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Abstract. Physically crosslinked chitosan hydrogels have better biocompatibility and possess unique functional characteristics but suffer from poor mechanical properties. In the current study, we prepared Cu+-containing physically crosslinked
chitosan hydrogels by exploiting ammonia fumigation and reduction of Cu2+ by NaHSO3. The content of Cu+ in the prepared
hydrogels was in a low range of 4.88–29.27 μmol/g. The mechanical strength of the CTS-Cu+/NH3 hydrogels was remarkably
improved up to 0.25 MPa and the elongation at break increased with rising content of Cu+ due to the dynamic crosslinks between chitosan and Cu+. Moreover, the CTS-Cu+/NH3 hydrogels demonstrated evident shape memory after exposure to air
by exploiting the different coordination number of Cu2+ and Cu+. Thus, the prepared hydrogels may have good potential applications as biomedical materials.
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1. Introduction

crosslinking agent (such as glutaraldehyde) seriously
reduces the biocompatibility of the hydrogels [8]. By
the way, the structure of the chemically crosslinked
hydrogels can be hardly controlled. Alternatively, chitosan hydrogels can also be prepared by physical
crosslinking via reversible secondary interactions,
including electrostatic interactions, metal coordination, hydrogen bonding, hydrophobic interactions,
host-guest interactions, etc. [9]. Physical crosslinking not only avoids the use of toxic crosslinking agent
but also gives many interesting properties to the chitosan hydrogels, such as self-healing capability [10],
injectability [11], temperature sensitivity [12], and response to various stimuli [13]. However, the poor
mechanical property of physical crosslinked chitosan
hydrogels has limited their application [14].
Physically crosslinked chitosan hydrogels can be
prepared by the chelation or electrostatic adsorption

Chitosan is a natural polysaccharide composed of
glucosamine and N-acetylglucosamine units connected by β-(1,4)-glucoside bonds [1]. Thanks to the
presence of plenty of active amino and hydroxyl
groups in its structure, chitosan can readily undergo
chemical reactions such as alkylation, and has good
biocompatibility, biodegradability, and bacteriostatic
properties [2]. Hydrogel is a three-dimensional waterretaining material having a similar structure to biological soft tissue [3]. Chitosan hydrogels have a
number of advantages and are widely used in medical dressings [4], tissue engineering [5], drug carriers [6], gene therapy, etc. [7].
Chitosan hydrogels can be prepared by chemical
crosslinking with the use of a crosslinking agent.
Chemically crosslinked hydrogels have good mechanical strength, but the toxicity from residual
*
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between the hydroxyl, amino, and N-acetylamino
groups of chitosan and metal ions containing d or f
unoccupied orbitals [15]. The metal ions can bring
various functions to the crosslinked hydrogel, such
as antibacterial properties [16], electrochemical sensing [17], specific adsorption, chemical catalysis, etc.
[18]. However, the properties of CTS hydrogels complexed with metal ions greatly depend on the process
of preparation. Direct complexing of CTS with metal
ions was limited by the poor solubility of chitosan
in water. Ammonia fumigation is an effective way to
cooperate with the process of complexing between
chitosan and metal ions [19, 20]. After the amino
group of chitosan was protonated in acidic solution,
it could keep stably with metal ions in the solution.
Upon exposure to ammonia, protonated amino group
of chitosan transforms into amino group and forms
complex with metal ions resulting in a crosslinking
structure. Thus, hydrogels with a uniform structure
could be prepared.
The Cu+ can also be used to coordinate with the amino
and hydroxyl groups of polymers. More interestingly,
various simple pathways of oxidation could be used
to facilitate the conversion between Cu+ and Cu2+,
such as chemical and electrochemical oxidation. Due
to the different coordination number of Cu2+ and Cu+,
the change in oxidation state is able to adjust the
crosslinking density. Thus, compared with the Cu2+containing hydrogels, mechanical property of Cu+containing hydrogels can be readily controlled [21].
Moreover, Cu+ also performs a unique specificity for
binding to cell transporters, which enhances the transport efficiency and therapeutic effects of drugs [22].
In this paper, the acidic solution of chitosan containing CuCl2 was fuminated with ammonia, such that
the gradual complexation between –NH2 and Cu2+
via the deprotonation of –NH3+ in ammonia gas could
overcome the direct interaction between chitosan
and metal ions to avoid defects. The resulting structurally stable chitosan hydrogels containing Cu2+
were reduced with NaHSO3 to give the desired uniform and transparent CTS-Cu+/NH3 hydrogels.
Shape memory was realized in the eventual CTSCu+/NH3 hydrogels by exploiting the different oxidation states of copper ions.

Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Acetic acid and ammonia were purchased
from Xilong Scientific Co., Ltd (Guangdong, China).
Copper(II) chloride was purchased from Tianjin
Fuchen Chemical Reagent Factory (Tianjin, China).
Sodium bisulfite (NaHSO3) was purchased from
Beijing Chemical Works (Beijing, China). All chemicals were analytically pure unless indicated otherwise.

2.2. Preparation of CTS-Cu+/NH3 hydrogels
To a solution (2.5 wt%, 50 ml) of chitosan in
2.5% v/v acetic acid was added a defined amount
of CuCl2 and the mixture was set in a Petri dish and
placed in an airtight environment containing 50 ml
ammonia. After fumigation for 12 h, the obtained
hydrogel was retrieved, washed with distilled water
until neutral, then soaked in NaHSO3 (1 mol/l) for
10 min to reduce the Cu2+ in the hydrogel to Cu+,
and then washed with distilled water for three
times, giving a series of CTS-Cu+/NH3 hydrogels
that were lyophilized before further analysis. The
prepared CTS-Cu+/NH3 hydrogels, denoted as
CTS0, CTS21, CTS22, CTS23, CTS24, CTS25,
CTS26, corresponding to the addition of 0, 4.88,
9.76, 14.64, 19.52, 24.40 and 29.28 μmol/g CuCl2,
respectively.
2.3. Characterization by spectroscopy
After freeze drying process, Fourier transform infrared spectrum (FT-IR) was recorded over 750–
4000 cm–1 on a Nicolet 380 intelligent FT-IR spectrometer (Thermo, United States) with the potassium
bromide (KBr) disk technique (6 cm–1 resolution,
32 scans). Wide angle X-ray diffraction (XRD) spectrum (2θ = 5–70°) was recorded on a Rigaku D/max1200 X-ray diffractometer (Rigaku, Tokyo, Japan)
at a step length of 0.02° using Ni filter and copper
target (λ = 0.15 nm) with 40 mA pipe flow and 40 kV
pipe pressure.
2.4. Study on material properties
2.4.1. Mechanical properties
The prepared hydrogels were cut into dumbbell
shapes and their mechanical properties were tested
on a universal material testing machine (Instron
6022, Instron, USA) at a rate of 100 mm/min to
measure the tensile strength (σ) and the elongation
at break (ε). Each test was repeated 5 times and the
mean value was taken.

2. Experimental
2.1. Materials
Chitosan (degree of deacetylation, 90%; average
molecular weight, 230 kDa) was purchased from
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2.4.2. Rheological measurements
The rheological properties of the hydrogels were
tested at 25 °C on an Anton Paar rheometer (Physica
MCR 301, Germany) equipped with parallel plates
(25 mm in diameter) at 0.5% strain from sweeping
frequency of 0.1 to 700 rad/s to measure the storage
modulus (G′) and the loss modulus (G″) as a function of angular frequency.
2.4.3. Test of swelling properties
The freeze-dried hydrogel samples (~1 mm thick)
were cut into 15 mm×15 mm pieces, weighed and
immersed in 50 ml of PBS solution (pH = 7.4) at
25 °C for 3 or 6 h to determine the swelling properties. At the end of immersing, the sample was taken
out and wiped with filter papers to completely remove the surface water from the hydrogel and
weighed immediately. The swelling ratio was calculated by Equation (1):
Swelling ratio =

Ws - Wd
Wd $ 100%

(1)

where Ws and Wd are the weights of the swollen and
dried sample, respectively.

