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ABSTRACT: The Fe element is essential for human beings,;'gi’:“;";;?;:\, CNSI-Fe

oa iF G 1] ontrol
overdose of Fe leads to unwanted toxicity. However, overwhel@ing, E'Fr “o-o0p "

Fe accumulation in tumor cells could arouse strong oxidative stFr@.:e”
for cancer therapy. Therefore, the fast and specumulation of. %= .
Fe in tumor cells without systemic toxicity is critical for this %

purpose. Herein, we report that a carbon nanopaffie(d$ \
complex (CNSIFe) could e ciently load Fe into tumor cells and &+
inhibit tumor growth with low toxicity in H22 tumor-bearing mice. %

Upon intratumoral injection, CN$le only induced meaningful — @ x/’kﬂ
Fe increase in the tumor to sigantly inhibit tumor growth with % et =
competitive eciency to cisdichlorodiammineplatinum(ll). Fe S

accumulation stimulated the hydroxyl radical generation and

serious oxidative stress in the tumor. Due to the lack of Fe accumulation in other tisskesw&N&f low systemic toxicity to
tumor-bearing mice. With the clinical success of CNSI for decade&;edNight be used for cancer therapy thrtughkabel
use to bene patients immediately.

KEYWORDS:carbon nanopatrticles, ferrous ion, tumor inhibition, oxidative stress, toxicity

INTRODUCTION tumors. In TME, there is a,8, overproduction; therefore,

Fe is an essential element for human bele$s necessary Fe" could catalyze the decomposition gDito produce

i . 2 o ;
for hemoglobin, myohemoglobin, cytochrome oxidase, and }gxdroxyl .radlca’ré.Another privilege of using“Féor this

on. Fe is crucial for hematopoiesis, immunologic function, afyPose 1 that tumor cells upregulate the Fe uptaag(t%-related
absorption of Zn element. There is a well-established 2 thways and bIOCk. Fe exportation of t_he FPN pathway.
balance in the body to maintain the required Fe concentratio _nfortunatebly, dlreCE]L_nje_ctlon OFﬁB notr?wtba:ble dfor_ In Y'VQ

Fe could be transported into cytoplasm by transferrin (Tf) reatmen]E, e%a.usﬁ. relllugratgs aohng t &e4 ﬁo fCII’CU ation
Fe2/Tf receptor (TFR) endocytosis and other Tf—independen{aSt and free Feis highly toxic to the body.Therefore, Fe

pathway$Fe could be exported through ferroportin (FPN) to sh,\c;IuId bg used in a suitable fOVmP'?“%” for tt)umor therapyé.
maintain the system iron homeosfadiwever, when . any Fe-containing nanomaterials have been reported to

. : : uce ROS generation and ferroptosis for tumor inhib-
overwhelming Fe ions are present in the cytoplasm, cells ?gn.15 9 Such attempts broadened the applications of the Fe
incapable to pump out Fe ions in time and cytotoxicity woul

occur. It is well known that¥és highly catalytically reactive lement in cancer therapy. For example, Liu et al. used FeP
; ' L gnly y y rea nanoparticles with ultrasound and photothermal-enhanced
in the decomposition of,8, to produce hydroxyl radicals,

namely, Fenton reactibihen overwhelming®és present Fenton properties for cancer therapy, where the generation

in tissues, Bewould catalyze the in vivo decomposition ofmc hydroxyl radicals was achieved under irradiation of
' y P ultrasound or near-infrared (NIR) Il lightGao et al.

H,0, and lead to strong oxidative stress. This process has b : ;
widely acknowledged in the toxicity evaluations of Fe and I%Eﬁfgggm?:g otcoatzlryot:jcu (;[zna;)&r ;rr]]?jrag gn S?Iat'g‘u h?ﬁ?ég?
containing materiats. 2

In recent decades, the tumor microenvironment (TME) is

recognized as a useful target for cancer thérapye- ~ Received: April 26, 2020 =T
responsive drugs are developed for this purpose. Among thésgepted: June 8, 2020 D
TME drugs, there are rapid achievements in reactive oxygerP!ished: June 8, 2020 o
species (ROS) generation reagents and techhitfuEsr g
example, tirapazamineloxorubicirt’ photodynamic ther-

apy:* and radiotherapyare capable of generating ROS to kill
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radicals/ To enhance the therapeutieet of Fe-containing A
nanoparticles, many studies have used photothermal there
an external magnetield, and the NIR-assisted Fenton
reaction during treatméent-®> However, Fe-containing nano-
particles usually have a lowetiency than Féin catalyzing
the Fenton reaction.

