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Graphene loading water-soluble phthalocyanine for
dual-modality photothermal/photodynamic therapy
via a one-step method

Bang-Ping Jiang,} Lan-Fang Hu,} Dong-Jin Wang, Shi-Chen Ji, Xing-Can Shen* and Hong Liang*

In this paper, we present a new and facile one-step method for the fabrication of a water-
soluble graphene—phthalocyanine (GR-Pc) hybrid material by simply sonicating GR with a
hydrophilic Pc, tetrasulfonic acid tetrasodium salt copper phthalocyanine (TSCuPc). In the
resultant hybrid material, TSCuPc is coated on the skeleton of pristine GR via non-covalently
n—7 interaction, detailedly characterized by UV-vis/Raman spectra, X-ray photoelectron
spectroscopy (XPS), etc. The obtained GR—Pc hybrid (GR-TSCuPc) is applied for
photothermal therapy (PTT) and photodynamic therapy (PDT). In this PTT/PDT system, both
GR and TSCuPc operate as multifunctional agents: GR acts as a photosensitizer carrier and
PTT agent, while TSCuPc acts as a hydrophilic PDT agent. Furthermore, the results of cell
viability show that the phototherapy effect of GR—TSCuPc is observably higher than that of
free TSCuPc, indicating that combined noninvasive PTT/PDT exhibits better anti-cancer
efficacy in vitro. Such results highlight that this work provide a facile method to develop

efficacious dual-modality carbon nanoplatform for developing cancer therapeutics.

Introduction

The ever-increasing demand for advances in cancer treatment has
triggered enormous research efforts to develop nanoplatforms that
integrate several different therapeutic modalities into a single system,
which can exceed the individual therapeutic response of each system
and may lead to enhanced therapeutic efficiency.'™ Among them,
combining noninvasive (PTT) and
photodynamic therapy (PDT) in one system has been a research
hotspot in the forefront of medical science and materials science due

photothermal  therapy

to their unique advantages over conventional therapy methods such
as remote controllability, improved selectivity, and low systemic
toxicity.”” PTT and PDT are two major types of phototherapy
methods that are currently used in clinics.>® PTT is a hyperthermia
treatment that can cause cells damage by heating tissue, which is
achieved through the conversion of energy absorbed from photons
by PTT agent’>®'" Similar to PTT, PDT is also a form of
phototherapy through absorbing photons by photosensitizer (PS),
however, rather than generating heat, it results in damage of the
targeted tissue that production of reactive oxygen species (ROS)
such as singlet oxygen ('O,) or free radicals by transferring the
photon energy to surrounding oxygen molecules.”'>™1*

Graphene (GR) are one kind of two-dimensional carbon
nanomaterials with sp’-hybridized carbon atoms arranged in a
honeycomb pattern that have been intensively explored in
recent years for applications in many different fields including

16-18 19-21

nanoelectronics, '’ nanocomposites, sensors, etc. Owing

This journal is © The Royal Society of Chemistry 2014

to their high optical absorption in the near infrared region (NIR),
a new direction for GR is in the field of nanomedicine, which
can act as a photothermal agent and efficiently convert NIR
light into heat,
surrounding tissues.”** Up to now, several methods have been

thus resulting in hyperthermia to cells and

developed to construct dual-modality nanoplatforms based on
GR to improve water solubility of GR and achieve dual-
modality therapy.''** 2 Such preparation methods offer an
exciting opportunity for combinatorial therapy based on GR.
However, the methods are often relatively complex and require
multiple steps, including of chemical oxidization of GR,
loading hydrophobic PS or drug molecules, and grafting
hydrophilic
oxidization of GR may lead to inferior physical and electronic
properties due to the damage of GR structures.?’’*® Therefore,
facile methods, especially facile one-step methods that do not

agent are generally needed.’*™® Moreover,

need to chemically oxidize GR are expected to achieve dual-
modality therapy with excellent solubility while retaining the
desirable intrinsic properties of GR.*’ Considering that GR
possess a high and accessible m-electron surface, it is feasible
for GR to non-covalently n—n stack with water-soluble planar
aromatic molecules to implement multifunctions.?”*
Phthalocyanines (Pc), one kind of aromatic macrocycle with
two-dimensional and 18 m-electron structure, have been widely
investigated as PS for PDT due to a variety of remarkable
properties including physical and chemical properties.’*!

