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A simple yet effective strategy to enhance the properties of traditional dye indocyanine green (ICG) in all

aspects was proposed and demonstrated. Specifically, indocyanine green-derived carbon dots (ICGCDs)
were synthesized from ICG via a simple hydrothermal treatment. The ICGCDs exhibited significantly
enhanced thermal stability and anti-photobleaching compared to ICG. Furthermore, their photothermal

properties were also notably strengthened, in which a wider functional pH range, 50% improvement in
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1. Introduction

Indocyanine green (ICG) is a type of tricarbocyanine dye,
which has been clinically adopted for over 60 years since its
approval by the United States Food and Drug Administration
in 1959." ICG has been widely used as a near-infrared (NIR)
fluorescent contrast agent for many biomedical applications,
such as sentinel lymph node mapping, angiography, assess-
ment of hepatic dysfunction and oncology imaging.>® In
addition, ICG is also widely applied as photothermal therapy
(PTT) agent due to its capability of converting absorbed NIR
light into heat.* Despite these advantages, several limitations
significantly restricted its wide application in the biomedical
field, including poor chemical and optical stabilities,” concen-
tration and time-dependent aggregation,® mediocre photother-
mal conversion efficiency (PCE) and short in vivo circulation
time.”® In this context, great efforts including chemical modi-
fication,” human serum albumin loading’® and nano-micelli-
zation"" have been devoted to overcoming these shortcomings.
Nevertheless, these approaches generally included complicated
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photothermal conversion efficiency and superior photothermal cyclability were achieved. Thanks to these
superior properties, ICGCDs were demonstrated as efficient NIR bioimaging and photothermal agents in
both in vitro and in vivo experiments. Most excitingly, the strategy demonstrated in this study is likely to
have broad applications in other systems.

processing or highly cytotoxic components, significantly limit-
ing their practical applications. Thus, the development of
simple strategies to enhance the stability and photothermal
properties of ICG has attracted increasing attention.

On the other hand, carbon dots (C-dots) have attracted
enormous interest in the biomedical fields due to their versa-
tile synthesis and modification, excellent chemical stability,
outstanding photoluminescence (PL) properties and photo-
bleaching resistance.'>™> Furthermore, C-dots demonstrated
great biocompatibility and low-toxicity compared with tra-
ditional nanomaterials (ie., semiconductor quantum
dots)."®'” Most importantly, it seems that some of the original
characteristic properties of the carbon precursors could be suc-
cessfully preserved in the newly synthesized C-dots, endowing
them with key functions.’®>* In such context, it would be of
great significance and necessity to explore whether the carbon-
ization of traditional substances (i.e., ICG) into C-dots could
tackle the challenges that are hardly resolvable with traditional
approaches. Specifically, we aimed to prepare ICG-derived
C-dots (ICGCDs) via the carbonization of ICG that not only
inherit the NIR emissions and photothermal capabilities but
also obtain much-enhanced chemical, PL and biological pro-
perties. It’s worth highlighting that if the above-mentioned
aims could be successfully realized and further promoted to
other systems, then it would give chemists and materials scien-
tists powerful tools to treat certain types of carbon precursors
(i.e., dyes, small organic molecules, biomacromolecules, etc.)
via simple carbonization to improve their chemical, PL and
biological properties while still maintaining their unique
characteristics.
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Herein, we reported here our latest finding in developing a
simple carbonization strategy for the preparation of nanosized
ICGCDs and their applications for both in vitro and in vivo
PTT. Specifically, ICGCDs were fabricated by a one-step hydro-
thermal treatment from organic dye ICG and showed typical
characteristics of C-dots. Significantly, not only the ICGCDs
inherited the NIR emissions and photothermal capabilities of
ICG, but they also demonstrated much improved chemical and
photostability, anti-photobleaching capability and biocompat-
ibility. Furthermore, the PCE of ICGCDs was enhanced by
almost 50% compared to that of ICG. To the best of our knowl-
edge, this is the first study in which simple carbonization of
organic dyes could greatly enhance their properties in all
aspects. In light of the excellent properties ICGCDs demon-
strated, we also carried out a series of in vitro cellular studies,
demonstrating ICGCDs as highly efficient bioimaging and
photothermal agents with no noticeable cytotoxicity.
Furthermore, tumor-bearing mice were treated with ICGCDs
photothermally, which significantly inhibited the growth of
tumors, highlighting the potential clinical application of
ICGCDs for cancer treatment.

2. Materials and methods
2.1 Reagents and materials

ICG was purchased from Energy Chemical Reagent Co., Ltd
(Shanghai, China). Fetal bovine serum (FBS) was obtained
from Capricorn Scientific Co., Ltd (Hesse, Germany).
Dulbecco’s modified Eagle’s medium (DMEM), minimum
essential medium (MEM), trypsin and 1% penicillin/strepto-
mycin were purchased from Life Technologies (Grand Island,
NY, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) was purchased from Sigma Co., Ltd
(Shanghai, China). The reagents were used as received without
further purification, unless otherwise noted. Deionized (DI)
water used in all experiments was obtained from a Master
Touch-S laboratory ultrapure water machine (Master Touch,
Shanghai China).

