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ABSTRACT: A novel and green multifunctional nanoplatform

NIR FL imaging

as a nanocarrier for drug delivery, cell imaging, and photo- Si:ﬁ PTT/PDT

therapy has been engineered. The nanoplatform is composed of LL - ) y
stabilized carbon spheres (CSs) as cores, a coated polydopamine - - ,;1 - :.:
(PDA) shell, targeted folic acid (FA), and the loaded anticancer EY | Vv T-‘r-)-"

drug indocyanine green (ICG), obtaining CSs@PDA-FA@ICG
nanocomposites (NCs). The biocompatible PDA shell provided

CSs@PDA-FA@ICG NCs
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Aromatic ICG could be effectively loaded into the CSs@PDA- Hel a cell
FA system via hydrophobic interactions and 7— stacking with a

loading efficiency of 58.9%. Notably, the activated NIR fluorescence in an intracellular environment made CSs@PDA-FA@ICG a
sensitive “OFF” to “ON” nanoprobe that can be used for NIR imaging. Moreover, compared to ICG alone, the CSs@PDA-FA@
ICG NCs could induce efficient photoconversion for simultaneous synergetic photodynamic therapy (PDT) and photothermal
therapy (PTT) under a single NIR laser irradiation. The results demonstrated that CSs@PDA-FA@ICG NCs as a targeted and
activated nanoplatform provide new opportunities to facilitate the accurate diagnosis of cancer and enhanced treatment efficacy.

This work stimulates more interest in the design of the facile surface functionalization strategy to construct other multifunctional

nanocomposites, such as nanotubes and nanorods.
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1. INTRODUCTION

The early diagnosis and therapy of cancer cells for increasing
cancer patient survival rate is still a great challenge. An efficient
theranostic platform for cancer requires the integration of
imaging, targeting, and multimodality therapy in a single
system.'” Recently, the graphene and carbon tube, as
members of the carbon family, have been widely applied in
the preparation of multifunctional nanocomposites (NCs) for
biomedical applications.”> However, there have been few
reports discussing surface modification of carbon spheres for
biomedical applications. Carbon spheres, as one of the sp*
carbon nanomaterials, has attracted a great deal of research
interest in biological applications because of their easy synthesis
and unique intrinsic physical and chemical properties.””® For
example, Liu et al’ reported the preparation of surface
engineered carbon nanospheres with high drug loading
efficiency for pH responsive delivery of doxorubicin to cancer
cells. Therefore, the carbon spheres can be used as carriers for
biomedical applications. Moreover, they can serve as efficient
photosensitizers with high absorption in the near-infrared
(NIR) region and high-thermal stability for photothermal
therapy.'’~"> Recently, several research groups have success-
fully constructed the multifunctional nanoplatform based on
carbon sphere nanoparticles for imaging and thermo-chemo-
therapy of cancer.””"” Therefore, carbon spheres (CSs) can be
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exploited for biomedical applications, such as photothermal
therapy and drug delivery. In addition, we expect that CSs can
not only possess ordinary properties and functions but also
have the capability of targeting recognition or diagnosis and be
sensitive to intracellular stimuli to release drugs. Hence,
dopamine (DA) is used to accomplish the multifunctionaliza-
tion and biocompatibility of CSs. DA can self-polymerize at
alkaline pH values, and the generated polydopamine (PDA)
can spontaneously deposit on the surface of CSs."* The PDA
possesses unique physicochemical properties and excellent
biocompatibility. It is reported that PDA can serve as a
universal coating for nanoparticles (e.g, gold nanorods,
magnetic nanoparticles, and carbon nanotubes) for various
applications,”~" including surface modification, metal depo-
sition, and drug delivery (directly adsorbing anticancer drugs by
7—n interactions). Therefore, PDA-coated CSs (CSs@PDA) as
a novel nanoplatform is highly desired to optimize photo-
physical performance as well as enhance bioactivity and
promote cell proliferation of the CSs.'*~"” Furthermore, the
existence of functional groups (amine) on the surface of PDA
can be modified with various biomolecules (for example, folic
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Figure 1. Schematic illustration of the preparation of CSs@PDA-FA@ICG NCs and their application for targeted, activation-capable imaging and

phototherapy of cancer cells.

