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Abstract
Carboxymethyl chitosan (CMCS) is a water soluble derivate of chitosan, the unique natural cationic polysaccharide with 
versatile functions. However, the weak chain-breaking antioxidant capacity is still a shortage of CMCS in practical appli-
cations. To enhance the antioxidant capacity, CMCS was functionalized with chlorogenic acid (CA), a natural antioxidant 
compound, by a free radical grafting method in this study. The successful formation of CA-grafted CMCS (CA-CMCS) 
was confirmed by UV–Vis, FTIR, and 1H NMR analyses, and CA-CMCS had a grafting ratio of 58.6 ± 1.5 mg CAE/g and 
a water-solubility of 21.0 ± 1.1 mg/mL. Due to CA presence, CA-CMCS showed different physicochemical and biological 
properties compared with CMCS. The crystallinity and thermal stability of CA-CMCS were lower than those of CMCS. 
More importantly, the DPPH and ABTS radical scavenging activities of CA-CMCS reached 92.4% and 99.4%, respectively, 
being much higher than those of CMCS. Also, better hydroxyl and superoxide radical scavenging activities as well as reduc-
ing power were obtained for CA-CMCS relative to CMCS. In addition, CA-CMCS revealed good stability, with its higher 
percentage in phenolic content and DPPH radical scavenging activity compared to CA. Our results suggest that CA-CMCS 
could be a promising antioxidant used in the fields of food and health care.
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Introduction

Free radicals, especially reactive oxygen species (ROS), 
are continuously generated in the human body by normal 
metabolic processes. The free radicals at low levels have 
beneficial effects on cellular responses and immune func-
tions, and the human body has various mechanisms to bal-
ance the formation of free radicals [1]. However, the over-
load of free radicals occasionally occurs in cells, resulting 
in severe damage to biomolecules, including lipids, proteins, 
and DNA, and subsequent various diseases such as aging, 
cancer, and cardiovascular disease [2]. To eliminate the 
excessive free radicals, intake of dietary antioxidants has 
been proposed, and positive effects are proved [3]. Among 
various natural compounds, chitosan is considered as a 

suitable candidate for dietary antioxidant supplements due 
to its good biocompatibility and health effects on the human 
body [4]. However, chitosan is insoluble in water and has 
weak hydrogen-donating ability, which would limit its prac-
tical applications. Fortunately, chitosan has numerous active 
hydroxyl and amino groups [5], which can be easily chemi-
cally modified. More importantly, the chemically modified 
derivatives can partially offset the limitations of chitosan 
[6]. For example, by introducing carboxymethyl groups onto 
the hydroxyl and amino sites of chitosan, a water soluble 
chitosan derivative, carboxymethyl chitosan (CMCS), can 
be obtained [7]. Interestingly, CMCS remains the attractive 
biological properties of chitosan, such as anti-microbial 
activity and non-cytotoxicity. However, like chitosan, the 
antioxidant capacity of CMCS is still insufficient for practi-
cal applications. Therefore, some efforts have been paid on 
enhancing the antioxidant capacity of CMCS in recent years, 
and a promising approach, introducing natural antioxidants 
onto CMCS, has been developed [8].

Polyphenols, the secondary metabolites of plants, are 
considered suitable moieties combined with CMCS, because 
they have not only the potent antioxidant capacity but also 

 *	 Xueqing Yu 
	 yuxueqing@hebut.edu.cn

 *	 Yingjun Jing 
	 jingyingjun@hebut.edu.cn

1	 School of Chemical Engineering and Technology, Hebei 
University of Technology, Tianjin 300130, China

http://orcid.org/0000-0002-3073-5097
http://crossmark.crossref.org/dialog/?doi=10.1007/s13726-020-00875-9&domain=pdf


82	 Iranian Polymer Journal (2021) 30:81–91

1 3

the ability to prevent some human diseases [9]. Moreover, 
the stability and bioavailability of polyphenols are improved 
by combining with polysaccharides, which strengthens their 
health effects [10–13]. To date, some polyphenols, such as 
gallic acid, caffeic acid, ferulic acid, and quercetin, have 
been successfully inserted onto CMCS, and the resulting 
conjugates exhibit the excellent antioxidant capacity and 
anti-tumor activity [8, 14, 15]. Nevertheless, the physical 
and biological properties of polyphenols depend on chemi-
cal structure, leading to different properties in the result-
ing conjugates. Therefore, it is worth while devoting more 
efforts to study the conjugates of CMCS with other poly-
phenols. Chlorogenic acid (CA), one of the most available 
polyphenols in fruit and vegetable, is considered as a well-
known antioxidant agent. CA also has beneficial effects on 
immune systems and can reduce the risk of many infectious 
diseases [16]. Thus, CA may be a suitable polyphenol to 
functionalize polysaccharides. Recently, inserting CA onto 
chitosan has been achieved by enzymatic and carbodiim-
ide-coupling methods [17, 18]. However, the enzymatic 
procedure involves the oxidization of polyphenols to qui-
nones, reducing the biological activities. The carbodiimide-
coupling method usually requires chemical crosslinking 
reagents that are not eco-friendly. Thus, another effective 
approach for the preparation of polyphenol-polysaccharide 
conjugates, the free radical grafting procedure, has attracted 
more attention recently due to its safe and environmentally 
friendly properties. However, to the best of our knowledge, 
little information regarding CA-grafted CMCS (CA-CMCS) 
synthesized by the free radical grafting procedure is found 
in the literature.