However, their applications for PDT in physiological
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environments have been limited due to the loss of their ROS
generation efficiency, which are mainly resulted from their
severe self-aggregation in aqueous environments.*'** Therefore,
enormous work has been performed to develop alternative
them from self-
aggregation.’'*3** It is found that bonding Pc on the surface of

strategies to effectively protect
carbon nanomaterials is an efficacious strategy to not only
restrict the self-aggregation of Pc but also fabricate the
functionalized nanoplatforms.>’** A typical example was
presented to address this issue by Tuantranont and co-workers
that the n—m bonded water-soluble Pc with GR through
to the best of our

knowledge, it has not yet been reported that non-oxidizing GR

electrolytic exfoliation.”” However,
directly functionalized by water-soluble Pc are applied to
construct dual-modality nanoplatforms for PTT and PDT via
water-soluble  Pc
simultaneously acts as hydrophilic agent and PDT agent.

non-covalent m—m stacking, where

Building from these ideas, we herein present a new and facile
one-step method for the preparation of a water-soluble GR—Pc
hybrid material by sonication, where a hydrophilic Pc,
tetrasulfonic acid tetrasodium salt copper phthalocyanine
(TSCuPc), is non-covalently coated on the skeleton of pristine
GR via n—n interaction. The resultant GR—TSCuPc hybrid can
be further applied as a phototherapy system, where dual-
modality therapy combined noninvasive PTT and PDT is
expected to be achieved and improve the cancer cell killing
efficacy. Therefore, our study may provide a facile method to
develop efficacious dual-modality nanoplatform for cancer

therapeutics.

GR GR-TSCuPc
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Scheme 1. Schematic illustration of the preparation of GR-TSCuPc
hybrid: TSCuPc coated on the surface of GR via non-covalent n—n
stacking. Photographs show the GR, TSCuPc and GR-TSCuPc
dispersed in aqueous solution.

Results and Discussion

Characterization of GR—-TSCuPc. The GR—-TSCuPc hybrid
was fabricated by non-covalently coating TSCuPc on the
surface of GR via a facile one-step method, as depicted in
Scheme 1. An intuitive comparison between GR, TSCuPc, and
GR-TSCuPc is represented in Scheme 1 (photographs). The
high solubility of GR into aqueous solution further reveals that
the surface of GR is covered by TSCuPc.

We primarily performed the UV—vis spectra of free TSCuPc and
GR-TSCuPc in aqueous solution to characterize the optical

2 | J. Mater. Chem. B, 2014, 00, 1-3

properties and identify the chemical structure of the hybrid materials,
shown in Fig. 1. Free TSCuPc exhibits the typical Q band of
phthalocyanine derivatives in the wavelength region between 500
and 750 nm, ***7 which consists of two bands, one with a prominent
peak at 629 nm and the other with a satellite shoulder at 663 nm,
corresponding to the presence of a dimer and a monomer of TSCuPc,
respectively.*®** However, for GR-TSCuPc, the absorption band of
the dimer peak largely disappears, whereas the absorption band of
the monomer peak broadens and weakens, accompanying a red shift
to around 705 nm. The phenomena indicate strong interactions
between GR and TSCuPc, which results in reduced aggregation of

TSCuPc, similar to previous reports.***!
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Fig. 1 UV-vis spectra of free TSCuPc and GR-TSCuPc with
equivalent TSCuPc concentration of 5 ug mL™" in aqueous solution.
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Fig. 2 Raman spectra of GR, free TSCuPc and GR-TSCuPc, ., = 514
nm.