2.4.4. Thermogravimetric test
The freeze-dried hydrogel samples (3–5 mg) were
also heated from 50 to 800 °C at 10 °C/min under the
protection of 50 ml/min N2 in a differential thermogravimetric synchronous analyzer (Shimadzu, DTG60H, Japan).

Figure 1. (a) CTS-Cu+/NH3 hydrogels with different concentrations of Cu+; (b) formation mechanism of
CTS-Cu+/NH3 hydrogels.

was gradually neutralized into –NH2 and the lone
pair electron in –NH2 slowly coordinated with Cu2+,
such that a physically crosslinked network was
formed gradually along with the penetration of ammonia from the surface into the hydrogels. The protonated amino groups (–NH3+) was neutralized incrementally and ensured the formation of uniform and
transparent hydrogels, which avoided the defects of
precipitation that could be easily generated by the
rapid addition of metal ions. Moreover, since the coordination number reduced from 4 (Cu2+) to 2 (Cu+)
[23, 24], the crosslinking density decreased after reduction of Cu2+ with NaHSO3, hence soft CTSCu+/NH3 hydrogels with good shape and transparency were obtained (Figure 1a).

3. Results and discussion
3.1. Formation of CTS-Cu+/NH3 hydrogels
After exposure to ammonia, the transparent and uniform mixture of chitosan solution and CuCl2 gradually formed a gel from the surface to the inside and
finally transformed completely into transparent blue
hydrogels. As the concentration of Cu2+ increased,
the color of the hydrogels gradually changed from
light blue to dark blue. The hydrogels were then
soaked in NaHSO3 to reduce the Cu2+, at which time
the color became brown gradually while a good shape
of the hydrogel was still maintained (Figure 1a).
Figure 1b schematically shows the formation mechanism of CTS-Cu+/NH3 hydrogels. In acidic solution, the –NH2 group of chitosan took the form of
–NH3+, which repelled the positively charged Cu2+.
As a result, Cu2+ was evenly dispersed into chitosan.
Upon exposure of the solution to ammonia, –NH3+

3.2. Characterization of spectroscopy
Figure 2 shows the FT-IR spectra of the chitosan hydrogels CTS0, CTS22, and CTS26, in which the
wide absorption band at ~3500–3200 cm–1 corresponded to the stretching vibration of O–H and N–H.
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Figure 2. FT-IR spectrum of CTS-Cu+/NH3 hydrogels.

Figure 3. The XRD patterns of CTS-Cu+/NH3 hydrogels.

The absorption peaks near 1644 and 1599 cm–1 were
assigned to the stretching vibration of C=O in the
amide I band and the bending vibration of amide II
band in chitosan, respectively. The peak at 1599 cm–1
exhibited a sharp shift to 1561 cm–1 due to the complexation between copper ions and –NH2. The absorption peak at 1402 cm–1 corresponded to the
formed ammonium acetate. The peaks at 1088 and
1030 cm–1 bands were attributed to the vibration of
secondary and primary hydroxyl of chitosan in
CTS0. After the complexation, absorption bands in
1088 cm–1 shifted to 1113 cm–1 due to the complexation between –OH and copper ions. And the peak
at 979 cm–1 may be NaHSO3 remained in the network
of CTS22 and CTS26. Thus, FTIR successfully
demonstrated physical cross-linking between chitosan and copper ions.
Figure 3 shows the XRD patterns of the CTS-Cu+/
NH3 hydrogels. Compared with CTS0, distinct sharp
peaks can be observed in Figure 3 due to Cu+ and

Cu2+. The peaks at 2θ = 19, 28, 33, 40, 58 and 63°
were attributed to Cu2+ [25, 26]. The diffraction
peaks at 2θ = 35, 48, 60 and 69° of CTS21 and
CTS26 corresponded to Cu+ [27], suggesting that
Cu2+ was successfully reduced by NaHSO3. And the
obvious diffraction peaks at 2θ = 24° were associated with the hydrogen bonding in the hydrogels. As
the amount of Cu+ increased, the peak at 24° transformed from a wide dispersion peak into a sharp
crystallization peak of much higher intensity, which
indicated that the addition of Cu+ greatly enhanced
the hydrogen bonding as well as the crystallinity of
the CTS-Cu+/NH3 hydrogels [28]. Thus XRD results
further confirmed the formation of CTS-Cu+/NH3
hydrogels.