Therefore, this work aimed to prepare CA-CMCS by a 
free radical grafting procedure, optimize the grafting ratio, 
characterize its physicochemical properties, and evaluate its 
antioxidant activity and stability.

Experimental

Materials

CMCS with a carboxylation degree of 80% was purchased 
from Aoxing Biotechnology Company, China. CA was 
obtained from Ciyuan Biotechnology Company, China. 
2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-
bis(3-ethyl-benzothiazoline-6-sulfonicacid) (ABTS) were 
purchased from Solarbio, China. Other analytical-grade 
chemicals were provided by Fengchuan Chemicals, China.

Preparation of CA‑CMCS

The synthesis of CA-CMCS was performed according to 
the method of Hu et al. [19]. Briefly, 0.5 g of CMCS was 

fully dissolved in 100 mL of acetic acid solution (0.5%, v/v) 
for 30 min with magnetic agitation, followed by adding 
4 mL of 1.0 mol/L hydrogen peroxide solution containing 
0.2 g of ascorbic acid. After stirring for another 30 min, 
CA (the molar ratio of CA to CMCS monomer: 0.025:1, 
0.05:1, 0.1:1, 0.2:1, 0.3:1 or 0.4:1) was added in the CMCS 
solution. The mixture was then stirred until CA was com-
pletely dissolved, followed by resting at room temperature 
for 12 h. Afterward, the reaction solution was poured into 
a dialysis tubing (MWCO 8000–10,000 Da) and dialyzed 
against distilled water (with 8 changes of water) at room 
temperature for 48 h to remove unreacted CA and other 
chemicals. Finally, the reaction solution was centrifuged at 
10,000 rpm for 5 min and freeze-dried to obtain the pow-
dered CA-CMCS.

Determination of grafting ratio

The grafting ratio of CA-CMCS was measured by Folin-
Ciocalteu method [20]. CA-CMCS was dissolved in distilled 
water to a concentration of 1 mg/mL. Then, 1 mL of CA-
CMCS solution was mixed with 2.5 mL of Folin-Ciocalteu 
reagent. The mixture was maintained in the dark for 5 min 
and then added 4 mL of Na2CO3 solution (7.5%, w/v). After-
ward, the mixture was adjusted to a volume of 10 mL with 
distilled water and incubated at 30 ºC for 2 h. Finally, the 
absorbance of the mixture was measured at 760 nm by a 
spectrophotometer (UV-1100, Mapada, China). The grafting 
ratio of CA-CMCS was calculated using CA as a standard 
and expressed as mg of CA equivalents per g of CA-CMCS, 
mg CAE/g.

Characterization of CA‑CMCS

The structure of CA-CMCS was characterized by ultravio-
let–visible (UV–Vis) absorbance, Fourier transform infrared 
(FTIR) spectroscopy, and proton nuclear magnetic resonance 
(1H NMR). The UV–Vis spectrum was recorded from the 
wavelength of 250–450 nm by a spectrometer (Evolution 
300, Thermo, America). The FTIR spectrum was measured 
in a wavenumber range of 4000–500 cm−1 by a spectropho-
tometer (Vector 22, Bruker, Germany). The 1H NMR spec-
trum was recorded by a spectrometer (Avance 400, Bruker, 
Germany), by dissolving CA-CMCS in 2% (v/v) CD3COOD/
D2O.

