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Abstract: The migration and invasion of endothelial-derived mesenchymal cells (EMCs)
play a crucial role in both atherosclerotic plaque formation and cancer metastasis.
However, current strategies aimed at suppressing EMC formation often suffer from poor
specificity and undesirable side effects, and few efforts have directly targeted the
migratory and invasive behavior of EMCs. In this study, we present a nanoparticle-based
strategy to specifically inhibit EMC migration and invasion using cadherin-2 targeted
melanin nanoparticles in combination with mild photothermal treatment. Cell migration
and invasion assays demonstrate that the synergistic effect of nanoparticle uptake and
photothermal treatment effectively impedes EMC motility. Atomic force and super
resolution microscopy indicate that this inhibition is associated with disruption of the actin
cytoskeleton and consequent morphological alterations. Furthermore, Western blot
analyses elucidate the underlying molecular mechanism, showing that cadherin-2
dependent RhoA activation is downregulated by the combined nanoparticle and
photothermal treatment, leading to cytoskeletal disorganization. Overall, these in vitro
findings serve as a proof-of-concept study for a potential alternative or complementary
strategy to attenuate atherosclerotic plaque development and cancer metastasis by

targeting the migration and invasion of EMCs from a mechanistic perspective.
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Introduction

Endothelial-derived mesenchymal cells (EMCs) refer to cells originating from endothelium
that have experienced a cellular transformation process, namely, endothelial-to-
mesenchymal transition (EndMT)." During this process, resident endothelial cells lining
the interior wall of blood vessels lose their endothelial markers and barrier functions, and
acquire mesenchymal-type, migratory features, leading to their migration and invasion to
underlying tissues.?? Although earlier studies demonstrated that EndMT plays a critical
role in the embryonic development, recent evidence suggests that EndMT-produced
EMCs are associated with multiple pathologies including atherosclerosis and cancer.*®
In the early stage of atherosclerosis, persistent activation of endothelial cells triggers
EndMT, wherein migratory EMCs penetrate through the arterial intima, enter the
atherosclerosis plaque, and coordinate with other cells to advance plaque formation.®”’
In the context of cancer, EndMT-produced EMCs are considered as a major source (40%)

of cancer-associated fibroblasts (CAFs).®

As mesenchymal cells, CAFs contribute to
tumor progression in several ways including physically pulling cancer cells forward or
creating moving-paths for cancer cells through their own migration (i.e., leader-follower
dynamics, Figure 1).%'? Accordingly, EMCs, especially their migration, could serve as a
potential therapeutic target for slowing down atherosclerosis and cancer progression at

their early stages.

Clinical studies indicated that the proportions of EMCs in atherosclerosis plaques and
CAFs in tumors correlate positively with the severity of these diseases.'®'* Given the
primary contribution of EndMT in the production of EMCs and CAFs, current efforts mainly
focus on developing molecular drugs to inhibit EndMT of resident endothelial cells, which
could reduce the numbers of plaque-associated EMCs and CAFs in tumors.’ For
instance, developing inhibitors against transforming growth factor beta (TGF-), a classic
EndMT-inducing cytokine, has shown effectiveness in alleviating atherosclerosis and
cancer by reducing EndMT-produced EMCs.">'® However, these TGF-B inhibitors also
manifest many side effects owing to the pleiotropic roles of TGF- signaling in a broad
range of cell regulatory pathways and functions, limiting their clinical applications.!”
Another set of inhibitors intended to neutralize pro-inflammatory cytokines such as tumor

necrosis factor alpha and interleukin-1 beta have received increased attention, as EndMT



is often considered to be the outcome of chronic inflammation. However, suppressing
systemic inflammation could compromise host immunity against bacterial and viral
infections.’®'9  Together, these strategies aiming to inhibit EndMT suffer from poor
specificity and adverse side effects, and none of these approaches resolve the existing
EMCs that have undergone EndMT, especially their migratory/invasive behavior, which

significantly contributes to plaque formation and cancer metastasis.

