10 mL concentrated H,SO,
were placed in a digestion flask. The mixture was heated until
the white foam cleared and was then kept at that temperature
for 90 min. After that, 250 mL of distilled water was cautiously
added and the solution was cooled to room temperature. In the
distillation step, the digestion apparatus was connected to the
distillation apparatus, and 10 M NaOH was slowly added to the
solution. The distillate, NH; gas, was collected in a collecting flask
containing 100 mL of 0.1 M HCL. The digestion flask and titration
flask were removed and the condenser tube was rinsed with DI
water. In the titration step, 10 mL of the HCI solution from the
previous step was pipetted into a titration flask. This was titrated
with standard sodium hydroxide solution, using phenolphtha-
lein as an indicator.
%N x162
NH, content =

14x10 (2)

2.7.Fourier transform infrared spectroscopy (FTIR)
The chemical structures of RS, ORS, ARS, and imine were deter-
mined by using a Nicolet 6700 FTIR Spectrometer (Thermo

Scientific: Madison, WI, USA). The measurement was carried
out using the KBr pellet technique for the synthesized starch
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powders and the Attenuated total reflectance (ATR) technique
for starch films with wavelengths in the range of 400-4000 cm™.

2.8. Nuclear magnetic resonance (NMR)

The chemical structure of the RS, ORS, and ARS were determined
by using NMR Bruker DPX 400 MHz (Bruker Biospin Gmbh,
Rheinstetten, Germany) for the '"H NMR and **C NMR spectra.
For analysis of the 'H NMR and *C NMR of the native rice starch,
0S and AS were prepared in DMSO-d; solvent.

2.9. Swelling measurements

The 0.1 g dry starch films were immersed in buffer solutions at

pH 3-11 at 25 °C until the swelling equilibrium was reached.

The following equation was used to determine water uptake:
_wW,-w,

M(t) W (3)

where M(t) is the swelling ratio at time t, W, is the weight of the

wet film, and W} is the weight of the dry film.

3. Results and discussions
3.1. NMR characterization of modified starches

The chemical structure of the ORS synthesized with H,0, was
characterized using 'H NMR, as shown in Figure 2. The peak at
2.60 ppm in all the *H NMR spectra resulted from the process of
using the solvent DMSO-d;. In the spectra of the polymers (Fig-
ure 2), a singlet signal as well as a doublet signal were detected
at 4.68 and 5.60 ppm and were attributed to the hydroxy pro-
tons. The peaks at 5.52 and 5.41 ppm were assigned to C3-OH,
the signal at 5.10 ppm to C2-OH, and that at 4.68 ppm to C6-OH.
The signal at around 10.2 ppm was assigned to protons of the
aldehyde group in the ORS.*® Figure 3 shows the *C NMR spec-
tra of RS and ARS. The peaks in the region from 72 ppm to 80
ppm were attributed to C2-5. The signal of C1 appeared at 102
ppm. These are characteristic signals of RS. The *C NMR spec-

RS

° C2H ceH

Lo} C3-Hhai & ¥

.

T T T T T T T T T T T
12 10 8 6 4 2 0

Chemical shift (ppm)

Figure 2. 'H NMR spectra of the RS and synthesized ORS using oxida-
tion reaction.
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Figure 3. *C NMR spectra of the RS and synthesized ARS by substitu-
tion with ethylenediamine.

tra of the amino starch produced a signal at 45 ppm. This was
assigned to C-NH,** These spectra suggested that the ORS and
ARS starch had been successfully synthesized.

