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Abstract: Herein, we propose a drug-free approach to cancer
therapy that involves cancer cell targeting calcification
(CCTC). Several types of cancer cells, such as HelLa cells,
characterized by folate receptor (FR) overexpression, can
selectively adsorb folate (FA) molecules and then concentrate
Ca’* locally to induce specific cell calcification. The resultant
calcium mineral encapsulates the cancer cells, inducing their
death, and in vivo assessments confirm that CCTC treatment
can efficiently inhibit tumor growth and metastasis without
damaging normal cells compared with conventional chemo-
therapy. Accordingly, CCTC remarkably improve the survival
rate of tumor mice. Notably, both FA and calcium ions are
essential ingredients in human metabolism, which means that
CCTC is a successful drug-free method for tumor therapy. This
achievement may further represent an alternative cancer
therapy characterized by selective calcification-based substitu-
tion of sclerosis for tumor disease.

Cancer is a major cause of mortality worldwide, and its
incidence continues to increase, with more than 10 million
new cases every year.! Currently, the conventional treat-
ments for cancers are limited to chemotherapy, radiotherapy,
and surgery. Unfortunately, chemotherapy and radiotherapy
often have negative effects on normal cells, resulting in
serious side effects, such as neuropathy, neutropenia, and
kidney failure.”! Although surgery may completely remove
primary tumors and visible metastases, the propensity of
tumors to invade adjacent tissues or spread to distant sites by
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micrometastasis often limits its effectiveness.”! Recent rapid
advances in nanotechnology have contributed greatly to
achievements in cancer treatment, however, both the in vivo
cytotoxicity and the biosecurity of nanoparticles have been
sources of controversy, especially the unexpected accumula-
tion of nanomaterials in the body, which has been investigated
in biomedical applications.

In nature, mineral accumulations are important biological
processes. Calcification, as well as the accumulation of
calcium salts in body tissues, normally occurs during the
formation of bone and teeth.’! However, calcium can also be
deposited abnormally in soft tissues, inducing pathological
diseases, such as vascular calcification, skin necrosis, and
kidney stones.”! Biological calcifications can be precisely
regulated with solution medium balances or mineral nucle-
ation sites. In 2008, we demonstrated bio-inspired cell
encapsulation using controlled cell calcification, which fol-
lowed an attractive hypothesis that cancer cells can be
inhibited using calcification-based cell capsulation.”! Encap-
sulating the single-cell-organism with a thin functional coat
can alter its behavior,’! however, even in vitro covering
mammalian cells with a thin mineral layer is not biocompat-
ible.’) Thus, targeting calcification on tumor cells without
damaging normal cells is a great challenge.

It is well known that folate receptors (FR) are up-
regulated in many human carcinomas but are expressed at low
levels in normal cells,"” and FR can specifically bind to and
cause the accumulation of folic acid (FA) molecules. The
established understanding of calcification indicates that FA
may actively induce calcification owing to its carboxylate
residues, which can specifically bind Ca®" from biological
fluids to facilitate calcium mineral nucleation.'”’ Thus, it is
reasonable to expect that abundant FRs on cancer cells can be
used to develop cancer cell targeted calcification (CCTC;
Supporting Information, Figure S1) using adsorbed FA bio-
molecules.

In this study, we demonstrated CCTC using human
embryonic kidney (HEK293) and human cervical cancer
(HeLa) cell lines, which were selected as models of FR-
deficient normal cells and FR-rich cancer cells, respectively.
In vivo experiments show that CCTC can inhibit tumor
growth and their secondary metastases. It should be noted
that both calcium and FA are essential ingredients in human
metabolism.'""! Therefore, CCTC represents a drug-free
strategy for cancer treatment.

Invitro CCTC was seen after incubating cells with
Dulbecco’s Modified Eagle Medium (DMEM) containing
500 uygmL~! FA, followed by the addition of DMEM con-
taining 10 mm Ca”'. Both native HEK293 and HeLa cells
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Figure 1. Selective CCTC mediated by FA. Optical (a) and scanning
electron microscopy (b) observations of HEK293 and Hela cells.
Relative expression of FR in HEK293 and Hela cells by western

blot (c) and qPCR (d). e) Calcification ratio of HEK293 and Hela cells.