acid (FA)). The FA-modified CSs@PDA (CSs@PDA-FA)
makes it have a high selectivity and binding affinity to the folate
receptor that is overexpressed on cancer cell surfaces.'®"
These days, PDA is also being used as a phototherapeutic agent
for cancer therapy due to its strong NIR absor(ptlon and high
photothermal conversion efficiency (40%).">"” Considering
these features, we inferred that the targeted CSs@PDA-FA
nanoparticles would be a very suitable material in the
preparation of nanocomposites for biomedical applications.
To realize effective diagnosis and treatment of cancer cells,
the loading of various fluorescent anticancer drugs on the
surface of CSs@PDA-FA is significant for constructing
multifunctional nanocomposites for theranostic applications.
Indocyanine green (ICG) with NIR absorption and emission
for effective photothermal/photodynamic response has been
applied for NIR imaging and phototherapy. In particular, ICG
as a novel NIR photoactivating probe in biomedical studies has
good foreground because of their tissue penetration, low
autofluorescence, and minimal tissue injury.”’~>* However, the
practical applications of ICG in PTT/PDT and NIR imaging
are restricted due to their poor aqueous stability, unstable
optical properties, quick degradation, and clearance in the living
body.”® Therefore, there is great need to propose a safe and
effective method for facilitating the delivery of ICG drugs for an
enhanced penetration and retention (EPR) effect and
fluorescence stability for NIR imaging and therapy. Recently,
several research groups have proposed some targeting ICG
nanocarriers, such as polyallylamine, calcium phosphosilicate,
and perfluorocarbon, Wthh can be used for improving stability
and targeted imaging.”*~>® However, it is still urgent to develop
a facile and activatable targeting ICG nanocarrier for the
efficient imaging and therapy of cancer cells. Here, the CSs@
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PDA-FA has the capacity to adsorb and load ICG aroused by
the weak 7—7 stacking interaction.'””’ = Furthermore, the
coated PDA shell can effectively quench the fluorescence of the
ICG dye. Therefore, the loaded ICG in CSs@PDA-FA is in the
fluorescence “OFF” state. After the CSs@PDA-FA@ICG NC is
taken up by targeted cancer cells, the ICG is gradually released
from the NCs, which induces the activation of ICG
fluorescence to the “ON” state. This is because ICG highly
bonded to intracellular protein (e.g., glutathione S-transferase)
distributed in the cytoplasm results in ICG fluorescent turn-
on.’>*! The NIR fluorescence of CSs@PDA-FA@ICG NCs
could be activated (high signal) in the intracellular environment
whereas a low fluorescence signal is detected (low noise) in a
nonstimulating environment. Thus, it is very significant to
fabricate a CSs@PDA-FA@ICG nanoplatform to generate a
high signal-to-noise ratio (S/N ratio) for effective imaging and
sensitive detection of cancer cells. Moreover, the nanoplatform
can integrate PDT and PTT in a system. Over all, the
development of a multifunctional fluorescent turn-on nano-
platform is very important for the detection and targeted
therapy of cancer cells.

In this work, we constructed multifunctional CSs@PDA-
FA@ICG NCs that can be utilized for the detection and
phototherapy of cancer cells. To the best of our knowledge, no
NIR fluorescence-based turn-on CSs@PDA-FA@ICG nanop-
robes for activatable imaging and effective phototherapy of
cancer cells have been explored to date. Herein, the
modification of green CSs with biocompatible PDA (CSs@
PDA) was achieved by in situ polymerization of DA onto the
surface of the CSs (Figure 1). Next, FA was functionalized on
the surface of CSs@PDA by covalent coupling, obtaining CSs@
PDA-FA for enhancing the cellular uptake. Furthermore, we
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Figure 2. (a) TEM images of the CSs (a,), CSs@PDA (a,), and CSs@PDA-FA@ICG NCs (a;); bar = 100 nm. (b) Size distribution of CSs, CSs@
PDA, CSs@PDA-FA, and CSs@PDA-FA@ICG. (c) The zeta potential of CSs, CSs@PDA, CSs@PDA-FA, and CSs@PDA-FA@ICG.

demonstrated that CSs@PDA-FA can strongly adsorb ICG dye
and effectively quench the fluorescence of ICG, but the strong
binding between ICG and the intracellular proteins would
result in the release of ICG from the nanocomposite and
subsequent recovery of fluorescence. Therefore, a novel
approach based on fluorescent turn-on is proposed for the
activated NIR imaging of cancer cells. Moreover, the NCs can
enhance phototherapy efficiency due to integration of the
photoconversion performance of CSs, PDA, and ICG in a
single system. Our results demonstrate that the engineered
CSs@PDA-FA can serve as an ICG carrier and quencher to
manipulate targeted and activated imaging; the synergetic
PTT/PDT can efficiently kill target cancer cells under a single
NIR laser irradiation.

2. EXPERIMENTAL SECTION

2.1. Materials. Cetyltrimethylammonium bromide (CTAB), N-
hydroxy-sulfosuccin-imide (sulfo-NHS), 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC), 2’,7’-dichlorofluorescin
diacetate (DCFH-DA), indocyanine green (ICG), and 3-(4, S-
dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich. Folic acid (FA) was purchased from
Aladdin. Glucose and sodium azide (NaN;) were purchased from
Sinopharm Chemical Reagent Co. All cells were obtained from State
Key Laboratory of Agricultural Microbiology. Ultrapure water with a
conductivity of 18.25 M€ cm was used throughout the experiments.