Carbon nanoparticles suspension injection (CNSI) is th
only commercialized and clinically applied carbon nanom
terialS®?* CNSI is applied in staining the tumor drainage

lymph nodes black before surgery of advanced gastric can Lom ot S e

breast cancer, and papillary thyroid carcinoma. There are m:C 1 onsiee D —CNSiFe
oxygen-containing groups on CNSI that could interact wit i EQtoonsife 18 T CoNskRe
Fe* and during endocytosis of theé*Fsolution could be %0

sucked into the cytoplasm. Thus, CNSI might be used asg »

carrier for F& for antitumor therapy. Beyond that, CNSI is of & w M
very low systemic toxicity according to animal experiments a3

clinical observatiofsAnnually, more than 100000 patients & 2 %

Intensity (%)

are using CNSI during oncological surgery. Therefore, CNSI &
Fe holds great advantage over other nanomaterials for clini |

applications as it would be immediately accessible for can S & 8 8 3 2 @ 100 1000

patients througto label use. AT Size (om)
In this study, we intratumorally injected CNF®! to E F | o

achieve ecient tumor growth inhibition with low toxicity in —reonsie

CNSI-Fe

H22 tumor-bearing mice. Tumor growth was monitored, an
tumor tissues were checked by hematorgi#in (HE)
staining, immunohistochemistry, and transmission electr
microscopy (TEM). Retention of CN&e in the tumor was
guantied by Prussian blue staining, inductively couple:
plasma-optical emission spectrometry (ICP-OES), and isoto
ratio mass spectrometry (IRMS). Generation of hydroxy
radicals was monitored by electron spin-resonance spectt %00 2600 2100 1400 700 1050 1200 1350 1500 1850 1800

copy (ESR), and the oxidative stress was measured. Tiie WWavenumber (cm’) Wavenumber (em’)

toxicity of CNSIFe was evaluated by bodyweight increaserigure 1. Characterization of CNS¥e and*C-CNSI Fe. (A) TEM
hematology, serum biochemistry, and histopathology. Theage of CNSIFe. (B) TEM image dfC-CNSI Fe. (C) Particle
implications to the clinical applications of CIRE8I are size counts from TEM images. (D) Dynamic light scattering (DLS)
discussed. spectra. (E) IR spectra; (F) Raman spectra.

Intensity (a.u.)

*C-CNSl-Fe

Transmittance (%)

RESULTS sample. In addition, the strong bindirfj &@ CNSI was only

Characterization of CNSI Fe and *3C-CNSI Fe. CNSI a small portion (7.3%). Most of the?’Fghigher than 98%)
was a black suspension of carbon nanoparticles preparedwas stable against oxidation, which was vital for the Fenton
dispersing carbon ash witllyvinylpyrrolidone (PVP) reaction. Overall, the chami#ation data collectively
(Figure S)L After adding P& the appearance did not change. suggested that CNSte and*3C-CNSI Fe were suitable for
CNSI Fe was a black and stable aqueous dispersion for mahe following animal treatments and evaluations.
than 6 months. The quality and purity of CNF®l and3C- Tumor Growth Inhibition. After intratumoral injection to
CNSI Fe samples were carefully characterized using sevet#aR-bearing mice, CN3te signicantly inhibited tumor
techniques Figure ).** Under TEM, both samples were growth during the observation period of 14 dagsie }.
aggregated small nanopatrticles, which were embedded in PMPnor growth was sigeantly inhibited after 5 days
during the drying process of samplifigure A and1B and postinjection. Tumor volume was 11743rfanthe control
Figure SR Fe&* was homogeneously distributed and thus nogroup, 415 mé#for the CNSI Fe-treated group, and 583 fnm
recognizable. By counting the diameter of the particles, CNSfor the cisdichlorodiammineplatinum(ll) (DDP)-treated
Fe (27.2¢ 7.6 nm) and®C-CNSI Fe (27.4t 6.8 nm) shared  group. Correspondingly, the inhibitionciency was 64.7%
similar distribution patterns. In aqueous solution, the hydrder CNSI Fe and 50.3% for DDP. It should be noted that
dynamic radii were both centered at 190 nm, only 1 nm largequivalent CNSI alone had no therapeugctq 3.1% for
than that of CNSI without Fe (189 nm). In the infrared (IR) the CNSI group), and equivalent'Feas much less eient
spectra, the oxygen-containing groups were édeati3441  [31.9% for the Fe(ll) groupF{gure SR After sacrice at 14
( OH) and 1111 cnt (C O). The peaks at 2924 and 2855 days, the tumor weights were 1.09 g for the control group, 0.58
cm ! were assigned to @&, and the peak at 1631 ¢mvas g for the DDP-treated group, and 0.44 g for the OMSI
attributed to aromatic CC. The presence of O and H was treated group. The inhibition eency was 59.6% for CNSI
also observed in elemental analysis (C, 59.4%; H, 2.4%; k& and 46.8% for DDP. Therefore, CNF8lwas competitive
19.3%; N, 2.4%; S, 2.9%). THeGgdomain was cormed by with the classical antitumor drug DDP for cancer therapy. A
the G band (1601 crfj in the Raman spectra. The shift of the large area of necrosis (yellow arrowEignre 2C) was
G band toward lower wavenumber at 1587 w@ms due to  observed in the HE image of the CN®i-treated group,
the isotope labeling on the skeleton in f@®CNSI Fe while the tumor tissue kept the normal structure in the control
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—@—DDP
1500 —X cnsi-Fe

