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Poly(N-isopropylacrylamide) (PNIPAM) is broadly applicable in many fields due to its temperature-induced
phase transition property. Herein, a facile method to incorporate exfoliated Ti,CsT, nanosheets in the
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PNIPAM network is reported. Due to compatibility, stability and photothermal properties of the incorpor-
ated Ti,CsT, nanosheets, the obtained MXene/PNIPAM composite hydrogel shows excellent photo-
thermal properties, expanding the pure thermal-responsive property of the PNIPAM hydrogel. Based on
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Introduction

As an important type of intelligent material, multifunctional
hydrogel has received considerable attention due to external
stimuli (temperature, light, pH, etc.), high biocompatibility
and water-rich in nature.'” Such properties make these
materials broadly applicable in the fields of drug delivery;
tissue engineering, microdevices, etc.*® Among the diverse
hydrogels, poly(N-isopropylacrylamide) (PNIPAM) is a typical
type of temperature-sensitive hydrogel, which has been(widely
studied.”® PNIPAM exhibits temperature-induced reversible
phase transition (volume change) in an aqueous solution at a
lower critical solution temperature (LCST) due toithe presence
of both hydrophilic amide groups and hydrophobic isopropyl
groups in its side chains.'® However, there have been limited
studies on the remote phase transition ofuPNIPAM due to its
pure thermal-responsive property.

As we know, many photothermal materials can generate
heat when exposed to near-infrared (NIR) irradiation. Thereby,
we can incorporate photothermal materials in PNIPAM hydro-
gels to fabricate a composite hydrogel, which can generate
heat upon light stimulation, actuating the temperature-sensi-
tive hydrogels remotely. Two-dimensional nanomaterials,
which usually have high infrared absorption properties, are
promising candidates as photothermal agents. For example,
graphene and its derivatives have shown excellent photo-
thermal properties, and they are widely applied in photo-
thermal therapy.'' However, graphene and reduced graphene
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the smart composite hydrogel, remote light-control of.the microfluidic pipeline is also demonstrated.

oxide (rGO}arerboth hydrophobic; thus, they require complex
surface (medification to incorporate PNIPAM, whereas the
photothermal efficacy of the hydrophilic graphene oxide (GO)
is still sJunder debate.’** In addition, transition metal
dichalcogenides (TMDs), such as 1T phase molybdenum di-
sulfide (MoS,), have excellent hydrophilic and photothermal
properties.’> However, 1T phase MoS, is metastable and may
gradually change to hydrophobic 2H phase with lower photo-
thermal efficacy upon long-term NIR irradiation,’® which
restricts its effective application in fields such as microfluidic
valves. Therefore, it is increasingly desirable and challenging
to develop new photothermal agents with excellent compatibil-
ity, stability and photothermal properties.

Ti,C3Ty (T, stands for -OH, =0 and -F functional groups),
as a member of two-dimensional materials in the MXene
family,'” is generally produced by selective etching of Ti,AIC;
in acid fluoride-containing solutions.'® In the etching process,
Al elements are substituted with ~-OH, =0, or -F functional
groups, resulting in typical hydrophilic nature.'® Ti,C3T, also
has excellent photothermal properties, which are equivalent to
or even superior to those of other materials such as carbon-
based materials, TMDs and gold-based nanostructures.>® The
photothermal conversion efficiency of Ti,C;T, nanosheets can
reach 30.6% upon NIR laser irradiation (808 nm).>" This value
is higher than those of Au nanorods (21%),>* Cu,_,Se
nanosheets (22%)>*?* and CuoS; nanosheets (25.7%).>
Furthermore, unlike metastable 1T-MoS,, which may undergo
1T to 2H phase change upon long-term NIR irradiation,
Ti,C3T, nanosheets show much better thermal stability. Only
high-temperature annealing (e.g:, 500 °C) can lead to the
reduction of the OH terminations on the Ti,C;T,
nanosheets.?® Herein, we have found that Ti,C;T, can be used
as an ideal photothermal agent to fabricate PNIPAM-based
composite hydrogels with excellent NIR-responsive properties
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(Scheme 1); their application in remote light-control of the
microfluidic pipeline is also demonstrated.