The GR-TSCuPc hybrid was detailedly characterized by
Raman spectra and X-ray photoelectron spectroscopy (XPS).
Fig. 2 shows the Raman spectra of pristine GR, free TSCuPc
and GR-TSCuPc. The spectra of both pristine GR and GR—
TSCuPc show a D band at 1353 cm™! and a G band at 1582 cm’!,
which are related to surface defects and sp*-hybridized carbon
stretching vibrations of GR, respectively.”” The ratio between
the intensities of the G and D bands, /5//p, is an index of the
defect density in GR.*** The I/I;, ratio of pristine GR is 1.62,
whereas it is 1.91 for GR—TSCuPc, which is about 20% higher
than that of pristine GR, suggesting a larger average sp® domain
size and lower defect density of GR in the hybrid structure.

This journal is © The Royal Society of Chemistry 2014
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Moreover, a new weak peak, assigned to pyrrol C=C stretching
mode of TSCuPc at 1531 cm™, can be observable in the Raman
spectrum of GR—TSCuPc, due to the peak overlapping between
GR and TSCuPc in GR-TSCuPc. These results of Raman
spectra further confirmed the successful preparation of GR—
TSCuPc hybrid.
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Fig. 3 (a) XPS survey spectra of GR and GR-TSCuPc. (b) High
resolution C 1s spectra of GR—-TSCuPc.

XPS represents an effective technique for surface analysis, so
the experiments of XPS were employed to give evidence of
GR-TSCuPc hybrid. Besides the core-level contributed by C 1s
and O 1s, the XPS survey spectrum of GR-TSCuPc shows the
photoelectrons collected from S 2p, Cu 2p3/,, Na 1s core-levels,
which belong to characteristic signals of TSCuPc (Fig. 3a),
confirming the presence of TSCuPc at the surface of GR. The C
Is spectrum of GR-TSCuPc can be deconvoluted into three
peak components with binding energies at about 284.8, 285.2
and 286.2 eV (Fig. 3b). The peak at 284.8 eV is assigned to sp*-
hybridized carbon of GR, which is similar to the pristine GR
showing a high energy region at the site.** The peaks at 285.2
and 286.2 eV are contributed by sp>-hybridized carbon and C—
N of Pc, respectively.*>4¢

The binding energy is related to the electron density around
the nucleus, in which the lower electronic density is provided
with the higher binding energy.’” In the spectrum of the hybrid,
the binding energy of the Cu 2p3/, peak is increased by 0.86 eV
as compared to that of free TSCuPc (Fig. 4). Such a high

This journal is © The Royal Society of Chemistry 2014
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binding energy shift indicates that the electronic density of Pc
ring decreased, ascribed to the charge transfers from TSCuPc to
GR. This can be also confirmed by the N 1s spectrum, where
the binding energy of the N 1s spectrum of GR-TSCuPc,
consisting of two peaks (399.0 and 400.1 eV) assigned to two
groups of four nitrogen atoms in different chemical
environments,?’ suffers pronounced upfield shifts about 0.25
eV compared to that of free TSCuPc. In addition, the S 2p
spectrum in the composite is less affected by the decreased
charge density on the Pc, and slightly shifted by 0.05 eV toward
higher binding energy (Fig. S1), probably owing to the
electron-withdrawing property of sufonate groups in
TSCuPc.*”*¥* Overall, the higher energy shifts in Cu 2p and N

1s are consistent with the reported charge transfer
phenomena.*®
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Fig. 4 XPS spectra of Cu 2ps,; (a) and N 1s (b) levels in TSCuPc. For
each set of core level spectra the upper spectra pertain to TSCuPc only
and the lower spectra to GR—TSCuPc.

The amount of TSCuPc in GR-TSCuPc was estimated by
thermogravimetric analysis (TGA). As observed in the
thermogravimetric curve in Fig. 5, the pristine GR shows no
obvious weight-loss step, suggesting that the GR does not
decompose. The curve of TSCuPc present three major weight
loss steps from 50 to 260 °C, 420 to 540 C and 580 to 730 C,
which may correspond to the desorption of adsorbed water and
the decomposition of TSCuPc, respectively.’®? The
thermogram of GR-TSCuPc exhibits some similarities to that of
TSCuPc, confirming the presence of TSCuPc. The weight

J. Mater. Chem. B, 2014, 00, 1-3 | 3
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percentage of attached TSCuPc is calculated to be about 27%,
corresponding to one TSCuPc unit per 220 carbons of GR.
Thus, GR-TSCuPc is composed of GR (73%) and TSCuPc
(27%) by weight.
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Fig. 5 TGA curves of GR, TSCuPc and GR-TSCuPc recorded at
10 [J/min under N, atmosphere.

