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ABSTRACT: Cancer metastasis leads to most deaths in cancer
patients, and the epithelial−mesenchymal transition (EMT) is the
key mechanism that endows the cancer cells with strong migratory
and invasive abilities. Here, we present a nanomaterial-based
approach to reverse the EMT in cancer cells by targeting an EMT
inducer, CD146, using engineered black phosphorus nanosheets
(BPNSs) and a mild photothermal treatment. We demonstrate this
approach can convert highly metastatic, mesenchymal-type breast
cancer cells to an epithelial phenotype (i.e., reversing EMT), leading to a complete stoppage of cancer cell migration. By using
advanced nanomechanical and super-resolution imaging, complemented by immunoblotting, we validate the phenotypic
switch in the cancer cells, as evidenced by the altered actin organization and cell morphology, downregulation of mesenchymal
protein markers, and upregulation of epithelial protein markers. We also elucidate the molecular mechanism behind the
reversal of EMT. Our results reveal that CD146-targeted BPNSs and a mild photothermal treatment synergistically contribute
to EMT reversal by downregulating membrane CD146 and perturbing its downstream EMT-related signaling pathways.
Considering CD146 overexpression has been confirmed on the surface of a variety of metastatic, mesenchymal-like cancer
cells, this approach could be applicable for treating various cancer metastasis via modulating the phenotype switch in cancer
cells.
KEYWORDS: epithelial−mesenchymal transition, phenotype modulation, cancer metastasis, CD146, black phosphorus nanosheets,
mild photothermal treatment

Cancer metastasis causes ∼90% mortality in cancer
patients, and the epithelial−mesenchymal transition
(EMT) is the key mechanism for cancer meta-

stasis.1−3 During EMT, epithelial cancer cells evolve into a
mesenchymal phenotype through the suppression of epithelial
markers, upregulation of mesenchymal markers, and reorgan-
ization of actin cytoskeleton, which endow cancer cells with
strong migratory and invasive capabilities.4 EMT is also known
to mediate the progression of drug resistance and contribute to
cancer metastasis following chemotherapy.5 Hence, emerging
evidence suggests that targeting EMT can be a standalone
therapeutic strategy or can improve the effectiveness of classic
approaches for treating cancers.6 However, translation of EMT
targeted compounds to the clinic has been challenging due to
the lack of molecular−cellular targeting specificity and
efficacy.7 Moreover, most of these compounds focus on the

prevention of EMT rather than on the cancer cells that have
already undergone EMT.6 Therefore, approaches that are more
specific, effective, and broadly applicable to eliminate
mesenchymal-type cancer cells with high metastatic capability
and enhanced drug resistance hold great promise to
revolutionize the treatment of cancer metastasis.
Photothermal therapy (PTT) has been reported for treating

cancer metastasis in the recent years, thanks to its non-
invasiveness and excellent spatial−temporal selectivity.8 This
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strategy relies on loading photo-absorbers into the tumor and
generating a local hyperthermia to thermally ablate cancer cells
using near-infrared (NIR) laser irradiation.9−13 So far, PTT has
been used to directly ablate primary tumor and nearby
metastatic sites, or in combination with other therapeutic
approaches to treat metastatic cancer cells located at the
distant organs.8 However, implementing PTT in clinical
settings still faces two main obstacles: First, since it is difficult
to load photo-absorbers homogeneously in the tumor,
especially in the tumor margins, which usually contain a
large portion of metastatic cells, the temperatures in these
regions are not adequate to eradicate all tumor cells, leaving
behind viable tumor cells that can still migrate.14 Second, an
elevated local temperature (typically above 50 °C) is needed to
thermally kill/ablate cancer cells,15−17 which necessitates the
use of high laser intensity that exceeds the safety limit (i.e., the
American National Standards Institute defines maximal
permissible exposure to be 0.35 W/cm2 for NIR lasers),18

resulting in adverse effects on normal tissues such as skin
damage and scar formation.19 Based on these considerations,
we are motivated to seek alternative strategies that can
overcome the current problems associated with PTT for the
treatment of cancer metastasis. A potential solution could be
applying a mild photothermal effect (i.e., 42−45 °C induced by
a minimal dosage of photo-absorbers and low laser intensity)
to stop cancer metastasis in cases where elevated temperatures
(>50 °C) for thermal ablation cannot be achieved due to the
above-stated reasons.
Cluster of differentiation 146 (CD146) was originally

recognized to be a melanoma-specific cell adhesion molecule
(MCAM).20−22 In fact, a variety of cancers present overex-
pressed CD146 on their cell surface including breast, prostate,
ovarian, and lung cancers, and high levels of surface CD146 are
closely linked to metastasis propensity of these cancers and a
poor prognosis.23−26 It was found that CD146 acts as an EMT
inducer via activation of a small GTPase protein (i.e., RhoA),
and the RhoA activation regulates reorganization of actin

cytoskeleton and expression of EMT transcriptional factors,
thereby triggering the EMT process and leading to metastasis
of cancer cells.27,28 Conversely, downregulation of CD146
drives the mesenchymal-type cells to lose their mesenchymal
traits and recover their epithelial phenotype, leading to
reduced cell migration and invasion.27 Thus, CD146, as an
EMT regulator, is a potential therapeutic target for treating
metastasis for a number of cancers.
Here, we present a nanomaterial-based approach to reverse

