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ABSTRACT:

Targeting specific tumour cells and their microenvironments is essential for enhancing the efficacy
of chemotherapy and reducing its side effects. A partial epithelial-to-mesenchymal transition state
(pEMT, with a hybrid epithelial/mesenchymal phenotype) in tumour cells is an attractive targeting
for anticancer treatment because it potentially provides maximal stemness and metastasis relevant
to malignant cancer stem cell-like features. However, treatment strategies to target pEMT in
tumour cells remain a challenge. This study demonstrates that extracellular cerium oxide
nanoparticles (CNPs) selectively inhibit the growth of pEMT-induced tumour cells, without
affecting full epithelial tumour cells. Herein, highly concentrated Ce3* and Ce** ions are formed
on CNP-layered poly-L-lactic acid surfaces. Cell cultures of pEMT-induced and uninduced lung
cancer cell lines on the CNP-layered substrates allow the effect of extracellular CNPs on tumour
cell growth to be investigated. The extracellular CNPs with dominant Ce3* and Ce** ions were able
to trap pEMT-induced tumour cells in a growth-arrested quiescent/dormant or cytostatic state
without generating redox-related reactive oxygen species (ROS), i.e. non-redox mechanisms. The
dominant Ce®* state provided highly efficient growth inhibition of the pEMT-induced tumour cells.
In contrast, the dominant Ce** state showed highly selective and appropriate growth regulation of
normal and tumour cells, including a mesenchymal phenotype. Furthermore, Ce**-CNPs readily
adsorbed serum-derived fibronectin and laminin. Cerium valence-specific proteins adsorbed on
CNPs may influence receptor-mediated cell-CNP interactions, leading to tumour cell growth
inhibition. These findings provide new perspectives for pEMT-targeting anticancer treatments

based on the unique biointerface of extracellular CNPs with different Ce valence states.



1  KEYWORDS: Partial-EMT; Metal valence states; Nanoparticles; Mesenchymal phenotype;
2 Non-redox mechanism; Anticancer treatment.
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1. Introduction

Epithelial-to-mesenchymal transition (EMT) in cancer is a critical process to acquire cellular
motility, leading to metastasis, stemness and drug resistance. In tumour cells, a partial EMT
(pEMT) state, i.e. a hybrid epithelial/mesenchymal phenotype, correlates with maximal stemness
and metastasis relevant to malignant cancer stem cell-like features [1-4]. Therapeutic targeting of
the pEMT state is, therefore, a potential strategy to effectively overcome the poor prognosis
conferred by pEMT [5,6]. However, EMT in human cancers is associated with different transition
states, such as gradient pEMT states, with different tumour subpopulations [1,7]. Therapeutic

approaches to target tumour cells undergoing pEMT, thus, are currently limited.

Nanotechnology for cancer treatment has advanced by using various nanoparticles (NPs) as
drug delivery platforms, such as nanocarriers for anticancer drugs that target tumours [8,9].
Various targeting strategies to passively and actively accumulate NPs in solid tumours have been
proposed, including passive tumour-tissue targeting (e.g. size/shape/charge-controlled NPs by
enhanced permeability and retention (EPR) effect [10]), active tumour cell-specific targeting (e.g.
functionalising NPs with tumour-specific ligands, such as antibodies, peptides and folic acid [8,9]),
active biomimetic targeting (e.g. covering NPs with cell membranes derived from cancer, blood
or stem cells [11,12]), and active organelle-targeting [13,14]. Moreover, to further enhance the
targeting ability and therapeutic efficacy, hierarchical targeting, which is combined with multiple
active and passive targeting strategies in response to variations of endogenous pH and redox
stimuli and exogenous optical, thermal or magnetic stimuli, has attracted increasing attention [10].
Recently, the EPR effect in passive targeting has been recognised to be highly heterogeneous [10].
In addition, EPR-mediated accumulation may not recapitulate naturally occurring human solid

tumours [15]. In contrast, active tumour cell-specific targeting can effectively enhance therapeutic
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efficacy and cellular internalisation of nanomedicines [10,16]. However, several fundamental
issues remain, and identifying an efficient design of NPs through their fixed physicochemical
features to accomplish satisfying outcomes in all phases of tumour targeting may be impractical
[10]. Nonetheless, targeting specific tumour cells and microenvironments is essential for
enhancing anticancer treatments, such as enhancing the therapeutic efficacy of chemotherapy and
reducing its side effects [2,17]. Most of the target ligands or receptors displayed on the cell
membrane and their surroundings are derived from tumours and normal tissues, leading to adverse
effects. Therefore, the complexities of tumour-specific ligands on cell membranes and tumour
microenvironments contribute to the difficulty of developing effective treatments with reduced

side effects [18,19].

Cerium oxide nanoparticles (CNPs) play an important role in reconciling divergent therapies
that simultaneously provide apoptosis induction in tumours and avoid serious adverse events in
normal tissues. Due to redox reactions between Ce*" and Ce** ions, CNPs mimic several enzymatic
activities and are accordingly referred to as “nanozymes” [20-22]. The therapeutic potential for
CNPs has been increasing for various diseases, including atherosclerosis [23], multiple sclerosis
[24], and Alzheimer's disease [25]. Notably, due to the pH discrepancy in the pathophysiological
and physiological conditions, the enzyme-mimicking activities of CNPs potentially tune the
production of toxic reactive oxygen species (ROS) in the weakly acidic microenvironment of
tumours and the efficient scavenging of ROS in the neutral/weakly basic microenvironment of
normal tissues. For instance, the antioxidant activity of CNPs prevents chemotherapy-induced
acute kidney injury and myocardial damage, as well as radiotherapy-mediated side-effects in
normal tissues [26—28]. In contrast, the pro-oxidant activity of CNPs sensitises pancreatic cancer

to radiotherapy by producing ROS [28]. The presence of intracellular CNPs in normal, stromal,
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and tumour cells also serve for anticancer therapy and reduces adverse effects [29]. It should be
noted that under acidic tumour microenvironments, CNPs become inert [26], suggesting that they
do not produce toxic ROS in tumour. In fact, it is still controversial whether the alternation between
anti-oxidant and pro-oxidant activities of CNPs is driven merely by slight pH differences, i.e. in
weakly acidic or neutral/weakly basic microenvironments [30]. That is, not only redox but also
non-redox reactions of CNP may be involved in their therapeutic mechanism [30]. Indeed, our
previous study has revealed that under a physiological pH, i.e. independently of pH, extracellular
CNPs with dominant Ce*" or Ce** ions inhibit or promote the growth of normal mesenchymal stem
cells, respectively [31]. Additionally, at weakly basic pH, redox reactions of extracellular CNPs
have been suspended due to phosphorous blocking at Ce*" ion sites [31-34]. These insights also
imply the potential that non-redox mechanisms of CNPs are working, but their mechanisms have
yet to be fully elucidated. These emerging themes may be key to understanding the non-redox
mechanisms of CNPs for anticancer treatment via direct and indirect cell-CNP contacts in tumour

microenvironments.

