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Abstract 

Two-dimensional (2D) MXenes have emerged as a promising planar theranostic nanoplatform for 
versatile biomedical applications; but their in vivo behavior and performance has been severely influenced 
and hindered by a lack of necessary surface chemistry for adequate surface engineering. To solve this 
critical issue, this work employs versatile sol-gel chemistry for the construction of a unique “therapeutic 
mesopore” layer onto the surface of 2D niobium carbide (Nb2C) MXene. 
Methods: The in situ self-assembled mesopore-making agent (cetanecyltrimethylammonium chloride, in 
this case) was kept within the mesopores for efficient chemotherapy. The abundant surface saline 
chemistry of mesoporous silica-coated Nb2C MXene was further adopted for stepwise surface 
engineering including PEGylation and conjugation with cyclic arginine-glycine-aspartic pentapeptide 
c(RGDyC) for targeted tumor accumulation.  
Results: 2D Nb2C MXenes were chosen based on their photothermal conversion capability (28.6%) in 
the near infrared (NIR)-II biowindow (1064 nm) for enhanced photothermal hyperthermia. Systematic in 
vitro and in vivo assessments demonstrate targeted and enhanced chemotherapy and photothermal 
hyperthermia of cancer (U87 cancer cell line and corresponding tumor xenograft; inhibition efficiency: 
92.37%) in the NIR-II biowindow by these mesopore-coated 2D Nb2C MXenes.  
Conclusion: This work not only significantly broadens the biomedical applications of 2D Nb2C MXene 
for enhanced cancer therapy, but also provides an efficient strategy for surface engineering of 2D MXenes 
to satisfy versatile application requirements. 
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Introduction 
Based on their unique physiochemical properties 

and abundant compositions/nanostructures, 
two-dimensional (2D) materials have emerged as one 
of the most explored materials for versatile 
applications [1-3]. It is well known that the 
nanoparticles (NPs) or their composites are the crucial 

factors determining the performance and clinical 
translation potential of theranostic nanomedicines 
[4-10]. The fast development of 2D nanoscience has 
significantly promoted the biomedical applications of 
2D nanoplatforms in theranostic nanomedicine 
[11-18]. Their unique physiochemical properties 

 
Ivyspring  

International Publisher 



 Theranostics 2018, Vol. 8, Issue 16 
 

 
http://www.thno.org 

4492 

endow these nanosheets with specific responses to 
external triggers, such as the well-established 
photo-responsive photothermal therapy (PTT) and 
photodynamic therapy (PDT) [19-21]. In addition, 
their structural features can be used for the 
construction of versatile vectors for the delivery of 
therapeutic agents [22-24]. 

Recently, 2D MXenes, as novel functional planar 
materials, have attracted broad attention from the 
scientific community because of their large number of 
family members and corresponding unique 
physiochemical properties [25-34]. In particularly, we 
and other researchers recently demonstrated that 2D 
MXenes such as titanium carbide (Ti3C2) and niobium 
carbide (Nb2C) MXenes can be used for 
photo-triggered cancer hyperthermia based on their 
high photothermal conversion capability [35-39]. In 
addition, the unique composition of tantalum carbide 
(Ta3C4) MXene (Ta element has a high atomic number) 
has been developed for contrast-enhanced computed 
tomography (CT) of tumors [40]. Additionally, the 
high biocompatibility and biosafety of Ti3C2, Nb2C 
and Ta3C4 MXenes have been preliminarily 
demonstrated, showing strong potential for further 
clinical translation [36, 37, 40]. Although these 
preliminary biomedical application results are 
promising, there still exists a big challenge for 
improving the theranostic performance of these 2D 
MXenes. Especially, the absence of desirable surface 
chemistry makes it highly challenging to control the 
surface status and surface engineering of these 2D 
nanosheets, which is of great significance for practical 
in vivo applications. For instance, targeted 
transportation of 2D MXenes into the tumor could 
guarantee high therapeutic efficacy, but targeted 
surface engineering and other surface-specific 
multifunctionalizations (e.g., enhanced therapeutic 
functionality) still encounter significant challenges 
that must be addressed. 

In this work, we report the construction of 
“therapeutic mesopores” onto the surface of 2D 
niobium carbide (Nb2C) MXenes to solve two critical 
issues in the surface engineering and 
multifunctionalization of 2D MXenes. Their synthesis 
is based on typical sol-gel chemistry, which achieved 
a uniform therapeutic mesoporous-silica shell coating 
on the surface of Nb2C MXenes. In particularly, the 
mesopore-making agent was in situ kept within the 
mesopores for chemotherapeutic purposes, for which 
no additional chemotherapeutic drugs were required. 
The other importance of this mesopore construction 
on 2D Nb2C MXene is reflected by further stepwise 
surface PEGylation and targeted conjugation of cyclic 
arginine-glycine-aspartic pentapeptide c(RGDyC) (as 
the targeting peptide), which achieved targeted 

accumulation of these MXene composite 
nanoplatforms in tumor tissue and corresponding 
high enhanced therapeutic efficacy. The strategy of 
“therapeutic mesopores” construction on 2D MXenes 
provides an efficient strategy for broadening the 
biomedical applications of 2D MXenes, which takes 
the unique features of mesoporous structures as the 
reservoir for loading/delivery of therapeutic agents, 
abundant silica chemistry for surface engineering, and 
the high photothermal conversion performance of 2D 
MXenes. 2D Nb2C MXenes were chosen in this work 
based on their photothermal conversion capability in 
the near-infrared (NIR)-II biowindow (1000-1350 nm) 
[41-42], which has much higher tissue-penetrating 
capability than widely explored light in the NIR-I 
biowindow (750-1000 nm); but, photothermal 
conversion nanoagents in the NIR-II biowindow have 
rarely been developed and reported. 

Methods 
Synthesis of 2D Nb2C MXene nanosheets  

Nb2AlC powder (10 g, Forsman Scientific Co., 
Ltd, Beijing, China) was added to hydrofluoric acid 
(60 mL, 50% HF, Sinopharm Chemical Reagents Co., 
Ltd., Shanghai, China) aqueous solution under 
stirring for 48 h at room temperature to remove the 
middle Al layer in the crystal. After centrifugation 
and washing with ethanol and water three times to 
remove residual HF, the collection was immersed into 
tetrapropylammonium hydroxide (TPAOH, 50 mL, 25 
wt%, J&K Scientific Co., Ltd., Beijing, China) aqueous 
solution and stirred for 3 d at room temperature. 
Finally, the Nb2C MXene nanosheets were collected 
after washing by ethanol and water three times and 
re-dispersed in ethanol at 4 °C for storage. 

Synthesis of Nb2C-MSN and 
CTAC@Nb2C-MSN composite nanosheets 

Cetanecyltrimethylammonium chloride (CTAC, 
1.0 g, Sigma-Aldrich Co., Ltd., Shanghai, China) was 
pre-mixed with water (5 mL) to prepare surfactant 
solution. Then, triethanolamine (TEA, 0.01 g, 
Sinopharm Chemical Reagents) was diluted by water 
at a ratio of 1:10 and subsequently added into the 
pre-arranged CTAC aqueous solution under stirring 
for 20 min at room temperature. Nb2C aqueous 
solution (10 mL, 0.5 mg/mL) was dispersed into the 
above mixture by magnetic stirring and ultrasound 
treatment. Then, tetraethylorthosilicate (TEOS, 
Sinopharm Chemical Reagents, 100 μL) was added to 
the system dropwise and the reaction was kept at 80 
°C in a water bath. Finally, the product was collected 
by centrifugation and washed by ethanol and water to 
remove impurities. The prepared CTAC@Nb2C-MSN 
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composite nanosheets were stored at 4 °C for further 
use. To produce Nb2C-MSN composite nanosheets, 
CTAC was extracted by hydrochloric acid 
(HCl)-diluted ethanol solution (1:10 in volume) three 
times at 78 °C. 