area (containing CNSI and Prussian blue), the blue color
could be clearly recognized. In the continuous sliced samples
that were separately stained by Prussian blue and HE (the
slices looked similar but could not be identical), we could
roughly assign the blue stained area to tumor cells. The blue
color was easier to distinguish in the Fe(ll) group, where the
blue stained area was assigned to tumor cells too. In contrast,
the control group and the CNSI group were not stained blue
(Figure Sy suggesting a low Fe concentration in tumor
tissues without Fe injection. Typically, cells have cspeci
pathways to balance the Fe concentration. However, the
coexposure of CNSI and Fe might lead to more endocytosis.
CNSI along with the surrounding Fe agueous solution entered
the cells. Under TEM, many carbon nanoparticles were
identi ed in the cytoplasm rather than in the nucleusi(e
5). The size and shape of these particles were identical to those
of CNSI Fe. These particles were in the phagocytotic vesicles,
and the cells lost the intact membrane.
To further verify the accumulation of CN&d in the
tumor, we quanted*3C-CNSI by IRMS and Fe by ICP-OES
at 1 day postinjectiofrigure §. Upon intratumoral injection,
most CNSI particles and Fe were detected in the tumor. There
was no meaningful increase of both in other tissues. About 56%
of the injected dose for Fe was trapped in the tumor. The
remaining 44% entered the blood circulation and was well
balanced by the body, so no Fe increase was found. The steady
Fe concentrations in other tissues were important for the
- biosafety of CNSFe. There was about 9apof Fe in mouse
Figure 2 Tumor growth inhibition by CNSFe. (A) Tumor volume. ~ blood circulation, and the Fe released into the blood was only
(B) Tumor weight. (C) HE image of CNSfe-treated tumor. (D) 60 g, so the unchanged Fe was not surprising. Fe
HE image of the tumor in the control group. (E) TEM image ofaccumulation in the tumor was relatively stable. After 14
CNSI Fe-treated tumor. (F) TEM image of the tumor in the control days, the Fe concentration in the tumor of the CIRSI
group. {) p < 0.05 compared with the control gronp ). Green  treated group was still nearly 9 times higher than that that of
arrows (C) indicate the brown CNSI, yellow arrows (C, D) indicatethe control group. In addition, the distribution patterns of
the ”Ecms's ofdtubrror tissues, Irzeq ag.ro";’S I(E) '”?'Ca:e tlhe broken celNs| and Fe were quite dient upon intravenous injection
membrane, and blue arrows (E) indicate loss of cytoplasm. of CNSI Fe. The main accumulation organ was the liver, and
there was no tumor accumulation.
group with very limited necrosis area. The areas of necrosi"hmpli ed Oxidative Stress.The accumulation of Fe in
were small in the CNSI group and Fe(ll) group fegufe the tumor led to strong oxidative strésgure J. First, we
S3. It could be clearly seen in the TEM image that the celluldflenti ed the’OH radicals in tumor tissues at 1 day after the
structure of the CNSFe-treated group was destroyed. Thetreatment. CNSIFe induced twice the amount ‘@H
membrane was broken (red arrow§igure E), and the radicals in the tumor compared té*Fdone. There was no
cytoplasm was lost (blue arrowsFigure E). Further ‘OH radical found in CNSI-exposed group and the control
immunohistochemical analyses indicated that EMSI group. Similar generation @H radicals by CNSFe
injection led to apoptosis of tumor ceHlsgre 3 The treatment was also observed in in vitro assessment, which led
areal density of the CN$le group was 0.071, three times to the proliferation inhibition of H22 cellsigqure Sp
that of the control group (0.023). The CNSI group, Fe(ll) E cient generation 6OH radicals led to serious oxidative
group, and DDP group also slightly increased the caspasst@&ss. Both Feand CNSI Fe induced the increase gDyl
levels. In the proliferation indicator Ki67 analyses, no increaaad malondialdehyde (MDA) at 1 day. A slight decrease of
was observed in the CN&k group. The was also the case forglutathione (GSH) was observed in the CIR8itreated
the other three groups. The tumor growth measurements agdoup. The oxidative stress remained to 14 daysc&igni
structural observations suggested that Gié¢Shas ecient increases were found fox35, peroxidase (POD), MDA, and
in cancer therapy. GSH in the CNSIFe-exposed group. Only MDA increased in
Fe Accumulation in the Tumor. Tumor inhibition by  the Fe(ll) group. No sigrniant change was found in the CNSI
CNSI Fe was mainly due to Fe accumulation. To verify Fand control groups.
accumulation in tumor tissues, we stained the tumor sectionsLow Toxicity of CNSI Fe. The low toxicity of CNSIFe
with Prussian blue. The intratumoral injection of CRSI  was evidenced by multiple techniques after intratumoral
largely increased the Fe contents in the tumor ti$§Sgese(  injection Eigure 3. First, the bodyweight increase of the
4). The distribution of Fe was heterogeneous in the tumoENSI Fe-treated group (CNSFe L group) was similar to
tissues. The blue color of Prussian blue and black color thfat of the control group. Further increasing the dosages led to
CNSI merged well, which interfered with the observation. Iweight gain inhibition (CNSFe M group and CNSFe H
the blue stained area, the cellular structure was destroyed gmndup). The Fe(ll) group induced a statistically signi
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A Control Fe(ll) __CNSI-Fe
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Figure 3.Immunohistochemistry of tumor tissues. (A) Representative images of immunohistochemical analyses. (B) Caspase 3 level changes. |
Ki67 level change$)(p < 0.05 compared with the control gronp(3).

