Open Access Article. Published on 29 January 2022. Downloaded on 3/20/2026 6:12:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2022,
3,2568

Received 8th December 2021,
Accepted 26th January 2022

DOI: 10.1039/d1ma01160j

rsc.li/materials-advances

1 Introduction

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Smart DEA-QCGM-CNT hydrogels with
temperature- and NIR-responsive behavior
achieved by the synergy between CNT and QCGM
for wound dressing

Qing Zhong,? Gen Li,® Hui Long,? Jingxian Zhang,® Suiping Deng,®
Langhuan Huang @2 *@ and Shaozao Tan {2 *3°

Temperature-sensitive hydrogels are always hotspot and have shown great potential in the field of
biomedicine. Herein, we report N,N-diethylacrylamide (DEA) temperature-sensitive nanocomposite
hydrogels with improved mechanical properties composed of carbon nanotubes (CNT) and glycidyl
methacrylate functionalized quaternized chitosan (QCGM), followed by deciphering the synergy
between CNT and QCGM for the influence on the properties of the hydrogels. The prepared hydrogels
not only present a temperature-stimulus response but also feature in NIR-stimulus response
performance due to the addition of CNT. In particular, the DQgsC; hydrogel exhibits the optimal
performance, including high mechanical strength and thermal behavior, and was subjected to examine
the photothermal conversion ability, as well as loading the model drug ciprofloxacin hydrochloride (CIP)
to investigate the drug release and antibacterial ability under different conditions. Moreover, the
biocompatibility experiments and the in vivo full-thickness skin defect model results signify that the
hydrogels have excellent biocompatibility and also can promote wound closure with accelerated wound
contraction and improve the wound-healing process. All in all, the prepared temperature-sensitive
nanocomposite hydrogels with improved mechanical properties, high biological safety, and accelerated

wound healing have considerable practicability in the fields of drug delivery and wound dressing.

studied temperature-responsive polymer'®'* since its low critical

solution temperature (LCST) behavior was first reported. However,

Wound dressing refers to a type of material that can cover the
surface of the skin wound to protect the wound temporarily and
avoid infection."™ It can replace the skin in a short time and provide
the wound with a low-oxygen environment to promote wound
healing. In recent years, hydrogels have been proven to be a near-
ideal dressing to facilitate wound healing, which can keep the
wound surface moist and isolate external microorganisms to pre-
vent infection, and it can also fit the wound without adhesion to
avoid secondary injury caused by dressing change.>® Smart hydrogel
materials,” a new-type dressing with huge potential in commercia-
lization, respond to different external stimuli, resulting in a wider
range of applications than traditional hydrogels. Undoubtedly,
temperature-sensitive hydrogels® are the most typical smart hydro-
gels. Poly(N-isopropylacrylamide) (PNIPAM) has been the most
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studies have also shown that the PNIPAM hydrogels could release
toxic amines'” in solution, greatly limiting its biological application.
In contrast, the LCST behavior of poly-N,N-diethylacrylamide (PDEA)
hydrogel™ is similar to that of PNIPAM hydrogel. Note that the
tertiary amide group will interact with the drugs containing hydro-
gen bonds when PEDA acts as a hydrogen bond acceptor,'*"
leading to the volume phase change of PEDA at LCST and drug
release. Additionally, benefiting from the lower cytotoxicity and
better biocompatibility than PNIPAM, PDEA has attracted more
and more enthusiasm in the field of drug delivery and other fields
in recent years.'®"

Unfortunately, hydrogels often encounter relatively weak
mechanical strength owing to the formation of microporous mor-
phology during the gelation process,'®° which impedes its wide
application in biomedical applications. In order to overcome these
limitations, nanocomposite hydrogels have been developed*** by
implanting various nano-materials into the network, which can not
only improve mechanical properties, increase drug loading, and
deliver drugs but also adjust and improve stimulus
responsiveness.”***  Nanocomposite hydrogels were reported
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recently by adopting carbon nanotube (CNT) as the additive to
enhance the mechanical property of the materials and to endow the
hydrogels with excellent NIR stimuli-responsive ability.'®**” On
the other hand, the rising incidence of infection by bacteria is
another thorny issue in wound treatment.”*>! Meanwhile, wound
dressings with inherent antibacterial ability represent better perfor-
mance than broad-spectrum antibiotics in anti-wound
infection.?®**> Quaternized chitosan (QCS) not only exhibits more
positive charges, which endow better antibacterial properties,****
but also exhibits better water solubility, hemostatic properties, and
biocompatibility,”>*® suggesting that it has broader application
prospects.””?” Thus, developing multifunctional CNT-enhanced
QCS based temperature-sensitive nanocomposite hydrogels in
wound dressings is highly desirable.

Based on this consideration, in this work, we propose the
DEA-QCGM-CNT temperature-sensitive and NIR-sensitive mul-
tifunctional nanocomposite hydrogels with significantly
improved mechanical properties. Particularly, the DQ,5Cy
hydrogel carrier with excellent performance in all aspects was
selected and loaded with the antibacterial and anti-infective
drug ciprofloxacin hydrochloride (CIP) to yield drug-loaded
temperature-sensitive composite hydrogels with good biocom-
patibility. Wound healing experiments further proved that the
prepared hydrogels exhibit the promoted ability of wound
healing. In summary, all of the above results demonstrated
the great potential application of DEA-QCGM-CNT hydrogels
as a biomechanically active multifunctional hydrogel wound
dressing for wound-healing, which will provide a new approach
to design bioactive wound dressing.

