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Abstract: A novel and green method for the preparation of chitosan derivatives bearing organic acids
was reported in this paper. In order to improve the antioxidant activity of chitosan, eight different
hydroxypropyltrimethyl ammonium chitosan derivatives were successfully designed and synthesized
via introducing of organic acids onto chitosan by mild and non-toxic ion exchange. The data of
Fourier Transform Infrared (FTIR), 3C Nuclear Magnetic Resonance (NMR), 'H NMR, and elemental
analysis for chitosan derivatives indicated the successful conjugation of organic acid salt with
hydroxypropyltrimethyl ammonium chloride chitosan (HACC). Meanwhile, the antioxidant activity
of the chitosan derivatives was evaluated in vitro. The results indicated that the chitosan derivatives
possessed dramatic enhancements in DPPH-radical scavenging activity, superoxide-radical scavenging
activity, hydroxyl radical scavenging ability, and reducing power. Furthermore, the cytotoxicity of
the synthesized compounds was investigated in vitro on L929 cells and showed low cytotoxicity.
Thus, the enhanced antioxidant property of all novel chitosan products might be a great advantage,
while applied in a wide range of applications in the form of antioxidant in biomedical, food,
and cosmetic industry.

Keywords: antioxidant activity; hydroxypropyltrimethyl ammonium chloride chitosan; organic acid salt;
ion exchange

1. Introduction

Reactive oxygen species (ROS), which contains superoxide anion (-O;7), hydrogen peroxide
(H0,), hydroxyl radical (-OH), and singlet oxygen ('O,), are produced by normal metabolism in vivo,
radiation, and chemical factors [1-3]. The constant quantity of ROS is of vital importance to maintain
the stability of the intracellular environment. Organisms maintain the stability of ROS quantity through
the antioxidant defense mechanism in order to achieve the dynamic balance between the challenge of
oxidation and protection [4,5]. Under the circumstances of oxidative stress, excessive production of
ROS limits the antioxidant defense mechanism, which can lead to aging or disease in the body [6].
Generally speaking, free radicals, one of the most potentially lethal type of reactive oxygen species,
may cause a range of injuries in tissues and cells [6,7]. Fortunately, antioxidants can promote health
and prevent disease by scavenging free radicals in living organisms. Moreover, antioxidants, as a kind
of food preservative, have also obtained more attention because they can prevent foods from decay
through oxidation [5]. Nevertheless, the use of synthetic small-molecule antioxidants has been related
to health risks, resulting in the rigorous regulation concerning their use in food and pharmaceutical
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industries [5,8]. In recent years, with the significant improvement consumer consciousness of food
safety, seeking natural polysaccharides and their derivatives with antioxidant activity in order to use
in the pharmaceutical and food industry has been drawing more attention.

There are abundant marine resources which can be developed into antioxidant alternatives.
Chitosan, (1-4)-2-amino-2-deoxy-b-p-glucan, is one of the marine bioactive compounds, which can be
readily prepared by the N-deacetylation from chitin [2,9,10]. In the last few years, chitosan has attracted
significant attention in chemical industry, maquillage, papermaking, and food science because of its
excellent physical and chemical properties such as biodegradability, non-toxicity, biocompatibility,
bioactivity and other properties [11,12]. However, the weak bioactivity and poor water solubility
could greatly limit the further industrial application of chitosan. Therefore, the structural and
functional modification of chitosan so as to obtain different chitosan derivatives with well water
solubility and bioactivity is the research emphasis [13,14]. As a kind of polycationic compound,
hydroxypropyltrimethyl ammonium chloride chitosan (HACC) possessed good water solubility,
moisture absorption, hypotoxicity, and biocompatibility. Nevertheless, the antioxidant activity of
HACC was rarely reported.

In addition, polyphenols possessed multiple bioactivities such as antioxidant, antifungal activity,
and antitumor activity, which are abundant secondary metabolites of plants in nature [15]. In particular,
some hydroxyl acids, including ascorbic acid, gallic acid, caffeic acid, ferulic acid and p-coumaric acid,
have been reported to possess excellent antioxidant activity. It is worth noticing that most hydroxyl
acids have both carboxyl (-COOH) and hydroxyl (-OH) groups, which can easily react with chitosan.
In previous studies, we used halogen compounds to modify chitosan to obtain a series of chitosan
derivatives with antifungal activity [9]. So, we consider modifying chitosan with hydroxy acids.
When these hydroxyl acids are grafted to chitosan backbone chain, they should be released slowly and
increased the antioxidant activity of chitosan.

Based on the above, we hope to obtain a kind of novel chitosan derivatives with good bioactivity,
biocompatibility, and degradability, which will be widely used as an antifungal agent or antioxidant in food,
medicine, cosmetics, and other fields. Therefore, we modified hydroxypropyltrimethyl ammonium chloride
chitosan with eight different organic acid salts via a mild and non-toxic route (ion exchange) to acquire water
-soluble and strong antioxidant activity chitosan derivatives, which are coumarate-hydroxypropyltrimethyl
ammonium chitosan conjugates (HACCu), ascorbate-hydroxypropyltrimethyl ammonium chitosan
conjugates (HACAs), ferulate-hydroxypropyltrimethyl ammonium chitosan conjugates (HACFe),
caffeate-hydroxypropyltrimethyl ammonium chitosan conjugates (HACCa), p-coumarate
-hydroxypropyltrimethyl ammonium chitosan conjugates (HACPc), salicylate-hydroxypropyltrimethyl
ammonium chitosan conjugates (HACSa), hydroxybenzoate-hydroxypropyltrimethyl ammonium
chitosan conjugates (HACHYy), and gallate-hydroxypropyltrimethyl ammonium chitosan conjugates
(HACGa), respectively. Therefore, we synthesized hydroxypropyltrimethyl ammonium chloride
chitosan firstly. Then, organic acid salt-hydroxypropyltrimethyl ammonium chitosan conjugates were
synthesized by ion exchange. The structures of chitosan derivatives were characterized by FTIR,
'H Nuclear Magnetic Resonance (NMR), '3C NMR, and elemental analyses. Meanwhile, DPPH-radical
scavenging activity, superoxide -radical scavenging activity, hydroxyl radical scavenging ability,
and reducing power of chitosan derivatives were evaluated in vitro. Besides, the cytotoxicity of the
synthesized compounds was investigated in vitro on L929 cells and all the tested compounds showed
low cytotoxicity.