Upon exposure to biofluids such as serum and plasma, which contain components of the ECM
in normal and tumour microenvironments, the surface characteristics of NPs can undergo
transformation due to the adsorption of proteins, resulting in a surrogate biological identity [35].
The adherence of proteins on the NP surface leads to the formation of “protein coronas,” which
have gained significant attention due to their ability to confer a bio-adaptive surface onto artificial
NPs [35-38]. The composition and structure of protein corona are influenced by the
physicochemical properties of NP surfaces and the biological components present in their
surroundings [37]. Nanoparticles with a protein corona, e.g. including the epitope exposure [38],

have the potential to engage in specific interactions, such as receptor-mediated cell-NP interaction.
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Therefore, the specific proteins adsorbed onto these NPs, including CNPs, may be involved in the
receptor-mediated interaction between cells and extracellular NPs. The effects of cell-CNP contact
on tumour cell growth and the tumour-targeting capabilities of CNPs remain unknown. Since Ce
valence state of extracellular CNPs greatly affects normal mesenchymal stem cells [31], this study
focused on mesenchymal tumour cells, especially those induced by pEMT, as they provide
maximum stemness relevant to malignant cancer stem cell-like features [1,2]. In solid tumours,
including tumour microenvironments, cancer stem-like cells are crucial targets for chemotherapy
to prevent cancer metastasis and therapeutic resistance [1,2]. Targeting pEMT states in cancer,
thus, is valuable for therapeutic strategies aimed at pEMT-induced tumour cells, including cancer
stem-like cells. Therefore, this study demonstrates the potential of extracellular CNPs to
selectively inhibit the growth of pEMT-induced tumour cells without affecting uninduced
epithelial tumour cells, and explores the possibility of pEMT-targeting anticancer treatments using

the non-catalytic biointerface of CNPs with adsorbed proteins.

2. Experimental section

2.1 Fabrication: The fabrication of CNP-layered poly-L-lactic acid (PLLA) substrates (CNP/PLs)
and their surface treatment to convert the dominant Ce*' to dominant Ce*" ions has been previously
described [31,39]. Briefly, negatively charged CNPs with dominant Ce*" ions were coated on
PLLA surfaces (named, A-IV). The CNPs used were formed by a gas-phased reaction between
metal and oxygen using physical vapour synthesis, and the chemical compositions of CNPs are
shown in Table S1(CIK NanoTek Co., Tokyo, Japan). In addition, A-IV was irradiated by Ar ions
at a radio-frequency bias power of 200 W for 60 s, resulting in positively charged CNP/PLs with

highly concentrated Ce*" ions (B-III) via charge compensation. The cross-sectional image of
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typical CNP/PLs was observed by transmission electron microscopy (TEM), and the Ce 3d spectra
of A-IV and B-III were detected by Xray photoelectron spectroscopy (XPS) with a monochromatic
AlKa X-ray source (Theta Probe, Thermo Fisher Scientific K.K., Japan). The surface charge
analysis of the CNPs was carried out on the A-IV and B-III surfaces using a zeta potential analyser
with a plate attachment (ELSZ-1000, Otsuka electronics Co., Ltd., Osaka, Japan). The detailed

characteristics of A-IV and B-III were evaluated in our previous reports [31,39].

2.2. Cell culture and EMT induction: Human non-small cell lung cancer cell line A549 cells
were incubated with Dulbecco’s modified Eagle medium (low-glucose) supplemented with 10%
foetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). Before cell seeding on samples,
A549 cells were cultured in tissue culture (TC) flasks for 72 h. A549 cells show epithelial
morphology and collective migration. EMT has been known to be induced in tumour cells by
several external stimuli, such as transforming growth factor f (TGF-), epidermal growth factor,
and fibroblast growth factor [40]. Collagen type-I (Col-I) has also been confirmed to readily induce
EMT in lung adenocarcinomas and pancreatic and breast cancer cells [41,42]. TGF-f is the most
potent EMT initiator; however, it acts as a tumour suppressor during the early disease period,
whereas its actions on tumour cells and their microenvironment promote cancer progression at a
later stage [2]. In this study, to avoid the biphasic effects of TGF-f, EMT was induced using Col-
I. Since EMT in A549 cells can be induced by incubating on Col-I for 48 h [42], cells were cultured
on Col-I dishes (AGC Techno Glass Co., LTD, Shizuoka, Japan) for at least 72 h (Col-1/A549).
During this period, most of the cells had already adopted a fibroblast-like morphology and
exhibited independent migration, consistent with previous reports of EMT-induced tumour cells

treated with TGF-f or cultured on Col-I [41-43]. It should be noted that EMT induced by Col-I

was partial compared to that induced by TGF-f3 (the characteristics of EMT induced by Col-I and
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TGF-B will be described later). Cells were seeded onto UV-sterilised CNP/PLs (A-IV and B-III),
PLs, Col-I, and TC, at a density of 0.5 or 1 x 10* cells/cm?. All cell cultures were maintained in

an incubator equilibrated with 5% CO; at 37 °C.

2.3. Cytotoxicity of possibly dissolved cerium ions: To assess the cytotoxicity of potentially
dissolved cerium ions released from CNP/PLs, samples (PL, A-IV, and B-III: 10 x 10 mm; §=1.0
cm?) were immersed in culture media (250 uL, half the quantity used when culturing in 24-well
TC plates) and incubated for 24 and 72 h in an incubator with 5% CO> at 37 °C. A549 or Col-
I/A549-C3 (pre-cultured on Col-I for 3d) cells were seeded into a 96-well TC plate, with 50 pL of
fresh media (1 x 10° cells/well). After pre-incubation for 1 h, the supernatant that had been
immersed with samples for 24 and 72 h was transferred into the 96-well plates with cells (50
pL/well). Cytotoxicity was assessed 24 h after incubation using the Cell Counting Kit-8 (CCK-8,
DOJINDO LAB., Kumamoto, Japan). Absorbance of the supernatant with cells at 450 nm and 650
nm wavelengths was measured using a microplate reader. The assay was performed according to

the manufacturer’s instructions.

2.4. Cell adhesion assay: For the cell adhesion assay on PL, A-IV, and B-III (10 x 10 mm; § =
1.0 cm?), A549 or Col-I/A549-C3 cells were seeded into 24-well TC plates with samples, at 5 x
10* cells/cm?. After culturing for 3 h, the samples were washed with phosphate buffered saline
(PBS), and then transferred to another 24-well TC plates with fresh media containing the CCK-8
reagent. After incubation for 1 h, 100 pL of the supernatant was transferred into a 96 well plate,

and the absorbance of the supernatant at 450 nm was measured using a microplate reader.

