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Abstract Thermoresponsive hydrogels based 
on ionic cellulose/chitosan are widely used vari-
ous fields, such as smart windows and tissue engi-
neering, while the effect of carbohydrate backbones 
of cellulose/chitosan on the thermal response and 
mechanical properties of hydrogels has received 
less attention so far. Herein, poly(2(dimethylamino)

ethyl methacrylate) (PDMAEMA)-grafted cellu-
lose sulfate (P-CS) and PDMAEMA-grafted chi-
tosan sulfate (P-CHS) as research models are suc-
cessfully synthesized through multi-step reactions. 
The P-CS and P-CHS polymers are further applied 
in crosslinked polyacrylamide networks, resulting in 
the P-CS and P-CHS hydrogels. Compared to P-CS 
hydrogels, P-CHS hydrogels could obviously block 
the transmission of visible light when the temperature 
is changed from 25 to 42  °C. In contrast to P-CHS 
hydrogels, the P-CS hydrogels change easily from 
soft and weak state to stiff and strong state according 
to their mechanical behaviors. These results indicate 
that different carbohydrate backbones of cellulose 
and chitosan should have caused distinct aggregation 
behaviors of corresponding P-CS and P-CHS hydro-
gels, which are accompanied by different light trans-
mittance and mechanical properties.
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Graphical abstract  Thermoresponsive hydrogels using PDMAEMA-grafted ionic cellulose sulfate (P-CS) and 
chitosan sulfate (P-CHS) are successfully prepared. Distinct carbohydrate backbone displayed different effects on 
the thermoresponsive and mechanical properties of hydrogels.

and its copolymers are currently widely used in ther-
moresponsive hydrogels in various fields, e.g. thera-
peutic drug delivery, biotechnology, medicine and 
pharmacy (Ma et al. 2001; Wang et al. 2014). Despite 
the substantial progress in the construction of diverse 
thermoresponsive hydrogels, there is still highly 
desired for hydrogels with low toxic, biocompatible, 
degradable, inexpensive and abundant advantages.

As important materials from living organisms, cel-
lulose (Stamm 1964) composed of D-glucose residues 
and chitosan (Ahmed and Ikram 2017) composed of 
N-acetyl-D-glucosamine residues and D-glucosamine 
residues linked with β-(1–4) glucoside bonds are the 
most abundant sustainable natural polymers with all 
the aforementioned advantages (Ahmed and Ikram 
2017; Stamm 1964). Hence, it is attractive to fabricate 
cellulose/chitosan-based thermoresponsive hydrogels 
for diverse applications (Coviello et  al. 2007; Yang 
et al. 2021; Zainal et al. 2021). Until today, ionic or 
nonionic cellulose/chitosan-based thermoresponsive 
materials (Kabir et  al. 2018; Yang et  al. 2021) have 
been utilized for smart windows (Bi et al. 2020; Ding 
et  al. 2020), tissue engineering (Klouda and Mikos 

Keywords Thermoresponsive · Hydrogel · 
PDMAEMA · Cellulose sulfate · Chitosan sulfate

Introduction

Thermoresponsive hydrogels, as one type of impor-
tant stimuli-responsive materials, have shown a wide 
range of applications in smart category (Ke et  al. 
2019), tissue engineering (Doberenz et  al. 2020), 
drug delivery (Hoffman 2013), sensors (Xiong et al. 
2013) and devices (Li et al. 2018; Wang et al. 2020). 
To date, there are a number of thermoresponsive pol-
ymers for diverse purposes, such as poly-N-isopropy-
lacrylamide (Okano et al. 1993), Pluronics (Schmolka 
1972), elastin-like polypeptides (Vrhovski and Weiss 
1998), poly(N-vinylcaprolactam) (Meeussen et  al. 
2000) and poly(2(dimethylamino)ethyl methacrylate) 
(PDMAEMA) (Van de Wetering et  al. 1998). The 
last is a polycation containing tertiary amine groups 
and possessing bioactive properties (Rawlinson et al. 
2010). It is a weak polybase that has interesting tem-
perature dependent solubility, so that PDMAEMA 
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2008; Lu et  al. 2022, 2023; Zeng et  al. 2022; Zou 
et al. 2022), controlled delivery of proteins and pep-
tides (Dragan and Dinu 2019), multifunctional elec-
trical skins (Zhang et al. 2020), whereas the effect of 
carbohydrate backbones of cellulose and chitosan on 
thermoresponsive and mechanical properties of these 
thermoresponsive hydrogels has received less atten-
tion so far.