2. Results and Discussion

2.1. Chemical Synthesis and Characterization

The organic acid salt-hydroxypropyltrimethyl ammonium chitosan conjugates were synthesized
by multistep reactions (Scheme 1). The structures of chitosan derivatives were characterized by FTIR,
'H NMR, 3C NMR and elemental analysis.
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Scheme 1. Synthesis routes for chitosan derivatives.

2.1.1. FTIR Spectra

Figure 1 shows the spectra of chitosan, hydroxypropyltrimethyl ammonium chloride chitosan,
and eight different organic acid salt-hydroxypropyltrimethyl ammonium chitosan conjugates,
respectively. For chitosan, the peaks appear at 3405 cm~! (angular deformation of O-H and N-H),
2919 cm™! (-CH stretching), and 1628 cm™! (vibration modes of amino group) [16]. As for HACC,
the spectrum shows the introduction of the quaternary ammonium salt group. Specifically, the peak of
1478 cm™! shows the stretching vibration of C-H from the trimethylammonium group [17]. Meanwhile,
the peak at 1628 cm ™! weakens greatly for the partial change of the primary amine of chitosan to the
secondary amine. After the introduction of coumarate, the spectrum of HACCu appears with peaks at
1739 cm™!, which can be attributed to the C=0 stretching vibration of coumarate. After the introduction
of ascorbate, the spectrum of HACAs shows the new peaks at 1715, 756 cm™~! for the absorption of
ascorbate anions. Compared to HACC, new peaks of the spectra of HACFe appear at 1585, 1546 cm™!,
which were assigned to the characteristic peaks of the benzene ring. As for HACHy, HACSa, HACPc,
HACCa, and HACGa, new peaks appear at 1587, 1596, 1596, 1545, and 1552 cm~?, respectively, can be
attributed to the C—C stretching vibration of benzene ring [3,18]. Furthermore, for the spectrum of
HACSa, HACCa, HACPc, and HACGa, absorption peaks at 781, 767, 772, 735, 739 cm~! corresponded
to the C-C stretching vibration of the benzene ring [19]. Meanwhile, the peak at 1478cm ™! assigned
to the C-H bending the trimethylammonium group still exists in the molecules of HACCu, HACAs,
HACFe, HACHy, HACSa, HACPc, HACCa, and HACGa. Hence, the data preliminarily confirmed the
successful conjugations of organic acid salt and hydroxypropyltrimethyl ammonium chitosan.
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Figure 1. Fourier Transform Infrared (FTIR) spectra of chitosan and chitosan derivatives.

2.1.2. NMR Spectra

The 'H NMR spectra of chitosan and chitosan derivatives are shown in Figure 2. Chemical shifts
at 6 4.48 ppm, 6 3.21-4.08 ppm, and & 2.69 ppm are attributed to [H1], [H3]-[H6], and [H2] of
chitosan. For the spectrum of HACC, a new chemical shift (6 3.18 ppm) appeared, which can be
assigned to hydrogen of trimethyl ammonium groups. Meanwhile, the new characteristic peaks are
observed easily from the 'H NMR spectra of HACC: § 3.34 ppm attributed to ~CHj, § 2.71 ppm
(a), 4.30 ppm (b) [20,21]. For HACCu, compared to HACC, the new peaks appear at 6 8.12 (e,i),
56.96 (gj), 6 6.62 (f,h) ppm respectively, which can be attributed to protons of coumarate anions.
The new peaks of HACAs awared obvious at  4.41 ppm (e), 6 3.95 ppm (f), and 5 3.65 ppm (g) are
attributed to the resonance of ascorbic acid anion. The signals at 6 6.13-7.40 ppm (e—k) are attributed
to the protons of the p-coumaric acid. In particular, the signals at 4 7.40, 6 7.25, 6 6.51, and 6 6.13 ppm
represent protons on H-f, H-g, H-e, and H-h, respectively. At the same time, for HACHy, HACSa,
HACGa, new peaks appear at § 6.3-7.6 ppm, 6 6.75-7.75 ppm,  7.01 ppm, which can be attributed to
protons of benzene ring [19]. As for HACCa, the signals at 6 7.25, 5 6.21 ppm are related to the protons
of H-h, H-i, respectively. Furthermore, in the range of 4 6.5-7.1 ppm is assigned to the protons on the
benzene ring [3]. At the same time, the signal at 6 3.18 ppm which can be assigned to the resonance
of hydrogen of trimethyl ammonium groups still exists in the spectra of conjugates of organic acid
salt and hydroxypropyltrimethyl ammonium chitosan. Besides, the structures of chitosan derivatives
are also confirmed by '3C NMR spectra. As shown in Figure 3, the specific chemical shifts of the
carbons of acid anions are signed clearly. The peaks at 6 55.10-105.68 ppm obviously observed are
attributed to the chemical shifts of chitosan. For the '3C NMR spectra of HACC, an obvious chemical
shift at 5 57.25 ppm is assigned to the resonance of carbons of -N*(CHj);. Meanwhile, the other
signals for HACC can be well observed: § = 69.19 ppm (c), 6 = 64.81 ppm (b), 6 = 51.85 ppm (a) [21,22].
As for conjugates of organic acid salt and hydroxypropyltrimethyl ammonium chitosan, compared
to HACC, new signals appeared at 6 174.23, 6 176.18, 6 177.12, 6 176.57, 6 175.34, 5 176.93, 5 177.08
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and 6 176.41 ppm are attributed to carbons of COO~ groups in HACCu, HACAs, HACFe, HACHy,
HACSa, HACPc, HACCa, and HACGa [19,23]. Hence, these data sufficiently indicate that successful
conjugations of organic acid salt and hydroxypropyltrimethyl ammonium chitosan.
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Figure 2. 'H Nuclear Magnetic Resonance (NMR) spectra of chitosan and chitosan derivatives.
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Figure 3. 13C NMR spectra of chitosan and chitosan derivatives.