the EMT of cancer cells via targeting an EMT inducer,
membrane CD146, using engineered black phosphorus
nanosheets (BPNSs) and a mild photothermal treatment
(Scheme 1). We use BPNSs in this approach as photo-
absorbers because of their large surface-to-volume ratios, ease
of surface functionalization, excellent biodegradability, and
superior photothermal conversion efficiency compared to
metal-based plasmonic nanomaterials.29−31 Our central
hypothesis is that CD146-targeted BPNSs and a mild
photothermal treatment will synergistically contribute to the
reversal of EMT in mesenchymal-type cancer cells and thus
stop the migration of cancer cells. To demonstrate the
feasibility of this approach, we select MDA-MB-231, a triple-
negative, mesenchymal-type breast cancer cell line, as the
testbed. We functionalize the BPNSs surface with CD146
antibodies, which serve a two-fold purpose: (1) to deliver
nanosheets specifically into cancer cells and, more importantly,
(2) to perturb the EMT inducer (i.e., CD146) and its
downstream EMT-related effectors, including the cell’s
phenotype and migration ability. Using advanced single-cell
imaging techniques, as well as classic Western blotting and cell
migration assays, we demonstrate that this approach can
convert mesenchymal-type cancer cells to an epithelial
phenotype, resulting in a complete stoppage of cell migration.
In the end, we further elucidate the molecular mechanism of
the reversal of EMT. To our knowledge, 2D materials to date
have only been found to cause the EMT (e.g., graphene
oxide),32 but not reverse the EMT, and photothermal

Scheme 1. Concept of Reversing the Epithelial−Mesenchymal Transition (EMT) in Metastatic, Mesenchymal-Type Cancer
Cells via Targeting a Transmembrane EMT Inducer, CD146, Using Engineered Black Phosphorus Nanosheets (BPNSs) and a
Mild Photothermal Treatment (PTT)a

aCD146-targeted BPNSs (i.e., BPNSs@CD146Ab) and a mild PTT are expected to synergistically contribute to the reversal of EMT by
downregulating membrane CD146 and perturbing phosphorylation of ezrin/radixin/moesin (ERM).
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treatment so far has not been applied to modulate the EMT in
cancer cells. Our approach clearly offers a nanomaterial-based
strategy for treating cancer metastasis through modulating the
epithelial/mesenchymal phenotype of cancer cells.

RESULTS AND DISCUSSION
Preparation of CD146 Antibody-Functionalized

BPNSs. Figure 1A illustrates the procedure of functionalizing
BPNSs with CD146 antibodies. The surface of BPNSs is
coated with a layer of streptavidin and then conjugated with
biotin-labeled CD146 antibodies. This surface functionaliza-
tion strategy offers two advantages: (1) it prevents antibodies
from directly contacting with the nanosheet surface, which may
cause inactivation of antibodies,33 and (2) it maximizes the
surface coverage of CD146 antibodies, as each streptavidin
contains multiple biotin binding pockets.34

First, BPNSs were obtained using a mechanical exfoliation
method.29,30,35 The bulk BP was sonicated for 12 h in a sodium
hydroxide-saturated N-methyl-2-pyrrolidone solution, which
provides superior exfoliation efficacy and prevents the
oxidation and degradation of BP.36 Transmission electron
microscopy (TEM, Figure 1B) showed that the exfoliated
BPNSs are free-standing, with a uniform lateral dimension of
158 ± 25 nm. Subsequently, the surface of BPNSs was coated
by a streptavidin layer based on the strong protein-binding
capacity of BPNSs,37 followed by the conjugation of biotin-
labeled CD146 antibodies. Atomic force microscopy (AFM)
proved the surface functionalization of BPNSs in a stepwise
manner. As shown in Figure 1C, the thickness of BPNSs
elevated from ∼4 to ∼8 nm following coating with streptavidin
(i.e., from bare BPNSs to BPNSs@Str), and further increased

to ∼15 nm after conjugating with biotin-labeled CD146
antibodies (i.e., from BPNSs@Str to BPNs@Str@Ab). The
increased thicknesses are reasonable, considering the smaller
molecular size of streptavidin (4.2 × 4.2 × 5.6 nm) versus the
larger molecular size of antibody (14.5 × 8.5 × 4 nm).38 The
coating of streptavidin was further determined to be a
monolayer by the protein quantification assay (Supporting
Information). Moreover, TEM imaging of the final product
(i.e., BPNSs@Str@Ab) revealed that the lateral dimension of
the nanosheets increased to 167 ± 27 nm after the two-step
surface functionalization (Figure S1). Apart from the topo-
graphic characterizations, dynamic light scattering (DLS) and
zeta potential analyses also suggested successful surface
functionalization, as manifested by the gradually increased
hydrodynamic diameter and surface potential of the nano-
sheets (Figure 1D,E). As control, bovine serum albumin
(BSA)-coated BPNSs (BPNSs@BSA) were prepared as non-
targeted nanosheets. The excellent colloidal stability of
BPNSs@Str@Ab in various media, including water, PBS, and
cell culture medium (i.e., DMEM + 10% serum), within 1 week
was further validated using DLS, as their hydrodynamic
diameter showed no obvious change (Figure S2). Figure 1F,G
summarizes the optical and photothermal properties of
BPNSs@Str@Ab (hereafter referred to as BPNSs@
CD146Ab). The broad absorption spectrum of BPNSs@
CD146Ab, spanning from the ultraviolet to the NIR region,
makes it an ideal photothermal agent (Figure 1F).39−41

Compared to bare BPNSs, surface functionalization with
antibodies prevents the degradation of BPNSs@CD146Ab in
the various media, as demonstrated by the strong absorption
maintained after 1 week (Figure S3). Upon the irradiation of