2 Experimental
2.1 Materials

Carbon nanotubes (>97%) were purchased from Nanoport Co.,
Ltd (Shenzhen, China). N,N-Diethylacrylamide (AR) was bought
from Runjie Chemical Reagent Co., Ltd (Shanghai, China).
Chitosan (>98), concentrated nitric acid (98%), and concen-
trated sulfuric acid (98%) were purchased from Macklin Bio-
chemical Technology Co., Ltd (Shanghai, China), and glycidyl
trimethylammonium chloride (80%) was obtained from
Chemical Industry Co., Ltd (Tokyo). Glycidyl methacrylate
(97%), tetramethylethylenediamine (99%), and ciprofloxacin
hydrochloride (98%), PBS (>98) were supplied by Aladdin
Biochemical Technology Co., Ltd (Shanghai, China). Potassium
persulfate (AR) and N,N-methylenebisacrylamide (AR) were
obtained from Komiou Chemical Reagent Co., Ltd (Tianjin,
China). Glacial acetic acid (>98) was bought from Guangzhou
Chemical Reagent Factory.

2.2 Synthesis of CNT

CNT was synthesized by the purification of mixed acid. First,
0.5 g of raw carbon nanotubes (P-CNT) was weighed and added
into a 100 mL three-necked flask, 10 mL of concentrated nitric
acid and 30 mL of concentrated sulfuric acid were sequentially
added with stirring, and then refluxed at 70 °C for 12 h. After
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the reaction, the solution was diluted and washed with water by
centrifugation. Finally, the products were dialyzed in deionized
water for 5-7 days until the pH reached neutrality and freeze-
dried for obtaining the CNT.

2.3 Synthesis of QCGM

The QCGM was synthesized via a one-pot reaction between
epoxy groups from GTMAC and GMA and amino groups from
CS. 1 g of CS was suspended in 36 mL of deionized water, and
then 180 pL of glacial acetic acid was added to the suspension.
After stirring at 55 °C for 30 min, 1.84 mL of GTMAC was added
dropwise to the mixed solution under continuous stirring. The
reaction mixtures were stirred at 55 °C for 15 h. Then, GMA was
added dropwise to the above reaction mixtures with continuous
stirring at 55 °C, and the reaction was performed for another
15 h at 55 °C in dark conditions. After the reaction, the
undissolved polymer was removed by centrifuging the mixture
at 6000 rpm for 20 min at room temperature. The supernatant
liquid was precipitated into pre-cooled acetone to obtain the
crude product. The crude product was further dissolved in
deionized water and then dialyzed exhaustively against deio-
nized water for seven days in dark conditions. Finally, the
QCGM was obtained after freeze-drying.”” The quaternization
degree of substitution (DS)** of QCGM was determined by
titrating the chlorine ion content.

2.4 Preparation of DEA-QCGM-CNT temperature-sensitive
hydrogels

The hydrogels were prepared by polymerization of CNT aqu-
eous dispersion and DEA/QCSG/N,N-methylenebisacrylamide
(MBA) aqueous solution at room temperature using potassium
persulfate (KPS)/tetramethylethylenediamine (TEMED) as redox
initiator system. First, a certain amount of DEA monomer is
dissolved in the QCGM and CNT aqueous solution, which has
been ultrasonically dispersed in advance. After stirring for
30 min, an appropriate amount of cross-linking agent MBA
and 20 puL of TEMED were added to the solution, and then the
initiator potassium persulfate (KPS) was added after 2 h of ice
bath ultrasonication. The reacted solution was quickly poured
into a circular silica gel mold after the solution appeared
flocculent and gelled at 25 °C for 24 h. Finally, the molded
hydrogel was released from the mold and placed in deionized
water to soak for 3 days. In this work, the prepared hydrogels
were denoted as DQ,C,,, where the subscripts n and m repre-
sent the mass percentages of QCGM to DEA and CNT to DEA,
respectively. The formulations for the synthesis of DEA-QCGM-
CNT temperature-sensitive hydrogels are listed in Table 1.

2.5 Characterizations

X-Ray diffraction (XRD, MSAL-XD2) was conducted to analyze
the structures of p-CNT and CNT, which used a Cu-Ko' radia-
tion source with the Bragg’s angle (20) ranging from 10° to 80°
with the scan rate of 2° min~'. The spectra of CS and QCSG
were obtained using a Bruker 500 MHz NMR instrument with a
small amount of CS and QCGM dissolved in 5% (v/v) deuterated
acetic acid/D,O and D,0, respectively. The spectra of the freeze-
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Table 1 The formulations for the synthesis of DEA-QCGM-CNT
hydrogels

DEA QCGM:DEA CNT:DEA  MBA:DEA  KPS:DEA
Samples  (g) (Wt%) (Wt%) (Wt%) (Wt%)
DQ,Co 021 0 0 0.9 2.6
DQusCo 021 0.5 0 0.9 2.6
DQysC; 021 0.5 1 0.9 2.6
DQysC, 0.21 0.5 2 0.9 2.6
DQ,C, 021 0 1 0.9 2.6
DQ,,C: 021 0.7 1 0.9 2.6

dried p-CNT, CNT, CS, QCGM, and hydrogels were recorded in
the range of 400-4000 cm ™" by employing a FT-IR spectrometer
(Nicolet 6700). The morphologies of the freeze-dried hydrogels
were observed using a field emission scanning electron micro-
scope (FESEM, JEOLJEM-7600F). The thermal stability of CNT,
QCGM, and hydrogels was analyzed by a thermogravimetric
analyzer (TG, Germany Netzsch STA449F3) with a temperature
range of 35-600 °C, the heating rate of 10 °C min~*, and the N,
flow rate of 50 mL min~". The swelling and de-swelling rates of
the temperature-sensitive hydrogels were determined using the
gravimetric method, and then the swelling ratio (SR)*® was
calculated as: SR = (W, — W,), where the W, and Wy are the
weights of the hydrogel at time ¢ and the weight of the dry
hydrogel, respectively. Meanwhile, the de-swelling ratio (WL%)
was calculated as: WL% = [(W. — W,)/(W. — W4)] X 100%, where
We is the weight of the equilibrium swelling hydrogels. A
differential scanning calorimeter (Q20) was used to test the
LCST of the hydrogels. The equilibrium swelling rate (ESR) of
the hydrogels was measured in the temperature range of 25 to
50 °C, and the ESR was calculated as: ESR = (W, — Wy)/Wy The
mechanical behavior of as-prepared hydrogels was examined by
performing tensile and compression tests using a universal
testing machine (UTM-1422). The photothermal conversion
performance of the as-prepared hydrogels was measured by
NIR thermal imager. Briefly, the hydrogels were placed in a
Petri dish containing deionized water and then irradiated with
a NIR laser source at a power of 1.6 W cm ™2 and a wavelength of
808 nm for 240 s, and the temperature distribution of the
hydrogels was recorded with NIR thermal imager.