Surface PEGylation and targeted RGD 
modification  

To obtain amino-modified CTAC@Nb2C-MSN, 
triethoxysilane (APTES, 100 μL, Sigma-Aldrich) was 
added to the CTAC@Nb2C-MSN ethanol solution (100 
mL), which was then stirred at 80 °C for 8 h. After 
washing, the amino-modified CTAC@Nb2C-MSN was 
re-dispersed into phosphate buffered saline (PBS, 25 
mL). NHS-PEG2000-MAL (100 mg, Sigma-Aldrich 
Co., Ltd., Shanghai) was added into the solution and 
the reaction was kept for 24 h at room temperature. 
After further washing and re-dispersion in PBS, cyclic 
arginine-glycine-aspartic pentapeptide c(RGDyC) (50 
mg, CL Biochem, Shanghai) was added, and the 
solution was stirred for another 24 h at room 
temperature. After centrifugation and washing by 
ethanol and PBS, the final product CTAC@Nb2C- 
MSN-PEG-RGD was obtained. 

Characterization 
To obtain transmission electron microscopy 

(TEM) images, a JEM-2100F transmission electron 
microscope was used. High-resolution TEM 
(HRTEM), energy dispersive spectrum mapping 
(EDS) and electron energy loss spectroscopy (EELS) 
were performed to characterize the microstructure 
and composition of the planar nanoplatforms. A 
field-emission Magellan 400 microscope was operated 
to record scanning electron microscopy (SEM) images 
for morphology observation and corresponding 
elemental mapping analysis. A Rigaku D/MAX-2200 
PX XRD system was used to acquire X-ray diffraction 
(XRD) patterns. X-ray photoelectron spectroscopy 
(XPS) was performed on a Thermal Scientific 
instrument (ESCAlab250). The zeta potential and 
hydrodynamic particle size were measured using a 
Nano ZS90 Zetasizer system. To obtain the BET 
surface area and corresponding pore volume and pore 
size, a Micrometitics Tristar 3000 system was used. To 
quantitatively analyze the contents of the 
nanosystems, an inductively coupled plasma-optical 
emission spectrometer (ICP-OES, Agilent 725) was 
operated. UV spectra were recorded using a UV-3600 
Shimadzu spectrometer. A 1064 nm multimode pump 
laser was used for photothermal evaluation, which 
was purchased from Shanghai Connect Fiber Optics. 
An Olympus FV1000 was used to collect confocal 
laser scanning microscopy (CLSM) images. To 
investigate intracellular uptake of the nanosystems 

and the apoptosis status of the cancer cells, a BD 
LSRFortessa flow cytometer was operated. 

Photothermal performance of 
CTAC@Nb2C-MSN 

The temperature fluctuations of Nb2C and 
CTAC@Nb2C-MSN during 808 nm and 1064 nm laser 
exposure were recorded using an infrared thermal 
camera (FLIR TM A325SC). Elevated Nb 
concentrations (31, 62.5, 125, 250 and 500 μg/mL) of 
Nb2C and CTAC@Nb2C-MSN dispersed in water 
were irradiated by 808 nm and 1064 nm lasers at a 
power intensity of 1.5 W/cm2 for 5 min. Furthermore, 
the temperature changes of Nb2C and 
CTAC@Nb2C-MSN aqueous solutions at a Nb 
concentration of 500 μg/mL under irradiation by 808 
nm and 1064 nm lasers at different power densities 
(0.5, 0.75, 1.0, 1.25 and 1.5 W/cm2) were also 
measured. Photothermal stability was tested by 
conducting three on/off cycles of laser irradiation of 
Nb2C and CTAC@Nb2C-MSN aqueous solution with 
prolonged durations. 

Cell culture 
U87 murine neuroglioma cells were used for in 

vitro and in vivo evaluations. The cells were bought 
from Shanghai Institute of Cells, Chinese Academy of 
Sciences. U87 cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM, GIBCO), 
supplemented with penicillin/streptomycin (1%, 
GIBCO) and fetal bovine serum (FBS, 10%, GIBCO) in 
a manual incubator (5% CO2, 37 °C). Cells were 
seeded in cell culture flasks (Corning) for 24 h to reach 
high confluency and then harvested by trypsin-EDTA 
solution (GIBCO). 

In vitro cytotoxicity assay of Nb2C-MSN-PEG 
and CTAC@Nb2C-MSN-PEG 

A standard CCK-8 cell viability assay (Sihai 
Bio-Tech, Shanghai, China) was used to determine the 
in vitro cytotoxicity of Nb2C-MSN-PEG and 
CTAC@Nb2C-MSN-PEG. Nb2C-MSN-PEG and 
CTAC@Nb2C-MSN-PEG at elevated concentrations 
(0, 18.75, 37.5, 75, 150 and 300 μg/mL) were incubated 
with U87 glioma cells that were pre-seeded in 96-well 
plates for 12 h. After 12 h and 24 h incubation, 10 μL 
CCK-8 solution diluted with 90 μL DMEM was added 
into a single well of each 96-well plate to evaluate cell 
viability using a microplate reader. 

In vitro evaluation of the cytotoxicity of CTAC 
against U87 cells 

To demonstrate the cytotoxicity of CTAC against 
U87 cells, 104 cells were pre-seeded in 96-well plates 
for 24 h. Then, CTAC was incubated with U87 cells at 
elevated concentrations (0, 15, 30, 60, 120 and 240 
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μg/mL) for 12 h and 24 h. CCK-8 solution diluted 
with DMEM containing FBS at a ratio of 1:9 was 
added to measure cell cytotoxicity using a microplate 
reader. 

U87 cells were pre-seeded in 6-well plates for 24 
h for apoptosis measurement of CTAC by flow 
cytometry. DMEM containing CTAC at elevated 
concentrations (0, 15, 30, 60, 120 and 240 μg/mL) was 
added and incubated with U87 cells for another 4 h. 
After cell dissociation, centrifugation and washing, 
the cells were dispersed into 500 μL binding buffer 
and stained with Annexin V FITC (5 μL) and PI (5 μL) 
(Dojindo Laboratorise). Then, flow cytometry was 
conducted to observe cell apoptosis stages. 