To give insight into the structural feature of GR—TSCuPc,
the transmission electron microscopy (TEM) measurement was
performed. It can be clearly observed that GR—TSCuPc still
retains the typical shape of wrinkled GR sheets compared to
pristine GR (Fig. 6), which indicates that the non—covalent
functionalization with TSCuPc do not significantly change the
morphology of GR.

Fig. 6 Representative TEM images of pristine GR (a) and GR-TSCuPc
(b).
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Fig. 7 Photothermal images of GR-TSCuPc solution (a), TSCuPc
solution (b) and pure water (c) upon exposure to 650 nm laser (3 W
cm™?) for different time periods. (d) The corresponding time-dependent
photothermal curves of samples. GR-TSCuPc and TSCuPc solution
with equivalent TSCuPc concentration of 10 pg mL™.

Photothermal and photodynamic properties. GR have strong
optical absorption in the visible to NIR region and favor
photothermal conversion, which make GR ideal for use as
photothermal agent.”>>* To verify the potential of using
GR-TSCuPc in PTT, we detected the temperature elevations of
water, free TSCuPc and GR—-TSCuPc solutions upon exposure
to a laser with a center wavelength of 650 nm and a power
density of 3 W cm™ by using a thermal imaging camera,
respectively. As shown in Fig. 7c and d, no significant
temperature change (AT < 5 °C) is observed when pure water is
exposed to laser light. On the contrary, the temperature of the
GR-TSCuPc solution rises with increasing exposure time and
can be up by 35 °C, indicating that the GR—-TSCuPc can
efficiently convert the 650 nm laser energy into thermal energy
(Fig. 7a and d). Under the same condition, free TSCuPc also
shows temperature change, but which is smaller than that of
GR-TSCuPc (Fig. 7b and d). In addition, GR without
functionality cannot be dispersed in water, which limits
investigation on photothermal effect of GR alone. However, on
the combination of the previous reports on photothermal
conversion of GR,*>* such observation can illustrate that both
GR and TSCuPc contribute to the ptotothermal effect of
GR-TSCuPc upon exposure to 650 nm laser. It is worth
mentioning that the combined photothermal effect of GR and
TSCuPc makes GR-TSCuPc rapidly heated to over 45 °C
within 5 min, capable for cancer cell killing.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Normalized time-dependent photobleaching of ADPA
fluorescence at 405 nm as singlet oxygen generated by 650 nm laser (3
W cm™) irradiation of TSCuPc and GR-TSCuPc with equivalent
TSCuPc concentration of 5 pg mL™" in aqueous solution.

Reactive oxygen species (ROS), such as 'O, or free radicals,
are the critical step in PDT, so the ROS generation ability of
GR-TSCuPc is a very important index to illustrate its
application potential in PDT. We primarily monitored the
ability of free TSCuPc and GR-TSCuPc to produce 'O, by a
chemical method using anthracene-9, 10-dipropionic acid
disodium salt (ADPA), whose fluorescence intensity would be
diminished in the presence of 'O,, owing to production of a
non-fluorescent peroxide through reaction of ADPA with
10,.34%%36 Fig. S3 shows fluorescence spectra of free TSCuPc
and GR-TSCuPc as a function of exposure time to a 650 nm
laser irradiation. The fluorescence intensity of ADPA displays a
continuous decrease within 5 min for free TSCuPc (Fig. 2a and
Fig. 8), whereas it shows no fluorescence change for
GR-TSCuPc (Fig. S2b and Fig. 8). This means that 'O, can be
generated by the laser irradiation of free TSCuPc but not
GR-TSCuPc, similar to previous report of phototherapy system
based on carbon nanohorn and phthalocyanine.>*
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Fig. 9 EPR spectra of DMPO with 650 nm laser irradiation (red line),
DMPO and GR-TSCuPc¢ mixture without (blue line) and with 650 nm
laser irradiation (black line) in PBS solution.

