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ABSTRACT: Photothermal therapy (PTT) based on two-dimensional (2D)

nanomaterials has shown significant potential in cancer treatment. However,

developing 2D nanomaterial-based theranostic agents with good biocompatibility

and high therapeutic efficiency remains a key challenge. Bulk titanium (Ti) has

been widely used as biomedical materials for their reputable biocompatibility,

whereas nanosized Ti with a biological function remains unexplored. In this work,

the 2D Ti nanosheets (NSs) are successfully exfoliated from nonlayer bulk Ti and

utilized as an efficient theranostic nanoplatform for dual-modal computed

tomography/photoacoustic (CT/PA) imaging-navigated PTT. Besides the

excellent biocompatibility obtained by TiNSs as expected, they are found to

show strong absorption ability with an extinction coefficient of 20.8 L ¢~' cm™" and

high photothermal conversion ability with an efficiency of 61.5% owing to localized

surface plasmon resonances, which exceeds most of other well-known photo-

thermal agents, making it quite promising for PTT against cancer. Furthermore,

the metallic property and light-heat-acoustic transformation endow 2D Ti with the strong CT/PA imaging signal and efficient
cancer therapy, simultaneously. This work highlights the enormous potential of nanosized Ti in both the diagnosis and
treatment of cancer. As a paradigm, this study also paves a new avenue for the elemental transition-metal-based cancer
theranostics.

KEYWORDS: titanium nanosheet, photothermal therapy, photoacoustic imaging, liquid-phase exfoliation, theranostic agent

1. INTRODUCTION

Biomedical materials cover a wide scope and must exhibit a
special property for one exact bio-application. The prerequisite
for all biomedical materials, however, is the biocompatibility.
Titanium (Ti) was first introduced in dentistry and surgeries in

rejected by the body nor induce immune response after
implantation. The main reason of Ti for its biocompatibility is
some unique physical properties, including high resistance to
corrosion,” low electronic conductivity, stable thermody-

namic state at physiological environment, and low ion-

the 1940s to 1950s. Nowadays, Ti and its alloys are among the
most attractive and important biomaterials."” They are
normally applied as implant devices to take the place of the
disabled hard tissues, including artificial hip joints, knee joints,
bone plates, cardiac valve prostheses, artificial hearts, and
dentistry devices.”* The wide use of Ti in biomedicine is

mainly due to its biocompatibility. It is nontoxic and won’t be

-4 ACS Publications  © 2019 American Chemical Society

. . . . . 2
production potential in water-based dispersions.
In recent years, Ti-based composite nanomaterials are
emerging as novel therapeutic agents against cancers. Titanium

Received: March 16, 2019
Accepted: May 30, 2019
Published: May 30, 2019

DOI: 10.1021/acsami.9b04628
ACS Appl. Mater. Interfaces 2019, 11, 22129-22140


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b04628
http://dx.doi.org/10.1021/acsami.9b04628

ACS Applied Materials & Interfaces

Research Article

Figure 1. Schematic representation of the exfoliation and cancer theranostic applications of TiNSs.

carbide (TiyC,) composite is one kind of MXene, which is an
emerging class of two-dimensional (2D) early transition-metal
carbides. Ti;C, MXene was reported to be an effective 2D
photothermal material for photothermal evaporation system.’
Given the high photothermal efficiency of Ti;C, MXene, it was
also employed for photothermal therapy (PTT) with efficient
tumor ablating ability’ ~” and synergistic PTT/photodynamic/
chemo therapy.'® Titanium nitride (TiN) was shown to be a
plasmonic material in both visible and near-infrared wave-
lengths, and its performance is comparable to that of gold
nanoparticles.'’ Recently, plasmonic TiN was demonstrated to
be a theranostic agent for photoacoustic (PA) imaging and
PTT." Titanium dioxide (TiO,) has a wide band gap, and it
can efficiently absorb UV light and produce oxidative
radicals.”® After doping with nitrogen, the absorption of visible
light was improved, resulting in larger radical production,
making it promising for in vivo PDT of cancer.'”"* In addition,
2D TiS, nanosheets (NSs) were fabricated by a bottom-up
method, and the prepared TiS, NS can serve as a PA agent for
in vivo imaging and photothermal agent.'® As a new 2D-metal
oxide/sulfide hybrid nanostructure, ultrathin Ti,Ta,_,S,0, NS
was reported to exhibit a high absorption and conversion
ability with the extinction coefficient up to 54.1 L g~' cm™ and
the photothermal conversion efficiency (PTCE) of 39.2% at
808 nm."” Recently, magnetic Ti;C, MXene nanocomposite
was constructed for highly efficient cancer theranostics."® All
these reports prove that the Ti-based composites could be an
efficient photothermal and imaging agent owing to their
common localized surface plasmon resonances (LSPR).
Plasmonic materials have been extensively explored as
photosensitizers for PTT in NIR region over the past
decade."”™*' Compared to conventional photosensitizers,
plasmonic materials not only possess stronger NIR light
absorption, owing to LSPR, but also exhibit higher photo-
stability.21 Noble metals, such as Au, Pd, and Pt, are typical
plasmonic materials and have been extensively investigated as

photothermal agents.””~>® Besides the photothermal effect,

they are also attractive for other biomedical uses, such as drug
delivery,29 sensing,30 and imaging.‘?’l’32 However, the early
transition metals with high potential for efficient photothermal
conversion owing to their LSPR effect are yet to be explored.