2.2 Synthesis of ICGCDs

Briefly, ICG (30 mg) was dissolved in 10 mL of deionized
water, and stirred well at 400 rpm for 2 h before the mixture
was transferred to a 50 mL Teflon-lined autoclave and heated
at 105 °C for 4 h. After cooling down, a blackish green mixture
was obtained, which was centrifuged at 1500 rpm for 15 min,
and then filtered through a 0.22 pm membrane to remove the
residual large particles. The filtrate was collected in a dialysis
bag (MWCO = 1000 Da) and dialyzed against DI water for three
days, the resulting dispersions containing C-dots in the dialy-
sis bag were then freeze-dried to yield the dark-green powders
as the final products.

2.3 Characterizations of ICGCDs

The particle sizes of C-dots were measured on a transmission
electron microscope (JEM-2100, JEOL, Japan) and the accelera-
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tion voltage was set at 200 kv. The TEM sample was prepared
as follows: dispersions of ICGCDs (100 ug mL™") were added to
the copper mesh drop by drop and allowed to dry naturally.
Atomic force microscopy (AFM) was performed using a Park
NX10 (Korea). The X-ray diffraction (XRD) pattern was obtained
on an X-ray diffractometer (DX-2700BH, Haoyuan Instrument
Co., Ltd, China) at a wavelength (1) of 0.15406 nm. The Raman
spectra were recorded on a Micro Confocal Raman spectro-
meter (InVia, Renishaw, England) with an excitation wave-
length set at 785 nm. Ultraviolet-visible (UV-Vis) absorption
spectra were recorded using an UV-Vis spectrophotometer
(UV-2600, Shimadzu, Japan), where the wavelength range was
set at 195-1100 nm, the scanning speed was set to medium,
the sampling interval as 1 nm, and samplings were repeated
twice. ICGCDs dispersions for measurements were 10 pg mL ™"
in DI water. The fluorescence spectra were recorded using a
fluorescence spectrometer (F97 Pro, Shanghai Prism
Technology Co., Ltd, China). The scanning mode was set as
three-dimensional wavelength scanning. The excitation and
emission wavelengths were both set from 200 to 900 nm, with
the width set as 10 nm. The scanning speed was 1000 nm
min~", and the scanning interval was 1 nm; the gain was set as
650 V. The ICGCDs dispersions for measurements were 10 pg
mL™" in DI water. Fourier transform infrared (FTIR) spectra
were recorded using an FTIR spectrometer (Middle Age
Walker, Thermo, USA). The XPS spectra were obtained by X-ray
photoelectron spectroscopy (K-Alpha', Thermo, USA), the X-ray
source was monochromatic Al Ka with a 4o = 1486.6 eV photo
energy operated at 6 mA x 12 kV.

2.4 Photothermal performance evaluation

The photothermal performance of ICG solutions and ICGCDs
dispersions of different concentrations (5, 10, 20, 30, 40, 50,
and 100 pg mL™") was measured under the irradiation of an
808 nm NIR laser (MDL-III-808-2.5 W, Changchun New
Industries Optoelectronics Tech Co., Ltd, China). The tempera-
tures of the solutions/dispersions under irradiation were
measured using an infrared thermal camera (FLIR-E6390, USA)
every 30 s for 10 min. In order to measure the photothermal
conversion efficiency of ICGCDs, the aqueous dispersion of
ICGCDs (50 ug mL™") was subjected to continuous irradiation
until reaching a steady state and then the laser was turned off
to allow the temperature to return back to r.t. naturally.
The temperature variation of the solution in the whole
process was recorded. The photothermal conversion efficiency
(1) of ICGCDs was calculated according to the following
equation:>?

hS(Tmax - Tsurr) - Qdis
I(1 — 10~4s08)

(1)

n=

where £ is the heat transfer coefficient, S is the surface area of
the container, T.x is the steady-state temperature, Ty, is the
room temperature, Qq;s is the heat dissipation from the light
absorbed by the quartz sample cell, I is the laser power, and
Agog 1s the absorbance of ICGCDs dispersions at 808 nm. The
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value of 4 and S was calculated according to the following
equation

mDCD
T Ths

(2)

where 7, is the sample system time constant and mp and Cp
are the mass and heat capacity of DI water, respectively.

To investigate the influence of the laser power, ICG and
ICGCDs aqueous solution/dispersion (50 pg mL™') were irra-
diated by a laser with different power densities (0.5, 1, 1.5, 2,
2.5 W cm?), each condition was irradiated for 10 min and the
temperature was recorded every 30 s. In addition, to study the
influence of pH, ICG and ICGCDs aqueous solutions/disper-
sions (50 pg mL™") of different pH values were irradiated by a
laser (2.5 W cm™2) for 10 min and the temperature was also
recorded every 30 s.