2.1.3. Elemental Analysis

The degrees of substitution (DS) was calculated by elemental analysis. The degree of substitution
and the yields of chitosan derivatives are shown in Table 1. The degrees of substitution of HACC is
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the highest. Meanwhile, among all the conjugations of organic acid salt and hydroxypropyltrimethyl
ammonium chitosan, HACPc presents the highest degrees of substitution.

Table 1. Yields and the degrees of substitution of chitosan derivatives.

Elemental Analysis (%)

Compounds Yields (%) DS (%)
C N C/N
CS - 41.47 7.56 5.48 -

HACC 65.27 39.71 741 5.35 67.71
HACCu 68.25 41.48 7.38 5.62 56.58
HACAs 62.81 43.16 6.26 6.89 58.39
HACFe 69.52 47.53 591 8.04 58.64
HACHYy 70.12 47.21 6.67 7.07 56.28
HACPc 70.45 48.23 5.77 8.35 61.77
HACSa 69.83 42.45 5.96 7.12 58.58
HACCa 64.84 47.16 5.83 8.08 59.56
HACGa 71.78 46.97 6.66 7.05 55.08

2.2. Water Solubility

Figure 4 shows the solubility of chitosan derivatives (distilled water, 1.0 mg/mL) and chitosan

(distilled water and 1% HAC).

Obviously, chitosan is insoluble in distilled water, however,

after quaternization, chitosan derivatives (HACC) is soluble in distilled water. It is also proved
that quaternization is an important means to improve the water solubility of chitosan. In addition,
all chitosan derivatives, including HACCu, HACAs, HACFe, HACHy, HACPc, HACSa, HACCa,
HACGa, have excellent water solubility, and can be prepared to aqueous solution (0.1-1.0 mg/mL) at
room temperature. The specific water solubility of chitosan and its derivatives is shown in Table 2.
We used water-soluble low molecular chitosan in antioxidant and cytotoxicity assay because of the

poor solubility of chitosan.

CS(water) CS(1%HAc) HACC HACCu HACAs

HACFe

HACHy HACSa

HACPc HACCa HACGa

Figure 4. Solubility of chitosan derivatives (distilled water, 1 mg/mL) and chitosan (distilled water and

1% HAC).
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Table 2. The water solubility of chitosan and chitosan derivatives.

2.3. Antioxidant Activity

Compounds  mj (mg) Water Solubility (mg/mL)
CS 500 0

HACC 223 554
HACCu 312 376
HACAs 276 448
HACFe 328 344
HACHy 294 412
HACPc 325 350
HACSa 347 306
HACCa 293 414
HACGa 341 318

8 of 16

In this paper, the in vitro antioxidant activities, including DPPH-radical scavenging activity,
superoxide-radical scavenging activity, hydroxyl-radical scavenging activity, and reducing power,
were carried out to evaluate the antioxidant activities of ascorbic acid (AA), chitosan and chitosan
derivatives. The antioxidant activities of chitosan and chitosan derivatives are shown in Figures 5-8.

Scavenging effect(%)

Figure 5. DPPH-radical scavenging activity of ascorbic acid, chitosan and chitosan derivatives.

Scavenging effect(%)

Figure 6. Superoxide-radical scavenging activity of ascorbic acid, chitosan and chitosan derivatives.
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Figure 7. Hydroxyl-radical scavenging activity of ascorbic acid, chitosan and chitosan derivatives.
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Figure 8. Reducing power of ascorbic acid, chitosan and chitosan derivatives.
2.3.1. Scavenging Ability of DPPH Radical

Figure 5 shows the DPPH-radical scavenging activity of chitosan, HACC, and target products.
From the figure, we can find several conclusions as follows: firstly, chitosan and HACC have almost
no DPPH-radical scavenging activity. However, the enhanced DPPH-radical scavenging activity of the
conjugates of organic acid salt and hydroxypropyltrimethyl ammonium chitosan including HACCu,
HACAs, HACFe, HACHy, HACSa, HACPc, HACCa, and HACGa are very evident. Secondly, for all
the tested samples, with the augment of sample concentration, the scavenging effect of the conjugates
of organic acid salt and hydroxypropyltrimethyl ammonium chitosan increases gradually. For instance,
when the concentrations of HACGa are 0.1, 0.2, 0.4, 0.8, and 1.6 mg/mL, the scavenging effects are
62.13%, 74.81%, 79.08%, 88.54%, and 96.53% respectively. Thirdly, the order of scavenging effects are
ranked as follows: HACGa > HACCa > HACAs > HACFe > HACPc > HACCu > HACSa > HACHy >
HACC > CS.

2.3.2. Scavenging Ability of Superoxide Radical

The superoxide-radical scavenging activity of chitosan and chitosan derivatives was also evaluated
in Figure 6. As from the Figure 6, it can be seen that the scavenging activity against superoxide-radical
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of HACGa, HACCa, HACAs, HACFe, HACCu, HACSa, HACPc, and HACHy have been improved
obviously comparing to chitosan and HACC. Specifically, the scavenging activity increases with
the augment of sample concentration. Furthermore, after the introduction of organic acid salt,
the conjugates of organic acid salt and hydroxypropyltrimethyl ammonium chitosan have a particularly
well scavenging activity. Such as HACGa, HACAs, and HACCa, their scavenging effect achieves 100%
at a concentration of 1.6 mg/L.