In vitro enhanced chemotherapy and 
photothermal hyperthermia of cancer cells 
based on CTAC@Nb2C-MSN-PEG-RGD 

U87 cells were pre-seeded in 96-well plates at a 
density of 104 per well in DMEM containing 10% FBS 
at 37 °C for 24 h. CTAC, Nb2C-MSN-PEG, 
CTAC@Nb2C-MSN-PEG and CTAC@Nb2C-MSN- 
PEG-RGD dispersions in DMEM were then added for 
another 12 h and 24 h incubation. To investigate the in 
vitro enhanced chemotherapy and PTT, the wells were 
divided into the following groups: control group, 
laser only group, Nb2C-MSN-PEG only group, 
Nb2C-MSN-PEG combined with laser group, CTAC 
only group, CTAC@Nb2C-MSN-PEG group, 
CTAC@Nb2C-MSN-PEG combined with laser group, 
CTAC@Nb2C-MSN-PEG-RGD only group, and 
CTAC@Nb2C-MSN-PEG-RGD combined with laser 
group. CCK-8 solution was added into each well and 
cell viabilities of the different treatment groups were 
calculated by comparing with the control group. All 
the laser-involved groups were exposed to 1064 nm 
laser at a power intensity of 1.0 W/cm2 and 1.5 
W/cm2 for 5 min irradiation. 

Intracellular endocytosis analysis 
CLSM was performed to observe the 

intracellular uptake behavior of Nb2C-MSN-PEG and 
Nb2C-MSN-PEG-RGD into U87 cancer cells. The 
cancer cells were seeded into CLSM-specific culture 
dishes (NEST, Biotechnology Co., Ltd.) at a density of 
105 cells per dish for 24 h and the medium was 
subsequently replaced by DMEM containing 
fluorescein isothiocyanate (FITC)-labeled Nb2C-MSN- 
PEG (1 mL, 100 μg/mL) or FITC-labeled 
Nb2C-MSN-PEG-RGD (1 mL, 100 μg/mL). The cells 
were then incubated for different durations (0 h, 1 h, 2 
h and 4 h). 4',6-diamidino-2-phenylindole (DAPI, 
Beyotime Biotechnology, Beijing, China) was 
pre-mixed with methyl alcohol at a volume ratio of 
1:10 for cell nucleus staining after incubation. After 20 

min, the cells were gently washed with PBS and 
observed by CLSM. 

For flow cytometry analysis, the cancer cells 
were pre-seeded into 6-well plates (5×105 cells per 
well). DMEM containing FITC-labeled CTAC@Nb2C- 
MSN-PEG (3 mL, 100 μg/mL) or FITC-labeled 
CTAC@Nb2C-MSN-PEG-RGD (3 mL, 100 μg/mL) 
was added into the plates to replace the previous 
medium and was then incubated for pre-determined 
time intervals (0 h, 1 h, 2 h and 4 h). Then, U87 cells 
were harvested by trypsin and collected into a test 
tube. The fluorescence signals of FITC-labeled 
CTAC@Nb2C-MSN-PEG and FITC-labeled CTAC@ 
Nb2C-MSN-PEG-RGD inside the cancer cells were 
measured by flow cytometry. 

In vitro enhanced chemotherapy and 
photothermal hyperthermia as evaluated by 
CLSM and flow cytometry 

U87 cancer cells were seeded into CLSM-specific 
dishes and cultured with DMEM medium containing 
FBS. After attachment onto the dishes, the medium 
was substituted by Nb2C-MSN-PEG, CTAC@Nb2C- 
MSN-PEG and CTAC@Nb2C-MSN-PEG-RGD 
dispersions in DMEM (1 mL, 100 μg/mL), which were 
incubated for another 4 h. The dishes were subjected 
to different treatments: control group, laser only 
group, Nb2C-MSN-PEG group, Nb2C-MSN-PEG 
combined with laser group, CTAC@Nb2C-MSN-PEG 
group, CTAC@Nb2C-MSN-PEG combined with laser 
group, CTAC@Nb2C-MSN-PEG-RGD group and 
CTAC@Nb2C-MSN-PEG-RGD combined with laser 
group. 1064 laser irradiation was used in the 
experiment at a power density of 1.5 W/cm2. After the 
aforementioned treatments, live (green) and dead 
(red) cells were stained by Calcein-AM (15 μL) and 
propidium iodide (PI, 12 μL) (Donjindo Molecular 
Technologies, Co., Ltd.) dispersed in PBS solution (7.5 
mL) for 20 min. Finally, the U87 cells were gently 
washed with PBS and observed by CLSM. 

Next, U87 cells were pre-seeded in 6-well plates 
for 24 h for apoptosis analysis by flow cytometry. 
DMEM containing CTAC, Nb2C-MSN-PEG, 
CTAC@Nb2C-MSN-PEG or CTAC@Nb2C-MSN-PEG- 
RGD (3 mL, 100 μg/mL) was added into the cell 
plates and incubated for another 4 h. The cells were 
treated as mentioned above and were collected by 
trypsin-EDTA for cell dissociation. After 
centrifugation and washing with PBS twice, the cells 
were dispersed in 500 μL binding buffer and stained 
by Annexin V FITC (5 μL) and PI (5 μL) (Dojindo 
Laboratorise) for 20 min. Finally, flow cytometry was 
conducted to observe cell apoptosis status. 
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In vitro and in vivo photoacoustic (PA) imaging 
To investigate the potential of CTAC@Nb2C- 

MSN-PEG-RGD as a PA contrast agent, a Vivo LAZR 
photoacoustic imaging system (VisualSonics, Co., 
Ltd.) was used. CTAC@Nb2C-MSN-PEG-RGD 
aqueous solution at elevated concentrations was 
tested (31.25, 62.5, 125, 250 and 500 μg/mL). 
Tumor-bearing nude mice were also used to evaluate 
the in vivo capability of CTAC@Nb2C-MSN-PEG-RGD 
as a contrast agent for PA imaging. Mice were 
anesthetized by pentobarbital sodium (150 μL, mass 
ratio: 1%) via intraperitoneal injection. Finally, PA 
images were recorded before and after intravenous 
injection of CTAC@Nb2C-MSN-PEG-RGD (dosage: 15 
mg/kg) at intervals (0 min, 5 min, 15 min, 30 min, 1 h, 
2 h, 4 h, 6 h, 8 h, 12 h and 24 h). The PA imaging 
parameters were set as: transducer frequency: 21 
MHz; PA gain: 40 dB; focal depth: 12 mm. 

Blood circulation, biodistribution and 
metabolism assessment of 
CTAC@Nb2C-MSN-PEG-RGD 

All animal experiments were conducted under 
guidelines approved by the Institutional Animal Care 
and Use Committe (IACUC) of Chongqing Medical 
University. 3×106 U87 cells were subcutaneously 
injected into the right side of the back of nude mice to 
establish a tumor model. For blood circulation 
analysis, 15 μL blood from mice (n = 3) was collected 
after intravenous injection of CTAC@Nb2C- 
MSN-PEG-RGD at varied time points (2 min, 8 min, 
15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h). The Si 
concentration in the blood was measured by ICP-OES. 

Biodistribution of CTAC@Nb2C-MSN-PEG and 
CTAC@Nb2C-MSN-PEG-RGD in the main organs and 
tumor tissues was studied in U87 tumor-bearing mice 
(n = 3 in each time point). Female tumor-bearing mice 
were injected with CTAC@Nb2C-MSN-PEG or 
CTAC@Nb2C-MSN-PEG-RGD via the tail vein. The 
mice were sacrificed at pre-arranged time points (2, 4 
and 24 h). The major organs and tumor tissue were 
collected for subsequent weighing and dissolving in 
aqua regia. The Nb content in these samples was 
measured by ICP-OES and the distribution was 
calculated as the percent injected dose per gram of 
tissue (%ID/g). The biodistribution was calculated by 
following formula: Nb % (w/w) = (Nb in 
tissues/injected dose)/mass of tissue×100%. 