2.5 Cell culture

The human keratinocyte (HaCaT) cell was cultured in MEM,
containing 10% FBS and 1% penicillin/streptomycin. The
human breast cancer cells MDA-MB-435 (435) cells were cul-
tured in DMEM with 10% FBS and 1% penicillin/streptomycin.
All the cells were cultured at 37 °C under a 5% CO, humidified
atmosphere in a CO, incubator.

2.6 Cytotoxicity assay

The cell viability was measured by the MTT assay on HaCaT with
the administration of ICG/ICGCDs. Generally, cells were seeded
in 96-well plates with a final volume of 90 pL at a density of 3 x
10? cells per well and incubated at 37 °C in 5% CO, overnight.
Then ICG/ICGCDs with different concentrations at a final volume
of 10 pL were added to each well. After being incubated for 72 h,
10 pL MTT solution was added to each well and further incubated
for 4 h. After that, the supernatant of each well was removed and
100 pL DMSO was added to each well. The plates were shaken for
15 min before analysis. Finally, the optical densities of the
samples were recorded using a microplate reader (FC, Thermo,
USA) at a wavelength of 570 nm.

2.7 Hemolysis assay

For sample preparation, 2 mL of fresh mouse blood was col-
lected into a 15 mL heparin anticoagulant, which was then
centrifuged at 1200 rpm for 15 min. After that, the supernatant
was discarded and the cell precipitation was washed gently
with PBS. The centrifugation was repeated until the super-
natant was clear, then the precipitate was collected to obtain
mouse red blood cells (MRBCs). Next, 1 mL of PBS was used to
resuspend MRBCs and prepare samples for control and experi-
ment group. Positive group: 100 pL of MRBCs and 900 pL of DI
water. Negative control group: 100 pL of MRBCs and 900 pL of
PBS. Experiment group: 100 pL of MRBCs and 900 pL of
ICGCDs of different concentrations (50 pg mL ™", 100 pg mL ™",
200 pg mL™" and 400 pg mL ™). The samples of each group
were incubated in a 37 °C water bath for 2 h, which was then
centrifuged at 1500 rpm for 5 min. The absorbance at 541 nm
of the supernatant of each group was measured using a UV-Vis
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spectrophotometer. The hemolytic rate of ICGCDs was calcu-
lated according to the following equation:

Ajceeps — Anegative (3)

Hemolysis(%) =
Apositive _Anegative

where Ajcgeps, Apositive aNd Apegative are the absorbance at
541 nm of supernatants of the experiment group, positive

group and negative group, respectively.

2.8 Cell imaging

For sample preparation, 435 cells were seeded in 24-well plates
containing 900 pL. DMEM at a density of 1 x 10> cells per well
and incubated for 24 h. Then 100 pL of ICGCDs dispersion (1 mg
mL™") was added and further incubated for 4 h. The cells were
then washed three times with PBS and fixed with 4% paraformal-
dehyde solution for 15 min, followed by another three times
washing with 1 PBS. The fluorescence images were then obtained
with an inverted fluorescence microscope (Ni-U, Nikon, Japan).

2.9 Invitro photothermal cytotoxicity

Firstly, 435 cells were seeded into 96-well plates at a density of
1 x 10" and incubated for 24 h. For the photothermal cyto-
toxicity study, ICG solutions and ICGCDs dispersions of
various concentrations (0, 5, 10, 20, 40, 50 and 100 pg mL™")
were added to the cells and incubated for another 4 h before
they were irradiated with an 808 nm laser (2.5 W cm™2, 8 min);
for the control group, the cells were continuously incubated
for 4 h at the dark without laser irradiation. After that, the cell
viabilities were analyzed by MTT assays.

2.10 Tumor model for photothermal therapy

Animal care experiments and subsequent euthanasia were per-
formed in accordance with the protocols approved by the
Laboratory Animal Center of Kunming Medical University
(kmmu2021198). Specifically, a 435 xenograft nude mice
model was established by the injection of 435 cells to the nude
mice (1 x 10° per mouse) subcutaneously. The tumor volume
and mice weight were monitored daily until the volume of
tumors in mice reached ~100 mm?®. After that, the mice were
randomly separated into treatment and control groups. To
investigate the in vivo PTT effect of ICGCDs, 70 pL of ICGCDs
(1 mg mL™") were intratumorally injected into the mice. After
1 h, the mice were exposed to 808 nm NIR laser irradiation (1
W cm™?) for 5 min. During the laser treatment, the infrared
images were obtained by an infrared thermal camera. The
tumor volume was calculated using the following formula

V=axb?/2 (4)

where a and b are the length and width of the tumors.

