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Abstract

Nanostructures based on metal-organic frameworks (MOFs) have promising potential as theragnostic
nanoplatforms for phototherapy of cancer cells. However, the MOFs alone are seldom reported to be
used as photothermal agents mainly due to their poor near-infrared (NIR) light absorption.

Methods: Ultrathin copper-tetrakis (4-carboxyphenyl) porphyrin (Cu-TCPP) MOF nanosheets were
prepared by a facile solvothermal route. The photothermal therapy (PTT), photodynamic therapy (PDT),
and Ti-weighted magnetic resonance (MR) imaging capabilities and the high biocompatibility of these
composite nanosheets were evaluated in vitro as well as in vivo in a2 mouse tumor model.

Results: The ultrathin Cu-TCPP MOF nanosheets exhibited 1) strong NIR absorption because of the d-d
energy band transition of Cu2+and the ultrathin characteristic translating into excellent photothermal
performance, 2) ability to produce singlet oxygen because of the inherent characteristic of TCPP, and 3)
capability for MR imaging because of the unpaired 3d electrons of copper.

Conclusion: Our study demonstrated that the Cu-TCPP MOF nanosheets are a promising
phototherapy nanoplatform with the synergistic ability for PTT and PDT of cancer, guided by MR and
infrared thermal imaging.
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Introduction

As newly emerging porous materials, approach [8]. MOFs can be used as photosensitizers

metal-organic frameworks (MOFs), constructed by
the combination of metal ions or clusters with
polytopic organic ligands, have drawn extensive
attention as potential candidates for catalysts, sensors,
gas separators, and biomedicines [1, 2]. Especially,
MOFs show great potential in phototherapy of cancer
cells due to their intrinsic biodegradability, high
porosity, structural/chemical diversity, and highly
enriched functionality [3-7]. Compared with
traditional clinical cancer therapies, photothermal
therapy (PTT) and photodynamic therapy (PDT) can
be easily triggered by light as a minimally invasive

(PS) in PDT to kill nearby cancer cells by generating
toxic singlet oxygen (SO). Also, MOF-based materials
as PTT agents can transfer light energy into heat
under near-infrared (NIR) light irradiation, leading to
hyperthermia in tumors.

For the construction of MOFs, special organic
ligands, such as a commercially available PS used in
PDT, tetrakis (4-carboxyphenyl) porphyrin (TCPP),
can be employed. The resultant MOFs can be directly
applied as effective PS for PDT [5, 9]. To achieve
photothermal performance, MOF-based nanocompo-
sites, which combine the advantages of MOFs and
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traditional PTT agents, were developed [3, 4, 10].
However, these nanocomposites require complicated
synthetic procedures. Polyaniline MOF hybrids and
mesoporous  carbon  nanospheres  containing
porphyrin-like zinc centers can be used as MOF-based
nanocomposites for PTT of cancers [3, 4]. The MOFs
alone are seldom used as PTT agents due to their poor
NIR light absorption properties. It has been shown
that the two categories of phototherapies (i.e., PDT
and PTT) could work in a synergistic manner to kill
cancer cells as the photothermal effect enhances the
efficacy of PDT by relieving tumor hypoxia [11-13].
Therefore, a simplified method for the synthesis of
MOF nanomaterials to function as NIR-triggered PDT
and PTT agents is highly desirable.

It has been demonstrated that two-dimensional
(2D)  nanosheets show  better photothermal
performance than bulk materials due to their extreme
thinness that allows them to respond rapidly to
external light [14, 15]. Several kinds of 2D
nanomaterials, such as graphene and graphene oxides
[16, 17], metal oxides [18], and transition metal
dichalcogenides (ITMDs) [14, 15, 19], have been
extensively investigated for PTT. Recently, 2D MOF
nanosheets, as a new member of the 2D family, were
successfully prepared [20]. In particular, the specific
functionality of MOFs could be achieved by changing
the categories of metal ions and ligands [21].
Previously, we have shown that Cu(Il) in copper-
based nanostructures exhibit NIR light absorption
properties [22]. Thus, 2D Cu-TCPP MOF nanosheets
may possess the ability for both SO generation and
NIR absorption for phototherapy of cancers. Recently,
there have been a few studies on 2D Cu-TCPP MOF
nanosheets, but no information is available related to
the PDT/PTT application. Therefore, exploring the
bio-application of Cu-TCPP MOF nanosheets in
cancer therapy would be of great significance.