2.6 Drug loading and release in vitro

CIP was used as a model drug to study the drug loading and
release behavior of DQ,sC; hydrogel. For the preparation of
drug-loaded hydrogels, the freeze-dried hydrogels were
immersed in solutions with drug concentrations of 10, 20,
and 50 pg mL ' for 48 h. The amount of CIP loaded into the
hydrogels was determined using UV-vis spectroscopy. The drug
loading of hydrogels® was calculated as: Warug = (CoVo — CWY)/
Wq, where the C, C,, V,, and V; are the initial drug loading
concentration, the concentration of the remaining drug
solution, the initial drug loading volume, and the remaining
volume of the drug solution.

For release studies, the drug-loaded hydrogels were placed
in PBS, and the solution was collected at predetermined time
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intervals and replaced with an equal amount of fresh PBS. The
drug release behavior of DQ, sC; drug-loaded hydrogel at room
temperature at 10, 20, and 50 pg mL ™" was investigated and the
drug-loading concentrations of 20 g mL ™" at 25 °C and 37 °C
were also studied. The DQ, sC; hydrogel with a drug-loading
concentration of 20 pg mL™" at 25 °C, 37 °C and near infrared
light (808 nm, 1.6 W cm ™ ?) on and off cycles (on: 1 min, off:
4 min) were studied, respectively. The cumulative drug release
ratio of hydrogels was calculated as: cumulative release % =
[(C4 x Vi + V5 X ZCyi—1))/W] X 100%, where Cg, W, V4, and
Vv, are the drug release concentration at time ¢, the total amount
of drug-loaded, the total volume, and the sampled volume.

2.7 Antibacterial properties

The method of inhibition zone, Gram-positive S. aureus (ATCC
6538) and Gram-negative E. coli (ATCC 8739) were applied to
evaluate the antibacterial ability of the DQ,sC; drug-loaded
hydrogel. Before antimicrobial assays, the logarithmic growth
phase of bacteria was diluted with PBS until the optical density
(OD) value at 600 nm was about 0.1-0.3, where the bacterial
concentration was nearly 10® colonies (CFU mL™"). In the
subsequent steps, 10 mL of Agar was spread on a Petri dish,
the oxford cup was added when the Agar was about to
solidify, and then 10 mL of nutrient agar mixed with the
bacterial solution evenly (the total number of colony was
10° CFU mL ') was taken and covered on the Agar. Finally,
the oxford cup was removed and the hydrogels were put in after
the Agar solidified. The diameter of the inhibition zone was
measured after incubation in a constant temperature incubator
at 37 °C for 24 h to obtain the antibacterial activity. The
antibacterial activities of DQ, sC; hydrogels with different drug
loading concentrations against E. coli and S. aureus were tested.

2.8 Bacteria live/dead test

To observe the bacterial status visually, the bacterial live/dead
measurement was performed.*® The bacteria (1 x 10° CFU mL )
and the hydrogels were incubated together at 37 °C for 12 h, and the
bacteria without any treatment were employed as the control group.
Then, the physiological saline was used to wash and collect the
bacteria, and live/dead stains (SYTO 9 and propidium iodide [PI])
were used to stain the bacteria for 15 min in the dark. After that, the
stained bacterial solutions were then transferred to a confocal dish
and observed using a confocal laser scanning microscope (ZEISS
LSM880 with Airyscan, Germany).

2.9 Hemolytic activity assay

For hemolytic activity assay, 0.1 g hydrogel and a certain
amount of rabbit fresh red blood cells (1% volume fraction)
were added to a 2 mL centrifuge tube. Untreated and broken
red blood cells with sterile water were used as negative and
positive controls, respectively. The hydrogels with non-loaded
drug (DQy.5C;-0) and drug-loading concentration of 20 pg mL™*
(DQy.5C1-20) were used as the experimental group. These solu-
tions were incubated in an incubator at 37 °C for 4 h and then
centrifuged (3000 rpm, 3 min) to obtain the supernatant. After
that, the optical density of the supernatant was measured at a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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wavelength of 540 nm, and the hemolysis ratio was calculated
as:

ODsamplc - ODncgalivc
ODposilive - ODnegalive

Hemolysis =

ODgample, the optical density values of rabbit red blood cells of
the sample, ODyegative, the optical density values of rabbit red
blood cells of the negative control, ODpsitive, the optical density
values of rabbit red blood cells of the positive control.

2.10 Cytotoxicity test

The cytotoxicity of human skin fibroblasts (HSF, purchased
from Shanghai Cybertron Biotech) cultured with different con-
centrations of DQ, sC; hydrogel (5, 10, 15, 20, and 30 mg mL ™)
was evaluated using the method of CCK-8, with untreated cells
serving as the experimental control HSF cells in the logarithmic
growth phase seeded into 96-well plates at 4 x 10° cells per well,
cultured overnight in a constant temperature incubator at 37 °C
with 5% CO,. Then, the culture media containing different
concentrations of hydrogel extracts were added to those wells
for 24 h and then removed. Each well was washed three times
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with PBS where 100 uL per well of 10% CCK-8 medium was
added to, and then it was cultured in a constant temperature
incubator at 37 °C with 5% CO, for 2 h. The microplate reader
was used to measure the absorbance at 450 nm and calculated
the relative cell viability. Finally, the live/dead kit was used to
evaluate the survival of HSF cells. According to recommended
procedures, after treatment of the live/dead kit, images were
taken by a laser confocal microscope.

