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Abstract

Background: Nanoparticle-based photothermal therapy (PTT) is capable of inducing
immunogenic cell death (ICD) and eradicating local tumor via hyperthermia. However,
it can hardly prevent tumor recurrence and metastasis owing to inadequate immune
activation.

Results: To this end, manganese-coordinated polyphenol carbon dots (MP-CDs) were
synthesized by hydrothermal carbonization and metal-polyphenol coordination. This
prepared MP-CDs had ultra-small particle size of 5 nm, excellent optical performance,
good dispersibility in water and favorable biocompatibility. Under 808 nm near-infrared
laser irradiation, the MP-CDs with high photothermal conversion efficiency could kill
tumor cells and induce the release of damage-associated molecular patterns (DAMPs)
from tumor cells. Notably, the MP-CDs can promote the maturation and antigen pres-
entation ability of dendritic cells (DCs) via manganese-mediated immune activation.

Conclusion: The present work offers a versatile strategy to integrate functional metal
into CDs via metal-polyphenol coordination for photothermal/immune therapy.

Keywords: Manganese, Carbon quantum dots, Photothermal therapy, Immunity
activation

Introduction

Photothermal therapy (PTT) is a promising and localized tumor treatment that
utilizes photosensitizer (PSs) to convert light energy into heat energy under near-
infrared (NIR) light irradiation, which caused local hyperthermia allowing highly
precise ablation of the tumor (Hya et al. 2021). PTT can kill tumor cells locally and
precisely, and reduce non-targeted indiscriminate damage to normal tissue cells in
the body. Therefore, PTT is capable of greatly improving the therapeutic effect and
reducing the side effects in tumor therapy (Yale et al. 2021). During this process,
the necrotic or apoptotic tumor cells release a large amount of tumor-associated
antigens (TAAs) and damage-associated molecular patterns (DAMPs) due to the
occurrence of immunogenic cell death (ICDs). The therapeutic effectiveness of PTT
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mainly depends on the PSs, such as organic compounds, metal sulfides, metal ions,
and carbon-nitrogen nanomaterials (Chen et al. 2021; Cuello et al. 2020; Hu et al.
2020; Lu et al. 2021). Among them, carbon dots (CDs) with ultra-small size have
attracted great attention due to excellent biocompatibility and tunable physicochem-
ical properties (Faggio et al. 2021; Li et al. 2020a, b, ¢; Xu et al. 2020; Zhang et al.
2017) (Li et al. 20204, b, ¢; Liu et al. 2012; Na et al. 2017). The excellent fluorescence
properties of carbon quantum dots endow them with unique advantages in the fields
of cell imaging, in situ tracking and tumor targeted therapy (Li et al. 2021; Lu et al.
2019; Ni et al. 2022; Li et al. 2020a, b, c). Yan et al. reported that CDs as effective
PSs could absorb the near-infrared light for PTT therapy. Although PTT can destroy
local tumor in situ effectively, it fails to inhibit tumor recurrence and metastasis.
It has been demonstrated that the release of TAAs and DAMPs induced by PTT
failed to elicit an robust anti-tumor immune response, which may be ascribed to the
inadequate antigen presentation and low immunity stimulation (Zhao et al. 2021).
Therefore, the activation of anti-tumor immune response has become the focus of
the current PTT therapy against tumor.