Figure 1. Characterization of CD146 antibody-functionalized BPNSs. (A) Workflow for functionalizing the surface of BPNSs with CD146
antibodies. The exfoliated BPNSs are first coated with a layer of streptavidin and then conjugated with biotin-labeled CD146 antibodies. (B)
TEM image of the exfoliated BPNSs from bulk BP (prior to surface functionalization). (C) AFM characterization of surface functionalization
of BPNSs. A progressive increase in nanosheet thickness can be observed following each step of functionalization. (D) Hydrodynamic
diameter and (E) surface potential of BPNSs (measured in water) following the stepwise functionalization. The increased hydrodynamic
diameter and surface potential suggest successful surface functionalization. (F) UV−vis absorbance spectra of BPNSs@CD146Ab in different
liquid media. (G) Temperature profiles of pristine cell medium and cell media containing different concentrations of BPNSs@CD146Ab
upon NIR laser irradiation (808 nm, 0.35 W/cm2). Error bars in panels E and G are from three independent measurements (n = 3).
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Figure 2. Cell uptake and cytotoxicity assessment of BPNSs, along with their effects on MDA-MB-231 cell migration. (A) Quantitative
analysis of cell uptake amount of FITC-labeled BPNSs using correlated total cell fluorescence (CTCF) method. Error bars: n = 10 cells. One-
way ANOVA, ***P < 0.001. (B) Sub-cellular localization of FITC-labeled BPNSs@CD146Ab. The overlapped green (from FITC) and red
fluorescence (from lysosome probe) indicates the co-localization of BPNSs@CD146Ab with late endosomes/lysosomes. Scale bars: 10 μm.
(C) MTT, (D) lactate dehydrogenase (LDH), and (E) live/dead staining assays demonstrating the negligible cytotoxicity of BPNSs and a
follow-up laser treatment. Scale bars: 100 μm. LDH assay indicates the membrane integrity, as intracellular LDH can release to the cell
medium upon membrane damage. Error bars: n = 5 assay wells. One-way ANOVA, ***P < 0.001. (F, G) 2D scratch assays evaluating the cell
migration subjected to different treatment conditions. (H) 3D invasion assay assessing the migration of the cells subjected to the five
treatment conditions. Error bars in panels G and H represent four independent experiments (n = 4). One-way ANOVA, ***P < 0.001. Both
cell migration assays demonstrate BPNSs@CD146Ab with mild photothermal treatment can almost stop the cancer cell migration.
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an 808 nm laser (0.35 W/cm2), cell growth medium with 200
μg/mL BPNSs@CD146Ab increased the temperature from
22.3 to 42.8 °C within 5 min, whereas the pristine cell medium
had only a negligible temperature rise (Figure 1G). From the
literature, this mild temperature rise (to ∼43 °C) should not
kill the cancer cells.14 The photothermal stability of BPNSs@
CD146Ab was further verified by the unchanged temperature
profile after repeated laser irradiation cycles and storage in cell
culture medium for at least 1 week (Figure S4). Together,
these results provide solid evidence indicating the successful
preparation of CD146 antibody-functionalized BPNSs (i.e.,
BPNSs@CD146Ab), along with excellent colloidal, material,
and photothermal stability.
Cell Uptake and Cytotoxicity Assessment of CD146

Antibody-Functionalized BPNSs. We selected a triple-
negative breast cancer cell line (i.e., MDA-MB-231) as our cell
model because of its high expression of surface CD146,23,26,27

which was verified by immunofluorescence experiments
(Figure S5). To track the cell uptake of BPNSs, BPNSs@
CD146Ab and BPNSs@BSA (i.e., the non-targeted control)
were labeled with the same amount of FITC-BSA by fixing the
molar ratio of streptavidin or BSA to FITC-BSA at 3:1 during
the first coating step. These surface coatings were demon-
strated to be stable in various media, including in water,
slightly acidic PBS (pH = 6.4), and cell culture medium, since
only a minimal amount of FITC-BSA was detected in the
supernatants after 2 days of storage (Figure S6). The cells were
cultured with FITC-labeled BPNSs@CD146Ab or BPNSs@
BSA for 12 h. Fluorescence microscopy and quantitative
analysis using a correlated-total-cell-fluorescence approach42

showed higher uptake of BPNSs@CD146Ab by the cells,
suggesting that CD146 antibodies functionalized on the
surface of BPNSs facilitated their cellular internalization
(Figure 2A and Figure S7). This was further substantiated by
a receptor blocking experiment, wherein a drastic decrease in
the cell uptake of BPNSs@CD146Ab can be observed if the
cells were pre-treated with free CD146 antibodies. The sub-
cellular localization of BPNSs@CD146Ab was studied by a
fluorescent probe for late endosome/lysosome staining,
namely, Lysotracker Red.43 As shown in Figure 2B and Figure
S8, the fluorescence from FITC-labeled BPNSs@CD146Ab
(shown as green color) overlapped with the fluorescence of the
lysosome probe (shown as red color), indicating that the
internalized BPNSs@CD146Ab were located in late endo-
somes/lysosomes.44 The cytotoxicity of BPNSs@CD146Ab
and BPNSs@BSA (12 h incubation with cells), with or without
a follow-up laser irradiation (0.35 W/cm2, 5 min), was
evaluated by performing a suite of cytotoxicity assays, including
a viability assay and two assays indicating the integrity of
plasma membrane (Figure 2C−E and Figure S9). These assays
demonstrate the cancer cells had almost no damage in cell
viability and plasma membrane in all experimental groups,
suggesting that these treatments did not kill the cancer cells or
affect their viability. Hence, these mild treatments were applied
in the subsequent studies for investigating their effects on the
motility and phenotype of the cancer cells.
BPNSs@CD146Ab with Mild Photothermal Treatment