In this work, we show a photothermal nanoparticle-based approach can target and
impede the migration of EMCs, namely, cadherin-2 targeted melanin nanoparticles
(MeINPs@Cad-2) and their photothermal effect. Our central hypothesis is that
MelNPs@Cad-2 will not only specifically target migratory EMCs by recognizing their
surface over-expressed cadherin-2,2%2' put also will modulate the downstream pathway
of cadherin-2 which is closely related to the migration behavior of EMCs. Following the
nanoparticle uptake, the addition of photothermal treatment via near-infrared laser
irradiation will further disrupt the cadherin-2 pathway and impede the migration of EMCs.
By doing so, EMC-led plaque buildup and cancer cell migration can be decreased (Figure
1). Unlike traditional photothermal therapy that uses lethal heat (above 50°C) to ablate
cancer cells,???” our approach here only needs mild thermal energy (~44°C) to regulate
the intracellular signaling related to the migration of EMCs. As such, the disadvantages
associated with traditional photothermal therapy, including damage to normal skin (i.e.,
safety concern), inadequate local temperature to Kill cells, and thermal resistance
developed by cells (i.e., efficacy concern) can be addressed.?® To demonstrate the
potential applicability of this approach in addressing both atherosclerosis and cancer, we
selected two representative endothelial cell models that are well-established for
investigating atherosclerosis- and cancer-related EndMT.2%3° The cell migration/invasion
assays suggest the synergistic role of nanoparticle uptake and photothermal treatment in
the inhibition of EMC migration/invasion. Further, investigation in cell mechanics using
single cell imaging techniques demonstrates the disruption of the actin cytoskeleton of
EMCs accounts for the inhibited motility. Finally, the molecular mechanism for disruption
of the actin cytoskeleton is elucidated using molecular techniques. Overall, we expect

this approach will offer a potential alternative or supplement to hamper the atherosclerosis



plague formation and cancer metastasis from a new perspective via impeding the

migration of endothelial-derived mesenchymal cells.

Results and discussion
Preparation and characterization of cadherin-2 targeted melanin nanoparticles

We selected melanin nanoparticles (MelNPs) originating from cuttlefish ink owing to their
natural abundance, superior biocompatibility, excellent stability in biofluids, facile surface
functionalization, and high efficiency to convert near-infrared light to thermal energy.3'-33
Prior to surface functionalization, MelNPs were purified and collected from cuttlefish ink
using a gradient centrifugation method, wherein micrometer-sized particles and large
aggregates were separated and discarded through low-speed centrifugation. Following
the collection of MelNPs using high-speed centrifugation, the surface of the MelNPs was
functionalized with cadherin-2 antibodies through a two-step procedure developed in our
group (Figure 2A)**: (1) The MelNPs were functionalized by a protein layer consisting of
Protein A (PA) and Bovine Serum Albumin (BSA) through Michael addition and/or Schiff-
base reaction in a mild alkaline environment (pH=8.5); (2) The cadherin-2 antibodies were
then conjugated to the surface of MelNPs through the high affinity between Fc region of
the antibody and PA. This procedure ensures the Fab domains of the antibody are
oriented outward and easy to recognize the cell-surface antigen, while the presence of
BSA in the protein layer can be used to regulate antibody density on MelNP surface,

avoiding any crowding effect on the antibodies.

Transmission electron microscopy (TEM) revealed size change of MelNPs before and
after functionalization of the antibodies. Following functionalization, the average
nanoparticle size showed a 2-3 nm increase (from 119.0 to 121.4 nm), suggesting the
attachment of antibodies (Figure 2B-2E). Dynamic light scattering (DLS) and Zeta
potential measurements offered further validations for the successful antibody
functionalization of the MeINPs. As shown in Figure 2F-2G, the hydrodynamic size of
MelINPs gradually increased from 173 nm (bare MeIlNPs) to 221 nm (MelINPs@PA), and



finally to 263 nm (MeINPs@Cad-2). Meanwhile, the Zeta potential of MeINPs showed a
progressive decrease from -31.7 to -40.5 and finally to -41.9 mV, corresponding to bare
MelINPs, MelNPs@PA, and MeINPs@Cad-2, respectively. As a non-targeted counterpart,
MeINPs coated by neat BSA (i.e., MeINPs@BSA) were also prepared. To test the
colloidal stability of MeINPs@Cad-2, they were dispersed in a series of liquid media
including H2O, DPBS, and cell growth medium, and then monitored by UV-vis
spectroscopy for 7 days (Figure 2H). The minimally changed UV-vis spectra indicated
the sustained colloidal stability of MelINPs@Cad-2 in bio-fluids over a 7-day period
(Figure 2I). Finally, the photothermal property of MeINPs@Cad-2 was evaluated using
an 808 nm near-infrared with the intensity at 0.5 W/cm?. This power density is close to
the laser safety threshold recommended by American National Standards Institute.?®
Within 10 min of laser irradiation, cell growth media containing MeINPs@Cad-2 showed
temperature elevations in an irradiation-time and nanoparticle-concentration dependent
manner. In particular, the cell medium containing 100 pg/mL of MeINPs@Cad-2 showed
a ~7°C increase in temperature after 5 min of laser irradiation (Figure 2J). Thus, this
moderate photothermal effect, considered as a sub-lethal dose for cells, was chosen for

subsequent cellular studies.