Although liquid-phase exfoliation (LPE) has been widely
used for fabrication of 2D nanomaterials such as graphene,
black phosphorus, Ti;C, MXene, and MoS,, most of them are
layered materials.”> ™ The nonlayered 2D materials with
anisotropic bonding characteristics can be exfoliated into 2D
form by the LPE method, such as ZnSe* and CoSe,.*'
Recently, we successfully fabricated 2D selenium NSs and
tellurium NSs, which are nonlayer materials with intrinsic
anisotropy.””*’ The successful fabrication intrigues us to
explore the possibility of fabricating the 2D materials from
other nonlayer materials with mechanical anisotropy by the
LPE technique. Compared to other fabrication methods, LPE
can be conducted under ambient conditions and is easy for a
quantity production. Further, the resultant 2D nanomaterials
have higher specific surface area, which is potential for higher
drug loading capacity and thus better treatment effect for
diseases such as cancers when compared to quantum dots
(QDs) or 3D nanomaterials.

In this contribution, based on the widely used biocompatible
material of Ti, we report the fabrication and theranostic use of
a novel type of 2D nanomaterials, the TiNSs (Figure 1). It is
interesting to find that nonlayer bulk Ti can be processed to
give a 2D form (TiNSs) using LPE. TiNSs showed strong NIR
light absorbance and efficient photothermal conversion, as
evaluated by both extinction coefficient and PTCE. Moreover,
the as-prepared TiNSs can also serve as contrast agents for
dual-modal PA and computed tomography (CT) imaging of
tumor. This work proposes the novel fabrication method for
2D TiNSs for the first time and investigates its biophotonic
potential for tumor imaging and imaging-guided cancer
therapy.
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Figure 2. Characterizations of exfoliated TiNSs and TiNSs-PEG. Materials were characterized in various techniques. (A) TEM and (B) AFM image
of TiNSs and Ti QDs. (C) Crystal lattice observed by high-resolution TEM and SAED of TiNSs. (D—F) XPS, XRD, and Raman spectra of bulk Ti
and TiNSs. (G) FTIR spectra of pure PEG, TiNSs, and TiNSs-PEG. (H) AFM image of TiNSs-PEG. (I) Size distribution of TiNSs and TiNSs-
PEG characterized by DLS. (J) STEM energy-dispersive system mapping of TiNSs-PEG.

2. RESULTS AND DISCUSSION

2.1. Fabrication and Characterization. Bulk Ti is a
nonlayered metal material with a hep crystal structure, which
presents mechanical anisotropy. Therefore, it can be
theoretically exfoliated by LPE. By using a LPE method
depicted in Figure 1, as expected, morphology character-
izations showed that typical 2D TiNSs were obtained (Figure
2). As for other 2D layered materials, isopropyl alcohol (IPA)
was chosen as the solvent for this exfoliation. Compared with
other liquid choices such as N-methyl-2-pyrrolidone,™ this
solvent can be easily evaporated to ensure that the surface of
the obtained TiNSs is free of impurities for subsequent
biological experiments. Moreover, the exfoliation efficacy in
IPA is compared with that in water (Figure Sla), and IPA
shows a higher efficiency shown by the enhanced absorbance
for IPA-exfoliated TINSs. The exfoliation process is shown by
the gradually enhanced absorbance as the exfoliation time
increases (Figure S1b).

To obtain 2D TiNSs with the appropriate dimensions,
dispersions of TiNSs were subjected to different degrees of
centrifugal force and then characterized by typical techniques,

including atomic force microscopy (AFM) and transmission
electron microscopy (TEM). Different sized TiNSs observed
for different centrifugal forces show different absorption
abilities (Figure S2). The TEM image for the centrifugal
force of 2000g (Figure 1A) shows the morphology of typical
TiNSs with lateral dimension of less than ~50 nm.
Additionally, some Ti QDs can also be observed. The AFM
characterization (Figure 2B) shows the ultrathin TiNSs with
thickness of less than 5 nm. Clear lattice stripes with an
interatomic distance of 0.24 and 0.26 nm are observed (Figure
2C). The selected-area electron-diffraction (SAED) pattern
suggests the typical crystalline features of a-Ti (inset of Figure
2C).* Fast Fourier Transformation of the lattice stripes also
shows the expected crystallographic lattice reflections of the
TiNSs (inset of Figure 2C).