2.2. Apparatus and Characterization. The freshly purified CSs,
CSs@PDA, and CSs@PDA-FA@ICG solution were transferred onto a
200 mesh copper grid coated with carbon, dried at room temperature,
then analyzed by a JEM-2010FEF transmission electron microscope
(TEM) at an accelerating voltage of 100 kV. The size and zeta
potential of the nanoparticles (at a concentration of 0.05 mg mL™")
were measured by dynamic light scattering (DLS) using a Malvern
Zeta Sizer (Nano-ZS). The samples were first purified by repeated
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centrifugation at 13000 rpm for 4 min. Before the measurement, the
nanoparticles were completely redispersed in PBS (0.01 M, pH 7.5) by
ultrasonication for a modest amount of time. Multiple runs (>3) were
performed to avoid erroneous results. The ultraviolet—visible (UV—
Vis) absorption spectra were measured by a Nicolet Evolution 300
UltravioletVisible spectrometer. The Fluorescence spectra were
recorded by an Edinburgh FLS920 spectrometer. The cell imaging
was obtained with a Nikon inverted CMS DM-4000 M fluorescence
microscope. A CW diode laser with a wavelength of 808 nm was used
for the laser irradiation experiment.

2.3. Preparation of CSs. Glucose (4.0 g) and CTAB (0.30 g)
were dissolved in ultrapure water (40 mL). The solution was
transferred to a Teflon-lined stainless steel autoclave with a capacity
of 100 mL. The autoclave was heated at 180 °C for 3 h and then
cooled to room temperature. After being cooled to room temperature,
the obtained CSs were repeatedly washed with water and ethanol at
least ten times with centrifugation at 13000 rpm for 4 min and then
redispersed in ultrapure water.

2.4. Synthesis of CSs@PDA. Eight milligrams of dopamine was
added to 20 mL of a 1.0 mg mL™" CS solution. Tris-base was added,
and the pH was adjusted to 8.5. After shaking at room temperature for
12 h, CSs@PDA was obtained by centrifugation and washed with
water several times.

2.5. Preparation of CSs@PDA-FA@ICG NCs. Ten milligrams of
FA, 4.0 mg of EDC, and 4.0 mg of sulfo-NHS were mixed in 1.0 mL of
DMSO. The FA was activated for 2 h at 25 °C. Then, 10 mL of 1.0 mg
mL™" of CSs@PDAs was added and stirred for 2 h. The obtained
CSs@PDA-FA was purified. Next, ICG (1.0 mg) in 1.0 mL of PBS
(pH 7.4) was mixed with CSs@PDA-FA (1.0 mg mL™") at 25 °C for 2
h, producing CSs@PDA-FA@ICG NCs.

2.6. Cytotoxicity Assay. The in vitro cytotoxicity was measured
by MTT assay.”> HeLa cells and normal hepatocytes (1 X 10° cells/
well) were respectively seeded into 96-well cell culture plates and then
incubated for 24 h at 37 °C under 5% CO,. Then, the various
concentrations of CSs, CSs@PDA-FA, free ICG, and CSs@PDA-FA@
ICG NCs were respectively added and incubated for another 24 or 48
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Figure 3. (a) (top) Color change of CSs, CSs@PDA, CSs@PDA-FA, ICG, and CSs@PDA-FA@ICG solutions in PBS; (bottom) precipitates of
CSs, CSs@PDA, CSs@PDA-FA, and CSs@PDA-FA@ICG. (b) UV—vis absorption spectra of CSs, CSs@PDA, FA, free ICG, and CSs@PDA-FA@
ICG solutions (0.05 mg mL™"). (c) NIR fluorescence emission spectra of CSs@PDA-FA, free ICG, and CSs@PDA-FA@ICG. (d) (top) Time-
dependent profile of the hydrodynamic diameter of CSs@PDA-FA@ICG in PBS or DMEM for 2 weeks; (bottom) optical images of CSs@PDA-

FA@ICG with different treatments after 2 weeks.

h. The standard MTT assay was carried out to determine the cell
viabilities relative to the untreated control cells. To obtain
complementary evidence, biochemical assays of viability were also
confirmed via 04% Trypan blue staining. For 0.4% trypan blue
staining for dead cells, the HeLa cells and normal hepatocytes were
incubated with CSs@PDA-FA@ICG (0.10 mg mL™") for 24 or 48 h.
After being washed twice with PBS, the cells were incubated with a
trypan blue solution for 15 min followed by cell imaging on a
microscope.