The crystallography of CA-CMCS was determined by 
X-ray diffraction (XRD), which was performed in a 2θ range 
of 5–70° by an X-ray diffractometer (D8 Advance, Bruker, 
Germany). The thermogravimetry (TG), differential ther-
mogravimetry (DTG), and differential scanning calorimetry 
(DSC) of CA-CMCS were analyzed by a DSC-TGA (SDT/
Q600, TA, USA) under the protection of nitrogen, with heat-
ing from 40 to 550 ºC at a rate of 10 ºC/min.
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Determination of solubility of CA‑CMCS

The water-solubility of CA-CMCS was evaluated accord-
ing to the previous work [21]. In brief, a saturated solution 
of CA-CMCS was prepared by dissolving 0.5 g of CA-
CMCS in 10 mL of distilled water at room temperature 
for 12–16 h. The saturated CA-CMCS solution was centri-
fuged at 5000 rpm for 10 min. Then, the supernatant was 
withdrawn, diluted, and subjected to the measurement of 
optical density at the absorbance maxima. The solubility 
was calculated using the following equation:

where S is the solubility (mg/mL), Ax is the absorbance of 
the saturated solution and B is the coefficient of absorbance.

Assay of antioxidant activity

DPPH radical scavenging assay

The DPPH radical scavenging activity was evaluated 
according to the previous report [20]. A 2 mL aliquot 
of CA-CMCS solution was mixed with 2 mL of DPPH 
solution (0.1 mmol/L) in ethanol. After being vigorously 
shaken, the mixture was maintained in the dark at room 
temperature for 30 min. The absorbance of the mixture 
was then measured at 517 nm. The DPPH radical scav-
enging activity was calculated by the following equation:

where As and A0 are the absorbance of the sample and blank 
(without the CA-CMCS solution).

ABTS radical scavenging assay

The ABTS radical scavenging activity was analyzed as pre-
viously described by Lee and Je [22]. In brief, ABTS stock 
was prepared by mixing an ABTS solution (7 mmol/L) in 
phosphate-buffered saline (PBS, 10 mmol/L, pH 7.4) with 
an equal volume of potassium persulfate (2.75 mmol/L). 
The ABTS stock was maintained in the dark at room 
temperature for 12–16  h and then diluted with PBS 
(10  mmol/L, pH 7.4) to an absorbance of 0.70 ± 0.02 
at 734 nm to obtain the ABTS radical solution. After-
ward, 50 μL of CA-CMCS solution was added in 3 mL 
of ABTS radical solution followed by maintaining in the 
dark for 6 min. Finally, the absorbance of the mixture was 

(1)S = Ax∕B,

(2)

DPPH radical scavenging activity (%) =
A0 − As

A0

× 100%,

measured at 734 nm. The ABTS radical scavenging activ-
ity was calculated using the following equation:

where As and A0 are the absorbance of the sample and blank, 
respectively.

Hydroxyl radical scavenging assay

The hydroxyl radical scavenging activity was determined 
according to the previous report [21]. Typically, 1.5 mL 
of CA-CMCS solution was well mixed with 0.5 mL of 
1,10-phenanthroline (1.5  mmol/L) and 1  mL of PBS 
(20 mmol/L, pH 7.4). Then, 0.5 mL of FeSO4 solution 
(0.5 mmol/L) and 0.5 mL of H2O2 solution (25 mmol/L) 
were added into the mixture. After incubation at 37 ºC for 
50 min, the absorbance of the mixture was evaluated at 
536 nm. The hydroxyl radical scavenging activity was cal-
culated using the following equation:

where As, Ac, and A0 are the absorbance of the sample, con-
trol (without the H2O2 solution), and blank, respectively.

Superoxide radical scavenging assay

The superoxide radical scavenging activity was measured 
as previously described by Jing et al. [23]. A 1 mL aliquot 
of CA-CMCS solution was mixed with 4.5 mL of Tris–HCl 
buffer (50 mmol/L, pH 8.2) and 3.2 mL of distilled water 
followed by incubation at 25 ºC for 20 min. After adding 
0.3 mL of pyrogallol solution (60 mmol/L), the optical den-
sity of the mixture was immediately recorded at 420 nm at 
30-s interval within 5 min. The superoxide radical scaveng-
ing activity was calculated using the following equation:

where ΔAs and ΔA0 are the absorbance change of the sample 
and blank, respectively.

Determination of reducing power

The reducing power was assayed according to the previous 
report [24]. First, 1 mL of CA-CMCS solution was mixed 
with 2.5 mL of PBS (20 mmol/L, pH 6.6) and 2.5 mL of 
potassium ferricyanide (1%, w/v) followed by incubation at 
50 ºC for 20 min. Second, the reaction solution was cooled 

(3)

ABTS radical scavenging activity (% ) =
A0 − As

A0

× 100%,

(4)

Hydroxyl radical scavenging activity (% ) =
As − A0

Ac − A0

× 100%,

(5)

Superoxide radical scavenging activity (% ) =
ΔA0 − ΔAs

ΔA0

× 100%,
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on ice for 5 min, added 2.5 mL of trichloroacetic acid solu-
tion (10%, v/v), and centrifuged at 3000 rpm for 10 min. 
Third, 2.5 mL of the supernatant was withdrawn and added 
2.5 mL of distilled water and 0.5 mL of FeCl3 (0.1%, w/v). 
After incubation for 10 min, the absorbance of the reaction 
solution was measured at 700 nm, which was considered the 
reducing power.

