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ABSTRACT: CoSe, nanosheets with different vacancy associates (i.e.,
VSeSer VCOCoSer VCoSeSer and VCoCoCoSe) were synthesized by selecting
different templates and calcination temperatures. The nanosheets having
higher theoretical adsorption toward cellular membrane phospholipids
exerted more damage to both artificial liposomes and cell membranes
(Vgese > Veocose > VocoCose > Viosese) and exhibited higher efficiency to
kill tumor cells (e.g, AS49 lung cancer cells and HeLa cervical cancer
cells). Moreover, Vococose COSe, nanosheets can be easily coated with
the tumor-targeting protein transferrin (Tf), and these Tf-coated
nanosheets (Tf-Vi,cocose) drastically decreased the viability of various
types of cancer cells (81%) without significantly damaging normal cells.
Importantly, this treatment was more efficient in eliminating tumor tissues
than the common chemotherapeutic drug oxaliplatin. Thus, this study
offers proof of concept that manipulating the surface vacancies of CoSe,
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nanosheets could provide an efficient route for cancer therapy in a manner that could circumvent or minimize drug resistance

development.
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1. INTRODUCTION

Chemotherapy is one of the most important strategies to treat
1-3 . . . .

cancer. However, its efficiency is compromised by the

limited selectivity of common chemotherapeutic drugs (e.g.,

oxaliplatin, camptothecin, doxorubicin, cisplatin, and paclitax-

el), which results in collateral damage of healthy cells and

modification with targeting ligands.

Among many emerging NMs used for nanomedicine, two-
dimensional (2D) NMs such as GO, MoS,, MoSe,, Ti, and
Xenes hold great promise for various applications due to their
unique physiochemical properties and biological activity.

killing of tumor cells could be further enhanced by surface

17—-19

20-23

development of drug resistance."® Nanotechnology-based
chemotherapy that uses tumor-targeting, ligand-modified
nanocarriers for drug delivery, e.g., liposomes and polymeric
nanoparticles coated with transferrin to target transferrin
receptors, which are abundant on tumor cell surfaces, can
enhance the selectivity of chemotherapeutic drugs and
minimize collateral damage.7_10 However, nanocarrier-medi-
ated cancer therapies only partially evade the development of
drug resistance due to various intracellular processes (e.g., drug
inactivation, alteration of drug targets, activation of adaptive
responses, loss of cell death induction, poor drug influx, and
excessive efflux)."'™"* This underscores the need for
alternative therapeutic strategies that circumvent or minimize
drug resistance development. For example, anticancer drugs
could be replaced or supplemented with nanomaterials (NMs)
that directly target the plasma membrane (PM) of tumor cells,
whose damage can lead to rapid tumor cell death.'>'°
Accordingly, NMs’ structures and properties could be
manipulated to enhance cell killing reactivity, and selective
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Particularly, these NMs may interact with the membrane
components and alter the membrane structure and perme-
ability.”*** Many studies have shown a link between the
surface defect/vacancy and physiochemical characteristics of
NMs, including their magnetic, optical, electronic proper-
ties.”* ™" This suggests that vacancy manipulation might be a
viable (yet overlooked) approach to control the reactivity of
crystalline NMs and enhance their ability to kill tumor cells.
Supporting circumstantial evidence includes a report that
increasing the abundance of vacancies on Bi,S;—Au hetero-
junction nanorods for photothermal therapy significantly
enhanced the efficacy of cancer treatment.’
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CoSe, nanosheets are emerging 2D NMs that are used for
electrocatalysis, energy storage, and hydrogen evolution.”***
Their vacancies could be easily regulated for improving their
surface characteristics.””>' Owing to the convenience of
surface vacancy manipulation for regulation of surface activity
when interacting with biological systems, it is anticipated that
CoSe, nanosheets may be developed as novel 2D NMs for
biomedical applications.