Results and discussion

The morphology of the obtained Ti,C;T, nanosheets was
characterized by transmission electron microscopy (TEM), and
the results showed a two-dimensional structure with lateral
sizes of 0.5-1 pm (Fig. 1a and Fig. S1}). The high transparency of
these Ti,C;T, nanosheets indicated their single-layer nature,
which was further supported by the results of atomic force
microscopy (AFM). As shown in Fig. 1b, by line scanning across
the sheets, the apparent AFM thickness of these Ti,C3T,
nanosheets was measured to be approximately 2 nm, and the
results were in agreement with previously reported observations.>’
It should be mentioned that the measured thickness of the mono-
layer Ti,C;T, sheet was larger than the theoretical value
(~0.98 nm) calculated by the density functional theory (DFT):
Similar to that observed for other 2D materials, the increased
thickness is probably due to intrinsic ripples®®* and the™un-
avoidable trapping of solvents under the sheet surfaces.?**"
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Fig. 1 (a) Representative bright-field TEM and (b) AFM image of exfo-
liated Ti,C3T, sheets (please see the ESIf for the lateral size and height
distribution details); (c) UV-vis-NIR absorbance spectra of the same con-
centration (0.1 mg mL™Y) of TioC3T,, MoS,, and GO in aqueous solution.
(d) FTIR spectra of Ti,C3T, nanosheets.
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Apart from the monolayer nature, we found that the exfo-
liated Ti,C;T, nanosheets showed desirable high absorbance
in the near-infrared (NIR) region. Fig. 1c presents the UV-vis-
NIR absorption spectra (400-1100 nm) of Ti,C;Ty, 1T-MoS,
and GO dispersion with the same mass concentration of
0.1 mg mL™'. We can see that GO and MoS, showed a broad
absorption spectrum from 400 to 1100 nm without any clear
absorption peak, whereas Ti,C;T, displayed a clear and much
higher absorption peak at around 850 nm. The UV-vis-NIR
absorption of the composite hydrogel (with 0.1 mg mL™"
Ti,C;3T, nanosheets) was measured, as shown in Fig. S3.f No
characteristic absorption of MXene could be found, which was
due to its limited content in the composite. Moreover, the
mass extinction coefficient of Ti,C;T, at 808 nm was calculated
according to the Lambert-Beer law to be 17.35 L g~' cm™*
(please see Fig. S4t for more details). Fig. 3d shows the FTIR
spectra of Ti,C;T, nanosheets. The stretching vibrations at
around 3400 cm™, 1645 cm™, 1050 cm ™" and 1090 cm™" were
assigned to O-H, C=0, C-O and C-F bonds, respectively.***?
The observed funetienal groups demonstrated high hydrophilic
property of the=Ti5C;T, nanosheets. The strong absorption of
Ti,C;3T, in the NIR region combined with its hydrophilic nature
demonstrated its great potential as a new type of photothermal
agent for composite hydrogels. Therefore, the exfoliated Ti,C3T,
nanosheets were homogeneously incorporated in PNIPAM by
directs, polymerization of N-isopropylacrylamide monomer
(NIPAM) in the presence of MXene.

As shown in the inserted optical images of Fig. 2a and b,
there are dramatic differences in color between the composite
hydrogels and pure PNIPAM. The composite hydrogel, instead
of remaining transparent, became homogeneous and black
after incorporation of Ti,C;T,. To better understand the micro-
structure and distribution, we analyzed the composite hydro-
gels (with 1.0 mg mL™" Ti,CsT,) using a scanning electron
microscope (SEM) and the X-ray energy dispersion spectrum
(EDS). Similar to pure hydrogels (Fig. 2a), the composite hydro-
gels retained their interconnected network and macroporous
structure without substantial changes after incorporation
(Fig. 2b), indicating that the Ti,C;T, nanosheets did not influ-
ence the microstructure of the PNIPAM matrix. Moreover, the
EDS spectrum of the composite hydrogel (Fig. 2c-e) demon-
strates the coexistence of C, N and Ti despite the weaker signal
of the Ti element, which was due to low loading of Ti,C3T,.
The successful incorporation of Ti,C;T, was further confirmed
by Raman spectroscopy (Fig. 2f). The characteristic
Raman peaks of Ti,Cs3T, could be easily detected for the
MXene/PNIPAM composite hydrogels. Specifically, the
modes at 206 (w,) and 717 cm ™" (w3) are the A, symmetry out-
of-plane vibrations of Ti and C atoms, respectively,
whereas the modes at 280 (o), 368 (ws), and 626 cm™" (w,) are
the E, group vibrations including the in-plane (shear) modes
of Ti, C, and surface functional group atoms.**** Compared
with the result for pure Ti,C;T,, there was no clear peak
shift for the composite hydrogels, indicating that no or few
defects were introduced into the Ti,C3T, sheet during
incorporation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) SEM image of the freeze-dried pure PNIPAM hydrogel (b)
SEM image of the freeze-dried MXene/PNIPAM composite hydrogel and
its associated EDS element mapping of (c) C, (d) N, (e) Ti. (f) Raman
spectra of MXene/PNIPAM composite hydrogel (with 1.0 mg mL™*
Ti,C3T,) compared with the pristine Ti,C3T,, showing that no peaks shift
after incorporation. Inset: Digital photographs of pure PNIPAM (a) and
the MXene/PNIPAM composite hydrogel with 1.0 mg mL~* Ti,C5T, (b).