Stops Cancer Cell Migration. Next, we aimed to evaluate
the impact of these treatments on the cancer cell motility. The
mesenchymal-type cancer cells, including MDA-MB-231 cells,
are recognized to possess strong migratory and invasive
abilities, and overexpression of cell surface CD146 is directly
connected to the increased probability of cancer metastasis,

leading to high mortality in cancer patients.23,27,45 A scratch
assay (2D) and an invasion assay (3D) were conducted to
quantify the MDA-MB-231 cell migration subjected to
different treatment conditions, including cells without treat-
ment, cells treated by BPNSs@BSA, cells treated by BPNSs@
BSA plus laser, cells treated by BPNSs@CD146Ab, and cells
treated by BPNSs@CD146Ab plus laser. In the scratch assay, a
small gap was created on the monolayer of cells by scratching
the cell dish using a pipet tip, and cell migration was calculated
by the % of gap closure within a given period of time (i.e., 24
h).46,47 As shown in Figure 2F,G, the cells without treatment
completely closed the gap within 24 h, owing to the strong
migration nature of MDA-MB-231 cells. The cells treated by
BPNSs@BSA showed a slightly decreased migration (i.e.,
84.4% gap closure within 24 h), and the BPNSs@BSA plus
laser treatment further attenuated the cell migration (i.e., 53.5%
gap closure within 24 h). Importantly, the cells treated with
BPNSs@CD146Ab alone exhibited 44.3% gap closure, while
the introduction of a follow-up laser treatment nearly stopped
the cell migration, as evidenced by only 10.9% gap closure
within 24 h. As control experiments, a stand-alone laser or heat
treatment (i.e., leaving cells in 43 °C incubator for 30 min)
cannot slow down the cell migration, similar to cells without
treatment (Figures S10 and S11). In the 3D assay, a trans-well
insert was coated with Matrigel to mimic the extracellular
matrix in vivo, and the cell invasion ability was determined by
counting the cells that moved across the Matrigel matrix and
adhered to the insert bottom.48 As shown in Figure 2H, the
lowest invasion can be observed on the cells treated with
BPNSs@CD146Ab plus laser. In this case, only 10% of the
cells invaded across the matrix within 24 h, compared to 100%
invasion of cells without any treatment. The complete data sets
of both cell migration assays in each experimental group are
presented in Figures S12−S17. Overall, the consistent results
from 2D and 3D assays demonstrate that BPNSs@CD146Ab
with a mild laser treatment can almost halt the MDA-MB-231
cell migration. These results are outstanding, considering
earlier reports based on other nanomaterials, such as metal
nanoparticles, which can only hamper cancer cell migration to
a lesser degree.14,49−51 Here, the superb inhibition of cancer
cell migration can be attributed to the synergistic effect of cell
uptake of BPNSs@CD146Ab and a mild photothermal
treatment.

BPNSs@CD146Ab with Mild Photothermal Treatment
Alters Actin Cytoskeleton. Since we observed inhibited
cancer cell migration, especially for the cells treated with
BPNSs@CD146Ab plus laser, we began to look into the actin
cytoskeleton, the “bone” structure of cancer cells that drives
the cell’s motility.52−54 A live-cell imaging technique, nano-
mechanical AFM, was utilized to image the untreated and
BPNSs@CD146Ab plus laser-treated cancer cells. The nano-
mechanical imaging here simultaneously collects cell morphol-
ogy, surface topography, and elastic modulus images.55−57 In
particular, the elastic modulus image is well suited to resolve
the dorsal stress fibers underlying the cell membrane, as these
actin filaments make a primary contribution to the cellular
stiffness (Figure 3A), as demonstrated by our previous work.42

Considering the cells were probed with a spherical AFM tip, a
Hertz model was applied to fit a total of 256 × 256 indentation
curves collected on the imaging area (Figure 3B,C), and the
acquired modulus values (in kilopascal, kPa) associated with
specific (X, Y) coordinates were used to render the entire
modulus image. Figure 3D shows the representative images of
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single cells in height, topography, and modulus channels. The
complete AFM data sets for untreated and treated cells are
displayed in Figures S18 and S19. It is noticeable that the
cancer cells displayed a morphological change (i.e., from an
elongated to a circular shape) after the BPNSs@CD146Ab
plus laser treatment, resulting in a reduced aspect ratio of
single cells from 3.0 to 1.2 (Figure S20). In the untreated cells,
two actin-related features that are typically found in
mesenchymal-type cells can be discerned:58 (1) dorsal stress
fibers along the cell’s long axis, marked by yellow arrows,
explicitly correlated in modulus and topography channels, and
(2) lamellipodia, the leading edge of motile cells, marked by
green arrows, exhibiting higher modulus compared with other
areas of the cell surface, due to the underneath actin network
and a substrate effect.59 In stark contrast, the treated cells not
only lost the dorsal stress fibers but also appeared to develop a
flat and thin membrane around the cell periphery with an
underlying circumferential actin network. Herein, the dis-
appearance of dorsal stress fibers also led to a lower average
modulus on the treated cells (5 kPa, compared to 46 kPa for
untreated cells), according to a statistical analysis of the elastic
modulus on five cells (Figure S21).
We next examined the actin organization within the cell’s

ventral region using a super-resolution tool, direct stochastic
optical reconstruction microscopy (dSTORM). Unlike con-

ventional wide-field microscopy, dSTORM adopts total
internal reflection illumination, which only excites a 100 nm
thin layer above the coverslip and eliminates the background
fluorescence outside the excitation field (Figure 4A). The
working principle of dSTORM is depicted in Figure 4B,C:
sparsely activate individual fluorophores, determine the
positions of the fluorophores with sub-diffraction-limit
precision, repeat this process for thousands of cycles, and
reconstruct the high-resolution image by stacking the
individual imaging frames.60−62 The dSTORM imaging offers
a drastically improved spatial resolution, which allows for
precise quantification of ventral stress fibers (Figure 4D). More
dSTORM images of cells with or without the treatment are
included in Figures S22 and S23. Consistent with AFM
imaging, the untreated cells possessed lamellipodia, the
network of actin at the leading edge of the cells initiating the
cell’s movement, as well as ventral stress fibers spanning the
cell’s elongated body providing the contraction for the cell’s
movement. On the contrary, almost no ventral stress fibers can
be found in treated cells (Figure S24), whereas a circum-
ferential actin network developed around the cell periphery.
Together, these imaging techniques demonstrate that CD146
antibody-functionalized BPNSs with mild photothermal effect
altered the actin organization and cell morphology of MDA-
MB-231 cells. The loss of lamellipodia and dorsal/ventral

