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ABSTRACT: With the development of nanotechnology in the anticancer application, photothermal therapy (PTT) based
on nanoparticles (NPs) could repolarize the tumor-associated macrophages (TAMs) from protumor (M2) phenotype
to antitumor (M1) phenotype, thus regulating the tumor-suppressive immune environment. However, the inevitable
local inflammation occurred in the residual tumor microenvironment after PTT recruited abundant abnormal TAMs
to induce immune escape and survival of the remaining tumor cells. Here, TMP195 loaded carbon quantum dots
(CQDs@TMP195) were developed as innovative nanoplatforms to achieve promising PTT and immune responses.
In the nanoplatforms, CQDs with distinct antitumor performance were applied as an ideal drug-loading nanocarrier
and initiated photothermal effects to generate heat under near-infrared (NIR) irradiation. The loaded TMP195 could
repolarize the M2 phenotype TAMs into the M1 phenotype TAMs. Based on our work, the in vitro antitumor effects
implied that CQDs@TMP195 could significantly kill cancer cells with minimal toxicity to normal cells. This study
proposes a feasible therapeutic strategy for polarizing TAMs to the immunocompetent M1 phenotype after PTT.
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INTRODUCTION

Compared to traditional anticancer strategies such as
surgery, radiotherapy, and chemotherapy, photother-
apy (e.g., photothermal therapy (PTT) and photody-
namic therapy (PDT)) has been drawing growing at-
tention due to the noninvasive and stimuli-responsive
features [1-3]. As a light-triggered modality for cancer
therapy, PTT is considered an ideal method, which
possesses high therapeutic accuracy and low side ef-
fects [4,5]. However, most of the existing PTT agents
utilize visible light as an excitation source, which limits
tissue penetration depth and induces severe photo-
toxicity [6]. Hence, reducing the laser irradiation
power of PTT would be highly desirable for its clinical
applications.

The properties of photoluminescent carbon quan-
tum dots (CQDs) such as excellent optical properties,
high stability, water solubility, and good biocompati-
bility endow their advantages over conventional quan-
tum dots and organic dyes [7-9]. Various types of
research show that CQD properties are of great scien-
tific interest in broadening their potential applications.
For example, CQDs have been reported as promising
bioimaging agents in biomedical applications due to
their excellent photoluminescence properties [10,11].
The surface functionalization of CQDs is suitable to
serve as drug-delivery carriers and multifunctional

biomedicines against cancer [12]. Meanwhile, CQDs
can be taken up by cells more easily and quickly, which
is beneficial for drug delivery [13]. To broaden the
application of CQDs in cancer therapy, CQDs should
have strongly absorb light capability in the near-
infrared region (NIR) in the wavelength range of 650
950 nm [14]. As reported, high tissue penetration can
be achieved without damaging the surrounding normal
tissues because of the low absorptivity of most normal
tissue chromophores in the NIR region [15]. However,
the application of CQDs in PTT is still limited as the
main absorption area of CQDs is distributed in the
ultraviolet (UV) range.

Tumor-associated macrophages (TAMs), one of the
main tumor-infiltrating immune cells, play an impor-
tant role in tumor development and prognosis [16, 17].
TAMs can be educated by the tumor microenvironment
into different phenotypes. M1 phenotype TAMs exert
antitumor activity by directly killing and phagocytos-
ing tumor cells and inducing Thl-type immune re-
sponse, while M2 phenotype TAMs can promote tumor
growth, angiogenesis, and metastasis and inhibit T
cell-mediated antitumor immunity [18-20]. There-
fore, reprogramming M2 phenotype TAMs into M1
phenotype represents a potential cancer therapeutic
approach [21-23]. A large number of M2 phenotype
TAMs in the tumor microenvironment occur due to
the chemotaxis of inflammatory cytokines after PTT
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[24, 25]. Herein, the reduction of M2 phenotype TAMs
would benefit remodeling the inflammatory immuno-
suppressive microenvironment after PTT and further
promote completely eliminating the residual tumor
cells and preventing tumor recurrence.