Figure 4. Visualization of Fe accumulation in tumor cells after
injection of CNSIFe and Fe(ll).

weight gain inhibition at 11 days. The CNSI group induced

growth inhibition at 4 day The serum biochemistry

parameters were all unchanged upon injection of a low dosage

of CNSI Fe (CNSI Fe L group) at 14 days, except for a

small increase of the creatinine (Cr) level. Higher dosages led

to decreases of the aminotransferase (AST), alanine amino-

transferase (ALT), and lactate dehydrogenase (LDH) levels in R _

the CNSI Fe M group and CNSFe H group, indicating _Flgure 5.TEM visualization of CNSFe in the tumor. (A) TEM
meaningful hepatic damage. The aspartate aminotransfet’iﬂé?ﬁ: ggggglcté,l;losulge-treated tumor. (B) TEM image of the tumor
(ALP) level increased in the CN&E M group and CNSI i

Fe H group, also suggesting the hepatic toxicity. For

hematological measurements, three statisticallycasigni vacuolated hepatic cells became dominating. The spleen kept
changes were observed, namely, hemoglobin (HGB) of titlee normal structure, except that more apoptotic bodies (green
CNSI Fe L group, platelet (PLT) of the CN$e H group, arrows) were found in the CN$le M and CNSIFe H

and lymphocyte (Lymph) of the Fe(ll) group. In the groups. Other organs, including the heart, lung, and kidneys,
histopathological observations, the liver and spleen kept tAs0 showed the normal structure after injection of G SI
typical structure in the control groupigire ®). Slight

in ammation was observed in the liver in all groups (red DISCUSSION

arrows). In the CNSFFe L group, there were some swollenIn the aforementioned experiments, we observed the
and vacuolated hepatic cells observed (yellow arrow). In tlkempetitive performance of CNBg in treating tumors
CNSI Fe M and CNSIFe H groups, the swollen and compared to DDP. The combination of CNSI and Fe is critical
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Irt-like protein 8 (zip8), divalent metal transporter 1 (DMT-