2.11 In vivo wound healing test

The wound healing ability of the hydrogels was investigated
using six male Kun Ming (KM) rats (6-8 weeks, randomly
divided into two groups equally). First, the rats were anesthe-
tized with urethane anesthetic and the backs were depilated
and locally disinfected with iodophor. Then, a round wound
deep to the skin was cut without damaging the fascia and fatty
tissue. The thickness of the wound was about 3 mm and the
diameter was 7 mm. The hydrogel was applied to the wound
when the wound modeling was completed, and the dressing
was changed on the 0th, 3rd, 5th, 7th, 10th, and 14th day. The
wound healing of the rats was recorded by the camera and
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Fig. 1 XRD patterns (a) and of p-CNT and CNT and FT-IR spectra (b) of p-CNT, CNT, CS, QCGM, DQyCq and DQqsCy hydrogels, as well as *H NMR

spectra of CS (c) and QCGM (d).
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evaluated by the wound size. At the end of the experiment, the
wound and the skin around the wound were harvested and
immersed in 4% buffered paraformaldehyde. At last, the sam-
ples were stained with hematoxylin—eosin stain for histological
observations. The Institutional Administration Panel for
Laboratory Animal Care approved the experimental design.
The university guidelines for care and use of laboratory animals
were strictly followed. All animals were housed and fed in the
Experimental Animal Center of Jinan University and were
specific pathogen free.

3 Results and discussion

3.1 Basic characterizations of DEA-QCGM-CNT temperature-
sensitive hydrogels

Shown in Fig. 1a is the XRD patterns of p-CNT and CNT.
Diffraction peaks at 20 of 25° and 42° correspond to the (002)
and (100) crystal planes of p-CNT and CNT,*® respectively. It is
worth noting that the diffraction peak at 20 of 25° of CNT is
obviously enhanced, which is caused by the increase in the
degree of graphitization of CNT due to the transformation of
amorphous carbon. The infrared spectra of p-CNT, CNT, CS,
QCGM, DQ,Cy, and DQ, 5C; hydrogels are illustrated in Fig. 1b.
The absorption peak observed at 3440 and 1710 cm™* of CNT
belongs to the stretching vibration of O-H and C=O0, respec-
tively, indicating that the carbon nanotubes have been oxidized
by the mixed acid and attached with the carboxyl groups
successfully. In the infrared spectrum of CS, the absorption
peak at 1591 cm ™" is the deformation vibration peak of -NH,,
while this peak in the spectrum of QCGM disappears accom-
panied with two new peaks appearing at 1480 and 1643 cm ™',
which are attributed to the C-H of methyl on GTMAC and the
C—C stretching vibration peak on GMA, respectively. In addi-
tion, the stretching vibration peaks at 1027 cm ™" of C-OH and
1034 cm ™" of C-O on the CS spectrum can also be observed in
the QCGM, indicating that QCGM have been successfully
synthesized and the substitution mainly occurred on the amino
group of CS. A similar result can also be verified in the "H NMR
spectra of CS and QCGM (Fig. 1c and d). The hydrogen
absorption peaks of CS shown in Fig. 1c are consistent with
the ref. 41. In the spectrum of QCGM, the peak at § ~ 4.65 ppm
was the peak of D,O, and the peak at 6 =~ 3.15 ppm is
attributed to the proton peaks (H-b) on the three methyl groups
in the -N"(CH;); group. Especially, the peak at § ~ 3.32 ppm
corresponded to the proton peak (H-a)*? on the -N-CH,- group.
At the same time, two peaks of 0 =~ 5.66 ppm (H-c) and
6.07 ppm (H-d) appear in QCGM, which correspond to the
proton peaks on the GMA double bond, respectively, proving
that CS is successfully grafted with GMA and GTMAC. Addi-
tionally, the peaks at 2970 and 2932 cm ' observed in the
infrared spectrum of the DQ,C, hydrogel are attributed to the
C-H stretching vibration absorption peaks of -CH; and —-CH,
groups. The absorption peak at 1620 cm ™" belongs to the C=0
bond in the amide and the peaks at 1431 and 1380 cm "
represent the symmetrical C-H in-plane bending vibration
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100 nm
]

Fig. 2 SEM images of DQgCq (a), DQosCp (b), DQo5Cy (c), DQosC> (d),
DQoC; (e), and DQg 7C; (f) hydrogels.

absorption peak.*® Importantly, the above absorption peaks
all appear in the infrared spectrum of the DQ, sC; temperature-
sensitive hydrogel except for some differences in peak intensity,
which proves that the DEA-QCGM-CNT series of temperature-
sensitive hydrogels have been successfully synthesized.