3. Results and discussion
3.1. Synthesis and characterization of ICGCDs

The ICGCDs reported in this study were synthesized through a
one-pot hydrothermal process and various characterizations
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have been applied to elucidate their structural, optical and
chemical properties. Firstly, TEM was used to determine the
morphology and structure of the as-prepared ICGCDs, as can
be seen, ICGCDs were well dispersed spherical particles with
no apparent aggregation (Fig. 1a). According to the particle
size statistics, the diameters of these particles ranged from
1.41 to 4.37 nm, with an average size of 2.43 nm (Fig. 1a, lower
left inset). The HRTEM image (Fig. 1a, upper right inset) of
ICGCDs showed noticeable lattice fringes with a lattice
spacing of 0.21 nm, which coincided with the (100) lattice of
graphitic cores, indicating the successful carbonization and
graphitization of the carbon precursors. Meanwhile, AFM
revealed that the average height of ICGCDs was 2.60 nm,
further picturing ICGCDs as quasi-spherical nanoparticles
(Fig. 1b). Furthermore, XRD pattern of ICGCDs demonstrated
a broad peak centered at 20.9°, which was commonly observed
for C-dots and generally attributed to the crystalline graphite-
like structure of the carbon core**?’ (Fig. 1c). Compared to the
sharp Raman spectra of ICG (Fig. S1), ICGCDs showed broad
peaks of D and G bands at 1350 and 1580 cm™ ", respectively,
suggesting the successful carbonization of the raw materials.
The low ratio of Ip/I (0.318) in the ICGCDs also supported the
existence of highly ordered sp® clusters with few structural
defects (Fig. 1d).

(@)
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Next, we studied the optical properties of ICGCDs. The
UV-Vis absorption spectrum of ICGCDs demonstrated an
absorption peak at 215 nm corresponding to the n-n* tran-
sitions of C=C, which might be inherited from the carbon
precursor ICG. Compared with the peaks at 717 and
779 nm of ICG, their counterparts of ICGCDs showed an
apparent red shift to 780 and 895 nm, respectively, indicat-
ing the formation of larger conjugate structures during the
carbonization process (Fig. 2a). Interestingly, the aqueous
dispersion of ICGCDs was dark green under ambient light
while the aqueous solution of ICG was bright green, which
might be attributed to the influence of carbonization
(Fig. 2a, inset). Different from the clean emissions of ICG
(Fig. S21), the PL emissions of ICGCDs were made up of
three components (Fig. 2b). Peaks centered at 406 nm dis-
played the typical excitation-wavelength-dependent emission
behavior, which shifted from 383 to 456 nm as the exci-
tation wavelengths increased from 290 to 390 nm. On the
other hand, the other two peaks centered at 600 and
697 nm, respectively, demonstrated excitation-independent
emissions, which could be attributed to the homogeneous
morphologies and surface chemical states of ICGCDs.*® To
our delight, the PL of ICGCDs was quite stable across a
wide range of pH (pH = 2-11, Fig. S31).

5.11 nm
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Fig. 1 (a) TEM images of ICGCDs, the upper right inset is the enlarged picture of the specific particle, while the lower inset is the corresponding
size distribution histograms of the particles. (b) AFM images of ICGCDs, the inset shows the height profiles analysis. (c) XRD pattern of ICGCDs. (d)

Raman spectra of ICGCDs.
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Fig. 2 (a) UV-Vis absorption spectra of ICG and ICGCDs, inset photographs showing ICG (left) and ICGCDs (right) under ambient light. (b) The fluor-
escence emission spectrum of ICGCDs. (c) FTIR spectra of ICG and ICGCDs. (d) XPS survey spectrum of ICGCDs.

Following the optical properties, we then compared the
chemical composition of ICG and ICGCDs determined by FTIR
and XPS. In the FTIR spectrum of ICG (Fig. 2c), the broad peak
at 3412 cm™' was attributed to the O-H stretching vibration,
whereas the peaks at 2935, 1417-1606 and 1311 cm™" could be
assigned to the stretching vibrations of C-H, C—=C/C=N and C-
N, respectively. The bands at 1094 and 667 cm™" depicted -SO*~
bonds and bending vibration of C-S. On the other hand, peaks at
3453, 2924 and 1295 cm™" are shown in the FTIR spectra of
ICGCDs, which were assigned to the stretching vibrations of O-
H/N-H, C-H and C-N, respectively. Interestingly, ICGCDs demon-
strated identical peaks at 1094 and 667 cm™, indicating they
might have inherited the identical functional group (-SO*7) from
ICG. Notably, new peaks at 1330-1492 cm " and 1632 cm™"
appeared, which could be attributed to the stretching vibrations
of C-O-C and C=0O0, respectively, indicating a certain degree of
oxidized decomposition and carbonization occurred during the
hydrothermal process.

In addition to FTIR, the chemical composition of ICGCDs
was further characterized by XPS. According to the full scan
survey spectra, it is clear that ICGCDs contained carbon
(around 284 eV), nitrogen (around 400 eV), oxygen (around 531
eV), sulfur (around 168 eV) and sodium (1072 eV), which were
in high accordance with the elemental composition of ICG
(Fig. 2d). As expected, the oxygen contents of ICGCDs

This journal is © The Royal Society of Chemistry 2023

increased from 12.39% for ICG to 38.60% while the carbon
and sulfur contents of ICGCDs decreased from 66.58 and
8.26% for ICG to 44.66 and 2.72%, respectively, indicating that
significant amounts of carbon and sulfur have been replaced
by oxygen during the preparation of ICGCDs (Fig. 2d, inset).
On the other hand, the contents of nitrogen remained very
similar for ICG and ICGCDs.