1), and lipocalin2 (LCN2)/LCN2 receptor (LCN2Rjigure

SO. These pathways depend on the amount of transporters
and receptors and thus would not actively take too many Fe
ions in a short time. The overdosed Fe would stay outside the
cell membrane. Feions would slowly migrate along with
blood circulation to leave the tumor. Therefore, theecy

of F&*was much lower than that of CNBé. For CNSIFe,

the formulation took advantage of both CNSI and Fe. The
cells would take the CNSI particles by endoc§tosishe
endocytosis of CNSI was visualized by the TEM observations
of ultrathin sections of tumor tissuésgre #). The
adsorbed Eé&on carbon nanoparticles and surroundifiy Fe
solution would be swallowed together. This led to the
overwhelming dosage ofFi@ the cytoplasm. Due to the
blocking of the FPN pathway in tumor céligyre Sp the

cells could not pump out¥end the accumulation of?Fe
lasted for a long time, which was consistent with the ICP-OES
measurements. The accumulation 8fWas proven by the
Prussian blue stainingigure 3 and the ICP-OES measure-
ments Figure B). The similar distribution patterns of CNSI
and Fe corrmed the hypothesis that’Féook the ride of

CNSI to enter the tumor. After entering the cytoplasm, the
intracellular Fé catalyzed the decomposition ofOk to
generate hydroxyl radicals that attacked the tumor cells and the
cellular structure was destroy®dneme )1 The delivery of

Fe&* by CNSI into cells was reasonable, and such delivery
systems based on nanomaterials were widely reported in the
literature’> *® For example, we reported that CNSI could
deliver doxorubicin (DOX) into cancer cells for therapy
purpose$®> The other drug delivery systems of carbon
nanotubes, graphene and carbon dots, have been well
established, taking advantage of the endocytosis of these
carbon nanomateriafs?® In addition, it should be noted that

the hydrodynamic radii of CN$le were around 190 nm, a
suitable size for endocytosis according to the litérature.

The mechanism of CNSte for cancer therapy was the
Fenton reaction in vivo to generate hydroxyl radicals. In our
study, we vergd the mechanism of CN$le treatment by
ESR spectra. CNSfe induced strong hydroxyl radical
) o generation, which was more than twice that of tHe Fe
Figure 7.Oxidative stress of a CN&k-treated tumor. (A) ESR eated groupHigures andSH. CNSI as a benign reagent
sépgctra at 1 day. (B) Oxidative stress of tumor tissues at 1 day. (g?d not arouse hydroxyl radical produ@ﬁoh-lowever,

xidative stress of tumor tissues at 14 days. . .

according to our previous reports, elemental carbon could
facilitate the Fenton reaction and played a @atniole in
for this purpose, because single use of CNSI or Fe was megenerating Feas a reducéf.Without CNSI, the Fenton
e cient in tumor growth inhibition. The mechanism of reaction should be lesgetive and harder to regenerate at pH
CNSI Fe for cancer therapy was the strong ROS generationigher than 3. As a consequence of the in vivo Fenton reaction,
which consequently induced oxidative damage to tumor tisstlee hydroxyl radicals initiated the oxidative stress in tumor
Therefore, CNSIFe was very hopeful in tumor inhibition tissues. At day 1 postinjection, CNF#i led to the increase of
with high e ciency and low toxicity. H,0, and MDA accompanied by the depletion of GSH. The