Herein, we present a new facile strategy for efficient
antitumor therapy through vacancy engineering of CoSe,
nanosheets by easily controlling templates (triethylene
tetramine (TETA) or tetraethylenepentamine (TEPA)) and
calcination temperatures, obtaining the nanosheets with the
vacancies of Vggese (TETA, 200 °C), Viococose (TETA, 250
°C), Vegcose (TEPA, 260 °C), and Vs, (TEPA, 225 °C)
(Figure 1). Theoretical calculations, phospholipid adsorption,
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Figure 1. Schematic illustration of vacancy engineering and transferrin
coating of CoSe, nanosheets to facilitate targeting cancer therapy.

and cell viability assays revealed that the nanosheets had
vacancy-dependent interaction with the membrane phospho-
lipids and damage to tumor cells. The V¢ycocose Nanosheets
(which were easier to coat with the tumor-targeting protein
transferrin (Tf) than nanosheets with other vacancies) could
specifically target and kill the tumor cells, exhibiting strong
anticancer activity both in vitro and in vivo. Overall, our
experimental results supported by first-principles computations
and benchmarking against the common chemotherapeutic
drug oxaliplatin suggest that manipulating vacancies on the
surface of crystalline NMs may lead to a simple, convenient,
and efficient approach for cancer therapy.

2. EXPERIMENTAL SECTION

2.1. Synthesis of CoSe, Nanosheets. CoCl, (1.0 g) was added
into a S0 mL beaker, and then 15 mL of TETA (or TEPA) and 15 mL
of ethylene glycol were added with magnetic stirring for 0.5 h to form
a homogeneous solution. Next, 0.4371 g of Se powder was added, and
then 10 mL of ethylene diamine was added. Subsequently, the mixture
was transferred into a Teflon-lined stainless steel autoclave with a
capacity of 50 mL for solvothermal treatment at 150 °C for 20 h. After
the autoclave was cooled to room temperature, the precipitate was
separated by centrifugation, washed with water and absolute ethanol
to remove impurities, and then dried at 80 °C, resulting in the
precursor of CoSe, nanosheets.

2.2. Characterization. The phase of the samples was charac-
terized by XRD under a Rigaku D/Max (EAST) Ultima II Powder
XRD 6s X-ray diffractometer, employing Cu Ko radiation, 4
1.54056 A. The morphology and size of the samples were
characterized using a field emission scanning electron microscope
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(FEI Quanta 400 ESEM FEG) and HRTEM (JEOL 2100 field
emission gun transmission electron microscope).

2.3. Positron Annihilation Measurement. The positron
lifetime experiments were conducted using a fast-slow coincidence
ORTEC system with a time resolution of ~230 ps full width at half-
maximum. A § mCi source of *?Na was sandwiched between two
identical samples, with a total count of 1 million. Positron lifetime
calculations were performed using the atomic superposition
method** ™" in which the electron density and the positron crystalline
Coulombic potential were constructed by the non-self-consistent
superposition of free atom electron density and Coulombic potential
in the absence of the positron. The calculations of the positron
lifetime were performed using the electron-positron enhancement
factor according to Barbiellini’s generalized gradient approximation.®®
Positron lifetime calculations were performed for unrelaxed structure
monovacancy defects and vacancy associates in CoSe, using 3 X 3 X 2
supercells.

2.4. First-Principles Computation. To corroborate our
hypothesis, we computed the adsorption energy of the Vi,cocose
vacancies nanosheets for liposomes using the simple molecule
CH;NH,, which similarly to phospholipids has both —CHj; and
—NH, groups, to represent liposomes.”® Our first-principles
computations were performed using the projector augmented wave
(PAW) approach to represent the ion—electron interaction,” as
implemented in the Vienna ab initio simulation package.*' The
electron exchange—correlation functional was treated using general-
ized gradient apzproximation in the form proposed by Perdew, Burke,
and Ernzerhof."* The energy and force precision were set to 107* eV
and 1072 eV/A, respectively. The energy cutoff was set as 580 eV and
the Brillouin zone was sampled with a 3 X 3 X 1 I'-centered
Monkhorst-Pack k-point grid for geometry optimization of slabs
models.