Sulfated cellulose/chitosan with ionic characters 
as mimic of native heparin and heparin sulfate (Zeng 
et al. 2019) are readily water-soluble and can be read-
ily crosslinked, making the hydrogel network sensi-
tive to various internal and external variables, such as 
pH, ions and temperature, etc. (Alvarez-Lorenzo et al. 
2013). Therefore, to prepare thermoresponsive hydro-
gels, PDMAEMA-grafted cellulose sulfate (P-CS) 
and PDMAEMA-grafted chitosan sulfate (P-CHS) 
were first time synthesized and were chosen as the 
model for the study. Thermoresponsive, optical and 
mechanical properties of P-CS and P-CHS hydro-
gels were then investigated and compared, which 
will elucidate the effects of carbohydrate backbones 
on the fabricated hydrogel materials and guide future 
preparation of responsive hydrogels with desired 
functionalities.

Materials and methods

Materials

Unless otherwise specified, the chemicals were 
obtained commercially and used without fur-
ther purification. It will be mentioned if there is 
any further purification for the chemicals. Com-
mercial microcrystalline cellulose Avicel PH-101 
(MCC) was purchased from Sigma Aldrich. Chi-
tosan was purchased from HEPPE MEDICAL CHI-
TOSAN GmbH. The degree of deacetylation (DD) 
of chitosan is 97.96% (DD: 97.96%). All reactions 
were performed under an atmosphere of Ar using 
standard Schlenk line unless specified otherwise. 
All glassware was dried at 120  °C beforehand. 
Before use, 2-(dimethylamino)ethyl methacrylate 
(DMAEMA) was freshly filtered through the basic 
aluminum oxide to remove inhibitors. The initiator, 
azobisisobutyronitrile (AIBN), was recrystallized 
from methanol. Solvents (toluene, THF, DMF) were 
dried with a 4 Å molecular sieve.

Preparation of PDMAEMA

A mixture of monomer DMAEMA (4.716  g, 
30  mmol, 100 equiv.), chain transfer agent cyano-
pantanoic acid dithiobenzoate (CPADB) (83.81 mg, 
0.3  mmol, 1.0 equiv.), initiator AIBN (9.85  mg, 
0.06  mmol, 0.2 equiv.) in toluene (15  mL) was 
charged to Schlenk tube. The mixture was degassed 
by three freeze-evacuate-thaw cycles. Then, the 
tube was sealed and heated in an oil bath at 75 °C 
under argon gas atmosphere. After 6 h of polymeri-
zation, the reaction was quenched by cooling down 
in ice water and exposing to air. The PDMAEMA-
CTA was isolated by precipitating in cold n-hexane 
(150  mL). In order to remove the monomer suf-
ficiently, the polymer was re-dissolved in chloro-
form and precipitated from cold n-hexane for two 
more times. The obtained yellow oil precipitate, 
which is oligomer PDMAEMA with a chain transfer 
agent residual, named PDMAEMA-CTA, was col-
lected and dried under vacuum overnight with the 
yield of 29 wt%. 1H NMR (500 MHz,  D2O): δ 7.85 
(d, H of Ar), 7.52–7.49 (m, H of Ar), 7.36–7.34 
(m, H of Ar), 4.05 (d, H of PDMAEMA), 2.57 (d, 
H of PDMAEMA), 2.27 (s, H of PDMAEMA), 
1.97–1.75 (m), 1.37–1.20 (m), 1.04 (s), 0.87 (s). 
FT-IR (ATR) in  cm−1: ν ̃ = 1722 (C=O), 1145 
(C–N). Molecular weight (analysis with GPC): 
 Mn = 5733 Da;  Mw = 6560 Da; PDI = 1.14.