The e cient tumor inhibition of CNSFe should be Fé&'-treated group only showegdd and MDA increases, but
attributed to the synergisticeets of both CNSI and #eln the depletion of GSH was not sigant. The generation of
our study, a separate dosage of CNSI or Fe(ll) only resulted ROS to modify the TME is crucial for tumor inhibition. In the
no or low e ciency of tumor inhibitior={gure SB CNSI was literature, dierent formulations of Fe and Mn were used for
a biocompatible carbon material, which did not arousthe Fenton reaction to generate hydroxyl radicilén these
oxidative stress, so the lack of therapeutict evas  studies, the hydroxyl radicals were regarded as the main reason
reasonable. F&* was toxic and eient in catalyzing 4, for tumor inhibition. Compared to the use of Fe- and Mn-
decomposition. However, wheR*Feas directly injected to  containing nanoparticles, CNB¢ had a simple formulation,
the tumor, F& hardly migrated into the cytoplasm due to theeasy preparation, and fast radical generation, soFReNSI|
limited amount of transferrin and other transpdrters. could be ranking among the most promising ROS generation
Typically, tumor cells have several Fe uptake pathways, stueaigents for cancer therapy. Beyond the change of TME,
as Tf-Fe2/TfR, Zrt- and Irt-like protein 14 (zipl14), Zrt- and according to the literature, the Fe accumulation, lipid

Figure 6.Quanti cation of CNSIFe in tissues. (A) Intratumoral
injection. (B) Intravenous injection) < 0.05 compared with the
control groupif = 5).
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Figure 8.Toxicity evaluations of CN$e. (A) Bodyweight. (B) Serum biochemistry. (C) Hematology. (D) HE imgges. .05 compared
with the control groum(= 5). In ammation is indicated by red arrows, swollen and vacuolated hepatic cells are indicated by yellow arrows, and
apoptotic bodies are indicated by green arrows.

Scheme 1. Schematic lllustration of the Fenton Reaction in CNSI and Fe were trapped in tumor tissues. No caghi

the Tumor upon Injection of CNSIFe increase of CNSI or Fe was found in other tissues. Therefore,
direct damage of CNSfe to normal tissues was not possible.
The toxicity of CNSIFe to normal tissues could only occur
through indirect pathways, e.g., the passing of ROS from the
tumor to normal tissues through blood circulation. The
possibility of indirect damage was very low, so the toxicity of
CNSI Fe was not observed at the current concentration. In
our pre-evaluations, 5Q of free Fe ions (24 mg Fe/mL)
would lead to the death of mice and the value was 27 mg Fe/
mL for CNSI Fe, implying that CNSFe helped in trapping

Fe ions. The lethal concentration of CNF&l was much
higher than the ective concentration here, so CN& was

safe for in vivo treatments. The detmtion of Fe by CNSI

was also reasonable, and a similar phenomenon has been
widely reported in the literatdre?’ Previously, we showed
that DOX loaded on CNSI was less toxic than free DOX, while
S:cpe therapeutic eiency was not changédCarbon nano-
Materials were reported to adsorb metal ions with a large
quantity’® The xation of metal ions alleviates the toxicity to
cells and animals.

peroxidation and glutathione depletion should simultaneou
occur during ferroptosisAdditional evidence of ferroptosis
was the apoptosis of tumor cells, since acgighincrease of

caspase 3 in the CN$le group was observeegure 3. - L .
Thus, CNSIFe might be capable of initiating ferroptosis, For clinical applications, CNEE is encouraged for use

while F& was not. This could be regarded as a downstreafffore surgery. First, many patients are now receiving CNSI
event of the Fenton reaction in the tumor. In fact, theP€fore oncological surgery for tumor drainage lymph node

ferroptosis has been applied in tumor inhibition using Femapp'”@-ms The doctors are well trained and experienced in
containing nanoparticles as the catafysts. intratumoral injection. By changing CNSI into CIN8| the