The CoSe, slab along the [101] direction was cleaved from the
bulk CoSe, crystal, which both belong to the orthorhombic space
group Pnnm (no. 58), as shown in Figure S4. The slab models have
the thickness of five atomic layers for the simulation of the as-
prepared CoSe, samples with the (101) facet. The slabs were placed
in the xy plane with the z direction perpendicular to the layer plane
and a vacuum space of 20 A in the z direction was used to avoid
interactions between adjacent layers and adsorbed molecules.
Additionally, the vacancies of Ve, Vioseser VoCoser and Vieococose
on the (101) surface of CoSe, were simulated by removing two Se
atoms, one Co and two Se atoms, and two Co and one Se atoms (or
three Co and one Se atoms) from the slab model, respectively.

The adsorption properties of CoSe, (101) facets with V.se, Vcosese
Veocoss and Vigcocose Vacancies were theoretically analyzed by
computing the adsorption energies of the CH;NH, molecule on the
(101) surface of CoSe, with corresponding facets. The adsorption
energy was defined as the following equation: E,q = Eipivacancy —
Eslab-vacancy - Emolecule)/s' In this equationJ Etotall Eslabl and Emolecule are
the energy of the adsorption system in total, the slab system with
cluster adsorption, and the CH;NH, molecule, respectively,*’ while S
presents the surface area of the CoSe, (101) facet.

2.5. Cell Culture. All of the used cells were obtained from the Cell
Resource Center, Chinese Academy of Medical Science, Beijing,
China. The human cervical cancer cells (HeLa), the mouse fibroblast
(NIH3T3), and the human embryonic lung fibroblasts (MRC-S) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). The human lung
cancer cells (A549) were cultured in F-12 medium supplemented with
10% FBS. The cells were incubated in 24-well flat-bottom polystyrene
plates within a humidified incubator at 37 °C in 5% CO, for 24 h for
further experiments.

2.6. Cell Viability and Apoptosis Assays. The cells were treated
by uncoated or coated CoSe, nanosheets (0—80 mg/L or 20 mg/L
for most experiments) for 24 h. Cell viability and apoptosis of the
treated cells were assessed using a CCK-8 cell viability kit (Beyotime,
China) and an FITC-Annexin V kit (Sungene Biotech, China),
respectively. The fluorescence density of the stained cells was
analyzed using a flow cytometer (FACSCalibur, Becton Dickinson,
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Figure 2. Morphology and vacancy type of the CoSe, nanosheets. (a)
(b) TEM images of the nanosheets. (c) Vacancy associates of the
increased 7, from Viggese t0 Vgege-
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SEM images of the CoSe, nanosheets Vyseser Vococoser VcoCose a0d Viege:

CoSe, nanosheets revealed by the positron annihilation spectra, showing

USA). To assess the toxicity of CoSe, nanosheets during coincubation
of the tumor cells with the normal cells, the HeLa cells (tumor cells)
transfected with the plasmid pEGFP-N1 (Clontech) (HeLa-GFP)
were mixed with NIH3T3 cells (normal cells) with equal numbers in
FBS-containing DMEM medium. The mixed cells were cultured for
24 h, and then the CoSe, nanosheets (20 mg/L) were added into the
cell cultures. The cells were further cultured for 24 h, stained by
propidium iodide (PI, 10 mg/L), and then examined by flow
cytometry to count the PI-positive and GFP-positive cells (damaged
tumor cells) and the Pl-positive and GFP-negative cells (damaged
normal cells).