Determination of stability of CA‑CMCS

The stability of CA-CMCS was determined according to 
the previous method [19] with modifications. CA-CMCS 
was fully dissolved in distilled water at a concentration of 
1 mg/mL. The CA-CMCS solution was then stored at 25 ºC 
and 4 ºC for 12 days. During storage, the phenolic con-
tent and DPPH radical scavenging activity were measured 
every 2 days. The percent remaining of phenolic content 
and DPPH radical scavenging activity was calculated and 
applied to evaluate the stability of CA-CMCS.

Statistical analysis

All experiments were conducted in triplicates; data were 
expressed as mean values with standard deviation. One-way 
analysis of variance was used to analyze significant differ-
ences (P < 0.05); multiple comparisons were carried out 
using a Tukey multiple range test. All statistical analyses 
were performed using SPSS software (Version 20.0, SPSS 
Inc., USA).

Results and discussion

Preparation of CA‑CMCS

In this study, to improve the antioxidant capacity, CMCS was 
functionalized with CA by free radical grafting procedure 
using the ascorbic acid/hydrogen peroxide redox pair as an 
initiator system. Liu et al. [25] studied the mechanism of the 
grafting procedure and found that this procedure was medi-
ated by ascorbate radicals generated by the reaction between 
ascorbic acid and hydrogen peroxide. Accordingly, a pos-
sible reaction mechanism for the synthesis of CA-CMCS is 
herein proposed (Fig. 1). First, an oxidant-reduction reaction 
occurs in the ascorbic acid/hydrogen peroxide redox system, 
which generates hydroxyl and ascorbate radicals. Second, 
the ascorbate radicals abstract hydrogen atoms from the 
hydroxyl and/or amino groups of CMCS, producing macro-
molecular CMCS radicals. Third, the CMCS radicals react 
with CA, resulting in the formation of CA-CMCS.

The grafting ratio, i.e., the phenolic content, is cru-
cial for polyphenol-polysaccharide conjugates, because 
the phenolic moieties can bring beneficial properties for 

the conjugates, such as the strong antioxidant capacity. 
However, the grafting ratio is influenced by several fac-
tors such as the molar ratio of polyphenol to polysaccha-
ride monomer, the ascorbic acid and hydrogen peroxide 
concentrations, and the reaction time. Of these factors, 
the most notable one is the molar ratio of polyphenol to 
polysaccharide monomer [26]. Thus, in this study, a series 
of molar ratios of CA to CMCS monomer were used to 
obtain a better grafting ratio of CA-CMCS. When the 
molar ratio of CA to CMCS monomer rose from 0.025:1 to 
0.2:1, CA-CMCS showed a significant increase (P < 0.05) 
in the grafting ratio (Fig. 2), which is probably due to the 
accumulation of CA moieties on CMCS chains. However, 
no significant improvement (P > 0.05) in the grafting ratio 
was observed as the molar ratio further increased from 
0.2:1 to 0.4:1, which may be because the available reac-
tive sites of CMCS radicals have been fully occupied by 
CA moieties. Consequently, the optimal molar ratio of 

Fig. 1   Proposed mechanism for the synthesis of CA-CMCS
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CA to CMCS monomer was 0.2:1. Under this condition, 
a grafting ratio of 58.6 ± 1.5 mg CAE/g was obtained for 
CA-CMCS.

Characterization of CA‑CMCS

UV–Vis spectrum of CA‑CMCS

The UV–Vis analysis is a useful tool to confirm the suc-
cessful conjugation of polysaccharides with polyphenols. 
Herein, the UV–Vis spectra of CA, CMCS, and CA-CMCS 
were measured to validate the grafting of CA onto CMCS. 
The CA molecule contains an aromatic ring, the π system 
of which has UV–Vis absorbance in the wavelength range 
of 250–450 nm [10]. This UV–Vis absorbance character-
istic of CA was also observed in this work, with confir-
mation by a typical absorption peak at 322 nm (Fig. 3). In 

general, CMCS does not have UV–Vis absorbance within 
250–450 nm [8]. Accordingly, no absorption peaks were 
observed herein in the spectrum of CMCS. In contrast, CA-
CMCS exhibited the characteristic absorption peak of the 
aromatic ring at a slight short wavelength of 320 nm, reveal-
ing the successful insertion of CA onto CMCS. In a previous 
study, Wei and Gao [27] also observed a similar shift in the 
absorption peak of CA-chitosan. In another previous study 
[17]; however, both CA and CA-chitosan showed a char-
acteristic peak at 322 nm. After grafting, a red-shift in the 
absorption peak frequently takes place in some polyphenol-
polysaccharide conjugates due to a decrease in energy for the 
π − π* transition of the aromatic ring [22]. Nevertheless, no 
red-shift is observed in the absorption peak of CA-grafted 
polysaccharides, which could be a result of the distance 
between the grafting site and the aromatic ring in CA [17].