The high-resolution C 1s spectrum could be fitted to four
binding energies: C-C/C=C (248.8 eV), C-N/C-S (285.2 eV), C-
O (286.5 eV) and C=0/C=N (287.8 eV) (Fig. S4af). The N 1s
spectrum could be deconvoluted into three peaks corres-
ponding to the pyridinic (399.7 eV), pyrrolic (400.6 eV) and
amide N (402.2 eV) (Fig. S4bt). As shown in the O 1s spectrum
(Fig. S4ct), two peaks at 531 and 532.3 eV could be attributed
to the C=0 and C-O-C/C-OH, respectively. The S 2p could be
deconvoluted into three components at 166.8, 168.1 and 169.7
eV, which were associated with -C-SO,— (x = 2, 3, 4) species
such as sulfate or sulfonate (Fig. S4d¥). Finally, the zeta poten-
tial of ICG was —32.8 mV (Fig. S5at) while that of ICGCDs was
determined to be —15.8 mV (Fig. S5b¥), the zeta potential shift
of ICGCDs might be attributed to the loss of sulfate groups
after the carbonization. In conclusion, we have successfully
synthesized ICGCDs via the simple carbonization of ICG.
ICGCDs demonstrated typical properties of C-dots and suc-
cessfully inherited the NIR emission of ICG.

Nanoscale, 2023, 15,1925-1936 | 1929
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3.2. Comparison of ICG and ICGCD properties

In this study, ICG was selected as the carbon precursor for the
preparation of highly efficient NIR C-dots. As a well-established
NIR organic dye, ICG has been widely used as bioimaging and
PTT agent for its NIR PL emissions and photothermal capa-
bility. Unfortunately, ICG frequently suffered from low chemi-
cal and optical stability, undesired aggregation, relatively
inefficient PCE and short in vivo circulation time. As such, this
study aimed to conquer these challenges via the simple car-
bonization of ICG to form ICGCDs, which could inherit the
intrinsic NIR emissions and photothermal capabilities of ICG
while having much enhanced optical stabilities, increased
anti-photobleaching and strengthened photothermal pro-
perties compared to ICG (Fig. 3). In addition, the biocompat-
ibility of ICGCDs was also expected to be improved as the car-
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bonization could generally reduce the cytotoxicity of raw
materials.

To explore whether carbonization of ICG did enhance the
properties as planned, the properties of ICG and ICGCDs were
systematically compared. The optical stabilities of ICG and
ICGCDs under different temperatures were firstly investigated.
Similar to previous studies,”” the PL stability of ICG was quite
weak (Fig. 4a, black lines). Specifically, the PL intensities of
ICG solution began to decline since time zero and there was a
25% of intensity ablation after 15 h of storage under ambient
conditions (23 °C). What's worse, when the temperature
increased to normal body temperature (37 °C), the PL intensity
of ICG decayed much more rapidly, losing almost 90% of the
initial intensity in the first 3 h, which greatly limited the in-
depth applications of ICG in the biomedical fields. When the
temperature was further elevated to 60 °C, it quickly lost 93%
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Fig. 3 Experimental design idea of this study: to prepare ICGCDs via the simple carbonization of ICG, which not only inherit the characteristics (i.e.,
NIR emissions, photothermal capability) of ICG, but also refrain from its shortcomings (i.e., poor chemical and optical stability, mediocre photother-
mal properties). PCE: photothermal conversion efficiency; ICGCDs: indocyanine green-derived carbon dots.
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(@) The normalized fluorescence emission intensities of ICG and ICGCDs at different temperatures. The normalized fluorescence emission

intensities of ICG and ICGCDs under continuous irradiation by a xenon lamp (500 W, 300-1100 nm): (b) irradiation for 1 h and (c) irradiation for 22 h,

the insets are the pictures of ICG solutions (left) and ICGCDs dispersions
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(right) after continuous irradiation for the respective time as indicated.
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of the PL intensity in the first 2 h. As can be seen, the PL of
ICG demonstrated acceptable stability only when the tempera-
ture was decreased to —8 °C (Fig. 4a, black lines), which is not
practical for actual applications. To our delight, the carboniz-
ation of ICG to ICGCDs has significantly enhanced the PL
stabilities. As demonstrated, the PL intensities of ICGCDs had
no noticeable decays at all the temperatures tested (Fig. 4a, red
lines), indicating that the strategy applied in this study is
indeed feasible and promising!