2.7. Flow Cytometry. To assess the targeting specificity of CoSe,
nanosheets, the HeLa-GFP cells were coincubated with NIH3T3 cells
for 24 h, and then the rhodamine B-tagged CoSe, nanosheets (20
mg/L) were added to the cell cultures. The cells were further cultured
for 24 h, washed with PBS, and examined by flow cytometry
(FACSCalibur, Becton Dickinson, USA). Rhodamine B-positive and
GFP-positive cells (i, tumor cells targeted by CoSe, nanosheets)
and rhodamine B-positive and GFP-negative cells (i.e, normal cells
targeted by CoSe, nanosheets) were recorded.

2.8. LMP Assay. Lysosomal membrane permeability (LMP) was
detected by LysoTracker Red staining. Briefly, the nanosheet-treated
HeLa cells on the well bottoms were immersed in 500 yL of PBS and
stained with S uL of LysoTracker Red (10 uM, Beyotime, China) at
37 °C for 40 min. The cells were washed with PBS and observed using
a fluorescence microscope (CKX41, Olympus, Japan). At least 20
fields were observed. Both the cells with whole cell distribution of
fluorescence (LMP-positive) and total cells in each field were
counted, and the percentage of LMP-positive cells was calculated.

2.9. Adsorption Experiments. Adsorption of the membrane
phospholipid phosphatidylethanolamine (PE, SbaseBio, China) to
both NPs was carried out in 40 mL vials. The vials contained 200 uL
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of 10 mg/mL nanosheet stock suspension (in 1:1 chloroform/
methanol) and 10 mg/mL PE stock solution (in 1:1 chloroform/
methanol), and the final liquid volume was adjusted to 10 mL with
1:1 chloroform/methanol, which is an amphibious solution mimicking
the membrane.**** The vials were shaken at 180 rpm and 37 °C for
24 h and the supernatant in each vial was used for determination of
PE contents using the LC—MS system (LCMS-2020, Shimadzu,
Japan). The percent of adsorbed PE was then calculated.

2.10. TEM Observation of Tumor Cells. To observe damage of
the tumor cell membrane caused by the nanosheets, the treated HeLa
cells were fixed by 2.5% glutaraldehyde for 24 h. The cells were then
postfixed by 1% osmium tetroxide solution, dried, and observed by a
transmission electron microscope (Tecnai G2 F-20, FEI, USA).

2.11. In Vivo Tumor Model. The animal experiments were
approved by the Nankai Ethical Committee in compliance with the
Chinese law on experimental animals. Female BALB/c mice were
obtained from Beijing HFK Bioscience Company. The mice were
raised with free access to food and water. Each group contained five
mice. The mouse sarcoma S180 cells (Cell Resource Center, Chinese
Academy of Medical Science, Beijing, China) were suspended in
saline at a concentration of 107 cells/mL, and 100 uL of the
suspension solution was subcutaneously injected into the mice. After
7 days of inoculation, the Tf-coated nanosheets at 20 mg/kg (which
did not exert detectable detrimental side defects at this dose) were
injected into the tumor area. The common chemotherapeutic drug
oxaliplatin at S mg/kg (no obvious toxicity) was also injected into the
tumor areas as the positive control. The mice were fed for 12
additional days and then sacrificed using isoflurane. All efforts were
made to minimize suffering. The tumors were sampled, photographed,
and weighed. The sampled tumors were further fixed by 4%
formaldehyde, embedded with paraffin, and sectioned into slices.
The slices were stained by the hematoxylin and eosin staining kit
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(Beyotime, China) and observed by a light microscope (DM3000,
Leica, Germany). In addition, the tumors were ground, and the tumor
cells were obtained for the TdT-mediated dUTP nick-end labeling
(TUNEL) assay and caspase-3 activity assay using corresponding
assay kits (Beyotime, China).

2.12. Statistical Analysis. Each experiment was performed in
triplicate under each tested condition, and reported values represent
the mean + standard deviation. Significant difference (p < 0.05)
between the treatments was determined using Student’s ¢ test or one-
way ANOVA. All statistical analyses were performed using Statistical
Packages for the Social Sciences (version 20.0).

