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ABSTRACT: Two-dimensional (2D) MXenes have recently been
shown to be promising for applications in anticancer photothermal
therapy (PTT), owing to their outstanding photothermal performance.
However, as with the other inorganic 2D nanomaterials, the MXenebased nanoplatforms lack the appropriate biocompatibility and stability
in physiological conditions, targeting capability, and controlled release
of drug, for cancer therapy. Fabricating a smart MXene-based
nanoplatform for the treatment of cancer therefore remains a challenge.
In this work, composite hydrogels based on cellulose and Ti3C2
MXene, were synthesized for the ﬁrst time. We have shown that the
cellulose/MXene composite hydrogels possess rapid response nearinfrared-stimulated characteristics, which present as a continuous
dynamic process in water. As a result, when loaded with the anticancer
drug doxorubicin hydrochloride (DOX), the cellulose/MXene hydrogels are capable of signiﬁcantly accelerating the DOX release. This behavior is attributed to the expansion of the pores within
the three-dimensional cellulose-based networks, triggered by illumination with an 808 nm light. Capitalizing on their excellent
photothermal performance and controlled, sustained release of DOX, the cellulose/MXene hydrogels are utilized as a
multifunctional nanoplatform for tumor treatment by intratumoral injection. The results showed that the combination of PTT
and prolonged adjuvant chemotherapy delivered using this nanoplatform was highly eﬃcient for instant tumor destruction and
for suppressing tumor relapse, demonstrating the potential of the nanoplatform for application in cancer therapy. Our work not
only opens the door for the fabrication of smart MXene-based nanocomposites, along with their promising application against
cancer, but also paves the way for the development of other inorganic 2D composites for applications in biomedicine.
KEYWORDS: 2D MXene, cellulose hydrogel, controlled release, cancer therapy, tumor relapse

1. INTRODUCTION

analogues, such as transition-metal dichalcogenides (e.g.,
MoS2, WS2, TiS2),7 layered double hydroxides,8 metal−organic
frameworks,9 organic polymers,10 elemental 2D pnictogen

Two-dimensional (2D) materials have entered an exciting era
in the years since graphene, the ﬁrst and eminent example, was
reported in 2004.1 Subsequent waves of graphene exploration
have shown its many potential applications, particularly in the
ﬁelds of energy,2,3 environment,4 and biomedicine.5,6 Inspired
by the excellent performance of graphene, other 2D graphene
© 2018 American Chemical Society

Received: May 21, 2018
Accepted: July 30, 2018
Published: July 30, 2018
27631

DOI: 10.1021/acsami.8b08314
ACS Appl. Mater. Interfaces 2018, 10, 27631−27643

Research Article

ACS Applied Materials & Interfaces
materials including black phosphorus (BP),11−13 arsenene
(As), antimonene (Sb), and bismuthene (Bi),14,15 and
elemental chalcogens including selenium (Se),16 have also
been developed. A new family of 2D nanomaterials, consisting
of transition-metal carbides, nitrides, and carbonitrides, also
known as MXenes, has aroused extensive interest17−22 since
they were ﬁrst introduced by Gogotsi and co-workers in
2011.23 MXenes can be generally synthesized by the selective
etching of the A-element phase from layered ternary Mn+1AXn
precursors, where n = 1, 2, or 3, “M” means an early dtransition metal, “A” mainly represents a group IIIA or IVA
(i.e., group 13 or 14) element, and “X” is C and/or N.24
Recently, analogous with graphene oxide25 and BP,26 MXene
has been found to be a promising photothermal agent. Several
MXene nanoplatforms have been successfully developed for
combating cancer.27−31 The ﬁrst example of a Ti3C2-based
MXene as a photothermal platform for cancer treatment was
reported by Lin et al.27 It was found that both soybean
phospholipid-modiﬁed Ti3C2 nanosheets and a phase-changeable poly(lactic-co-glycolic acid)/Ti3C2 organic−inorganic
hybrid not only exhibited favorable biocompatibility, but also
showed a high photothermal conversion eﬃciency in the
ablation of tumors in vitro and in vivo. The high light-to-heat
conversion eﬃciency of Ti3C2 nanosheets has been further
conﬁrmed by Li et al.22
In spite of these successful demonstrations of using the
Ti3C2-based nanoplatforms to treat tumors, the system has
several limitations that present ongoing challenges. First, the
as-synthesized Ti3C2 nanosheets are hydrophilic, leading to
dispersions with poor stability in physiological media,32 such as
phosphate buﬀer saline and simulated body ﬂuid, causing
locally inhomogeneous photothermal eﬀects, despite their
stability in water. Second, with the aim of improving their
dispersion as well as biocompatibility, Ti3C2 and other MXenes
are typically modiﬁed with organic materials, such as soybean
phospholipid (SP),31 which may form a barrier that inhibits
the adsorption of anticancer drugs and reduces the therapeutic
eﬃciency.33 Third, although Ti3C2 MXenes are capable of
carrying anticancer drugs at loadings up to 84%,30 they cannot
meet the sustaining-release requirement, which is of great
signiﬁcance in clinical applications, because of their intrinsic
2D physical structure. Last, as with other 2D inorganic
materials, MXene-based therapeutic nanoplatforms are usually
delivered to tumor sites via blood circulation, following
intravenous delivery, and passive targeting, whereas, as
reported recently by Goldberg MS and colleagues, extended
drug release by hydrogel is much more eﬀective than systemic
or local administration in solution.34 As a result, most MXenebased nanoplatforms (up to ∼95%) are intercepted by the
clearance organs in the body before they arrive at the tumor
site, which considerably reduces the therapeutic eﬃciency and
gives rise to a possible damage of healthy tissues and cells.33
This is a common consequence of a lack of speciﬁc targeting.
Cellulose, a natural green polymer, has gained signiﬁcant
attention in recent years because of its low cost, biocompatibility, biodegradability, and biosafety.35 The promising
application of cellulose-based composites has been demonstrated in many ﬁelds, in particular tissue engineering.36
Cellulose-based hydrogels37 have many advantages in biomedical applications owing to the following attributes: (1) they
are three-dimensional (3D) polymeric networks with substantial water content (95−98 wt %), giving rise to excellent
biocompatibility with tissues and cells; (2) their 3D network

skeletons provide opportunities for either loading and slow
release of drugs38 or carrying multifunctional inorganic
nanoﬁllers, the latter of which endows the cellulose-based
hydrogels with multifunctionality;39−41 (3) their mechanical
properties can be tuned by adjusting the experimental
conditions, such as cross-linking density, temperature, and
time, giving hydrogels the potential to play vital roles both in
vitro and in vivo.42
In this work, nanocomposite hydrogels based on ultrathin
Ti3C2 MXene nanosheets and cellulose are developed for the
ﬁrst time. It was found that the obtained cellulose/MXene
hydrogels possess 3D networks with the pore size of hundreds
of micrometers, water content up to 98 wt %, excellent
photothermal performance, and soft as well as ﬂexible physical
properties. In addition, the anticancer drug doxorubicin
hydrochloride (DOX)-loaded cellulose/MXene hydrogels
exhibited dynamic near-infrared (NIR)-stimulated characteristics, showing a controlled as well as sustained release of DOX
in water. The as-prepared cellulose/Ti3C2 MXene composite
hydrogels are shown to be a unique eﬀective multifunctional
nanoplatform with a dual modality of photothermal therapy
(PTT)/chemotherapeutic anticancer activity. The ﬁndings of
this study show that the cellulose hydrogels incorporating both
DOX and Ti3C2 MXene nanosheets have much higher eﬃcacy
for treating tumors than either PTT or chemotherapy alone.
This work promotes the development of MXene−polymerbased organic−inorganic hybrid composites and their
application in the treatment of cancer.