The chemical component and crystal phase of bulk Ti and
TiNSs were compared through X-ray photoelectron spectros-
copy (XPS) techniques. In Figure 2D, there are two XPS peaks
locating at 458.58 and 454.33 eV, which come from the
binding energy of the Ti 2p;,, and Ti 2p,,, orbitals,
respectively, for both bulk Ti and TiNSs.***” The XPS peak
at 464.33 eV indicates the presence of TiO,."* X-ray diffraction
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Figure 3. Light absorbance and photothermal performance of TiNSs. (A) Dispersion of TiNSs in water for different concentrations. (B)
Absorption spectra of TiNSs. (C) Photothermal temperature increase of water dispersion of TiNSs. (D) Absorbance normalized by the length of
light path (A/L) at 808 nm. (E) Linear fitting relationship between —In @ and cooling time in one photothermal cycle, to determine the PTCE. (F)
Photothermal stability for several photothermal cycles. The stable photothermal performance of TiNSs was clearly observed. (G) Laser stability of
TiNSs over 2 h shown by absorbance. (H,I) Temporal stability of absorbance and photothermal temperature over 30 days.

(XRD) was further characterized. The XRD pattern of
exfoliated TiNSs exhibits typical Ti crystal diffraction peaks
as bulk Ti (Figure 2E).*"* In Figure 2F, the bulk Ti and
TiNSs exhibited similar Raman peaks. A sharp peak at 140.5
cm™! was observed for bulk Ti, which is assigned to the zone-
center E,, mode of hcp titanium.”® For exfoliated TiNSs, a
peak at 143.8 cm™ indicates a Raman shift for the ultrathin
TiNSs. The peaks at ~200 cm™' for both bulk Ti and
exfoliated TiNSs arise as a result of TiO,.”'

These characterizations confirmed the dimensions, compo-
sitions, and crystal features of the exfoliated Ti nanomaterials,
demonstrating the successful fabrication of 2D TiNSs.
Therefore, the LPE method can be used to exfoliate
nonlayered metal materials with anisotropic crystal structures
in three dimensions besides layered materials with van der
Waals’ interactions. This widely expands the scope of the LPE
method and means that more nonlayered 2D transition metal
can be explored.

After being illuminated with UV light, the hydrophilic TiO,
can be produced in the surface of TiNSs. Furthermore, the
stability of TiNSs in the physiological medium can be
improved by surface coating with polyethylene glycol (PEG).
PEG was chosen in light of its biocompatibility and approval
for medical use by the FDA. The success of this coating was
characterized through scanning TEM (STEM) mapping and
Fourier transform infrared spectroscopy (FTIR). For the
TiNSs, the intense band at ~3400 cm™ was reported to be
resulted from the OH stretching. The composition of TiO, in
the surface of TiNSs is also confirmed in the XPS and Raman

measurements (Figure 2D,F). Thus, the OH group was
produced by TiO, and made the surface of TiNSs hydro-
philic.’>** Compared with the spectrum of TiNSs, two
additional FTIR peaks emerged at ~1100 and ~2900 cm™
for the PEGylated TiNSs (TiNSs-PEG). Comparison with the
pure PEG spectrum (Figure 2G) showed that these two peaks
can be assigned to PEG coating. The absorption band at
~2900 cm™! comes from the C—H vibration, and that at
~1100 cm™ is assigned to C—O stretching in the PEG unit,
indicating the successful PEGylation of TiNSs. The thickness
of TiNSs-PEG from the AFM image is ~10 nm (Figure 2H),
which is slightly thicker than TiNSs (Figure 2B). The size
range of TiNSs-PEG shifts to a larger value compared to
TiNSs, as demonstrated by dynamic light scattering (DLS)
characterization (Figure 2I). Moreover, the STEM mapping
showed the colocalization of Ti with other three elements, C,
O and N, which derive from the surface coated PEG (Figure
2J). The dispersion stability can be enhanced by this PEG
decoration (Figure SS).