2.7. Fluorescence Response of ICG. One milliliter of 0.10 mg
mL™! of ICG was mixed with different concentrations of CSs@PDA-
FA (0, 0.01, 0.02, 0.05, and 0.10 mg mL™") for 1 h, and then the
fluorescence spectra of all of the samples were recorded with an
Edinburgh FLS920 fluorescence spectrophotometer. In vitro time-
dependent fluorescence recovery of ICG was measured. HeLa cells (1
x 10° cells/well) were seeded into 96-well plates. After a confluent
cellular monolayer covered the inner surface of the plates, CSs@PDA-
FA@ICG (0.10 mg mL™") in DMEM were incubated with or without
the attached cells at 37 °C. NIR fluorescence images and fluorescence
signal were then detected with a Nikon inverted CMS DM-4000 M
fluorescence microscope and Edinburgh FLS920 fluorescence
spectrophotometer.

2.8. Targeting Ability of CSs@PDA-FA@ICG NCs. HeLa cells
and hepatocytes were respectively seeded in 24-well plates at a density
of 1 X 10* cells/well/100 uL. After being incubated for 24 h, the cells
were treated with free ICG, CSs@PDA-FA@ICG, and FA+CSs@
PDA-FA@ICG at a final equivalent concentration of 0.10 mg mL™".
Under the same conditions, the hepatocytes were treated with CSs@
PDA-FA@ICG NCs. After being incubated for 4 h at 37 °C, the cells
were washed three times. Subsequently, images of cells were acquired
using a Nikon inverted CMS DM-4000 M fluorescence microscope.
For the cellular uptake of the NCs to be determined, the HeLa cells

15016

were coincubated with CSs@PDA-FA@ICG NCs for 4 h and washed
with PBS. A portion of the cells were prepared and imaged under
transmission electron microscopy (TEM).

2.9. Measurement of Photothermal Performance. To evaluate
the photothermal conversion performance, we irradiated CSs, CSs@
PDA-FA, free ICG, and CSs@PDA-FA@ICG at the same
concentration by an NIR laser (808 nm) at 1.0 W cm™ for 12 min.
Then, the CSs@PDA-FA@ICG NCs with different concentrations
were suspended in a quartz cuvette (total volume of 1.0 mL) and
irradiated by an NIR laser (808 nm, 1.0 W cm™2).

2.10. Detection of Reactive Oxygen Species (ROS). DCFH-
DA was employed to evaluate the ROS generation of CSs@PDA-FA,
free ICG, and CSs@PDA-FA@ICG. CSs@PDA-FA, free ICG, and
CSs@PDA-FA@ICG were each mixed with DCFH-DA (25 pg mL™")
in water.>®> Then, the mixture solutions were irradiated with an NIR
laser (808 nm, 1.0 W cm™2). DCFH-DA fluorescence was excited with
a 488 nm wavelength light source.

2.11. Phototherapy. HeLa cells were incubated with 0.10 mg
mL ™" of CSs@PDA-FA, free ICG, and CSs@PDA-FA@ICG. After 4 h
at 37 °C, the cells were washed three times. Next, the cells were
irradiated with an NIR laser (808 nm, 1.0 W cm™) for 6 min. Then,
the cells were stained with 0.4% trypan blue and imaged by
microscopy. To further quantitatively assess the photothermal and
photodynamic cytotoxicity of CSs@PDA-FA@ICG NCs, we incu-
bated HeLa cells with NCs in 96-well plates at 37 °C in a humidified
atmosphere containing 5% CO, for 4 h. After exposure to the NIR
laser (808 nm, 1.0 W cm™) for 6 min, the cells were left to incubate
for another 24 h. Next, MTT assays were carried out to evaluate the

cell viability.
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Figure 4. Cell viability of the HeLa cells at different concentrations of nanoparticles for 24 h (a) and 48 h (b) by MTT analysis and the cell viability
of hepatocytes at different concentrations of nanoparticles for 24 h (c) and 48 h (d) by MTT analysis. (e, f) Tyrpan blue stained images of HeLa
cells (e) and hepatocytes (f): (e, f;) without any treatment, (e,, f,) with CSs@PDA-FA@ICG (0.10 mg mL™") incubation for 24 h, (e, f;) with

CSs@PDA-FA@ICG (0.10 mg mL™") incubation for 48 h.

3. RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) was utilized to
investigate the morphology of CSs, CSs@PDA, and CSs@
PDA-FA@ICG. As shown in Figure 2a, the TEM images
revealed vividly that the rough PDA shell was wrapped onto the
smooth surface of the spherical CSs after self-polymerization of
the DA in an alkaline solution. TEM images showed that there
were no obvious changes in the structure of the CSs@PDA
before and after the conjugation and loading with FA and ICG.
The hydrodynamic diameter of the modified CS NCs was
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measured by dynamic light scattering (DLS) analysis with
nanoparticles dispersed in phosphate buffered saline (PBS, pH
7.5) by sonication. Figure 2b shows that the hydrodynamic
diameter of the CS NPs was gradually increased with the PDA
coating, FA conjugation, and ICG loading. The polydispersity
index (PDI), reflecting the dispersity of nanoparticles, was less
than 0.05, which indicates excellent monodispersity of the
nanoparticles. Moreover, the surface modifications on the CSs
could be reflected by the change in the zeta potential. Figure 2c
shows the zeta potential of functionalized CSs in PBS at pH 7.5.
Because of the presence of hydroxyl and carboxyl groups on
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cells (c) from O to 4 h.