3. RESULTS AND DISCUSSION

3.1. Synthesis of CoSe, Nanosheets with Different
Vacancies Can Be Controlled by the Choice of Template
and Temperature. Four kinds of CoSe, nanosheets were
synthesized with similar morphological and chemical proper-
ties except for vacancy characteristics. These four nanosheets
were prepared using the template TETA at 200 °C (V¢ogese) OF
250 °C (Viococose) OF using the template TEPA at 260 °C
(Veocose) Or 225 °C (Vg.s.). Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) show
that the four kinds of CoSe, exhibit nanosheet shapes with a
thickness of 10—20 nm (Figure 2a,b). X-ray diffraction (XRD)
patterns revealed that the precursor contributes to amorphous
products (Figure S1). These nanosheets possess orthorhombic
structures with lattice parameters of a = 0.485 nm, b = 0.583
nm, and ¢ = 0.363 nm (JCPDS no. 53-0449). Amplified TEM
images confirmed that the nanosheets are typical nanosheets
with lattice fringes of 0.29 nm (Figure S2).

Positron annihilation spectra revealed that the four kinds of
CoSe, nanosheets yielded two lifetime components with
corresponding relative intensities I} and I,, as shown in
Table 1, Table S1, and Figure 2c. The vacancy types of the

Table 1. Positron Lifetime Parameters of CoSe, Nanosheets
with Different Vacancies

vacancy 7, (ps) 7, (ps) I; (%) L, (%) L/L
Viosese 338.1 461.0 87.6 12.4 7.06
VoCoCose 322.7 491.0 92.6 74 12.51
Veocose 358.7 682.0 96.3 3.71 25.96
Viese 346.6 1985.0 97.3 2.7 36.04

nanosheets were confirmed by different positron lifetime 7,,
i~e-1 461 ps (VCOSGSE)) 491 ps (VCOCOCOSe)J 682 ps (VCOCOSE)! and
1985 ps (Vgese), © ™ and by the increased values of I,/1,, i.e.,
7.06 (VCOSeSe)) 12.51 (VCoCoCoSe)) 25.96 (VCOCOSe)J and 36.04
(Vsese)- 2% Overall, the positron annihilation spectra con-
firmed that the CoSe, nanosheets prepared with different
templates and calcined at different temperatures had distinctly
different surface vacancy properties, while they shared similar
morphological and chemical properties. As discussed below,
these differences in surface vacancies had a significant impact
on their biological effect during interaction with tumor cells.
3.2. Nanosheets with Different Vacancies Had
Distinct Phospholipid-Binding and PM-Damaging Abil-
ity. The PM is the first structure that exogenous NMs
encounter when interacting with mammalian cells, and the PM
phospholipids are the critical biomolecules in such inter-
actions.”' First-princlitples computations were performed using
the PAW approach® to compare the adsorption energies
between the nanosheets with different vacancies and PM
phospholipids. These calculations show that the theoretical

7803

adsorption energies of Viyseser VoCoCoser VCoCoser and Vg, for
phospholipid were (in increasing order) —0.0S, —0.27, —0.36,
and —0.71 eV/nm?, respectively (Figure 3a,b).

We hypothesized that nanosheets with vacancies that result
in higher phospholipid adsorption energies would have higher
membrane-damaging capacity. To test this hypothesis, we
measured the aﬁinitzr of the nanosheets to the membrane
phospholipid, PE.*>** Consistent with our hypothesis, (1) the
adsorption affinity of PE to CoSe, nanosheets with different
vacancies agreed with the theoretical adsorption energies (i.e.,
Viese > Veocose Veococose > Veosese) (Figure 3¢), and (2) the
higher energy of adsorption correlated with damage to
liposome membranes, as indicated by the release of the
entrapped dye 5(6)-carboxyfluorescein, which leads to a
significant increase in fluorescence intensity (Figure 3d).
Clearly, nanosheets with different vacancies had different
adsorption affinity to PE, which may result in different
biological effects. Apparently, 2D NMs may penetrate the PMs
with their sharp edges and extract the membrane phospholi-
pids from the membranes, thus disrupting membrane
integrity.”¥>> Overall, these results suggest that vacancy
manipulation could regulate the phospholipid-binding and
consequent membrane-disrupting ability of the nanosheets.