2. EXPERIMENTAL SECTION
2.1. Preparation of 2D Ti3C2 MXene Nanosheets. Ultrathin
2D Ti3C2-based MXene nanosheets were synthesized by a selective
HF etching procedure, followed by a subsequent liquid-phase
exfoliation (LPE). In brief, a ternary-phase precursor Ti3AlC2 (10.0
g) was slowly introduced into an HF solution (100 mL, 40 wt %) at
an agitation speed of 500 rpm at room temperature for 72 h. The
whole reaction process was conducted in an open plastic beaker. After
HF etching of Ti3AlC2 by largely removing the Al layers, bulk Ti3C2
was obtained by centrifugation. The centrifugation speed and time
were controlled at 10 000 rpm and 30 min, respectively. To
completely remove the residual HF, the obtained bulk Ti3C2 was
redispersed in deionized water, while the mixture was centrifuged
again by using the same centrifugation conditions. At least three
centrifugation cycles were employed. The ﬁnal bulk Ti3C2 was then
redispersed in a large amount of deionized water, and the mixture was
ﬁltered using a hydrophilic 200 nm polytetraﬂuoroethylene porous
membrane. The obtained product was thoroughly washed by using
successive deionized water, ethanol, and deionized water steps and
then dried at 65 °C in a vacuum oven overnight. To further exfoliate
the bulk Ti3C2 into 2D Ti3C2-based MXene nanosheets, the LPE
approach was used. Brieﬂy, the dried bulk Ti3C2 powder was mixed
with N-methylpyrrolidone (NMP) at a concentration of 10 mg/mL.
The bulk Ti3C2/NMP mixture was then sonicated at 10 °C. The
sonication power and time were set at 400 W and 48 h, respectively. A
lower centrifugation speed of 8000 rpm for 30 min was used to obtain
the 2D Ti3C2-based MXene/NMP mixture, and then a higher
centrifugation speed of 18 000 rpm for 30 min was used to separate
the 2D Ti3C2-based MXene nanosheets from the NMP solvent.
Several high-speed concentration cycles using deionized water and
ethanol as solvents were able to completely remove the residual NMP.
The obtained 2D Ti3C2-based MXene nanosheets were then
subjected to a freeze-drying procedure at −60 °C for 48 h.
2.2. Preparation of Cellulose-Based Hydrogels. As reported
by Zhang et al.,43 the fabrication of cellulose hydrogels was carried out
in two steps. First, a low-temperature NaOH−urea−H2O system was
established to fully dissolve the solid cellulose polymer. In brief,
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cellulose powder was added to the NaOH−urea−H2O solution
(precooled to −12 °C, w/w: 7:12:81%) under slow agitation by using
a glass rod. The mass fraction of cellulose in this aqueous solution was
estimated to be 4 wt %. The mixture was then stirred with a high
agitation speed of 7000 rpm for at least 2 min by using a high-speed
mixer. A subsequent bath sonication treatment for 1 min at a power of
400 W at room temperature resulted in a transparent cellulose
solution. Second, the cellulose hydrogel was synthesized by using a
chemical cross-linking reaction. Brieﬂy, 5 mL of the as-prepared
cellulose solution was vigorously mixed with 1 mL of water and 0.5
mL of epichlorohydrin (ECH, cross-linker), and the cross-linking
reaction proceeded at 65 °C for 1.5 h. When the reaction was cooled
down to room temperature, 10 mL of dilute sulfuric acid (H2SO4, ca.
5 wt %) was added to the cellulose/NaOH−urea−H2O/ECH mixture
to regenerate cellulose. To completely remove the small molecules
including NaOH, Na2SO4, H2SO4, urea, and excess ECH, the asprepared cellulose hydrogel was immersed in deionized water for a
signiﬁcant dialysis period until the pH reached 7.0. The obtained neat
cellulose hydrogel had a cylindrical shape with a height of 24 mm and
a radius of 11 mm.
2.3. Preparation of Cellulose/MXene Composite Hydrogels.
Similarly, to fabricate MXene-integrated cellulose hydrogels, 1 mL of
water used in the previous section for the preparation of neat cellulose
hydrogel was replaced with 0.25, 0.5, 0.75, or 1 mL of MXene
solution. Their corresponding volumes of 0.75, 0.5, 0.25, or 0 mL of
deionized water were also added to ensure that the resulting cellulose
hydrogels had a ﬁxed volume. The cross-linking of the cellulose chains
with ECH molecules was not aﬀected by the addition of MXene, thus
giving rise to cellulose/MXene composite hydrogels with various
MXene concentrations (78.4, 156.8, 235.2, and 313.6 ppm).
2.4. Preparation of DOX-Loaded Cellulose Hydrogels.
Owing to their 3D network structure, cellulose hydrogels can be
readily loaded with DOX. In brief, the cellulose hydrogels with or
without MXene (cut into cubes with dimensions of 1 × 1 × 1 cm)
were immersed in 20 mL of DOX solution with a concentration of 1
mg/mL at room temperature for 48 h. During this process, owing to
the diﬀerences in DOX concentration between the inner and outer
cellulose hydrogels, DOX was able to migrate to the center of the
cellulose hydrogels until an equilibrium state was reached.
2.5. Characterizations. The morphology of the 2D Ti3C2 MXene
nanosheets was evaluated by using both scanning electron microscopy
(SEM) (Hitachi-SU8010) and transmission electron microscopy
(TEM) (FEI Tecnai G2 F30). To prepare the TEM specimen, the
MXene nanosheets were directly dropped onto an ultrathin-carbonsupported copper mesh, and the measurements were performed at an
acceleration voltage of 300 kV. High-resolution TEM (HR-TEM) was
also used to measure the atomic arrangements. For SEM, the Ti3C2
MXene nanosheets were dropped directly onto a substrate and coated
with a thin Pt layer before measurement to signiﬁcantly improve the
conductivity. An acceleration voltage of 5 kV was applied for the SEM
measurements. The average thickness of the Ti3C2 MXene nanosheets
was evaluated by using atomic force microscopy (AFM, Bruker,
Dimension Fastscan). The ultraviolet−visible (UV−vis) absorption
spectra of Ti3C2 MXene nanosheets in water were measured in the
range of 200−1100 nm by using a UV−vis absorbance spectrometer
(Cary 60, Agilent). Raman measurements were performed on a highresolution confocal Raman microscope (Horiba LabRAM HR800) at
room temperature with an excitation wavelength of 633 nm. The
statistical size of the Ti3C2 MXene nanosheets in water was analyzed
using a Zetasizer Nano ZS + MPT2. X-ray photoelectron spectroscopy (XPS) was conducted using a PHI-5000 VersaProbe II
(ULVAC-PHI) instrument using monochromatic Al Kα radiation.
Wide scans of the samples were carried out in the range of 1200−0
eV, and narrow scans were performed for the F 1s, C 1s, O 1s, Al 2p,
and Ti 2p regions.
The morphological characterization of cellulose-based hydrogels
was performed by using SEM. To maintain the 3D networks,
cellulose-based hydrogels were ﬁrst freeze-dried and their cross
sections were obtained by quenching in liquid nitrogen. A thin Pt
layer was coated onto these cross-sections to improve the conductivity