At present, the combination of PTT and immune adjuvants or pathogen-related
pattern molecules is considered as an effective strategy against tumor (Bo et al. 2022;
Huang et al. 2021; Klinman 2004). DC cells as professional antigen presentation cells
(APCs) play a vital role of the prim of T cell-mediated immune response (Liu et al.
2022; Zhang et al. 2021). Recently, a number of cutting-edge studies have found that
Mn*" can act as an immune activator to promote DC cells maturation and enhance
DC cells antigen presentation ability (Yang et al. 2018a, b). Mengze Lv et al. revealed
that Mn?" can enhance the host expression of DNA-sensitive sensor cGAS and
its downstream protein STING, so stimulate DC cell maturation and promote the
secretion of type I interferon, finally enhance the immune response of tumor-killing
cells (Yang et al. 2018a, b). Afterward, Mn*" is reported to promote the activation of
cGAS and STING in a comprehensive manner from enhancing cGAMP generation
to strengthening cGAMP/STING binding affinity (Hou et al. 2020; Lv et al. 2020;
Zhou et al. 2021). In addition, Mn*" can also generate —OH through fenton-like
reaction and reduce GSH/GPX4 to induce tumor cell apoptosis (Wang et al. 2018;
Xu et al. 2021). Nevertheless, the intrinsic biotoxicity and nonspecific distribution
of free Mn?" seriously impaired clinical application due to lack of suitable delivery
system.

Our previous study showed that CDs could be served as multifunctional nano-
particles which can integrate therapeutic modalities for tumor treatment (Cai et al.
2021a, b; Cai et al. 2021a, b; Yan et al. 2021). In view of this and above statements,
we designed and fabricated a novel Mn**-coordinated polyphenol CDs (MP-CDs) via
hydrothermal carbonization and following metal-phenol coordination. The physical
and chemical properties of MP-CDs were characterized. The resultant MP-CDs has
the superior photothermal performance to induce the ICD from tumor under 808 nm
NIR radiation. More importantly, MP-CDs are capable of promoting the maturation
and antigen cross-presentation ability of DCs. This study provides a sample and ver-
satile method to integrate functional metal into CDs for tumor therapy, which further
widen the CDs application for biomedical fields.
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Materials and methods

Materials

Manganese chloride, glycine, gallic acid were purchased from Aladdin Reagent
Co.,Ltd. (Shanghai). Cell counting kit-8 (CCK-8) and 4,6-diamino-2-phenylindole
(DAPI) were acquired from Thermo Fisher Scientific. Phosphate buffered saline (PBS),
Dulbecco minimum essential medium (DMEM) and fetal bovine serum (FBS) were
purchased from Hyclone (Logan, UT, USA). Trypsin was from Sigma-Aldrich (USA).
APC anti-mouse CD3, PE anti-mouse CD8a (BioLegend), APC anti-mouse CDl11c,
FITC anti-mouse CD80 and PE anti-mouse CD86 were obtained from BioLegend
(San Diego, USA). HMGBI1 (mouse) ELISA kit was purchased form Biovison (USA).
ATP assay kit was purchased from Beyotime (China). Unless otherwise specified, all

reagents are analytically pure without further purification.

Synthesis of MP-CDs

To prepare the bare CDs, 0.5 g of gallic acid and 0.5 g of glycine was dissolved in
20 mL deionized water. The mixture solution was heated in domestic microwave for
10 min. The black products were resuspended and centrifuged at 2000 g for 10 min
to remove the large particles. Then, the suspension was collected for the dialysis
(molar weight cut-off 3000) with water change every 12 h. After 3 days of dialysis, the
dialysate was free-dried to obtain the bare CDs powder. To prepare the Mn-CDs, the
method was the same as the above route unless the addition of manganese chloride
at the precursors/Mn?* mass ration of 10:1. To prepare the MP-CDs, the manganese
chloride and bare CDs at different mass ratio (1:10, 1:50, 1:100) were dissolved into
20 mL deionized water and adjusted pH to 12 under stirring. Next, the reaction solu-
tion was dialyzed for 3 days with water change every 12 h. Finally, MP-CDs power
was obtained by free-drying.

Characterizations of MP-CDs

The morphology of the MP-CDs was observed by high-resolution transmission elec-
tron microscopy (HRTEM) on a JEM-2100 microscope (JEOL, Tokyo, Japan). The
surface chemical component of MP-CDs was analyzed using a Fourier Transform
Infrared (FT-IR) Spectrometer (Nicolet Nexus 470; GMI, Franklin, IN, USA). Elemen-
tal composition of the MP-CDs was performed by X-ray Photoelectron Spectros-
copy (XPS) on Thermo Fisher Nexsa (USA). The optical properties of the MP-CDs
were recorded with UV-2450 UV/vis spectrophotometer (Shimadzu, Japan) and Cary
Eclipse Fluorometer (Varian, Palo Alto, CA, USA).