In addition to the normal PL stability improvement, to our
delight, the photobleaching resistance ability of ICGCDs was
also significantly enhanced. As can be seen, the PL intensity of
ICG decayed dramatically to 4.0% after 60 min of continuous
irradiation by a xenon lamp (500 W, 300-1100 nm) while that
of ICGCDs remained virtually unchanged (Fig. 4b). Moreover,
ICGCDs demonstrated a high level of anti-photobleaching
even after 22 h of continuous irradiation (Fig. 4c, red line),
highlighting the potential of ICGCDs as an excellent imaging
agent for long-term, continuous tracking. It is worth mention-
ing that the differences in their anti-photobleaching abilities
could also be visually distinguished based on the aqueous
solution/dispersion of ICG and ICGCDs. As shown, the green-
ish aqueous solution of ICG turned to colorless after 12 h of
irradiation (Fig. 4c, left inset), possibly due to the degradation
of ICG while no evident change was observed for the aqueous
dispersion of ICGCDs (Fig. 4c, right inset).

Apart from their NIR emission, ICG is also known for its
intrinsic photothermal properties. As such, we also paid extra
attention to the photothermal performances of ICG and
ICGCDs. As demonstrated, ICG had a good photothermal

View Article Online
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ability that was concentration-dependent (Fig. 5a). Specifically,
when the concentration was low (i.e., 10 pg mL™"), there was
no noticeable difference between the sample and PBS buffer
(Fig. 5a, red curve vs. black curve). Starting from 20 pg mL ™,
the photothermal effects of ICG became obvious and
enhanced as the concentration increased, resulting in a
45.5 °C temperature increase as the concentration of ICG
reached 100 pg mL™"' (Fig. 5a, cyan curve). Unfortunately,
samples with high concentrations (40-100 pug mL™") showed
declined temperatures after 400 s of continuous irradiation,
which might be attributed to the unstable nature and self-
photothermal decomposition of ICG. On the other hand, to
our surprise, not only the intrinsic photothermal property of
ICG was inherited by ICGCDs, but also it was greatly
enhanced! ICGCDs, unlike ICG, demonstrated high degree of
photothermal effects even at very low concentrations (i.e., 5
and 10 pg mL™", Fig. 5b, red and blue curves). As the concen-
trations increased, the photothermal effects of ICGCDs were
also quickly enhanced, achieving a maximum of 65.7 °C temp-
erature increase as the concentration was set at 100 pg mL ™"
(Fig. 5b, brown curve). Most importantly, unlike ICG, there was
no sign of temperature decline after 600 s of continuous laser
irradiation for all the concentrations tested, demonstrating the
superior photothermal stability of ICGCDs (Fig. 5b). Besides,
the dispersion of ICGCDs (50 pg mL™") also demonstrated
laser power-dependent photothermal effects (Fig. S61), which
could be exploited to fine tune the temperature elevation of
the system. As demonstrated, due to their excellent photother-
mal efficiency, ICGCDs achieved much higher temperature
increase than ICG at all concentrations tested (Fig. 5c). To
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Fig. 5 Temperature variations of (a) ICG solutions and (b) ICGCD dispersions of different concentrations after irradiated with an 808 nm laser (2.5
W cm™2). (c) Plot of temperature changes (AT) versus concentrations of ICG solutions and ICGCDs dispersions after 10 min of laser irradiation. (d)
Temperature variations of ICGCDs dispersion (50 ug mL™Y) under different pH. (e) Cyclability test for ICG solution and ICGCDs dispersion (50 ug
mL™Y) under repeated laser irradiations (808 nm, 2.5 W cm™2): black and red curves represent the temperature variations for ICG and ICGCDs,
respectively, over 10 on/off cycles. The rising parts of the curves correspond to the laser irradiation (laser on) while the descending parts of the
curves correspond to the natural cooling (laser off). (f) Photos showing the aqueous solution of ICG (top) and dispersion of ICGCDs (bottom) over 4

on/off cycles of 808 nm laser (2.5 W cm™?) irradiation.
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quantitatively compare their photothermal effects, the PCEs of
ICG and ICGCDs (50 pg mL™") were determined according to
well-established procedures*®>° (Fig. S71). The PCE of ICGCDs
was calculated to be 23.9%, which is much higher than that of
ICG (16.3%), achieving almost 50% enhancement! The origin
of the photothermal ability of ICGCDs could be ascribed to the
inheritance of the intrinsic characteristics of carbon precursor
ICG, as methyl cyanine dyes are well known for their photo-
thermal capacity.’® After successful carbonization, ICGCDs
might be regarded as the nanoscale formulation of cyanine
dyes, which may have effectively avoided the intense aggrega-
tion of ICG and thus reduced the dissipation of excited-state
energy through radiative relaxation, leading to a much
enhanced PCE.*!