before measurement. An acceleration voltage of 5 kV was used for the
SEM measurements. The water content of the cellulose-based
hydrogels was evaluated by measuring their mass before and after
freeze-drying. Three specimens were measured, and the average value
was presented. A universal material testing system with a machine
model of 5966 was used to test the compressive properties of the
hydrogels. The compression speed and gauge length are ﬁxed to be 3
mm/min and 24 mm, respectively. The content of DOX loaded
within the cellulose hydrogels with or without MXene was evaluated
by using ﬂuorescence spectroscopy at an excitation wavelength of 490
nm in the range of 510−800 nm, and the solvent used was water in
the whole measurement process. An 808 nm NIR laser was used to
irradiate the hydrogel samples. It is further noted that the hydrogels
were preground into pastes, and their photothermal properties were
measured for the samples with the same mass and a volume of 1 mL.
As a control, the photothermal properties of MXene solutions with
various MXene concentrations were also measured under the same
conditions. The power and irradiation duration for the photothermal
measurements were controlled at 1.0 W/cm2 and 300 s, respectively.
To evaluate the controlled release of DOX from the cellulose/MXene
hydrogels, a cellulose/MXene/DOX composite hydrogel with a
MXene concentration of 235.2 ppm was cut into a cube with a
volume of 0.14 × 0.44 × 0.55 cm and immersed in 2 mL of deionized
water in a cuvette (cross-sectional area: 1 × 1 cm). The ﬂuorescence
spectrum of DOX in the 2 mL water sample was tested at diﬀerent
time points. It is further noted that at special time points of t = 15 min
and t = 48 h + 10 min, the undermeasured cellulose/MXene/DOX
composite hydrogel was exposed to the 808 nm illumination for 300 s,
respectively. After illumination, the corresponding ﬂuorescence
spectra of DOX in water were tested and were labeled with t = 20
min (808 nm/5 min) and t = 48 h/15 min (808 nm/5 min),
respectively. Further, the dynamic process of this hydrogel in water
under illumination at 20 min was recorded by taking a video by using
an iPhone 8 plus instrument (Apple, USA).
2.6. Cell Lines. Mouse hepatoma HepA1-6 cells, human
hepatocellular carcinoma SMMC-7721 and HepG2 cells, human
glioblastoma U-118MG cells, and human astroglioma U-251MG cells
were obtained from the American Type Culture Collection. The
HepA1-6, HepG2, U-118MG, and U-251MG cells were cultured in
Dulbecco’s modiﬁed Eagle’s medium (Hyclone); the SMMC-7721
cells were maintained in an RPMI-1640 medium (HyClone); and all
medium were supplemented with 10% fetal bovine serum (Gibco)
and 1% penicillin/streptomycin (Gibco). The cells were maintained at
37 °C with 5% CO2 in a cell culture incubator (Thermo Fisher
Scientiﬁc).
2.7. Animals. The mice used were purchased from Guangdong
Medical Laboratory Animal Center (Guangzhou, China), and the
experiment protocols were permitted by the Animal Care and Use
Committee of Shenzhen University. Six-Week-old female BALB/c or
C57BL/6 mice were used in this study. Hydrogel injections, if needed,
were subcutaneous and in the left ﬂank of a mouse. All mouse studies
were randomized and blinded. The mice were randomly grouped and
marked with ear tags, and afterward, the body weights and tumor
dimensions were measured according to the random tags, with the key
unknown until the experiments were completed.
2.8. In Vitro Assays. The cells were treated and assayed as
previously described43 except for the materials and irradiation
conditions. For cytotoxicity assays, the cells were treated with mock
(untreated negative control groups) or with the cellulose/MXene
hydrogels with a loading concentration of 0, 78.4, 156.8, 235.2, or
313.4 ppm. For PTT, the cells were irradiated with an 808 nm NIR
laser in a concentration-/time course-/power density-dependent
manner. The hydrogels were removed after irradiation. The cells
were subjected to calcein AM/PI staining or CCK8 assays at 6 or 24 h
post irradiation, respectively.
2.9. In Vivo Assays. In vivo experiments including toxicity and
anticancer activity were performed as previously described,43 with
small changes. For the toxicity assays, the indicated materials (saline,
DOX, neat cellulose hydrogel, DOX-loaded hydrogel, MXene-loaded
hydrogel, and both MXene and DOX-loaded hydrogels) were injected
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Figure 1. Synthesis and characterization of 2D Ti3C2 MXene nanosheets. (a) Schematic diagram illustrating the HF etching procedure and the
following LPE. (b) FE-SEM image of Ti3AlC2. (c) FE-SEM image of HF-etched Ti3AlC2. (d,e) FE-SEM images of the as-prepared 2D Ti3C2
MXene nanosheets. (f,g) TEM images of 2D Ti3C2 MXene nanosheets and (h,i) the corresponding HR-TEM images. (j) SED and (k) FFT images.
(l,m) AFM images and (n) the corresponding height proﬁles along the lines in (l). (o) Statistical size analysis of 2D Ti3C2 MXene in water. (p)
UV−vis spectrum of 2D Ti3C2 MXene in water. (q) Raman spectra of Ti3AlC2, HF-etched Ti3AlC2, and 2D Ti3C2 MXene, respectively, at an
excitation wavelength of 633 nm. (r−u) X-ray photoelectron spectra: (r) Al 2p, (s) Ti 2p, (t) C 1s, and (u) O 1s.
into BALB/c or C57BL/6 mice of diﬀerent groups, with ﬁve mice in
each group. In the DOX group, the drug (1 mg/mL in saline, 100 μL)
was intravenously injected. For anticancer PTT/chemotherapy, the
tumor-bearing mice were divided into six groups for diﬀerent
treatments: G1: saline (SC); G2: hydrogel (SC) and DOX (IV);
G3: DOX-loaded hydrogel (SC) with NIR irradiation; G4: neat
cellulose hydrogel with NIR irradiation; G5: MXene-loaded hydrogel
with NIR irradiation; G6: MXene- and DOX-loaded hydrogel with
NIR irradiation. The loading concentrations of DOX and MXene
were 1 mg/mL and 235.2 ppm, respectively. In addition, NIR
irradiation was conducted at 1.0 W/cm2 for 5 min, at days 1 and 3.
2.10. In Vivo Biodistribution of Hydrogels. The hydrogels
were incorporated with Cy7 dye and injected into BALB/c mice. At
days 1, 7, and 15 post injection, Cy7 ﬂuorescence was detected using
an animal 3D living image system (PerkinElmer).
2.11. Statistical Analysis. The protein levels of cytokines that
indicate the in vivo toxicity and the end-point tumor weights after
diﬀerent treatments were compared as indicated. The statistical