3.3. Vacancy Types Strongly Affect Their Efficiency to
Kill Tumor Cells. Since the nanosheets with different
vacancies had distinct phospholipid-binding and PM-damaging
ability, we examined the cytotoxicity of four nanosheets to
tumor cells (the human cervical cancer cells HeLa and the
human lung cancer cells A549). As expected, the viability of
both types of cells decreased with increasing energy of
phospholipid adsorption (i, Vgese > Viocose > VcoCocose >
Veosese) (Figure 4a,b) For example, at 20 mg/L, Vg, caused a
75—85% decrease in viability in the tumor cells (ECyo = 10.2 +
1.7 mg/L for HeLa cells and 8.2 + 1.5 mg/L for AS49 cells)
and led to 43—45% cell death for both cells (Figure 3c,d),
while Vi g.g. only caused a 41—46% decrease (ECg = 29.4 +
2.8 mg/L for HeLa cells and 37.6 + 2.5 mg/L for A549 cells)
(Figure 4a,b) and a 7—9% cell death (Figure 4c,d).

Consistently, plasma membrane damage (evaluated by PI
staining assay) and LMP (evaluated by LysoTracker Red
staining assay) corroborated that Vg, exerted the greatest
damage to the plasma membrane and the lysosome, while
Viosese caused the least damage (Figure 4c—f). This supports
the notion that vacancy engineering could be used to regulate
the phospholipid-binding affinity of some 2D nanomaterials
and consequently cell targeting and biological effects. In fact,
Xu et al. have recently reported that 2D transition-metal
dichalcogenides with different surface vacancies exhibited
different activity in inducing cellular ferroptosis.*®

3.4. Toxicity of CoSe, Nanosheets Is Not Associated
with lon Dissolution and Oxidative Stress. In addition to
membrane damage, both ion dissolution and oxidative stress
are frequently involved in nanotoxicity. Thus, the toxicity
mechanism of CoSe, nanosheets was further investigated. First,
we measured the dissolution of both Co** and Se™ from the
nanosheets when they were coincubated with the cell culture
medium and considered the potential toxicity of dissolved
Co** and selenium to the tumor cells. While the nanosheets at
20 mg/L released 0.9 to 1.7 mg/L Co®" and 2.4 to 5.8 mg/L
selenium (Figure S3a,b), the released Co** and selenium did
not cause remarkable decrease in cell viability (Figure S3c,d).
Hence, dissolution of Co*" and selenium did not contribute to
the toxicity of the nanosheets. Moreover, the cells treated by
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different nanosheets displayed similar reactive oxygen species 3.5. Tf Coating Renders Specific Targeting and
(ROS) levels, and the ROS scavenger N-acetylcysteine could Efficient Killing of Tumor Cells. To enhance specific
not rescue the viability of the treated cells (Figure S4). Thus, targeting of tumor cells, the nanosheets with different vacancies
the different toxicity of the nanosheets is attributed to were coated with Tf by binding of Tf thiol groups to active
differences in their direct interaction with the cell membrane cobalt atoms on the surface of CoSe, nanosheets. Dynamic
and resulting membrane damage rather than to ion dissolution light scattering analysis revealed that the Tf coating onto the
and oxidative stress. nanosheets led to a significant decrease in hydrodynamic sizes
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Figure 5. Tf coating to the CoSe, nanosheets facilitates specific targeting and damaging to tumor cells. (a) Rhodamine B-tagged and Tf-coated
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observation of the nanosheet-treated cells. The red arrows indicated the damaged membrane. Scale bars = 2 ym. (f) Suggested mechanisms of
CoSe, nanosheet-caused cell death. The dark blue arrows indicate PM damage induced by the nanosheets. Asterisks indicate significant difference
between Tf-Vycocose and T Viggese (p < 0.05), while “ns” indicates no significant difference.

