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Due to the unique structure, carbon nanomaterials could convert near-infrared (NIR) light into heat efficiently in
tumor ablation using photothermal therapy (PTT). However, none of them has been applied in clinical treatment,
because they have not been approved for clinical evaluations and the precise temperature control facility is
scarce. In this study, we designed a temperature-responsive controller for PTT and used carbon nanoparticles-Fe
(II) complex (CNSI-Fe) as photothermal conversion agent (PTA) for PTT of tumor in vitro and in vivo. CNSI-Fe
was an innovative drug under the evaluations in clinical trials. CNSI-Fe showed excellent photothermal con-
version ability in water to increase the water temperature by 40 °C within 5 min under irradiation of 808 nm
laser at 0.5 W/cm?. The temperature was precisely controlled at 52 °C for both in vitro and in vivo tumor in-
hibition. CNSI-Fe with NIR irradiation showed higher tumor cell inhibition than CNSI. In tumor bearing mice,
CNSI-Fe with NIR irradiation achieved an inhibition rate of 84.7 % and 71.4 % of them were completely cured.
Mechanistically, CNSI-Fe under NIR irradiation induced the radical generation, oxidative damage and ferroptosis
to kill tumor. In addition, CNSI-Fe showed good biosafety during PTT according to hematological, serum bio-
logical and histopathological examinations. These results indicated that the combination of chemotherapy and
PTT provided higher antitumor efficiency using CNSI-Fe as PTA.

1. Introduction

[71, and inorganic-organic hybrids [8].
Precise temperature control is a crucial issue for PTT [9]. During

Photothermal therapy (PTT) of tumor is a widely studied approach to
kill cancer cells by converting the light into heat through the help of
photothermal conversion agents (PTAs) [1,2]. PTT is a noninvasive
treatment with minimal side effects and high specificity. Typically, PTAs
accumulate in tumor by targeting moieties, enhanced permeability and
retention (EPR) effects or direct intratumoral injection [3]. When light
irradiates on tumor site, PTAs absorb the light to generate heat and in-
crease the temperature of tumor tissue, which leads to the ablation of
tumor [4]. An excellent PTA requires a large absorption cross-section,
high photothermal conversion efficiency, high stability and low
toxicity [1,2]. Diverse species have been developed for PTT applications,
including organic materials [5], polymers [6], inorganic nanomaterials

* Corresponding authors.

PTT, the tumor cells were ablated by NIR light generated heat. If the
tumor temperature is too low, there might be tumor cells surviving,
which would inevitably lead to the metastasis and recurrence of tumor
[10]. On the other hand, if the temperature goes too high and heter-
ogenous, PTT might induce damage to surrounding normal tissues [10].
In addition, at 60 °C and higher, the tumor antigen would be destroyed
to inhibit the beneficial immunoreaction [11,12]. Therefore, during the
research and development (R&D) of PTT, the near infrared (NIR) irra-
diation equipment with precise temperature control function is highly
desired.

Among the novel PTAs, nanomaterials are a category of promising
ones that have small sizes and designable surficial functionalities. CuS
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nanoparticles (NPs) could target the nuclei after the functionalization of
arginine-glycine-aspartic acid (RGD), which inhibited the growth and
recurrence of HeLa tumor in PTT [13]. Gold nanorods coated with silica
was useful for NIR-II photothermal ablation of hepatocellular carci-
noma, and the PTT could be combined with programmed death-ligand
1/ vascular endothelial growth factor (PD-L1/VEGF) blockade therapy
[14]. Degradable phthalocyanine nano-assembly (nanoPcDAj) accu-
mulated in tumor after intravenous injection to inhibit 92 % of tumor
growth at 300 J/cm? [15]. Chang et al. used gold modified TizCy-Mxene
nanocomplex for PTT [16]. After the photothermal induced death of
immunogenic cells, and accelerate the mature of dendritic cells (DC) and
the infiltration of tumor by T cells. With the immunological therapy of
0X40 antibody, this method showed good efficiency in treating 4T1
tumor [16]. Zhao et al. coted carbon nanotubes with peptide lipid (PL)
and sucrose laurate (SL) to build a temperature-sensitive and photo-
thermal active delivery system of siRNA, which could inhibit the tumor
growth [17]. Despite the great achievements of nano-PTAs, they have
not been applied in clinical treatments. In particular, the safety concerns
of nanomaterials hinder the clinical applications of nano PTAs.