We further employed the electron paramagnetic resonance
(EPR) spin trapping technique to investigate more detailed
energy/electron transfer process in GR—-TSCuPc, where a

This journal is © The Royal Society of Chemistry 2014
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common spin trap reagent (5,5-dimethyl-1-pyrroline-N-oxide,
DMPO) was used to detect the O,"~ or OH®. Upon the 650 nm
laser irradiation of the GR—TSCuPc, EPR signal of the adduct
of DMPO with OH®* (DMPO-OH adduct) is detected, whereas
there is no DMPO-OH adduct signals without laser irradiation
(Fig. 9), indicating that laser irradiation of GR-TSCuPc can
effectively lead to the formation of OH®. Combining the EPR

4057 \we inferred

results and previous studies of electron transfer,
that when TSCuPc is excited by light, electrons transfer from
the excited state of TSCuPc moiety to GR and forms a charge
separation state, giving GR*™—TSCuPc"*, which further transfers
the electrons to surrounding oxygen to generate superoxide
radical anion (O,*") and then OH".”®* It should be pointed out
that no EPR signals of DMPO-OOH adduct (the adduct of
DMPO with O,*7) is observed in our study, which may be
ascribed to the wunstable and short-lived properties of
DMPO-OOH that decomposes to DMPO—OH.®*¢! With all
these results in hand, the possible mechanism of photoinduced
process in GR-TSCuPc is schematically illustrated in Scheme 2.
The presence of diverse ROS allows us to use GR-TSCuPc for
PDT treatment of cancer cells.

ITSCuPc*—GR
Charge-separation

H,0
TSCuPc*—GR~ g2 027 —> OH
hv
0O,
TSCuPc—GR

Scheme 2. Schematic illustration of the possible photoinduced process
for GR—TSCuPc in the presence of O, in aqueous solution upon
exposure to 650 nm laser.
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Fig. 10 In vitro cell viability of HeLa cells incubated with free TSCuPc
and GR-TSCuPc with different TSCuPc concentrations from 0 to 15 ng
mL™" for 24 h at 37°C, respectively.

In Vitro therapeutic efficacy of PDT-PTT combined
therapy. In order to evaluate the phototherapy effect of
GR-TSCuPc, cell viabilities with different treatments were
measured. We first examined the dark toxicity of free TSCuPc
and GR-TSCuPc at different concentrations of TSCuPc
ranging from 0 to 15 mg mL™"' for 24 h by standard MTT assay

J. Mater. Chem. B, 2014, 00, 1-3 | 5
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in vitro using human cervix cancer cell (HeLa), respectively
(Fig. 10). The cell viabilities were higher than 90%, even at the
high concentration of 15 mg mL™'. These data show
satisfactory results for in vitro non-cytotoxicity for all dosages
of GR-TSCuPc. Good biocompatibility and low cytotoxicity
imply that GR-TSCuPc can serve as a combinatorial PDT/PTT
agent of cancer.

a) I TSCuPc (Irradiation)
1204 Il GR-TSCuPc¢ (No Irradiation)
[ GR-TSCuPc (Irradiation)
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TSCuPc Concentration (ug ml")
b)
1004 B TSCuPc
Il GR-TSCuPc

80 1

60

40

20

L N BN B
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Relative Cell Viability (%)

Fig. 11 In vitro photodynamic and photothermal cancer cell killing. (a)
HeLa cells incubated with free TSCuPc and GR—-TSCuPc at different
TSCuPc concentrations from 0 to 15 pug mL™" for 24 h at 37°C, and then
irradiated with or without 650 nm laser at a power density of 3 W cm ™
for 5 min. (b) HeLa cells incubated with free TSCuPc and GR—TSCuPc
at equivalent TSCuPc concentration of 10 ug mL™', and then irradiated
for 0 to 6 min.