Preparation of cellulose sulfate

First, cellulose (2.5  g, 15.4  mmol AGU, 1.0 equiv.) 
was suspended in anhydrous DMF (125  mL) in a 
500  mL flask. The mixture was stirred under room 
temperature for over 14  h (Hettrich et  al. 2008; 
Zhang et  al. 2009). Then the sulfating reagent was 
prepared by dropping chlorosulfuric acid (6.171 mL, 
92.8  mmol, 6.0 equiv.) into DMF (25  mL) under 
an ice water bath and argon atmosphere within 
5  min, followed by slowly adding acetic anhydride 
(5.835  mL, 61.7  mmol, 4.0 equiv.). Subsequently, 
the sulfating reagent was added to the cellulose sus-
pension dropwise under cooling. After filled with 
argon and sealed, the flask was placed in oil bath at 
40  °C for 5  h. Thereafter, the mixture was poured 
into saturated ethanolic solution (600  mL) of anhy-
drous sodium acetate. The precipitate was obtained 
by centrifuging and washing with 125 mL 4% sodium 
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acetate solution in ethanol, followed by deacetylating 
with 1 M ethanolic solution of sodium hydroxide over 
15  h. After centrifugation again, the precipitate was 
dissolved in deionized water (DI-water) overnight. 
The pH-value was adjusted to 8.0 with acetic acid/
ethanol (50/50, m/m) and the solution was filtered. 
The product was dialyzed (in dialysis membrane 
with a MWCO = 3.5 kDa) against ultrapure water for 
1  week and then lyophilized into dry product. 13C 
NMR (125 MHz,  D2O): δ 102.28  (C1), 100.20  (C1S), 
78.07  (C4), 74.27–71.76  (C3,  C2,  C5), 66.10  (C6S), 
59.78  (C6). FT-IR (ATR) in  cm−1: ν̃ = 1205 (S=O), 
814 (S–O). Degree of substitution ascribed to sulfate 
group is  DSS = 1.0. Details of calculation methods of 
the DSs and elemental analysis results can be found 
in Supporting Information.

Preparation of chitosan sulfate

Chitosan (1.0 g, 6.2 mmol units, 1.0 equiv.) was dis-
solved in formic acid (20 mL) within 1 h under stir-
ring, followed by adding anhydrous DMF (156 mL) 
and stirring for 2 h (Zhang et al. 2010a, b). The sul-
fating reagent was prepared by slowly dropping chlo-
rosulfuric acid (2.476 mL, 37.2 mmol, 6 equiv.) into 
DMF (10 mL) within 10 min under cooling and argon 
atmosphere. Then the sulfating reagent was added to 
the chitosan solution dropwise within 30 min and the 
mixture was kept at 50  °C for 5  h. After the desig-
nated reaction time, the yellow solution was poured 
into saturated ethanolic solution (600  mL) of anhy-
drous sodium acetate. The precipitate was washed 
with ethanol/water-solution (4/1, v/v) and dissolved 
in DI-water under stirring overnight. The pH value 
was adjusted to 7.5 with 0.5  M sodium hydroxide 
solution. The product was dialyzed (in dialysis mem-
brane with a MWCO = 3.5  kDa) against ultrapure 
water for 1 week and then lyophilized into dry prod-
uct. 13C NMR (125 MHz,  D2O) δ 97.50  (C1), 96.32 
 (C1S), 78.11  (C3,3S), 75.88–73.85  (C4,4S), 72.72 
 (C5,5S), 66.58  (C6s), 60.00  (C6), 54.98  (C2). FT-IR 
(ATR) in  cm−1: ν̃ = 1203 (S=O), 795 (S–O). Degree 
of substitution ascribed to sulfate group is  DSS = 1.67. 
Details of calculation methods of the DSs and ele-
mental analysis results can be found in Supporting 
Information.

Preparation of poly(2(dimethylamino)ethyl 
methacrylate) (PDMAEMA)-grafted cellulose sulfate 
(P-CS)

In order to prevent the oxidation of the thiol group 
after aminolysis, one-pot synthesis was applied by 
conducting the aminolysis immediately followed 
with introduction of PDMAEMA on cellulose sul-
fate. The obtained PDMAEMA-SH solution (0.6  g, 
0.105  mmol) was degassed sufficiently with argon 
gas, followed by mixing it with cellulose sulfate 
acrylate (175.55  mg, 0.7  mmol, the details for the 
preparation of cellulose sulfate acrylate was included 
in Supporting Information) solution. After adding 
4-dimethylaminopyridine (17.10  mg, 0.14  mmol) 
promptly and repeated degassing, the reaction was 
preceded by irradiating with 365  nm UV light for 
24  h. The obtained mixture solution was concen-
trated with rotary evaporator and dialyzed (in dialysis 
membrane with a MWCO = 10 kDa) against ultrapure 
water for 1 week and then lyophilized into dry prod-
uct. 1H NMR (400 MHz,  D2O) δ 4.62–4.55 (m), 4.21 
(s), 3.98–3.67 (m), 2.82 (s), 2.43–2.40 (m), 1.98–1.32 
(m), 1.15 (s), 0.95 (s). 13C NMR (126 MHz,  D2O) δ 
178.53 (PDMAEMA), 177.62 (PDMAEMA), 102.33 
 (C1), 101.76  (C1s), 78.07  (C2), 75.28–72.02  (C3-C5), 
66.07  (C6s), 63.48 (PDMAEMA), 59.76  (C6), 
55.84 (PDMAEMA), 44.85 (PDMAEMA), 44.48 
(PDMAEMA), 19.84 (PDMAEMA), 19.36–18.03 
(PDMAEMA), 16.41 (PDMAEMA). FT-IR (ATR) 
in  cm−1: ν̃ = 1722 (C=O), 1205 around (S=O), 
778 (S–O). Degree of substitution ascribed to sul-
fate group is  DSS = 0.54, while  DSPDMAEMA is 0.28. 
Details of calculation methods of the DSs and 
 DSPDMAEMA and elemental analysis results can be 
found in Supporting Information.