2.5. Cell adhesion/proliferation/viability assay: To retain a mesenchymal phenotype in A549

cells for an extended period, Col-I/A549-C5 (pre-cultured on Col-I for 3 days and then 2 more
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days, totalling 5 days) cells were used for cell adhesion (at 24 h), cell proliferation, and cell
viability assays (up to 72 h). A549 and Col-I/A549-C5 cells were cultured on PLs, CNP/PLs (10
x 10 mm; S= 1.0 cm?), and Col-I cover glass (¢12 mm; S= 1.1 cm?*; AGC) in an ultra-low adhesive
24-well plate (Low-Ad). TC surface (S = 1.9 cm?) was used as a control. After 24, 48, and 72 h of
cell culture, the CCK-8 reagent was added into the 24-well plates. After incubation with CCK-8

reagent, the assay was performed as described in 2.4.

2.6. Cell alive/death assay: Cells were stained with calcein AM and propidium iodide (PI) using
the Cellstain® Double Staining Kit (CS01, DOJINDO), and subsequently observed using an
inverted fluorescence microscope (ZOE cell imager, Bio-Rad Laboratories, Inc., CA, USA) with

filters at A =490 nm and 545 nm.

2.7. Immunocytochemistry: In brief, cells were fixed with 4% paraformaldehyde and treated with
0.1% Triton X-100. After blocking with 1% bovine serum albumin (BSA)/PBS, the cells were

incubated with a primary antibody: anti-N-cadherin (bs-1172R, Bioss Inc.,) or anti-Ki-67 [SP6]

(ab16667, Abcam, Cambridge, UK) in 1% BSA/PBS at 4 °C overnight. The goat anti-rabbit IgG

H&L with Alexa Fluor® 488 (ab150077, Abcam) was used as the secondary antibody. F-actin and
nuclei were stained with phalloidin-iFluor 594 (ab176757; Abcam) and DAPI. Cells treated with
SlowFade™ (S36967, Thermo Fisher Scientific K.K., MA, USA) were observed using a confocal

microscope (TCS SP5, Leica Microsystems, Wetzlar, Germany).

2.8. Quantitative real time polymerase chain reaction (QRT-PCR): Total RNA was extracted
using Isogen (311-02501, Nippon Gene Co., Ltd., Tokyo, Japan), treated with DNase I and RNase
inhibitors (2270A and 2313 A, Takara, Shiga, Japan), and purified using Agencourt RNAClean XP

(A63987, Beckman Coulter, Inc., CA, USA), according to the manufacturer’s instructions. RNA

10
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was quantified using a visible spectrophotometre (NanoDrop, Thermo). RNA was reverse-
transcribed into cDNA using a PrimeScript™ RT reagent kit (RR037A, Takara). Quantitative real-
time PCR was performed using LightCycler® 480 SYBR Green I Master (04707516001, Roche,
Basel, Switzerland) in a real-time PCR system (LightCycler 480Systemll, Roche). Primer

sequences used are as follows,

GAPDH-F; GGAGCGAGATCCCTCCAAAAT, GAPDH-R;
GGCTGTTGTCATACTTCTCATGG, E-cad-F; GGATAGAGAACGCATTGCCACATAC, and

E-cad-R; CCATTGGATCCTCAACTGCATTCC.

2.9. Western blot analysis: Briefly, cells were lysed in a blue-lading buffer pack (#7722, Cell
Signaling Technology, Inc., MA, USA) with a protease inhibitor (87786, Thermo) and a
phosphatase inhibitor (P5726, Sigma-Aldrich, MO, USA). The total protein was quantified using
a NanoOrange™ protein quantitation kit assay (N6666, Thermo). Cell lysates were routinely
separated on polyacrylamide electrophoresis gels, and western blot analysis was performed using
iBlot Gel Transfer Stacks Gel (PVDF, Invitrogen, MA, USA). Nitrocellulose membranes were
blocked in 5% BSA/TBST for 1 h at room temperature. Primary antibodies against E-cadherin
(#3195), Ki-67 (ab16667) focal-adhesion kinase; FAK (#13009), phosphorylated focal-adhesion

kinase; pFAK-Y397 (#3283), and GAPDH (ab%9485) were purchased by CST or Abcam.
Membranes were incubated with primary antibodies diluted in 5% BSA/TBST overnight at 4 °C,
and then with horseradish peroxidase (HRP)-linked secondary antibodies (#7074, CST) in 5%
skim milk/TBST for 1 h at room temperature. Chemiluminescence analysis was performed using

immobilon western chemiluminescent HRP substrate (WBKLS0100, Millipore). Densitometric

measurements of band intensities were performed using the ImageJ software.
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2.10. Protein adsorption assay: For direct coating process, samples (PL, A-IV, and B-III: 4 x 4
mm) were fixed on a PDMS-coated culture dish to prevent protein adhesion to their backsides, and
then immersed in protein solutions containing fibronectin (FN; 063-05591, Wako, Japan), laminin
(LN; 120-05751, Wako), and serum-based culture medium (E-MEM with 10% FBS and 1% PS).
Instructions for protein coating were derived from relevant instruction manuals. The
concentrations used were 5 pg/cm? for FN and LN coating, based on the recommended levels in
each manual. The samples were incubated in a CO»-gas incubator at 37 °C for 30 min. For the
electrophoresis assay, detailed conditions of serum-derived protein corona on respective materials
and the observation of SDS-PAGE gel have been previously described [31,39]. The densitometry

of the total protein corona in SDS-PAGE gel were analysed using Image J software.

For immunofluorescence analysis, samples (PL, A-IV, and B-III: 4 x 4 mm) were washed
twice in PBS and then immersed in 4% paraformaldehyde and 0.5% Triton X-100. The sample
surfaces were blocked with 1% BSA solution for 30 min, followed by incubation with the primary
antibodies anti-FN (ab2413) and anti-laminin (ab11575) and with the secondary antibody goat
anti-rabbit [gG H&L with Alexa Fluor® 488 (ab150077) for 1 h at room temperature. Fluorescence
from the samples in a 96-well black plate with hydrophilic treatment was measured using a

fluorescence microplate reader (Agx / Aem =485 nm / 530 nm).