FTIR spectrum of CA‑CMCS

The FTIR spectra of CA, CMCS, and CA-CMCS were 
measured to further confirm the formation of CA-CMCS. 
CA exhibited the typical phenolic characteristics with 
the C=O stretching vibration at 1201 cm−1 and the C=C 
stretching vibration of the aromatic ring in the range 
of 1442–1600 cm−1 (Fig. 4), as suggested by Rui et al. 
[17]. For CMCS, the band at 1597 cm−1 is ascribed to the 
overlap of N–H bending vibration of amino groups and 
asymmetrical stretching vibration of COO−groups [28]. 
The band at 1413 cm−1 is attributed to the symmetrical 
stretching vibration of COO− groups [29]. The band at 
1072 cm−1 is the characteristic of hydroxyl groups. Com-
pared with CMCS, CA-CMCS showed a similar FTIR 
spectrum, revealing that CMCS is the backbone of CA-
CMCS. Furthermore, some alterations appeared in the 

Fig. 2   Effect of molar ratio of CA to CMCS monomer on the grafting 
ratio of CA-CMCS; different letters above the bars indicate signifi-
cant differences in the Tukey multiple range test (P < 0.05)

Fig. 3   UV–Vis spectra of CA, CMCS, and CA-CMCS Fig. 4   FTIR spectra of CA, CMCS, and CA-CMCS
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spectrum of CA-CMCS. First, a small band occurred at 
1203 cm−1, which is owing to the C=O stretching vibra-
tion of CA, indicating the insertion of CA onto CMCS. 
Second, CA-CMCS exhibited a band at 1732 cm−1, indi-
cating the formation of ester bonds between the hydroxyl 
groups of CMCS and the carboxyl groups of CA. Third, 
the band of the overlap of amino and COO− groups shifted 
to 1591 cm−1 in the spectrum of CA-CMCS, suggesting 
that the amino groups of CMCS may be also involved in 
the grafting. These alterations provide evidence for the 
successful formation of CA-CMCS, and CA molecules are 
probably grafted onto the hydroxyl and amino groups of 
CMCS.

1H NMR spectrum of CA‑CMCS

In this work, the characterization of CA, CMCS, and CA-
CMCS was also carried out by 1H NMR spectrum. In the 
spectrum of CA, several typical signals appeared in the 
region of 5.0–7.5 ppm (Fig. 5), which represented the phe-
nyl protons of the aromatic ring of CA [30]. The spectrum 
of CMCS displayed a single peak at 3.0 ppm, being attrib-
uted to the H-2 of the pyranose ring. CMCS also exhibited 
multiple peaks at 3.3–4.4 ppm, which are assigned to the 
H-3–H-6 of the pyranose ring. After grafting, CA-CMCS 
showed the typical signals of both the aromatic and pyra-
nose rings in their respective regions, demonstrating again 
the successful synthesis of CA-CMCS. Similar results 
were also observed by Rui et al. [17] in CA-chitosan pre-
pared by carbodiimide-coupling.

Crystallographic structure of CA‑CMCS

The XRD pattern was measured to determine the crystal-
lographic structure of CA, CMCS, and CA-CMCS. The 
XRD pattern of CA displayed multiple intense and sharp 
peaks from 2θ = 9.6° to 30.3° (Fig. 6), indicating its crys-
talline form [31]. The original CMCS showed a main peak 
at 2θ = 20.4° related to crystal form II and a small peak at 
2θ = 9.2° assigned to crystal form I, which agrees with the 
previous report [7]. The crystal form of CMCS is mainly 
owing to the inter- and intra-molecular hydrogen bonds gen-
erated by the hydroxyl and amino groups. After grafting, 
however, the insertion of CA may hinder the formation of 
inter- and intra-molecular hydrogen bonds of CMCS, result-
ing in a loose packing structure of CA-CMCS. Accordingly, 
CA-CMCS showed a broad peak at 2θ = 14.5° and a weak 
peak at 2θ = 28.6°, suggesting that CA-CMCS had a lower 
crystallinity than CMCS. The decrease in the crystallinity 
was also observed in other polyphenol-polysaccharide con-
jugates. For example, the introduction of gallic acid onto 
chitosan decreased the crystallinity of the resultant conju-
gate [32].