Photothermal conversion ability

The photothermal conversion efficiency of the MP-CDs was calculated according to
the reported methods (Zhu et al. 2013). Different ratios of MP-CDs (1:10, 1:50, 1:100)
were prepared, and the temperature changes within 6 min were recorded under the
irradiation of 808 nm NIR laser at power intensity of 1.5 W/cm? MP-CDs,.,,, solu-
tions with different concentrations (0.25, 0.5, 0.75, 1.0, 1.5, 2.0 mg/mL) were irra-
diated with 808 nm near-infrared laser at power intensity of 1.5 W/cm? and the
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temperature changes within 6 min were recorded. MP-CDs, .o, with a concentration
of 2 mg/mL were irradiated under NIR laser irradiation at different intensities (1.0,
1.5,2.0 W/cm?). MP-CDs at 1.5 mg/mL were irradiated by 808 nm NIR laser at power
intensity of 2.0 W/cm? using the 10-min intermittent on—off method. The calculation
formula of photothermal conversion efficiency was as follows:

. hS(ATmax,mix - ATmax,HzO)
(1 — 10—A808)

’

Z WliCp,i
hS = +—Inb,
t
AT
0= ——.
ATma)c,mix

As shown above, h is the heat transfer coefficient. S is the surface area of the con-
tainer. AT

and at the maximum stable temperature. I is the laser power, and A808 is the absorb-

max, mix and AT . 1150 were the temperature change of MP-CDs and H,0O
ance value of MP-CDs in aqueous solution at 808 nm wavelength. 6 is the dimension-
less driving force temperature and is defined as the ratio of AT to AT

max, mix*

Biocompatibility of MP-CDs

All animal treatment procedures were carried out in accordance with the adminis-
trative rules of the Ministry of health of the people’s Republic of China. The blood
compatibility was slightly modified according to the literature (Du et al. 2016). After
anesthesia, 1 mL of eyeball blood was taken and stored in heparin anticoagulant tube.
After centrifugation at 1200 rpm for 15 min, the eyeball blood of mice were washed
with PBS for three times to obtain mouse red blood cells (MRBC). Then, MRBC was
resuspended in 0.9 mL of PBS and incubated with MP-CDs with concentrations of
5, 10, 25, 50, 100, 200 and 400 pg/mL for 24 h. Water and PBS were used as controls.
After centrifugation at 1000 rpm for 5 min, the absorbance of supernatants were
measured at 541 nm with UV-visible spectrophotometer. The hemolysis percentage
of MP-CDs was calculated by absorbance method.

CCK-8 assay was used to evaluate the cytocompatibility of MP-CDs (Zhang et al.
2019). First, MEF cells or 4T1 cells were seeded into 24-well plates at a concentration
of 1.5 x 10%*/well, and cultured in DMEM medium for 24 h at 37 °C, 5% CO,. Then, the
medium was changed with DMEM medium containing MP-CDs at concentrations
of 0, 50, 100, 200, 400, 600, 800 pg/mL. After incubation for 24 h, these cells were
washed with PBS three times. 10 pL of CCK-8 and 90 pL of DMEM solution were
added to each well for 2 h incubation. The absorbance of each well was detected by
UV spectrometer at a wavelength of 450 nm. Nontreated cells (in DMEM) were used
as a control, and the relative cell viability (mean 4+ SD, n=3) was expressed as (Abs
sample — Abs zero sitting)/(Abscontrol — Abszero sitting) x 100%. The experiment
was repeated three times independently.
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Detection of DAMPs
The localization and distribution of MP-CDs in cells were investigated using confocal
cell imaging. The treated 10 mm coverslips were pre-filled into the 24-well plates, and
the DC2.4 cells were seeded on the slides. The medium containing 200 pg/mL MP-
CDs was incubated with DC2.4 cells for 5 h when the cell mass reaches 60%. After
washing with PBS, 0.5 mL of 4% paraformaldehyde was added to each well and fixed
at room temperature under 15 min. Each well was washed with PBS, added appro-
priate amount of DAPI and Lyso tracker working solution for 5 min at room tem-
perature, then washed off the staining solution with PBS. Finally, the coverslips were
sealed with neutral resin and the cells were subjected to fluorescence imaging.