In this work, CQDs with an absorption peak
centered at 800 nm were facilely developed using
a solvothermal method. Then, the TAM repolariza-
tion agent TMP195 was loaded onto the CQDs to
form CQDs@TMP195. As photothermal transduction
agents, CQDs can effectively convert laser in NIR to
heat and ablate cancer cells. More importantly, the
loaded TMP195 would significantly transform the M2
phenotype TAMs into M1 phenotypes [26]. Based
on our results, CQDs@TMP195 showed relatively low
cytotoxicity and great biocompatibility. The repolar-
ization of TAMs effectively remodeled the immunosup-
pressive microenvironment in the residual tumor cell
area after PTT (Fig. 1). Taken together, we fabricated
innovative CQDs@TMP195 to enhance cancer therapy
by initiating PTT and TAMs repolarization.

MATERIALS AND METHODS
Materials

All chemical reagents were of analytical grade and used
without further purification. Dopamine hydrochlo-
ride (DA) was purchased from Sigma-Aldrich (USA).
Dimethyl sulfoxide (DMSO, > 99.8%) and dialysis
membranes (MWCO 1000 Da) were supplied by San-
gon Biotech (Shanghai, China). Dulbecco’s modi-
fication Eagle medium was attained from Hyclone
(USA). Fetal bovine serum was purchased from Biolog-
ical Industries (Israel). HeLa cells and macrophages
(RAW264.7 cells) were provided by American Type
Culture Collection (ATCC).

Instrumentation and characterization

UV-vis spectra were characterized by Perkin Elmer
Lambda 750 UV-vis near-infrared spectrophotometer
(UV-vis-NIR, Perkin-Elmer, USA). Diameter distribu-
tion and zeta potential were performed by Master-
sizer2000 (DLS, Nano-ZS, UK). Morphology and di-
ameter were represented by transmission electron mi-
croscopy (TEM, Tecnai G, Hong Kong). The laser of
808 nm was administrated by a power-tunable infrared
laser (Laserwave, China).

Preparation of CQDs

Firstly, 50 mg DA was completely dissolved in 10 ml
Tris buffer (10 mM, pH 8.5) and self-polymerized at
room temperature for 2 h under magnetic stirring.
Then, CQDs were synthesized by directly mixing 6 ml
pre-polymerized polydopamine (PDA) solution and
20 ml glycerin (> 99%) and heated at 200°C for
12 h in an autoclave. Finally, CQDs were purified via
dialysis against DI water for 48 h (MWCO 1000 Da)
and collected by centrifugation and lyophilization.
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Loading of TMP195

A CQDs aqueous solution was mixed with TMP195
at different weight ratios and stirred at 600 rpm
at 4°C overnight. CQDs@TMP195 were then col-
lected by centrifugation at 15,000 rpm for 20 min
and washed 3 times to remove free TMP195. To
determine the drug encapsulation efficiency and load-
ing efficiency, CQDs@TMP195 were washed with ace-
tonitrile 3 times, and the washing liquid was col-
lected. The amount of TMP195 in the acetonitrile
was quantified by high-performance liquid chromatog-
raphy. The drug encapsulation efficiency and drug
loading efficiency were calculated as follows: encap-
sulation efficiency (%) = mass of drug encapsulated
in CQDs@TMP195/initial mass of drug x 100; load-
ing efficiency (%) = mass of drug encapsulated in
CQDs@TMP195/total mass of CQDs@TMP195 x 100.

Photothermal performance of CQDs@TMP195

An infrared thermal imaging camera-FLIR ONE Pro
was used to record and monitor aqueous solutions
of CQDs@TMP195 with different concentrations (O,
75, 125, 175, 200, and 250 wg/ml) under ambient
illumination at 808 nm (1.5 W/cm?, 10 min). The sam-
ples with different concentrations were illuminated for
10 min respectively to obtain photothermal images of
samples with different concentrations and draw real-
time temperature change curves. To further evaluate
the photothermal stability of the CQDs@TMP195 so-
lution, the 200 pg/ml of CQDs@TMP195 solution was
first irradiated with an 808 nm laser until the solution
reached a steady temperature and then cooled to room
temperature.

In vitro phototoxicity

Calcein-AM and propidium iodide (PI) co-staining test
was performed to monitor the in vitro phototherapy
efficiency of CQDs. HeLa cells were incubated with
different concentrations of CQDs@TMP195 for 4 h and
then exposed to 808 nm laser irradiation for 10 min.
Afterward, a mixture solution containing 2 pM calcein-
AM and 5 pM PI was added, and cells were incubated
for 30 min, washed with PBS, and then imaged by
fluorescence microscope. CCK8 assay was used to
investigate the phototoxicity of CQDs@TMP195.