In this study, ultrathin Cu-TCPP MOF
nanosheets were prepared by a facile solvothermal
method. In the Cu-TCPP MOF nanosheets, Cu* and
Cu?*coexist, leading to the strong NIR absorption due
to the d-d energy band transition of Cu?*. The 808 nm
laser irradiation of Cu-TCPP MOF nanosheets
resulted in effective heating due to their strong NIR
absorption. The nanosheets also possess Ti-weighted
magnetic resonance (MR) imaging capability because
of the unpaired 3d electrons of copper. Furthermore,
the Cu-TCPP MOF nanosheets can generate SO due to
the inherent property (i.e., SO generation) of TCPP.
Finally, we successfully demonstrated that the
ultrathin Cu-TCPP MOF nanosheets could be used as
an efficient “all-in-one” theragnostic agent for MR/IR
thermal imaging and synergistic phototherapy of
cancers. To the best of our knowledge, this is the first

report on the bioapplication of imaging-guided
phototherapy by using ultrathin Cu-TCPP MOF
nanosheets.

Methods

Materials

All chemicals, unless specified otherwise, were
purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China) and used without further
purification. Tetrakis (4-carboxyphenyl) porphyrin
(TCPP) was obtained from TCI, Shanghai, China.

Synthesis of ultrathin Cu-TCPP MOF
nanosheets

Twenty milligrams of TCPP and 05 g of
polyvinylpyrrolidone (PVP) were dissolved in 16 mL
N,N-dimethylformamide (DMF) in a vial under
magnetic stirring. Subsequently, 4 mL of Cu(NOs);
stock solution (25 mg/mL of Cu(NOs3), in DMF) was
added. After stirring for 2 min, the reaction mixture
was kept in an 80 °C oven for 24 h. The product was
collected by centrifugation and washed with ethanol
and water.

Characterization

The morphology, size, and microstructure of
Cu-TCPP MOF nanosheets were determined using a
transmission electron microscope (TEM; JEM-2010F;
Japan) and scanning electron microscope (SEM;
5-4800; Japan). Energy-dispersive X-ray spectroscopy
(EDS) of the sample was carried out using a Bruker
Quantax 400 EDS system attached to a Hitachi S-4800
field emission scanning electron microscope. XRD
measurements were performed on a D/max-2550 PC
X-ray diffractometer (XRD; Rigaku, Japan). UV-vis
absorbance spectra were measured at room
temperature using a UV-visible-NIR spectrophoto-
meter (Shimadzu UV-3600; Japan). XPS measure-
ments were performed by X-ray photoelectron
spectroscopy (XPS; ESCALab250; USA). Fluorescence
intensity of singlet oxygen sensor green (SOSG) was
examined at room temperature under a steady
state/transient fluorescence spectrometer (QM/TM;
USA). The concentration of copper ions released from
Cu-TCPP in the solution was determined by
inductively coupled plasma atomic emission
spectroscopy (ICP-AES; Prodigy; USA). 808 nm
semiconductor lasers were purchased from Shanghai
Xilong Optoelectronics Technology Co. Ltd., China,
whose power could be adjusted externally (0-2 W).
The output power of the lasers was independently
calibrated using a hand-held optical power meter
(Newport model 1918-C, CA, USA). Confocal
fluorescence imaging of cells was performed using a
Leica SP5 laser scanning confocal microscope.
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To measure the photothermal performance, 100
pL of Cu-TCPP MOF nanosheets of various
concentrations were irradiated by an 808 nm
semiconductor laser device at a power density of 1.0
W cm? (~316 mW for a spot size of ~0.316 cm?) for 5
min. The temperature was monitored by a thermal
imaging camera (FLIR A300, USA).

Singlet oxygen generation ability

To assess the generation of singlet oxygen, SOSG
at a concentration of 5 pM was mixed with Cu-TCPP
MOF nanosheets. Each solution was added to a 1 mL
quartz cuvette, which was irradiated with a 660 nm
laser (10 mW cm?) for the specified time. After
irradiation, the nanosheets were removed by
centrifugation. The SOSG fluorescence emission at 525
nm was measured following excitation at 504 nm.