of Vigsese and Vgcocose from ~3000 to ~1139 nm but had no
obvious impact on the sizes of V,cose and Vg, (Table S2).
Since hydrophilic coatings of NMs may attenuate aggregation
and consequently reduce hydrodynamic sizes, the drastic
decrease in hydrodynamic sizes of Viggese and Viococose
implies successful coating with Tf. In contrast, hydrodynamic
sizes of Viycose and Vg, did not decrease significantly,
indicating unsuccessful coating. The difficulty to coat Vi,cose
and Vg, nanosheets with Tf might be due to the strong
nanosheet—nanosheet interaction that hinders Tf binding to
the nanosheets. FT-IR analysis further showed the presence of
—NH, and —CO—NH- on Tf-coated Vggese and Vieococose
confirming that Tf was coated onto both nanosheets (Figure
S5). Moreover, while TfV s and Tf-Veococose did not
impair the viability of normal cells, Vcose and Vg, after T
coating still exerted some toxicity to the normal cells (Figure
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S6), which is a concern for in vivo applications. Therefore, we
chose Tf-Viggese and Tf-Viecocose for further anticancer
investigations.

The specificity of both the bare and coated nanosheets
toward tumor cells was examined using the tumor cell-normal
cell coincubation system. As intended, Tf coating promoted
the nanosheets to specifically target the tumor cells rather than
the normal cells during coincubation of the green fluorescent
protein (GFP)-tagged HeLa cells (HeLa-GFP, exhibiting
strong green fluorescence) and the untagged NIH3T3 cells.
For example, only 9.5% of the tumor cells (HeLa-GFP) or
0.4% of the normal cells (NIH3T3) were targeted by the
rhodamine B-modified Vococosee In contrast, much more
tumor cells were targeted by the Tf-V,cocose than the normal
cells (52% versus 1.1%) (Figure Sa). Similar trends were
observed for Vgges. (Figure Sa).
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0.05).

Transferrin coating did not hinder the ability of the
nanosheets to kill HeLa tumor cells, as indicated by the
similar cytotoxicity of transferrin-coated CoSe, nanosheets
(both Tf-Vococose and Tf-Viggese) versus their corresponding
uncoated controls (Figure Sb). Cells treated by the coated or
uncoated Ve, cocose exhibited lower percentage of viability than
those treated by Vig.se (26—29% versus 55—60%). However,
for the normal cells (NIH3T3), Tf coating severely attenuated
the affinity (and thus toxicity) of both nanosheets, with cell
viability decreasing by less than 15% (Figure Sc). The specific
toxicity of the coated nanosheets to tumor cells was confirmed
by coincubation of HeLa-GFP with NIH3T3 cells. Similarly,
Tf coating did not attenuate the toxicity of the nanosheets to
the tumor cells but severely attenuated the toxicity to the
normal cells (Figure 4d). Overall, Tf-Vccocose Was more
efficient for killing tumor cells than Tf-Vggege-

TEM analysis revealed that Tf-V cocose caused more severe
PM damage at nanosheet—PM contact sites than Tf-Vggese
and led to more severe lysosomal membrane damage by Tf-
Viococose than by TfVigges. at the nanosheet—lysosomal
membrane contact sites (Figure Se). An increase in LMP
results in the release of the acidic components and hydrolytic
enzymes from the lysosome to the cytoplasm, which leads to
cell damage.”” The LMP assay also showed that Vococose and
Tf-Veococose caused  significantly more severe LMP than
Veosese and Tf-Viggese (Figure S7a). Altogether, these
observations indicate that Vi cocose and TfViococose caused
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much higher membrane damage than V.. and TfViggese
respectively. In addition, Tf coating led to a slight reduction in
cytotoxicity of the nanosheets (Figure Sb—d), possibly due to
the reduced contact between the nanosheets and the cell
membrane.