Preparation of poly(2(dimethylamino)ethyl 
methacrylate) (PDMAEMA)-grafted chitosan sulfate 
(P-CHS)

Chitosan sulfate acrylate (82.84  mg, 0.287  mmol, 
the details for the preparation of chitosan sulfate 
acrylate are included in Supporting Information) 
solution was added to PDMAEMA-SH in THF 
solution (0.25  g, 0.043  mmol). The synthetic pro-
cedure of P-CHS is the same as P-CS synthesis. 1H 
NMR (400  MHz,  D2O) δ 4.56–4.43 (m), 4.31 (d), 
4.12 (d), 3.90–3.47 (m), 2.89 (s), 2.67 (s), 2.28 (s), 
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1.95 (d), 1.11–0.84 (m). 13C NMR (126 MHz,  D2O) 
δ 178.71 (PDMAEMA), 178.41 (PDMAEMA), 
102.67  (C1), 79.06–71.90  (C2-C5), 66.53  (C6s), 63.48 
(PDMAEMA), 60.21 (C6), 56.01 (PDMAEMA), 
19.54–15.70 (PDMAEMA). FT-IR (ATR) in 
 cm−1: ν̃ = 3404 (O–H), 1718 (C=O), 1205 around 
(S=O), 1142 (C–N), 774 (S–O). Degree of substitu-
tion ascribed to sulfate group is  DSS = 0.58, while 
 DSPDMAEMA is 0.31. Details of calculation methods 
of the DSs and  DSPDMAEMA and elemental analysis 
results can be found in Supporting Information.

Preparation of hydrogels

Here we used polyacrylamide hydrogel as a substrate 
with high transparency and comparable mechanical 
properties. Meanwhile, P-CS or P-CHS was added 
inside of the hydrogel network and served as the stim-
ulus-responsive unit. Typically, the hydrogels were 
constructed as follows.

P-CS hydrogel: A mixture of monomer acryla-
mide (0.14  g, 2  mmol), cross-linker N, N′-
methylenebisacrylamide (MBA, 1.4 mg, 0.009 mmol), 
catalyst N, N, N′, N′-tetramethylethylenediamine 
(TEMED, 10 μL) and P-CS (20  mg) were mixed in 
1 mL DI-water (pH 6.2–6.4, three times testing) and 
cooled in refrigerator (0  °C) for 30 min in advance. 
After that, ammonium persulfate (APS, 1 M, 8 μL) as 
initiator was added and the mixture was transferred 
to the mold quickly. The hydrogels were prepared 
promptly for 10 min and were stored under a saturated 
vapor environment for subsequent measurements.

P-CHS hydrogel: A mixture of monomer acryla-
mide (0.14  g, 2  mmol), cross-linker MBA (1.4  mg, 
0.009  mmol), catalyst TEMED (10 μL) and P-CHS 
(20 mg) were mixed in 1 mL DI-water (pH 6.2–6.4, 
three times testing) and cooled in refrigerator (0 °C) 
for 30 min in advance. After that, APS (1 M, 8 μL) 
as initiator was added and the mixture was transferred 
to the mold quickly. The hydrogels were prepared 
promptly for 10 min and were stored under a saturated 
vapor environment for subsequent measurements.

The pure polyacrylamide hydrogel was set as the 
control hydrogel. The precursor solution composi-
tions were the same as in the P-CS or P-CHS hydro-
gels, except for the absence of stimuli-responsive 
units.

Characterization

Elemental analysis

The elemental analysis was performed with an Ele-
mental Analyzer Vario EL III CHN from Elementar 
(Hanau, Germany).