Repolarization of macrophages phenotype

RAW264.7 cells were planted in 24-well plates at a
density of 1 x 10° cells/well and cultured for 24 h.
Cells were then treated with 20 ng/ml murine IL-4 for
24 h to obtain M2 phenotype macrophages. Cells were
washed with PBS 3 times and cultured with different
concentrations of TMP195 for another 24 h. Cells were
then stained with antibodies against APC/Cy7-F4/80,
PE/Cy7-MHCII, and APC-CD206 and analyzed by flow

cytometry.
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TMP195 significantly transformed the M2-like TAMs into M1-like phenotype

- Ma1-like phenotype

Activated immune microenvironment

Fig. 1 M2 phenotype TAMs induced to M1 phenotype by CQDs@TMP195 after polarization combined with PTT.

To examine the ability of NPs to repolarize M2 phe-
notype macrophages into M1 phenotype, RAW264.7
cells were pretreated as described above and incubated
with different NPs for 24 h. Then, cells were labeled
with the APC/Cy7-F4/80 and PE-CD206 antibodies
and detected by a flow cytometer. Moreover, cell
supernatants were collected to analyze the levels of IL-
2 and IL-10 by enzyme-linked immunosorbent assay
(ELISA).

In vivo biocompatibility

To test the potential in vivo toxicity, CQDs@TMP195
were administered intravenously to healthy BALB/c
mice. Seven days later, the animals were then sacri-
ficed, and major organs were collected. The organs
were stored in 4% paraformaldehyde for hematoxylin
and eosin (H&E) staining and microscopic observa-
tion. Biochemical indexes (alanine aminotransferase-
ALT, aspartate aminotransferase-AST, creatinine-CRE,
and blood urea nitrogen-BUN) were detected with the
corresponding biochemical kits by a blood biochemical
auto-analyzer.

Statistical analysis

Data were presented as mean = SD. The two-tailed un-
paired Student’s t-test was used for statistical analysis
between different groups.

RESULTS AND DISCUSSION

Preparation and characterization of
CQDs@TMP195

CQDs were synthesized by a facile method using PDA
as a carbon source with efficient photothermal effect
under 808 nm excitation [27]. Then, the TAMs repo-
larization agent TMP195 was loaded onto the CQDs
to form CQDs@TMP195. The morphologies of CQDs
and CQDs@TMP195 were separately characterized by
TEM. As shown in Fig. 2A, the CQDs hold a uniformly

spherical structure. The high-resolution TEM (HR-
TEM) images presented the crystalline structure of the
CQDs with a lattice spacing of 0.21 nm (Fig. 2B), which
was consistent with the (100) facet of graphene [28].
The representative TEM image of CQDs@TMP195
also exhibited a highly uniform sphere-like structure
(Fig. 2C). The average hydrodynamic sizes of CQDs
and CQDs@TMP195 were detected using the dy-
namic light scattering (DLS) method, and the diam-
eters increased from 4.1 nm of CQDs to 7.7 nm of
CQDs@TMP195 (Fig. 2D). In addition, the average
surface charge changed from —10.7 mV of CQDs to
—5.8 mV of CQDs@TMP195 due to the surface coat-
ing with TMP195 (Fig. 2E). When the mass ratio of
CQDs@TMP195 was 1:1, the adsorption efficiency and
drug loading efficiency of TMP195 were 23.85+ 0.93%
and 23.69+1.63%, respectively (Fig. 2F). This ratio
was used in all the following experiments.

To detect the structural stability of
CQDs@TMP195 in physiological conditions, we
observed their zeta potential and size changes
within 7 days, which showed negligible changes and
indicated good structural integrity of CQDs@TMP195
(Fig. 3A,B). This can be compared to a previous report
which showed that 3-mercaptopropionic acid-QDs
and glutathione-QDs were highly stable in HepG2
cells [29]. Here, further characterization using the
UV-vis spectra showed that the CQDs@TMP195
exhibited a broad NIR absorption spectrum from
600 to 900 nm in water (Fig.3C). Owing to the
strong absorption of CQDs@TMP195 in the NIR
range, we further investigated their photothermal
performance in the NIR region. Under 808 nm
laser irradiation, the temperature of CQDs@TMP195
water dispersions showed a dose-dependent manner,
and the maximum temperature of 200 pg/ml was
around 45 °C, indicating their superior photothermal
capability (Fig. 3D). The temperature showed a slight
difference after 4 cycles of the laser off/on, proving
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Fig. 2 (A) TEM (scale bar, 50 nm) and (B) HR-TEM (scale bar, 0.5 nm) images of CQDs. (C) TEM image of CQDs@TMP195
(scale bar, 30 nm). (D) Particle sizes of CQDs and CQDs@TMP195. (E) Zeta potential of CQDs and CQDs@TMP195. (F) The

loading efficiency and encapsulation rate of CQDs@TMP195.