Furthermore, we determined the in vitro cytotoxicity of PTT
and PDT effect of GR-TSCuPc, where HelLa cells were
incubated in culture medium containing a series of
concentrations of GR-TSCuPc¢ for 24 h, and then irradiated
with 650 nm laser for 5 min. As shown in Fig. 11a, without
GR-TSCuPc, laser irradiation only shows nearly no damage to
HeLa cells, whereas in the presence of GR—TSCuPc, irradiation
decreases the cell viability that is remarkably reduced from
about 69 to 29% with the TSCuPc concentration from 5 to 15
pug ml™', showing an obvious phototherapy effect efficacy.
Although free TSCuPc can also induce decrease in cell viability
(76% ~ 62%), it is evidently much lower than that of
GR-TSCuPc. Additionally, the cell viability experiment of GR
alone with irradiation is attempted to perform, but restricted
owing to insolubility of GR without any functionality.
Meanwhile, the cell viability decreases significantly with the

increase of irradiation time (Fig. 11b), similar to the

6 | J. Mater. Chem. B, 2014, 00, 1-3

phenomena of cell viability induced by concentration changes
that the phototherapy effect of GR-TSCuPc is observably
higher than that of free TSCuPc. Therefore, these results
indicate that GR-TSCuPc can destroy cancer cells more
efficiently compared to free TSCuPc, which can be attributed to
dual-modality PTT and PDT arisen from the GR-TSCuPc
hybrid. It should be noted that it is lack of direct evidence of
phototherapy effect contributed by GR. However, on the basis
of the previous studies on PTT of GR,***** we can infer that
GR effect
photothermal conversion.

indeed contribute to phototherapy through

Conclusions

In summary, a water-soluble dual-modality therapy system
(GR-TSCuPc) for PTT and PDT has been successfully
fabricated by a facile one-step method through coating TSCuPc
on the surface of GR via non-covalently n—m interaction. In this
PTT/PDT system, both GR and TSCuPc operate as
multifunctional agent: GR acts as PS carrier and PTT agent,
while TSCuPc simultaneously acts as hydrophilic agent and
PDT agent. Further, the results of in vitro cell viability showed
that the phototherapy effect of GR—TSCuPc is observably
higher than that of free TSCuPc, which indicates that dual-
modality therapy combined PTT and PDT exhibits better anti-
cancer efficacy. Such results highlight that the combined PTT
and PDT endows GR-TSCuPc with the potential promise for
cancer theranostics.

Experimental section

Materials
Graphene (GR) sheets (99.95%) used here was prepared by
direct current arc—discharge  method.  Copper (II)

phthalocyanine —3,4',4" 4'"—tetrasulfonic acid tetrasodium salt
(TSCuPc) and 5, 5-dimethyl-1-pyrroline-N-oxide
purchased from Aldrich. All above chemicals were used

were

directly without further purification.

Preparation of GR-TSCuPc

GR (10 mg) was added to TSCuPc aqueous solution (40 mL,
0.5 mg mL"") followed by sonication at 140 W power output for
3 h. Subsequent, the dispersion was centrifuged at 5000 rpm for
30 min to remove larger aggregates, and the ink-like
supernatant was collected. After that period, the resultant ink-
like solution filtered through 0.22 pm
polytetrafluoroethylene (PTFE) membrane filter, and rinsed
with water until the filtrate became colorless, ensuring that no

was

free TSCuPc existed in the precipitate. Finally, the precipitate
was re-dissolved in pure water.

The GR-TSCuPc hybrid was fabricated by non-covalently
coating TSCuPc on the surface of GR via a facile one-step
method, as depicted in Scheme 1. In brief, GR was firstly added
to TSCuPc followed by sonication.
Subsequently, the dispersion was centrifuged to remove large
aggregates. After that period, the resultant ink-like solution was

aqueous solution,

This journal is © The Royal Society of Chemistry 2014
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filtered,
colorless,

and rinsed with water until the filtrate became

ensuring that no free TSCuPc existed in the
precipitate. Finally, the obtained precipitate was re-dissolved in
pure water, which was found to be naturally stable with no
observable precipitation for months as the GR-TSCuPc hybrid.

Characterizations and instruments.

of GR-TSCuPc were studied by
transmission electron microscope (TEM, H-600, JEOL, Japan).