Ultraviolet–visible spectroscopy (UV–vis)

UV–vis measurements were carried out on Cary 300 
UV–Vis Spectrophotometer (Agilent Technologies 
Deutschland GmbH, Germany). The transmittance at 
the wavelength of 600  nm was used to characterize 
the transparency of the films.

Nuclear magnetic resonance spectroscopy (NMR)

1H NMR and 13C NMR spectra were obtained on a 
Bruker Avance III 500 MHz spectrometer in deuter-
ated solvents at 25 °C. 150 scans for 1H NMR spectra 
and scans of up to 15,000 were accumulated for the 
13C NMR spectra. Chemical shifts are reported rela-
tive to the solvent peak.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded on Alpha FT-IR Spec-
trometer (Bruker, Germany) at room temperature. All 
samples were measured between 4000 and 500  cm−1 
with a resolution of 4  cm−1 using Platinum ATR and 
accumulated 24 scans.

Gel permeation chromatography-size exclusion 
chromatography (GPC-SEC)

The molecular weight distribution of synthesized 
PDMAEMA oligomer was determined with a GPC-
SEC Analysis Systems 1260 Infinity. THF was 
used as eluent with toluene (> 99.7%, dry, from 
Sigma-Aldrich) as internal standard (flow velocity 
1.0 mL∙min−1). The system was calibrated with poly-
styrene standards.

Dynamic light scattering spectroscopy (DLS)

DLS measurements were performed on a Zetasizer 
Nano ZS (Malvern Instruments Ltd., UK) using 5 
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mW laser with the incident beam of 633 nm (He–Ne 
laser).

Scanning electron microscopy spectroscopy (SEM)

SEM measurements were performed on Leo SUPRA 
35 (Carl Zeiss SMT GmbH, Oberkochen, Germany). 
Before the measurement, the hydrogels which were 
at RT or under equilibrium in water of 42  °C were 
promptly frozen in liquid nitrogen. Then, the gels 
were lyophilized to completely dehydrate without dis-
turbing the internal porous structure of the hydrogels. 

Prior to SEM detection, the samples were properly 
cut and sputter-coated with gold-platinum (80/20).

Water contact angle

A DSA25 Drop Shape Analyzer (KRÜSS, Germany) 
was applied to measure the water contact angle of 
hydrogels. The water on the surface of hydrogel was 
removed using filter paper. Then the method of sessile 
drop was used. The volume of drop was set as 4 µL 
under the rate of 2.67 µL/s. The images were recorded 

Fig. 1  a RAFT polymerization for the synthesis of PDMAEMA. 1H NMR analysis of b DMAEMA and c PDMAEMA-CTA in 
 CDCl3 at room temperature. d FT-IR analysis of PDMAEMA-CTA. e Gel permeation chromatography analysis of PDMAEMA-CTA 

Table 1  GPC analysis and NMR analysis of PDMAEMA-CTA 

a The degree of polymerization is calculated with the Mn by GPC analysis. bThe degree of polymerization is calculated by 1H NMR 
analysis

Name Yield (wt%) GPC analysis 1H NMR analysis

Mn Mw PDI Polymerization degree (n)a Mw Polymerization degree (n)b

PDMAEMA-CTA 29% 5733 6560 1.14 35 5146 31
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and analyzed with the help of KRÜSS ADVANCE 
software.

The mechanical performance of hydrogels

The mechanical properties of hydrogels were deter-
mined using a Z3 micro tensile test machine (Grip-
Engineering Thümler GmbH, Germany), equipped 
with a 50 N sensor. The crosshead speed was 6 mm/
min and the deforming speed was 2.5%  s−1. The elas-
tic modulus (E) was calculated as the slope of the 
nominal compression stress–strain curves within the 
strains range from 0 to 100%. The fracture energy of 
these gels is defined as

i.e., the area under the stress–strain curve.

Results and discussion

To prepare the hydrogels, the polymeric seg-
ments were synthesized at first. Chain transfer 

W =

∫ �k

0
Fd�

A �
�k

0

�d�

agent-containing PDMAEMA (PDMAEMA-CTA) 
was synthesized through reversible addition–frag-
mentation chain transfer (RAFT) polymerization. 
Resulting PEMAEMA-CTA (Mn: 5733  Da and Mw: 
6560 Da, polydispersity index (PDI =  Mw/Mn): 1.14) 
was further verified by gel permeation chromatogra-
phy (GPC), nuclear magnetic resonance spectroscopy 
(NMR) and Fourier-transform infrared spectroscopy 
(FT-IR) analysis (Fig.  1 and Table  1) (Yao et  al. 
2016). The yellow PDMAEMA-SH was obtained 
through the following aminolysis of red PDMAEMA-
CTA in THF solution (Fig.  1a, Fig. S8) (Yao et  al. 
2016).