2.11. Intracellular ROS Assay: The pEMT/A549 cells were cultured on TC, A-IV and B-III (4 x
4 mm) in a 96-well black bottom clear TC plate for 72 h. The generation of intercellular ROS was
compared using ROS assay kit (R253, DOJINDO) with photo-oxidation resistant
dichlorofluorescindiacetate (DCFH-DA). Untreated cells on TC in Hanks Balanced Salt Solution

(HBSS, Thermo) were used as negative controls, while treated cells on TC with 500 uM-H>0O; in

12



HBSS were used as positive controls. Dye fluorescence from cells on sample in HBSS was
detected by a fluorescence microplate reader (Aex / Aem = 490 nm / 530 nm). Measurements were
taken at 15 min intervals up to 60 min. The data collected were the average value of 9 multi-points

on the sample surfaces with 1 mm intervals.
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3. Results

3.1. Cytotoxicity of possibly dissolved cerium ions and tumour cell adhesion

Typical CNPs are hardly dissolved in culture media, but the CNP/PLs used in this study, with a
particle diameter of 2—3 nm (on CNP/PLs, Fig. 1a) and highly concentrated Ce valent states (about
75 atm%-Ce*" and -Ce*" ions; A-IV and B-III, Fig. 1b and Table S2), may release minimal
amounts of soluble cerium ions, potentially influencing cytotoxicity. High-density cell adhesion
assays (close to a confluent state, Fig. S1a) revealed that, for A549 cells, the cell morphologies
appeared similar (Fig. S2), and different substrate materials did not show statistically significant
differences in tumour cell adhesion (the upper panel in Fig. 2a). For A549 cells pretreated on Col-
I for 3 days (hereafter, Col-1/A549-C3), although A-IV decreased cell adhesion compared with TC
and PL, there was no significant difference between A-IV and B-III (the lower panel in Fig. 2a),
indicating that the effects of Ce valence states of CNP/PLs on tumour cell adhesion were minimal.
Furthermore, to assess the cytotoxicity of the supernatant immersed with CNP/PLs, A549 and Col-
I/A549-C3 cells were cultured under the conditions shown in Fig. S1b. Regardless of the substrate
materials (TC, PL, A-1V, and B-III) and the immersion time in serum-based culture media (24 and
72 h), the cell viabilities of both A549 and A549/Col-I-C3 cells remained unchanged (Fig. 2b).
Thus, the cytotoxicity of cerium ions potentially dissolved from A-IV and B-III states was
negligibly low. In addition, considering the formation of the protein corona on NPs in a serum-
based culture medium, the modified medium itself, due to the reduction of serum components and
quantities, may potentially cause cytotoxicity [35]. The culture media immersed with CNP/PLs,

however, did not exhibit cytotoxicity (Fig. 2b).
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Fig. 1. Characteristics of typical CNP/PLs. a. A TEM image of typical CNP/PL cross-section,

and b. XPS Ce3d spectra of A-IV and B-III.
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Fig. 2. High-dense cell adhesive assay and cytotoxicity assay in supernatants with metal ions
possibly released from materials., a. cell adhesion of A549 and Col-I/A549-C3 cells to each
material under the high-density condition at 5 x 10* cells/cm? (NS, not significant; *, p < 0.05; ***,
p <0.005), and b. cytotoxicity of culture media immersed with TC, PL, A-IV, and B-III for 24 and

72 h. Bars are representative of three independent experiments.
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3.2. Partial EMT-induction

Uninduced A549 cells showed collective migration and cell-cell adhesion, indicative of an
epithelial phenotype (Fig. 3a). In contrast, Col-I-treated A549 cells acquired a fibroblast-like
morphology and individual migration, indicating that EMT was initiated. Col-I/A549 cells
exhibited downregulated mRNA expression levels of E-cadherin (E-cad, a specific EMT marker),
but they remained about 40% of those observed in A549 cells (Fig. 3b). According to the western
blot analysis in Fig. 3b, TGF-f} treatment resulted in a complete loss of E-cad protein expression
(full EMT). By contrast, though Col-I treatment drastically reduced E-cad protein levels, Col-
I/A549-C5 cells (pretreated for 5 days on Col-I) remained at approximately 1/3 of those observed
in A549 cells. These findings indicate that Col-I treatment induces partial EMT (pEMT), rather

than full EMT, in A549 cells. Therefore, Col-I/A549-C5 cells were used as pEMT/A549 cells

hereafter.

E-cad n=3

p<0.005

05 ke
Col-l/A549

Relative mRNA
by GAPDH

0

TGF-B/A549  A549 Col-1/ A549
E-cad

0.09 1.00 0.28
R alieass GAPDH

Fig. 3. Characteristics of A549 and Col-1/A549 cells for induction of pEMT. a. Typical cell
morphology of A549 and Col-I/A549-C3. b. The mRNA levels of E-cad genes in A549 and Col-
I/A549 determined by qRT-PCR, and the western blot analysis of E-cad expression in A549

(uninduced EMT), Col-1/A549-C5 (partial EMT), and TGFB-derived A549 (full EMT) cells.
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3.3. Selective inhibition of pEMT/AS549 cell growth

Most pEMT/A549 cells on A-IV and B-III at 48 h retained a round shape or exhibited limited cell
spreading compared with pEMT/A549 cells on TC (Fig. 4a), suggesting that CNP/PLs inhibit the
growth of pPEMT/A549 cells. To confirm the selective inhibition of pEMT/A549 cell growth on
CNP/PLs, the cell adhesion, proliferation, and viability of A549 and pEMT/A549 cells on each
material were compared (Fig. 4b). As expected, uninduced epithelial A549 cells similarly
proliferated on A-IV and B-III as well as TC and PL. The adhesion of A549 cells to TC and PL at
24 h after seeding, as well as their proliferation and viability up to 72 h, showed no statistically
significant differences (the upper panels in Fig. 4b), indicating that neither A-IV nor B-III had an
impact on epithelial tumour cells. Nevertheless, in the case of pEMT/A549 cells (the lower panels
in Fig. 4b), though B-III slightly decreased cell adhesion at 24 h, both A-IV and B-III significantly
delayed proliferation at 72 h and drastically reduced cell viability at 72 h. Interestingly, B-III had
been already initiated the reduction of cell viability at 24 h. As a result, B-III reduced cell viability
to 58% of that on TC at 72 h (c.f. A-IV decreased it to 71% of that on TC at 72 h). These findings
provide evidence that extracellular CNPs have the capability to selectively inhibit the growth of

pEMT-induced tumour cells.
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Fig. 4. Selective inhibition of pEMT/AS549 cell growth on A-IV and B-III at 24, 48, and 72 h.
a. Cell morphologies, b. cell adhesion, proliferation, and viability of A549 (upper panels) and
pEMT/A549 (lower panels) cells on A-IV and B-III, as well as TC, PL, Low-Ad, or Col-I plates.
Both A-IV and B-III selectively reduced the proliferation and viability of pPEMT/A549 cells (n =

3; NS, not significant; *, p <0.05; ** p <0.01; *** p <0.005).