For determination of ROS levels by fluorescence
imaging, Saos-2 cells were cultured with or without
Cu-TCPP nanosheets for 6 h in 4 different groups:
control group, NIR group (660 nm, 10 mW cm?, 15
min), Cu-TCPP group (0.5 mg mL7), and
Cu-TCPP+NIR group (0.5 mg mL-, 660 nm, 10 mW
cm?, 15 min). Then, the fluorescent dye was added
and co-incubated for 50 min. The NIR and
Cu-TCPP+NIR groups were irradiated by 660 nm NIR
laser light (10 mW cm?, 15 min). Subsequently, the
medium was replaced with PBS, and ROS level was
determined by fluorescence microscopy.

MR imaging

Cu-TCPP MOF nanosheets with various
concentrations (0-5.18 mM) were scanned using an
MR imaging scanner (MesoQMR23-060H-I) at room
temperature. The longitudinal relaxivity 11 was
calculated as the reciprocal of Ty (r; =1/Ti) at various
copper concentrations. For in vivo MR imaging, Saos-2
tumor-bearing nude mice were intratumorally
injected with Cu-TCPP MOF nanosheets (100 pL, 5.18
mM) when the tumor size reached about 10 mm.
Small animal MR images were collected and analyzed
on an MR imaging scanner equipped with a special
animal imaging coil. All animal experiments were
performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee.

Cell viability

The in vitro cytotoxicity was evaluated using Cell
Counting Kit-8 (CCK-8) (Dojindo Laboratories,
Kumamoto, Japan). Saos-2 cells were seeded in a 96
well-plate at 1x10* cells per well and cultured at 37 °C
in the presence of 5% CO,. After incubation for 24 h,
the Cu-TCPP MOF nanosheets dispersed in PBS were
added to the wells at various concentrations and
incubated for another 24 h. 10 pL of CCK-8 was added
to each well of the plate. After incubation for 2 h, the

optical density was measured at 450 nm using a
microplate  reader. All  experiments  were
independently performed 4 times.

In vitro phototherapy

Saos-2 cells were seeded in a 96-well plate at a
density of 1x10* cells per well and allowed to grow at
37 °C in the presence of 5% CO, for 24 h before
treatment. The cell medium was removed, and the
cells were washed with PBS buffer solution 3 times.
The cells were divided into 6 groups: (1) PBS, (2)
Cu-TCPP MOF nanosheets, (3) PBS + PTT + PDT, (4)
Cu-TCPP MOF nanosheets + PDT, (5) Cu-TCPP MOF
nanosheets + PTT, and (6) Cu-TCPP MOF nanosheets
+ PTT + PDT. Subsequently, 100 pL of PBS or various
concentrations of the Cu-TCPP MOF nanosheets
dispersed in PBS were then added to the wells. After
incubation for another 12 h, the cells were washed
with PBS 3 times. Next, the cells were irradiated by an
808 nm laser (1.0 W cm2 for 10 min) and/or 660 nm
laser (10 mW cm? for 30 min). Cell viability was
measured by the CCK-8 assay. All tests were
independently performed 6 times.

To visually compare the viability difference
among 6 groups, Saos-2 cells were seeded into a
24-well plate at a density of 1x10 cells per well. After
the cells were treated as described above, the cells
were stained with calcein AM (transmits into the
membranes of live cells) and propidium iodide
(transmits into the membranes of dead cells) to
distinguish live cells with green fluorescence and
dead cells with red fluorescence. The procedure of
Live/Dead assay was as follows: after indicated
treatments, the cells were washed with fresh culture
medium and then incubated with 500 pL mixture of
propidium iodide and calcein AM for 30 min. The
green fluorescence and/or red fluorescence emitted
from the cells was observed using a confocal laser
scanning microscope (Leica TCS SP8).

In vivo infrared thermal imaging

The mice bearing Saos-2 tumors were
intratumorally injected with 100 pL of Cu-TCPP MOF
nanosheets (1.0 mg/mL) or PBS. Thirty minutes after
the injection, the mice with or without the Cu-TCPP
MOF nanosheets injection were irradiated with the
808 nm laser at a power density of 1.0 W cm2 (~0.316
W for a spot size of ~0.316 cm?) for 5 min. During the
laser irradiation, full-body infrared thermal images
were captured using an infrared camera from a
photothermal therapy monitoring system GX-A300
(Shanghai Guixin Corporation).