To investigate the metabolism and excretion of 
CTAC@Nb2C-MSN-PEG-RGD in U87 tumor-bearing 
mice (n = 3), CTAC@Nb2C-MSN-PEG-RGD dispersed 
in saline was intravenously injected into mice and the 
urine and feces were collected at different time 
intervals (2, 6, 12, 24, 48 and 72 h). The Nb and Si 
contents were analyzed by ICP-OES. 

In vivo enhanced chemotherapy and PTT by 
CTAC@Nb2C-MSN-PEG-RGD 

A U87 tumor xenograft model was established 
by subcutaneous injection (150 μL) of 107/mL U87 
cancer cells dispersed in PBS at the right side of the 
back via a syringe. When the tumor volume reached 
around 50 mm3, the mice were randomly divided into 
four groups: control group, laser only group, 
CTAC@Nb2C-MSN-PEG-RGD only group, and 
CTAC@Nb2C-MSN-PEG-RGD combined with laser 
group. The dose of CTAC@Nb2C-MSN-PEG-RGD 
was set as 15 mg/kg. 4 h after intravenous injection, a 
1064 nm laser was used to execute the therapeutic 
procedure at a power intensity of 1.5 W/cm2. The 
length and width of the tumors were measured by a 
digital caliper every two day. The volume of tumor 
was calculated by the following formula: tumor 
volume (mm3) = tumor length × tumor width2 / 2. The 
inhibition ratio was calculated by the following 
formula: inhibition ratio = tumor volume of 
experimental group / tumor volume of control group 
× 100%. 

After 15 days’ treatment, the mice were 
euthanized and dissected to collect major organs and 
tumor tissues. The major organs were then stained by 
hematoxylin and eosin (H&E) to detect changes in 
their structure. The tumor regions were stained by 
H&E to observe the status of the U87 cells, terminal 
deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) to investigate DNA fragmentation during 
apoptosis, and Ki-67 antibody to observe cell 
proliferation after the different treatments. The 
weights of dissected tumor tissues were measured 
using a digital scale. 

Statistical analysis 
All data are shown as mean ± standard deviation 

(SD) and the significance levels between two groups’ 
data were evaluated based on Student’s two-tailed 
t-test (*p < 0.05, **p < 0.01, ***p < 0.001). 

Results and discussion 
Construction and characterization of a 
“therapeutic mesopore” coating on 2D Nb2C 
MXenes 

Compared to traditional mesoporous silica 
coatings on the surface of spherical nanoparticles 
[43-50], the surface engineering of 2D nanosheets is 
relatively challenging because of their ultrathin planar 
topology that is easily influenced by lots of factors 
such as planar size, dispersity, synthetic parameters, 
etc [52,53]. It has been demonstrated that the surface 
of 2D MXenes is covered with abundant -OH groups, 
which makes the surface charge of these nanosheets 
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negative [35,54]. Based on this fact, the positively 
charged surfactant cetanecyltrimethylammonium 
chloride (CTAC) was pre-introduced to self-assemble 
onto the surface of Nb2C MXenes via electrostatic 
interactions (Figure 1A). Then, the organosilica source 
(tetraethylorthosilicate, TEOS) was added into the 
reaction system. The hydrolyzed/condensed 
oligomers from TEOS further self-assembled with the 
surfactant micelles to form mesoporous-silica shells 
on the surface of 2D Nb2C MXenes (designated as 
CTAC@Nb2C-MSN). The traditional strategy is to 
remove the surfactants by either extraction or 
calcination, by which mesopores are produced as 
reservoirs to load other therapeutic agents [55-59]. 
Significantly different from this traditional strategy, 
this work kept the surfactant micelles within the 
mesopores, where these surfactant molecules were 
directly used as the chemotherapeutic agents [60,61]. 
This design protocol was based on a previous report 
that positively charged surfactants as mesopore- 
making agents could be directly used as drug 
molecules for efficient killing of cancer cells [61]. 
Therefore, this methodology avoids the tedious 

surfactant removal and post drug-loading steps, 
which is more practical for further large-scale 
production. In addition, it can achieve a high drug 
loading capacity because the mesopores are almost 
fully filled with surfactant in the form of 
self-assembled micelles during the synthesis. 

Another important advantage of the mesoporous 
silica coating is the abundant saline chemistry present 
on the surface of CTAC@Nb2C-MSN composite 
nanosheets, making further surface engineering 
possible. As a first step, PEGylation was adopted to 
guarantee high stability of these nanosheets in 
physiological conditions, which is of high significance 
for in vivo applications. Initially, the silanol (Si-OH) 
group on the surface of the composite nanosheets was 
used for reaction with (3-aminopropyl) 
triethoxysilane (APTES) to make the surface abundant 
with amino groups, followed by reaction with 
NHS-PEG-MAL. Next, an RGD peptide was 
conjugated onto the surface of the composite 
nanosheets to endow them with high specificity to 
recognize and bind integrin αvβ3, which is 
overexpressed on cancer cell membranes. These 

 

 
Figure 1. Synthesis and characterization of core/shell-structured CTAC@Nb2C-MSN. (A) The scheme of the synthetic procedure and stepwise surface 
PEGylation/targeting modification of CTAC@Nb2C-MSN. (B) SEM image of Nb2C MXene as-synthesized by the first-step HF etching. (C) Low- and (D) high-magnification TEM 
images of as-synthesized Nb2C MXene nanosheets. (E) Low- and (F) high-magnification TEM images of CTAC@Nb2C-MSN composite nanosheets. Inset of (E): scheme of the 
microstructure of CTAC@Nb2C-MSN. 
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stepwise surface PEGylation and targeting 
modifications (Figure 1A) are difficult to achieve on 
the surface of traditional bare 2D Nb2C MXenes 
because of the absence of useful functional groups. 
Comparatively, it is easy and feasible to realize this 
surface silica coating protocol because of the versatile 
saline chemistry. 

Layer-structured Nb2AlC bulk ceramics were 
initially etched by 50% HF to remove the Al layer 
within the crystal structure. SEM (Figure 1B) 
demonstrates that the interlayer space was obviously 
enlarged by the HF etching, showing an obvious 
layered nanostructure after HF etching. Because of 
their stacked layers and large planar size, bulk 
ceramics are not optimal for biomedical applications, 
especially for intravenous administration where large 
aggregates would block blood vessels and cause a 
high biosafety risk. Therefore, the following 
exfoliation step was adopted by choosing the typical 
tetrapropylammonium hydroxide (TPAOH) as the 
exfoliation agent. It was found that this TPAOH 
exfoliation step induced complete intercalation and 
exfoliation of the Nb2C MXene nanosheets (Figure 
1C-D). In particularly, the post exfoliation step 
decreased the planar size of the nanosheets, making 
these MXene nanosheets feasible for biomedical 
applications where a small planar size is typically 
required. Importantly, the two-step exfoliation 
approach still retained the high crystallinity of these 
Nb2C MXene nanosheets (Figure S1 and Figure S2), 
indicating that their physiochemical properties would 
be kept after the exfoliation. A uniform mesoporous 
silica layer was clearly distinguished on the surface of 
Nb2C MXene in CTAC@Nb2C-MSN (Figure 1E-F). 
Especially, all these MXene nanosheets were covered 
by a mesoporous silica layer without additional 
homogenous nucleation of silica nanoparticles in the 
system, indicating the high efficacy and specificity of 
this coating procedure. Importantly, the initial 2D 
planar topology remained after the surface-mesopore 
coating procedure. 