3.4. Retaining mesenchymal phenotype

Upregulated N-cadherin (N-cad) expression in cells is indicative of the mesenchymal phenotype.
To determine whether the mesenchymal phenotype was retained in pEMT/A549 cells on CNP/PLs,
N-cad expression in cells on PL, A-IV, and B-III were compared using immunocytochemistry.
Even at 72 h, a high expression of N-cad was observed in pEMT/A549 cells on A-IV and B-III
(Fig. S3), indicating that CNP/PLs possess the capability to retain the mesenchymal phenotype.
(c.f. low expression levels of N-cad in pPEMT/A549 cells on PLs, suggesting a mesenchymal-to-

epithelial transition (MET)). Thus, the MET-mediated re-epithelial tumour cells on PL could
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accelerate cell growth, whereas the pEMT-retained tumour cells on CNP/PLs may experience

growth delay.
3.5. Non-induction of apoptosis and ROS generation

CNPs taken up into tumour cells potentially induce apoptosis due to the production of toxic ROS
via the redox cycle between Ce*" and Ce** ions of CNPs in an acidic environment [44—46]. To
assess this, a cell alive/death assay was performed on TC, negatively charged A-1V, and positively
charged B-III. However, late-phase apoptosis was barely observed regardless of the surface
charges and Ce valence states of the CNPs (Fig. S4a). Additionally, the ROS generation on TC,
A-1V, and B-11I did not show statistically differences (Fig. S4b). These results indicate that the
mechanisms through which extracellular CNPs in CNP/PLs selectively inhibit pEMT-induced
tumour cell growth are not associated with apoptosis and redox-related ROS generation. In fact,
the effect of redox-related ROS production by CNPs in the environments of pPEMT-induced tumour
cells (i.e. at a physiological pH in culture media) is negligibly low or unrelated to the inhibition of
growth. Therefore, extracellular CNPs under the physiological pH environment act as a cytostatic
agent for pEMT-indued tumour cells rather than an inducer of apoptosis. At physiological pH,
since phosphorus blockings at Ce3* sites are known to suspend redox-related pro-oxidant activity,
e.g. SOD mimicking activity [32-34], the non-redox mechanism of extracellular CNPs in the
environments of pEMT-induced tumour cells could be highly related to the inhibition of cell

growth.
3.6. Cell cycle arrest at GO phase

The most recognised characteristic of tumour cells, in general, is their abnormally rapid growth

with uncontrolled cellular division. However, the selective inhibition of pPEMT/A549 cell growth
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on CNP/PLs (Fig. 4) suggests that extracellular CNPs may delay the division of tumour cells via
cell cycle arrest. To evaluate cell cycle arrest in pPEMT/A549 cells on PLs and CNP/PLs,
immunocytochemistry using Ki-67 antibodies was performed (Fig. 5a). Ki-67 expression in nuclei
represents cell cycle progression at the G1, S, G2, and M phases, whereas absence of Ki-67
expression indicates cell cycle arrest at the GO phase. Most of the pEMT/A549 cells on PL showed
high expression of Ki-67, indicating cell cycle progression at the G1, S, G2, and M phases. As a
result, these cells on the PL rapidly proliferated and reached a confluent state. However,
pEMT/A549 cells on A-IV and B-III exhibited negative or significantly low expression of Ki-67
(dotted circles in Fig. 5a). Based on the counting assay of Ki-67-negative nuclei and
immunoblotting analysis of Ki-67 (Fig. 5b), the order of negative Ki-67 expression was PL < A-
IV < B-III, which resembled the order of pEMT/A549 cell growth inhibition: TC = Col-I < A-IV
< B-III (the lowest panel in Fig. 4b). Indeed, A-IV and B-III induced cell cycle arrest at the GO
phase in pEMT-induced tumour cells, indicating that depending on Ce valence states of CNP/PLs,
extracellular CNPs promote the transition from cytostatic phases to the quiescent-like GO phase.
Noted that cell cycle arrest is divided into two stages: permanent/irreversible cell arrest (i.e.
senescence) and temporal/reversible cell arrest (i.e. quiescence/dormancy). Senescent cells acquire
a flatten/enlarged morphology and cytoplasmic vacuolisation [47]. However, these senescence-
specific properties were not observed in Ki-67-negative pEMT/A549 cells (Fig. 5), suggesting that
the cell cycle arrest at the GO phase on CNP/PLs represents not senescence but

quiescence/dormancy.

Under stresses such as serum starvation and ROS production, some cells potentially arrest
cell cycle at different phases [48—50]. However, the present study was carried out under sufficient

serum-based environments. The variation of ROS production levels in cells on A-IV, B-11I and TC
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did not show (Fig. S4b). Thus, the induction of quiescence/dormancy in pEMT/A549 cells is not

due to the cell cycle arrest caused by these stresses.
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Fig. 5. Ki-67 expression in pEMT/AS549 cells cultured on PLs, A-1V, and B-III at 72 h. a.
Immunofluorescence analysis of Ki-67 (Ki-67, green; nuclei, blue; F-actin, red). b. Ratio of Ki-
67-negative cell number (*, p < 0.05), and immunoblotting analysis of Ki-67 and GAPDH. The
majority of cells on PL were Ki-67-positive, indicating cell cycle progression at the G1, S, G2,
and M phases. By contrast, most of the cells on A-IV and B-III were Ki-67-negative, indicating
cell cycle arrest at the GO phase. Both the cell counting and immunoblotting assays provided
consistent results, showing the same order of Ki-67-negative phenotype: PL < A-IV < B-III. This
suggests that depending on the Ce valence states, extracellular CNPs promote the transition from

cytostatic phases to the quiescent GO phase.
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3.7. Protein adsorption

The physicochemical properties of NPs potentially influence the adsorption states of proteins in
the protein corona, such as components, steric hindrance/epitope-hidings, and soft/hard structures
[35-38]. Similarly, Ce valence states may impact the characteristics of CNP-specific protein
corona. After exposure to serum-based media, although the total amounts of proteins adsorbed on
CNPs/PLs are independent on Ce valent states [31], their SDS-PAGE analysis provides different
band profiles in response to Ce valent states [31]. Based on quantitative one-dimensional profiles
of serum-derived protein coronas on materials, distinct components with different molecular
weights were observed on PL, A-IV, and B-III (Fig. 6a). The surface features of CNPs such as Ce
valence states may relevant to determining specific components and conformational changes of

adsorbed proteins.

In solid tumours, various ECM proteins such as fibronectin (FN), laminins (LN), and
collagens (Col) are highly expressed [17,51-53]. To demonstrate the difference in protein
adsorption on respective materials, the amounts of FN/LN adsorption were evaluated under two
conditions: non-specific adsorption by direct protein coatings; and competitive and specific
adsorption by immersion into serum-based culture media. Though the direct and non-specific
adsorption of FN/LN on different materials showed no statistically significant differences, their
competitive and specific adsorption increased the amounts of FN/LN adsorption on A-IV
compared with those on PL and B-III (Fig. 6b). This suggests that Ce valence states contribute to
determining protein corona components on CNP surfaces. The low amounts of FN/LN on A-IV
(i.e. no peaks of FN; 210-250 and LN; 220/205 kDa in Fig. 6a) imply a weak interaction between
cells and FN/LN, but other ECM-derived cell-adhesive proteins, such as vitronectin and Col,

which are similar to FN/LN, may readily adsorb to A-IV, leading to the formation of CNP-specific
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protein corona on A-IV. The physicochemical properties of NPs affect the features of protein
corona such as components, conformation, steric hindrance/epitope-hidings, soft/hard layered
structures, and cell-membrane/protein interaction [35—-38]. Thus, different Ce valence states may
also influence the adsorption states of CNP-specific proteins (e.g. direction of protein adsorption,
their conformational change, and steric barrier), resulting in the formation of stereo-specific

protein corona.
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Fig. 6. One-dimensional profiles of protein coronas and densitometry of non-specific/specific
adsorption of FN/LN on PL, A-IV, and B-III. a. Profiles of protein coronas formed on the
materials immersed in serum-based culture media (arrows: black, common to PL and A-IV; red,
A-IV original; and blue, common to A-IV and B-III). b. Non-specific adsorption of FN and LN
after their direct coatings, and specific adsorption of FN and LN on materials exposed to serum-

based media (n = 3; NS, not significant; *, p <0.05; *** p <0.005).
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3.8. Suppression of phosphorylated focal-adhesion kinase (pFAK)