2.2. Light Absorbance and Photothermal Perform-
ance. Extinction coefficient defines the capacity that materials
absorb light. A high extinction coefficient is a prerequisite for
effective photothermal agents. To characterize this value for
TiNSs, the optical absorption at different concentrations was
measured. The photograph of TiNSs dispersed in water at
concentrations of 10, 25, 50, and 100 ppm is shown in Figure
3A. The concentration (C) was measured using inductively
coupled plasma atomic emission spectroscopy (ICP—AES).
The 100 ppm dispersion was completely opaque because of the
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strong absorption of TiNSs. The optical absorption spectra of
TiNSs at different concentrations (Figure 3B) shows a broad
and strong absorption band covering from UV to NIR regions,
same as those of other nonmetallic layered 2D materials, such
as GO,>* MoS,,** WSZ,56 and BP.%’ Strong absorption in the
NIR region is necessary to take advantage of the NIR
transparent window (750—1000 nm) of biological tissue for
PTT.”® The ratio of normalized absorbance (A) with the light
path length (L) in the measurement cuvette (A/L) at 808 nm
was determined at different concentrations (Figure 3C). Then,
the extinction coefficient (k) is then calculated to be 20.8 L g~
cm™! at 808 nm, which is 5.3 times greater than that of AuNRs
(3.9 L g" em™),” on the basis of the Lambert—Beer law (A/
L = kC). The TiNSs is also superior to other reported 2D
materials in comparing with their extinction coefficient [GO
NSs (3.6 L g™ em™) * and BPQDs (14.8 L g em™).”” For
the larger-sized TiNSs (100—200 nm), the absorption
becomes weaker as shown by the relatively small extinction
coefficient (16.2 L g~' cm™") (Figure S3).

Besides the absorption ability, the PTCE (#) is also the key
parameter for characterizing photothermal performance. To
evaluate the PTCE, the TiNSs with different concentrations of
TiNSs in water were irradiated by an 808 nm laser (1.0 W
cm™2), which obeys the principle of that maximum permissible
exposure for skin is limited to be 1.0 W cm™ (American
National Standard for Safe Use of Lasers, ANSI Z136.1-
2007).°”% It is observed that even at a low concentration of 50
ppm, the temperature can increase from room temperature to
58.5 °C after 10 min irradiation (Figure 3D).

According to Roper’s report,”’ the energy equilibrium for
photothermal system is

dT
mC, — = Q'TiNSs + Q's - Q'loss

Pogt (1)

where m, C, and T are the mass, heat capacity, and
temperature of the solvent, respectively, Qriygs is the laser
energy input of TiNSs, Q, is the dissipated energy by the
solvent, and Q. is conductive heat transfer from the
photothermal system to ambient.

The heat source term induced by laser, Qs represents the
heat caused by electron—phonon relaxation of the localized

plasmon at the surface of TiNSs
Qpyg, = 1(1 = 1074)y 2)

I is laser power density, Agpg is the light absorbance of the
TiNSs at 808 nm, and 7 is the PTCE.

The heat loss term Qy, is linear to the temperature of the
photothermal system

Qloss = hA(T - Tsurr) (3)

h is heat transfer coefficient, A is the heat transfer area, and
Ty is the ambient temperature.

The temperature of the photothermal system increases upon
laser irradiation. The heat loss (Qy,) also increases
accompanying with the rise of temperature shown by eq 3.
Finally, the temperature of photothermal system reaches an
equilibrium value when the heat loss equates to the produced

heat

QTiNSs + QS = Qloss—equ = hA(TEqu - ’I;urr) (4)

Qioss-equ Tepresents the heat transfer off the system when the
equilibrium temperature (T,,,) is obtained. By substituting eq
2 into eq 4, the PTCE (7) can be obtained

hA(’Iéqu - Tsurr) - QS
11 = 10%) ()

n

To calculate hA, a driving force parameter of temperature
increase, 6, is introduced

_ T T
T — T ©)
and the heat transfer constant of photothermal system is
mc
T ?)

Substituting 6 and 7 into 2 and obtaining

ﬁ _ l QTiNSs + Qs _ 0
dt T hA(Te - Tsurr) (8)
when the laser is off, the TiNSs solvent cools down and Qs
+ Qgis = 0. The eq 8 can be reduced to
do
dt = -7, —
-5 ©)

After integrating, the expression becomes

qu

t=—-7,In0 (10)

In the cooling period, the heat transfer constant was
measured and then calculated to be 7, = 166.55 s (Figure 3E).
The mass (m) of the solvent is 1 g, and the heat capacity (CP)
is 4.2 J-g”". Then, hA can be determined according to eq 7.
Substituting hA into eq S, the PTCE (1) of TiNSs was
calculated to be as high as 61.5%, which indicates that the
TiNSs can efficiently produce heat through light energy
conversion. The determined value was significantly larger than
other important photothermal agents, including Au nano-
particles (21%),°7%* MoS, (24.4%),°* BPQDs (28.4%),”
recently reported Ti;C, MXene (30.6%),° BP-analo(gue SnS
(39.3%),°° and antimonene QDs (AMQDs, 45.5%).%°