Figure 3. Nanomechanical characterization of single MDA-MB-231 cells, including untreated cells and cells treated with BPNSs@CD146Ab
plus laser. (A) Schematic illustrating the setup for imaging dorsal actin underlying the surface of a live cell. (B) Representative indent curves
obtained on different imaging areas such as on a glass substrate and on the cell top with or without underneath dorsal stress fibers. (C) Hertz
model used to fit indent curves for calculation of elastic (Young’s) modulus. (D) Representative images of untreated and treated MDA-MB-
231 cells in height, topography, and modulus channels. In the untreated cell, the yellow arrows point to the dorsal stress fibers and the green
arrows indicate the lamellipodia. The treated cell displays drastic changes in cell morphology and dorsal actin structure. Scale bar: 10 μm.
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stress fibers (i.e., two traits distinctive of mesenchymal-type
cells)63,64 and the appearance of a circumferential actin
network (i.e., a typical epithelial feature)65,66 imply the
phenotypic switch of the cancer cells from a mesenchymal to
an epithelial state. Interestingly, we also observed a similar
phenomenon on a melanoma cell line (i.e., CD146-positive
SKMEL2),67 where the cells reorganized the actin structure
and stopped their migration after treatment by BPNSs@
CD146Ab plus laser (Figure S25). This suggests the
applicability of this approach in treating different cancers
with overexpressed cell surface CD146.
BPNSs@CD146Ab with Mild Photothermal Treatment

Reverses the EMT. Following the imaging characterization of
single cells, we turned our attention to the epithelial and
mesenchymal protein markers in the cancer cells. Previous
studies suggest that the cytoskeletal and morphological
changes during EMT in cancer cells are accompanied by
suppression of epithelial proteins and gain of mesenchymal
proteins.7 Among others, the cadherin switch from E-cadherin
to N-cadherin represents the hallmark of EMT, during which
cells lose their stable cell-to-cell contacts while acquiring a
mesenchymal phenotype with enhanced migration tendency
(Figure 5A).68 Hence, to further substantiate the phenotypic
effect of BPNSs@CD146Ab and mild photothermal treatment
on MDA-MB-231 cells, Western blots were conducted to
quantify two classic mesenchymal proteins (N-cadherin and
vimentin, Figure 5B,C) and two epithelial proteins (E-cadherin
and cytokeratin, Figure 5D,E) in the cells. As expected, the

untreated cells possessed dominant levels of N-cadherin and
vimentin, along with low amounts of their epithelial counter-
parts, E-cadherin and cytokeratin, indicating a mesenchymal
nature of MDA-MB-231 cells. For the cells treated by
BPNSs@CD146Ab alone, both N-cadherin and vimentin
showed a 40−50% decrease in expression levels, whereas the
expression of E-cadherin and cytokeratin nearly doubled. More
importantly, the cells treated with BPNSs@CD146Ab plus
laser further reduced the expression of N-cadherin and
vimentin (70−80% decrease, relative to untreated cells) and
concurrently increased the levels of E-cadherin and cytokeratin
(a 4−5-fold increase relative to untreated cells). Together,
these results demonstrate that BPNSs@CD146Ab with mild
photothermal treatment synergistically downregulated mesen-
chymal proteins and upregulated epithelial proteins in MDA-
MB-231 cells, which further ascertained the phenotypic switch
from a mesenchymal to an epithelial phenotype (i.e., the
reversal of EMT) in these cancer cells.

Molecular Mechanism of EMT Reversal Induced by
BPNSs@CD146Ab with Mild Photothermal Treatment.
Finally, we sought to understand the mechanism of how
BPNSs@CD146Ab with mild photothermal treatment re-
versed the EMT in the mesenchymal-type MDA-MB-231 cells.
Prior studies suggested that transmembrane CD146 induces
the EMT via activation of RhoA, a small GTPase that
upregulates stress fiber formation, and EMT-inducing tran-
scriptional factors which inhibit E-cadherin transcription,
thereby endowing cancer cells with a mesenchymal phenotype

Figure 4. dSTORM imaging of actin organization at the ventral region of untreated and BPNSs@CD146Ab plus laser-treated MDA-MB-231
cells. (A) Diagram showing the application of the TIRF mode for imaging ventral actin. (B, C) Workflow of dSTORM: sparsely activate
single fluorophores, determine their positions in individual frames, repeat this process for thousands of cycles, and reconstruct the high-
resolution image. (D) Wide-field and dSTORM images of ventral actin organization in untreated and treated cells. In the untreated cell, the
yellow arrows indicate the ventral stress fibers, and the green arrows mark the lamellipodia. The treated cell exhibits the formation of a
circumferential actin network and the loss of ventral stress fibers. Scale bar: 5 μm.
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with strong migration ability.27,69 Figure 6A (left column)
illustrates the molecular mechanism of CD146-regulated RhoA
activation: The transmembrane CD146 recruits Rho-guanine-
nucleotide dissociation inhibitory factors α (RhoGDIα, a
RhoA inhibitor) through the phosphorylated ezrin/radixin/
moesin (p-ERM) and thus releases RhoA-GDP from its
inhibitory interaction with RhoGDIα, which facilitates
subsequent RhoA activation to RhoA-GTP.69,70 Herein, both
CD146 and p-ERM play indispensable roles in the RhoA
activation because both of them are necessary for recruiting
RhoGDIα, i.e., sequestering the RhoA inhibitor from RhoA-
GDP and thereby releasing RhoA-GDP for subsequent
activation.22 Inspired by these findings, we hypothesized that
CD146-targeted BPNSs@CD146Ab and mild photothermal
treatment will synergistically contribute to the reversal of EMT
by depleting membrane CD146 (Figure 6A, middle column)
and interrupting ERM phosphorylation (Figure 6A, right
column), where both factors will hinder the sequestration of
the RhoA inhibitor and, in turn, downregulate RhoA activation
and its downstream EMT-related effectors, leading to the
reversal of EMT.
To test our hypothesis, membrane CD146 was first