In vivo phototherapy

When the tumor reached about 10 mm, mice
were randomly divided into 6 groups (5 mice per
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group): (1) PBS, (2) Cu-TCPP MOF nanosheets, (3)
PBS + PTT + PDT, (4) Cu-TCPP MOF nanosheets +
PDT, (5) Cu-TCPP MOF nanosheets + PTT, and (6)
Cu-TCPP MOF nanosheets + PTT + PDT. Mice
bearing Saos-2 tumors were intratumorally injected
with Cu-TCPP MOF nanosheets (1.0 mg/mL).
Phototherapy treatments were then conducted with
the 808 nm laser (1.0 W cm2, 10 min) for PTT and/or
with the 660 nm laser (10 mW c¢m2, 30 min) for PDT.
Twenty-four hours after different treatments, one
mouse in each group was sacrificed, and the tumors
were collected and prepared for hematoxylin and
eosin (H&E) staining. The tumor sizes were measured
using calipers every 2 days and calculated following
the formula, volume = (tumor length) X (tumor
width)2/2. Relative tumor volumes were calculated as
V/Vy (Vowas the tumor volume when the treatment
was initiated).

Histological analysis

Healthy mice were intravenously injected with
100 pL of Cu-TCPP nanosheets dispersed in PBS at a
dosage of 25 mg/kg. For controls, mice were
intravenously injected with 100 pL of PBS solution.
One month after the injection, major organs from both
treatment and control groups were harvested,

0 nm

including the heart, lung, liver, spleen, and kidney.
The histological examination of organs was
performed by microscopy.

Results and discussion

Design and characterization of the Cu-TCPP
MOF nanosheets

A facile solvothermal method was used to
prepare ultrathin Cu-TCPP MOF nanosheets by
heating Cu(NOs), and TCPP in N,
N-dimethylformamide (DMF) at 80 °C for 24 h
(Figure 1A). Polyvinylpyrrolidone (PVP) was used as
a surfactant and surface ligand to control the shape of
the required Cu-TCPP MOF nanostructures and
improve their biocompatibility [20]. The Cu-TCPP
MOF nanosheets prepared by this method were
hydrophilic without any further modification and
could remain stable when dispersed in water for at
least 3 months and in PBS/RPMI-1640 culture
medium for a week (Figure S1A). The nanosheets
retained their strong NIR absorption at room
temperature for a week, indicating good dispersion in
water/PBS/RPMI-1640 culture medium (Figure
S1B-D).

45 50 5.5

Thickness (nm)

6.0

Figure 1. (A) Schematic illustration of the synthesis of Cu-TCPP MOFs. (B) TEM and (C) AFM images of Cu-TCPP MOF nanosheets. (D) Size histogram representing the

thickness distribution of Cu-TCPP MOF nanosheets from AFM images.

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 15

4090

The end products of the reaction were deposited
at the bottom of the vessel with a clear yellow upper
solution indicating that the reaction was complete. At
this point, the yield of Cu-TCPP MOF nanosheets
reached 85.36% * 2.63% which was much higher than
previously reported [20]. When measured by X-ray
diffraction (XRD), a broad peak at ~18°was observed
(Figure S2A), which is considered to be a typical peak
of 2D nanosheets [20, 23, 24]. Scanning electron
microscopy (SEM) demonstrated that the end
products of the reaction were 2D nanosheets (Figure
S2B). The Cu-TCPP MOF nanosheets were then
characterized by transmission electron microscopy
(TEM). Regardless of their size, the nanosheets laid
flat on the TEM grid, indicating the thin nature of the
nanosheets (Figure 1B). Atomic force microscopy
(AFM) measurements of individual nanosheets
confirmed the diameter with a very uniform thickness
of 5.1 nm £ 0.3 nm. The average size of Cu-TCPP MOF
nanosheets was around 330 nm as measured by
dynamic light scattering (DLS) (Figure S3). The
composition and chemical bonding state of the
products were examined by X-ray photoelectron
spectroscopy (XPS), showing that the nanosheets were
mainly composed of Cu, C, O and N elements without
any noticeable impurities (Figure S4). EDS analysis
further confirmed that there were only Cu, C, O and
N elements in the sample (Figure S5). These results
confirmed the successful synthesis of the ultrathin
Cu-TCPP MOF nanosheets.