Cell-ECM contacts directly cause drug resistance of tumour via an integrin and focal-
adhesion kinase (FAK) signaling [17]. Given that ECM-derived proteins adhered on CNPs act as
ligands to stimulate or prevent receptor-mediated cell-NP interactions (e.g. integrin receptors), the
downstream signalling of integrin receptors could influence pFAK/FAK-related cell functions,
such as cell viability and growth. FAK, a mediator in integrin-associated cell adhesions, plays a
critical role in growth-factor signalling, cell proliferation, survival, and migration [54]. In
particular, FAK serves as a regulator for cell intrinsic signals promoting proliferation [54,55]. The
mechanism of FAK activation involves the clustering of integrin receptors when cells bind to
adhesive proteins in the ECM [55-57]. Following integrin activation mediated by cell-ECM
interactions, FAK is autophosphorylated at Tyr397 (pFAK-Y397), which then recruits members
of the Src-family kinases, resulting in phosphorylation of FAK at other Src-specific tyrosine
phosphorylation sites (e.g. Y861, Y567/577, and Y925) and activation of Erk and Akt [58]. Thus,
FAK activation triggered by pFAK-Y397 promotes cellular viability and proliferation. Conversely,
inhibiting FAK can reduce tumour cell viability and growth [59]. Given that CNP/PLs with
serum/ECM-derived proteins can downregulate pFAK-Y397 expression via integrin-associated
adhesions in pEMT-induced tumour cells (i.e. given that extracellular CNPs with specific proteins
act as pFAK-Y397 inhibitors, similar to integrin antagonists), the viability, growth, and
proliferation of pEMT/A549 cells would be decreased. To confirm this, the ratio of pFAK/FAK
expression in cells on TC, Col-1, TC, A-IV and B-III were evaluated by immunoblot analysis. As
expected, both A-IV and B-III enabled the reduction of pFAK-Y397 expression in pEMT/A549
cells, with B-III showing a more pronounced decrease (Fig. 7a). The pFAK-Y397/total-FAK ratios

on A-IV and B-III were reduced to 72% and 45% compared with Col-I, respectively (Fig. 7b).
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These reductions resembled those of the cell viability at 72 h (71% on A-1V and 58% on B-III; the
lowest panel in Fig. 4b). The components or structures of proteins adsorbed on CNPs in response
to Ce valance states may relevant to pFAK expressions. Thus, the receptor-mediated cell
interaction with CNP-specific proteins may contribute to the pFAK/FAK-associated growth

inhibition of pEMT/A549 cells on CNP/PLs.
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Fig. 7. Effect of Ce valence state in extracellular CNPs on pFAK-Y397 expression. a. Western
blot analysis of pFAK-Y397, FAK, and GAPDH expression in pEMT/A549 cells on Col-I, TC,
PL, A-IV, and B-III. b. Densitometry of the western blot bands. The bar chart represents
densitometric readings relative to protein levels on Col-I. n = 4 independent experiments (*, p <

0.05; **, p < 0.01; ***_p < 0.005).
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4. Discussion

The dynamic induction of EMT in cancer contributes to various features, such as tumour
stemness, therapeutic resistance and adaptation to the altered tumour microenvironment, linking
them to cancer stem cell-like features [2]. Furthermore, therapeutic interventions, such as
chemotherapy and irradiation therapy, often promote EMT/pEMT [2], which is linked to the
acquisition of multidrug resistance. The emergence of EMT/pEMT-induced mesenchymal tumour
cells is frequently associated with a poor prognosis in cancer patients [1,60]. Therefore, targeting
EMT/pEMT in cancer has the potential to improve the therapeutic sensitivity of chemoresistant
tumour cells. For instance, several methods have been developed that employ molecules to block
or reverse the EMT state [2] by utilising miRNA to interfere with EMT transcription factors [61—
63]. These EMT-blocking and reversing approaches can retain the epithelial phenotype or promote
re-epithelialisation (i.e. MET), resulting in highly proliferative epithelial tumour cells. In addition,
these approaches enable tumour cells to regain therapeutic sensitivity against standard anticancer
drugs that target proliferative cells. However, they may also increase the risk of tumour regrowth
and cancer metastasis. Furthermore, since EMT modulates normal tissue homeostasis and wound
healing, careful evaluation is necessary to assess the potential adverse effects of EMT-blocking or
reversing agents. In contrast, trapping proliferative cancer cells in a permanent growth-arrested or
cytostatic state without inducing cell death pathways has shown promising results in preliminary
clinical investigations [64,65]. Therefore, this study aimed to effectively trap proliferative tumour
cells in a growth-arrested or cytostatic state without inducing apoptosis, and examined whether
extracellular CNPs selectively inhibited the growth of pEMT-induced tumour cells without
affecting epithelial tumour cells. The present study revealed that extracellular CNPs selectively

trapped pEMT-induced tumour cells in a growth-arrested quiescent/dormant or cytostatic state
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without inducing apoptosis. In addition, extracellular CNPs selectively inhibited the growth of
pEMT-induced tumour cells with a hybrid epithelial / mesenchymal phenotype, without
influencing full epithelial tumour cells. Importantly, neither redox-related ROS generation nor
inducing apoptosis by CNPs was linked to the growth inhibition of pEMT-induced tumour cells,
indicating that the non-redox mechanisms of extracellular CNPs was associated with this tumour
cell growth inhibition. When dominant Ce** ions are present on extracellular CNPs, highly efficient
selective growth inhibition of pPEMT-induced tumour cells occurs; however, full epithelial tumour
cells are not affected. Dominant Ce*" ions on extracellular CNPs are known to induce the growth
of normal mesenchymal stem cells [31]; however, they successfully inhibited the growth of pEMT-
induced tumour cells in this study. That is, when dominant Ce** ions were present, there was high
selectivity between the regulation of normal mesenchymal and tumour epithelial/mesenchymal cell
growth, leading to fewer adverse effects. These findings provide the first evidence that pEMT-
induced tumour cells’ growth is selectively inhibited by extracellular CNPs with dominant Ce**

and Ce*" states.