Carbon nanomaterials with proper surface functionalization usually
have very good biosafety, such as graphene, carbon nanotubes (CNTs),
and carbon quantum dots (CQDs). The sp2 carbon structure of carbon
nanomaterials has good NIR absorption and high photothermal con-
version efficiency. Thus, these carbon nanomaterials find great poten-
tials in PTT. For example, ultrasmall graphene oxide (GO) was
fabricated with poly(dopamine) for PTT and drug delivery of doxoru-
bicin [18]. The tumor temperature increased to 50 °C within 120 s under
laser irradiation and the tumor growth was largely completed. CNTs
were functionalized by thyroid hormone stimulating receptor antibody
for papillary thyroid cancer tumor therapy [19]. CNTs accumulated in
tumor and increased the tumor temperature for 33 °C to achieve effi-
cient tumor growth inhibition. N-doped CQDs could be swallowed by
cancer cells for two-photon fluorescence-guided precise photothermal
therapy [20]. Ultrasmall iron embedded in mesoporous carbon nano-
particle (C/Fe NPs) could be applied in for hydrogen (Hy) assisted
photothermal synergistic therapy of H22 hepatic tumor [21]. The major
problem of carbon nanomaterials is their heterogeneous nature, which
make the commercial production of carbon nanomaterials with uniform
properties among batches is very difficult.

To accelerate the clinical applications of nano-PTAs, using currently
clinical approved nanomaterials or those under evaluation of clinical
trials is preferred. Carbon nanoparticle suspension injection (CNSI, also
known as Canarine) is the only clinically approved carbon nanomaterial
for tumor drainage lymph node staining [22,23]. Previously, we found
that CNSI absorbed light in a wide range and convert the light into en-
ergy efficiently [24]. Under NIR irradiation, CNSI could generate
enough heat to kill cancer cells in vitro and in vivo. After the treatment,
the recurrence of tumor was largely avoided. More importantly, when
CNSI was complexed with Fe?t, the CNSI-Fe complex could serve as
chemotherapy drug to inhibit the tumor growth. CNSI-Fe was approved
for clinical trials and the phase I trial is currently undergoing. The
literature has suggested that the combination of chemotherapy and PTT
holds great potential and better therapeutic effect [25]. For CNSI-Fe, it is
worthwhile to evaluate its performance in PTT. CNSI-Fe has been
pilot-scale produced to meet the clinical trials’ requirements. The good
biosafety of CNSI-Fe has been proven in the clinical trial I. These two
advantages of CNSI-Fe would definitely accelerate the applications of
PTT in clinical uses.

In this study, we adopted CNSI-Fe as the photothermal converting
reagent for tumor therapy. A PTT facility with precise temperature
control was designed for this study (Scheme S1). The photothermal
conversion ability of CNSI-Fe was measured in solution. The therapeutic
efficiencies were assayed in vitro and in vivo at different temperatures.
The therapeutic mechanisms of CNSI-Fe were investigated by hydroxyl
radicals, oxidative stress, Fe uptake, and immunohistochemistry. The
biosafety of CNSI-Fe during PTT was evaluated by serum biochemistry,
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hematology and histopathology. CNSI-Fe was directly compared with
CNSI during the in vitro and in vivo evaluations to highlight the
importance of Fe(II). The implications to the clinical applications of
CNSI-Fe in the PTT of tumor are discussed.