signiﬁcance was analyzed by an unpaired t test with GraphPad Prism
software (version 6.0.1). The data were shown as mean ± standard
deviation. p < 0.05 was regarded as statistically signiﬁcant. “*”, “**”,
and “***” means p < 0.05, p < 0.01, and p < 0.001, respectively, and
ns means nonsigniﬁcant.

3. RESULTS AND DISCUSSION
3.1. Synthesis of Ultrathin 2D Ti3C2 MXene Nanosheets by Selective HF Etching and LPE. Figure 1 shows a
schematic diagram and relevant characterizations of the asprepared Ti3C2 MXene nanosheets. Herein, ultrathin 2D Ti3C2
MXene nanosheets were fabricated by selective HF etching of
the aluminum (Al) layers in Ti3AlC2, followed by LPE in
NMP, as shown in Figure 1a. NMP was used to delaminate the
product of HF etching, Ti3C2 (also called bulk Ti3C2), into
few-layer ultrathin 2D Ti3C2 MXene nanosheets, as opposed to
27634
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Figure 2. Synthesis and morphologies of 3D cellulose hydrogels with or without 2D Ti3C2 nanosheets and/or DOX. (a) Four kinds of cellulosebased hydrogels, including (a1) neat cellulose hydrogel, (a2) MXene nanosheet-integrated cellulose hydrogel, where the MXene nanosheets are
fully embedded within the 3D cellulose network matrix, (a3) DOX-loaded cellulose hydrogel, where DOX is present within the pores, and (a4)
MXene/DOX-containing cellulose hydrogel, and their therapies against cancer, including (a5) chemotherapy of a3 (DOX is slowly released), (a6)
PTT of a2 (PTT) and (a7) bimodal PTT/chemotherapy of a4. (b) Photograph of cellulose powder and transparent cellulose polymer solution. (c)
Photographs of cellulose solution, cellulose/ECH solution, and MXene-integrated cellulose/ECH solution with various MXene concentrations,
78.4, 156.8, 235.2, and 313.6 ppm, respectively (from left to right). (d) Gelation of samples in (c) at 65 °C for 1.5 h. (e) Regeneration of samples in
(d) using dilute H2SO4 at 5 wt %. Dialysis of samples (e) before and (f,g) after 4 days at room temperature. (h) As-prepared cellulose hydrogels. (i)
Immersion of neat cellulose hydrogel and MXene-loaded cellulose hydrogel with 235.2 ppm MXene concentration in DOX solution (20 mL, 1 mg/
mL). (j) DOX-loaded cellulose hydrogels with (right) or without (left) MXene nanosheets. (k−t) FE-SEM images of cellulose hydrogels with or
without MXene. (k,l) Neat hydrogel. (m−t) Cellulose/MXene hydrogels with loading concentrations of (m,n) 78.4, (o,p) 156.8, (q,r) 235.2, and
(s,t) 313.6 ppm.

the most reported delamination solvent tetrapropylammonium
hydroxide.27 As shown in the ﬁeld emission SEM (FE-SEM)
images (Figure 1b), the dense precursor, Ti3AlC2, exhibits
typical layered structures with smooth surfaces and a compact
stacking of layers. The HF etching of the Ti3AlC2 phase
selectively removes the Al layer to give rise to a layered bulk
Ti3C2, which exhibits loosely packed accordion-like structures,
as shown in Figure 1c. The obvious changes in the
morphological features indicate that the majority of the Al
phase in Ti3AlC2 was successfully etched, which was supported
by additional characterizations. In the following, LPE was
performed and 2D Ti3C2 MXene nanosheets could be
obtained, which had a broad lateral dimension range of 50−
190 nm, as shown in Figure 1d,e. In addition, some of the
layers show restacking on the Si substrate during the SEM
specimen preparation. The morphologies of the 2D Ti3C2
MXene nanosheets were also examined by using TEM. As
shown in Figure 1f,g, the as-obtained 2D Ti3C2 MXene
nanosheets display 2D features with lateral sizes in the range of
50−230 nm. The high transparency of the 2D Ti3C2 MXene
nanosheets, indicated by their weak contrast with the super
carbon membrane on the copper wire mesh support, suggests

their ultrathin nature (Figure 1g). The HR-TEM images in
Figure 1h,i show clear lattice fringes of 0.268 and 0.271 nm,
which are assigned to the (0110) facet of the Ti3C2 phase. In
addition, the clear selective electron diﬀraction (SED) pattern
in Figure 1j and the corresponding fast Fourier transform
(FFT) image in Figure 1k demonstrate that the crystalline
characteristics of Ti3C2 were retained during the LPE
procedure. The thickness of the 2D Ti3C2 MXene nanosheets
was evaluated by using AFM, as shown in Figure 1l (2D
image) and Figure 1m (3D image). It was found that the
nanosheets have a broad thickness range of 1.9−10.3 nm
(Figure 1n). From the above morphological analysis, it can be
concluded that the ultrathin 2D Ti3C2 MXene nanosheets had
been successfully fabricated by using a neutral exfoliation
solvent. It should be noted that both the lateral dimensions
and the thickness of the resulting 2D Ti3C2 MXene nanosheets
fall into broad ranges, which is a common observation for the
LPE procedure, as previously reported.17,19 The statistical size
analysis in Figure 1o shows that the obtained 2D Ti3C2 MXene
nanosheets have an average lateral dimension of 164 nm with a
broad half-peak width of 233.8 nm, which is consistent with
the above morphological observations. The UV−vis spectrum
27635
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Figure 3. Characterization of physical properties of cellulose-based hydrogels. (a) Water content in neat cellulose hydrogel and cellulose/MXene
hydrogel with 313.6 ppm MXene concentration. (b) Compressive curves of cellulose/MXene hydrogel with 313.6 ppm MXene concentration. (c−
d) Photothermal properties of (c) MXene solutions or (d) MXene-integrated cellulose hydrogels with MXene concentrations of 0 (blue), 78.4
(red), 156.8 (green), 235.2 (purple), and 313.6 ppm (orange). (e) Fluorescence spectra of certain amounts of DOX solution. (f) Fluorescence
spectra of DOX released into water from DOX-loaded cellulose hydrogels. Inset: photos of DOX-loaded cellulose hydrogel in water without (f1)
and with (f2) 808 nm illumination. (g1−g8) Photographs representing the dynamic motion of MXene/DOX@cellulose hydrogels under 808 nm
illumination.