3.2. FTIR characterization of modified starches

Figure 4 shows the FTIR spectra of the RS, ORS, and ARS, in
which the existence of a broad band at 3300 cm™, indicates the
-OH group. The peak at 2927 cm™ was assigned to the asym-
metric stretching vibration of CH,. The transmittance at 1460
cm™” and 1300 cm™ was attributed to C-H bending vibrations
and the peak at 1637 cm™ to deformation vibrations of water
molecules absorbed by the rice starch. After complete oxidation, a
peak appeared at 1735 cm™, which is characteristic of the stretch-
ing vibrations of the C=0 groups of the aldehyde, produced by
oxidation of the hydroxy group to aldehyde by H,0,.3%%
After substitution of ethylenediamine, a peak appeared at
1190 cm™, which is characteristic of the stretching vibration of
the C-N groups of amine. A peak at 2800 cm™ was ascribed to
the C-H stretching vibration of the methylene group, which
attached to the amino group.* The results, therefore, suggested
that both ORS and ARS had been successfully prepared.®**”3#

RS

-CH;- C-H

% Transmittance

o
C-N

T T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumber (em'1)

Figure 4. FTIR spectra of the RS, synthesized ORS, and synthesized ARS.
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Table 1. The aldehyde and the amine content in the modified starches

Functionality content

Sample Functionality (unit/100 GU?)
Oxidized starch Aldehyde 32.0 £ 20
Amino starch Amine 27.8 £ 2.2

“GU = glucose unit.

3.3. Determination of functional contents of modified
starches

The aldehyde and amine content of the modified starches was
determined by back titration. The results are presented in
Table 1.

3.4. FTIR characterization of crosslinked starches

The imine formation and hydrolysis between aldehyde and
amine shown in Figure 5 were confirmed using FTIR and NMR.
Figure 6 shows the spectra of oxidized rice starch mixed with
amino starch at a weight ratio of 1:1 and stirred in 0.1 M HCI for
1h. The FTIR peak at 1610 cm™ was assigned to C=N stretch-
ing?” and disappeared when the mixed starch was stirred in
0.1 M NaOH for 1 h. It was concluded that imine had been suc-
cessfully formed under acid conditions. As shown in Figure 5,

this was reversed under basic conditions.
O, H
o]
OH
QO
HO*i
HN
HO‘i NH
I
HN 0
H OH

NHz OH
Crosslinked Starch

Formation

OH oH Hydrolysis

Oxidized Starch Amino Starch

Figure 5. The reversible formation and hydrolysis of imine.
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Figure 6. FTIR spectra confirming the imine formation between ORS
and ARS.
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3.5. NMR characterization of crosslinked starches

Figure 7 shows the 'H NMR spectra of the imine starch. The peak
at 8.3 ppm was assigned to protons at the imine bond (-N=CH-).*
As shown in Figure 8, the *C NMR spectra showed a signal at
164 ppm,* which was assigned to carbon at the imine bond.

3.6. Swelling behavior

A first-order kinetic model was used to study the swelling behav-
ior associated with the hydrolysis of imine at different pH levels.
The model equation is expressed as follows:
dM(t
4PO) — kv -m(oy) @
where k is the rate constant of gel disintegration, M,, is the
swelling ratio at equilibrium, and t is time. The corresponding
mass M(t=0)=0.

This equation was rewritten as:

M(t)=M_[1-e" (5)

L e L] b T
6 4 2 0
chemical shift (ppm)

Figure 7. '"H NMR spectrum of the crosslinked starch confirming the
imine formation between ORS and ARS.

T 1T r1rT > Tr T 71"
200 180 160 140 120 100 80 60 40 20 0

chemical shift (ppm)

Figure 8. *C NMR spectrum of the crosslinked starch confirming the imine
formation between ORS and ARS.
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Figure 9. The swelling ratio of the crosslinked starch films as a function
of time at different pH levels.

Good exponential fits of the data points were obtained after
plotting the swelling ratio and time using the first order kinetic
model. The results (Figure 9) showed rapid swelling of all sam-
ples in the initial stage, leveling off after at approximately 3 h.
After 6 h, the swelling behavior under all conditions slowly
decreased. Between 6 h and 8 h, some samples (pH 9 and pH 11)
exhibited a small reduction in volume to partial dissolution to
water. The first-order kinetic model was used to calculate the
values of k and M.,.