2. Materials and methods
2.1. Preparation of CNSI-Fe

CNSI-Fe was consisted by two major components, CNSI and Fe(II). To
prepare CNSI, poloxamer 400 mg was dissolved in 20 mL of water and
then added with 1.0 g of C40 powder (Mitsubishi Chemical Co., Tokyo,
Japan). The mixture was homogenized for 5 min and treated by an ul-
trahigh pressure homogenizer at 20,000 psi for 3 times to obtain black
suspension. To the suspension, FeSO4-HoO was added at designed con-
centration before use. The CNSI-Fe samples were characterized by
transmission electron microscope (TEM, Thermo Scientific, Talos F200S
G2, USA), dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern
Instruments, Malvern, UK), Fourier transform infrared spectroscopy
(FTIR, Thermo Scientific Is50, USA), Raman spectroscopy (Horiba Sci-
entific LabRAM HR Evolution, France) and X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha, USA).

2.2. Photothermal conversion ability of CNSI-Fe

The CNSI-Fe was directly compared with CNSI at different C-equiv-
alent concentrations (0-667 pg/mL). The samples were placed in glass
dishes (1.0 mL/dish) and irradiated under NIR laser (808 nm, CW laser)
at 0.5 W/cm? for 10 minutes. The temperature changes before and after
irradiation were recorded by a thermometer (opSens, Tempsens In-
strument Pvt. Ltd., Québec, Canada). Separately, CNSI-Fe and CNSI at a
C-equivalent concentration of 333 pg/mL were irradiated at 0.5, 1.0 and
2.0 0.5W/cm? for 10 min to investigate the influence of irradiation
power. The photothermal conversion efficiency of CNSI-Fe was
measured following literature protocol [26].

2.3. Hyperthermia of tumor cells in vitro

CT26.WT cells were cultured in 6-well plates at a density of 1 x 10°
cells/mL following standard protocols. After 24 h, the culture medium
was discharged and supplemented with culture medium containing
CNSI-Fe (333:100 pg/mL, C:Fe), CNSI or none. After another 24 h, the
wells of NIR group, CNSI + NIR group, and CNSI-Fe + NIR group were
irradiated by 808 nm laser at initial power density of 0.5W/cm? for
5 min. The power density was automatically controlled by the temper-
ature responsive power control system to maintain the temperature at
set values. During the irradiation, the irradiation power was automati-
cally adjusted to maintain the temperature at 42-52 °C. For the control
group, CNSI group and CNSI-Fe group, no irradiation was applied. The
cells were cultured for another 48 h. The cells were digested with trypsin
for counting and cell proliferation rates were calculated accordingly.
The combination effects of PTT and chemotherapy were examined by
Eq. 1, where q > 1 means synergistic, =1 means additive, and q<1
means antagonistic. In equation 1, Ep refers to the effect of PTT
(CNSI + NIR), Ep refers to chemotherapy (CNSI-Fe), and Epp refers to
the combination of PTT and chemotherapy (CNSI-Fe + NIR).

q = Ep,B/(Ep + Ep-Ep x Ep) m

To investigate the therapeutic mechanisms, cells from the control
group, CNSI-Fe group, CNSI+ NIR group and CNSI-Fe + NIR groups
were collected after the treatment. To measure the hydroxyl radicals, the
cells were freeze thawing and added with 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) for electron spin resonance (ESR) analyses (JES-FA200,
JEOL, Japan). To measure the Fe contents, the cells were digested with
5 mL of HNO3 in a microwave digestion instrument at 180 °C for 30 min.
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Fig. 1. Characterization data of CNSI-Fe complex. (a) TEM image; (b) DLS spectra; (c) FTIR spectrum; (d) Raman spectrum; (e) Cls XPS spectrum; (f) Fe2p

XPS spectrum.
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Fig. 2. Representative plots for in vitro heating experiments with CNSI (left) and CNSI-Fe (right). (a, b) concentration-dependent heating; (c, d) irradiation power

density-dependent heating.