phase.44 Like the other 2D exfoliated inorganic layered
materials, the spectrum of 2D Ti3C2 MXene nanosheets
shows broad peaks at low wavenumbers and weak graphite
vibrations, which may be attributed to the hardening eﬀect
when the bulk materials are reduced down to few-layer
thickness.44 XPS can be used to monitor the surface chemical
compositions of the MXene-based materials at the diﬀerent
stages of preparation. As seen in Figure 1r, Ti3AlC2 shows a
peak with a binding energy (BE) of 74.9 eV that can be
attributed to Al 2p, which signiﬁcantly decreased in intensity
followed by HF etching and was almost undetectable in the
spectrum of 2D Ti3C2 MXene nanosheets. In the case of the Ti
2p peaks in Figure 1s, the Ti3AlC2 peaks with binding energies
at 463.8, 458.5, and 454.0 eV can be assigned to the Ti−O
(2p1/2), Ti−O (2p3/2), and Ti−Al bonds, respectively.44,47 The
sharp decrease in the Ti−Al signal in the spectrum of HFetched Ti3AlC2 suggested that the Al component was largely

in Figure 1p shows a broad absorption from 200 to 1200 nm
for the 2D Ti3C2 MXene nanosheets in water. The strong
absorption at 808 nm is important for their application in
anticancer PTT. The Raman spectra in Figure 1q show that the
initial MXene, Ti3AlC2, exhibits typical peaks at 250.1, 407.2,
and 606.2 cm−1, which can be ascribed to the vibrational
modes of nonstoichiometric titanium carbide.44,45 Weak peaks
at 198 and 284 cm−1 are also observed in the Ti3AlC2
spectrum; the former one is caused because of the A1g
symmetric out-of-plane vibration of the Ti atom, and the
latter may be the Eg group vibration, including the in-plane
modes of Ti, C, and surface functional group atoms.46 The
peaks at 1330.3 and 1581.4 cm−1 in the Ti3AlC2 spectrum are
assigned to the D-band and G-band for the disordered carbon
and ordered sp2 carbons, respectively. After HF etching, the
Ti3AlC2 spectrum showed weakened peaks that had upshifted
at 606.2 cm−1, which may be caused by the removal of the Al
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hydrogels and 98.5 wt % for the cellulose/MXene hydrogels
with the MXene concentration of 313.6 ppm (Figure 3a). The
high proportion of water, as well as the large polymeric pores,
favors the loading of the anticancer drug DOX. Immersing the
hydrogels in the DOX solution for 48 h (Figure 2i) allowed
DOX to gradually migrate into the cellulose hydrogels
according to a concentration gradient (or osmotic pressure
diﬀerence). Ultimately, an equilibrium state could be reached,
where the concentration of DOX in solution was almost the
same as that in the cellulose hydrogels. The ﬁnal DOX-loaded
cellulose hydrogels with or without MXene nanosheets were
obtained as red solids, as shown in Figure 2j. The obtained
cellulose/MXene hydrogels had excellent physical strength, as
shown in Figure 3b. At an MXene concentration of 313.6 ppm,
the compressive modulus versus strain graph for the composite
hydrogels exhibited a “J” shape, similar to the other cellulosebased hydrogels. The elastic modulus and physical strength at
collapse for this sample were measured to be 21 Pa and 34.7
kPa, respectively, indicating the soft as well as ﬂexible
characteristics of the hydrogel. It should be noted that at a
strain of 54.7%, a compressive force of 23.8 kPa applied to the
cellulose/MXene hydrogel can lead to slight cracks in the
hydrogel, implying that the cellulose/MXene hydrogel might
be very suitable for injection. In view of the fact that MXene
has been demonstrated to be a promising photothermal agent,
the eﬀect of MXene concentration on the photothermal
properties of cellulose/hydrogels was also investigated, as
shown in Figure 3c,d. Figure 3c shows that at a power density
of 1.0 W/cm2, the ﬁnal light-induced temperature (FLIT)
increased with increasing MXene concentration in water. For
instance, at concentrations of 235.2 and 313.6 ppm, a 5 min
illumination with an 808 nm light in the ﬁrst photothermal
cycle, resulted in temperature increases of 18 and 30 °C,
respectively (ﬁnal temperatures of 43 and 55 °C, respectively,
from room temperature), compared to the neat hydrogel
without MXene. The following second and third photothermal
cycles also gained comparable FLIT values, demonstrating
good photothermal stability. In the cases of MXene-integrated
cellulose hydrogels (Figure 3d), a slight decrease in FLIT value
was observed under the same condition. For example, at a
concentration of 235.2 ppm, the cellulose/hydrogel exhibited
an FLIT value of 52.5 °C for the second cycle, lower than 55.3
°C of that of MXene solution. This decrease can be attributed
to the reduced concentration of MXene in the cellulose/
MXene hydrogels, as the dialysis of cellulose/MXene hydrogels
in water over 4 days can give rise to swelling of the hydrogels
relative to their initial volumes, as seen in Figure 2e,f. In spite
of their slight decrease in FLIT values, the as-prepared
cellulose/MXene hydrogels exhibited excellent photothermal
properties, which were strong enough to kill cancer cells (as
shown in the following section).
3.3. Sustained, Controlled Release of DOX by
Cellulose/MXene Hydrogels. Although 2D photothermal
agents are capable of carrying drugs, how to control a slow
release rate remains a challenge. By contrast, the polymerbased hydrogels enable a slow drug release because of their 3D
networks and good biocompatibility. Figure 3e shows that in
the present study, DOX loaded in the neat cellulose hydrogel
and the cellulose/MXene composite hydrogel with the MXene
concentration of 235.2 ppm was calculated to be approximately
0.73 and 0.69 mg/mL, respectively. These loading capacities
were assessed by measuring the remaining DOX in solution
after immersing the cellulose hydrogels for 48 h, assuming that