In addition to the enhanced PCE discussed above, to our
delight, the pH scope and cyclability of ICGCDs were also
greatly improved. Compared with the very limited functional
pH range of ICG (Fig. S8t), ICGCDs demonstrated a much
broader functional pH range from 1 to 7.4 (Fig. 5d), which
included both the pH environments of normal tissues (pH =
7.2-7.4) and various solid tumors (pH < 7),>> making ICGCDs
much more competitive than ICG as potential agents for
in vivo PTT. Furthermore, ICGCDs also performed much better
in the cyclability test than ICG. Under repeated laser
irradiation, ICGCDs maintained essentially the same PCE even
after 10 cycles as indicated by the unaltered temperature peaks
(Fig. 5e, red curves) while the photothermal performances of
ICG began to quickly deteriorate since the second cycle, and
only 57.3% of the original PCE was retained in the fifth cycle
(Fig. 5e, black curves). The stability differences of ICG and
ICGCDs in the cyclability test could also be visually differen-
tiated, in which the greenish color of the ICG solution quickly
faded away in the first few cycles while that of ICGCDs
remained essentially unchanged (Fig. 5f). In conclusion, car-
bonization of ICG into ICGCDs indeed enhanced their pro-
perties in all aspects, highlighting the high feasibility of the
strategy proposed in this study.

3.3. Applications of ICGCDs: bioimaging and PTT

In light of their excellent PL and photothermal properties, the
potential applications of ICGCDs for bioimaging and PTT were
also demonstrated. To begin with, we evaluated the cytotoxicity
of ICGCDs using normal HaCaT cells as the cell model. To our
delight, the biocompatibility of ICGCGs was greatly enhanced
compared to ICG, in which ICGCDs exhibited extremely low
cytotoxicity compared to ICG at all concentration levels tested
(Fig. S91). Furthermore, the hemocompatibility of ICGCDs was
tested to verify the feasibility of their application in vivo. As
demonstrated (Fig. S10f), after incubation with red blood
cells, the absorptions at 541 nm of ICGCD groups of different
concentrations were all at low levels compared to the positive
control group (Fig. S10at). No obvious hemolysis was observed
even when the concentration of ICGCDs was increased to
400 pg mL™"' (Fig. S10bt). The low hemolysis rate indicated
that ICGCDs had great hemocompatibility and could be
applied for in vivo applications.
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Feasibility of ICGCDs as a bioimaging agent was then
demonstrated using 435 cells as the cell model. Clearly, the
cells treated with ICGCDs maintained their normal mor-
phologies (Fig. 6a) and cells with strong red fluorescence
could be easily observed under the excitation of a 525 nm
channel (Fig. 6b). The red fluorescence could be attributed to
the main emissions of ICGCDs above 600 nm, and showed no
sign of deterioration after long periods of continuous exci-
tation, demonstrating the high photostability of ICGCDs.
Similarly, strong green (Fig. 6¢) and blue (Fig. 6d) fluorescence
emissions could be observed when excited under 470 and
385 nm excitation lights, respectively. Under higher magnifi-
cation (Fig. 6b2-d2), we could see that the cytoplasm showed
weak fluorescence whereas the fluorescence around the mem-
branes was much stronger, indicating that the ICGCDs might
be efficiently taken up by the 435 cells via the membrane-
mediated endocytosis process.*?

To investigate the photothermal cytotoxicity of ICGCDs on
cancer cells, 435 cells were treated with ICGCD dispersions of
different concentrations before they were irradiated with an
808 nm laser. Control experiments (without laser irradiation)
show that the 435 cells maintained high viability, specifically,
over 90% of viability was retained even in the presence of
100 pg mL~" ICGCDs (Fig. 6e, black columns). However, the
viability of 435 cells was significantly decreased under laser
irradiation (Fig. 6e, red columns), demonstrating the high
in vitro photothermal efficiency of ICGCDs. Notably, nearly
90% of 435 cells were killed with the presence of only 20 pg
mL™' ICGCDs under irradiation, which was better than most
reported studies.?®?°3%3> On the other hand, ICG demon-
strated evident cytotoxicity at higher concentrations in the
control experiments (Fig. 6f, black columns), which was in
accordance with the cytotoxicity study discussed above.
Furthermore, their photothermal efficiency was also much
lower (Fig. 6f, red columns), only 35% of 435 cells cultured
with 20 pg mL™" of ICG were killed under laser irradiation
while that for ICGCDs was 90%. These results clearly show
that the biocompatibility and in vitro photothermal capability
of ICG were significantly enhanced as they were carbonized
and transformed into ICGCDs.

Encouraged by the wet and in vitro experiments, we further
evaluated the photothermal therapeutic effects of ICGCDs
in vivo using tumor-bearing mice as the model. Specifically,
mice intratumorally injected with ICGCDs (PTT group) were
irradiated with an 808 nm laser (1 W cm™>) continuously
for 5 min and an infrared thermal camera was used to
monitor the whole process. As expected, the temperature of
the tumor site for the PTT group was significantly elevated
from 37.9 °C at 0 min to 63.7 °C at 5 min (AT = 25.8 °C)
while that of the saline group only increased by 6.1 °C
(Fig. 7a), demonstrating the excellent in vivo photothermal
capability of ICGCDs. Excitingly, the tumor growth of the
PTT group mice was significantly inhibited after only one
photothermal treatment, and only a small black scar was
left 14 days after the treatment (Fig. 7b1). In contrast, the
other three control groups, including ICGCDs groups
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Fig. 6 The fluorescence images under (al and a2) bright field, (b1 and b2) 525 nm excitation, (c1 and c2) 470 nm excitation and (d1 and d2) 385 nm
excitation of 435 cells incubated with ICGCDs for 4 h. The cell viability of 435 cells incubated with different concentrations of (e) ICGCDs or (f) ICG

and irradiated with the 808 nm laser (2.5 W cm™2, 8 min).