CSs, the zeta potential of CSs was —30.5 + 2.6 mV. After the
PDA coating, the zeta potential of CSs@PDA became —13.7 +
3.2 mV due to the existence of amino and hydroxyl groups.
Although some amino-groups accreted on the surface of PDA,
there were a significant number of hydroxyl groups on the
surface of PDA. Under alkaline conditions, the zeta potential of
PDA would be negative. However, upon successful conjugation
with FA, the zeta potential of CSs@PDA-FA was decreased to
—20.6 & 2.2 mV because of the existence of a large number of
COOH groups of FA. After the ICG loading, the zeta potential
of CSs@PDA-FA@ICG was —38.5 + 1.9 mV because of the
existence of SO; groups on the surface of ICG. In conclusion,
the changes in the diameters and zeta potentials of these
nanoparticles after being coated, conjugated, and loaded
confirmed the successful construction of CSs@PDA-FA@ICG
NCs.

The optical property of the CSs@PDA-FA@ICG NC
aqueous dispersion was subsequently studied by UV—vis
absorbance and fluorescence emission spectra. Figure 3a
shows the photographs of different nanoparticles in PBS.
Different from as-prepared CSs, which were a brown-red color
in PBS, CSs@PDA were a darker brown color. However, after
the FA modification, CSs@PDA-FA appeared as a brown-
yellow color. Ultimately, the CSs@PDA-FA@ICG NCs
appeared as a black-green color, indicating successful loading
of ICG. After centrifugation, the precipitate and change of
solution color were observed for CSs, CSs@PDA, CSs@PDA-
FA, and CSs@PDA-FA@ICG, showing the existence of small
FA and ICG in solution. We detected the UV—vis absorbance
spectra of different nanoparticle solutions with the same
concentration (0.05 mg mL™") in PBS. Figure 3b showed the
CSs and CSs@PDA with no absorption in the range of 300—

800 nm. CSs@PDA-FA displayed the characteristic FA peak at
~295 nm, indicating the successful conjugation of FA onto the
CSs@PDA. The maximum NIR absorption peak of CSs@PDA-
FA@ICG was not only consistent with the dominant
monomeric absorption peak of free ICG dissolved in PBS but
also induced an extra absorption peak at ~295 nm.
Subsequently, the shapes of the NIR fluorescence emission
spectra for CSs@PDA-FA@ICG were similar to that of free
ICG, whereas there was no fluorescence emission peak for
CSs@PDA-FA (Figure 3c). Herein, the ICG loading efficiency
was evaluated up to 58.9% according to UV—vis absorbance
(Table S1, Supporting Information), which would enhance
delivery of ICG into cancer cells for bioapplications. These
results suggest successful loading of ICG and no degradation of
ICG during the functionalization process. Therefore, the optical
properties of CSs@PDA-FA@ICG with NIR absorbance and
emission can be exploited to establish the nanocarriers for NIR
imaging in biological systems.

After confirming the successful construction of CSs@PDA-
FA@ICG NCs, we then evaluated NCs’ stability and toxicity
for bioapplications. The prepared CSs, ICG, and CSs@PDA-
FA@ICG exhibited excellent dispersivity and stability in a range
of solutions, including water, PBS, cell medium, and fetal serum
(Figure S1, Supporting Information). Furthermore, DLS was
used to determine the colloidal stability of CSs@PDA-FA@
ICG dispersed in PBS or DMEM. The time-dependent profile
of the effective diameter of the CSs@PDA-FA@ICG is shown
in Figure 3d. The diameter of CSs@PDA-FA@ICG after 2
weeks remained the same size without evident variation,
exhibiting good colloidal stability in PBS or DMEM. In
addition, as seen in the optical images, the CSs@PDA-FA@
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ICG still retained good monodispersity in PBS and DMEM for
over 2 weeks, which showed no obvious precipitation.