2.3.3. Scavenging Ability of Hydroxyl Radical

The hydroxyl-radical scavenging activity of ascorbic acid, chitosan and chitosan derivatives are
shown in Figure 7. The hydroxyl radicals are produced by the following Fenton reaction (Fe?* + H,O,
= Fe3* + eOH + OH"). The hydroxyl radicals will oxidize Fe** to Fe**, and only the Fe?* can combine
with safranine O to form a red complex. The degree of discoloration can reflect the scavenging activity.
As shown in the figure, it is found that the hydroxyl-radical scavenging activities of all tested samples
are positive correlated with the concentrations. Meanwhile, chitosan and HACC showed relatively
weak hydroxyl-radical scavenging activity. After modification, the conjugates of organic acid salt and
hydroxypropyltrimethyl ammonium chitosan possessed much stronger radical scavenging ability
compared with chitosan and HACC.

2.3.4. Reducing Power

The antioxidant activity of chitosan and chitosan derivatives was also evaluated using reducing
power assay and the result is presented in Figure 8. As shown in Figure 8, taking the reducing power
of ascorbic acid as positive control, chitosan and HACC possesses the weak reducing power, and their
absorbances are only 0.5 and 1.1 at the concentration of 1.6 mg/L. Meanwhile, compared to chitosan
and HACC, the conjugates of organic acid salt and hydroxypropyltrimethyl ammonium chitosan
including HACGa, HACqCa, HACAs, HACFe, HACCu, HACSa, HACPc, and HACHy have relatively
strong reducing power. In addition, as previously described, the order of reducing power is HACGa >
HACCa > HACAs > HACFe > HACPc > HACCu > HACSa > HACHy > HACC > CS.

The results showed that hydroxypropyltrimethyl ammonium chitosan organic acid salt including
HACGa, HACCa, HACAs, HACFe, HACCu, HACSa, HACPc, and HACHy, had much stronger
antioxidant activity. In summary, considering the degree of substitution, the antioxidant activities
of chitosan derivatives are ranked as follows: HACGa > HACCa > HACAs > HACFe > HACPc >
HACCu > HACSa > HACHy > HACC > CS. Specifically speaking, the conclusions were as follows:
firstly, the conjugates of organic acid salt and hydroxypropyltrimethyl ammonium chitosan possessed
strong antioxidant activity, which can confirm that the introduction of organic acid salt obviously
enhanced the antioxidant activity of chitosan. This is related to the density of positive charge.
Specifically, the antioxidant activity is associated with the density of positive charge, as the positive
charge could attract the single electron of free radicals to inhibit the free radical chain reaction. Secondly,
the antioxidant activity of chitosan derivatives varies with the quantities of phenolic hydroxyl [15].
In particular, HACGa, HACCa, HACPa, and HACSa had the same types of phenolic hydroxyl (-OH),
and they exhibited different antioxidant activities due to the different amounts of phenolic hydroxyl
(—OH). That was to say the antioxidant activities would enhance with the amounts of phenolic hydroxyl
(<OH) [19]. In the mechanism of action of phenol antioxidants, terminating the chain reaction is
the most important link. Because phenolic hydroxyl and radical can react to produce more stable
semi-quinone radical. Hence, the antioxidant activities of the target products showed the order of
HACGa > HACCa > HACPa > HACSa.

2.4. Cytotoxicity Assay

The cytotoxicity of chitosan and its derivatives was studied by CCK-8 assay to characterize its
biocompatibility. After culture for 24 h, the cell viability of L929 cells, which were cultured by chitosan
and its derivatives at series of concentrations, was shown in Figure 9. At the tested concentration,
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the cell viabilities of all the samples exceeded 80%. This value indicated that the growth inhibition of
the samples on the cell was weak enough to be ignored, thus the products had good biocompatibility.
Moreover, samples such as HACCu, HACPc, and HACCa exhibited no growth inhibition effect against
1929 cells at the test concentrations. Specially, it was found that the cell viability of HACCu even
exceeded 100%, and the values were positive correlated with the concentrations, which indicated a
promotion effect of the cell. The result further proved the biocompatibility of the products. Therefore,
chitosan derivatives could be considered to have good biocompatibility because of their low cytotoxicity.

I 1000 ug/mL

120 [ 500 pg/mL
] I 100 pg/mL
00 : I 10 pg/mL
B I O pg/mL
80
9
>
= 604
K]
©
S
g 40
20
0 -

CS HACC HACCu HACAs HACFe HACHy HACSa HACPc HACCa HACGa

Figure 9. The cytotoxicity of chitosan and chitosan derivatives on L929 cells.

3. Materials and Methods

3.1. Materials

Chitosan (MW 200 kDa, the degree of deacetylation 85%) was purchased from Qingdao Baicheng
Biochemical Corp. (Qingdao, China). The materials, including 3-chloro-2-hydroxypropyltrimethyl
ammonium chloride, sodium hydroxide, cumaric acid, ascorbic acid, ferulic acid, p-coumaric acid,
caffeic acid, gallic acid, salicylic acid, hydrochloric acid, and hydroxybenzoic acid were purchased from
Sigma-Aldrich Chemical Corp. (Shanghai, China). Sodium hydroxide, isopropyl alcohol, and ethanol
were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the chemical solvents
and reagents were obtained from commercial sources and used as received.

3.2. Analytical Methods

3.2.1. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of chitosan and chitosan derivatives were recorded on a Jasco-4100 FTIR
spectrometer (Tokyo, Japan), provided by JASCO China Co. Ltd. (Shanghai, China) at a resolution of
4.0 cm™! in the 4000400 cm™! range. The tested samples were mixed with KBr disks and scanned 32
times at 25 °C for measurement.