The presence of abundant mesopores on the 
surface of CTAC@Nb2C-MSN composite nanosheets 
was clearly identified by high-resolution SEM (Figure 
2A and Figure S3). These mesopores penetrate 
through the whole matrix with opening pores on the 
surface, which is the characteristic structure of 
representative mesoporous materials. To characterize 
the structure and composition of CTAC@Nb2C-MSN 
in detail, a single CTAC@Nb2C-MSN nanosheet was 
chosen for versatile characterizations, including SEM 
(Figure 2B), dark-field TEM (Figure 2C), bright-field 
TEM (Figure 2D) and corresponding element 
mapping such as Nb element (Figure 2E), Si element 

(Figure 2F) and O element (Figure 2G). Both SEM and 
TEM images clearly show the unique mesoporous 
structure in the whole planar matrix where both Nb 
and Si elements co-exist, demonstrating the desirable 
mesoporous structure, hybrid composition and 2D 
planar topology. 

X-ray photoelectron spectroscopy (XPS) was 
used to determine the element-valence status of 2D 
Nb2C before and after mesoporous coating. 
Compared to the XPS spectrum of 2D Nb2C, the 
spectrum of Nb2C-MSN shows new Si signals because 
of the silica coating (Figure 3A-C). The presence of 
Nb-O bond is attributed to the partial oxidation of 
Nb2C MXene (Figure 3B and Figure S4). No Al 
element signal can be observed, suggesting that no 
residual Al remained after two-step etching. The O 1s 
spectrum further demonstrates the presence of Si-O 
and Nb-O bonds in Nb2C-MSN (Figure 3D). The 
average particle size of CTAC@Nb2C-MSN is around 
122.4 nm as tested by dynamic light scattering (DLS), 
which increased to 220.2 nm by further PEGylation 
and RGD conjugation (Figure S5). In addition, 
CTAC@Nb2C-MSN-PEG-RGD could be easily 
dispersed into various physiological solutions (Figure 
S6) such as deionized water, Dulbecco's Modified 
Eagle Medium (DMEM), saline, simulated body fluid 
(SBF) and phosphate buffered saline (PBS) with high 
colloidal stability to guarantee further in vivo 
biomedical use. The presence of mesopores on the 
surface of the silica layer was further characterized by 
the N2 absorption-desorption technique. It was found 
that CTAC@Nb2C-MSN shows a low BET surface area 
and pore volume of only 21.69 m2/g and 0.09 cm3/g, 
respectively, which is attributed to the occupation of 
the mesopores by CTAC micelles. After the removal 
of CTAC within the mesopores by extraction, the 
Nb2C-MSN composite nanosheets exhibited a high 
BET surface area and pore volume of 309.93 m2/g and 
0.59 cm3/g, respectively, further demonstrating the 
successful surface mesopore coating and CTAC 
loading within the mesopore (Figure 3E). The 
mesopore size was also enlarged by the CTAC 
removal (Figure 3F). The drug (CTAC)-loading 
capacity was determined by thermogravimetric 
analysis (Figure 3G), from which the CTAC loading 
was calculated to be as high as 32.57% (Figure 3H), 
indicating the high efficacy of this strategy for drug 
loading and potential for efficient chemotherapy. 
Therefore, this multifunctional 2D composite 
nanoplatform is expected to exert the specific 
functionalities of photo-responsive for simultaneous 
photothermal hyperthermia and chemotherapy 
(Figure 3I). 
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Figure 2. Morphology, microstructure and composition characterization of core/shell-structured CTAC@Nb2C-MSN. (A) High-resolution SEM image of 
CTAC@Nb2C-MSN composite nanosheets. (B-G) Detailed characterization of a single CTAC@Nb2C-MSN composite nanosheet, including (B) SEM image, (C) dark-field TEM 
image, (D) bright-field TEM image and (E-G) corresponding element mapping of the same nanosheet (e: Nb, f: Si, and g: O elements). Scale bars of (B-G) are 50 nm. 

 
The therapeutic mesoporous-silica coating 

maintains the high photothermal conversion 
capability of 2D Nb2C MXenes. UV-vis-NIR spectra of 
CTAC@Nb2C-MSN show strong photo-absorption in 
the NIR range, even in the second biowindow (Figure 
4A). It has been demonstrated that the second 
biowindow has deeper tissue penetration as 
compared to the first biowindow, but the deficiency of 
photothermal agents is a significant challenge for 
photo-therapy [41]. This work reports, for the first 
time, the construction of 2D mesoporous 
nanocomposites with specific photo-therapeutic 
functionality in the NIR-II biowindow. The extinction 
coefficient of CTAC@Nb2C-MSN is calculated to be 
9.71 L‧g-1‧cm-1 in the NIR-II biowindow (inset of 
Figure 4A), which is significantly higher than 

traditional 2D graphene oxide as the photothermal 
nanoagent in the NIR-I biowindow (3.6 L‧g-1‧cm-1) 
[62]. In addition, the photothermal conversion 
performance of CTAC@Nb2C-MSN was investigated 
at different concentrations (31, 62.5, 125, 250 and 500 
μg/mL) by exposing aqueous solutions to NIR-II laser 
(1064 nm) at a power density of 1.5 W/cm2 (Figure 
4B). The temperature reached as high as 67.3 °C, 
which is sufficiently high to kill cancer cells. The 
temperature elevation at increased power densities of 
1064 nm laser (0.5, 0.75, 1.0, 1.25 and 1.5 W/cm2) 
indicates that such a thermal effect is powder density 
dependent (Figure 4C). In addition, there is no 
distinct change on the thermal effect of 
CTAC@Nb2C-MSN composite nanosheets during 
three laser on-off heating cycles (Figure 4D), 
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indicating their relatively high photothermal stability. 
Finally, the photothermal conversion efficiency (η) is 
calculated to be 28.6% based on the maximum heating 
temperature (Figure 4E) and the time constant for 
heat transfer (Figure 4F), which is higher than that 
reported of typical Au nanorods (21%) [63] and 
Cu2-x-Se nanocrystals (22%) [64], indicating the high 
photothermal efficacy of these composite nanosheets 
for photo-hyperthermia. In addition, the 
photothermal performance of these composite 
nanosheets was assessed in the NIR-I biowindow (λ = 
808 nm, Figure S7), which indicated that these 
nanosheets also feature photothermal conversion 
performance in the NIR-I biowindow. Importantly, 
the photothermal performance of Nb2C nanosheets 
had no obvious change before and after silica-shell 
coating in both the NIR-I (λ = 808 nm, Figure S8) and 
NIR-II biowindows (λ= 1064 nm, Figure S9). 