3.3. Mechanical properties
Figure 4 shows the mechanical properties of the CTSCu+/NH3 hydrogels. Although CTS0 was too brittle
to be tested, as the amount of Cu+ increased, both

Figure 4. (a) Mechanical strength and (b) elongation at break of the CTS-Cu+/NH3 hydrogels.
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Since Cu+ has a weak ability to accept the lone pair
electrons of –NH2 because of its low valence state,
the ability of the hydrogels to resist shear force gradually decreased with rising Cu+ content.

the crosslinking density and the fracture strength of
the CTS-Cu+/NH3 hydrogels increased gradually.
The maximal mechanical strength reached 0.25 MPa
for CTS26. The prepared CTS-Cu+/NH3 hydrogels
had significantly higher mechanical strength than
chitosan hydrogels physically crosslinked with polyelectrolytes [29], and were comparable to the CTS/βglycerophosphate disodium salt hydrogels containing 4% attapulgite [30]. The elongation at break of
the CTS-Cu+/NH3 hydrogels also increased with rising Cu+ content, indicating that the addition of Cu+
improved not only the strength but also the toughness, which could be speculated that the physical
crosslinking of the chitosan molecular chains with
Cu+ was dynamic, and the chains could slip under external tension. Therefore, both the elongation at break
and the mechanical strength of the hydrogels increased with rising Cu+ content.

3.5. Swelling properties of CTS-Cu+/NH3
hydrogels
The results of swelling ratio test for CTS-Cu+/NH3
hydrogels in PBS (pH = 7.4) were shown in Figure 6
and compared with that of CTS0. It could be seen
from the figure that the swelling properties of CTS22
was higher than that of CTS0, which indicates that
the stable network was formed as complexing of Cu+
and the capacity for water absorption was increased.
However, as increasing of the content of Cu+, the
crosslinking density of the hydrogel was increased
and the swelling property of the hydrogels was decreased. As for CTS0, the swelling ratio was sharply
decreased as prolonging of the swelling time, which
indicates that the above physical crosslinked structure was instable. But for all of the CTS-Cu+/NH3
hydrogels, the swelling ratios were slightly increased
as prolonging of the swelling time, which means the
network structure of CTS-Cu+/NH3 hydrogels was
more stable and hard to be destroyed.

3.4. Rheological properties of CTS-Cu+/NH3
hydrogels
Figure 5 shows the energy storage modulus (G′) and
loss modulus (G″) of the CTS-Cu+/NH3 hydrogels
as a function of angular frequency at 0.5% strain.
When the angular frequency was less than 200 rad/s,
the G′ of all samples was greater than G″, indicating
that hydrogels with crosslinked network structure
were formed by the coordination of Cu+ with the
–NH2 of chitosan. When the angular frequency exceeded 400 rad/s, it was found that G′ < G″ for all
hydrogels, indicating that the higher shear rate destroyed the crosslinked network structure and the hydrogels changed into viscous liquid, which was the
typical characteristic of physical hydrogel. With rising Cu+ content of the hydrogels, G′ gradually decreased and G″ increased firstly and then decreased.

3.6. Thermogravimetric analysis
Figure 7 shows the TGA and DTG images of the
CTS-Cu+/NH3 hydrogels, and Table 1 lists the weight
loss parameters at different thermogravimetric stages.
The thermal weight loss of CTS0 consisted of three
stages, corresponding to the loss of binding water, the
decomposition of functional groups, and the rupture
of the chitosan main chain [31], respectively. The decomposition of CTS0 completed at about 550 °C. The
thermal weight loss of the CTS-Cu+/NH3 hydrogels

Figure 5. Rheological properties of the CTS-Cu+/NH3 hydrogels.