3.2.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

The 13C NMR spectra and 'H NMR spectra were recorded by Bruker Avance II1 500 NMR Spectrometer
(500 MHz, Fallanden, Switzerland, provided by Bruker Tech. and Serv. Co., Ltd., Beijing, China) at 25 °C.
The solvents of all tested samples were D,O.
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3.2.3. Elemental Analysis

Element analysis (C, H, N) was determined by Vario Micro Elemental Analyzer (Elementar, Hanau,
Germany), and on the basis of the carbon-nitrogen ratios, the degrees of substitution (DS) of all tested
chitosan derivatives can be calculated [23]. The equation was as follows:

ni XMc—MNXWC/N

DS = 1
1 13 % Mc 1)
ny *Mc — MN X We /N —n2 X Mc X DS
DSZZ 1 C N C/N 2 C 1 (2)
MNxWC/N—ngxMC
DS Mn X We/n +Mn X We/n X DSy —n1 X Mc X DSy —ny X Mc X DSq 3)
3:

ng X Mc
where DS, DS;, DS3 represents the deacetylation degree of chitosan, the degrees of substitution
of HACC, and the degrees of substitution of organic acid salt-hydroxypropyltrimethyl ammonium
chitosan conjugates. My and M¢ are the molar masses of nitrogen and carbon, M¢ = 12, My = 14,
respectively; ny, ny, n3, nq are the number of carbons of chitin, acetamido group, 2-chloromethyl
ammonium chloride, and organic acid group, W¢y means the mass ratio between carbon and nitrogen
in chitosan derivatives.

3.3. Synthesis of Chitosan Derivatives

The organic acid-hydroxypropyltrimethyl ammonium chitosan conjugates were synthesized by
multistep reactions (Scheme 1). Firstly, HACC was synthesized according to the previous method [24].
Chitosan (0.16 g, 1 mmol) was dissolved in isopropanol ahead of adding 0.4 mL 40% (w/v) NaOH
aqueous solution, and the mixture was stirred at the speed of 3500 rpm/min at 60 °C for 4 h. Whereafter,
1.25 mL 60% (w/v) 3-chloro-2-hydroxypropyl trimethyl ammonium chloride solution was dropped
into the front mixture with stirring at the speed of 3500 rpm/min at 80 °C. After 10 h of reaction,
appropriate amount of hydrochloric acid added to ensure the pH of mixture was adjusted to 7.
Then substantial anhydrous ethanol was used to precipitate. The precipitation (HACC) was rinsed
with 80% ethanol, and dried in vacuo. After that, HACC (0.187 g, 0.6 mmol) was dissolved in 20%
organic acid salt solution in order to replace the chloride ions with organic radical ions. After dialyzing
with distilled water for 48 h, the solution was dried in vacuo for the purpose of obtaining chitosan
derivatives bearing organic acid salt based hydroxypropyltrimethyl ammonium chitosan.

3.4. Water Solubility Assay

The water solubility was measured by following method [25]. The chitosan and chitosan
derivatives (0.5 g) were dispersed in 0.5 mL distilled water, and the mixture was stirred at room
temperature until dissolution equilibrium. After centrifugation and filtration, the undissolved solids
were rinsed with ethanol, and dried in vacuo overnight. The water solubility was measured by the

following equation:
500 — my

05 @

Water solubility =
where m; is the weight of the undissolved solids (mg).
3.5. Antioxidant Activity Assay

3.5.1. DPPH-Radical Scavenging Activity Assay

The DPPH radical scavenging ability was calculated by the following method [26]. Firstly, all the
tested samples with original concentration of 10 mg/mL (0.03, 0.06, 0.12, 0.24, and 0.48 mL) and
2 mL ethanol solution of DPPH (180 uM) were incubated for 30 min. Meanwhile, in the control
group, DPPH was replaced by 2 mL anhydrous ethanol, and in the blank, samples were instead
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of distilled water. Then, the absorbance of rest DPPH radical was measured at 517 nm against a
blank. Three replicates for every sample concentration were measured and the scavenging effect was
calculated by the following equation:

Asample 517 nm — Acontrol 517
Scavenging effect (%) = |1 — ——— " conre oI 1 % 100, (5)
Abplank 517 nm

where Agample 517ums Acontrol 517 nm» a0d Aplauk 517 um represent the absorbance of the sample, the control
(ethanol instead of DPPH for each concentration), and the blank, respectively.

3.5.2. Superoxide-Radical Scavenging Activity Assay

According to Tan [16], the superoxide-radical scavenging activity of the tested samples were
calculated by follows: the reaction system including chitosan or chitosan derivatives (5 mg/mL, 0.06,
0.12,0.24, 0.48, and 0.96 mL), phenazine methosulfate (PMS, 30 M), nicotinamide adenine dinucleotide
reduced (NADH, 338 uM), and nitro blue tetrazolium (NBT, 72 uM) in Tris-HCI buffer (16 mM, pH 8.0),
was incubated for 5 min at room temperature. The absorbance was recorded at 560 nm, repeated three
times and averaged.

The formula of superoxide-radical scavenging activity is as follows:

Asumple 560 nm — Acontrol 560 nm

Scavenging effect (%) = |1 - % 100, (6)

Ablunk 560 nm

where Agunple 560 nms, Acontrol 560 nms Ablank 560 nm are the absorbance of the samples, the control
(NADH was substituted with distilled water), and the blank (samples were substituted with distilled
water), respectively.