The microstructures of DEA-QCGM-CNT temperature-
sensitive hydrogels are observed by FESEM, with the results
shown in Fig. 2. All hydrogels exhibit a honeycomb structure,
and the pore sizes of the hydrogels are enlarged with the
addition of CNT and QCGM when compared to the DQyC,
hydrogel. With the increase of CNT, the pore size of the
hydrogels increases first and then decreases when the QCGM

100
807
g 60 —CNT
b= ] — QCGM
% —DQyC,
= 407 DQ,sCy
—DQ,;sC,
] DQ,sC,
20 ——DQ,C,
DQ,;C, _—
100 200 300 400 500 600

Temperature (°C)

Fig. 3 Thermal decomposition curves of CNT, QCGM, and DEA-QCGM-
CNT hydrogels.
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Fig. 4 The DSC curves of DEA-QCGM-CNT hydrogels with different CNT contents (a) and different QCGM contents (b).

remains unchanged (Fig. 2b-d). The reason is that CNT con-
tains a large number of hydrophilic groups such as hydroxyl
and carboxyl groups, which can attract more water into the
hydrogels, resulting in larger water content and voids. Whereas
CNT will accumulate in the hydrogels when the content exceeds
a certain value, causing uneven cross-linking and a decrease in
pore size within the hydrogels.** In addition, the pore size
gradually decreases with the increase of QCGM while keeping
the CNT addition amount constant. This was owing to the
double bond contained in QCGM. As the content of QCGM
increases, more QCGM will be introduced into the system for
cross-linking. The increase of chain length, effective cross-
linking, and cross-linking density in hydrogels are responsible
for the smaller pore size.

In order to explore the influence of CNT and QCGM on the
thermal stability of hydrogels, CNT, QCGM, and DEA-QCGM-
CNT temperature-sensitive hydrogels were subjected to TG tests
(Fig. 3). The mass loss of CNT before 130 °C is about 6 wt%,
corresponding to the evaporation of adsorbed water, and the
mass loss of CNT in the range of 150-200 °C was 5 wt%, which
was mainly caused by the decarboxylation of carboxyl groups on
CNT.*> CNT behaves very stably throughout the heating pro-
cess, with only 23 wt% mass loss even when heated to 600 °C.
Compared with CNT, QCGM shows less mass loss before
125 °C, but 45 wt% mass loss occurs in the temperature range
of 185-361 °C, which was attributed to the degradation of the
main chain of QCGM. Similarly, the thermal decomposition of
the hydrogels can be divided into two stages. The first stage is
in the range of 46-95 °C with less mass loss, corresponding to

© 2022 The Author(s). Published by the Royal Society of Chemistry

the evaporation of water in the hydrogels. The mass loss during
the stage at 300-470 °C is about 90 wt%, which is caused by the
degradation of the polymer backbone or the breakage of the
polymer side groups.”’® Note that no significant difference is
found in the thermogravimetric curves of the six groups of
hydrogels, which is mainly ascribed to the tiny addition of CNT
and QCGM.

It is well-known that there exists a tradeoff between affinity
and hydrophobicity in the molecular chain of DEA-QCGM-CNT
thermosensitive hydrogels. When the external temperature is
lower than the LCST, the hydrophilic interaction between the
hydrophilic groups (carboxyl, amide, and hydroxyl) in the
hydrogel and the water molecules will increase, resulting in
the hydrogels showing a swelling state. Conversely, the hydro-
gen bond between the hydrophilic group and the water mole-
cule will be weakened, and the hydrophobic interaction
between the molecular chains will be strengthened when the
external temperature is higher than LCST, causing the shrink-
age and entanglement of the molecular chains so that the
hydrogels assume a contracted state. This process will also be
accompanied by thermal effects, so the thermal behavior of the
hydrogels was studied by DSC. The DSC curves of DEA-QCGM-
CNT temperature-sensitive hydrogels are shown in Fig. 4. It can
be found that the addition of CNT could increase the LCST by
comparing it with the DQ,C, and DQ,C; hydrogels. However,
the LCST of DQ, 5Coy, DQy.5C1, and DQ, 5C, hydrogels (Fig. 4a)
are around 34.9 °C, which did not change with the content of
CNTs basically when the amount of QCGM remained constant.
Moreover, when CNT remained unchanged (Fig. 4b), the LCST
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equilibrium swelling ratio (e and f) of DEA-QCGM-CNT hydrogels with temperature.

of the hydrogels increased with the addition of the QCGM, and
all of them were higher than that of the DQ,C, hydrogel. The
reason for the above results is that the addition of QCGM
introduces more hydrophilic groups (hydroxyl, amino, etc.) into
the hydrogels, which promotes the formation of hydrogen
bonds and strengthens the binding force between molecules.
Therefore, more energy is required for the hydrogels to undergo
a phase transition, thus leading to the elevation of LCST.**
Meaningfully, the LCST of the PDEA hydrogels can be con-
trolled by adjusting the amount of QCGM.

2574 | Mater. Adv, 2022, 3, 2568-2582

The swelling ratio, de-swelling ratio, and equilibrium swel-
ling ratio are important parameters for revealing the inter-
action between the hydrogels and the polymer chains. First,
the swelling ratio of DEA-QCGM-CNT hydrogels in deionized
water at 25 °C was explored, with the results shown in Fig. 5a
and b. It can be found that the swelling ratio of all hydrogels
increased with time and reached the maximum after 25 h and
remained in equilibrium. Given that the internal pores will be
saturated completely when the hydrogels reach the maximum
swelling ratio, the swelling ratio thus no longer changes with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the swelling time.*® The swelling ratios of DQy5Co, DQp5C1,
DQy.5Cs, DQoCy, and DQ, ;C; hydrogels after 25 h are 14.92,
16.77, 16.32, 16.93, and 15.10 g g !, respectively, which
are all higher than DQ,C, hydrogel without QCGM and CNT
(13.77 g g7'). The enhanced swelling ratio is expected since
mainly QCGM contains -OH, -NH, and CNT contains -OH,
-COOH, and other hydrophilic groups, which can attract water
molecules from the surrounding environment into the hydro-
gels to increase the pore size.”” Additionally, the swelling ratio
varies with the content of QCGM and CNT. As shown in Fig. 5a,
keeping the addition of QCGM constant, the swelling ratio
exhibits a trend of first increasing and then decreasing with the
increase of CNT, which is consistent with the changes in the
pore size of the hydrogels observed in FESEM. At the same time,
the swelling ratio with more QCGM was lower when keeping the
CNT constant. Owing to the decreasing pore size of the hydro-
gels with the increase of QCGM, the weaker water absorption
capacity and decreased swelling rate are responsible for the
lower swelling ratio with more QCGM.