The Fe concentrations of the digestion solutions was quantified by
inductively coupled plasma-mass spectrometry (ICP-MS, 7700X, Agi-
lent, USA). The oxidative stress parameters, including HyO,, peroxidase
(POD), glutathione (GSH) and malondialdehyde (MDA), were measured
using commercial kits following the recommended protocols (Beijing
Solarbio Biotechnology Co., LTD.).

2.4. Inhibition of xenografted tumor in vivo

The animal experiments were approved by the Ethics Committee of
Southwest Minzu University and performed in compliance with the
Animal Care and Use Program Guidelines of the Sichuan Province,
China. Animals were raised in plastic cages and kept on a 12-hour light/
dark cycle. Food and water were available ad libitum. Following accli-
mation, the mice were inoculated by the injection of 0.1 mL CT26.WT
cell suspension (3 x 107 cells) on the right limb. After 7 d, the tumor
volumes reached 100-150 mm?® and they were randomly divided into six
groups (7 mice for each), namely, control group, CNSI group, CNSI-Fe
group, NIR group, CNSI+ NIR group, and CNSI-Fe + NIR group. The
mice were intratumorally injected with 50 pL of saline, CNSI or CNSI-Fe,
respectively. The second injection was applied at 7 d post the first in-
jection. After each administration for 2 h, the mice were irradiated by
808 nm laser for 10 min at a designed temperature of 52 °C for NIR
group, CNSI+ NIR group and CNSI-Fe + NIR group. The temperature
was monitored by the infrared (IR) thermal imager. The tumor size and
bodyweight were recorded with intervals of 2 d. The mice were sacri-
ficed at 14 d. For mechanism investigations, the tumor tissues were
collected for caspase 3 measurements. For hematoxylin-eosin staining

(HE). The tissues were dissected (tumor, liver, spleen, lung, and kid-
neys), fixed with 10 % formaldehyde, sampled following the standard
protocol of HE and imaged (Eclipse ci, Nikon, Tokyo, Japan). For TUNEL
assay, the tumor tissues were collected for terminal deoxynucleotidyl
transferase-mediated dUTP nick-end-labeling (TUNEL) staining by
Wuhan Servicebio Technology Co. following standard protocols. The
serum biochemistry and hematological parameters were measured
following our previous protocols [25]. In another set of experiments, the
mice were observed for 3 months to calculate the survival rates.

2.5. Statistical analysis

All data were expressed as the mean with the standard deviation
(mean + SD). Differences were considered significant at p < 0.05 ac-
cording to the results of Student’s-t test.

3. Results and discussion
3.1. Characterization of CNSI-Fe

CNSI-Fe was composed by carbon NPs and Fe?" in the presence of
suspension reagent poloxamer. The composition of CNSI in this study
was different from our previous study [24], because poloxamer allowed
better dispersion than polyvinyl pyrrolidone (PVP) during the sterili-
zation. Under TEM, it could be recognized that the carbon NPs had di-
ameters around 25nm (Fig. 1). The carbon NPs obviously would
aggregate due to the n-n interaction and hydrophobic interaction, which
was reflected by the hydrodynamic radii of 196.1 + 1.6 nm during the
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Fig. 3. Inhibition of CT26.WT cells in vitro by CNSI-Fe assisted PTT. (a) cell proliferation; (b) Fe uptakes; (c) generation of -OH radical; (d) oxidative stress.

DLS measurements. It was consistent with the TEM observation that
nearly no single carbon NPs were found. The IR spectrum identified the
signals from both carbon NPs and also poloxamer, including 3260 cm™?
for -OH, 1100 cm ™! for C-O, 1640 cm ™! for C=C. The typical graphite
structure in carbon NPs was evidenced by Raman spectrum. The G-band
was found at 1590 cm™! and the D-band was presented at 1350 cm™!

The graphite structure was the main reason of NIR absorption, which
was also widely observed in carbon nanotubes and graphene materials
[27-29]. According to the XPS analyses, the carbon atoms were in forms
of C-C (37.0 %), C-O (30.3 %), C=0 (32.7 %). The presence of Fe?" was
evidenced by the Fe2p XPS spectrum. The best of CNSI-Fe is that the
commercial production of CNSI-Fe has been achieved for clinical trials.
Now, CNSI-Fe could be produced at a scale of kilograms, equaling to 20,
000 packages.