Thermal properties of CA‑CMCS

The thermal properties of CA, CMCS, and CA-CMCS 
were analyzed by TG, DTG, and DSC. For the TG analy-
sis, CA, CMCS, and CA-CMCS showed similar behavior 
(Fig. 7a), i.e., two stages in weight loss. The first stage with 
a minor weight loss was assigned to the loss of the resi-
due and bound water on materials. The second stage with 
a major weight loss was attributed to the decomposition of 
polymers. Herein, the second stage of CMCS started from 
230 °C, which could be considered the initial temperature 

Fig. 5.   1H NMR spectra of CA, CMCS, and CA-CMCS Fig. 6   XRD patterns of CA, CMCS, and CA-CMCS
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of the decomposition of CMCS. In contrast, the initial tem-
perature of decomposition for CA-CMCS was only 120 °C. 
The sharp decrease in the initial temperature of decompo-
sition revealed that CA-CMCS had much lower thermal 
stability than CMCS. The stability of a polymer has been 
generally related to its inter- and intra-molecular hydrogen 
bonds. The lower thermal stability of CA-CMCS is mainly 
due to the damage in the inter- and intra-molecular hydro-
gen bonds we discussed above. In addition, although CA-
CMCS has a lower initial temperature of decomposition than 
CMCS, higher peak and final temperatures of decomposition 
are observed for CA-CMCS (290 °C and 390 °C, respec-
tively) relative to CMCS (270 °C and 310 °C, respectively) 
(Fig. 7b), which is probably because CA-CMCS contains the 
CA moieties with high thermal stability.

The DSC thermogram of CA displayed an endothermic 
melting peak at 200 °C (Fig. 7c), which is assigned to the 
degradation of this compound. CMCS showed an exother-
mic peak at 280 °C, representing the crosslinking reactions 
of its decomposed compositions [33]. In contrast, both the 
endothermal peak of CA and the exothermal peak of CMCS 
disappeared in the DSC thermogram of CA-CMCS, indicat-
ing the conjugation of CMCS with CA again. Similar results 
were also observed in hydroxycinnamic acid-chitosan [24] 
and gallic acid-chitosan [32].

Water‑solubility of CA‑CMCS

After grafting, CA-CMCS showed a good solubility of 
21.0 ± 1.1 mg/mL in water. The water-solubility of CA-
CMCS was much better than that of other reported poly-
phenol-polysaccharide conjugates, e.g., gallic acid-chitosan 
(4.5 mg/mL), vanillic acid-chitosan (2.2 mg/mL), coumaric 
acid-chitosan (1.7  mg/mL) [21], ferulic acid-chitosan 
(1.3  mg/mL) [34], CA-chitosan (4.1  mg/mL) [17], and 
tannic acid-chitosan (15.0  mg/mL) [23]. The favorable 
water-solubility of CA-CMCS is probably a result of the 
synergistic effects of the hydrophilic groups of CA and the 
carboxyl groups of CMCS. In addition, the introduction of 
CA reduces the inter- and intra-molecular hydrogen bonds of 
CMCS, which also has a positive effect on water-solubility 

of CA-CMCS. Importantly, good water-solubility could 
endow CA-CMCS with more extensive applications in vari-
ous fields.

Antioxidant capacity of CA‑CMCS

CMCS is not a good chain-breaking antioxidant due to the 
lack of H-atom donors. Inserting polyphenols onto CMCS 
can produce CMCS-based conjugates with the strong anti-
oxidant capacity [8]. The antioxidant capacity of compounds 
generally includes radical scavenging ability, ROS quench-
ing ability, and reducing power. Accordingly, multiple assays 
were performed to evaluate the antioxidant capacity of CA-
CMCS in this work.

Radical scavenging activity

The primary antioxidant capacity of CA-CMCS was 
evaluated by determining the scavenging capacity against 
DPPH and ABTS radicals. The DPPH and ABTS radicals 
are hydrophobic and hydrophilic, respectively. The DPPH 
and ABTS radical solutions have the absorbance maxima 
at 517 nm and 734 nm, respectively [20, 22]. Antioxidants 
are able to scavenge DPPH and ATBS radicals by donating 
H-atoms, leading to lowering absorbance of the solution. 
Therefore, the DPPH and ABTS assays are regularly used to 
determine the chain-breaking antioxidant capacity of com-
pounds [23]. As a natural antioxidant compound, CA showed 
strong scavenging capacity against DPPH and ABTS radi-
cals, with the scavenging activities of > 89.4% and > 96.0% 
at tested concentrations, respectively (Fig. 8). However, 
very weak DPPH and ABTS radical scavenging activities 
(< 9.5%) were observed for CMCS due to the lack of H-atom 
donors. Compared with CMCS, a significant improvement 
(P < 0.05) in the scavenging activity was obtained for CA-
CMCS. With increasing concentration, both the DPPH and 
ABTS radical scavenging activities of CA-CMCS increased 
significantly (P < 0.05). At the concentrations of 110 μg/
mL and 60 μg/mL, the maximum scavenging activities of 
CA-CMCS were 92.4% and 99.4% for DPPH and ABTS 
radicals, respectively. These values were close to those of 