The morphologies

The UV-vis spectra were recorded on a Cary 100 UV-visible
spectrometer. The Raman spectra were measured on a
Renishaw in Via Raman microscope at 514 nm exciting line,
which were taken with 10 seconds of exposure times and 30
percent of power at 20 times of accumulation. X-ray
photoelectron spectra (XPS) were obtained with an ESCALAB
250 spectrometer with a monochromatic Al Ka (1486.6 eV) X-
and high

recorded at pass energy of the analyzer of 150 and 20 eV,

ray source. Survey resolution spectra were
respectively. The binding energies were calibrated to the C 1s
binding energy of contamination carbon at 284.8 eV. High
resolution spectra were deconvoluted with the Gaussian-
Lorentzian mixed function after
with

Atomic ratios were computed from experimental intensity

background subtraction
the Shirley method using the software “XPS peak”.

ratios and normalized by atomic sensitivity factors. TGA
(Labsys Evo; Setaram Instruments) was carried out in nitrogen
gas at a temperature elevation rate of 10°C/min.

Photothermal activity of graphene

GR-TSCuPc and TSCuPc solutions were diluted to a final
concentration of 10 pug mL™' of TSCuPc equivalent. One
milliliter of these solutions were placed in a series of specimen
bottles and irradiated by 650 nm laser (3 W cm ™), respectively.
Light induced temperature change in the solutions were
collected every 30 s by using a thermal camera (MAG30,
Magnity Electronics, China).

Reactive oxygen species generation

The generation of singlet oxygen by free TSCuPc and
GR-TSCuPc was detected using ADPA as the indicator. 150
pL ADPA solution (100 mM) was added to 2 ml TSCuPc or
GR-TSCuPc solution, and irradiated with 650 nm laser (3 W
cm™?). After irradiation for special time, the fluorescence
intensity of ADPA (A=376 nm) were measured by time-
resolved fluorescence spectroscopy (FL3—P-TCSPS, HORIBA
JOBIN JVON, France).

To measure the generation of O,"~ or OH® by GR-TSCuPc,
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was used as a spin
trap reagent. Experimental solution was prepared by mixing 10
uL GR-TSCuPc (TSCuPc concentration 100 pg mL™"), 10 uL
DMPO (0.8 M) and 90 10 pL PBS (pH 7.0). The solution was
placed in a quartz cell and irradiated with 650 nm laser (3 W
cm™?) for 5 min. after that, the solution was inserted into
capillary tube and then placed in the EPR cavity, and the

spectra were recorded on a Bruker A300 Spectrometer at 298 K.

The measurement conditions were as follows. Frequency, 9.8
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GHz; microwave power, 19.87 mW; sweep time, 27.65 s;
sweep width, 200 G; modulation frequency, 100 kHz.

Phototherapy assay

The in vitro cytotoxicity study was performed using human
cervical cancer cell (HeLa cell). Cells were cultured in normal
RPMI-1640 culture medium containing 10% fetal bovine serum
and 1% penicillin-streptomycin at 37 [J under 5% CO,. For
cytotoxicity assay, HeLa cells were seeded into 96 well cell-
plates with 10* cells per well and incubated at 37 LI for 24 h.
Then, the cells were treated with free TSCuPc or GR—TSCuPc¢
at a series of concentrations for 24 h. During this time cells
were kept in dark without light exposure. After that, 10 pL
MTT solution was added to each well and the plate was
incubated for another 2 h. The intracellular formazan crystals
were extracted into 100 pL DMSO after removing the medium,
and then the absorbance at 570 nm was recorded by a
microplate reader.

To measure the phototoxicity, cells were seeded as
previously. After 24 h incubation, cells were treated with free
TSCuPc or GR-TSCuPc at a series of concentrations (0~15 g
mL™"' of TSCuPc equivalent) or various irradiation time (10 pg
mL™" of TSCuPc equivalent). After 24 h, cells were irradiated
with a 650 nm laser (3 W cm ™). The cells were incubated for
another 24 h and cell viabilities were measured by standard

MTT assay.
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