Precise targeting of NPs, which reduces side effects and drug resistance, has benefits in cancer
treatment [66—68]. Currently, NPs used as drug delivery nanocarriers have been achieved using
various materials, including lipid-based (e.g. liposomes, protein or cell membrane), polymeric and
inorganic (e.g. metal, metal-oxide or quantum-dot) materials [8,9]. Physicochemical properties,
such as size, shape and surface charge, are essential factors in determining the accumulation
efficiency of NPs in tumours by the EPR effect. For instance, the adjustable sizes of NPs provide
advantages to escape their capture by macrophages in the immune system and prevent their rapid
leakage into blood capillaries [69]. Smaller NPs of <10 nm can be rapidly eliminated by the

kidneys, as the threshold size for renal clearance is 5—6 nm, leading to a short lifespan in circulation.
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In contrast, larger NPs of >200 nm induce poor tumour extravasation and risk activating the
complement system [70]. Therefore, NP sizes of about 100 nm (<200 nm [69,71,72] or 50-150
nm [10]) have been identified to achieve passive targeting of tumours through the EPR effect
[8,15]. In addition, a recent study has demonstrated that NPs with sizes of 12 nm exhibit tumour
targeting with minimum to no nonspecific uptakes, while larger-sized NPs of 13 nm accumulate
highly in major organs, such as the lungs, liver and pancreas [73]. This emphasises the importance
of the size control of NPs, even by a few nm. When compared with sphere-shaped NPs, non-
sphere-shaped NPs, such as rods and filaments, have been shown to readily accumulate in the
spleen, lungs and especially in tumours [74-76]. This is due to the restricted uptake by
macrophages or delayed clearance by the mononuclear phagocytic system [74-76], leading to a
longer circulating lifetime [77,78]. Highly positive charges allow NPs to be detained by the
vascular endothelial luminal with numerous negatively charged phospholipids, while highly
negative charges induce the clearance of NPs by the liver, spleen or other parts of the
reticuloendothelial system [10,79]. Therefore, the optimal physicochemical features of NPs for
tumour accumulation by the EPR effect may be hydrodynamic diameters of 10-100 nm, a rod
shape and a near-neutral charge or inorganic material composition [8,15]. Similarly, the
physicochemical features of the CNPs investigated in the present study may be associated with
tumour accumulation by the EPR effect. It should be noted that NPs have been described as having
the potential to induce conformational changes in adsorbed proteins, and their resultant
functionality could be exploited for therapeutic approaches to prevent cancer progression or
improve tissue regeneration [80]. In this context, a small change of a few nm in the size of CNPs
may play an important role in the conformational changes of the adsorbing proteins and their

protein corona structures. In addition, since the stability of the Ce valence state is dependent on
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the nanocrystal size, shape and facets [31,34,39], these factors may also strongly impact Ce
valence-specific protein adsorption. Therefore, the morphological factors of the CNPs used (2-3
nm and spherical-like shape) may be vital for regulating Ce valence-specific proteins and their
protein corona structures, which may correlate with the selective growth inhibition of pEMT-
induced tumour cells. Accordingly, acquiring passive tumour-tissue targeting ability by the EPR
effect may make it desirable to utilise the CNPs (2-3 nm and spherical-like shape) for surface
functionalisation of optimally designed nanocarriers with, for example, a size between 10—100 nm

and a rod shape.

The functionality of NPs with a serum or ECM-derived protein corona generally supports the
specific recognition of cell surface receptors. When serum or ECM-derived cell-adhesive proteins
non-specifically adsorb onto typical materials, integrin-mediated cell-material interaction can
promote pFAK/FAK activation, leading to cell proliferation (on TC and PL, Fig. 8a). However,
protein coronas on NPs are known to reduce nonspecific cell-NP interactions [37,81] and provide
the potential for specific cell-NP interactions, such as receptor-mediated membrane adhesion,
during cell association [37]. Likewise, CNP-specific protein coronas, including FN and LN, may
induce intrinsic interactions, such as integrin-mediated cell-NP interactions, leading to the
inhibition of pFAK/FAK-derived cell proliferation and the cell cycle arrest at GO phase, i.e.
quiescence/dormancy (Fig. 8b). For instance, highly expressed FN-1, LN and Col-I/IV in tumour
cells and microenvironments are involved in cell quiescence [82,83]. In addition, Col17Al in
hemidesmosomes has been associated with the maintenance of cancer cell dormancy [84].
However, cell-NP interactions mediated by rare corona proteins are not currently well understood
[57]. Furthermore, CNP-specific adsorbed proteins and their corona, along with their

conformational changes and their composed stereo-specific protein corona, may act as ligands to

29



10

11

12

13

14

15

16

17

18

19

20

21

22

23

regulate quiescence/dormancy in pEMT-induced tumour cells. Assuming that CNP-specific
protein coronas, such as those including FN and LN, regulate the quiescence/dormancy of pEMT-
induced tumour cells on CNP/PLs, the receptor-mediated cell-CNP interactions could be involved.
For instance, integrin-mediated cell interactions are well known to trigger pFAK/FAK activation
relevant to FAK-mediated cell viability and proliferation [57,85]. The possibility that CNP-
specific protein coronas interact with the integrin receptors of pEMT-induced tumour cells may
explain the reasons for quiescence/dormancy and pFAK suppression in the cells attached to
CNP/PLs, which can lead to a cytostatic state even without apoptosis. That is, the integrin-
mediated cell-CNP contacts appear to interrupt the integrin and FAK-related signalling that

promotes cell viability and proliferation.

Understanding the structure and conformational changes of adsorbed proteins on NPs has
significant implications for modulating cell behaviour and providing insights into cancer
treatments [80]. The formation of a protein corona consisting of adsorbed proteins and its
responses to the physicochemical features of NPs and the bioenvironments are known to affect the
therapeutic and pathophysiological effects of NPs [80,86,87]. In fact, the combination of a NP’s
physicochemical feature and its exposure condition, such as pH, temperature, ionic strength and
protein concentration, can play a vital role in the determination of the adsorbed proteins’ properties
(e.g. density and conformational changes) and the protein corona’s structure (soft or hard),
resulting in the NP’s unique functionality. The resultant NPs with a protein corona may be
therapeutically efficient in preventing cancer growth. However, the optimal combination remains
unclear due to the significant complexity of the correlations among these factors. For instance, FN
adsorption increases on a hydrophobic surface of materials [88], whereas decreases on a