quantified by Western blots. Figure 6B shows that cells treated
by BPNSs@CD146Ab alone and cells treated by BPNSs@
CD146Ab plus laser, in both cases, displayed a ∼40% drop in
the membrane CD146, compared to untreated cells. This is
because the endocytosis of BPNSs@CD146Ab directed the
membrane CD146 to a lysosomal-degradation pathway, as
validated by the earlier sub-cellular localization analysis. Given
the critical role of CD146 in the induction of EMT, these

results justify our earlier observations from EMT protein
markers and cell motility, wherein BPNs@CD146Ab treatment
alone can moderately reverse the EMT. Indeed, these results
are aligned with earlier literature revealing that downregulating
surface CD146 in mesenchymal-type breast cancer cells can
partially reverse their phenotype.23,27 Thus, it is rational to
conclude that the endocytosis of BPNSs@CD146Ab down-
regulates the CD146 on the cell membrane and decreases the
anchoring sites on the cell membrane for sequestering
RhoGDIα (i.e., the RhoA inhibitor) from RhoA, as schemati-
cally illustrated in Figure 6A (middle column). Next, to gain
insight into the effect of mild photothermal treatment on the
reversed EMT, we focused on the ERM phosphorylation,
another required factor for sequestering RhoGDIα from RhoA
and preventing its inhibitory association with RhoA. The p-
ERM and total-ERM levels within the cytoplasm were
quantified by Western blots (Figure 6C). After treatment
with BPNSs@CD146Ab alone, the cells had a reduction in
ERM phosphorylation, as manifested by a half-declined p-ERM
to total ERM ratio. Interestingly, this decrease in ERM
phosphorylation corresponds with the downregulated mem-
brane CD146 (∼40% as noted above). This is as expected
since a previous work found that transmembrane CD146
governs the phosphorylation of cytoplasmic ERM complex and
their levels can be precisely correlated with each other.22

Significantly, for the cells treated with BPNSs@CD146Ab plus
laser, the ratio of p-ERM to total ERM exhibited an even larger
decrease (∼80%). Following the cell uptake of BPNSs@
CD146Ab, the laser treatment induces a heat stress within the
cell, which perturbs the phosphorylation of the ERM complex

Figure 5. (A) Schematic summarizing the changes of protein markers during the reversal of the EMT process. (B, C) Western blotting
analysis of the mesenchymal proteins (N-cadherin and vimentin) in MDA-MB-231 cells after different treatments, including cells without
treatment, cells treated with BPNSs@CD146Ab alone, and cells treated with BPNSs@CD146Ab plus laser. (D, E) Western blotting analysis
of the epithelial proteins (E-cadherin and cytokeratin) in the cells after the different treatments. GADPH serves as a housekeeping protein.
Error bars: n = 3. One-way ANOVA, **P < 0.01, ***P < 0.001.
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and further reduces the required “crosslinkers” (i.e., p-ERM)
that recruit the RhoGDIα to the remaining transmembrane
CD146, as schematically illustrated in Figure 6A (right
column). Consistently, previous studies also reported that
the heat stress can impair the intracellular protein phosphor-
ylation in different types of cells.14,71,72 Together, both cell
uptake of BPNSs@CD146Ab and a follow-up laser treatment
hindered the sequestration of RhoGDIα (the RhoA inhibitor)
from RhoA, thus blocking the subsequent pathway for RhoA
activation.
With a clear understanding of how the treatments affected

the upstream pathway of RhoA activation, we next measured
the activation level of RhoA by measuring RhoA-GTP (Figure
6D), an active form of RhoA in the cytoplasm, as well as its
downstream EMT-inducing transcriptional factors including
Snail and Slug, both of which proved to repress E-cadherin
transcription and promote N-cadherin transcription.73,74

Previous studies reported that the downregulation of RhoA
and its downstream EMT transcriptional factors both can
restore the epithelial phenotype of cancer cells.75,76 Consistent
with the observations on membrane CD146 and cytoplasmic
p-ERM levels, cells treated with BPNSs@CD146Ab alone
showed a ∼40−50% decrease in RhoA-GTP, whereas the
introduction of laser irradiation further downregulated the

RhoA-GTP by ∼70−80%. As expected, the downstream EMT-
inducing transcriptional factors, Snail and Slug, also exhibited
similar decreasing trends (Figure 6E), which can be correlated
with the decreased levels of RhoA-GTP. Taken together, these
molecular-level studies unravel the EMT-reversing mechanism:
(1) cell uptake of BPNSs@CD146Ab downregulates the
transmembrane CD146, thus reducing the membrane sites for
sequestering RhoGDIα from RhoA, and (2) following the cell
uptake of BPNs@CD146Ab, a mild hyperthermia upon a NIR
laser irradiation interrupts the ERM phosphorylation, thus
further reducing the “bridges” that link RhoGDIα to the
remaining transmembrane CD146. Both factors hamper the
sequestration of RhoGDIα (i.e., the RhoA inhibitor) from
RhoA and downregulate RhoA activation, as well as its
downstream effectors, including stress fiber formation, cell
migration, and EMT protein transcription, thus inverting the
mesenchymal-type cancer cells to an epithelial phenotype.