Biocompatibility and EMC-targeting ability of MeINPs@Cad-2

To investigate biocompatibility of surface-functionalized MelNPs, human umbilical vein
endothelial cells (HUVECs) were selected to be our primary model, since HUVECs from
medium-sized vein typically served as a dual model for studying both atherosclerosis in
large arteries and cancer metastasis in small capillaries.?*¢ Two standard cytotoxicity
assays measuring cell viability (MTT) and membrane damage (LDH) were conducted to
assess the endothelial compatibility of 100 ug/mL MeINPs@Cad-2 and MeINPs@BSA.
As shown in Figure 3A, both versions of nanoparticles, with and without subsequent
photothermal treatment, had negligible cytotoxic effects on the HUVECSs, suggesting the

excellent endothelial compatibility of MeINPs and the mild photothermal treatment. Thus,



these nanoparticle and laser doses were used in the subsequent cell migration

experiments reported here.

To evaluate the targeting ability of MeINPs@Cad-2 to EMCs, interleukin-1B (IL-183), a
classic pro-inflammatory cytokine, was selected to activate HUVECs to mesenchymal
cells (i.e., EMCs), considering IL-1B is known to induce EndMT and accelerate the
progression of both atherosclerosis and cancer.3-3° After IL-1B activation, cell surface
cadherin-2 level dramatically upregulated as demonstrated by the immunofluorescence
staining (Figure 3B-3C, Figure S1), consistent with previous studies where cadherin-2 is

20-21 |t was also observed that

considered as a typical mesenchymal maker for EMCs.
HUVECs after activation acquired a mesenchymal-like, elongated morphology with an
increased cell aspect ratio (Figure S2), another hallmark of EndMT-produced EMCs.4°
Next, the non-activated (normal) and activated HUVECs were incubated with
MeIlNPs@Cad-2 and MeINPs@BSA for 12 h and quantified for cellular uptake of
nanoparticles based on gray-scale image analysis (Figure 3D-3E, Figure S3). In
comparison to non-activated (normal, G1) HUVECs, IL-1B activated HUVECs (G4)
exhibited a multi-fold increase in the uptake of MeINPs@Cad-2, which could be attributed
to the specific binding between MelNPs@Cad-2 and cadherin-2 on the surface of
activated HUVECs. The internalized MeINPs@Cad-2 by activated HUVECs were
predominantly localized within lysosomes, as shown by the high-degree of co-localization
between Lysotrackers (red) and nanoparticles (black) in gray-scale images. In contrast,
the activated HUVECs had only modest uptake of non-targeted MeINPs@BSA (G3) and
MeIlNPs@Cad-2 if cells were pre-treated with free cadherin-2 antibodies (i.e., a
competition assay, G2), further substantiating the EMC-targeting ability of MeINPs@Cad-
2. Collectively, these findings validate the excellent endothelial compatibility of
MeINPs@Cad-2 and demonstrate their strong targeting capability toward activated
HUVEC:Ss (i.e., EMCs).

Anti-migration/invasion effects of MeINPs@Cad-2 and photothermal treatment

Next, we investigated the effects of MelINPs and mild photothermal treatment on the

migration and invasion of HUVECs. In the 2D migration assay, the cell migration was



quantified via creating a gap on a confluent cell monolayer and measuring the gap
closure % in a fixed time frame (9 hours here). As presented in Figure 4A-4B and Figure
S4, activated HUVECs showed significantly enhanced migration ability (100% gap
closure) compared to non-activated HUVECs (50% gap closure), confirming the strong
migration behavior of EMCs.* 4! Treating activated HUVECs using nontargeted
MeINPs@BSA and MelNPs@BSA with laser irradiation led to minimal (78% gap closure)
and modest (42% gap closure) inhibitory effects on cell migration. Meanwhile,
MelNPs@Cad-2 and MeINPs@Cad-2 with laser treatment resulted in a modest (40% gap
closure) and a robust (15% gap closure) inhibitory effect on cell migration, respectively.
Notably, the combination of MelNPs@Cad-2 and laser treatment almost completely
stopped the migration of activated HUVECs. Similar 2D migration results can be obtained
in the presence of mitomycin C in order to eliminate the cell proliferation as a confounding
factor (Figure S5). The results from the 2D migration assays were further confirmed by
3D invasion assays (Figure 4C-4D, Figure S6), where MelINPs@Cad-2 combined with
laser treatment allowed the lowest number of activated HUVECs across the Matrigel pre-
coated transwell (a mimic of extracellular matrix), illustrating the synergistic role of
nanoparticle uptake and photothermal treatment in the inhibition of EMC migration. To
further demonstrate the importance of nanoparticle-mediated mild hyperthermia, two
additional groups were included: Laser only treatment and water-bath heating (a
generalized mild hyperthermia at 44°C for 5 min) showed no effect on the cell migration

and invasion (Figure S7).