3.2. Photothermal conversion in solution by CNSI-Fe

The photothermal conversion capability of CNSI-Fe was measured by
monitoring the temperature increases of CNSI-Fe dispersion under NIR
irradiation. During the 10-minute irradiation at 0.5 W/cm?, the blank
solution showed very small temperature increases of 26.4-26.6 °C
(Fig. 2a). The temperature increases depended on the carbon NP con-
centrations, where 10 pug/mL of carbon led to much faster temperature
increases for both CNSI and CNSI-Fe groups. The temperature reached a
plateau after 5 min and the differences were small among 167-667 nug/
mL groups. At carbon equivalent concentration of 167 pg/mL and
higher, the NIR light was already fully absorbed, thus the temperature
increases were similar (63.5 °C in the CNSI group vs 64.3 °C in the CNSI-

Fe group at the carbon equivalent concentration of 667 pug/mL). It
should also be noted that adding Fe?" into CNSI did not affect the effi-
ciency of PTA. The temperature increases of CNSI-Fe groups were 98 %
+ 4 % of those of CNSI groups at all concentrations. The temperature
similar increases should be attributed to the nearly same photothermal
conversion efficiencies of CNSI-Fe (50.9 %) and CNSI (49.5 %). The
photothermal conversion efficiency of CNSI-Fe was comparable to other
high-performance nano-PTA. For example, GO/hydroxyapatite com-
posite had a photothermal conversion efficiency of 22.2 % [26]. FezO4
NPs showed a photothermal conversion efficiency of 49.14 % [30]. The
values were 59.85 % fory- Fe;O3 and 43.3 % for FePS3 nanosheets [31,
32]. In another set of experiments, we investigated the influence of
irradiation power density using carbon-equivalent concentration of
333 pg/mL (Fig. 2b). At 2 W/cmz, the final temperature increases of
CNSI-Fe group reached 92.6 °C, and the value was 93.2 °C for CNSI
group. CNSI-Fe obviously had high photothermal conversion capability
that was competitive to other carbon nanomaterials, e.g. carbon nano-
tubes, graphene quantum dots, Fe3O4 modified graphene [33,34]. The
retained photothermal conversion performance of CNSI-Fe upon the
supplement of Fe?" allow the combined PTT and chemotherapy appli-
cations for tumor inhibition.

3.3. Photothermal therapy in vitro

The therapeutic effect of CNSI-Fe in PTT was measured by counting
the cell proliferation changes of CT26.WT cells (Fig. 3a). The cell tem-
perature was precisely controlled through the temperature responsive
power control system. Consistent with our previous observations, CNSI-
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Fe could partially kill CT26.WT cells without NIR irradiation (48.5 % of
the control), but CNSI alone was nontoxic. Under NIR irradiation, we
could precisely control the temperature by our homemade facility. At 50
°C and higher, there were no significant difference between CNSI-
Fe + NIR groups and CNSI + NIR groups. The photothermal conversion
ability should be attributed to CNSI rather than Fe*" or other compo-
nents, because without CNSI the PTA performance was ignorable
(Fig. S1). All had cell proliferation rates of less than 1 % of the control.
Meaningful results were presented at 42-48 °C, where CNSI-Fe + NIR
groups were statistically better than CNSI + NIR groups. At 46 °C, the q
value was larger than 1 (¢ = 1.22), indicating the combination effect of
PTT from CNSI and chemotherapy from Fe?*,