In addition to the extinction coefficient and PTCE, the
photothermal stability is an important property for PTT.
Figure 3F shows six photothermal cycles at concentrations of
25 and 50 ppm. In one photothermal cycle, the sample is
irradiated intermittently by laser in each 10 min, and the
temperature first increases to a saturation level and then drops
down to room temperature in natural cooling process (Figure
3F). For the 25 ppm concentration, the maximum temperature
during the six cycles remains consistent, illustrating that the
TiNSs did not appreciably deteriorate during the 2 h
photothermal process. However, for the S0 ppm sample, it
was observed unexpectedly that the peak temperature
increased as the photothermal cycle increased, as shown by
the dotted line. We speculate that this is because water
evaporation results in increasing concentration of TiNSs. This
speculation is further supported by the increased absorbance
after 2 h irradiation (Figure 3G). However, it was unexpectedly
found that there was a slight decrease in the absorbance after 2
h of storage in water, indicating the degradability of TiNSs in
water. The degradability of TiNSs was further demonstrated.
As shown in Figure 3H,I it was found that both the absorbance
and photothermal temperature change decreased significantly
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Figure 4. Toxicity assays. In vitro cytotoxicity of (A) TiNSs and (B) TiNSs-PEG was assessed using SMMC-7721, B16, and J774A.1 cells. Cells
were incubated with TiNS dispersions in the concentrations of 0, 10, 25, 50, and 100 ppm. (C,D) In vivo toxicity. (C) Body weight of mice
measured at the indicated time points and (D) organ conditions assessed by H&E staining at day 1S post intravenous (iv) injection of saline,

TiNSs, or TiNSs-PEG.

Figure S. In vitro photothermal experiments. The photothermal killing effectiveness of (A) TiNSs and (B) TiNSs-PEG on SMMC-7721, B16, and
J774A.1 cells for different concentrations under the same NIR irradiation conditions (1.0 W cm™2, § min). (C) Photothermal cell killing effect of
TiNSs-PEG (50 ppm) for different irradiation time courses. (D) Fluorescent image of photothermal effect on SMMC-7721 cells postirradiation, as
assessed by calcein AM/PI staining 6 h after irradiation. n = 3 biological replicates, n.s. stands for non-significant, ***p < 0.001, Student’s t-tests.

after 30 days. Quantitatively, absorbance measurements
showed that 77% of the TiNSs was degraded, but the
photothermal temperature only degraded by 47%. The
degradation product was TiO,, as demonstrated by the XPS
characterization in Figure 2, the degradation product was
TiO,. TiO, may have a significant impact on the decrease in
absorbance but led to only a minor decrease of photothermal
temperature because it can also contribute to the photothermal
temperature rise.”’ %" Moreover, the degradability of TiNSs-
PEG in PBS was also proved (Figure S4).

Consequently, the as-prepared 2D TiNSs showed high
extinction coefficient (20.8 L g™' ecm™), high PTCE (61.5%),
good photostability, and degradability. These properties make
TiNSs quite valuable and promising in many biomedical
applications, such as diagnosis and treatment against cancer
that is further explored in this work.

2.3. Toxicity Assays. Ti metal is well known for its
excellent biocompatibility; however, the cytotoxicity of the
newly fabricated TiNSs had to be evaluated to support their
further biomedical application. The potential cytotoxicity of
both TiNSs and TiNSs-PEG was evaluated in this work.
Tumor microenvironments consist of various kinds of cells,
including tumor infiltrating immune cells. To model the tumor
microenvironment, both cancer and normal cells were
incubated with the TiNSs, including SMMC-7721 (hepatocel-
lular carcinoma), B16 (melanoma), and J774A.1 (macro-
phage). As shown in Figure 4A,B, both TiNS- and TiNSs-
PEG-treated cells exhibited minimal inhibition of proliferation
in CCKS assays posttreatment even at high concentration (100
ppm). Moreover, the targeting effect of TiNSs-PEG to cancer
cells further reduces the potential toxicity to normal cells
(Figure S6).
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Figure 6. Multimodal imaging of TiNSs-PEG. (A) Schematic illustration of PA imaging. PA imaging is an emerging biomedical imaging technique
based on the light-heat-acoustic signal conversion with the notably advantage of enhanced imaging depth in contrast to traditional optical imaging
methods. (B) PA images and (C) PA signal value of tumor site at different time points postinjection (S mg kg™). (D) Schematic illustration of CT
imaging. (E) In vivo CT contrast images and (F) CT signal value before (right) and after (left) intravenous injection (S mg kg™").

The in vivo toxicity of TiNSs was further investigated.
Figure 4C shows that the body weights of the mice treated
with TiNSs or TiNSs-PEG showed no difference from those
injected with saline, suggesting that the TiNSs did not
intrinsically affect the overall condition of the mice. In
addition, the pathological changes of the major organs were
sliced for hematoxylin and eosin (H&E) staining, and no
significant histological abnormalities were found (Figure 4D).
The degradation of TiNSs in main organs was also proved
(Figure S7). Moreover, the hematological parameters of
tumor-bearing mice with different treatments were determined.
As shown in Figure S9, no significant differences were observed
between different treatments, further demonstrating the
nontoxic TiNSs.