without laser irradiation (Fig. 7b2), saline groups with laser
irradiation (Fig. 7b3) and saline groups without laser
irradiation (Fig. 7b4) did not suppress tumor growth at all.
To quantitatively compare the tumor growths in different
groups, the tumor volumes were monitored by an electronic
vernier caliper every other day for 14 days (Fig. 7c). As
observed, the tumor sizes of the PTT group mice did not
show obvious shrinking in the first 10 days, which was due
to the interference of the black scab at the tumor sites due
to the PTT effect (Fig. S11f). The scabs began to desqua-
mate after 10 days, and we were able to measure the tumor
volumes much accurately; as shown, the tumor sizes of the
PTT group reduced by almost 70% in the end after only one
photothermal treatment (Fig. 7c, green line).

On the other hand, the tumors of the control groups all
had significant growth: the ICGCDs group without laser
irradiation increased 268.7% (Fig. 7c, blue line), saline groups
with laser irradiation increased 219.1% (Fig. 7c, red line) and
saline groups without laser irradiation increased 218.4%
(Fig. 7c, black line). Moreover, the body weights for all the
mice were monitored and showed no abnormality during the
entire treatment (Fig. 7d), indicating that the photothermal
treatment of ICGCDs did not alter the body functions of the
mice, which highlighted the excellent in vivo biocompatibility
of the ICGCDs.

This journal is © The Royal Society of Chemistry 2023

In addition to the direct measurement of the tumor
volumes, an indirect approach was also taken to evaluate the
development of the tumors after the photothermal treatments.
It is well known that the occurrence and development of
cancers are generally accompanied by the increase of immune
cells*® as the body is fighting back. Thus, the number of
immune cells under similar body conditions could be used to
roughly evaluate the degree of cancer development; the more
immune cells, the more severe the cancers. As such, we carried
out the blood analysis of the mice 14 days after the initial
photothermal treatment. As expected, the immune -cells
including white blood cells (Fig. 7e), lymph cells (Fig. 7f) and
neutrophil cells (Fig. 7g) of the PTT group were much lower
than those of the control group (saline + laser irradiation).
These results indicated that the tumor growth for the PTT
group was indeed effectively inhibited; further demonstrating
the excellent photothermal tumor ablation efficiency of
ICGCDs. Moreover, major organs of the mice (heart, liver,
spleen, lungs and kidneys) in the PTT group (Fig. 7h, top),
saline group with laser irradiation (Fig. 7h, bottom), ICGCDs
group without laser irradiation (Fig. S12at) and saline group
without laser irradiation (Fig. S12bf) were harvested and
stained with H&E. No obvious toxicity was observed in the
mice tissues, again demonstrating the high in vivo biocompat-
ibility of the ICGCDs.
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Fig. 7 (a) IR thermal images of the tumor-bearing mice treated with ICGCDs and saline under an 808 nm laser irradiation (1 W cm™2, 5 min). (b)
Photos of tumor-bearing mice two weeks after photothermal treatments: (b1) PTT group, ICGCDs with laser irradiation; (b2) ICGCDs without laser
irradiation; (b3) saline with laser irradiation; and (b4) saline without laser irradiation. Initial sizes of the tumors of the mice varied slightly. (c) Relative
tumor growth rate and (d) body weight of each treatment group monitored two weeks after photothermal treatment. Analysis of immune cells of
the photothermal treated tumor-bearing mice via blood testing: (e) WBC, (f) LYMPH and (g) NEUT. (h) H&E staining of tissues from mice treated with

ICGCDs and saline under laser irradiation (808 nm, 1 W cm™2, 5 min).
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4. Conclusion

In summary, a facile hydrothermal method was applied for the
preparation of ICGCDs from traditional organic dye ICG.
Careful characterizations revealed that ICGCDs possessed
quasi-spherical morphology and demonstrated all the pro-
perties typically seen for C-dots. Significantly, ICGCDs exhibi-
ted much-enhanced chemical and optical properties compared
to ICG, which greatly extended their application as the NIR
imaging agent. Moreover, the photothermal properties of
ICGCDs were notably strengthened compared to that of ICG,
in which wider functional pH range, 50% improvement in PCE
and superior photothermal cyclability were achieved. In light
of the excellent photothermal properties of ICGCDs, their
applications as efficient photothermal agents for both in vitro
and in vivo PTT were demonstrated. These studies manifested
that the strategy to enhance the properties of ICG via their car-
bonization into ICGCDs (Fig. 3) was indeed feasible and
effective. Most prominently, considering its easy operation and
simple validations, the strategy demonstrated in this study is
likely to be promoted to other systems,*®*” rendering chemists
and materials scientists alternative yet powerful tools to tackle
similar challenges.
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