removed. The clear increase in BE for both Ti−O and Ti−C in
the Ti3C2 MXene nanosheet spectrum can be attributed to the
formation of Ti3C2(OH)2, which increased the electron cloud
density of Ti. The introduction of F into the Ti3C2 MXene
skeleton could also be responsible for this observation. In
addition, the C 1s and O 1s peaks are shown in Figure 1t,u.
The slight change of C species in Figure 1t suggests that the
Ti3C2 structures were not signiﬁcantly aﬀected by the HF
etching procedure. The peaks with binding energies of 530.0,
532.2, and 533.3 eV in the spectrum of the 2D Ti3C2 MXene
nanosheets in Figure 1u are assigned to Ti−O, Ti−OH, and
Ti−H2O (absorbed), respectively, evidencing clear diﬀerences
in the Ti 3 AlC 2 spectrum.48 The above XPS analysis
demonstrates the removal of the Al component and the
successful synthesis of 2D Ti3C2 MXene terminated with
−OH, −F, and −O− groups.
3.2. Synthesis of Cellulose Hydrogels with Integrated
2D Ti3C2 MXene Nanosheets. Figure 2 shows the schematic
diagrams, photographs, and microstructures of cellulose-based
hydrogels. Four kinds of cellulose-based hydrogels, including
neat cellulose hydrogel (Figure 2a1), binary cellulose/MXene
hydrogel (Figure 2a2), binary cellulose/DOX hydrogel (Figure
2a3), and ternary MXene/DOX@cellulose hydrogel (Figure
2a4), were fabricated in this contribution. The neat cellulose
powder was dissolved in a green NaOH−urea−H2O system
at−12 °C within 2 min to produce a transparent polymer
solution (Figure 2b). The formation of hydrates, based on ions
(Na+ and OH−) or urea and H2O, favors the rapid dissolution
of the cellulose chains in water. In the presence of Ti3C2
MXene nanosheets at various concentrations in water,
homogeneous MXene-integrated cellulose solutions can be
obtained, as shown in Figure 2c. By chemically cross-linking
the segmental cellulose chains in water (detailed information in
Experimental Section), neat cellulose hydrogel as well as
cellulose/MXene composite hydrogels were obtained (Figure
2d). The hydrogels were then subjected to regeneration in
dilute HCl solution (Figure 2e), followed by dialysis in
deionized water for over 4 days (Figure 2f,g) to remove all ions
as well as excess cross-linker. The ﬁnal as-prepared cellulosebased hydrogels had a particular cylindrical shape dependent
on the reaction vessel and a concentration-dependent optical
color (Figure 2h). The hydrogels were composed of a large
amount of water (shown in the following section) and a small
amount of cellulose segmental chains or cellulose/Ti3C2
MXene nanosheets. After freeze-drying, the cellulose-based
hydrogels existed in the form of aerogels, whose microstructures were investigated by using SEM as shown in Figure
2k−t. It was found that the neat cellulose hydrogel featured 3D
networks (Figure 2k,l) composed of thin ﬂexible cellulose walls
with multiporous structures of the size of several hundred
micrometers. The pores were produced by the phase
separation of cellulose-rich and cellulose-poor regions and
were fully occupied with water in the form of hydrogels. In the
case of cellulose/MXene hydrogels with various MXene
concentrations (Figure 2m−t), no signiﬁcant change in the
3D networks was found, suggesting that the addition of MXene
does not aﬀect the phase separation behavior of the cellulose
chains.
The morphological properties of the neat cellulose hydrogels, as well as the MXene-integrated analogues, indicate that
they possess typical 3D networks with a large amount of water.
The water content trapped by the cellulose chains was
measured to be approximately 98.6 wt % for the neat cellulose
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Figure 4. Toxicity assays. (a) Viabilities of HepA1-6, SMMC-7721, HepG2, U-118MG, and U-251MG cells after treatment with hydrogels loaded
with the indicated concentrations of MXene, as assessed by CCK8 assays. (b) Body weights during the experiment and (c) H&E staining of heart,
liver, spleen, lung, and kidney at day 15 after treatment with the indicated hydrogels in BALB/c mice. (d−f) Protein levels of proinﬂammatory
cytokines at day 15 after treatment with the indicated hydrogels in C57BL/6 mice. Unpaired t test, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ns
stands for nonsigniﬁcant. Data are mean ± SD.

curve of the DOX-released percentage with time can be found
in Figure S1 in the Supporting Information. More interestingly,
when irradiated by an 808 nm light, a continuous dynamic
motion of the cellulose hydrogel with MXene was observed
within several seconds, as shown in Figure 3g1−g8 and Video
S1 in the Supporting Information. Relative to its initial position
(Figure 3g1), the MXene/DOX@cellulose hydrogel changed
its position by various degrees, and even 360° (Figure 3g2−
g8), under illumination. It is believed that the dynamic motion
of the MXene/DOX@cellulose hydrogels may arise from their
change of volume in the water content. Before illumination, a
hydrogel with a consistent quality and volume had an intrinsic
temperature the same as that of the surrounding water. When
subjected to illumination with an 808 nm light, its local
temperature increased rapidly, thus enlarging or expanding the
pores in the microstructure, and hence increasing the total
volume. As a result, the buoyancy of the hydrogel would
temporarily override the eﬀect of gravity, causing it to ﬂoat in
water. When the illumination ceased, the temperature of the
hydrogel sharply decreased and the gravity took precedence
over buoyancy again, causing the hydrogel to sink. This

the DOX concentration reaches an equilibrium after the
immersion. The DOX loadings in both the cellulose hydrogel
analogues are not signiﬁcantly diﬀerent, indicating that the
microstructure of the hydrogels is not greatly inﬂuenced by the
addition of MXene nanosheets, which is in good agreement
with the above morphological and water content ﬁndings. To
evaluate the release of DOX from the cellulose/MXene
hydrogels, the released DOX concentrations were tested at
diﬀerent time points by exposing the cellulose/MXene
hydrogel containing 235.2 ppm MXene in water for time
periods increasing in 5 min increments, as shown in Figure 3f.
It can be clearly seen that the DOX concentration gradually
increases over the ﬁrst three 5 min periods, demonstrating the
slow drug release behavior of the cellulose/MXene hydrogels.
When the hydrogel was irradiated at 808 nm (1 W/cm2) for 5
min (Figure 3f1,f2), that is, the duration of the fourth 5 min
time increment (20 min), a relatively sharp increase in the
released DOX concentration could be observed, followed by a
reduced release rate again at 25 and 30 min. This observation
indicates that irradiation can accelerate the release of DOX
from the cellulose hydrogel with MXene. The corresponding
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Figure 5. In vitro photothermal eﬀects. (a) Viabilities of HepA1-6, SMMC-7721, HepG2, U-118MG, and U-251MG cells after the 808 nm NIR
irradiation of hydrogels with various MXene concentrations (irradiation power intensity was 1.0 W/cm2, for 5 min). (b) Viabilities of HepG2 cells
after power-dependent NIR irradiation of hydrogels with the MXene loading concentration of 235.2 ppm. (c) Viabilities of HepG2 cells after timedependent NIR irradiation of hydrogels with the MXene loading concentration of 235.2 ppm (irradiation power intensity was 1.0 W/cm2). (d) Cell
viabilities of HepG2 cells detected by calcein AM/PI staining after treatments: (a) for the upper panel, (b) for the middle panel, and (c) for the
lower panel.