CONCLUSION

We demonstrate that targeting a transmembrane EMT inducer,
CD146, using BPNSs and a mild photothermal treatment can
convert metastatic, mesenchymal-type breast cancer cells to an
epithelial phenotype (i.e., reversing EMT), leading to a
complete stoppage of cancer cell migration. The phenotypic

Figure 6. Molecular mechanism of EMT reversal induced by BPNSs@CD146Ab and laser treatment. (A) Left column: Molecular mechanism
of CD146-regulated RhoA activation in untreated cells. Middle column: Endocytosis of BPNSs@CD146Ab downregulates the membrane
CD146 via directing transmembrane CD146 to a lysosomal degradation pathway. Right column: Intracellular heat stress induced by laser
irradiation perturbs ERM phosphorylation. Both factors hamper the sequestration of RhoGDIα (i.e., the RhoA inhibitor) from RhoA and
downregulate RhoA activation as well as its downstream effectors, including stress fiber formation, cell migration, and EMT protein
transcription, thus inverting the mesenchymal-type cancer cells to an epithelial phenotype. (B−E) Western blot analyses of (B) membrane
CD146, (C) p-ERM to total ERM ratio, (D) RhoA-GTP, and (E) EMT transcriptional factors (Snail and Slug) in MDA-MB-231 cells
subjected to different treatments. Na K ATPase serves as a housekeeping protein of the membrane. β-Actin and GADPH serve as
cytoplasmic housekeeping proteins. Error bars: n = 3. One-way ANOVA, ***P < 0.001.
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switch of MDA-MB-231 breast cancer cells involves altered
actin organization and cell morphology, downregulation of
mesenchymal protein markers, and upregulation of epithelial
protein markers, as systematically investigated by advanced
nanomechanical and super-resolution imaging and Western
blot analysis. We also unveil the molecular mechanism behind
the reversal of EMT. Our results reveal that CD146-targeted
BPNSs with a mild photothermal treatment synergistically
contribute to reverse EMT by depleting the membrane CD146
and perturbing ERM phosphorylation, where both factors
downregulate RhoA activation and its downstream effectors,
including stress fiber formation and EMT transcriptional
factors, thereby inverting the mesenchymal-type cancer cells to
an epithelial phenotype.
Overall, we have shown that (i) 2D materials (i.e., BPNSs),

with an appropriate design, can reverse the EMT in cancer
cells, in contrast to inducing the EMT as recently reported for
graphene oxide,32 and (ii) the mild photothermal treatment
here is used to modulate the phenotype of cancer cells, which
deviates from the majority of earlier studies on photothermal
therapy which applied elevated temperatures to ablate/kill
cancer cells.77−80 Considering CD146 overexpression is also
confirmed on the surface of metastatic ovarian, prostate,
melanoma, and lung cancer cells, this approach is expected to
reduce progression and metastasis in a variety of cancers.
Beyond this work, the reversal of EMT is also found to be a
potent strategy to sensitize cancer cells to classical chemo-
therapeutics.81,82 Therefore, we envision this approach holds
tremendous potential in vivo in complementing current cancer
treatments including surgical resection and chemotherapy to
prevent cancer metastasis. For instance, following the surgical
resection, this approach (i.e., the combination of CD146-
targeted BPNSs and mild PTT treatments) can be applied
locally to constrain the migration of cancer cells remained in
the tumor margin and sensitize these cancer cells to the
classical anti-cancer drugs, thereby improving the success rate
of surgical resection and chemotherapy, as well as the patient’s
prognosis.

EXPERIMENTAL SECTION
Preparation and Surface Functionalization of BPNSs. Five

milligrams of BP powder (ACS Material, 7723-14-0) was added into a
10 mL sodium hydroxide-saturated N-methyl-2-pyrrolidone (Sigma-
Aldrich, 328634) solution and sonicated in a glass tube for 12 h using
an ultrasonic probe (power, 150 W; amplifier, 80%; on/off cycle, 45
s/15 s). The glass tube was maintained within ice−water during
ultrasonication. After ultrasonication, the solution was subjected to a
10 000 rpm centrifugation for 10 min to separate the unexfoliated
bulk BP. Next, the exfoliated BPNSs with 100−200 nm size can be
collected by a 15 000 rpm centrifugation for 15 min. For preparing
BPNSs@Str, BPNSs were added into a 2 mg/mL streptavidin (Leinco
Technologies, S203) solution in water and left under bath sonication
for 1 h, and then washed three times in distilled water using 15 000
rpm centrifugation (10 min for each time). The resulting BPNSs@Str
were collected and re-dispersed in water for future use. The protocol
for preparing BPNSs@BSA was similar as that of BPNSs@Str. For
preparing BPNSs@Str@CD146Ab, the BPNSs@Str were placed in 50
μg/mL biotin-labeled CD146 antibody (R&D system, BAF932) in
PBS for 1 h and then washed three times in PBS using 15 000 rpm
centrifugation (10 min for each time).
Characterization of BPNSs. JEOL JEM 2100 LaB6 TEM (200

keV) was used to collect TEM images of pristine and surface-
functionalized BPNSs. Bruker BioScope Resolve AFM in a ScanAsyst
mode was used to image pristine and surface-functionalized BPNSs in
air. Bruker ScanAsyst Air HR probes with a tip radius of 2 nm were

utilized for the AFM imaging. A Zetasizer Nano ZS system (Malvern
Instruments) was applied for the hydrodynamic size and zeta
potential measurements of BPNSs in different liquid media, including
water, PBS, and cell culture medium. A Shimadzu-1900 spectropho-
tometer was utilized to collect absorbance spectra of BPNSs in the
different liquid media.

Cytotoxicity Assays. Breast cancer or melanoma cells (MDA-
MB-231 cell line from ATCC, HTB-26; SKMEL2 cell line from
ATCC, HTB-68) were cultivated in DMEM/F12 cell medium
(Gibco, 11320033) supplied with 10% fetal bovine serum (Gibco,
10082147). Three cytotoxicity assays (MTT cell viability assay from
Thermo Fisher, V13154; LDH membrane integrity assay from
Thermo Fisher, C20301; and live/dead staining assays from Thermo
Fisher, R37609) were performed to assess the cytotoxicity of BPNSs
and the mild photothermal treatment on the cells. The cells were
seeded in a 96-well plate (8000−10 000 cells in each well) with 100
μL of cell medium. After culturing overnight, the old medium was
replaced by a fresh medium added with 200 μg/mL BPNSs@
CD146Ab or BPNSs@BSA. The cells were incubated with the BPNSs
for another 12 h and then further treated with an 808 nm laser (0.35
W/cm2, 5 min) on each well. The laser power density was calculated
by 2 W of laser power divided by 2.7 cm diameter of laser spot size.
The laser treatment was performed to cells without removing non-
endocytosed BPNSs to ensure the consistency of the temperature rise
of the cell medium (43 °C) across different wells. The cancer cells
were subjected to five different treatment conditions, including
untreated cells, cells treated by BPNSs@BSA, cells treated by
BPNSs@BSA plus laser, cells treated by BPNSs@CD146Ab, and
cells treated by BPNSs@CD146Ab plus laser. Each experimental
condition contains quintuplicate wells.