In parallel, cellulose sulfate (CS) and chitosan 
sulfate (CHS) were prepared via the sulfation of 
cellulose and chitosan following previous methods 
(Zhang et  al. 2010a, b). The structures of CS and 
CHS were characterized with elemental analysis, 
13C NMR and FT-IR analysis (Fig. 2 and Fig. S1-S2; 
Table  S1-S2). Obtained CS and CHS were further 
modified into cellulose sulfate acrylate (CSA) and 
chitosan sulfate acrylate (CHSA), which were veri-
fied with 1H/13C NMR, elemental analysis, and FT-IR 
analysis (Fig. 3 and Fig. S3-S7; Table S3-S4). Finally, 
the final PDMAEMA-cellulose sulfate (P-CS) and 

Fig. 2  13C NMR analysis 
of a NaCS and b NaCHS in 
 D2O at room temperature. 
FT-IR analysis of c NaCS 
and d NaCHS
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Fig. 3  a Schematic representation for the synthetic routes 
of P-CS and P-CHS. The degree of deacetylation (DD) of 
chitosan is 97.96% (DD: 97.96%). b 1H NMR spectrum of 
the PDMAEMA-CS, CSA (cellulose sulfate acrylate) and 
PDMAEMA-CTA; c FT-IR spectrum of the PDMAEMA-CS, 

CSA (cellulose sulfate acrylate) and PDMAEMA-CTA; d 1H 
NMR spectrum of the PDMAEMA-CHS, CHSA (chitosan sul-
fate acrylate) and PDMAEMA-CTA in  D2O at room tempera-
ture; e FT-IR spectrum of the PDMAEMA-CHS, CHSA (chi-
tosan sulfate acrylate) and PDMAEMA-CTA 



8363Cellulose (2023) 30:8355–8368 

1 3
Vol.: (0123456789)

PDMAEMA-chitosan sulfate (P-CHS) were prepared 
via a click reaction between PDMAEMA-SH and 
CSA/CHSA (Fig. 3).

The preparation of P-CS and P-CHS was con-
firmed by elemental analysis, NMR and FT-IR 
spectroscopy (Fig. 3 and Fig. S8-S14; Table S5-S6). 
First, the 1H NMR signal of acrylate group in CSA 
disappeared after the click reaction (Fig. 3b), while 
the signals in aliphatic area of CSA and P-CTA 
could be found in the 1H NMR spectrum of P-CS. 
Moreover, the characteristic signals ascribed to 
C=O, S=O and S–O bonds are visible within the 
FT-IR spectrum of P-CS (Fig. 3c). The P-CHS was 
also verified by 1H NMR (Fig. 3d) and FT-IR spec-
troscopy (Fig.  3e). As well, similar characteristic 
signals of CHSA and P-CTA are visible in the 1H 
NMR and FT-IR spectra of P-CHS. Based on the 
result of elemental analysis and 13C NMR spec-
tra (Table  2), the degrees of substitution of P-CS 
ascribed to sulfate group  (DSS) and PDMAEMA 
group  (DSPDMAEMA) are determined to be 0.54 
and 0.28, respectively. Using the same calculation 
method, P-CHS with  DSS (0.57) and  DSPDMAEMA 
(0.31) was obtained (Table 2).

Before the preparation of hydrogels, the ther-
moresponsive properties of P-CS and P-CHS solu-
tion were studied with dynamic light scattering (Fig. 
S15). The lower critical solution temperature (LCST) 
of P-CS and P-CHS can be determined in the parti-
cle size curves as shown in Fig. S15 (Lu et al. 2022). 
A slightly lower cloud point of P-CS can be found at 
39 °C in comparison to the cloud point of P-CHS at 
40 °C (Fig. S16). With increasing temperature up to 
45  °C, the hydrodynamic radius  (Rh) of P-CS obvi-
ously increased, while  Rh of P-CHS slightly increased 
(Fig. S15).