Consequently, all of the results demonstrate that TiNSs
were nontoxic both in vitro and in vivo. More importantly, the
excellent biocompatibility of TiNSs is evidenced to be the
intrinsic attribute of Ti, rather than through biocompatible
surface modification, supporting further in vivo PTT.

2.4. In Vitro Photothermal Experiments. Based on the
high photothermal performance and biocompatibility of
TiNSs, high tumor cell killing efficiency of TiNSs was
anticipated. As shown in Figure SA,B, both TiNSs and
TiNSs-PEG showed a clear photothermal killing effect as
concentration increased. SMMC-7721 and B16 cells (75%)
were killed at 20 ppm, and nearly all of the cells can be killed at
a low concentration of 30 ppm. J774A.1 cells were particularly
vulnerable, with only ~25% of the cells surviving after the
photothermal killing process at 10 ppm. The enhanced
efficiency is probably because J774A.1 cells can intake more
TiNSs than cancer cells because of phagocytosis, resulting in
higher photothermal efficiency.

Additionally, we investigated the laser irradiation time
required for 100% cell killing efficacy at 50 ppm. It was
found that a short time of 2 min is enough to kill the vast
majority of the cells (Figure SC). We speculated that the
efficient cell killing could result from the sharp increase in
temperature induced by NIR irradiation. Graphic illustrations
of the photothermal killing effect for different concentrations
of TiNSs are presented in Figure 5D, which is consistent with

results of CCK8 assays. The high photothermal killing effect of
TiNSs toward tumor-retained cells was thus demonstrated.

2.5. Dual-Modal Imaging Performance of TiNSs-PEG.
Given the strong NIR-absorbance and high PTCE of TiNSs in
the NIR region, an emerging imaging strategy, that is, PA
imaging, was explored by employing TiNSs-PEG (Figure 6A).
The in vitro imaging characterizations of TiNSs show an
enhanced contrast for both PA and CT agents (Figure S8).
The cervical-tumor-bearing mice were injected with TiNSs-
PEG (S mg kg™') in an iv way and PA signal was acquired at
consecutive time points. As time increased from 0 to 24 h, the
intensity of PA signal increased gradually because of the
accumulation of TiNSs-PEG by means of the enhanced
permeability and retention effect (Figure 6B,C). The tumor
site was clearly enlightened at 24 h postinjection. Then, the PA
signal decreased owing to metabolism of TiNSs-PEG.
Furthermore, the TiNSs-PEG was investigated as a CT agent
owing to their metallic property for attenuating X-ray (Figure
6D). The saline solution containing TiNSs-PEG (S mg kg™")
was iv injected into the cervical-tumor-bearing mice. Twenty-
four hours postinjection, the CT images and CT signal value
revealed evident tumor contrast (Figure 6E,F). Therefore,
these observations prove that TiNSs-PEG could efficiently
accumulate in the tumor and act as PA and CT agents for bio-
imaging of tumors.

2.6. In Vivo PTT Against Cancer. To estimate the in vivo
anticancer activity, the circulation kinetics and biodistribution
dynamics of TiNSs after iv injection were monitored. The
quantity of TiNSs-PEG circulated in bloodstream was
measured at different points in time, and the half-time of the
blood circulation was determined to be 1.8 h (Figure 7A). The
biodistribution of TiNSs-PEG in tumor and major organs was
investigated at a time point of 24 h after iv injection. The
intratumoral accumulation efficiency was quantified to be 3.5%
ID/g by using ICP—mass spectrometry (ICP—MS) technology
(Figure 7B). The relative long blood circulation time and
efficient tumor site accumulation of TiNSs are beneficial for
high-eflicient in vivo PTT.

Furthermore, the in vivo PTT investigations were conducted
through iv injection of TiNSs-PEG. To study the PTT efficacy,
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Figure 7. In vivo photothermal tumor therapy. (A) Blood circulation period of TiNSs-PEG after iv injection (n = 3). (B) Biodistribution of Ti (%
ID/g of organs) in major tissues and tumor. (C) Infrared images of tumor-bearing mice in G2 (laser only) and G4 (TiNSs-PEG + laser) upon
irradiation. (D) Time-dependent temperature changes at the tumor site. (E) Growth changes of tumor volume of the four groups. (F) Body weight
change of the four groups. (G) Photographs of hepatocellular carcinoma tumor-bearing mice for four groups. To uncover the mechanism of in vivo
PTT of TiNSs-PEG, three straining strategies for pathological changes in tumor slice were employed for each group, including H&E, TUNEL and