In vitro targeted and enhanced chemotherapy 
and PTT against U87 cancer cells  

Both the mesoporous silica shell and 2D Nb2C 
MXene core in CTAC@Nb2C-MSN-PEG-RGD have 
therapeutic functions (Figure 5A). The U87 brain 
cancer cell line with cell membrane overexpression of 
integrin αvβ3 was used for the following in vitro and in 
vivo assessments; the cells can be specifically 
recognized by surface-conjugated RGD on 
CTAC@Nb2C-MSN-PEG-RGD. Upon endocytosis into 
the cancer cells, CTAC within the mesopores 
gradually releases for chemotherapy. The 
introduction of laser irradiation in the NIR-II 
biowindow (1064 nm) activates the Nb2C core for 
photothermal conversion, which elevates the 
temperature of the tumor cells for photothermal 
hyperthermia. To show the therapeutic functionality 
of CTAC, it was pre-extracted from the mesopores 
(Nb2C-MSN-PEG-RGD). It was found that Nb2C- 

 

 
Figure 3. Structural and compositional characterizations of CTAC@Nb2C-MSN nanosheets. (A) XPS spectra of Nb2C and Nb2C-MSN. Fitted (B) Nb 3d, (C) Si 
2p and (D) O 1s XPS spectra of Nb2C-MSN. (E) N2 adsorption−desorption isotherms and (F) corresponding pore-size distributions of Nb2C-MSN and CTAC@Nb2C-MSN. 
(G) Thermogravimetric analysis (TGA) and (H) normalized weight loss reduction of Nb2C@MSN and CTAC@Nb2C-MSN. (I) The scheme of photo-triggered response for 
photothermal hyperthermia and CTAC release for chemotherapy based on CTAC@Nb2C-MSNs-PEG-RGD composite nanosheets. 
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MSN-PEG shows no obvious cytotoxicity even at a 
high concentration of 300 μg/mL after incubation 
with cancer cells for 12 h and 24 h (Figure 5B). In 
contrast, the presence of CTAC in CTAC@Nb2C- 
MSN-PEG induced concentration-dependent 
cytotoxicity (Figure 5C), demonstrating the high 
chemotherapeutic efficacy of CTAC as a chemodrug 
within the mesopores. To evaluate the cytotoxicity of 
CTAC, an elevated concentration of CTAC was 
incubated with U87 cells. As shown in Figure 5D, the 
cell viability exhibited concentration-dependent and 
incubation time-dependent behaviour after 
incubation with CTAC. Furthermore, the results were 
corroborated by flow cytometry to analyze apoptosis 
of cancer cells (Figure 5E) and corresponding 
quantitative measurements (Figure 5F). 

To reveal the targeting capability of surface- 
conjugated RGD, FITC-labeled Nb2C-MSN-PEG 
(without RGD-targeting modification) and Nb2C- 
MSN-PEG-RGD (with RGD-targeting modification) 
were incubated with U87 cells (for 1 h, 2 h and 4 h). It 
was found that the cancer cells after incubation with 
FITC-labeled Nb2C-MSN-PEG-RGD showed 
substantially higher intracellular green fluorescence 
as compared to the cancer cells after incubation with 
FITC-labeled Nb2C-MSN-PEG (Figure 6A). In 
particularly, in a competition experiment after 
pre-incubation of cells with free RGD there was 

decreased intracellular uptake of FITC-labeled 
Nb2C-MSN-PEG-RGD because of the occupation of 
cell membrane-overexpressed integrin αvβ3 by 
pre-introduced free RGD. In addition, flow cytometry 
was conducted to further quantitatively determine the 
intracellular uptake behavior and targeting efficacy of 
these nanosheets. CTAC@Nb2C-MSN-PEG-RGD 
(Figure 6B) exhibited significantly enhanced 
intracellular uptake as compared to CTAC@Nb2C- 
MSN-PEG without RGD-targeting modification 
(Figure 6C). The results of uptake percentage (Figure 
6D) also demonstrate that the surface-linked RGD is 
favorable for the intracellular uptake of these 
composite nanosheets, which also indirectly indicates 
the functionality of the mesoporous silica layer that 
makes the surface engineering of MXene-based 
nanosheets possible. 

Furthermore, the enhanced therapeutic efficacy 
(chemotherapy and PTT) of CTAC@Nb2C- 
MSN-PEG-RGD upon external laser irradiation in the 
NIR-II biowindow (1064 nm) was evaluated against 
U87 cancer cells with the following treatment groups: 
control (without treatment), laser only, 
Nb2C-MSN-PEG only, Nb2C-MSN-PEG combined 
with laser irradiation, CTAC@Nb2C-MSN-PEG only, 
CTAC@Nb2C-MSN-PEG combined with laser 
irradiation, CTAC@Nb2C-MSN-PEG-RGD only, 
CTAC@Nb2C-MSN-PEG-RGD combined with laser 

 
Figure 4. In vitro photothermal conversion assessment of CTAC@Nb2C-MSN. (A) UV-vis spectra of CTAC@Nb2C-MSN at different concentrations (5, 10, 20, 40 
and 80 μg/mL) in aqueous solution. Inset: mass extinction coefficient of CTAC@Nb2C-MSN at λ = 1064 nm. Normalized absorption intensity at 1064 nm divided by length of the 
cell (A/L). (B) Temperature changes of CTAC@Nb2C-MSN aqueous solution with NIR-II laser (1064 nm, power density: 1.5 W/cm2) irradiation at elevated concentrations (31, 
61.5, 125, 250 and 500 μg/mL). (C) Photothermal heating curves of CTAC@Nb2C-MSN dispersed in aqueous solution irradiated by different power intensities (0.5, 0.75, 1.0, 
1.25 and 1.5 W/cm2) of NIR-II laser at the wavelength of 1064 nm. (D) Heating curve of CTAC@Nb2C-MSN dispersed in water for three laser on/off cycles irradiated by a 1064 
nm laser at the power intensity of 1.5 W/cm2. (E) Photothermal performance of CTAC@Nb2C-MSN dispersed in aqueous solution under NIR irradiation; the laser was turned 
off when the temperature was stable. (F) Time constant for heat process transfer calculated from the cooling period. 
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irradiation. The laser only and Nb2C-MSN-PEG only 
(without CTAC) groups had no obvious cytotoxicity. 
Comparatively, CTAC@Nb2C-MSN-PEG-RGD 
showed higher cell toxicity as compared to 
CTAC@Nb2C-MSN-PEG because of the targeting 
effect. Importantly, the CTAC@Nb2C-MSN-PEG-RGD 
combined with laser irradiation group exhibited the 
highest cytotoxicity as compared to both 
CTAC@Nb2C-MSN-PEG-RGD only group 
(chemotherapy) and CTAC@Nb2C-MSN-PEG-RGD 
combined with laser irradiation group (PTT), 
demonstrating enhanced efficacy (Figure 6E and 
Figure S10) based on the specific functionalities of 
both the mesoporous silica layer (loading CTAC for 
chemotherapy) and Nb2C MXene core (photothermal 
conversion for PTT). It is notable that this strategy 
simply employs the in situ self-assembled CTAC 
within the mesopores as the chemotherapeutic agent 
rather than traditional surfactant extraction and 

further chemodrug loading. In addition, the surface 
RGD targeting increased the uptake of these planar 
nanocomposites into cancer cells to further enhance 
therapeutic efficacy. Furthermore, both flow 
cytometry for analysis of apoptosis of cancer cells 
(Figure 6F-G) and CLSM observation of live/dead 
cells (Figure 6H) demonstrate that CTAC@Nb2C- 
MSN-PEG-RGD combined with laser irradiation 
exhibited the highest therapeutic efficacy for inducing 
cancer cell apoptosis and death. 