the high photothermal stability of the CQDs@TMP195
solution (Fig. 3E). Moreover, the temperature change
of the CQDs@TMP195 solution in one cycle was
exhibited in Fig. 3E and obvious water vapor droplets
on the wall of a sample cell were observed after an
irradiation cycle.

In vitro PTT of cancer

The biosafety of CQDs@TMP195 with different con-
centrations in normal cells was detected using
RAW264.7 cells. As shown in Fig. 4A, the cell vi-
ability among different groups showed no obvious
change and was maintained at high levels, which
suggested the good biosafety of CQDs@TMP195 for
normal cells. To further assess the intracellular dis-
tribution of CQDs@TMP195, a colocalization experi-
ment was conducted using HeLa cells co-stained with
CQDs@TMP195 and Lyso-Tracker Red, a commercially
available probe for lysosomes [30]. As shown in
Fig. 4B, the distribution pattern of CQDs@TMP195
(green) overlapped well with the Lyso-Tracker Red

www.scienceasia.org

labeled lysosomes within the HeLa cells as yellow dots,
indicating the CQDs@TMP195 could accumulate in the
lysosomes in living cells.

Subsequently, a CCK8 assay was carried out to
quantitatively evaluate the in vitro PTT efficacy of
the CQDs@TMP195 in HeLa cells [31]. As shown
in Fig. 4C, the cell viability sharply decreased with
the increasing concentration of CQDs@TMP195 from
100 to 200 pg/ml under 808 nm laser irradiation
at 1.5 W/cm?. This observation confirmed that a
high temperature over 46 °C could induce irreversible
cellular damage. Moreover, co-staining with calcein-
AM and PI fluorescent dyes could selectively label
the living and dead cells, respectively. The bright
red fluorescence signal from PI dye increased with
the increasing concentration of CQDs@TMP195 under
an 808 nm laser irradiation (1.5 W/cm?, 10 min),
suggesting the occurrence of dead cells (Fig. 4D). In
contrast, no obvious red fluorescence was observed
in cells with the absence of CQDs@TMP195. These
results suggest that CQDs@TMP195 possesses strong
PTT efficiency, which is consistent with the CCK8 assay.
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Fig. 3 (A) Zeta potential and (B) size of CQDs@TMP195 stored in PBS for 7 days. (C) UV-vis absorption spectra of water
and CQDs@TMP195. (D) Temperature curves of different concentrations of CQDs@TMP195 solutions under 808 nm laser
irradiation (1.5 W/cm?). (E) Temperature variation of the CQDs@TMP195 dispersion (200 p.g/ml) with 808 nm laser
(1.5 W/cm?) on and off for 4 cycles. (F) Temperature variation of the CQDs@TMP195 dispersion (200 p.g/ml) with 808 nm
laser (1.5 W/cm?) in one irradiation cycle.
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Fig. 4 (A) Cell viability of RAW264.7 incubated with CQDs@TMP195 at various concentrations. (B) Fluorescent microscopy
images of HeLa cells with CQDs@TMP195 incubation (scale bar, 20 um). (C) Cell viability of HeLa cells in a CQDs@TMP195
concentration-dependent manner under an 808 nm laser irradiation for 10 min. (D) In vitro PTT therapeutic effect for HeLa
cells using a calcein AM/PI co-staining method.
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In vitro repolarization of M2 phenotype into M1
phenotype macrophages