For further biomedicine applications, the intrinsic toxicity of
CSs, CSs@PDA-FA, ICG, and CSs@PDA-FA@ICG was
studied by MTT assay. HeLa cells and normal hepatocytes
were respectively incubated with various concentrations of
nanoparticles for 24 and 48 h (Figure 4a—d). We found that
the treated cells remained over 80% viable even at the highest
concentration. We also investigated the behavior of CSs@PDA-
FA@ICG in living cells (HeLa cells and normal hepatocytes)
through observations of the morphological changes and color
changes of cells using a microscope (Figure 4e, f). For 0.4%
trypan blue staining for dead cells (green color, due to
superposition of yellow and blue color), the microscope images
illustrated no obvious difference in the cancer and normal cell
morphology and the rarely stained cells. These results indicated
the low biological toxicity of CSs and their nanocomposites
over a wide concentration range. As is known, many carbon
nanomaterials with different shapes (for example, carbon

nanotubes and graphene) have Previously been proposed for
various biomedical applications.”*™*® These carbon nanoma-
terials exhibit relatively low toxicity. Nevertheless, it has been
reported that the cell viability of graphene and carbon
nanotubes was below 50% at the concentration of 0.10 mg
mL ™" for 24 h.*” Furthermore, it had been reported that the cell
viability of CSs was retained at more than 80% at a
concentration of 0.10 mg mL™! for 24 h, which is consistent
with our results.®® Thus, CSs can serve as a safe carrier.
Moreover, the harmless PDA biofilms can reduce the toxicity of
biomaterials, and ICG as a safe clinical drug has been widely
applied for biomedicine.””~** Therefore, the fabricated CSs@
PDA-FA@ICG NCs with good biocompatibility and low
toxicity could serve as a safe drug carrier and contrast agent
for bioapplications.

To elucidate the mechanism of NIR fluorescent turn off/on
of the nanoprobes, we investigated the capability of the CSs@
PDA-FA@ICG as a nanoprobe for adsorption and fluorescence
quenching in vitro and the cellular fluorescence recovery of
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Figure 7. (a) Temperature changes of PBS, CSs, CSs@PDA-FA, CSs@PDA-FA@ICG, and ICG solutions in response to irradiation by an NIR laser
(808 nm) with a power density of 1.0 W cm™2 (b) DCFH-DA fluorescence intensity at 522 nm in PBS, CSs@PDA-FA, ICG, CSs@PDA-FA@ICG,
ICG (10 uM NaN3;), and CSs@PDA-FA@ICG (+10 uM NaNj) solutions after 808 nm laser irradiation. (c) Phototoxicity of CSs@PDA-FA (c,),
ICG (c;), and CSs@PDA-FA@ICG (c,) on HeLa cells with 808 nm laser irradiation for 6 min. (c,) Phototoxicity of HeLa cells with 808 nm laser
irradiation alone for 6 min. Dead cells were stained with tyrpan blue. (d) Quantitative detection of HeLa cell viability by MTT assay. CK groups
without and with irradiation by the 808 nm laser. The cells were treated with CSs@PDA-FA, ICG, and CSs@PDA-FA@ICG.

ICG. First, the adsorption and fluorescence quenching abilities
of the CSs@PDA-FA toward ICG were evaluated by mixing the
fluorescent ICG and the prepared CSs@PDA-FA. As shown in
Figure SA, the fluorescence of the ICG was almost entirely
quenched in the presence of 0.10 mg mL™" of CSs@PDA-FA,
indicating strong adsorption of the ICG onto the CSs@PDA-
FA and high fluorescence quenching efficiency of the CSs@
PDA-FA. The high fluorescence quenching efficiency made
CSs@PDA-FA function as the fluorescence’s off switch. After
assessing the in vitro response of the CSs@PDA-FA to ICG, we
then validated whether the quenched fluorescence of CSs@
PDA-FA@ICG could recover in an intracellular environment. A
large number of HeLa cells were incubated with CSs@PDA-
FA@ICG in cell culture. As shown in Figure 5B, the NIR
fluorescence images were obtained as a function of time. The b

row contains HeLa cells in culture medium, whereas the ¢ row
contains only culture medium. The background of both rows
are red due to a small amount of fetal calf serum (including
some protein) in the culture medium. Upon being incubated
for prolonging amounts of time, the little amount of ICG in
NCs could bind with the protein in the cell medium and
recover fluorescence. The fluorescence in the cell group became
much stronger over time, whereas the fluorescence in the
medium over time in the absence of HeLa cells had only a
slight change. The results indicated that, after CSs@PDA-FA@
ICG entered cells, proteins (e.g., glutathione S-transferase) in
the intracellular microenvironment had very strong adsorption
to ICG, leading to the recovery of ICG fluorescence. The NIR
fluorescence intensity was also evaluated via a fluorescence
spectrometer, and an approximate 10X increase in fluorescence
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intensity was observed in CSs@PDA-FA@ICG-treated HeLa
cells after 4 h compared with that of the control (Figure SC).
These resuts showed that the NIR fluorescence of CSs@PDA-
FA@ICG NCs could be effectively activated (high signal) in
the intracellular environment, whereas a low signal was
detected (low noise) in a nonstimulating environment. The
S/N ratio can be improved through the design of the
nanoparticles, the signal of which can be amplified in specific
environments, but otherwise remains undetectable. A high S/N
ratio is significant for enhancing the sensitivity and resolution of
imaging. ™" All of the results described above demonstrate
that CSs@PDA-FA@ICG was a sensitive “OFF” to “ON”
nanoprobe that can be effectively used for cancer imaging due
to activated NIR fluorescence in an intracellular environment.