4T1 cells co-cultured with MP-CDs (0.8 mg/mL) were seeded in 24-well plates
and irradiated under 808 nm laser at power intensity of 1.5 W/cm? for 10 min. After
being cultured for 12 h, the cell supernatant was collected and centrifuged at 2000 g
to remove the cell debris and large particles. The extracellularly released ATP and
HMGBI1 was measured using ATP Assay Kit and HMGB1 ELISA Kit according to the
manufacturer’s protocol, respectively.

Flow cytometry analysis

DC2.4 cells were chosen to investigate the effect of MP-CDs on maturation and
antigen cross-presentation ability. To characterize the maturation, DC2.4 cells were
seeded into 6-well plates at a concentration of 1 x 10° cells/well, and co-cultured with
MP-CDs; 140 (0, 50, 100, 200, 400 pg/mL) for 24 h. Then, these DC2.4 cells were col-
lected and stained with FITC anti-mouse-CD80 and PE anti-mouse-CD86 for flow
cytometry detection. To characterize the antigen cross-presentation ability of DC,
DC2.4 cells were pulsed with different concentrations of MP-CDs, .4, (0, 50, 100, 200,
400 pg/mL) and an equal amount of ovalbumin for 12 h. After various treatments,
DC2.4 cells were collected and stained with PE anti-SIINFEKL-H-2 Kb and FITC

anti-mouse-CD11c for flow cytometry detection.

Statistical analysis

Each group of experiments was repeated at least three times independently. All data
are presented as mean & SD. Student T test was used for statistical analysis of the two
groups, Statistical comparisons were statistical analyzed by one-way ANOVA. Values

of P<0.05 were considered statistically significant.

Results and discussion

Characterization of the MP-CDs

The MP-CDs were successfully prepared by microwave-assisted hydrothermal car-
bonization and subsequent metal—polyphenol coordination. As shown in Fig. 1A and
B, the MP-CDs possessed discrete and quasi-spherical shape with no apparent aggre-
gation. Meanwhile, the MP-CDs had a uniform and ultra-small particle size of 5.1 nm
in Fig. 1C. The chemical bonds and functional groups of the MP-CDs were analyzed
using Fourier Transform Infrared spectroscopy (FT-IR) in Fig. 1D. Compared with
the GA spectrum, the MP-CDs spectrum has a broad characteristic peak of amino
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Fig. 1 Characterization of the MP-CDs. A TEM image. B HRTEM image. C Particle size distribution. D FT-IR
spectrum of MP-CDs

Table 1 Comparison of photothermal conversion efficiency of different MP-CDs with different mass

ratios

Mn: CD Im Cp T AThaxmix ATyaxwater (W) 1-107" n

1:10 0.2 42 13574 318 35 1177 1 14.90%
1:50 0.2 42 13559 328 35 1177 1 15.40%
1:100 02 42 12303 352 35 1177 1 1840%
bare CDs 0.2 42 13425 386 35 1177 1 18.70%

(N-H) or hydroxyl (O—H) stretching vibrations at 3445 cm™!, which was ascribed to
GA and glycine as precursors. It was worth noting that the characteristic peak (cat-
echol group) at 3500 cm ™! from GA was weak after hydrothermal carbonization. The
characteristic peaks at 1630 and 1384 cm™! were attributed to stretching vibration of
C=N/C=0 and C-0O-C, respectively. In brief, the MP-CDs were mainly composed

of carboxyl and carbonyl groups, which endowed them with good water dispersibility
(Table 1).