showed representative adherent cellular morphology (Fig-
ure 1a, Control) with smooth surfaces before CCTC (Fig-
ure 1b). After CCTC, the smooth surfaces of the HEK293
cells were maintained, and no calcium deposition was noted.
However, calcification occurred in the HeLa cells, resulting in
the formation of a rough solid layer around the cells
(Figure 1a and 1b), which consisted of numerous tiny
particles (Figure S2a). X-ray diffraction, FTIR, and calcium
element mapping analyses confirmed that the calcified
mineral around the cancer cells was amorphous calcium
phosphate (Figure S2b and S2c¢). Compared with the
HEK?293 cells, which had almost no FR expression and
insignificant calcification (<3 %), the HeLa cells presented
a notable calcification rate (>90%) owing to high FR
overexpression, which suggested the occurrence of highly
specific calcification in FR-overexpressed cancer cells (Fig-
ure 1c-e). It should be noted that any individual treatment
using either FA or Ca alone resulted in no calcification
(Figure S2d and S2e). Therefore, the key to CCTC was the
combination of FA and calcium, which induced calcification.
More cells with different FR levels were examined, and the
results suggested a moderately positive correlation between
cell calcification and FR expression (Figure S3).

The resultant mineral phase may affect cell viability,
especially because mammalian cell membranes are extremely
sensitive to any adherent foreign solid matter.’'? Viewed
with confocal laser scanning microscopy (CLSM), the depos-
ited CaP layer (green, labeled by Calcein) attached tightly to
the cell membrane (red, labeled by PKH26), resulting in
a shell-like structure (Figure 2a). Owing to the presence of
CaP matter, the integrity of the cell membrane was disrupted,
resulting in fracture from 0 h to 24 h (Figure 2a). Meanwhile,
nuclear (blue, labeled by Hoechst33342) shrinkage in the
encapsulated cell could be detected (Figure 2a). This phe-
nomenon indicated damage to the cell membrane structure
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Figure 2. Cell viability after CCTC treatment. a) Fluorescent detection
of calcified Hela cells by confocal laser scanning microscopy (CLSM).
CaP was stained by Calcein (green), the cell membrane was stained by
PKH26 (red), and the nucleus was stained by Hoechst33342 (blue).

b) Live/Dead staining suggested that the CCTC-treated Hela cells
were dead at 24 h. ¢) Quantitative analysis of cell viability with different
treatments (**P<0.01).

and cell death. The changes to both the membrane and the
nucleus demonstrated that cell viability was reduced follow-
ing calcification. Using LIVE/DEAD probes (Figure 2b), it
was confirmed that almost all of the calcified HeLa cells were
dead within 24 h; however, the native cells remained alive.
Cells experienced calcification-encapsulation-induced cell
death; fortunately, this effect occurred in cancer cells rather
than in normal cells. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assays were also conducted to
quantitatively examine the anticancer effects of CCTC. The
results indicated effective cancer cell growth inhibition
(>90%), and in contrast, the influence of CTCC on
HEK?293 cells resulted only in negligible cell growth inhib-
ition (< 10%; Figure 2c¢).

Based on ectopic calcification in several pathological
diseases,"! CCTC may be able to convert cancer tissues into
“pathologically calcified” tissues through an encapsulation
effect. To test this hypothesis, mice bearing HeLa xenografts
were used to examine CCTC at the tissue level. The
xenografts in the controls exhibited common solid tumor
features, whereas the color of the tumors subjected to CCTC
treatment turned yellow (Figure3a). The tumors were
subjected to micro-computed tomography (uCT). If any
calcified matter formed within a tumor, pCT scanning
would reveal its presence owing to the high density of the
mineral phase.""! Tumor tissue was maintained in a homoge-
neous state without foreign matter in the control group
(Figure 3b, Control). In contrast, a large amount of calcified
matter could be detected within tumor tissues after CCTC
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Figure 3. In vivo CCTC treatment effects on tumors. a) Optical images
of calcified tumors; the tumor tissue became disrupted after CCTC
treatment. b) uCT detection of the tumors. The left column shows

a three-dimensional reconstruction, and the right was a typical tomo-
graphy section marked on the left. ¢) H&E staining of a tumor section.
d) TEM observation and EDX (inset) of calcified matter in tumor
cellular gaps. €) CLSM images of a tumor slice stained by
Hoechst33342.

treatment (Figure 3b, CCTC), and hematoxylin and eosin
(H&E) staining of tumor slices showed dark purple regions
(Figure 3c¢), which was similar to the appearance of ectopic
calcification." Furthermore, calcified matter was identified
in cellular gaps by transmission electron microscopy (TEM),
and energy dispersive X-ray (EDX) analysis confirmed that
this material was CaP (Figure 3d). However, no CaP was
noted in the tumor tissues subjected to FA or Ca treatment
alone, nor was CaP noted in the control group; their cellular
gaps remained clear (Figure 3d). This in vivo tissue-level
result was in agreement with the cell-level in vitro results
following sclerosis of tumor tissue by CCTC.