Secondly, the de-swelling ability of DEA-QCGM-CNT
temperature-sensitive hydrogels in deionized water at 45 °C
was explored and the results are presented in Fig. 5c¢ and d. All
hydrogels lost water immediately after being placed in

()
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deionized water at 45 °C, where DQ,C, hydrogels enable the
lowest de-swelling and response speed. The de-swelling ratios
of DQy.5Co, DQy.5C1, DQo.5Cs, DQyC1, and DQ, ;C; hydrogels are
84.70%, 87.09%, 82.18%, 88.55%, and 85.01%, respectively.
However, the de-swelling ratios of DQ,C, hydrogel is 80.64%
within 675 min, which is caused by the stronger interaction
between the hydrogels and water molecules with the addition
of CNT and QCGM.

Finally, the temperature sensitivity was tested by measuring
the equilibrium swelling ratio of DEA-QCGM-CNT hydrogels
with the variation of temperature. As shown in Fig. 5e and f, the
equilibrium swelling ratio of DEA-QCGM-CNT hydrogels
decreased with increasing temperature, suggesting that they
are typical heat-shrinkable temperature-sensitive hydrogels.
This is due to the presence of hydrophilic groups (-OH,
—-COOH, -CONR;) and hydrophobic groups (-CH,CH3) in the
hydrogels. Thereinto, the hydrophilic groups in the hydrogels
at lower temperatures combine with water molecules through
hydrogen bonds to make the polymer chains in a stretched
state, leading the hydrogels to absorb water and swell. On the
contrary, owing to the accelerated movement of water mole-
cules, the hydrogen bonding will be weakened, the force of the
hydrophobic groups of the polymer chains in the hydrogels will
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Fig. 6 Compressive stress—strain curves of hydrogels with different conten
hydrogels with different contents of CNT (c) and QCGM (d), respectively.
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ts of CNT (a) and QCGM (b), respectively, and tensile stress—strain curves of
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be strengthened, and the structure of the hydrogels will become
denser as well as when the temperature rises, which causes
water molecules to be squeezed out and decrease the equili-
brium swelling ratio. In a word, the investigation of swelling
ratio, de-swelling rate, and equilibrium swelling ratio of DEA-
QCGM-CNT hydrogels demonstrates that proper introduction
of QCGM and CNT to the PDEA hydrogels benefits the swelling
and response capability of the hydrogels.

Excellent mechanical properties are of prime importance for
the practical application of hydrogels in the field of drug
carriers. Therefore, the compression and tensile properties of
DEA-QCGM-CNT hydrogels were evaluated, with the results
displayed in Fig. 6. The compressive stress of all hydrogels
increases tardily with the increase of strain when the strain is
less than 40% (Fig. 6a and b). The hydrogels are in an elastic
state at this stage and return easily to the original shape once
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the compressive stress is removed. Conversely, when the strain
of the hydrogel increased to 40-80%, the compressive stress
increased rapidly, indicating that energy dissipation occurred
inside the hydrogels to resist the compressive stress.*® As
shown in Fig. 6a, the maximum compressive strengths of
DQ,Co, DQo.5Co, DQo.5C1, and DQy sC, are 0.025, 0.040, 0.116,
and 0.046 MPa, respectively. When the content of QCGM
remains unchanged, the compressive strength of the hydrogels
increases first and then decreases with the increasing content
of CNT. This is due to the fact that a small amount of CNTs can
be uniformly dispersed in the hydrogels and cross-linked with
the hydrogels through hydrogen bonds, which will increase the
cross-linking density and compressive load capacity. However,
CNTs will aggregate in the hydrogels when the added amount is
too much, resulting in uneven cross-linking and decreased
compressive strength. Additionally, the influence of QCGM on

(b)

Blank

55°C

I=26.1 °C

1=27.0°C

20°C

Light off

Light off

Light off

Fig. 7 The temperature changes (a) and thermal images (b) of deionized water (Blank), DQyCo, DQosCo, and DQgsC; hydrogels under NIR light
irradiation as well as the shape changes of DQuCq (c), DQg sCq (d), and DQg sC; (e) hydrogels before and after NIR light irradiation.
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the compression performance of the hydrogels when the CNT
amount remains constant is also explored as shown in Fig. 6b.
DQ,.5C; hydrogel exhibits the best compression performance
when it reaches the maximum compression deformation,
which is 0.116 MPa (DQ,C; hydrogel was only 0.078 MPa),
proving that the addition of QCGM could improve the com-
pressive strength of the hydrogels.

The influence of CNT on the tensile properties of the
hydrogels was explored by keeping the content of QCGM
unchanged, as shown in Fig. 6c. The tensile strengths of
DQy.5Co, DQo5Cq, and DQ, sC, hydrogels are 5.32, 3.73, and
3.23 kPa, respectively, and the tensile strengths of DQyCy,
DQy sCy, and DQ, ,C; hydrogels are 3.09, 3.73, and 4.90 kPa
(all higher than DQ,C, hydrogel), respectively. It indicates that
the tensile strength of the hydrogels decreased gradually with
the increase of CNT and increased gradually with the increase
of QCGM. That is to say, the addition of QCGM and CNT can
greatly improve the mechanical properties of PDEA hydrogels
and DQ, 5sC; hydrogels exhibits superior mechanical properties
than other hydrogels. Therefore, the DQ,sC; hydrogel with
outstanding swelling and mechanical properties
subsequently selected and loaded with the antibacterial model
drug CIP for investigating the photothermal conversion

was
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performance, drug loading and release, antibacterial perfor-
mance, biocompatibility, and the application of wound
dressings.