Chemical characterization of the MP-CDs
The surface chemical structure of the MP-CDs was analyzed by X-ray Photoelectron
Spectroscopy (XPS). As shown in Fig. 2A, there were four distinct main peaks at 300 eV,
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Fig. 2 XPS spectra of the MP-CDs. A Survey spectrum, B C1s spectrum, C O1s spectrum, D Mn2p spectrum

400 eV, 520 eV and 650 eV in the total energy spectrum, which were corresponding to
Ciy Nig Oy and Mn,,,. It showed that the MP-CDs were mainly composed of C, N, O
and Mn elements with the content ratio of 58.4%, 11.2%, 23% and 4.7%. In detail, the
binding energy peak of C,; can be deconvoluted into four components at 287, 286,
284 eV, corresponding to C-C, C-O, C-O-R, C=0 in Fig. 2B and C. Furthermore, as
shown in Fig. 2D, there were four typical binding energy peaks at 641 eV, 642 eV and
653 eV, corresponded to MnO, MnCl,, and Mn,O3, which confirmed the presence of Mn
element in the MP-CDs. Overall, these findings proved that Manganese ions had been
successfully loaded into polyphenol CDs via metal-polyphenol coordination interaction.

Optical characterization of the MP-CDs

The optical properties of MP-CDs were characterized using fluorescence spectroscopy
(PL) and ultraviolet spectroscopy (UV/Vis). As shown in Fig. 3A, the MP-CDs exhibited
a wide range of emission wavelengths and emission peaks, showed excellent multicolor
fluorescence profile. With the gradual increase of the excitation wavelength, the intensity
of the emission spectrum first increased and then decreased. Figure 3B showed that the
normalized PL spectrum of MP-CDs had a clear red shift. As shown in Fig. 3C, the PL
spectrum of the MP-CDs displayed a maximum emission at 476 nm when the maximum
excitation wavelength was 396 nm. The MP-CDs solution had a weak absorption peak at
375 nm in the UV-Vis spectrum in Fig. 3D, which might be ascribed to the m— n* tran-
sitions of the conjugated carbon domain. The MP-CDs solution was light brown under
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Fig. 3 Optical characterization of the MP-CDs. A Fluorescence spectrum and B corresponding normalized
spectrum. C The maximum PL emission and excitation. D UV-vis spectrum. Inset: photos of MP-CDs under
sunlight and UV irradiation. E Time-resolved fluorescence decays of MP-CDs with different doping ratio
(Mn:CDs, 1:10, 1:100). The data were collected at an emission peak of 476 nm (A, =373 nm)

sunlight, yet bright blue under ultraviolet light irradiation. Typical Tyndall effect could
be observed when a red laser traversed the MP-CDs solution, which fully proved that
the MP-CDs aqueous solution was uniform and had good dispersibility in water. Finally,
we explored the effect of Mn?>" doping on the fluoresce lifetime. In the Fig. 3E, the PL
decay curve of bare CDs was well fitted with single exponential decay function, which
gave PL lifetime of 5.56 ns. After the addition of Mn?* ions (Mn:CDs, 1:10, 1:100), the
lifetime of the CDs was increased to 6.1 and 14.4 ns. The significantly promotion in fluo-
rescence lifetime indicated that strong charge transfer and exciton recombination pro-
cess occurred, and further confirmed the low electron transfer process in the CDs-Mn>"
system (Scheme 1).