Immunostaining of Cell Surface CD146. The protocol for
immunostaining of cell surface CD146 on the cells followed the
manufacturer’s instruction for CD146 fluorescein-conjugated anti-
body (R&D System, FAB932F).

Cellular Internalization and Intracellular Localization of
BPNSs. To track the internalization of BPNSs by cells, BPNSs@
CD146Ab or BPNSs@BSA was labeled with a same amount of BSA-
FITC (Thermo Fisher, A23015). During the first coating step,
streptavidin or BSA was mixed with BSA-FITC at a 3:1 molar ratio. A
total of 100 000 cells were seeded into a glass-bottom Petri dish (50
mm) and subsequently cultured with 200 μg/mL FITC-labeled
BPNSs@CD146Ab or BPNSs@BSA for 12 h. In the receptor
blocking assay, the cells were pre-treated using cell medium
containing free CD146 antibodies (10 μg/mL) for 30 min, followed
by incubating with 200 μg/mL FITC-labeled BPNSs@CD146Ab for
12 h. LysoTracker Red (Thermo Fisher, L7528) was used to label late
endosomes/lysosomes. An Olympus fluorescence microscope (IX73)
was used for fluorescence imaging. ImageJ software was used for
quantifying cellular uptake of FITC-labeled BPNSs and sub-cellular
localization analysis.

Cell Migration Assays. For the scratch assay, the cells were
seeded into a 12-well plate (300 000 cells per well) to obtain a
confluent monolayer. Next, 1 mL of fresh cell medium with 200 μg/
mL BPNSs@CD146Ab or BPNSs@BSA was placed into each well
and incubated for another 12 h, and then each well was irradiated by
the NIR laser for 5 min. A pipet tip was applied for scratching a gap
on the cell monolayer. The gap area was photographed instantly after
scratching (0 h) and at the 24 h time point thereafter, and cell
migration was calculated by the average percentage of gap closure. For
the 3D invasion assay, a 12-well plate was seeded with MDA-MB-231
cells and then cultured with a medium with 200 μg/mL BPNSs@
CD146Ab or BPNSs@BSA for another 12 h, followed by a 5 min laser
treatment. Next, the treated cells were lifted and resuspended in a cell
medium with 2% Matrigel (Corning). The above cell suspension was
transferred to a 6.5 mm insert (pore size: 8 μm) precoated with
Matrigel. Next, 1 mL of cell medium with 10% FBS was added to each
well, and the invaded cells (i.e., cells migrating through the pore and
adhering to the bottom of insert) were stained and quantified after 24
h.
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AFM Imaging. A Bruker BioScope Resolve AFM in a quantitative
nanomechanical imaging mode was applied to image untreated and
BPNSs@CD146Ab + laser-treated cancer cells. For the treated group,
cancer cells were cultured with BPNSs@CD146Ab for 12 h, treated
with an 808 nm laser for 5 min, and subsequently returned into the
cell incubator for another 12 h. PFQNM-LC-A-CAL probes (rip
radius: 65 nm) were used for nanomechanical imaging, with a 300−
600 nm vertical oscillation at a frequency of 0.25 kHz and an 800−
1000 pN indent force. A single live cell was imaged in the cell medium
at 37 °C using a frequency of 0.12 Hz and 256 × 256 pixels.
NanoScope Analysis (v1.9, Bruker) software was used to analyze
AFM images and indent curves.
dSTORM Imaging. Cancer cells were treated with BPNSs@

CD146Ab + laser and then returned to the 37 °C cell incubator for
another 12 h, followed by fixation with 4% PFA, permeabilization with
cytoskeletal buffer (0.1% Triton X-100), background deduction with
0.1% sodium borohydride, and blocking with BlockAid blocking
solution (Thermo Fisher). Next, the fixed cells were stained with 66
μM AlexaFluor-568-phalloidin (Thermo Fisher) in PBS under 4 °C
for 12 h, and washed with DPBS. The buffer for dSTORM was added
to cell sample prior to dSTORM imaging and was changed each hour.
Instrumentation details for dSTORM imaging, and the components
for cytoskeletal buffer and imaging buffer can be found in our earlier
publication.42 The data was processed through ImageJ and Thunder-
STORM.
Western Blotting. The Mem-PER Plus Membrane Protein

Extraction Kit (Thermo Fisher, 89842) was utilized to extract
membrane protein CD146. Active Rho Kit (Thermo Fisher, 16116)
was used to isolate and detect RhoA-GTP. RIPA buffer (Thermo
Fisher, 89901) was used for the extraction of EMT proteins (E-
cadherin, N-cadherin, cytokeratin, and vimentin), ERM, and p-ERM
proteins, Snail and Slug. The concentration of total protein was
measured using a BCA assay (Thermo Fisher, 23225). The same
amount of protein was loaded to an SDS-PAGE gel (4−20%) for
electrophoresis. Then the gel was processed following the below
protocols: the protein was transferred to the nitrocellulose membrane,
blocking with EveryBlot blocking buffer (Bio-Rad), incubating with a
primary antibody, incubating with a secondary antibody, developing
with ECL Western blotting substrates (Bio-Rad), and imaging with
ChemiDoc imager (Bio-Rad) after several times of washing. All
antibodies for the Western blot analysis are listed in Table 1 in the
Supporting Information.
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