Figures 4a and S4a. It was found that the neat cellulose
hydrogel has little inﬂuence on the viability of the ﬁve cell
lines, showing the same eﬀect as the control sample. The
experimental results indicate that the cellulose hydrogel has
excellent biocompatibility at the cellular level, which is
attributed to the hydrogel composition of ∼98 wt % water
and ∼2 wt % cellulose-based chains (containing only carbon,
hydrogen, and oxygen elements). Figure 4a also showed that
the integration of the Ti3C2 MXene nanosheets to the
hydrogels did not lead to signiﬁcant diﬀerences in the cell
viability, regardless of the MXene concentration. Moreover,
compared to the dispersed MXene solution, integration into
the hydrogel lowered the in vitro toxicity (Figure S2a). These
results suggest that the cellulose-based hydrogels, with or
without MXene, have favorable biocompatibility as well as
biosafety at the cellular level. Figure 4b shows the in vivo
toxicity of the intratumoral-injected cellulose-based hydrogels
in mice, including neat cellulose hydrogel, DOX-loaded
cellulose hydrogel, MXene-integrated cellulose hydrogel, and
DOX/MXene-containing cellulose hydrogel. The body weights
of the mice were recorded every 2 days over a 2-week period. It
was found that, similar to the saline control, cellulose hydrogels
with and without MXene nanosheets showed minimal eﬀect on
the body weight of mice, which gradually increased over the
measurement period. This indicates good biocompatibility of
the hydrogels in vivo. DOX is an eﬃcient chemotherapy drug
for killing tumor cells; however, being a small drug molecule, it
lacks targeting speciﬁcity when administered systematically,
which may lead to the damage of healthy tissues and cells. It is
therefore important to evaluate the eﬀect of DOX on the
growth behavior of mice. As seen in Figure 4b, DOX at a high

repeated process gave rise to a continuous dynamic motion of
the MXene/DOX@cellulose hydrogel. Such a behavior could
also explain the light-enhanced DOX release, as shown in
Figure 3f. Illumination enlarged the pore dimensions of the
MXene/DOX@cellulose hydrogel, directly accelerating the
release of DOX, which can be seen in Figure 2a5−a7. In
addition, the increased temperature could improve the
dynamic process of DOX release. Further, the release of
DOX in the cellulose/MXene hydrogel was sustained for at
least 48 h, as shown in Figure 3f, implying a promising longterm chemotherapy in practice. It should be noted that most of
the MXene-based materials reported have not been paid more
attention on their intellectuality under illumination, as shown
in Table S1 in the Supporting Information. In sharp contrast,
the cellulose/MXene hydrogels in the present work have
displayed interesting 808 nm light-induced rapid response
behaviors in water, which may be promising in the future smart
devices ﬁeld.
3.4. Biotoxicity Assays. As discussed above, the cellulose/
MXene hydrogels not only exhibit good photothermal
properties, but also provide slow and controlled release of
DOX in water. The next step was to evaluate their activity
against cancer. The in vitro and in vivo biocompatibilities of
the neat cellulose hydrogel and its analogues were ﬁrst
evaluated, as shown in Figures 4 and S4. The toxicities toward
ﬁve kinds of tumor cells were measured, including mouse
hepatoma cells (HepAl-6), human hepatocellular carcinoma
cells (SMMC-7721 and HepG2), human glioblastoma U118MG cells, and human astroglioma U-251MG cells. The
eﬀect of MXene concentration on the viability of the cells
treated with the cellulose/MXene hydrogels is shown in
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Figure 6. In vivo photothermal cancer therapy. (a) Graphic depiction of laser illumination and temperature at 0, 1, 2, 3, 4, and 5 min. (b)
Temperature augmentation during laser illumination. (c) Tumor volumes during the observation period. (d) Tumor weights measured at day 15.
Unpaired t test, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ns stands for nonsigniﬁcant. Data are mean ± SD. (e) Representative of tumors for each
group. (f) Body weights of mice during diﬀerent therapies. (g) Graphical representation of the PTT/chemotherapy therapy. Intratumoral injection
of cellulose/MXene/DOX hydrogels into mice followed by four steps: (1) cellulose/MXene/DOX hydrogels injected into the tumor site; (2) NIR
irradiation on (PTT and chemotherapy); (3) NIR irradiation oﬀ (adjuvant chemotherapy); (4) degradation of the cellulose hydrogel platform.

concentration of 1 mg/mL has no obvious inﬂuence on the
body weight of mice, suggesting that this dosing level is
appropriate for anticancer chemotherapy. In addition, the
cellulose hydrogel analogues with and without MXene and
DOX were not found to be harmful or cause adverse eﬀects in
the mouse organs including heart, liver, spleen, lung, and
kidney, as shown in Figure 4c. The immunotoxicity of the
materials was also investigated by measuring the proinﬂammatory cytokines such as TNF-α, IL-6, and IL-1β in serum after
treatment, as shown in Figure 4d−f. It was found that similar
to the saline group, cellulose hydrogels with or without MXene
nanosheets exhibited no signiﬁcant changes in these cytokines.
However, in the case of the DOX solution group, when DOX
was intravenously injected, the protein levels of typical
proinﬂammatory cytokines including TNF-α (Figure 4d), IL1β (Figure 4e), as well as IL-6 (Figure 4f) were signiﬁcantly
augmented. In contrast, when conﬁned within the cellulose
hydrogels (i.e., DOX-loaded cellulose hydrogel and DOX/
MXene-containing cellulose hydrogel), the composite hydro-