3.5.3. Hydroxyl-Radical Scavenging Activity Assay

According to Saravanakumar et al. [26], the hydroxyl-radical scavenging ability was calculated
by follows: the total reaction system of 4.5 mL, including the tested samples of chitosan or chitosan
derivatives (10 mg/mL, 0.045, 0.09, 0.18, 0.36, and 0.72 mL), EDTA-Fe?* (220 uM), safranine O (0.23 uM),
and HyO, (60 uM) in potassium phosphate buffer (150 mM, pH = 7.4), was incubated at 37 °C for 30 min.
Then, the absorbance of the reaction system was measured at 520 nm. Three replicates for each sample
were tested and the hydroxyl-radical scavenging activity was calculated via the following equation:

Asam le 520 nm — Ablank 520 nm
Scavenging effect (%) = P % 100, (7)
control 520 nm — Ablunk 520 nm

where Asample 520 nms Acontrol 520 nms Avlank 520 nm represent the absorbance of the samples, the control
(H,O, was substituted with potassium phosphate), and the blank (the samples were substituted with
distilled water), respectively.

3.5.4. Reducing Power Assay

The reducing power was measured by the following method [16]: firstly, the reaction mixture
including chitosan or chitosan derivatives with a series of concentrations (0.1, 0.2, 0.4, 0.8, 1.6 mg/mL),
potassium ferricyanide(1%, w/v) dissolved in sodium phosphate buffer (0.2 M, pH = 6.6), was reacted at
50 °C. Twenty minutes later, 1.0 mL of trichloroacetic acid (10%, w/v) was added in order to terminate
the reaction. After centrifugation, 1.2 mL of deionized water and 0.3 mL of ferric chloride solution
(0.1%, w/v) were added. After 10 min, the absorbance was measured at 700 nm, repeated three times
and averaged. The reducing power can be calculated by following equation.

Reducing power (%) = A1 700 um - A0 700 nm ®)
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where A1 700 nm, Ao 700 nm represent the absorbance of the samples and the blank.

3.6. Cytotoxicity Assay

The cytotoxicity of chitosan and its derivatives on L929 cells at a series of concentrations was
measured in vitro according to a cell counting kit-8 (CCK-8) assay [7,27,28]. After culturing in RPMI
medium (including 1% mixture of penicillin & streptomycin and 10% fetal calf serum) at 37 °C, the L929
cells were transferred to 96-well flat-bottom culture plates at a density of 1.0 x 10° cells and incubated at
37 °C (5% COy). All the samples at a series of concentrations (10.0, 100.0, 500.0, and 1000.0 png/mL) were
introduced into the cells which attached for 24 h. Then, the cells were cultured for 24 h. Whereafter,
CCK-8 solution (10 uL) was added in each well. After incubation for 4 h at 37 °C, the absorbance at
450 nm was recorded by a microplate reader. Cell viability was measured by the following equation:

A = Ablank
Cell viability (%) = —oPle 430 mm 7 blank 450 mm- 4 ) )
Acontrol 450 nm — Ahlank 450 nm

where Aganple, Abiank, and Acontror are the absorbance of the samples (including sample solution, cells,
and CCK-8 solution), the blank (containing RPMI medium and CCK-8 solution), and the control
(containing CCK-8 solution and cells).

3.7. Statistical Analysis

All the experiments were repeated three times and the data were expressed as mean + the standard
deviation (SD, n = 3). Significant difference analysis was determined using Scheffe’s multiple range
test. A level of p < 0.05 was considered statistically significant.

4. Conclusions

In this research, we modified hydroxypropyltrimethyl ammonium chloride chitosan with eight
different organic acid salt via ion exchange to acquire water-soluble and strong antioxidant activity
chitosan derivatives. The in vitro antioxidant activities, including DPPH-radical scavenging activity,
superoxide-radical scavenging activity, hydroxyl-radical scavenging activity, and reducing power,
were carried out to evaluate the antioxidant activities of chitosan and chitosan derivatives after the
structural characterization. The results indicated that the eight final chitosan derivatives exhibited
higher antioxidant activities than chitosan and HACC. The results of this study showed the key role of
phenolic hydroxyl in enhancing the antioxidant activities of chitosan. Furthermore, the cytotoxicity
of chitosan and its derivatives was studied by CCK-8 assay to characterize their biocompatibility.
The result further proved the biocompatibility of the products. So, this study provides a new method
for the preparation of innocuous and effective antioxidant, and these new kinds chitosan derivatives
represent a novel class of highly effective active polymers and may serve as antioxidant agents to
partially substitute for the antioxidants in fields of food and pharmaceutical industry. The use of
chitosan derivatives in pharmaceutical and food industry is an innovative, green and environmentally
friendly technology that could be easily implemented at an industrial scale with little additional costs.

Author Contributions: Conceived and designed the experiment: Y.M., Z.G. Performed the experiments:
Y.M. Analyzed the data: YM., W.T, J.Z., and Z.G. Contributed reagents/materials/analysis tools: Y.M., W.T.
and Z.G. Wrote the paper: Y.M., Z.G. All authors have read and agreed to the published version of the manuscript.

Funding: We thank the National Key R&D Program of China (2019YFD0900705), the Natural Science Foundation
of Shandong Province of China (ZR2019BD064 and ZR2017BD015), Youth Innovation Promotion Association CAS
(2020219), the National Natural Science Foundation of China (41576156), and the Natural Science Foundation of
Shandong Province Science and Technology Development Plan (2019GHY112010).