In vitro and in vivo PA imaging 
Typically, photothermal nanoagents are featured 

with performance in photoacoustic (PA) imaging 
[65-69], which is also expected for CTAC@Nb2C- 
MSN-PEG-RGD composite nanosheets because of 
their high photothermal conversion capability. To 
demonstrate this assumption, a set of experiments on 
a PA imaging system was conducted. The in vitro high 

 

 
Figure 5. In vitro CTAC cytotoxicity against U87 cancer cells. (A) Schematic illustration of CTAC@Nb2C-MSN-PEG-RGD for enhanced chemotherapy and PTT against 
cancer cells. Relative cell viability of U87 cancer cells after incubation with (B) Nb2C-MSN-PEG, (C) CTAC@Nb2C-MSN-PEG and (D) CTAC at elevated concentrations for 12 
h and 24 h. (E) Flow-cytometry apoptosis assay of U87 cells after incubation with CTAC at different concentrations followed by staining with Annexin-FITC and PI, and (F) 
corresponding quantitative analysis of U87 cells at different stages (Q1: dead cells; Q2: late apoptotic cells; Q3: early apoptotic cells; Q4: live cells). 
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PA signal intensity can be observed in Figure 7A at a 
range from 680 nm to 900 nm, and the PA values 

depend linearly on the concentration of CTAC@Nb2C- 
MSN-PEG-RGD (Figure 7B). 

 

 
Figure 6. In vitro chemo/PTT-based enhanced cancer therapy against U87 cancer cells. (A) CLSM images of U87 cells incubated with FITC-labeled Nb2C-MSN-PEG 
and Nb2C-MSN-PEG-RGD at a concentration of 100 μg/mL for 0, 1, 2 and 4 h. Scale bar: 40 μm. Flow cytometry result of intracellular uptake of (B) FITC-labeled 
CTAC@Nb2C-MSN-PEG and (C) CTAC@Nb2C-MSN-PEG-RGD after incubation with U87 cells for different time intervals (0, 1, 2 and 4 h) and (D) corresponding uptake 
percentage analysis to show the targeting efficacy. (E) Relative cell viability of U87 cells after 24 h incubation by different treatments, including control (without treatment), laser 
only, Nb2C-MSN-PEG only, Nb2C-MSN-PEG combined with laser irradiation, CTAC only group, CTAC@Nb2C-MSN-PEG only, CTAC@Nb2C-MSN-PEG combined with laser 
irradiation, CTAC@Nb2C-MSN-PEG-RGD only, and CTAC@Nb2C-MSN-PEG-RGD combined with laser irradiation (**P < 0.01, ***P < 0.001). The scale bar is 40 μm. (F) Flow 
cytometry apoptosis assay of U87 cells under different treatments followed by staining with Annexin-FITC and PI and (G) corresponding quantitative analysis of U87 cells at 
different stages (Q1: dead cells; Q2: late apoptotic cells; Q3: early apoptotic cells; Q4: live cells). (H) CLSM images of U87 cells after different treatments, followed by staining 
with PI (red fluorescence) and calcein-AM (green fluorescence) (Scale bar: 40 μm). 
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Figure 7. In vitro and in vivo PA imaging performance of CTAC@Nb2C-MSN-PEG-RGD. (A) PA signal intensity of CTAC@Nb2C-MSN-PEG-RGD at varied 
wavelengths of laser excitation. (B) PA signal intensity of CTAC@Nb2C-MSN-PEG-RGD at elevated concentrations (0, 31.25, 62.5, 125, 250 and 500 μg/mL), and (inset image) 
corresponding in vitro PA images of CTAC@Nb2C-MSN-PEG-RGD. (C) In vivo 2D ultrasound images, PA images and merged ultrasound and PA images of the tumor region 
(yellow arrow means the focal depth of the PA transducer) after intravenous administration of CTAC@Nb2C-MSN-PEG-RGD via the tail vein at different time points (pre, 4 h, 
and 24 h), and (D) the corresponding quantitative changes in PA signal intensity. 

 
The in vivo PA imaging property of 

CTAC@Nb2C-MSN-PEG-RGD was then evaluated. 
Tumor-bearing mice were injected with 
CTAC@Nb2C-MSN-PEG-RGD via the tail vein and PA 
images were taken at different time intervals after the 
injection. It was found that CTAC@Nb2C- 
MSN-PEG-RGD gradually accumulates into the 
tumor tissue and generates obvious PA signal in the 
tumor (Figure 7C), which was further reveled by 
quantitative PA signal measurement (Figure 7D). 
These desirable in vitro and in vivo data strongly 
demonstrate the high potential of CTAC@Nb2C- 
MSN-PEG-RGD as a contrast agent for PA imaging, 
providing the potential for guidance and monitoring 
of enhanced therapies by these 2D composite 
nanosheets. 

In vivo targeted and enhanced chemotherapy 
and PTT of U87 tumor xenograft 

During in vivo enhanced therapeutic 
applications, CTAC@Nb2C-MSN-PEG-RGD compo-
site nanosheets initially extravasate into the tumor 
tissue by passive targeting via the enhanced 
permeability and retention (EPR) effect, and then are 

preferentially taken up by cancer cells via RGD 
recognition (Figure 8A). Upon arriving at the tumor 
tissue, CTAC gradually releases from the composite 
nanosheets for chemotherapy. Laser irradiation in the 
NIR-II biowindow activates the Nb2C core in 
CTAC@Nb2C-MSN-PEG-RGD for photothermal 
conversion, which quickly increases the temperature 
of the tumor tissue and induces tumor photothermal 
ablation. The blood circulation of CTAC@Nb2C- 
MSN-PEG-RGD was initially evaluated, and its 
half-life in the bloodstream was calculated to be 55.6 
min (Figure 8B). In addition, its clearance rate in the 
first 2 h was (0.40 μg/mL/h), which is much higher 
(Figure 8C) than that of the following 22 h (0.03 
μg/mL/h). 

To show the in vivo targeting efficacy, both 
CTAC@Nb2C-MSN-PEG-RGD (with RGD targeting) 
and CTAC@Nb2C-MSN-PEG (without RGD 
targeting) were intravenously administrated into U87 
subcutaneous tumor-bearing mice. It was found 
(Figure 8D) that CTAC@Nb2C-MSN-PEG-RGD 
efficiently accumulated into the tumor tissue with 
targeting efficacies of 5.47%, 9.57% and 5.75% at 2 h, 4 
h and 24 h after intravenous injection, respectively. In 
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comparison, the intravenous administration of 
CTAC@Nb2C-MSN-PEG without RGD-targeting 
function achieved much lower targeting efficacies of 
2.05%, 4.20% and 1.32% at 2 h, 4 h and 24 h after 
administration, respectively. This result demonstrates 
that the RGD-targeting design on the surface of the 
composite nanosheets favors their accumulation into 
tumor tissue, which could guarantee further 
enhanced therapeutic treatment. 

Upon laser irradiation in the NIR-II biowindow, 
the temperature of the tumor tissue elevated rapidly 
after intravenous administration of CTAC@Nb2C- 
MSN-PEG-RGD composite nanosheets (Figure 8E-F). 
The surface temperature of the tumor reached as high 
as 52.3 °C after 10 min of irradiation, which was 
sufficiently high to ablate the tumor tissue. 
Comparatively, the tumor temperature did not 
obviously increase without injection of these 

composite nanosheets, further indicating the 
functionality of CTAC@Nb2C-MSN-PEG-RGD 
composite nanosheets for assisting photothermal 
conversion. After the photothermal hyperthermia and 
continuous chemotherapy, the status of 
tumor-bearing mice and the tumor tissue was 
monitored during the following fifteen days, where 
significantly enhanced tumor suppression was 
observed in tumor-bearing mice after treatment with 
CTAC@Nb2C-MSN-PEG-RGD composite nanosheets 
followed by NIR-II laser irradiation (Figure 8G). 