According to differential scanning calorimetry (DSG),)in
which the endothermic peak in the DSC curves shows, the criti-
cal volume phase transition temperature (VPTT); the VPTT
value of pure PNIPAM hydrogel is around 30 °Cjwhereas the
VPTT value of the composite hydrogels increases gradually as
the amount of Ti,C;T, increases (Fig. 3a).. This result can be
explained by the hydrophilic nature of.the incorporated
Ti,C3T,. It is known that LCST of PNIPAM-based hydrogels can
be modulated with sudden alterations of hydrophilic/hydro-
phobic side groups.'® Generally, LCST increases with the incor-
poration of hydrophilic copolymers®®*” and decreases with
hydrophobic copolymers.>®*® To evaluate the effect of temp-
erature on the volume change of hydrogels, the swelling ratios
of hydrogels under different temperatures are measured
(Fig. 3b). From the swelling ratio curves, we can see that these
hydrogels show sudden volume contraction at around 30 °C
during the volume phase transition, which is in agreement
with the DSC curves. In addition, the hydrogels show high
temperature sensitivity and swelling ratio. However, the compo-
site hydrogels with higher Ti,C;T, contents (e.g., 1.5 mg mL ™)
exhibit more clear reduction in swelling and deswelling
capacities when the temperature is above LCST. This phenom-
enon can be due to the increased interaction between PNIPAM
and excessive Ti,C;T, nanosheets, which may hinder the coil-
to-globule transition of PNIPAM. Furthermore, compression
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tests have been carried out to measure the modulus and
strength at break. The detailed analyses obtained from the
typical stress-strain curves are presented in Fig. S5.f In par-
ticular, the pure PNIPAM hydrogel exhibits almost 0.13 MPa at
64% strain, and the Young’s modulus is 8.66 kPa. In compari-
son, the composite PNIPAM hydrogel (with 1.0 mg ml™*
Ti,C3T,) exhibits almost 0.17 MPa at 64% strain, and the
Young’s modulus is 9.97 kPa. It has been reported that the
entanglement between polymer chains and networks inside a
hydrogel can significantly increase the mechanical properties
of the hydrogel.>® Therefore, the composite hydrogels become
more elastic and stretchable than pure PNIPAM.

To further verify photothermal properties, 0.5 cm® MXene/
PNIPAM composite hydrogels (with different concentrations of
Ti,C3T,) and pure hydrogel were placed in 0.5 ml of water. The
hydrogels were then exposed to an 808 nm NIR laser with a
power of 0.8 W. As presented in Fig. 3c, the temperature of
water with the incorporated composite hydrogels (1 mg mL ™
Ti,C3T,) rose by over 20 °C in 5 minutes. In comparison, there
was nearly no incféase in temperature for the counterpart with
the pure hydrogel under the same irradiation condition. These
results further confirmed that Ti,C;T, is the main light-to-heat
conversiop material. Similar to previously reported results with
other pHotothermal agents,">*® the temperature increase was
not only, associated with the time of irradiation but also with
the.mass concentration of Ti,C;T,. Hence, we may consider
the mass concentration of Ti,C;T, for controlling the speed of
heating and temperature of the system. However, we found that
minimal change can be observed after 3 minutes of irradiation
when the concentration of Ti,C3T, reached 1 mg mL™". This
phenomenon can be explained by the logarithmic absorbance
dependence of the fraction of incident radiation*' and rapid
heat loss at relatively high temperatures.*?