After examining the signaling ability of the CSs@PDA-FA@
ICG nanoprobe, we further validated the capability of CSs@
PDA-FA@ICG in targeted imaging of HeLa cancers in which
the FA receptor is overexpressed. The NIR fluorescence images
demonstrated that HeLa cells treated with free ICG displayed a
red fluorescence via passive uptake compared with that of the
control group (Figure 6). However, the red fluorescence of the
HelLa cells incubated with the CSs@PDA-FA@ICG nanoprobe
under the same conditions became much stronger than those
treated with ICG, indicating the specific binding of CSs@PDA-
FA@ICG to the FA receptors overexpressed on the HeLa cells.
Strong fluorescence in the CSs@PDA-FA@ICG-treated HeLa
cells was observed by a fluorescence microscope due to FA
active-targeting mediated endocytosis of the nanoprobe and
dequenching of ICG fluorescence with 4 h of incubation. We
also performed competitive binding assay experiments in which
HeLa cells were first incubated at 37 °C with free FA for 2 h
and then incubated with CSs@PDA-FA@ICG for another 4 h.
The NIR fluorescence signal became very weak upon adding
the free FA. Moreover, the ability of NCs to interact with FA-
negative normal hepatocytes was also assessed. Figure S2 in the
Supporting Information showed little uptake of the NCs with
relatively weak fluorescence signals, which further confirmed
the highly specific targeting capability of the as-prepared CSs@
PDA-FA@ICG NCs to FA-positive HeLa cancer cells.
Furthermore, the CSs@PDA-FA@ICG bound to the FA
receptor was then internalized by HeLa cells. In Figure S3 in
the Supporting Information, it was clearly observed that many
CSs@PDA-FA@ICG NCs were confined to the cytoplasm.
These results demonstrate that the CSs@PDA-FA@ICG-based
nanoprobe can be used to detect cancer cells by targeted NIR
imaging.

Notably, CSs@PDA-FA@ICG served not only as an NIR
imaging agent but also as an NIR light absorber in
photothermal and photodynamic cancer therapy. Phototherapy
with high selectivity as well as minimum side effects for normal
tissues has caused significant attention for cancer treatment. To
investigate the photothermal efficiency of CSs@PDA-FA@ICG
NCs, we dispersed the CNs in PBS at concentrations ranging
from 0.005 to 0.10 mg mL™" and irradiated them with an 808
nm laser at a power density of 1.0 W cm™ for 12 min. As
shown in Figure S4 in the Supporting Information, the
temperature of the CSs@PDA-FA@ICG solutions increased
more rapidly with the material concentration and the radiant
time. At concentrations of 0.10 mg mL™', the temperature
elevation was >60 °C. Herein, the photothermal efficiency of
PBS, CSs, CSs@PDA-FA, free ICG, and CSs@PDA-FA@ICG
(with the same concentration) was evaluated and compared
(Figure 7a). Upon NIR laser irradiation, the temperature of
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CSs, CSs@PDA-FA, free ICG, and CSs@PDA-FA@ICG
increased to 44, 48, 57, and 62 °C, respectively, whereas the
PBS alone only increased to 29 °C. The results showed that
NCs had a synergistic impact on improving light-thermal
conversion efficiency. Moreover, the photothermal efficiency of
CSs@PDA-FA@ICG NCs was even slightly enhanced
compared with that of free ICG, indicating that the
fluorescence quenching of ICG did not affect the light-thermal
conversion of NCs. The measurement proved that CSs@PDA-
FA@ICG NCs had a higher photothermal efficiency than that
of free ICG or CSs. The results described above demonstrated
that the CSs@PDA-FA@ICG NCs that integrated the
photoconversion performance of CSs, PDA, and ICG into a
single system could be applied as effective photothermal agents.

Furthermore, the process of the photothermal response of
CSs@PDA-FA@ICG NCs was accompanied by the generation
of ROS, which could be used for PDT. Thus, the photodynamic
efficiency of NCs was measured according to the fluorescence
signal of DCFH-DA at 522 nm. As shown in Figure SS in the
Supporting Information, the fluorescence intensity of DCFH-
DA generation from free ICG and CSs@PDA-FA@ICG NCs
increased upon prolonged laser irradiation time, indicating
continuous generation of ROS upon NIR laser irradiation.
However, the fluorescence intensities remained unaltered upon
laser irradiation for the systems with DCFH-DA alone or a
mixture of DCFH-DA and CSs@PDA-FA. When sodium azide
(NaNj, a well-known ROS scavenger) was added, the
fluorescence signal of DCFH-DA in ICG or CSs@PDA-FA@
ICG NCs solutions was obviously inhibited, further proving the
generation of ROS during laser irradiation (Figure 7b). Thus,
these results demonstrate that the CSs@PDA-FA@ICG could
adequately convert the NIR laser energy to ROS and heat,
making it a useful photothermal and photodynamic agent.