The S-curve profile (Figure 10) reflects the kinetics of hydro-
lysis at different pH levels. Hydrolysis was inferred from the
observation that crosslinking took place only at higher pH val-
ues. From pH 3 to 5, the swelling behavior (k) was constant,
suggesting that no hydrolysis of imine had occurred. From pH 5
to 9, the k value increased rapidly, in line with the increase in
pH. This showed that the speed of hydrolysis increased until
the maximum k was achieved at pH 9. In general, imine forma-
tion occurred under acidic conditions, whereas hydrolysis took
place under basic conditions. The proposed mechanism of hydro-

25

S /
> 104 %“’“"\%
0.5
00 T T T T T
2 4 6 8 10 12

pH
Figure 10. The calculated rate constant of the swelling behavior of starch
films as a function of pH.
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Figure 11. The calculated swelling ratio at the equilibrium of the
starch films as a function of pH.

lysis of the imine involves the attack of H,0 and OH' at the aldimine
carbon or carbon at the imine bond, resulting in its protonated
form in base media.***! Such a result suggests that hydrolysis of
imine involves base catalysis. It could be described that hydroxy
groups in starch were deprotonated by the base to generate
alkoxy anions.* These anions formed intermediates with H,0
molecules. The intermediate was then hydrolyzed to the corre-
sponding amine and aldehyde compounds.** This was confirmed
by the FTIR results, and the mechanism is shown in Figure 6. It
can be inferred that hydrolysis occurred at the bonds between
the oxidized starch and amino starch under basic conditions.
Therefore, the crosslink density of the starch was lower under
basic conditions than acidic conditions. Thus, water was absorbed
into the crosslinked starch more quickly under basic conditions
than acidic conditions.

Figure 11 shows the swelling ratio (M,,) as a function of pH.
The maximum M., was observed at a pH level of 5, then decreased
as the pH level increased or decreased. This was attributed to
the presence of imine in the crosslinked starch at pH 5. The
results agreed well the rate constant of swelling, suggesting
that hydrolysis of imine occurred in the neutral and basic solu-
tions. This confirmed the hydrolysis of the imine group of the
starch in the basic aqueous solutions.

It is worth noting that our pH-induced crosslinked rice starch
has great potential as wound dressing material because the pH
range of infectious skin (pH 6.5-8.5)* is the same as that of the
hydrolysis of the imine group of the starch, which occurs at a
pH range of 7-11 (Figure 10). This could lead to the controlled
release of a drug loaded within a wound dressing.

4. Conclusions

The ORS and ARS were successfully synthesized with glucose
unit contents of 32.0% and 27.8%, respectively. Their chemical
structures were characterized using 'H NMR, and FTIR tech-
niques. The crosslinked starch between ORS and ARS was prepared
using the casting technique. A pH-induced crosslinked reaction
was demonstrated, in which crosslinking occurred under acidic
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conditions, whereas hydrolysis occurred under basic condi-
tions. The chemical structures and their crosslinking were con-
firmed using FTIR, 'H NMR, and **C NMR. The effect of pH on
the crosslinked starch was determined from the swelling
behavior. The pH effect on chemical structure agreed well with
the swelling behavior. The maximum swelling ratio was found
atpH 5 and decreased as the pH value increased further. Under
basic conditions, hydrolysis occurred, resulting in a lower
crosslink density, which reduced the efficiency of water uptake.
In addition, the swelling kinetics of these crosslinked starches
showed that swelling was slower at a pH level lower than 5
then increased in line with pH, reaching a maximum at pH 9.
Normal pH on the human skin surface is in the range of 5.4-5.9.
When skin is infected, the skin pH shifts from an acid range (pH
5.4-5.9) to a basic range of pH 6.5-8.5. Therefore, these pH-
induced crosslinked rice starches are promising biomaterials
for controlled release application.
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