The limiting translocation of CN$le in the body was the njection protocol is identical. There is no practicaiudty
main reason for its low toxicity. In our study, the low toxicity ofor doctors to use CNSFe. Second, CNSFe siill has the
CNSI Fe was evidenced by multiple techniques, which @bility to stain the lymph node bladkg(re S)i Upon
crucial for clinical applications of in the area of nanomedicini@tratumoral injection, the patients would receive twotbene
Previously, we demonstrated that high dosages of CNSI iriftcluding tumor inhibition and lymph node mapping. The
the blood circulation did not induce toxicity to rfiddore black color of CNSIFe would guide the injection and
than 100000 patients receive the intratumoral injection afncological surgery. Third, the injected CR&lwould be
CNSI every year, and the good biocompatibility of CNSI wagissected during surgery; therefore, there is unlikely to be long-
proven during these clinical applications. CRSlwas  term toxicity. Thus, the good biosafety of CRE8Iis
intratumorally injected to mice, and the queatiion data  expected. Fourth, during the clinical treatments, when the
by IRMS and ICP-OES indicated that the main portions ofumor is too big, the therapeuticcgency of oncological
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surgery would be low. Injection of CNS# could shrink the  China. Each mouse was injected with 0.1 mL of ascites on the right
tumor to enhance the eiency, narrow the wound, and upper limb. The mice were randomly grouped into 5 mice each when
weaken the ability of the tumor tolirate the surrounding the tumors reached 100 farfiive groups were injected with saline
area. Preoperative reduction of the tumor with GF¢SI  (control group, 50L by intratumoral injection), DDP (DDP group,
would have the sameeet of the neoadjuvant chemotherapy; 5 mg/kg by intraperitoneal injection), CNSI (CNSI group, 58 mg C/
thus, CNSIFe treatment might be applied as an alternativég by intratumoral injection), FeS€e(ll) group, 6.3 mg Fe/kg by
therapy of neoadjuvant chemotherapy. Fifth, the accumulatitiyatumoral injection], and CSNI-Fe (CNBé group, 58 mg C/kg

of CNSI Fe in draining lymph nodes might be useful in theand 6.3 mg Fe{kg by _mtratumoral injection) at day 0 and day 3. In
inhibition of local lymph node metastasis. In this regardur pre-evaluations, higher dosages (116 mg C/kg + 6.3 mg Fe/kg, 58
CNSI Fe is very hopeful for clinical applications with multiplé"d C/kg + 12.6 mg Fe/kg, and 116 mg C/kg + 12.6 mg Fe/kg)

benets. showed very limited increases in tumor inhibition. Thus, to avoid the
unwanted toxicity, we adopted 58 mg C/kg + 6.3 mg Fe/kg. The
CONCLUSIONS tumor volumes were recorded. After 14 days, the mice wecedacri

. W and the tumors were dissected for weighting. The tumorscactre
In summary, carbon nanoparticles loaded withskewed 1, 1094 formaldehyde solution and continuously sliced for HE

high antitumor activity upon intratumoral injection to mice giaining and Prussian blue staining following standard protocols. The
where the arousal of extensive ROS was the main mechanigifors were xed by 3% glutaraldehyde for TEM observations
Intratumoral-injected CNSFe was largely retained in the following the previous protoctisThe tumors werexed by 10%
tumor tissue to increase the Fe content sharply to achieyimaldehyde solution and sent to Wuhan Servicebio Technology Co.
Competitive antitumor aCtiVity to the classical antitumor drug)r immunohistochemical ana|yses of caspase 3 and Ki67. The
DDP. The hydroxyl radicals were continuously generated jmunohistochemical slices were analyzed by measuring the areal
tumor tissues during the 14-day observation period, angénsities. For each slice, 3 repliceitis were recorded. The images
meaningful oxidative damage was induced. Meanwhile, becaus@ analyzed by Image-Pro Plus 6.0 software (Media Cybernetics,
Fe and CNSI were strictly trapped in the tumor, the levels afic.). The areal density was calculated by IOD/AREA, where 10D is
both did not change in other tissues. The unchanged Fe levels integrated optical density and AREA is the pixel area.

in the body ensured the low toxicity of CN=. This study To evaluate the biodistribution of CNBé¢, mice were injected
highlights the potential use of essential element Fe as waith 3C-CNSI Fe and the tissues were collected at 1 day and 14
antitumor drug with the help of carbon nanoparticles. It islays. The’®™C contents were analyzed by IRMS following our
hoped that our results would stimulate more clinicaprevious protocofs.For Fe detection, tissues were digested with 10

applications of CNSFe in theranostics and benghe mL of HNGQ; and 3 mL of HO, in an automatic microwave. The
development of nanomaterials for cancer therapy. tissue samples were soaked in a #HND, mixture for 12 h and
digested at 19 for 1 h. The as-obtained solution was measured by
MATERIALS AND METHODS ICP-OES.