gels did not cause the upregulation of these proinﬂammatory
cytokines. These results clearly demonstrate that both neat
cellulose hydrogel and their derivatives are nontoxic and that
the sustained release function of the hydrogels is able to
eﬀectively reduce the toxicity of DOX.
3.5. PTT Eﬀects. Having displayed the intriguing photothermal performance by MXene nanosheets, the cellulose/
MXene hydrogels were also evaluated as photothermal agents
against tumor cells under the 808 nm illumination on a cellular
level, as illustrated in Figure 5. The eﬀects of MXene
concentration, laser power intensity, and illumination duration
on the photothermal eﬃciency were systematically explored.
Figure 5a shows that under an NIR illumination at 1.0 W/cm2
for 5 min, increased MXene concentration in cellulose/MXene
hydrogels led to decreased cell viabilities of the tumor cells,
with nearly 100% killing eﬃciency at 235.2 ppm. These results
are also supported by the images in Figure 5d (upper panel).
Further, when compared to MXene dispersion, the photothermal eﬀect was just slightly aﬀected (Figure S2b). It is
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The tumors in both group 2 (hydrogel combined with IV
DOX) and group 3 (hydrogel/DOX) grew more slowly than
the negative control (i.e., group 1 and group 4), indicating that
both intravenously injected DOX and DOX released from the
cellulose hydrogel can partially inhibit the tumor growth, but
cannot eﬀectively cure the tumor. Similarly, by comparing
group 5 with group 4, it was found that a single PTT can
eliminate the vast majority of the tumor. Furthermore, these
ﬁndings that tumors in group 5 were much smaller than those
in groups 2 and 3 suggested that PTT was more eﬀective than
DOX chemotherapy. However, tumors still relapse after potent
PTT (group 5 results). These results demonstrated that
neither PTT nor chemotherapy alone was able to completely
ablate the tumors and clear tumor cells. In sharp contrast,
tumors in group 6 were cleared completely and did not relapse,
demonstrating that all the tumor cells were eradicated by the
dual-modular PTT/chemotherapy. The noticeable relapse that
occurred in group 5 but not group 6 showed that PTT could
kill the majority of the tumor cells, but a small percentage of
them may have survived (Figure 6g2), leading to the relapse of
the tumors, whereas the combined chemotherapy by DOX
released from the hydrogel provided an adjuvant killing eﬀect
and a continuous inhibitory eﬀect on the remaining tumor
cells, achieving a complete tumor clearance (Figure 6g3).
Further, as NIR illumination was able to signiﬁcantly accelerate
the release rate of DOX in cellulose/MXene, it is reasonable to
believe that during PTT, more DOX was released into the
tumor microenvironment (Figure 6g2), which may have
augmented the eﬀect of chemotherapy, resulting in a
synergistic eﬀect. Additionally, this cellulose-based platform
can be partially disintegrated/degraded within 2 weeks, as
shown in Figures 6g4 and S3 in the Supporting Information.
Relapse makes tumors refractory and intractable, which
often results from an incomplete resection and ablation
because of the complicated tumor structure. In this study,
the photothermally controlled DOX release system perfectly
complements PTT, achieving a complete elimination of the
tumor cells. From this point of view, our results demonstrate
that this MXene/DOX@cellulose hydrogel-based dual-modular PTT/chemotherapy composite nanoplatform results in an
eﬃcient tumor ablation and prevents relapse.

noted that higher light intensity and longer irradiation time
could result in a possible damage to the surrounding healthy
tissues and cells. Consequently, both of these aspects should be
carefully considered and balanced in in vivo tumor PTT to
reduce the risk of damages to the normal tissue. The results in
Figure 5b,d (middle panel) show that a power intensity lower
than 0.5 W/cm2 is insuﬃcient to kill HepG2 cells, but 1.0 W/
cm2 is suﬃcient to kill all of the tumor cells in the case when
235.2 ppm of MXene is incorporated under illumination for 5
min. In addition, as seen in Figure 5c,d (lower panel),
suﬃcient irradiation duration is also required to fully eliminate
the HepG2 cells eﬀectively. The above results indicate that the
eﬃciency of PTT strongly depends on the adequate
concentration of MXene, suﬃcient illumination power density,
and enough irradiation time. Taking these factors into account,
along with the possible heat damage to the surrounding
healthy tissues and cells, the DOX-loaded cellulose/MXene
hydrogels containing 235.2 ppm MXene nanosheets, with a
light power density of 1.0 W/cm2, and an irradiation time of 5
min, were used as a paradigm system for subsequent in vivo
tumor treatment.
3.6. Bimodal Photothermal/Chemo-Cancer Therapy.
When ground into homogeneous slurries, cellulose-based
hydrogels could be readily injected in vivo at the tumor sites
in mice. Illumination (1.0 W/cm2, 5 min) of the hepatocellular
carcinomas was performed only twice (at day 1 and day 3)
during the 2-week treatment period after the injection. The
injected cellulose-based hydrogels included were: DOX-loaded
cellulose hydrogel (group 3, G3), neat cellulose hydrogel
(group 4, G4), MXene-integrated cellulose hydrogel (group 5,
G5), and DOX/MXene-containing cellulose hydrogel (group
6, G6). The MXene loading in G5 and G6 were ﬁxed at 235.2
ppm. Two control groups were also investigated: saline (group
1, G1) and neat cellulose hydrogel combined with DOX
(group 2, G2). Saline was administered by intravenous
injection (G1). In G2, the neat cellulose hydrogel was
intratumorally injected into mice, whereas the DOX solution
was administered by intravenous injection. The anticancer
activity of the hydrogels is further shown in Figure 6. Figure
6a,b show that signiﬁcant temperature increases were only
detected for the hydrogels with incorporated MXene nanosheets (i.e., G5 and G6), demonstrating the outstanding
photothermal properties of the MXene-integrated cellulose
hydrogels in vivo. The FLIT values of cellulose/MXene
hydrogel (G5) and DOX-loaded cellulose/MXene hydrogel
(G6) reached temperatures in the range 50−55 °C (Figure
6b). These values are comparable to those obtained in Figure
3d for cellulose/MXene hydrogel with an MXene loading of
235.2 ppm. However, it should be noted that there were
diﬀerences in both the temperature rise rate and plateau
obtained in vivo (Figure 6b), compared with those measured
in a cuvette (Figure 3d). The main reason may be the diﬀerent
measurement methods employed. Figure 6c,d shows the tumor
growth curves and ﬁnal tumor weights for each group. Figure
6e shows a representative tumor for all of the groups, and
Figure 6f shows the body weight changes of the mice over the
course of treatment. From Figure 6f, we can see that all of the
six kinds of treatments have no signiﬁcant inﬂuence on the
body weight of mice. A comprehensive analysis of Figure 6c−e
proved the eﬀectiveness of the dual-modular cancer therapy.
The similar tumor growth curves of group 1 (saline) and group
4 (hydrogel with NIR) imply that both saline and neat
cellulose hydrogel were unable to inhibit the tumor growth.

4. CONCLUSIONS
In this work, hydrogel nanoplatforms, based on cellulose,
MXene Ti3C2 nanosheets, and anticancer drug DOX, for dualmodality PTT/chemotherapy against cancer, have been
developed for the ﬁrst time. The resulting MXene/DOX@
cellulose composite hydrogel presents favorable biocompatibility, outstanding photothermal property, and high loading
capacity of DOX. Furthermore, it was self-regulated as the drug
release rate was dynamically responsive to the photothermal
eﬀect. Consequently, this novel PTT/drug release system
gained a complete and curative therapy in the tumor models,
eﬀectively killing tumors as well as preventing their relapse.
Aiming at the ﬁnal clinical and translational applications of
light-activated MXene/DOX@cellulose hydrogel and successful bench-to-bedside transition, future investigations concerning safety and facile inexpensive and controlled synthesis
methods of high-quality MXene nanomaterials with much
higher eﬃciency and fewer side eﬀects are crucially needed.
Our work revealed the mechanisms by which this smart 2D
MXene/polymer-based hydrogel-type nanoplatform func27641
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tioned as a curative cancer therapy, which could also be
expanded to other 2D inorganic materials.
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