Antigen Ki-67 immunofluorescence staining.

hepatocellular carcinoma tumor-bearing mice models were
established and subjected to different treatment: G1: control,
G2: NIR laser only, G3: TiNSs-PEG only (dose of 2 mg kg™"),
and G4: TiNSs-PEG + NIR laser (dose of 2 mg kg™'). The
temperature change at the irradiation site was monitored
during the NIR irradiation period. As shown in the infrared
images in Figure 7C,D, the temperature of the irradiation site
for the laser-only group slightly increased to 42 °C during the
NIR irradiation period. However, for TiNSs-PEG, the
temperature increased to 53 °C during a short irradiation
time (1 min), and then the temperature increased slowly to a
final 61.9 °C in the further irradiation of S min, which was
enough to kill the tumor cell and ablate the tumor.

The tumor volumes of the mice in four groups were
measured every other day (Figure 7E). For G1, G2, and G3, it
was observed that the tumor grew fast during 19 days.

However, tumors of G4 disappeared within 5 days after PTT,
leaving black scars in the tumor sites, confirming the high-
efficient treatment of TiNSs-PEG-based PTT. The weight of
the treated mice was also measured during the course of the
treatment (Figure 7F). We found that the different treatments
had little influence on body weight, indicating that the laser,
TiNSs-PEG, and PTT do not affect growth of mice. Good
biosafety of TiNSs-PEG-based PTT was therefore demon-
strated.

To reveal the mechanism of PTT exerted by TiNSs-PEG,
the tumors of each group were isolated and subjected to three
kinds of staining techniques, including H&E, Ki-67 antibody,
and TdT-mediated dUTP nick-end Labeling (TUNEL)
staining. The tumor ablation effect was observed from H&E-
staining micrographs of G4 (Figure 7G) but not in the other
three groups. Similar to the H&E-staining results, TUNEL
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staining also illustrated much higher cell necrosis in tumor
tissues in G4 group than other three groups. Furthermore, to
evaluate the suppression effect to (cancer cell proliferation, Ki-
67 antibody staining was performed. The G4 group in the 3rd
day exhibited a strong inhibition effect on proliferation of
cancer cell, while the other three groups did not. Taken
together, these observations demonstrated that the high in vivo
photothermal ablation effect of TiNSs-PEG resulted from
comprehensive mechanisms, such as rapid destruction of
tumor, induction of necrosis, and suppression of proliferation
of tumor cells. In aggregates, the TiNSs-PEG-based PTT was
efficient and minimally invasive and thus was a promising
alternative to traditional therapy methods.

3. CONCLUSION

In this work, nonlayered metallic Ti was fabricated into 2D
NSs using a LPE strategy, with an average thickness of ~3 nm
and lateral size of less than 50 nm. Ultrathin TiNSs exhibited a
high absorption ability with an extinction coeflicient of 20.8 L
g~' ecm™". They also showed a high PTCE of 61.5% under NIR
irradiation (808 nm laser), owing to the LSPR resulting from
the metallic nature of TiNSs. This photothermal conversion
ability significantly exceeds those of classic photothermal
agents such as Au and newly emerged 2D materials, such as
MoS,, black phosphorus, and Ti;C, MXene. The TiNSs also
degraded in a relatively short time (77% degradation over 30
days in water at ~30 °C). The degradability may help avoid
long-term damage to the human reticular system and further
improve its clinical potential. In addition to high photothermal
performance, dual-modal contrast-enhanced PA and CT
imaging in vivo were achieved because of the strong NIR
light absorbance and high X-ray response ability of TiNSs,
giving it a diagnostic function for tumor.

All in all, taking together the biocompatibility, biodegrad-
ability, high PTCE and enhanced contrast as PA and CT
agents, TiNSs combine the diagnostic and therapeutic
functions against cancers, making it a promising theranostic
agent for clinical use.

4. EXPERIMENTAL SECTION

4.1. Ti Nanosheets Fabrication. The ultrathin TiNSs were
prepared from bulk Ti using LPE. Ti powder (500 mg) was mixed
with IPA (100 mL). The suspension was then subjected to probe
sonication for 10 h at the power of 240 W. Subsequently, the Ti
dispersion underwent bath sonication at a power of 360 W for 10 h.
The resulting dispersions were centrifuged at 2000g for 30 min to
remove the unexfoliated component. The supernatant containing the
TiNSs was decanted gently and then centrifuged for a further 30 min
at 12 000g. The precipitate was dried in a vacuum drying oven. The
TiNSs-PEG were further prepared. DSPE-PEG (1 mg) was dispersed
in 1 mL of water. TiNSs dispersion (5 mL) in water with a
concentration of 100 ppm was involved sonication for 30 min and
then mixed with PEG solution. The mixture underwent bath
sonication for several min and was stirred for 3 h. Then, to remove
the excess PEG molecules, the resulting mixture was ultrafiltered in
Amicon tubes (MWCO 100 kDa; Millipore) at 1000g until all water
was filtered out and was washed twice using the same method. The
pure TiNSs-PEG was resuspended in ultrapure water or culture media
for further use.