After preparing these polysaccharide derivatives, 
ionic P-CS hydrogels were prepared for the first time 
by the polymerization of an aqueous solution con-
taining P-CS, monomer acrylamide, initiator APS, 

catalyst TEMED and crosslinker MBA. Similar pro-
cedures were also used to prepare P-CHS hydrogels. 
P-CS and P-CHS hydrogels showed readily revers-
ible thermoresponsive behaviors (Fig. 4). By increas-
ing the temperature from 25 to 42 °C, the hydrogels 
turned opaque (Fig.  4c, h), while lowering the tem-
perature reversibly resulted in transparent hydrogels 
(Fig.  4a, f). According to scanning electron micro-
scope analysis (SEM), freeze-dried P-CS hydro-
gels contain a uniform porous structure (~ 2.5 um) 
at 25  °C (Fig.  4b). As expected, plunge freezing of 
hydrogels in liquid nitrogen could result in the for-
mation of small ice crystals, which could induce the 
formation of small pores during the rapid cooling of 
the samples.(Paterson et  al. 2013) In comparison, 
freeze-dried P-CS hydrogels at 42  °C showed only 
aggregated structure after freeze-drying (Fig.  4d). 
Compared to P-CS hydrogels, freeze-dried P-CHS 
hydrogels at 25  °C contained much smaller pores 
(~ 1 um) (Fig. 4g). When the temperature of P-CHS 
hydrogels was elevated from 25 to 42  °C, the pores 
became larger (~ 4 um) and they did not show signifi-
cant collapsed aggregation (Fig. 4i).

The optical properties of P-CS hydrogels and 
P-CHS hydrogels were also demonstrated via UV–vis 
analysis based on their transmission of visible light at 
25 °C and 42 °C (Fig. 4e and j). Firstly, the control 
hydrogels showed no thermally responsive proper-
ties (Fig. S17). P-CS hydrogels showed good trans-
mittance of visible light at 25  °C. In comparison, 
the visible light transmittance of the P-CS hydro-
gels at 42  °C decreases only slightly, for example, 
3% decrease from 25 to 42  °C at 600  nm (Fig.  4e). 
Compared to P-CS hydrogels, P-CHS hydrogels sig-
nificantly blocked the transmission of visible light at 
42 °C, for example, 34% decrease from 25 to 42 °C 
at 600  nm (Fig.  4j). Notably, P-CHS hydrogels dis-
played better performance than P-CS hydrogels in 
blocking light transmission at 42  °C based on their 
lower transmission of visible light. This could be 
caused by the more inhomogeneous distribution of 
aggregates in P-CHS compared to P-CS at 42 °C. It 
was further demonstrated with DLS analysis of the 
polymer in solution (Fig. S15). For example, although 
the hydrodynamic radius of P-CS was 10 times 
greater than that of P-CHS, the PDI of P-CS was half 
that of P-CHS (The PDI means the size distribution, 

Table 2  The  DSS and  DSPDMAEMA of P-CS and P-CHS

The degree of sulfation/PDMAEMA grafting is presented as 
per repeat unit of sugar

Starting materials Samples DSS DSPDMAEMA

Cellulose P-CS 0.54 0.28
Chitosan P-CHS 0.58 0.31
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obtained by DLS analysis). The observed optical 
properties of P-CS hydrogels and P-CHS hydrogels 
are in agreement with the thermoresponsive prop-
erties of P-CS and P-CHS hydrogels (Fig.  4a, c, f, 
and  h).

These transparent hydrogels are not only ther-
moresponsive due to existing PDMAEMA grafted 
on CS/CHS, ionic polysaccharides also can be read-
ily crosslinked, making the hydrogel network sensi-
tive to temperature (Fig. 4 k) (Alvarez-Lorenzo et al. 

Fig. 4  Thermal proper-
ties of P-CS and P-CHS 
hydrogels. SEM and optical 
observation analysis of 
a–d P-CS hydrogels and f–i 
P-CHS hydrogels at 25 and 
42 °C. Optical properties 
of e P-CS hydrogels and j 
P-CHS hydrogels at 25 °C 
(black line) and 42 °C (red 
line). k Different aggrega-
tion behaviors of P-CS and 
P-CHS hydrogels
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2013). Below LCST, the hydrogels have a transpar-
ent appearance based on the good solubility of ionic 
P-CS/P-CHS, as the intermolecular hydrogen bond-
ing between the hydrophilic chains of PDMAEMA 
and water. The ion–dipole force among sulfate groups 
of P-CS/P-CHS and water molecules also contributes 
to the good solubility. After increasing the solution 
temperature above LCST, a cloud point appeared due 
to the disruption of polymer chains and water mol-
ecules, leading to the gradual chain folding and heat-
induced aggregation (Van de Wetering et  al. 1998). 
LCST behavior is generally driven by the varying 
hydrophobic domain of polymers depending on the 
temperature. Furthermore, the hydrophilic groups of 
polymers can affect the formation of aggregates and 
their sizes (Zeng et al. 2022). Specifically, the diver-
gence between P-CS and P-CHS hydrogels was dem-
onstrated to be mainly ascribed to the carbohydrate 
backbone difference between -O- and -NH-. Based on 
the DLS results (Fig. S15-S16) and optical observa-
tion analysis results (Fig. 4a, c, f, and  h), -NH- could 
maintain a relatively better hydrophilicity compared 
to -O-, resulting in the smaller aggregation size of 
polymer chains and showing the inhomogeneous 