Light absorption in the NIR region is a
prerequisite for NIR-induced PTT agents. Materials
with strong NIR absorption are considered to be good
photothermal agents for PTT. Porphyrin-based
sensitizers have been widely used as PS in PDT and
approved by the U.S. Food and Drug Administration
(FDA) [25]. However, they are seldom applied in PTT
due to their poor NIR absorption. We examined the
optical and photothermal properties of TCPP (Figure
$6). TCPP dispersed in DMF showed zero absorption
in the NIR region (from 800 nm to 1100 nm), and thus
exhibited a very poor photothermal performance. In
contrast, the Cu-TCPP MOF nanosheets showed a
strong NIR absorption. Figure 2A displays the
UV-vis-NIR absorbance spectrum of the aqueous
dispersion containing 2D nanosheets. They exhibited
a strong NIR absorption from 700 nm to 1100 nm,
which was similar to the absorption of other 2D
nanosheets [14, 15, 19]. When the concentration of
Cu-TCPP MOF nanosheets was determined by
ICP-AES, the extinction coefficient at 808 nm was 12.4
Lg? cm, which was higher than that of graphene
oxide and similar to that of gold nanorods [19].
Previously reported copper-based nanostructures
were PTT active due to nonequivalent valency ions
(i.e., Cu* and Cu?*), which led to ionized free carriers
for achieving NIR absorption [22, 26]. We analyzed
the valence state of Cu in Cu-TCPP. Figure 2B shows
the Cu 2p spectrum for Cu-TCPP. The binding energy
at 944.0 eV was assigned to the shake-up satellite peak
of Cu?*; a Cu 2ps3/2 (934.8 eV)

A06

B Cu*2p,, Cu®2p,,| peakanda Cu2pi/ (954.7 eV)
" 0.51 ’; —Cu*2p,, —Cu*2p, peak ‘as we}l as two shakeup
0.4 o satellites in the Cu 2p
8 ! > spectrum  confirmed  the
o ‘@ coexistence of two copper
8021 § valence states, Cu?* and Cu*
o k= [27]. The relative atomic
- percentages of Cu?* and Cu*
'600 700 800 900 1000 1100 930 940 950 960 Were determined by XPS to be
Wavelength (nm) Binding Energy (eV) 63% and 37%, respectively.
Co D 40 We thus assigned the broad
1.0 mg/mL .
%) § and strong absorbance inten-
EL90 0.5mg/mL | 30 / sity of the Cu-TCPP MOF
g 59 p o nanosheets to rich copper
© o 0.25 mg/mL | <201 vacancies from the unusual
EJ_ 40- ,' 0125 ma/mL 'a defect structures as well as the
GE) E-;/-""'"""'VJ\;;; 10- ultrathin character.
F 304 & To investigate the photo-
thermal properties, Cu-TCPP

———————————— 04—
0 50 100 150 200 250 300 0
Time (s)

Figure 2. (A) UV-vis absorbance spectrum for the aqueous dispersion of the Cu-TCPP MOF nanosheets. (B) Cu 2p XPS
spectrum for the Cu-TCPP MOF. (C) Temperature elevation of aqueous dispersions of Cu-TCPP MOF at different
concentrations under irradiation with an 808 nm laser at a power density of 1.0 W cm-2. (D) Plot of temperature change

(AT) over a period of 300 s versus the concentration of MOF.

02 04 06 08 10
Concentration (mg/mL)

MOF nanosheets at concentra-
tions of 0.125, 0.25, 0.50, and
1.0 mg/mL were exposed to
the 808 nm NIR laser at a
power density of 1.0 W cm=2.
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As shown in Figure 2C-D, the control experiment
demonstrated that the temperature of pure water
(without Cu-TCPP MOF nanosheets) only increased
by less than 2.0 °C in 5 min. With the addition of the
Cu-TCPP MOF nanosheets, the temperature of the
aqueous dispersion increased by 9.0-34.5 °C after 5
min of irradiation, indicating that Cu-TCPP MOF
nanosheets could rapidly and efficiently convert the
808 nm laser energy into heat energy due to strong
photoabsorption at this wavelength.

For further assessment of the photothermal
performance of the Cu-TCPP MOF nanosheets, we
used a modified method similar to that used in our
previous reports on Cuy2Ss and CuCo,S4 nanocrystals
(Figure S7) [26, 28]. The photothermal conversion
efficiency, nr, was calculated using the following
equation:

— hA(Tmax - Tamb) — QO
I(1-10""%)

In Equation 1, h is the heat transfer coefficient, A
is the surface area of the container, Tmax is the
maximum system temperature, Tamp is the ambient
surrounding temperature, (Tmax - Tamp) is 26.2 °C, as
shown in Figure S7A, I is the laser power (in units of
W; 0.316 W), A, is the absorbance (0.6238) at the
excitation wavelength of 808 nm, Qis the heat input
(in units of W) due to light absorption by the solvent.
The lumped quantity hA was determined by
measuring the rate of temperature drop after
removing the light source. The value of hA was
derived according to the following equation:

©)

T

m,C
7 =D=D

hA
In Equation 2, 15 (82.6 s) (Figure S7B) is the
sample system time constant, mp and Cp are the mass
(0.1 g) and heat capacity (4.2 ] g) of deionized water,

respectively, used as the solvent. Qo was measured
independently and found to be 0.446 W. Thus, the 808

)

nm laser heat conversion efficiency of the Cu-TCPP
MOF nanosheets was calculated to be 36.8%. We
concluded that the Cu-TCPP MOF nanosheets could
be used as excellent photothermal agents.

Singlet oxygen generation ability of Cu-TCPP
MOF nanosheets

Porphyrinic MOF nanomaterials are a wide class
of NIR-induced PDT photosensitizers [5, 6, 9]. To
establish the intrinsic photodynamic properties of
Cu-TCPP MOF nanosheets, we measured their SO
generation ability by using the SOSG probe, an
indicator of SO production whose green fluorescence
can be recovered after reaction with SO. Under 660
nm light irradiation at a power density of 10 mW cm?,
the fluorescence of SOSG incubated with Cu-TCPP
MOF nanosheets increased gradually, suggesting the
light-triggered production of SO. As shown in Figure
3, the Cu-TCPP MOF nanosheets exhibited both
time-dependent and concentration-dependent SO
generation ability, indicating their utility as an
effective PDT agent. ROS generation by Cu-TCPP
MOF nanosheets under NIR irradiation in cancer cells
was evaluated by the fluorescent probe. The results in
Figure S8 show that the fluorescence signal in the
experimental groups (Cu-TCPP + NIR) was higher
than that observed in other groups, especially the
control group.

Biocompatibility evaluation

The excellent photothermal performance and
remarkable light-triggered production of SO by
Cu-TCPP MOF nanosheets indicated their potential as
promising phototherapy agents. Since Cu?*ions are
potentially toxic, we monitored Cu?* release from
Cu-TCPP MOF nanosheets in PBS before their
potential bioapplication. There was a minimal release
of Cu?*from the nanosheets (Figure S9), indicating
their low toxicity [26]. The cytotoxicity of Cu-TCPP
MOF nanosheets was evaluated by CCK-8 assay in
Saos-2 cells. As shown in Figure 4A, the nanosheets

the cell viability was about 80%

N

g
g

e

v

w
1

N
N W A O

-
"

SOSG FI (X105) >
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5 : .
even at a high concentration of 3

mg/mL. The long-term toxicity of
the Cu-TCPP MOF nanosheets
was also investigated in vivo. The
mice were given a single intra-
venous injection of nanosheets at
a dosage of 25 mg/kg and
sacrificed after one month.

appeared to be minimally toxic as

0 20 40 60 00 05
Time (min)

Figure 3. (A) Time-dependent generation of SOSG fluorescence under 660 nm light irradiation (10 mW cm-2) with
a 1.0 mg/mL concentration of Cu-TCPP MOF nanosheets. (B) Concentration-dependent generation of SOSG

fluorescence under 660 nm light irradiation (10 mW cm-2) for 30 min.

10 15 20
Concentration (mg/mL)

Various organs including the
heart, lung, liver, spleen, and
kidney were removed and stained
with hematoxylin and eosin
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Figure 4. (A) Viability of Saos-2 cells incubated with different concentrations of Cu-TCPP MOF nanosheets for 24 h. (B) Cancer cell apoptosis after the indicated treatment
with Cu-TCPP MOF nanosheets (I mg/mL). P values: ***p < 0.001, **p < 0.01, or *p < 0.05. (C) Confocal images of calcein AM (green, live cells) and propidium iodide (red, dead
cells) co-stained cells after incubation with Cu-TCPP MOF nanosheets for phototherapy. Scale bar: 20 um.

(H&E). There was no obvious tissue damage or
adverse effect associated with the administration of
the Cu-TCPP MOF nanosheets, suggesting that the
Cu-TCPP MOF nanosheets at the given dosage were
not noticeably toxic.