Fig. 7   TG (a), DTG (b), and DSC (c) analyses of CA, CMCS, and CA-CMCS
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CA, demonstrating the strong radical scavenging capacity of 
CA-CMCS. Moreover, the DPPH and ABTS radical scav-
enging activities of CA-CMCS were higher than those of 
other reported conjugates formed with CMCS or CA. For 
example, the DPPH radical scavenging activities of feru-
lic acid-CMCS, caffeic acid-CMCS, and gallic acid-CMCS 
were only 59.26%, 64.81%, and 74.54%, respectively, at the 
concentration of 1 mg/mL [8]. The ABTS radical scavenging 
activity of CA-chitosan was < 90% at the concentration of 
0.5 mg/mL [17]. In addition, the half-inhibition concentra-
tions (IC50) of CA-CMCS against DPPH and ABTS radicals 
were 35.0 μg/mL and 23.1 μg/mL, respectively, confirming 
again the strong radical scavenging activity of CA-CMCS.

Our results confirm the formation of CA-CMCS with 
strong antioxidant capacity by introducing CA onto CMCS. 
Since CA has available phenolic hydroxyl groups with great 
H-atom donating ability, it is considered a strong antioxi-
dant compound [16]. When CA is inserted onto CMCS, 
the phenolic hydroxyl groups are brought into the resultant 
CA-CMCS, which is supported by UV–Vis, FTIR, and 1H 
NMR discussed above. Therefore, CA endows CA-CMCS 
with the strong primary antioxidant capacity, as suggested 
by Božič et al. [35] in gallic acid-chitosan and caffeic acid-
chitosan. Moreover, CA-CMCS had a higher maximum 
scavenging activity and a lower IC50 value against DPPH 
radicals than ABTS radicals, indicating that CA-CMCS may 
have better scavenging capacity against hydrophilic radicals 
than hydrophobic radicals. These results also suggest that 
CA-CMCS may have better efficiency in aqueous solution 

than an organic environment, which agrees with the previ-
ous report [36].

ROS quenching ability

The hydroxyl radical is the most active ROS in living cells. 
It can damage the adjacent biomolecules, including DNA, 
proteins, and lipids, causing many serious human diseases 
[1]. Antioxidants are able to quench ROS through electron-
donating, which is beneficial to human health [3]. Thus, the 
hydroxyl radical scavenging activities of CA, CMCS, and 
CA-CMCS were assayed in this work. CA and CA-CMCS 
showed a continuous increase in the hydroxyl radical scav-
enging activity with the concentration (Fig. 9a). The maxi-
mum scavenging activities of CA-CMCS and CA reached 
83.9% and 90.5%, respectively, at the concentration of 
31.5 μg/mL. In contrast, the hydroxyl radical scavenging 
activity of CMCS increased to 61.8% as the concentration 
increased to 13.5 μg/mL but had no significant increase 
thereafter (P > 0.05). Moreover, CA-CMCS had a lower IC50 
value of 12.7 μg/mL against hydroxyl radicals than other 
reported polyphenol-CMCS conjugates, e.g., ferulic acid-
CMCS (1.46 mg/mL), caffeic acid-CMCS (0.65 mg/mL), 
and gallic acid-CMCS (0.36 mg/mL) [8], suggesting that 
CA-CMCS had better ROS quenching ability.

The superoxide radical is considered the primary ROS; 
it can further interact with other molecules to generate 
secondary ROS such as the hydroxyl radical [2]. The 
superoxide radical scavenging activities of CA,CMCS, and 

Fig. 8   Scavenging activities of 
CA, CMCS, and CA-CMCS 
against DPPH (a) and ABTS (b) 
radicals; different letters at the 
same concentration indicate sig-
nificant differences in the Tukey 
multiple range test (P < 0.05)

Fig. 9   Scavenging activities of 
CA, CMCS, and CA-CMCS 
against hydroxyl (a) and super-
oxide (b) radicals; different 
letters at the same concentration 
indicate significant differences 
in the Tukey multiple range test 
(P < 0.05)
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CA-CMCS are presented in Fig. 9b. Three samples showed 
similar behavior in the superoxide radical scavenging 
activity, that is, their scavenging activities all increased 
with the concentration. Nevertheless, at each tested con-
centration, the scavenging activity of CA-CMCS was 
higher than that of CMCS. At the concentration of 100 μg/
mL, the scavenging activity of CA-CMCS reached a maxi-
mum of 85.0%, whereas CMCS only had a maximum of 
66.4%. Furthermore, the superoxide radical scavenging 
activity of CA-CMCS was also higher than that of ferulic 
acid-CMCS, caffeic acid-CMCS, and gallic acid-CMCS 
[8], indicating again its better ROS quenching ability.