Photothermal conversion efficiency of the MP-CDs

To explore the effect Mn?* doping amount on photothermal property, the MP-CDs with
distinct Mn/CDs mass ratio of 1:10, 1:50, 1:100 (denoted as MP-CDs; .o, MP-CDs; 4,
MP-CDs;,;o0) as well as Mn?' doped CDs (Mn-CDs) were prepared, respectively. The
photothermal properties of these CDs with concentration of 2 mg/mL were character-
ized under 808 nm laser irradiation at power intensity of 2 W/cm? for 6 min. As shown
in Fig. 4E, the temperature of aqueous solution kept almost unchanged. Impressively, all
of the temperature of CDs solution (CDs, MP-CDs and Mn-CDs) rapidly raised under
laser irradiation. The pristine CDs exhibited better photothermal performance than oth-
ers in which the highest temperature could reach 69.9 °C. Next, the Mn-CDs was capa-
ble of raising the temperature of solution to 64.1 C. At last, the temperature of solution
containing three kinds of the MP-CDs (1:10, 1:50, 1:100) were 58.6 “C, 60.5 C, 62.6 C,
indicating the presence of negative correlation between Mn loading and photother-
mal performance. As shown in Fig. 4A-D, it was an analysis diagram of photothermal
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Fig. 4 Calculation of photothermal conversion efficiency of MP-CDs;., A MP-CDs, 5o B, MP-CDs,.; o C as well
as bare CDs D under the 808 nm NIR laser irradiation at power intensity of 2 W/cm?. E Photothermal curves of
MP-CDs and Mn-CDs

conversion efficiency of different contents of Mn:CDs. The ratios of Mn to CDs were
1:10, 1:50, and 1:100, respectively. The corresponding ts were 135.74, 135.59, and 123.03,
and the thermal efficiencies n were 14.9%, 15.4%, and 18.4%, respectively, which were
all less than that in the CDs group (18.7%). To sum up, the doping amount of manga-
nese ions can affect the photothermal conversion efficiency in a negative correlation.
The more the amount of manganese ions, the lower the photothermal conversion effi-
ciency. When the ratio was 1:100, the photothermal conversion efficiency was almost the
same as that of CDs. In view of this, the MP-CDs (1:100) was chosen for the following
applications.
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Photothermal conversion performance of the MP-CDs

Subsequently, the effect of power density and concentration on the photothermal perfor-
mance of the MP-CDs was evaluated. As shown in Fig. 5A, the thermal conversion per-
formance analysis was carried out using different concentrations of MP-CDs solutions
under 808 nm NIR at the power density of 1.5 W/cm? for 6 min. The temperature of the
aqueous solution as a blank control did not change significantly with the extension of
the irradiation time. In contrast, the temperature of the MP-CDs solution groups (0.25,
0.50, 0.75, 1.00, 1.50, 2.0 mg/mL) increased with the increasing irradiation time. When
the concentration of MP-CDs solution was 2.0 mg/mL, the temperature could rapidly
reach 58.5 C in a short time. These findings demonstrated that the higher the concen-
tration of Mn-CDs was, the higher the temperature could rise. As shown in Fig. 5B, the
photothermal performance of MP-CDs solution was further explored under different
irradiation power densities. When the concentration was 2 mg/mL, the temperature of
the MP-CDs solution under the different irradiation power density could rise rapidly.
When the power density was 2 W/cm? the highest maximum temperature could reach
62.6 C. It was a similar trend as concentration, where the higher the power density was,
the higher the temperature could rise. However, there was no significant change in the
control group. As shown in Fig. 5C, the thermographic image of the recorded MP-CDs
further confirmed this phenomenon. As shown in Fig. 5D, the photothermal stability of
MP-CDs was further evaluated. The power density was set to 2 W/cm?, and the irradia-
tion was suspended for 10 min after each 10 min irradiation for repeated 5 times. The
research demonstrated that the MP-CDs solution could still be heated to a higher value
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Fig.5 ATemperature curves of MP-CDs solutions with different concentrations and B under varied power
densities. C The corresponding infrared thermal image of MP-CDs solution (800 pg/mL) under 808 nm NIR
laser irradiation with varied power densities. D Temperature curves of the MP-CDs solutions for five laser on/
off cycles under the irradiation of 808 nm NIR laser (2 W/cm?)
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stably and rapidly after multiple NIR irradiation. Meanwhile, the fifth cycle had no obvi-
ous thermal efficiency decay compared with the first cycle. These results revealed that
MP-CDs had stable photothermal conversion performance.