hydrophilic surface [89]. It should be noted that there are inconsistencies in the literature regarding
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conformational changes of FN and exposing its arginine-glycine-aspartic acid (RGD) motif. These
reports have described that either hydrophilic or hydrophobic surfaces appear to undergo
conformational changes of FN and exposing its RGD motif for integrin binding [89] [88].
According to other reports, the hydrophilic surfaces can expose FN’s active cell-binding sites,
resulting in higher integrin affinity and cell adhesion; in contrast, hydrophobic surfaces can
strongly denature FN and disrupted its native structure [90-92]. In addition, FN that gains access
to bare gold NPs undergoes significant unfolding with the formation of a hard corona; in contrast,
corona-coated gold NPs maintain their original conformation via protein—protein interactions [93].
Therefore, it seems that there is a complex mechanism by which NP’s surface features regulate the
conformational changes of adsorbed proteins. Consequently, the surface features of CNPs with
Ce-specific adsorbed proteins may be associated with a more complicated mechanism. For
instance, when phosphates in body and cell culture buffers adsorb onto the surface of metal oxide
NPs, such as titanium oxide (TiO2) and iron oxide (a-Fe203) [94,95], the adsorbed phosphates
may attenuate the adsorbed protein’s denaturation and reduce its surface coverage [10]. This is due
to the adsorbed phosphates blocking the active sites of the metal oxide NPs [10,94]. As for cerium
oxide (CeO), the Ce*"-CNPs readily adsorb phosphorus and phosphates [31,34]. In this context,
the adsorbed phosphorous and phosphates on the Ce**-CNPs are likely to further reduce the surface
coverage of Ce valence-specific proteins, including FN and LN. This corresponded to the present
study’s findings that the adsorbed amounts of FN and LN on Ce**-CNPs were significantly lower
compared with that on Ce*"-CNPs (Fig. 6b). It should be noted that the total amounts of proteins
adsorbed on CNPs/PLs are independent on Ce valent states [31]. In addition, the surface chemistry
of NPs and the pH of the surrounding solution are known to affect the structure of proteins on the

corona [80]. For instance, under the acidic pH of a tumour microenvironment, the FN in the protein
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corona is likely to undergo less unfolding, which may regulate the NP—cell interactions [93].
However, when the phosphorus/phosphate-adsorbed Ce**-CNPs are exposed in an acidic
environment, the phosphorus/phosphates can desorb from the surface of Ce**-CNPs [33].
Therefore, reversibly adsorbed and desorbed phosphorus/phosphates on Ce**-CNPs appear to
switch the probability of dynamic protein alterations, such as conformational changes and folding
or unfolding of individual proteins in the corona, depending on the pH levels of the physiological
and pathological environments (i.e. normal or tumour microenvironments). Further investigation
is required: to identify the essential proteins to cue cells via receptor-mediated cell-NP interaction;
and to clarify the dynamic conformational changes of adsorbed proteins and their corona structures
on CNPs depending on pH levels. The present study’s findings increase understanding of the non-
redox mechanisms by which CNPs with Ce valence-specific novel functionalities selectively

inhibit the growth of specific tumour cells for cancer treatment.
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Fig. 8. Schematic drawings of possible cell-CNP interactions mediated by integrin ligation
with protein coronas. Possible protein corona formation on a. TC and PL, b. CNPs/PLs with
dominant Ce*/Ce*" ions (i.e. Ce*’-CNPs and Ce*-CNPs). Integrin interactions with proteins
adsorbed on CNPs may lead to the inhibition of pFAK/FAK-derived cell proliferation and the cell

cycle arrest at GO phase (quiescence/dormancy).
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5. Conclusions

This study demonstrated that extracellular CNPs selectively inhibited the growth of pEMT-
induced tumour cells by causing a growth-arrested state without inducing redox-related ROS
generation and apoptosis, i.e. non-redox mechanisms. Interestingly, the presence of dominant Ce3*
ions in extracellular CNPs provided highly efficient selective growth inhibition of pEMT-induced
tumour cells, while that of dominant Ce** ions caused highly selective and appropriate growth
regulation of normal mesenchymal and tumour epithelial/mesenchymal cell growth, leading to a
reduction in treatment side effects. In addition, the physicochemical features of CNPs, such as
cerium valence states, potentially influenced the conformational changes of adsorbed proteins and
the structure of protein corona. The CNPs adsorbed with Ce valence-specific protein corona,
including FN and LN, appeared to act as ligands to regulate the receptor-mediated cell-NP
interaction. Therefore, the CNPs may acquire target-like capabilities to selectively inhibit the
growth of pEMT-induced tumour cells. To further enhance the target-like capabilities of CNPs,
identifying the essential proteins and their structures to cue cells could play an important role in
the surface designs of nanomedicine to regulate desirable changes in the protein corona.
Consequently, the biointerface of CNPs with Ce valence-specific protein corona may serve as a
surface functionalisation of biomaterials and drug delivery vehicles to selectively inhibit the
growth of pEMT-induced tumour cells, including cancer stem-like cells. Additionally, because
extracellular CNPs did not interfere with fully epithelial tumour cells, the use of extracellular CNPs
could offer the potential for combination therapy with standard anticancer drugs that target
proliferative epithelial tumour cells. The present study’s findings emphasise the probability of
pPEMT-targeting anticancer treatments based on the adaptive biointerface of extracellular NPs with

metal valence-specific protein corona.
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1  Table S1. Chemical composition of CNPs.

Main %
Ce02 >99.8
Impurity elements ppm
Na 7
Mg 24
Al 123
Si 290
Si 550
cl 20
K 7
Ca 97
Ti <10
Cr <15
Mn <6
Fe 224
Co <9
Ni <14
Cu 27
Zn 24

By X - ray Fluorescence: XRF and
Atomic Absorption Spectrometry: AAS

2
3
4  Table S2. Characteristics of CNP/PLs (A-IV and B-III). Percentages of dominant Ce valence
5  states and surface charges of CNPs.
6
7 Ce Valence states” Surface charge™
8 A-IV Tetravalence, Ce*" (76%) Negative
9 B-III Trivalence, Ce*" (75%) Positive
10 *XPS, **zeta potential
11
12
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a After culture for 3h

- PBS wash
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_CCK+ >
50, 000 cells/cm? media
TC TC

After immersion
for 24 and 72h

Culture

media Immersed media
1,
1 vol. Y5 vol.
% vol.
TC TC Cells + fresh media

(Pre-culture for 1h)
1000 cells/well

Cell culture for 24h

Fig. S1. Assay process conditions of a. high-dense cell adhesion onto CNP/PLs and b. cytotoxicity

of possibly dissolved cerium ions.

A549, 4 h

TC PL A-IV

B-lll

Fig. S2. Typical morphologies of A549 cells on each material at 4 h after seeding (red, actin; blue,

nucleus) in high-dense cell adhesive assay (50,000 cells/cm?).
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Fig. S3. Immunocytochemistry for N-cad (an EMT maker) in pEMT/AS549 cells on PLs, A-

IV and B-III at 72 h. N-cad is shown in green, and nuclei in blue.
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TC

Calcein

pEMT/A549,72 h

Pl

Fig. S4. a. Cell alive/death assay of pEMT/A549 cells on TC, negatively charged A-IV, and
positively charged B-III at 72 h. b. Intercellular ROS Assay of pEMT/A549 cells on TC, A-IV and

B-III. Treated cells with 500 puM-H2O; were used as positive controls, and untreated cells were

used as negative controls.
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