In this study, both CA and CMCS exhibited scaveng-
ing activity against hydroxyl and superoxide radicals, con-
firming their ROS quenching ability. After grafting, CA-
CMCS showed better hydroxyl and superoxide scavenging 
activities than CMCS. These results illustrate that both CA 
and CMCS have contributions to the quenching ability of 
CA-CMCS against ROS.

Reducing power

Besides radical scavenging and ROS quenching abilities, 
reducing power is also frequently used to evaluate the anti-
oxidant capacity of compounds [37]. According to the previ-
ous literature [38], the reducing power of antioxidants gen-
erally associates with the electron-donating ability. Herein, 
CMCS showed low reducing power (0.054–0.072) in all 
tested concentrations (Fig. 10), reflecting its weak electron-
donating ability. Due to containing the phenolic hydroxyl 
group that has the excellent electron-donating ability, high 
reducing power (1.74–2.15) was obtained for CA. Introduc-
ing CA onto CMCS brings phenolic hydroxyl groups to the 
resultant copolymer. As a result, CA-CMCS exhibited signif-
icant improvement (P < 0.05) in reducing power compared 
with CMCS. At the concentration of 96 μg/mL, the reducing 
power of CA-CMCS increased to 0.57, which was higher 
than that of CMCS and other reported polyphenol-CMCS 
conjugates [8, 14]. In addition, the improvement in reducing 
power was also observed in other graft copolymers [19, 26].

Stability of CA‑CMCS

Although polyphenols have strong antioxidant activity, they 
are unstable in aqueous solution and susceptible to oxygen 
and temperature [39]. Thus, the degradation of polyphenols 
occurs normally during storage, resulting in a reduction in 
the antioxidant capacity. Herein, the stability of CA and 
CA-CMCS in aqueous solution was evaluated by measur-
ing the percent remaining of phenolic content and DPPH 
radical scavenging activity during 12 days storage at 25 ºC 
and 4 ºC. As expected, the phenolic content of both CA and 
CA-CMCS gradually decreased with storage time (Fig. 11). 
Nevertheless, after 12 days of storage, the percent remain-
ing of phenolic content was significantly higher (P < 0.05) 
for CA-CMCS with respect to CA. Similar results were also 
observed in the DPPH radical scavenging activity. The per-
cent remaining of 80.1% and 83.6% was obtained for the 
DPPH radical scavenging activity of CA after 12 days of 
storage at 25 ºC and 4 ºC, respectively, whereas the per-
cent remaining was > 98.3% for that of CA-CMCS. These 

Fig. 10   Reducing power of CA, CMCS, and CA-CMCS; different let-
ters at the same concentration indicate significant differences in the 
Tukey multiple range test (P < 0.05)

Fig. 11   Percent remaining of 
phenolic content (a) and DPPH 
radical scavenging activity (b) 
during 12 days storage at 25 ºC 
and 4 ºC; different letters on the 
same day indicate significant 
differences in the Tukey multi-
ple range test (P < 0.05)
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results suggest that CA-CMCS had better stability than CA. 
In a previous study, Hu et al. [19] evaluated the stability of 
gallic acid-chitosan by measuring the phenolic content and 
found a similar result. In addition, CA showed higher per-
cent remaining of phenolic content and DPPH radical scav-
enging activity at 4 ºC than 25 ºC, whereas no significant 
differences (P > 0.05) between 25 ºC and 4 ºC were observed 
for CA-CMCS after 12 days of storage. These results also 
reflect the good stability of CA-CMCS.

Conclusion

In the present study, CA-CMCS was successfully synthe-
sized by combining CMCS with CA by a safe and ecof-
riendly procedure, the free radical grafting procedure using 
the ascorbic acid/hydrogen peroxide pair redox as an initia-
tor system. Due to the introduction of CA, CA-CMCS exhib-
ited different physicochemical and biological properties 
compared with CMCS. The crystallinity and thermal stabil-
ity CA-CMCS were lower than those of CMCS. Notably, 
stronger radical scavenging ability, ROS quenching ability, 
and reducing power were obtained for CA-CMCS relative to 
CMCS. In addition, CA-CMCS had a good water-solubility 
and showed good stability during storage. Therefore, CA-
CMCS could become a promising antioxidant used in the 
fields of food and healthcare.
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