Preparation of CNSI Fe and**C-CNSI Fe.A 0.8043 g amount Oxidative Stress AssaysThe tumor tissues were collected from

of PVP was ground in 4 mL of water and added with 2.026 g of Czwmor. inhibition .experiments at 1 day +and 14 days postinjection,
carbon powder. The mixture was ground for 1.5 h with 2 mL of wateficluding the saline group, CNSI grouﬁ, gmup, and CNSFe

adding after 30 min. A black gel-like sample was transferred toJepup. The tissues were homogenized to obtain 10% homogenates.
beaker and added with 30 mL of water. The pH value was adjustedbe H0O, POD, MDA, and GSH levels were measured strictly
pH 6 with sodium citrate solution. The black suspension was furthéllowing the recommended protocols of the kits (Nanjing Jiancheng
homogenized at 25 000 rpm for 10 min 5 times to produce CNSI. F®Bioengineering Institute, China). Separately, the homogenates of
1%CNSI, the raw materigiC-ash was prepared by the arc dischargetumor tissues were added with 5,5-dimethyl-1-pyi¥etirigle
method kindly by Prof Xue-Ling Chang. A 0.5157 g amount of PYEDMPO), and the ESR spectra were recorded éatréhe contents

was gljound in 2.5 mL of water anq added with 1.258@-ash. of hydroxyl radicals (JES-FA200, JEOL, Japan).

The mixture was ground for 1.5 h with 1 mL of water added after 30 Toxjcological Evaluations.CNSI Fe (58 mg C/kg bodyweight

min. A black gel-like sample was_transferred to a beake_r and addeg 3 mg Fe/kg bodyweight as the CN& L group, 58 mg C/kg

with 19.5 mL of water. The pH adjustment and homogenization Wab%dyweight +31.5 mg Felkg bodyweight as the GRSV group,

performed following the same protocol. f@econtent of *CNSI : .
was analyzed by IRMS ((DELTA V Advantage, Thermo Electronand 58 mg C/kg bodyweight + 50.4 mg Fe/kg bodyweight as the

Finnigan, USA). To prepare CNBE andC-CNSI Fe, the CNSI  CNS! Fe H group), FeS06.3 mg Fe/kg bodyweight), CNSI (58
suspension (50 mg carbon particles/mL) was mixed with 5.5 mg F&/9 C/kg bodyweight), and saline were intratumorally injected to
mL FeSQ aqueous solution at a 1:1 volume ratio under sonicatiofALB/C mice separately for toxicity evaluations. The bodyweights
and then lyophilized. Both normal and labeled (F¢Swwere were recorded three times per week. After 14 days, the whole blood
carefully characterized by TEM (Aetq Bruker, Bonn, Germany), samples were collected for hematological analyses (Chemray 240,
high-resolution TEM (HRTEM, Tecnai G2 20, FEI, USA), DLS Rayto, China), including red blood cell (RBC), HGB, PLT, white
(Zetasizer Nano ZS90, Malvern Instruments, Malvern, UK), Ramaslood cell (WBC), Lymph, monocytes (Mon), and neutrophilic
spectroscopy (Renishaw inVia plus, Renishaw, Wotton-under-Edgganulocyte (Gran). The serum samples were collected for
UK), XPS (Axis Ultra, Kratos, Manchester, UK), elemental analysiggchemical analyses (Chemray 240, Rayto, China), including

(vario EL, Elementar, Germany), and IR (Tensor27, Brukeraepartate AST, ALT, ALP, creatine kinase (CK), Cr, blood urine
Germany) before use. The C 1s spectrum was subjected to CasaXk

: = ittogen (BUN), and LDH. The liver and spleen tissues, including the
software using the automatiting protocol. The Bécontent was heart, liver, spleen. kidneys, and lung, were disseetbih 10%
measured by thephenanthroline method, and the total Fe content ’ » SP ' ys, 9, 0

was determined by ICP-OES. formaldehyde solution for standard HE staining, and checked under
Tumor Inhibition Evaluation. The ascites of H22 tumor-bearing @n Optical microscope (Eclipse Cl, Nikon, Japan).
mice (BALB/c mice) were collected and adjustedxdl@ cells/ Statistical Analysis of Experimental Data. All data were

mL. The animal experiments were approved by the Animal Centre &alyzed as the mean with the standard deviation{ng#zn The
Southwest Minzu University and performed in accordance with treigni cance was calculated using the stadesit- Di erences were
Animal Care and Use Program Guidelines of the Sichuan Provincensidered sigmiant atp < 0.05.
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