The stability and reusability of MXene/PNIPAM composite
under laser irradiation were also tested to evaluate the poten-
tial of MXenes as a photothermal agent in hydrogels. As
shown in Fig. 3d, Ti,C;T, remained as a photothermal heater
even after 24 cycles of NIR irradiation (each cycle was contin-
ued for 2.5 minutes of NIR irradiation), showing nearly
unchanged temperature increase in each cycle. Furthermore,
the photothermal phase transition of the MXene/PNIPAM
composite hydrogel could be easily observed under NIR laser
irradiation (808 nm) (Fig. 3e). When the NIR laser was turned
on, the composite hydrogel showed significant volume shrink-
age. It is noteworthy that the collapsed hydrogel could readily
return to its original state when the laser was turned off. For
all thermal-responsive hydrogels, the time required for the
hydrogel to return to its original state depends on the cooling
rate, which is closely related to the cooling methods, the
environmental temperature, the thermal conductivity of the
liquid and the pipeline. In our case, the hydrogel cooled natu-
rally, and ~5 minutes were required for the hydrogel to recover
its original size. These phenomena indicate that the phase
change process is completely reversible.

To test whether the composite hydrogel can be applied to
microfluidic devices, a simple MXene/PNIPAM hydrogel-based

Nanoscale, 2018, 10, 15387-15392 | 15389
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Fig. 3 (a) DSC analysis of pure hydrogel and MXene/PNIPAM composite hydrogels with 0.5 mg mL™*, 1.0 mg mL™%, 1.5 mg mL™* of Ti,CsT, at a
temperature ramp of 1 °C min~tin N, from 25 to 45 °C. (b) Swelling ratio dependence on temperature for pure PNIPAM and MXene/PNIPAM compo-
site hydrogels. (c) The temperature of 0.5 ml water with the pure hydrogel and MXene/PNIPAM composite hydrogels. (d) The temperature changes
of the MXene/PNIPAM composite hydrogel (with 1 mg mL™ Ti,CsT,) as a function of heating—cooling cycles. (e) Photograph of the volume change
of the MXene/PNIPAM composite hydrogel (with 1 mg mL™ Ti,C3T,) before andsafter'NIR laser irritation. (f) Liquid microvalves fabricated by the
MXene/PNIPAM composite hydrogel (1, 2) and pure PNIPAM hydrogel (3, 4). The,photographs show the microvalves before (1, 3) and after (2, 4)
exposure to NIR irradiation (808 nm, 0.8 W) for 1 min. The solutions injected in thé microfluidic pipelines (5.0 mm in inner diameter) are red rhoda-

mine solution and water, respectively.

microvalve was constructed in the microfluidic pipelines; and
the PNIPAM hydrogel was used for comparison. As shown' in
Fig. 3f, the composite hydrogel separated the red rhodaniine B
solution and transparent distilled water completely, before NIR
irradiation. Once the laser was switched on,qthe composite
hydrogel shrank and allowed the fluidic flow of.:rhodamine B
solution from left to right, resulting in the €olor change of the
distilled water (more details are provided in‘the ESI Video 17).
In contrast, the pure PNIPAM hydrogel blocked the flow with
or without laser irradiation. These results suggested that the
MXene/PNIPAM composite hydrogel has potential application
in remote light-controlled microfluidic devices.

Conclusions

In conclusion, we found that MXene (Ti,C;3T,) can be readily
incorporated in PNIPAM, and the novel MXene/PNIPAM com-
posite hydrogel was prepared. The obtained composite hydro-
gel showed excellent photothermal properties, resulting in a
clear trend of temperature increase under NIR laser
irradiation. In addition, the reversible volume phase transition
could be remotely controlled by NIR. To evaluate the potential
of this new hydrogel, an MXene/PNIPAM-based microvalve was
fabricated, and its application in the remote light-control of

15390 | Nanoscale, 2018, 10, 15387-15392

microfluidic pipelines was demonstrated. We believe that this
strategy can be easily used to prepare a variety of MXene/
PNIPAM hydrogels, and their potential applications in biome-
dicine, drug delivery and catalysis should be explored.