3.2 Photothermal conversion properties of hydrogels

The photothermal conversion ability of the hydrogels is eval-
uated using a thermal imager to record temperature changes of
the deionized water (Blank), DQyCy, DQy5Co, and DQqsCq
under 808 nm and 1.6 W cm™> NIR light irradiation, and the
results are shown in Fig. 7. The temperature changes of Blank,
DQoCy, and DQqsC, hydrogels are not obvious near room
temperature, while the temperature of DQ,sC; hydrogel
changes significantly under the same conditions with the
temperature increasing from 24.2 °C to 73.8 °C after 250 s of
NIR light irradiation (Fig. 7a and b). In addition, despite the
fact that DQ,Cy and DQ, 5C, hydrogels do not contain CNTs,
they still maintained their original shape after 250 s of NIR
light irradiation (Fig. 7c and d). Interestingly, the DQsCy
hydrogel shrinks tremendously and is restored after turning
off the NIR light for a while (Fig. 7e). All of the above analyses
indicate that CNT can endow the hydrogels with excellent
photothermal conversion ability.
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Fig. 8
(c) drug release behavior of DQg5C;-20 hydrogel at different temperatures;
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(a) Drug loading capacity of DQg sC; hydrogel in different concentrations; (b) drug release curve of hydrogel with different drug loadings at 37 °C;

(d) NIR controlled CIP cumulative release of DQgsC4-20 hydrogel.
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3.3 Drug loading and release

The moist and warm environment of the wound surface is very
suitable for the growth and reproduction of bacteria, which will
make the wound extremely vulnerable to infection and hinder
wound healing. Therefore, it is necessary for the hydrogels used
in the biomedical field to possess certain antibacterial proper-
ties. The drug loading capacity of DQ, sC; hydrogels in different
concentrations of CIP is shown in Fig. 8a, where the UV-vis
spectrometer is applied to measure the concentrations of CIP in
the solution before and after drug loading at 276 nm.
Clearly, when the concentrations of CIP are 10, 20, and
50 pug mL ', the drug loading contents reach 510.72, 1023.35,
and 2591.99 pg g ', respectively. The drug loading will
inevitably increase when the concentration of the drug
increases because the drug loading of the hydrogels is affected
by the swelling ratio.

Shown in Fig. 8b are the cumulative drug release curves of
DQ,.5C; hydrogels with different drug loading concentrations
at 37 °C. In the first 150 min, the rapid drug release is exhibited
by almost in a linear manner, while roughly unchanged and
tend to be in equilibrium at about 1600 min. The cumulative
drug release rates of DQq 5C4-10, DQq 5C1-20, and DQg 5C;4-50
were 84.36%, 58.89%, and 43.70% when they reached equili-
brium, respectively, indicating downward trends as the drug
concentration increased. The carboxyl group on CIP can easily
form a hydrogen bond with the tertiary amide on the DEA
chain, resulting in a decrease in the cumulative release of
the drug.

The drug release behavior of DQ, 5C;-20 hydrogels at differ-
ent temperatures is presented in Fig. 8c. The cumulative drug
release ratios of the hydrogels gradually increased with the
increase of temperature, and it reached 52.07% and 58.89% at
25 °C and 37 °C when the release approached the balance state,
respectively. The hydrogels displayed a swelling state at 25 °C
(<LCST) and the drug is only released by generating the

S. aureus
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difference in concentration between the inside and outside of
the hydrogel at the same time. However, the hydrogels are
hydrophobic and shrunk at 37 °C (>LCST), and thus the drug
is released through the dual effects of the shrinkage and
extrusion of the hydrogels and the difference in internal and
external concentrations, resulting in a higher release ratio than
at 25 °C.

Interestingly, DQ, sC;-20 hydrogels exhibited excellent NIR
controllability for the release of CIP. As shown in Fig. 8d, NIR
light irradiation can significantly improve the drug release
ratio. After free diffusion (the first 5 min), the drug is released
when irradiated with NIR light for 1 min and no further release
is observed after turning off the NIR light. On the other hand,
under NIR light irradiation, the released drug amount of
DQy.5C1-20 hydrogels increases significantly, and the cumula-
tive drug release ratio reaches 76.94% within 20 min, which is
significantly higher than that without NIR light irradiation at
the same temperature. The above results illustrate that the CIP
molecules loaded on the hydrogels can be released through the
“on-off” mode triggered by the NIR light, meaning that the
drug release ability of the hydrogels could be effectively con-
trolled by NIR light. This controllable drug release method is
considered to be beneficial for prolonging the accumulation of
drugs at the infected site and treating bacterial infections
accurately on demand.

Table 2 The diameter of inhibition zones of DQgsC; hydrogel with
different drug loading concentrations

Diameter of the inhibition zone (mm)

Samples E. coli S. aureus
DQy.5C1-0 0 0
DQo.5C1-10 24.47 £ 0.55 16.33 + 0.58
DQy.5C1-20 26.17 + 0.29 21.67 + 0.39
DQq.5C1-50 29.67 + 0.76 25.00 + 0.50

Fig. 9 The inhibition zones of DQgsC; hydrogels with different drug loading concentrations against (a) E. coli and (b) S. aureus (A: DQgsC;-0,

B: DQO_5C1-1O, C: DQO_5C1'20, D: DQO_5C1'50).
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Fig. 10 Confocal fluorescent images of bacteria treated with the hydrogel carrier (DQgsC;-0

assay without any treatment is used as the control.