To investigate the therapeutic mechanisms, we firstly measured the
Fe contents in CT26.WT cells. The control group had a Fe content of 95.1
+2.9 ng/10° cells, which was not affected by CNSI during PTT (86.3
49.8 ng/10° cells). CNSI-Fe could largely increase the cellular Fe con-
tent to 8926.7 + 914.9 ng/10° cells. PTT destroyed the cellular struc-
ture, resulting in even higher Fe content of 16,958.0 & 728.5 ng/10°
cells. In literature, NIR light significantly promoted cell uptake of drug
compared to those without irradiation, resulting in an enhanced intra-
cellular drug accumulation. Such examples were gold nanoshell-coated
betulinic acid liposomes, low-molecular-weight hyaluronic acid/chito-
san nanocomplexes and size-switchable albumin nanocluster [35-37].
High temperature would lead to the protein denaturation to affect the
enzyme and structure proteins. This directly contributed to the cell
death and higher temperature resulted in more cell deaths (Fig. 3a).
Another widely accepted mechanism of PTT is the generation of radicals
to attack the tumor cells. Hydroxyl radicals were identified in
CNSI + NIR group, which was slightly increased in CNSI-Fe + NIR
group. It should be noted that CNSI-Fe alone could generate hydroxyl
radicals, too (Fig. S2). The radicals would inevitably lead to oxidative
stress in cells. CNSI + NIR group induced the mildest oxidative stress in
CT26.WT cells. Only the POD level significantly reduced for CNSI + NIR
group. CNSI-Fe group induced the increase of HyO2 and MDA, and led to
the decreases of POD and GSH. The oxidative damage was most serious

in CNSI-Fe + NIR group. All parameter changes were more than the
other two groups, which could explain the better therapeutic effect. In
our view, the Fe accumulation, high temperature, radical generation and
ferroptosis contributed to the therapeutic effects.

3.4. Photothermal therapy in vivo

The in vivo tumor ablation was highly dependent on the tumor
temperature. Using our homemade facility, the temperature could be
well controlled during the ablation. The IR thermal imager recorded the
temperature of the tumor sites (Fig. 4). The NIR irradiation during our
evaluation only increased the temperature of tumor site to 39 °C. Using
CNSI and CNSI-Fe as PTAs, the rapid increases of tumor temperature
were achieved within the first 0.5 min. The temperature kept steadily
around 52 °C during PTT through our temperature responsive power
control system (Fig. 4d). This phenomenon indicated that our facility
could control the temperature of tumor site accurately for the following
therapeutic evaluations.

The in vivo tumor ablation was performed after intratumoral injec-
tion of CNSI-Fe followed by the NIR irradiation. Intratumoral injection
was the designed dosing method for CNSI-Fe, which was approved by
Center for Drug Evaluation (CDE) for clinical trials. The in vivo tumor
ablation was achieved at a tumor site temperature of 52 °C using our
homemade facility for CNSI-Fe + NIR group and CNSI + NIR group.
Pure NIR irradiation slightly inhibited the tumor growth, but the dif-
ference was insignificant (Fig. 5). This was reasonable, because the
tumor site temperature was only 39 °C. CNSI did not affect the tumor
growth, just as our previous observations[25]. CNSI-Fe without irradi-
ation was very efficient in tumor inhibition (inhibition rate of 64 %),
which was through the ferroptosis pathway [25]. Under NIR irradiation,
CNSI showed significant inhibition to the tumor growth (77.3 %). In
CNSI-Fe + NIR group, the inhibition rate reached 91.9 %, and a com-
bination effect was evidenced (g = 1.26). At 14 d, the mice were sacri-
ficed and the tumor tissues were taken out for weighing. The inhibition
rates followed the sequence: CNSI-Fe group (64.1 %) < CNSI + NIR
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Fig. 5. Tumor ablation by CNSI-Fe under 808 nm laser irradiation. (a) tumor volumes; (b) tumor weights; (c) survival rates; (d) photograph of a presentative mouse
after the treating by CNSI-Fe + NIR. The initial power density was 0.5 W/cm? and the power density was automatically controlled by the temperature responsive
power control system to maintain the temperature at 52 °C for CNSI-Fe + NIR and CNSI + NIR groups.