Acknowledgments: Authors would like to thank Xiangru Han, Qin Miao and Qing Li for their contribution with
reagents, materials, and analysis tools.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2020, 12, 2460 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Xing, R.; Liu, S.; Yu, H,; Guo, Z,; Li, Z.; Li, P. Preparation of high-molecular weight and high-sulfate content
chitosans and their potential antioxidant activity in vitro. Carbohydr. Polym. 2005, 61, 148-154. [CrossRef]
Lin, Y,; Li, N; Lin, H.-T,; Lin, M,; Chen, Y.; Wang, H.; Ritenour, M.A.; Lin, Y. Effects of chitosan treatment on
the storability and quality properties of longan fruit during storage. Food Chem. 2020, 306, 125627. [CrossRef]
[PubMed]

Ouerghemmi, S.; Dimassi, S.; Tabary, N.; Leclercq, L.; Degoutin, S.; Chai, F; Pierlot, C.; Cazaux, E; Ung, A;
Staelens, J.-N.; et al. Synthesis and characterization of polyampholytic aryl-sulfonated chitosans and their
in vitro anticoagulant activity. Carbohydr. Polym. 2018, 196, 8-17. [CrossRef] [PubMed]

Anraku, M.; Gebicki, ].M.; Iohara, D.; Tomida, H.; Uekama, K.; Maruyama, T.; Hirayama, F.; Otagiri, M.
Antioxidant activities of chitosans and its derivatives in in vitro and in vivo studies. Carbohydr. Polym. 2018,
199, 141-149. [CrossRef] [PubMed]

Ma, Y,; Fu, L.; Hussain, Z.; Huang, D.; Zhu, S. Enhancement of storability and antioxidant systems of sweet
cherry fruit by nitric oxide-releasing chitosan nanoparticles (GSNO-CS NPs). Food Chem. 2019, 285, 10-21.
[CrossRef] [PubMed]

Qin, D.; Zhang, H.; Zhang, H.; Sun, T.; Zhao, H.; Lee, W.-H. Anti-osteoporosis effects of osteoking via
reducing reactive oxygen species. J. Ethnopharmacol. 2019, 244, 112045. [CrossRef]

Zhang, J.; Tan, W.; Wei, L.; Chen, Y.; Mi, Y.; Sun, X,; Li, Q.; Dong, F.; Guo, Z. Synthesis of urea-functionalized
chitosan derivatives for potential antifungal and antioxidant applications. Carbohydr. Polym. 2019, 215, 108-118.
[CrossRef]

Min, T.; Zhu, Z.; Sun, X,; Yuan, Z.; Zha, ].-W.; Wen, Y. Highly efficient antifogging and antibacterial food
packaging film fabricated by novel quaternary ammonium chitosan composite. Food Chem. 2020, 308, 125682.
[CrossRef]

Mi, Y,; Tan, W.; Zhang, J.; Wei, L.; Chen, Y.; Li, Q.; Dong, E; Guo, Z. Synthesis, Characterization, and
Antifungal Property of Hydroxypropyltrimethyl Ammonium Chitosan Halogenated Acetates. Mar. Drugs
2018, 16, 315. [CrossRef]

Zimet, P; Mombru, A.W.; Mombru, D.; Castro, A ; Villanueva, ].P; Pardo, H.; Rufo, C. Physico-chemical and
antilisterial properties of nisin-incorporated chitosan/carboxymethyl chitosan films. Carbohydr. Polym. 2019,
219, 334-343. [CrossRef]

Ma, X.; Qiao, C.; Wang, X.; Yao, J.; Xu, ]. Structural characterization and properties of polyols plasticized
chitosan films. Int. |. Biol. Macromol. 2019, 135, 240-245. [CrossRef]

Bonilla, F; Chouljenko, A.; Lin, A.; Young, B.M.; Goribidanur, T.S.; Blake, J.C.; Bechtel, PJ.; Sathivel, S.
Chitosan and water-soluble chitosan effects on refrigerated catfish fillet quality. Food Biosci. 2019, 31, 100426.
[CrossRef]

Sakwanichol, J.; Sungthongjeen, S.; Puttipipatkhachorn, S. Preparation and characterization of chitosan
aqueous dispersion as a pharmaceutical film forming material. J. Drug Deliv. Sci. Technol. 2019, 54, 101230.
[CrossRef]

Harutyunyan, L.R.; Harutyunyan, R.S.; Gabrielyan, G.A.; Lasareva, E.V. Modification of chitosan and
chitosan succinate by surfactants and investigation of their properties. Colloids Surf. A 2019, 578, 123622.
[CrossRef]

Rui, L.; Xie, M.; Hu, B.; Zhou, L.; Saeeduddin, M.; Zeng, X. Enhanced solubility and antioxidant activity of
chlorogenic acid-chitosan conjugates due to the conjugation of chitosan with chlorogenic acid. Carbohydr. Polym.
2017, 170, 206-216. [CrossRef]

Tan, W.; Zhang, J.; Zhao, X.; Dong, F; Li, Q.; Guo, Z. Synthesis and antioxidant action of chitosan derivatives
with amino-containing groups via azide-alkyne click reaction and N-methylation. Carbohydr. Polym. 2018,
199, 583-592. [CrossRef]

Peng, Z.-X.; Wang, L.; Du, L.; Guo, S.-R.; Wang, X.-Q.; Tang, T.-T. Adjustment of the antibacterial activity
and biocompatibility of hydroxypropyltrimethyl ammonium chloride chitosan by varying the degree of
substitution of quaternary ammonium. Carbohydr. Polym. 2010, 81, 275-283. [CrossRef]

Nellaiappan, S.; Kumar, A.S. Selective amperometric and flow injection analysis of 1,2-dihydroxy benzene
isomer in presence of 1,3- and 1,4-dihydroxy benzene isomers using palladium nanoparticles-chitosan
modified ITO electrode. Sens. Actuators B Chem. 2018, 254, 820-826. [CrossRef]


http://dx.doi.org/10.1016/j.carbpol.2005.04.007
http://dx.doi.org/10.1016/j.foodchem.2019.125627
http://www.ncbi.nlm.nih.gov/pubmed/31610328
http://dx.doi.org/10.1016/j.carbpol.2018.05.025
http://www.ncbi.nlm.nih.gov/pubmed/29891327
http://dx.doi.org/10.1016/j.carbpol.2018.07.016
http://www.ncbi.nlm.nih.gov/pubmed/30143114
http://dx.doi.org/10.1016/j.foodchem.2019.01.156
http://www.ncbi.nlm.nih.gov/pubmed/30797323
http://dx.doi.org/10.1016/j.jep.2019.112045
http://dx.doi.org/10.1016/j.carbpol.2019.03.067
http://dx.doi.org/10.1016/j.foodchem.2019.125682
http://dx.doi.org/10.3390/md16090315
http://dx.doi.org/10.1016/j.carbpol.2019.05.013
http://dx.doi.org/10.1016/j.ijbiomac.2019.05.158
http://dx.doi.org/10.1016/j.fbio.2019.100426
http://dx.doi.org/10.1016/j.jddst.2019.101230
http://dx.doi.org/10.1016/j.colsurfa.2019.123622
http://dx.doi.org/10.1016/j.carbpol.2017.04.076
http://dx.doi.org/10.1016/j.carbpol.2018.07.056
http://dx.doi.org/10.1016/j.carbpol.2010.02.008
http://dx.doi.org/10.1016/j.snb.2017.07.176