Since Viococose and TEVeococose caused more severe
damage to the PM and lysosomal membrane than V ..
and Tf-Viggesey wWe hypothesized that these nanosheets had
stronger interaction with the membrane components, which
contributed to the higher cell death-inducing activity of
Veococose and Tf-Viococose (Figure Sf). Similarly, both
Veococose and TE-Vecocose had higher PE adsorption and
liposome-damaging ability than Vggese and Tf-Vggese (Figure
S7b,c).

3.6. Tf-Modified Vcycocose Nanosheets Strongly In-
hibit Tumor Growth In Vivo. Given that TfViococose
specifically targeted and damaged the tumor cells in vitro, we
proceeded to assess its efficacy for treating tumors in vivo using
tumor-bearing mice. Compared with the untreated control
group, Tf-Vi,cocose-treated mice had substantially decreased
tumor volumes (Figure 6a,b) and 9-fold reduction of tumor
weight (Figure 6¢). Most strikingly, the TUNEL assay further
revealed that Tf-V,cocos. killed a much higher percentage of
cancer cells (~80%) than Tf-Vc,g.s. (16%) and the common
anticancer drug oxaliplatin (35%, applied at a typical dose of S
mg/kg, since higher-level oxaliplatin has obvious toxicity to the
mice, Figure S8 (Figure 6d,e). This result is consistent with the
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observation that Tf-Vc,cocose at 20 mg/L exhibited higher
antitumor efficiency than oxaliplatin at the same concentration
(Figure S9). The stronger antitumor efficiency of Tf-Vococose
nanosheets than oxaliplatin may be attributed to direct
membrane damage and consequent cell death caused by the
nanosheets rather than indirect DNA damage-induced cell
death by oxaliplatin. The caspase activity assay also showed
that the Tf-Vococose Nanosheets triggered much higher activity
of caspase-3 (Figure 6f), an important factor inducing
apoptosis. Hence, the Tf-V ,c,cose nanosheets showed
strongest anticancer activity by severely killing tumor cells
and disrupting tumor tissues. Importantly, the weights of the
organs, including the liver, kidney, and spleen, remained stable
under treatment with the nanosheets (Figure S10). Blood cell
analysis showed that the TF-coated nanosheets did not cause
obvious hemolysis (Figure S11). In vivo imaging further
demonstrated that the nanosheets were located at the tumor
region (Figure S12), confirming their targeting specificity to
the tumor tissues. These observations suggest that Tf-V¢,cocose
selectively targeted tumors and inhibited their growth without
harming healthy organs.

4. CONCLUSIONS

Four types of CoSe, nanosheets with different vacancy
associates (i'e'l VCoSeSe) VCoCoCoSe) VCoCoSe) and VSeSe) were
synthesized by controlling templates and temperatures. The
nanosheets with different vacancies exhibited different
anticancer capacity due to their different affinity for cell
membrane phospholipids and resulting ability to damage the
lysosomes and plasma membranes. High selectivity toward
cancer cells was achieved by successfully coating the Vs,
and V¢,cocose Nanosheets with the tumor-targeting protein Tf.
The Tf-coated V,cocose Nanosheets (as compared to the Tf-
coated Vges.) nearly fully eradicated mouse tumors in a short
period of 12 days. The nanosheets did not exert noticeable
detrimental side effects and outperformed the common
chemotherapeutic drug oxaliplatin in eradicating malignant
tumor tissues. These promising results suggest that controlled
introduction of CoSe, nanosheet vacancies coupled with Tf
coating could provide a novel and eflicient route for cancer
therapy that would circumvent drug resistance development.
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