Figure 6. Swelling properties of the CTS-Cu+/NH3 hydrogels.
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Figure 7. (a) TGA spectra and (b) DTG spectra of the CTS-Cu+/NH3 hydrogels.

the degradation of side groups, and the third stage
was attributed to the degradation of chitosan main
chain. The CTS-Cu+/NH3 hydrogels could not be
completely degraded because of the presence of Cu+,
and the weight percentage of the residual hydrogels
increased with rising Cu+ content. Compared with
CTS0, low addition of Cu+ contributed to an increment of decomposition temperature of the third stage
and CTS-Cu+/NH3 hydrogels exhibited higher thermal stability than CTS0. However, the max weight
loss temperature moved from 600 °C (CTS22) to
495 °C (CTS26), which indicated that the increase
of copper ion content accelerated the degradation of
CTS-Cu+/NH3 hydrogels. This observation was consistent with the results reported in literature [31, 32].
And the residual amount of CTS-Cu+/NH3 hydrogel
was greater than those of CTS0. This might be because that enhanced chelation between Cu+ and chitosan contributed to an increase in non-volatile components [33, 34].

also consisted of three stages, and the first stage also
corresponded to the removal of binding water. Since
the crosslink density of the hydrogels was increased
as introducing of Cu+, the amount of binding water
in the hydrogels was higher than CTS0. As increasing of the crosslink density for more Cu+, the weight
loss at this stage was decreased. The above results
could also be proved by the results of swelling properties. The second stage was attributed to the initial
destruction of the physical crosslinking network and
Table 1. Thermogravimetric parameters of the CTS-Cu+/NH3
hydrogels.
Sample

CTS0

CTS22

CTS24

CTS26

Stage

Temperature Weight
range
loss
[°C]
[%]

Max weight loss
temperature
[°C]

1

45–115

7.331

70

2

225–345

44.005

300

3

400–570

35.477

510

1

45–140

21.191

80

2

225–360

25.046

275

3

360–670

27.760

600

1

45–195

18.574

80

2

195–350

27.821

260

3

350–650

25.836

540

1

50–190

17.631

80

2

190–340

28.336

260

3

340–615

22.645

495

3.7. Shape memory performance
Figure 8a shows a cut-out strip of the original CTSCu+/NH3 hydrogel (i.e., the hydrogel before reduction with NaHSO3). The strip was bent into U shape
and stood for 48 h in 5 ml deionized water (Figure 8c), and it slowly stretched after it was taken out
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Figure 8. Shape memory of CTS-Cu+/NH3 hydrogels (CTS24). a) and b) were cut-out strips of CTS-Cu2+/NH3 hydrogels
and CTS-Cu+/NH3 hydrogels, respectively. c) and d) were kept into U shape for 48 h in deionized water. d) and
e) were CTS-Cu2+/NH3 hydrogels and CTS-Cu+/NH3 hydrogels taken out from deionized water.

4. Conclusions

(Figure 8e). In contrast, when the strip of the prepared CTS-Cu+/NH3 hydrogel (CTS24) went
through the same procedures (Figure 8b, 8d), the hydrogel strip retained the U shape while slowly
changing its color from brown to blue (Figure 8f).
The Cu+ in the CTS-Cu+/NH3 hydrogels was oxidized in air into Cu2+. Thus, the coordination number
of Cu+ and Cu2+ increased from 2 to 4 and the
crosslinking density was enhanced as well as the mechanical strength. As a result, the shape of the bent
hydrogel was maintained. And due to the low additon of copper ions, the CTS-Cu+/NH3 hydrogels may
be biocompatible [35], which gives the hydrogels a
promising material in tissue engineering, wound
dressings, and other fields for this shape memory.

In this paper, physically crosslinked chitosan hydrogels carrying Cu+ were prepared by complexing
Cu2+ with chitosan followed by fumigation with ammonia and reduction of Cu2+ by NaHSO3. The Cu+
content in the above hydrogels was only in a low
range of 4.88–29.27 μmol/g, but was able to endow
the hydrogels with good mechanical properties. Both
the mechanical strength (up to 0.25 MPa) and the
elongation at break of the CTS-Cu+/NH3 hydrogels
increased with rising Cu+ content. In addition, the
CTS-Cu+/NH3 hydrogels demonstrated evident shape
memory and retained the original shape very well
after exposure to air. They may thus serve as promising candidates in medical applications.
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