Inspired by these results, we further evaluated the PTT/PDT
efficiency of CSs@PDA-FA@ICG NCs. The HeLa cells were
incubated with 0.10 mg mL™" of CSs@PDA-FA, ICG, and
CSs@PDA-FA@ICG for 4 h and were then irradiated by an
808 nm laser at a power density of 1.0 W cm™ for 6 min. After
this treatment, HeLa cells were stained with 0.4% trypan blue,
which only incorporates into dead cells. In trypan blue staining
for the dead cell experiment, we observed that the CSs@PDA-
FA and ICG could only kill a portion of the cancer cells,
whereas CSs@PDA-FA@ICG killed almost all of the cancer
cells (Figure 7c). These phenomena showed that CSs@PDA-
FA served as the ICG carrier for improving the stability and
specificity of ICG to enhance the treatment efficiency.
Moreover, the targeted CSs@PDA-FA@ICG NCs can
integrate the photoconversion performance of CSs, PDA, and
ICG into one system for efficient phototherapy. Thus, CSs@
PDA-FA@ICG NCs can kill more cancer cells than CSs@PDA-
FA or ICG alone. In addition, the images also illustrated that
laser irradiation alone was quite safe for HeLa cells. The results
suggested that the phototherapy triggered by single 808 nm
irradiation of CSs@PDA-FA@ICG significantly boosted the
cytotoxic effect of the targeted NCs on cancer cells.

Next, the PTT/PDT efficiency of CSs@PDA-FA@ICG was
also evaluated by MTT assays (Figure 7d). At first, no obvious
cytotoxicity was observed when HeLa cells were treated only
with NIR laser irradiation. However, when CSs@PDA-FA was
used, the viability of cells was maintained well without NIR
laser irradiation but decreased to 76% with NIR laser
irradiation. Similarly, when ICG was used, the viability of
cells was also maintained well without NIR laser irradiation but
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decreased to 70% with NIR laser irradiation. Nevertheless,
there was a very obvious difference among CSs@PDA-FA@
ICG, CSs@PDA-FA, and free ICG. The CSs@PDA-FA@ICG
with laser group induced the death of up to 91% of cells,
suggesting that CSs@PDA-FA@ICG could effectively target
FA overexpressing HeLa cells and improve PTT/PDT therapy
by a single NIR laser. The MTT assay was consistent with the
staining images of live/dead cells. Therefore, the simultaneous
synergistic PTT/PDT induced by the biocompatible CSs@
PDA-FA@ICG NCs with a single NIR laser could enhance
phototherapy efficiency of cancer cells. In sum, our preliminary
experiment demonstrates the feasibility of using CSs@PDA-
FA@ICG NCs as an ideal NIR fluorescent turn-on nanoprobe
for cancer cell detection and as PTT/PDT agents for effective
cancer cell treatment.

4. CONCLUSIONS

In summary, we have successfully fabricated facile and green
CSs@PDA-FA@ICG NCs through the self-assembly of a core
CS-coated PDA with ICG for activatable NIR imaging and
effective phototherapy of cancer cells. The prepared CSs@
PDA-FA@ICG NCs display a targeted, sensitive switch-control
property: activated fluorescence from “OFF” to “ON” and high
specificity achieved by FA receptor-mediated targeting. These
features render the NCs very attractive due to their ability to
implement sensitive imaging and detection of cancer cells. In
vitro assays reveal that CSs@PDA-FA provides a sensitive and
selective quencher for NIR fluorescence of ICG. Live cell
studies show that the NIR fluorescence of ICG can be
recovered in an intracellular environment and that CSs@PDA-
FA@ICG can be used as a highly sensitive contrast agent.
Moreover, because of the strong NIR absorption of the CSs,
PDA, and ICG, the CSs@PDA-FA@ICG NCs can be
employed for simultaneously synergetic PTT/PDT with a
single NIR laser irradiation. Additionally, the CSs@PDA-FA@
ICG NCs exhibited excellent size stability and water
dispersibility, low cytotoxicity, good biocompatibility, high
ICG loading capacity, high specificity, and strong near-infrared
absorbance. In light of these advantages, CSs@PDA-FA@ICG
NCs have the potential to be a targeted NIR fluorescent turn-
on nanoprobe for activation-inducable imaging and effective
phototherapy of cancer cells. Thus, we anticipate that more
PDA-coated carbon nanomaterials will be developed and used
to design novel multifunctional nanocomposites for cancer
imaging and phototherapy.
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