3.4 Inhibition zone

In this experiment, the antibacterial properties of the hydrogels
were estimated by selecting E. coli (Gram-negative bacteria) and
S. aureus (Gram-positive bacteria) as typical bacteria. The
picture and the diameter of the inhibition zone with blank
control hydrogels (DQ, 5C;-0) and hydrogels loaded with differ-
ent drug concentrations (DQ, 5C;-10, DQ, 5C;-20, and DQ, 5C;-
50) on E. coli and S. aureus are described in Fig. 9 and Table 2.
After culturing at 37 °C for 24 h, all hydrogels shrink and there
is no obvious inhibition zone around the blank hydrogels while
DQ.5C1-10, DQy.5C1-20, and DQ, 5C;-50 hydrogels are more
obviously. It also can be seen from Table 2 that the diameters
of the inhibition zone of DQ, 5C;-10, DQ,.5C;-20, and DQ, 5C;-
50 drug-loaded hydrogels against E. coli are 24.47 + 0.55,
26.17 + 0.29, and 29.67 + 0.76 mm and against S. aureus are
16.33 + 0.58, 21.67 + 0.39, and 25.00 £ 0.50 mm, respectively,
suggesting that the prepared drug-loaded hydrogels have excel-
lent antibacterial ability.

3.5 Bacteria live/dead stain

In order to observe the bactericidal effect of the hydrogels more
intuitively, the fluorescent nucleic acid dyes SYTO 9 and PI were
used to carry out the bacterial live/dead staining experiment.*®
STYO 9 can label both live and dead bacteria, whereas PI only
can reduce the intensity of SYTO 9 staining after passing
through the damaged cell membrane.’® The live/dead stained
image after co-cultivation with E. coli and S. aureus are
illustrated in Fig. 10. The DQ,;C;-0 hydrogels, after co-
cultivation with bacteria, show a part of red except most of
green compared with the control group, indicating that the
hydrogel carriers without the drug enable a certain degree of
antibacterial ability, which is mainly attributed to the antibac-
terial ingredient QCGM. Specially, almost all of the bacteria are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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) and the drug-loaded hydrogel (DQq sC;-20), and the

killed after treating with DQ, 5C;-20 hydrogels, demonstrating
that the hydrogels, after drug loading, exhibited high antibac-
terial ability, which matched well with the results of the
inhibition zone.

3.6 Hemocompatibility and cell compatibility

For biomedical material applications, hydrogels should possess
good biocompatibility. The biocompatibility of DQ,sC; hydrogel
was evaluated by in vitro hemolysis®* and CCK-8 test. Firstly, the
blood compatibility of the hydrogel carrier (DQ, 5C;-0) and the drug-
loaded hydrogel (DQ, 5C;-20) was tested, and the macroscopic color
of centrifugally obtained supernatants and the results of hemolysis
ratios for all the hydrogels group, the negative control group, and
the positive control group are clearly shown in Fig. 11a. The two
hydrogel groups present light yellow similar to a negative control
group, while the positive group is bright red. The hemolysis rates of
the hydrogels before and after drug-loading are 2.385% and 2.305%
(both <5%), respectively, indicating that the prepared hydrogels
have excellent blood compatibility. Afterwards, the influences of
DQ,.5C; hydrogel extract concentrations of 5, 10, 15, 20, and even
30 mg mL ™" on the activity of HSF cells were tested. Almost no
decline in cell viability is observed in Fig. 11b, proving that the
hydrogels exhibited excellent cell compatibility. The same conclu-
sion can also be proved by the results shown in Fig. 11c. In general,
the hemolysis and the cytotoxicity test certified that the prepared
hydrogel carriers have excellent biocompatibility, which makes it
show great potential in the application of wound dressing.

3.7 In vivo wound healing

The wound healing performance of the hydrogels was investi-
gated by in vivo experiment using a full-thickness skin defect
model. The wound images of rat at predetermined time inter-
vals (0, 3, 5, 7, 10, and 14 days) are illustrated in Fig. 12a. The
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(a) Photographs from hemolytic activity assay and hemolytic percentage of the hydrogels, (b) cytocompatibility evaluation of the hydrogel

extracts for HSF cells. When changing the hydrogels extract concentrations from 5 to 10, 15, 20, and 30 mg mL™%, (c) live/dead staining of HSF cells after
contact with the concentration of 30 mg mL™* hydrogel extracts for 24 h. Scale bar: 100 pm.

wound area in the hydrogel dressing group is significantly
smaller than that of the blank group from three days to the
end, and they were almost healed on the 10th day. The same
results are also observed in Fig. 12b, which describes the degree
of trauma of the wound defined as the relative value of the
wound area after treatment and the original wound area at
different times. The trauma of the two groups of rats both
shows downward trends with the increase of treatment days,
but the decline in the hydrogel groups was more obvious. HE
staining is a common method to assess the quality of newly
formed skin tissues. As shown in Fig. 12¢, the wounds in both
the control and hydrogel dressing groups healed well after
14 days of treatment, with intact skin structure and neatly
arranged cells in the basal, spiny, granular, hyaline, and
stratum corneum layers. The results suggest that the prepared
hydrogels show enormous potential in practical applications,
especially for wound healing.

4 Conclusions

In summary, we have successfully developed a multifunctional
nanocomposite hydrogel by implanting QCGM and CNT into

2580 | Mater. Adv., 2022, 3, 2568-2582

the DEA hydrogel systems and demonstrate that the addition of
QCGM and CNT not only promoted the swelling performance
and the response speed to temperature changes, but also
greatly improved the mechanical properties of the hydrogels.
Moreover, CNT as a photothermal agent also endows the
hydrogels with excellent photothermal conversion ability so
that the release of the drug is controllable by temperature or
NIR light irradiation, achieving the purpose of antibacterial
and anti-infection ability. Biocompatibility experiments
and wound healing experiments also further manifest that
the prepared-hydrogels have excellent biocompatibility
and promote wound healing, which is expected to have prac-
tical applications in the field of drug delivery and wound
dressings.
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