group (74.1 %) < CNSI-Fe + NIR group (84.7 %). The inhibitions were
statistically significant in the three groups, but there was no combina-
tion effect. We also collected the tumor tissues for HE staining and
TUNEL assay to reflect the therapeutic effects (Fig. S3). All groups
showed typical tumor characteristics upon HE staining. Few necrotic
cells were found in the control, NIR group and the CNSI groups. Local
necrosis occurred in the CNSI + NIR group. CNSI-Fe induced more ne-
crosis, and only CNSI-Fe + NIR group generated massive necrosis.
Separate application of CNSI and NIR did not arouse apoptosis according
to TUNEL staining. CNSI-Fe resulted most serious apoptosis among all
groups, which was well consistent with our previous observations [25].
Coupling with NIR irradiation, the apoptosis level of CNSI-Fe + NIR
group decreased comparing to CNSI-Fe group. This might be due to that
the heat destroyed the cellular structure too fast to arouse apoptosis. It
should be noted that among the 7 mice in each group, some were
completely healed. During the survival rate observations, none of
CNSI-Fe group was thoroughly cured and all died within two months.
CNSI + NIR group had two mice (28.57 %) surviving during the
three-month observation period. CNSI-Fe + NIR group had five cured
mice (71.43 %). For those cured mice, there was no tumor found after
sacrifice. To this regard, although there was no combination effect in
tumor weights, the combination of PTT and chemotherapy did increase
the survival rates in vivo. Previously, we found that CNSI + NIR could
achieve satisfying tumor growth inhibition and prolong the survival
period at 53 °C for human thyroid carcinoma tumor. NIR irradiation
could extend tumor penetration depth of medicines and help the drug to
achieve penetration-enhanced PTT, thereby effectively eliminating
tumor cells inside solid tumors [37-39]. The PTT synergically released

the carbon monoxide and doxorubicin which effectively eliminate active
tumor cells in the periphery of the tumor [38]. Various Fe-based nano-
materials combined with NIR significantly inhibited the growth of
implanted tumor xenografts, too [40,41]. Our CNSI-Fe also showed
competitive performance to other carbon nanomaterials, such as ul-
trasmall GO [18], CNTs [19], and C/Fe NPs [21].

The therapeutic mechanisms of CNSI-Fe + NIR group were very
similar to the in vitro results. First, the intratumoral injection of CNSI-Fe
resulted in largely increase of Fe content (Fig. 6a). Under irradiation, the
Fe contents further increased to 30.9 times of the control group and its
17 % higher than that without irradiation. In literature, PTT exhibited
high tumor accumulation of a multifunctional Fe-doped poly-
oxometalate (Fe-POM), which achieved a synergistic PTT/ reactive ox-
ygen species-involved chemodynamic therapy [40]. The overdose of Fe
in tumor led to apoptosis as indicated in Fig. 6b. After NIR irradiation,
the absolute caspase 3 level was lower than that of CNSI-Fe group
without irradiation. This was reasonable because cells died too fast to
allow apoptosis. CNSI-Fe + NIR treatment generated hydroxyl radicals
in vivo, too (Fig. 6¢). The hydroxyl radical signal of CNSI-Fe + NIR
group was the strongest comparing to the control, CNSI-Fe and
CNSI + NIR groups. The radicals might stimulate the expression of in-
flammatory cytokines. However, in our pre-evaluations, we did not
observe the increase of inflammatory cytokines (data not shown). It
might be due to the high temperature that quickly destroyed the cellular
structures before the initial of inflammation. Both radicals and high
temperature could kill tumor cells, but it is hard to count the contribu-
tion portions. In addition, all treatments induced oxidative stress in
tumor (Fig. 6d). The hydroxyl radicals were most abundant in
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Fig. 6. Mechanism of CNSI-Fe assisted PTT in vivo. (a) Fe accumulation; (b) apoptosis; (c) -OH radical generation; (d) oxidative stress. * p < 0.05 compared with

the control.