In vitro phototherapy assay

The in wvitro phototherapy performance of
Cu-TCPP MOF nanosheets was examined in Saos-2
cells. As shown in Figure 4B, the CCK-8 assay
demonstrated the high viability of cells treated with
the laser or Cu-TCPP MOF nanosheets alone.
However, the cell mortality rates for the Cu-TCPP +
PDT group and the Cu-TCPP + PTT group were ~21%
and ~58%, respectively. When the cells were treated
with Cu-TCPP + PTT + PDT, the cell mortality
increased significantly to ~90%. The half-maximal
inhibitory concentration (IC50) of Cu-TCPP MOF
nanosheets for combination phototherapy in Saos-2
cells was 043 mg mL?, while the IC50 for
photothermal or photodynamic therapy alone was
0.82 mg mL?! and 2.58 mg mL", respectively. The

combination index (CI) was calculated to evaluate the
synergistic effect of Cu-TCPP MOF nanosheets using
photothermal and photodynamic therapy [29]. In this
work, the CI value was 0.778, which demonstrated the
synergistic effect of photothermal therapy and
photodynamic therapy. Furthermore, to visualize the
phototherapy efficiency, cells were co-stained with
calcein-AM and propidium iodide (PI) following the
indicated treatments (Figure 4C). The results were
consistent with those of CCK-8 assay, further
demonstrating the synergistic effect.

MR imaging

In addition to serving as phototherapy
nanoplatforms, Cu-TCPP MOF nanosheets also have
diagnostic applications. A variety of bioimaging
technologies have been proposed for simultaneous
diagnosis and therapy, thus enhancing therapeutic
efficacy and minimizing side effects [12, 30]. In
addition to their excellent phototherapy performance,
the Cu-TCPP MOF nanosheets could be used as a
magnetic resonance (MR) imaging contrast agent.
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Metal ions with unpaired electrons, including Cu(ll),
Mn(II) and Gd(IIlI), are candidates for T;-weighted MR
imaging contrast agents [31-33]. Because of the
presence of Cu(Il) in the Cu-TCPP MOF nanosheets
(Figure 2B), we predicted that these nanosheets could
be used as a T1-weighted MR imaging contrast agent.
To verify this notion, phantom images of aqueous
dispersions of the Cu-TCPP MOF nanosheets and
proton Ti relaxation measurements at various Cu
concentrations were performed using a 05T MR
scanner. Figure 5A displays the T;-weighted MR
image of aqueous dispersions of the nanosheets at
different concentrations. T;-weighted MR signal
intensity was enhanced with increasing concentration
of nanosheets. The corresponding longitudinal
relaxivity (r1) of the nanosheets was calculated to be
r1=0.52 mM- s from the slope of the reciprocal of Ti
(r1 =1/T1) at various Cu concentrations (Figure 5B).
To evaluate the Ti-weighted MR imaging capacity in
vivo, Saos-2 tumor-bearing mice were imaged before
and after intratumoral injection of Cu-TCPP MOF
nanosheets dispersed in PBS. Following injection of
the nanosheets, the tumor site exhibited sharp color
contrast compared to the image before injection
(Figure 5C), indicating that Cu-TCPP MOF
nanosheets can be used as an effective contrast for
T1-weighted MR imaging of tumors.

In vivo infrared thermal imaging

We further investigated the in vivo NIR-induced
thermal imaging of Cu-TCPP MOF nanosheets. An IR
camera was used to capture full-body infrared
thermal images and record the temperature change of
the irradiated area. As expected, infrared thermal
images with high contrast could be achieved (Figure

A [Cu]

0 1 2 3 4 5 6
Cu concentration (mM)

6A). For the mice injected with PBS (100 pL), the
surface temperature of the irradiated area increased
by less than 2 °C under irradiation with an 808 nm
laser at a power density of 1.0 W cm for 5 min. In the
case of mice injected with Cu-TCPP MOF nanosheets
solution (100 pL, 1.0 mg mL"), the tumor surface
temperature increased from 31 °C to 45 °C under the
same irradiation condition (Figure 6B). These results
suggested that the Cu-TCPP MOF nanosheets
maintained excellent photothermal effect in vivo.