aggregation in P-CHS hydrogel at higher tempera-
ture. In contrast, -O- induced a large aggregation size 
of polymer chains with lower PDI in P-CS hydrogel 
when the temperature increased (The PDI means the 
size distribution, obtained by DLS analysis).

To evaluate interaction between water and various 
hydrogels, the static water contact angle (SWCA) of 
P-CHS and P-CS hydrogels were characterized. As 
shown in Fig.  5a, both P-CHS and P-CS hydrogels 
behaved similar SWCA of around 27°. These results 
indicated that P-CHS or P-CS hydrogels are hydro-
philic, and the introduction of P-CHS or P-CS poly-
mers only slightly affects the hydrophilicity of these 
hydrogels. To evaluate the effect of different carbo-
hydrate backbones in P-CS and P-CHS hydrogels on 
mechanical performance, the mechanical properties 
of the hydrogels were recorded at 25 °C.

Figure  5b shows the representative tensile 
stress–strain curves of P-CHS and P-CS hydro-
gels. The P-CHS hydrogels showed an elongation 
at break (λk) up to 460%, while the λk of the P-CS 
hydrogels was less than 250%. This difference could 
be induced by different interactions between poly-
mer matrix polyacrylamide and P-CHS/P-CS, which 

Fig. 5  a Static water 
contact angle of P-CHS and 
P-CS hydrogels; b Typi-
cal strain-stress curves of 
P-CHS and P-CS hydrogels 
at 25 °C; c The elastic 
modulus of P-CHS and 
P-CS hydrogels; d The fac-
ture energy of P-CHS and 
P-CS hydrogels. (n >3)
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were distinguished by amide and ester bonds, respec-
tively. Compared with P-CHS hydrogels with an 
average elastic modulus of 1.79 ± 0.38  kPa, P-CS 
hydrogels demonstrated higher elastic modulus of 
4.31 ± 0.12  kPa (Fig.  5c). These results suggested 
that the P-CS hydrogels were stronger and harder, 
compared to weaker and softer but more elastic 
P-CHS hydrogels. The fracture toughness of these 
gels is defined as the area under the stress–strain 
curve (Fig. 5d). It is interesting to find that the frac-
ture energy of P-CS hydrogels was about 28.78 kJ/m3, 
which was much higher than that of P-CHS hydrogels 
(16.74 ± 7.62 kJ/m3). These results showed that P-CS 
hydrogels possessed better crack resistance capacity 
than P-CHS hydrogels. Furthermore, the higher elas-
tic modulus and fracture energy of P-CS hydrogels 
indicate that the pore structure within P-CS hydrogels 
is more stable than that of P-CHS hydrogels at 25 °C.

Conclusion

In summary, PDMAEMA-grafted cellulose sulfate 
(P-CS) and PDMAEMA-grafted chitosan sulfate 
(P-CHS) were successfully synthesized through 
multi-step reactions. The P-CS and P-CHS poly-
mers were further applied in crosslinked polyacryla-
mide networks, resulting in the P-CS and P-CHS 
hydrogels, respectively. In terms of morphology and 
optical analysis, both P-CS and P-CHS hydrogels 
were thermoresponsive and turned from transpar-
ent at 25 °C to opaque states at 42 °C. The P-CHS 
hydrogels showed an elongation at break (λk) up 
to 460%, while the elongation at break λk of P-CS 
hydrogel was less than 250%. Compared with the 
P-CS hydrogels, the P-CHS hydrogels blocked 
more strongly the transmission of visible light. 
Compared with P-CHS hydrogels, P-CS hydrogels 
showed higher elastic modulus and were stronger. 
The aforementioned properties of P-CS and P-CHS 
hydrogels provide strong support for different func-
tions of their different carbohydrate backbones.
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