Biocompatibility of the MP-CDs
The biocompatibility of the MP-CDs was assessed by CCK-8 and hemolytic test. Dif-
ferent concentrations of the MP-CDs were co-incubated with isotonic erythrocytes and
then detected using UV spectroscopy. As shown in Fig. 6A, the positive control group
(water) showed an obvious absorption peak at 541 nm, which was corresponding to the
ultraviolet absorption peak of hemoglobin. The bright red solution indicated that an
obvious hemolysis reaction occurred. On the contrary, the negative control group (PBS)
and different concentration of the MP-CDs solution group had no obvious absorption
peak at 541 nm. When the concentration of the MP-CDs reached the maximum (400 pg/
mL), the hemolysis rate was less than 5.0%, which proved that MP-CDs had good blood
compatibility and basically did not damage red blood cells. As shown in Fig. 6B, with the
increasing concentration of the MP-CDs, there was no obvious hemolysis of red blood
cells in the tube, except the control group (water) which had red blood cell hemolysis.
Next, the cytocompatibility of the MP-CDs were evaluated by CCK-8 assay. After co-
incubating MEF cells or 4T1 cells with different concentrations (0, 50, 100, 200, 400, 600,
800 pg/mL) of the MP-CDs for 2 h, cell viability was then tested. As shown in Fig. 6C
and D, The results shown that both MEF cells and 4T1 cells viability remained stable.

A B11o
12{—=©° 200ug/ml
T —rs  —strmgm 100
— Sugml H,OPBS 5 10 25 50 100 200 400
=]
= 104 10ug'ml 5 = 00 ;
S 0| e Al b A A
- | —50ugm Fese
3 08 100ugm1 ] 8 - v OO W 3
o H = \s
£ 06 - £ 8)
@ -
- S 6
S 044 . 2
=] « 4+
< 02 2
0.0 0=
300 550 600 630 700 750 WaterPBS § 10 25 50 100 200 400
Wavelength(nm) Concentration (pg/mL)
C 150~ 150
4T1 D MEF
o 120 o 120
g g
2 90 2 90
3 ]
2 60— £ 60
2 2
= =
< 30 < 30+
0- 0-
PBS 50 100 200 400 800 PBS 50 100 200 400 800

Concentration (pg/mL) Concentration (pg/mL)

Fig. 6 A Hemolytic profile and B corresponding statistical chart of red blood cells after incubated with
different concentrations of MP-CDs for 2 h. The inset represents photos of red blood cells after treatment.
The effect of MP-CDs on the cell viability of MEF cells Cand 4T1 D cells after incubated with different
concentrations of MP-CDs for 24 h
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Even at the highest concentration of 800 pg/mL, the viability of both cells was greater
than 95%. It showed that MP-CDs had favorable cytocompatibility. In addition, the cel-
lular uptake and location of MP-CDs were investigated using laser scanning confocal
technique. In Fig. 7A, the green fluorescence could be observed after 4 h and became
stronger after 6 h co-incubation with MP-CDs. The co-localization images showed the
green fluorescence (MP-CDs) and red fluorescence (Lyso tracker) overlap highly, indi-
cating internalized MP-CDs mainly localized in the lysosome.