Experimental
Materials and methods

We used TizAlC, (starting material) (98%, Forsman), hydro-
fluoric acid (HF, 40%, Aladdin), tetramethyl ammonium
hydroxide (TMAOH, 25%, TGI), N-isopropylacrylamide
(NIPAM, 98%, TGI), N,N-methylenebis(acrylamide) cross-
linker  (BIS, 99%,  Aladdin),  N,N,N,N-tetramethyl-
ethylenediamine (TMEDA, 98%, TGI), ammonium peroxodi-
sulfate (APS, 20%, Aladdin), and rhodamine B (98%, Guang Fu).

Synthetic procedures

Synthesis of exfoliated Ti,C;T, nanosheets. Two g Ti;AlC,
powder and 20 ml 20 wt% HF solution were mixed and stirred
for 30 min to etch Al. After etching, the suspension was centri-
fuged at 12000 rpm for 10 min to remove excess HF and
etched Al. To obtain single-layer thin nanosheets, 50 ml of
25 wt% TMAOH solution was added to the etched samples and
shaken for 24 h on a rotary shaker at room temperature.

This journal is © The Royal Society of Chemistry 2018
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Subsequent centrifugation at 12000 rpm was performed to
remove excess TMAOH. The resulting suspension was centri-
fuged at 3500 rpm for 10 min to remove undelaminated
powder and thick flakes.

Synthesis of MXene/PNIPAM nanocomposite hydrogels.
Various amounts of Ti,C;T, powder (0, 0.5 mg mL™’,
1 mg mL~", 1.5 mg mL™") were dispersed in 10 ml deionized
water by ultrasonication with an ice water bath for 20 min.
Then, 700 mg N-isopropylacrylamide monomer and 6 mg
N,N'-methylenebis(acrylamide) cross-linker were added with
stirring. The resulting solution was purged with pure argon for
10 min to remove any dissolved oxygen. After that, 10 pL
N,N,N',N'-tetramethylethylenediamine as a polymerization
accelerator and 20 pL 20 wt% ammonium peroxodisulfate
aqueous solution as an initiator were added successively. The
polymerization was completed in a 20 ml glass bottle for 24 h
at room temperature. The obtained hydrogels were washed
with deionized water to remove any excess monomer and
Ti,C3Ty. The pure hydrogels were synthesized in the same way
but without Ti,C5T,.

Fabrication of microfluidic valves. To verify the application
performance of the hydrogel in the microfluidic pipeline, the
cylindrical composite hydrogel and pure hydrogel were respect-
ively inserted into a quartz tube 5.0 mm in inner diameter.
Please note that the cylindrical composite hydrogel with a dia-
meter larger than that of the pipeline was exposed to NIR
irradiation first. Then, the shrunken hydrogel can be easily
inserted into the pipeline. When cooled to a temperature lower
than its LCST, the hydrogel expanded and blocked the fluid
flow in the pipeline. Red rhodamine B solution and deionized
water were injected into each side of the hydrogel in the quiartz
tube. When exposed to 808 nm laser irradiation (0.8 W) for
~1 min, the composite hydrogel shrank, resulting in the fluidic
flow, and the color of the deionized water changed. Tn~¢ontrast,
when the pure hydrogel was used, no flow was observed.

Characterization. Samples were characterized® by trans-
mission electron microscopy (TEM, JEM-2100F), at an accelera-
tion voltage of 200 kV, Atomic force microscopy (AFM, CSPM

5000), UV-vis spectroscopy (Unico, UV-3802), scanning elec-

tron microscopy (SEM, Hitachi S-4800), energy-dispersive X-ray

spectroscopy (EDX, FEI NOVA NanoSEM 430), and Raman
spectroscopy (HORIBA Spectra, LabRam HR Evolution) with
633 nm laser excitation (10% laser power). Differential scan-
ning calorimetry (DSC, Mettler-Toledo, Switzerland) was
carried out under an N, atmosphere at a temperature ramp of
1.0 °C min~" from 25 to 45 °C. To determine the swelling ratio
(Sy) of hydrogels, all samples were immersed in water and equi-
librated for 2 days at various temperatures. S, was calculated
via the following equation: S, = (W,, — Wg4)/Wy, where W, is the
weight of the wet state at swelling equilibrium, and Wy is the
weight of the hydrogel in the dry state.
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