CNSI-Fe(ll)

Scheme 1. Cartoon illustration of the therapeutic mechanisms of CNSI-Fe
assisted PTT.

CNSI-Fe + NIR group, while CNSI-Fe group and CNSI + NIR group were
similar. As another category of ferroptosis indicators, GSH depletion and
MDA accumulation were statistically significant in CNSI-Fe + NIR
group. Overall, when CNSI-Fe was injected intratumorally, CNSI-Fe
retained largely in tumor (Scheme 1). Under irradiation, more Fe?"
was trapped by tumor to initiate ferroptosis. The NIR light was absorbed
and converted into heat by carbon NPs, which further generate reactive
oxygen species to kill tumor cells. The combination of chemotherapy
and PTT in our study improved the tumor inhibition and survival rate.

3.5. Biosafety of CNSI-Fe during photothermal therapy

The biosafety of CNSI-Fe has been verified in our previous reports

[25]. Its biosafety was also proved by commercial preclinical safety
evaluation. More importantly, CNSI-Fe also showed good biosafety in
clinical trial I. These facts highlighted the satisfied biosafety of CNSI-Fe
for clinical uses. Here, we focused on the biosafety of CNSI-Fe during
PTT (Fig. 7). In the hematological analyses, CNSI + NIR group induced
the decrease of white blood cell (WBC). This suggested that CNSI + NIR
lowered the immune cells and induced a slight immunotoxicity.
CNSI + NIR and CNSI-Fe + NIR led to the increase of platelet (PLT).
During the chemotherapy of tumor, PLT usually decrease, which is the
side effect of chemotherapy [42,43]. CNSI + NIR and CNSI-Fe + NIR
increased these parameters, suggesting the good biosafety of NIR to
blood circulation. And only CNSI-Fe + NIR group showed statistically
significance. The rest were similar to the control group. In the serum
biochemical analyses, aspartate aminotransferase (AST) levels
decreased in CNSI + NIR group, CNSI-Fe group and CNSI-Fe + NIR
group. CNSI-Fe + NIR group also displayed an alkaline phosphata (ALP)
increase. The ALP increase should be assigned to the Fe toxicity to he-
patic function, considering the increased hepatic Fe accumulations [43,
44]. Other parameters kept unchanged comparing to those of control
group. In the histopathological examinations, the structure of liver,
spleen, lung, kidneys did not change seriously. There were more gran-
ulocyte infiltration and lymphocytic infiltration in liver upon NIR irra-
diation for CNSI + NIR group and CNSI-Fe + NIR group. There was
spotty necrosis in liver of CNSI + NIR group and CNSI-Fe + NIR group,
too. These observations suggested that CNSI-Fe was of low toxicity to
mice during PTT.
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Fig. 7. Biosafety evaluation of CNSI-Fe assisted PTT. (a) hematological parameters; (b) serum biochemistry; (c) histopathological examinations (scale bar = 50 pm).
RBC: red blood cell; HGB: hemoglobin; PLT: blood platelet; WBC: white blood cell; Lymph: lymphocyte; Mon: monocyte; Gran: neutrophilic granulocyte; ALT: alanine
aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; LDH: lactate dehydrogenase; CK: creatine kinase; CK-MB: creatine kinase-MB;

CREA: creatinine.
4. Conclusions

In summary, we compared the photothermal conversion ability and
therapeutic efficiency of CNSI and CNSI-Fe both in vitro and in vivo,
where CNSI-Fe inherited the excellent PTA properties of CNSI and
supplemented with the chemotherapy effect of Fe®". The combination of
chemotherapy and PTT allowed higher tumor inhibition rate, prolonged
survival period and more cured mice in CNSI-Fe + NIR group. The
therapeutic mechanism was associated with radical generation, oxida-
tive damage and ferroptosis. Using homemade facility, we achieved the
precise temperature control of tumor site during PTT to avoid unwanted

damage to other tissues. In future, CNSI-Fe is hopefully applied in
clinical PTT of tumor and stimulates more commercial interest in PTA
development.
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