MP-CDs induce the ICD to inhibit tumor growth

Increasing evidences had proved that PTT could cause the ICD via hyperthermia,
resulting in the damage of tumor cells. As shown in Fig. 7A, the localization of MP-CDs
in DC2.4 cells was studied using laser confocal cell imaging. After 5 h of co-culture, the
morphology of DC2.4 cells did not change significantly, proved that MP-CDs had good
biocompatibility. Moreover, MP-CDs had excellent fluorescence properties and could
excite green fluorescence. At the same time, the same location as Lyso tracker in the cell
indicated that MP-CDs were mainly distributed in the cytoplasm and cell membrane,
and were not seen in the nucleus. As shown in Fig. 7B, the cell viability of 4T1 cells was
measured after co-incubation with the MP-CDs under 808 nm NIR irradiation at 2.0 W/
cm? for 5 min. The results shown that the cell viability of 4T1 cells gradually decreased
with the increasing concentration of the MP-CDs. At the concentration of 800 pg/mlL,
the cell viability was only 17.5%. In order to verify the ICD induced by the MP-CDs, the
typical DAMPs (ATP and HMGB1) was measured after PPT. As shown in Fig. 7C and D,
the findings demonstrated that the release of both ATP and HMGBI1 increased signifi-
cantly at the concentration of 100 pg/mL. Obviously, MP-CDs was capable of promoting
the ATP and HMGBI1 release with the increasing concentration. In a short, the MP-CDs
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Fig. 7 A Fluorescent images of DC2.4 cells incubated with MP-CDs, and corresponding intensity profiles
within the regions of interest (green line) of MP-CDs and Lysosome Tracker Red (red line). Scale bars: 20 um. B
The effect of MP-CDs on 4T1 cell viability under 808 nm NIR irradiation at 2.0 W/cm? for 5 min. C The release
of extracellular ATP and D HMGB1 after PTT treatment
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had strong tumor cell-killing ability under NIR irradiation in a concentration-dependent

manner, which might be used as ideal PS for photothermal therapy of tumor.

The promotion of MP-CDs on maturation and antigen presentation ability of DCs
Encouraged by Mn?*" loading, we proposed that the MP-CDs might have the effect on
the maturation and antigen cross-presentation ability of DCs. To this end, the DC2.4
cells were investigated after co-incubation with the MP-CDs using flow cytometry. As
shown in Fig. 8, the expression levels of CD80 and CD86 molecules in the untreated DC
group were 1.53%. Impressively, the expression levels of CD80 and CD86 molecules on
the surface of DC cells gradually increased with the increase of MP-CDs concentrations
(0, 50, 100, 200, 400 pug/mL). When the concentration of the MP-CDs was 400 pg/mL,
the expression of CD80 and CD86 could reach 11.4%. It was proved that the MP-CDs
had a definite effect on promoting DC cells maturation.

The mature DCs could recognize, process and present the tumor antigens to T cells,
inducing subsequent anti-tumor immune response. Therefore, the antigen cross-pres-
entation ability of DCs is vital for activation of adaptive immune response. In this study,
the SIINFEKL peptides derived from OVA was chosen as molecules model to exploit
the antigen cross-presentation ability of DCs. As shown in Fig. 9, the SIINFEKL-H-2 Kb
expression was tested after co-incubation with OVA and MP-CDs at different concentra-
tion of 0, 50, 100, 200, 400 pg/mL. The results shown that the SIINFEKL-H-2 Kb expres-
sion of DC cells increased with the increasing the concentration of the MP-CDs. In the
absence of the MP-CDs stimulation, the expression rate of CD86/SIINFEKL-H-2 Kb
was only 3.25%. With the increase of concentration of the MP-CDs, the expression rate
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Fig. 8 Flow cytometry for expression levels of CD80T and CD86™ on the surface of DC2.4 cells incubated
with different concentrations of MP-CDs (0, 50, 100, 200, 400 pg/mL) for 24 h and corresponding statistical

chart
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MP-CDs and OVA, as well as following corresponding statistical chart

increased successively, which were 5.92%, 6.98%, 8.00% and 17.6%, respectively. These
findings proved that MP-CDs could effectively stimulate the maturation of DC cells and
enhance the antigen cross-presentation ability.

Conclusion

In this study, the MP-CDs were successfully synthesized using gallic acid and glycine
as precursors by hydrothermal carbonization and metal-polyphenol coordination. The
resultant MP-CDs exhibited simple and high manganese loading, which might be related
to the inheritance of polyphenol precursors. Impressively, the MP-CDs possessed
superior biocompatibility and photothermal performance. Under NIR irradiation, the
MP-CDs could damage tumor cells and induce the release of ATP and HMGB1. Further-
more, the MP-CDs were capable of enhancing the maturation and promoting antigen
cross-presentation ability of DCs in vitro. Collectively, this study reported a novel MP-
CDs for combined PTT and immune activation against tumor, which widened the func-
tional design of CD in biomedical fields.
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