4.2. Characterization. The morphology of TiNSs was observed
by AFM and TEM. The crystalline structure and elemental
composition were measured with HRTEM images, SAED, XRD,
XPS, and ICP—MS. The absorbance and verification of PEG coating
on TiNSs were acquired by using a Cary 60 spectrometer and

measuring the FTIR spectrum, respectively. PTCE and biodegrad-
ability of TiNSs dispersion were also measured.

4.3. Cell Culture. Mouse melanoma cells (B16) and mouse
macrophage cells (J774A.1) were incubated in the Dulbecco’s
modified Eagle medium (DMEM) with high concentrated glucose
(Hyclone). Human hepatocellular carcinoma cells (SMMC-7721)
were incubated in a mixture of Ham’s F-12 medium (Hyclone) and
DMEM with a mixture ratio of 1:1.Pen/Strep (Gibco) (1%) and fetal
bovine serum (Gibco) (10%) were used to supplement the culture
medium and the culture condition is 5% CO, at 37 °C.

4.4. In Vitro Experiments. Cells seeded in 96-well plates were
treated with TiNSs, TiNSs-PEG, or left untreated (Mock). For in
vitro cytotoxicity assays, cells were directly subjected to cell-counting
kit (CCK8) tests (Beyotime Biotechnology) 24 h post TiNSs
incubation. For in vitro photothermal study, cells coexisted with
TiNSs for 4 h and then experienced a radiation using a 808 nm laser
with a power density of 1.0 W cm™ for 5 min. Finally, the cells went
through the CCKS tests following the manufacturer’s instructions 24
h postirradiation. The relative cell viability was normalized to the
Mock samples (concentration of TiNSs = 0 ppm) of each cell line. To
show the photothermal killing effect, cells were subjected to calcein
AM/PI staining (Sigma) 6 h postirradiation. The live cells and dead
cells appear to be green and red color stained by calcein AM and PI,
respectively. The targeting experiments in vitro toward cancer cells
(SMMC-7721) and normal cells (HL-7702) were conducted.

4.5. In Vivo Toxicity. Six-week-old female Balb/c nude mice were
used for toxicity assays and establishment of tumor-bearing mouse
models. Mice were randomly distributed into three groups (n = S each
group) and were intravenously injected with saline, TiNSs, and
TiNSs-PEG at the first day. The dose of TiNSs or TiNSs-PEG was 5
mg kg™'. To monitor the in vivo toxicity, the body weight was
measured every 2 days until the 19th day. The mice were then
euthanized, and the major organs of heart, liver, spleen, lung, and
kidney were incised for H&E staining. Furthermore, the degradation
of TiNSs in vivo was proved at different time points after iv injection.

4.6. Dual-Modal in Vivo PA and CT Imaging. For in vivo PA
imaging, the cervical-tumor-holding mice were intravenously treated
with 200 pL of TiNSs-PEG samples (5 mg mL™'). After the
treatment, the PA experiments were conducted at different times (0,
1, 2, 4, 8, 24, and 48 h). For in vivo CT imaging, 200 uL of TiNSs-
PEG (S mg mL™") was intravenously injected. The mice were set on
the CT equipment to image before injection and postinjection for 24

4.7. In Vivo Photothermal Tumor Therapy. The mice were
randomly distributed into four groups (n = S for each group) for
different treatments by iv injection: group 1, saline; group 2, TiNSs-
PEG; group 3, saline with NIR irradiation; and group 4, TiNSs-PEG
with NIR irradiation. The TiNSs-PEG was injected intravenously in a
dosage of 2 mg kg™'. Twenty-four hours postinjection, the mice were
anaesthetized, and the tumors were irradiated by the 808 nm laser
(1.0 W cm™, 5 min). The temperature of the tumor was measured
using thermography. After the photothermal treatment, the tumor
volumes and body weights were recorded every 2 days. The tumor
size was measured using a caliper, and the volumes were calculated
through the equation (volume = length X width?/2, V=1 X w?/2). At
the 19th day, all of the mice were euthanized, and the organs of heart,
liver, spleen, lung, and kidney were isolated for H&E staining to assess
the possible damage caused by the PTT.

4.8. Haematology Tests. The normal haematology tests were
conducted by measuring red blood cells, white blood cells, platelets,
haemoglobin, mean corpuscular haemoglobin (MCH), MCH
concentration, haematocrit, and mean corpuscular volume.
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