The CaP material formed by ectopic calcification could
ulcerate calcific lesions and facilitate cell dysfunction and
death,l'! which was also observed in the CCTC treatment
group (Figure 3a). In the control experiment, the cell nuclei
in the tumor tissue showed normal morphology, whereas the
nuclei became agglutinate and abnormal in the CCTC group
(Figure 3e), indicating that the calcified state of the tumor
tissue could intrinsically lead to cancer cell death. Further-
more, it should be noted that no calcification or tumor
ulceration was detected after individual FA or Ca treatment
(Figure S4), and hematological and blood biochemistry
parameters, as well as the H&E staining results of the major
organs, showed no pathological changes compared with the
controls (Figure S5). These results implied that no damage to
other tissues or organs was caused by CCTC in vivo.l'”!

Given the successful targeting calcification in tumor
tissues, mice bearing HeLa tumor were treated by CCTC to
investigate its anticancer effects. As shown in Figure 4a, DOX
formulation, as a positive control, had a significant tumor
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growth inhibition (TGI, 67.1 %) with respect to the inhibition
of tumor growth compared with the control. Meanwhile,
CCTC treatment showed similar anticancer effects with
a TGI value of 65.1 %, and H&E staining showed that after
either CCTC or DOX treatment, massive cancer cell remis-
sion occurred in the tumor tissue (Figure 4b), indicating
successful tumor growth inhibition by CCTC. As expected,
body weight loss and liver toxicity showed the obvious side
effects of chemotherapy (Figure 4c¢ and d), however, CCTC
was much more biologically friendly as no body weight loss
and no liver toxicity was noted (Figure 4c and d). Both FA
and calcium are essential ingredients in human metabolism,!!!
therefore, FA or Ca treatment alone resulted in negligible
inhibition and no weight loss (Figure S6). This drug-free
feature is a primary advantage of CCTC.

In addition, materials in contact with cancer cells have
exhibited great potential for inhibition of tumor metastasis.'*!
Using in vivo and ex vivo organ imaging, fluorescence signals
emitted from the tumor in situ and from the lungs were noted
(Figure 4¢), indicating that the tumor cell had metastasized
into the lung site, and visible metastatic nodules were present
in the lungs in both the DOX group and other comparisons
(Figure 4 f; Supporting Information, Figure S7a). Surpris-
ingly, almost no metastases were detected in the CCTC-
treatment group (Figure4e and 4f), indicating CCTC-
induced cell encapsulation may suppress tumor metastasis.
This suppressed metastatic phenomenon was further con-
firmed by the measurements of total flux emitted from
circulating tumor cells (CTCs) in the blood of mice (Fig-
ure 4g), in which the flux was almost undetectable in the
CCTC group. In contrast, in the other groups, the detected
flux values were always >450 photons/sec (Figure 4g;
Supporting Information, Figure S7b) and accordingly, their
mortality rates at day 30 were >80 % (Figure 4 g; Supporting
Information, Figure S7c¢). DOX could effectively inhibit
tumor development, but the survival rate was only 20%
owing to the high level of CTC flux (Figure 4 g and h), which is
consistent with the hypothesis that tumor metastasis is the
important lethal factor in solid tumors.””) However, at the
similar TGI level, the mice survival rate in the CCTC-
treatment group was significantly improved to 90% (Fig-
ure 4h) with effectively suppressed metastasis, demonstrating
another key advantage of CCTC over chemotherapy.

By using selective calcification as an anticancer tool,
CCTC provides a drug-free strategy characterized by efficient
tumor inhibition, successful control of metastasis, and
improved survival rates, which follows a substitution of
sclerosis for tumor disease by using pathological calcification.
This proof-of-concept about disease substitution may be
developed as an important medical treatment to reduce
disease risk.
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Figure 4. Anticancer therapy by CCTC. a) Normalized tumor growth curves in the control, DOX, and CCTC treatment groups (volume vs. time).
b) H&E-stained tumor slices after CCTC and DOX treatments. c) Body weights of mice after the different treatments. d) H&E-stained liver slices
after CCTC and DOX treatments. e) Tumor metastasis detection by in vivo imaging (mice) and ex vivo imaging (organs); organs included the
heart (h), liver (l), spleen (s), lung (lu), kidney (k), and tumor (t). f) Optical observation of pulmonary metastasis (circles). g) Total flux in mouse
blood during DOX and CCTC treatment. Data were collected under similar conditions of TGI. h) Survival rates of the tumor mice after DOX and
CCTC treatment (n=10). **P <0.01.
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