Systematic in vivo therapeutic evaluation was 
then assessed in treatment groups of control, laser 
only, CTAC@Nb2C-MSN-PEG-RGD, and CTAC@ 
Nb2C-MSN-PEG-RGD combined with laser 
irradiation in the NIR-II biowindow (1064 nm). The 
body weights of tumor-bearing mice after different 
treatments showed no significant variation (Figure 

 

 
Figure 8. In vivo pharmacokinetic analysis, biodistribution and photothermal effect. (A) The scheme of in vivo enhanced chemotherapy and PTT as assisted by 
CTAC@Nb2C-MSN-PEG-RGD for tumor treatment. (B) The blood circulation curve (ExpDec 2 means double exponential decay) of Si element concentration after intravenous 
injection of CTAC@Nb2C-MSN-PEG-RGD and (C) the corresponding elimination rate curve calculated from the blood circulation curve (comp means component). (D) The 
biodistribution of Nb (%ID of Nb per g of tissues) in main organs and tumor tissue after intravenous injection of CTAC@Nb2C-MSN-PEG-RGD for 2 h, 4 h and 24 h. (E) 
Temperature elevation of the tumor in U87 tumor-bearing mice under 1064 nm laser irradiation at a laser intensity of 1.5 W/cm2 for 600 s with or without intravenous 
administration of CTAC@Nb2C-MSN-PEG-RGD, and (F) corresponding IR images of U87 tumor-bearing mice under irradiation at varied time intervals (0, 1, 2, 3, 4, 5, 6, 7, 8, 
9 and 10 min). (G) Digital photographs of mice for 15 days after the different treatments. 
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9A). In addition, hematoxylin and eosin (H&E) 
staining of major organs (heart, liver, spleen, lung and 
kidney) from U87-bearing nude mice 1 d and 15 d 
after various treatments also exhibited no obvious 
pathological changes (Figure S11 and Figure S12), 
indicating high therapeutic biosafety. Importantly, the 
tumor-bearing mice in the group of 
CTAC@Nb2C-MSN-PEG-RGD combined with laser 
irradiation in the NIR-II biowindow (1064 nm) 
exhibited significantly enhanced tumor-suppression 
effect with the tumors almost completely eradicated 
after the enhanced treatment (Figure 9B-D). The 

tumor inhibition efficiency reached 92.37% (Figure 
9E-F), much higher than that of the 
CTAC@Nb2C-MSN-PEG-RGD chemotherapeutic 
group (35.96%). Combined with pharmacokinetic 
analysis, biodistribution results and targeting 
assessment, this high therapeutic efficiency is 
attributed to the efficient accumulation of 
CTAC@Nb2C-MSN-PEG-RGD composite nanosheets 
into the tumor tissue and further enhanced 
chemotherapy (by loaded CTAC) and photothermal 
hyperthermia (by Nb2C MXene core). 

 

 
Figure 9. In vivo enhanced chemotherapy/PTT. (A) Time-dependent body-weight curves and (B) tumor-volume curves of U87 tumor-bearing mice in different groups 
(control group, CTAC@Nb2C-MSN-PEG-RGD only group, laser only group, CTAC@Nb2C-MSN-PEG-RGD combined with laser group). (C) Digital photos of U87 
tumor-bearing mice and their tumor regions after varied treatments at day 15 post treatment, and (D) isolated tumor tissue after different treatments. (E) Tumor-inhibition rate 
and (F) the tumor volumes/weights of isolated tumors from each group at day 15 post treatment. (G) H&E staining, TUNEL staining and Antigen Ki-67 immunofluorescence 
staining in the tumor region of each group at day 15 post treatment. Scale bar: 50 μm. Accumulated (H) Nb excretion and (I) Si excretion after intravenous injection of 
CTAC@Nb2C-MSN-PEG-RGD at different time points (2, 6, 12, 24, 48, and 72 h). 
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To determine the cell apoptosis of enhanced 
chemo/photothermal therapy by CTAC@Nb2C- 
MSN-PEG-RGD combined with NIR-II laser 
irradiation, H&E, TdT-mediated dUTP nick-end 
labeling (TUNEL) and Antigen Ki-67 antibody were 
used to stain the tumor tissues. H&E and TUNEL 
images (Figure 9G and Figure S13) show that the 
group with highest efficacy for killing U87 cancer cells 
was CTAC@Nb2C-MSN-PEG-RGD combined with 
1064 nm laser irradiation as compared to the groups 
of control, laser only and CTAC@Nb2C-MSN- 
PEG-RGD only. The proliferative status of the cancer 
cells was evaluated by Ki-67 antibody staining (Figure 
9G), and the results also match the H&E and TUNEL 
results, suggesting high enhanced therapeutic efficacy 
based on CTAC@Nb2C-MSN-PEG-RGD as chemo-
therapeutic and photothermal conversion agent. 
Finally, the possible excretion pattern of these 
CTAC@Nb2C-MSN-PEG-RGD composite nanosheets 
was preliminarily assessed. Both Nb (Figure 9H) and 
Si (Figure 9I) elements were found in the feces and 
urine, indicating that these composite nanosheets 
could gradually excrete out of the body via feces and 
urine, which is expected to avoid the accumulation 
risk of these nanoplatforms after their therapeutic 
purpose and further guaranteeing high therapeutic 
biosafety. 

Conclusions 
In summary, we have successfully constructed a 

“therapeutic mesopore” layer onto the surface of 2D 
Nb2C MXene, which not only favors the surface 
engineering of 2D MXenes but also enhances their 
photothermal therapy by supplementary 
chemotherapy. In contrast to traditional chemodrug 
loading into mesopores, this work innovatively keeps 
the in situ self-assembled mesopore-making agent 
CTAC within the mesopores for chemotherapy, which 
avoids the tedious steps of surfactant extraction and 
chemodrug loading, and simultaneously guarantees 
high drug-loading capacity (32.57%). In particularly, 
such a “therapeutic mesopore” coating makes surface 
engineering possible, and efficient surface-targeting 
modification was achieved by RGD conjugation for 
selective recognition of integrin αvβ3 overexpressed 
on the cancer cell membrane. The unique 
photo-responsiveness of the 2D Nb2C core in the 
composite nanosheets was demonstrated to exhibit 
high photothermal conversion capability (η: 28.6%) 
upon external laser irradiation in the NIR-II 
biowindow (1064 nm). Systematic in vitro and in vivo 
assessments demonstrated enhanced therapeutic 
efficacy of the “theranostic mesopore”-coated 2D 
Nb2C against U87 brain cancer cells, not only at the 
intracellular level but also against subcutaneous 

tumor xenografts in nude mice (inhibition efficiency: 
92.37%). The high therapeutic biosafety and easy 
excretion of these composite nanosheets was also 
revealed. This work not only provides an efficient 
strategy for surface engineering of 2D MXenes for 
satisfying versatile application requirements, but also 
significantly broadens the biomedical applications of 
2D Nb2C MXene for enhanced cancer therapy (PTT 
and chemotherapy in this case). 
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