In vivo phototherapy

Encouraged by the imaging data as well as
positive PTT/PDT performance of Cu-TCPP MOF
nanosheets under NIR irradiation, the combinational
therapy effect using nude mice bearing Saos-2 tumors
was verified. Tumors in mice were allowed to grow to
a size of ~10 mm in diameter, following which mice
were randomly divided into six groups with five mice
per group: (1) PBS, (2) Cu-TCPP MOF nanosheets, (3)
PBS + PTT + PDT, (4) Cu-TCPP MOF nanosheets +
PDT, (5) Cu-TCPP MOF nanosheets + PTT, and (6)
Cu-TCPP MOF nanosheets + PTT + PDT. PTT or PDT
was conducted using either the 808 nm laser (1.0 W
cm? for 10 min) or the 660 nm laser (10 mW c¢cm-2 for 30
min). After the indicated treatments, the tumor sizes
were measured using calipers every two days. Figure
6C shows the tumor volume change in representative
mice from different groups as a function of time. The
tumors in groups 1-3 showed fast growth rates,
suggesting that treatment with only 808/660 nm laser
irradiation or Cu-TCPP MOF nanosheets injection did
not influence tumor development (Figure 6C). In
marked contrast to the other groups in which PDT
alone (group 4) or PTT alone (group 5) could slightly

Pre Post

Figure 5. (A) In vitro T)-weighted MR images of the Cu-TCPP MOF nanosheets with different aqueous dispersion concentrations. (B) Plots of the 1/T) value of the Cu-TCPP
MOF nanosheets as a function of concentration. (C) In vivoT-weighted MR views of a mouse before and after intratumoral injection of the Cu-TCPP MOF nanosheets solution.

The position of the tumor is marked by red dotted circles.
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Figure 6. (A) Infrared thermal imaging of tumor-bearing mice after the intratumoral injection of PBS or nanosheets and exposure to 808 nm laser irradiation at a power density
of 1.0 W cm-2. (B) Temperature change curves of tumors in mice from (A) as a function of irradiation time. (C) Growth curves of tumors in mice from different treatment
groups. Tumor volumes were normalized to their initial sizes. Error bars represent the standard deviations of 5 mice per group. (D) Representative photos of mice in different
groups on day 14 after different treatments. The position of tumors is marked by the red dotted circles. Group 1: PBS; Group 2: Cu-TCPP; Group 3: PBS + PTT + PDT; Group
4: Cu-TCPP + PDT; Group 5: Cu-TCPP + PTT; Group 6: Cu-TCPP + PTT + PDT.

¢

inhibit tumor growth, the tumors in group 6
completely regressed after the combined PTT + PDT
treatment (Figure 6C-6D), indicating the synergistic
effect of PTT and PDT. Histological examination of
the tumor slices from each group was performed
immediately after treatment. Cancer cells in control
groups (groups 1-3) mainly retained their normal size
and morphology and cancer cells in group 4 or group
5 were partially destroyed after PDT or PTT alone,
while typical signs of cell damage were noticed in the
tumors with the combined PTT + PDT therapy in
group 6 (Figure S11). Compared with the three
control groups, treatment in group 6 resulted in
severe cellular damage, such as shrinkage of the
malignant cells, nuclear condensation, fragmentation,
and lysis. Thus, the combination of PTT + PDT
therapy with Cu-TCPP MOF nanosheets was a highly

effective and feasible strategy for phototherapy of
cancer cells.

Conclusions

In conclusion, hydrophilic Cu-TCPP MOF
nanosheets with a mean thickness of ~5.1 nm were
successfully prepared by a simple solvothermal route
and employed as a novel imaging-guided
phototherapy agent. The nanosheets had good
dispersity and showed strong NIR absorption due to
the d-d energy band transition of Cu?*and their
ultrathin character. The Cu-TCPP MOF nanosheets
could generate SO due to the inherent property of
TCPP, and demonstrated effective MR imaging
derived from the unpaired electrons of Cu(ll).
Previously reported MOF-based phototherapy agents
were mainly focused on MOF nanocomposites, in
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which one part could be the PTT agent and the other
the PDT agent. These systems needed complicated
synthesis procedures with some of them requiring
hydrophilic modification. In the present study,
Cu-TCPP MOF nanosheets maintained the specific
properties of each component. Significantly, the in
vitro and in vivo toxicity studies indicated their good
biocompatibility. Using NIR light irradiation and
external magnetic field, the Cu-TCPP MOF
nanosheets could be applied for MR/IR thermal
imaging and synergistic phototherapy of cancers in
vivo. Our study thus offers a novel type of ultrathin
MOF nanosheets with multiple functionalities
integrated within a single nanoscale system, which is
useful for multimodal biomedical imaging-guided
combinatorial cancer therapy.
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