Polymers 2020, 12, 2460 16 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Wang, Y.; Xie, M.; Ma, G.; Fang, Y.; Yang, W.; Ma, N.; Fang, D.; Hu, Q.; Pei, F. The antioxidant and antimicrobial
activities of different phenolic acids grafted onto chitosan. Carbohydr. Polym. 2019, 225, 115238. [CrossRef]
Wang, Q.; Zhang, J.; Mu, B.; Fan, L.; Wang, A. Facile preparation of magnetic 2-hydroxypropyltrimethyl
ammonium chloride chitosan/Fe304/halloysite nanotubes microspheres for the controlled release of ofloxacin.
Carbohydr. Polym. 2014, 102, 877-883. [CrossRef]

Xu, X.; Li, Y;; Wang, F; Lv, L; Liu, J.; Li, M.; Guo, A,; Jiang, J.; Shen, Y.; Guo, S. Synthesis, in vitro and
in vivo evaluation of new norcantharidin-conjugated hydroxypropyltrimethyl ammonium chloride chitosan
derivatives as polymer therapeutics. Int. J. Pharm. 2013, 453, 610-619. [CrossRef]

Xu, X; Wang, L; Guo, S.; Lei, L; Tang, T.-T. Surface chemical study on the covalent attachment of
hydroxypropyltrimethyl ammonium chloride chitosan to titanium surfaces. Appl. Surf. Sci. 2011, 257, 10520-10528.
[CrossRef]

Zhang, J.; Tan, W.; Wang, G.; Yin, X.; Li, Q.; Dong, F.; Guo, Z. Synthesis, characterization, and the antioxidant
activity of N,N,N-trimethyl chitosan salts. Int. ]. Biol. Macromol. 2018, 118, 9-14. [CrossRef]

Yang, Y.; Xing, R.; Liu, S.; Qin, Y,; Li, K.; Yu, H,; Li, P. Chitosan, hydroxypropyltrimethyl ammonium
chloride chitosan and sulfated chitosan nanoparticles as adjuvants for inactivated Newcastle disease vaccine.
Carbohydr. Polym. 2020, 229, 115423. [CrossRef]

Tan, W.; Li, Q.; Wei, L.; Wang, P; Gao, Z.; Chen, Y.; Dong, E; Guo, Z. Synthesis, characterization, and
antifungal property of starch derivatives modified with quaternary phosphonium salts. Mater. Sci. Eng. C
2017, 76, 1048-1056. [CrossRef]

Saravanakumar, K.; Chelliah, R.; MubarakAli, D.; Jeevithan, E.; Oh, D.-H.; Kathiresan, K.; Wang, M.-H.
Fungal enzyme-mediated synthesis of chitosan nanoparticles and its biocompatibility, antioxidant and
bactericidal properties. Int. J. Biol. Macromol. 2018, 118, 1542-1549. [CrossRef]

Luo, C.; Wu, W,; Lin, X,; Li, Y.; Yang, K. A novel tanshinone IIA/chitosan solid dispersion: Preparation,
characterization and cytotoxicity evaluation. J. Drug Deliv. Sci. Technol. 2019, 49, 260-267. [CrossRef]
Machélkovd, A.; Melounkova, L.; Vinklarek, J.; Cisatovd, I.; Honzi¢ek, J. Synthesis, characterization and
cytotoxic activity of vanadocene dithiocarbamate complexes. Inorg. Chim. Acta 2019, 485, 125-130. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.carbpol.2019.115238
http://dx.doi.org/10.1016/j.carbpol.2013.10.071
http://dx.doi.org/10.1016/j.ijpharm.2013.05.052
http://dx.doi.org/10.1016/j.apsusc.2011.07.033
http://dx.doi.org/10.1016/j.ijbiomac.2018.06.018
http://dx.doi.org/10.1016/j.carbpol.2019.115423
http://dx.doi.org/10.1016/j.msec.2017.03.181
http://dx.doi.org/10.1016/j.ijbiomac.2018.06.198
http://dx.doi.org/10.1016/j.jddst.2018.11.024
http://dx.doi.org/10.1016/j.ica.2018.10.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chemical Synthesis and Characterization 
	FTIR Spectra 
	NMR Spectra 
	Elemental Analysis 

	Water Solubility 
	Antioxidant Activity 
	Scavenging Ability of DPPH Radical 
	Scavenging Ability of Superoxide Radical 
	Scavenging Ability of Hydroxyl Radical 
	Reducing Power 

	Cytotoxicity Assay 

	Materials and Methods 
	Materials 
	Analytical Methods 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Nuclear Magnetic Resonance (NMR) Spectroscopy 
	Elemental Analysis 

	Synthesis of Chitosan Derivatives 
	Water Solubility Assay 
	Antioxidant Activity Assay 
	DPPH-Radical Scavenging Activity Assay 
	Superoxide-Radical Scavenging Activity Assay 
	Hydroxyl-Radical Scavenging Activity Assay 
	Reducing Power Assay 

	Cytotoxicity Assay 
	Statistical Analysis 

	Conclusions 
	References