The PTT-triggered inflammation recruited many TAMs
and stimulated them to polarize into the M2 pheno-
type, exerting tumor-promoting activity. Compared
with the elimination of M2 phenotype TAMs, repolar-
izing TAMs into the antitumor M1 phenotype would
be more attractive [32,33]. Therefore, we investi-
gated the ability of CQDs@TMP195 in repolarizing
the phenotype of TAMs in vitro. Firstly, the murine
macrophage RAW264.7 cells were pre-polarized into
the M2 phenotype through incubation with murine
interleukin-4 (IL-4) for 24 h. To optimize the drug
concentration, the M2 phenotype RAW264.7 cells were
treated with different concentrations of TMP195 for
another 24 h, and the percentage of M1 phenotype
and M2 phenotype macrophages were analyzed us-
ing flow cytometry by measuring the levels of differ-
ent biomarkers, MHCII+ and CD206+, respectively
(Fig. 5A,B). These results showed that the proportion
of M1 phenotype macrophages (MHCII+ F4/80+) sig-
nificantly increased with the increasing concentration
of TMP195 treatment while the proportion of M2 phe-
notype macrophages (CD206+ F4/80+) decreased.

Next, the M2 phenotype RAW264.7 cells were
obtained as above and incubated with CQDs, TMP195,
CQDs@TMP195, and CQDs@TMP195 + NIR laser ir-
radiation (1.5 W/cm?, 10 min) for 24 h. As shown in
Fig. 5C, the percentage of the M2 phenotype (CD206+
F4/80+) in the CQDs@TMP195 group decreased to
23.3%, while that in the TMP195 group was 19.1%.
In addition, the CQDs@TMP195 with an 808 nm
laser (1.5 W/cm?, 10 min) also possessed the abil-
ity in decreasing the percentage of M2 phenotype
macrophages, indicating the stability of TMP195 under
NIR laser irradiation. Besides, cell culture super-
natants in control, CQDs, TMP195, CQDs@TMP195,
and CQDs@TMP195 + NIR were collected, and the
concentrations of IL-2 and IL-10 were detected by
using ELISA [34]. As expected, CQDs@TMP195 +
NIR treatment significantly enhanced the M1-related
cytokine IL-2 but reduced the M2-related inflamma-
tory factor IL-10 (Fig. 5D,E). These results indicated
that CQDs@TMP195-generated PTT could repolarize
the M2 phenotype into the M1 macrophages and
further promote the deteriorative immunosuppressive
microenvironment.

In vivo toxicity evaluation

To assess the long-term biosafety of CQDs@TMP195
in vivo, heart, liver, spleen, lung, kidney, and serum
were collected after 2 weeks of injection. H&E stain-
ing assay of the major organs was performed, which
showed normal tissue structures without obvious toxi-
city (Fig. 6A). Moreover, the functions of the liver and
kidney were also evaluated. As shown in Fig. 6B-E, the
levels of ALT, AST, CRE, and BUN were not significantly
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different among all the groups and within the normal
reference range. Taken together, the CQDs@TMP195
showed considerable good biosafety in vivo.

CONCLUSION

In summary, we have developed a green approach
to prepare CQDs@TMP195 under facile and mild re-
action conditions. The in vitro and in vivo toxic-
ity analysis results showed that CQDs@TMP195 had
negligible toxicity for normal cells and tissues. The
CQDs@TMP195 showed a good photothermal effect
under NIR laser irradiation. The application of
TMP195 significantly decreased the immunosuppres-
sive M2 phenotype TAM population and increased
the tumor-inhibiting M1 phenotype TAM population
to potentiate immune activity. Furthermore, the up-
regulation of MHCII protein on the surface of TAMs
demonstrated the facilitation of adaptive immune re-
sponse. The in vitro experiments demonstrated that
CQDs@TMP195-generated PTT could offer excellent
cancer therapy efficacy under NIR laser irradiation.
Thus, this strategy might serve as a more effective
combinational method to tackle the post-treatment
issue of PTT in the circumstances.
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Fig. 5 (A) The percentages of the M1 phenotype (MHCII+ F4/80+) and (B) M2 phenotype (CD206+ F4/80+) were
quantitatively analyzed after incubating with TMP195 at different concentrations for 24 h. (C) The percentage of M2
phenotype (CD206+ F4/80+) was quantitatively analyzed after incubating with CQDs, TMP195, CQDs@TMP195, and
CQDs@TMP195 under 808 nm laser irradiation for 24 h (with 200 nM of TMP195). Levels of (D) IL-2 and (E) IL-10 in
cell supernatants after various treatments were detected by ELISA.
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Fig. 6 (A) Major organs were stained with H&E and observed under a microscope (Scale bar, 200 pm). (B-E) Biochemical
indexes analysis of liver function (ALT and AST) and kidney function (BUN and Crea).
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