Apart from using HUVECs (a dual model for EMCs in atherosclerosis and CAFs in cancer),
we also tested the anti-migratory and anti-invasive effects of these treatments using
human coronary artery endothelial cells (HCAECs), an exclusive model for studying
atherosclerosis.*? Similar to the results from HUVECs, MeINPs@Cad-2 combined with
laser treatment also showed the strongest inhibitory effects on the migration and invasion
of activated HCAECs, manifested as the least gap closure % and invaded cell number in
2D and 3D assays, respectively (Figure 4E-4H, Figure S8-S9). In addition to MelNPs,
we also demonstrated similar anti-migration/invasion effects of gold nanorods@Cad-2
and their associated photothermal effect, suggesting the broad applicability of this
approach (Figure $S10-S12). Collectively, these results reveal that MeINPs@Cad-2 with



mild photothermal treatment significantly suppresses the migration and invasion of both
activated HUVECs and HCAECs, which offers a potential therapeutic strategy to slow the

progression of cancer and atherosclerosis.

Morphological and mechanical characterization of single cells

Since EMCs showed significantly inhibited migration and invasion following the
MeINPs@Cad-2 plus laser treatment, we further examined the morphological and
mechanical changes of single cells considering these phenotypic properties are closely

related to cell motility.

Atomic force microscopy (AFM) was employed to image single, live cells in a liquid, near-
physiological environment, where the surface topography and elastic modulus images of
individual cells can be collected simultaneously.?® 4346 Particularly, the actin cytoskeleton
in the dorsal layer of cells was visualized by correlating groove-like features in both
topography and modulus channels. As shown in Figure 5A and Figure S13-S15, the
untreated (normal) HUVECs exhibited an elliptical shape with actin cytoskeleton
encircling the cell body, a typical trait of low-migratory endothelial cells.*® In contrast, the
activated HUVECs (i.e., EMCs) polarized morphologically into a teardrop shape (with a
“big head” and a “small tail’), suggesting they are in the process of active migration. On
the cell body, the activated HUVECs displayed stress fibers aligned parallelly to the
direction of cell migration, serving to generate contraction force during the cell
movement.*” Importantly, after treating the activated HUVECs with MelINPs@Cad-2 plus
laser, the cell morphology returned to the original shape and the stress fibers on the cell
body almost disappeared, suggesting the cells reverted to the previous low-migratory
state. These observations were also validated by the statistical analysis of AFM images
(Figure 5B-5C): The aspect ratio of HUVECs underwent an increase from 1.2 to 2.8
following activation and returned to 1.2 after MeINPs@Cad-2 plus laser treatment.
Similarly, the average modulus of cells also increased from 10 to 20 kPa and returned to

the original level owing to the gain and loss of rigid stress fibers on the cell body.



The cell morphological and cytoskeletal changes were also characterized by super
resolution microscopy, by which the ventral actin filaments can be clearly resolved and
quantified.*®*% As shown in Figure 5D-5E and Figure $16-S18, apart from the cell shape
change, the number of stress fibers showed a 2-fold increase after activation and returned
to the previous level following the MelNPs@Cad-2 plus laser treatment. In contrast,
MeINPs@Cad-2 alone and MelNPs@BSA plus laser can only moderately decrease the
stress fibers and cell aspect ratio of activated HUVECs, consistent with their partial
migration inhibition (Figure S19). Together, the morphological and mechanical
characterization of single cells highlight the cytoskeletal change of activated HUVECs
after MeINPs@Cad-2 plus laser treatment, in line with the inhibited migration/invasion of
EMCs.

Molecular mechanism of inhibited migration/invasion of EMCs

Finally, we delved into the molecular mechanism by which MelNPs@Cad-2 and
photothermal treatment inhibit the motility of EMCs. Given our observations on actin
cytoskeleton and the important role of cadherin-2 in cell motility, we focused on the
cadherin-2 regulated signaling pathway that is associated with the cytoskeleton and cell
migration/invasion. Previous studies have shown the positive correlation between
surface cadherin-2 and cell migration potential, where cadherin-2 can activate RhoA, a
small GTPase that stimulates the assembly of stress fibers and cell migration.®"? As
schematically shown in Figure 6A (top), RhoA-GDP (the nonactivated form of RhoA)
initially binds to P120 which acts as a RhoA inhibitor and prevents RhoA activation.®3-%
However, the tyrosine phosphorylation of P120 (PP120) induced by the membrane
cadherin-2 changes the conformation of P120 and enhances the binding affinity of P120
to membrane cadherin-2. The formation of membrane cadherin-2 and PP120 complex
weakens the binding of RhoA-GDP with PP120 and releases the RhoA-GDP for its
subsequent activation to RhoA-GTP near the membrane. °>°® Thus, both membrane
cadherin-2 and PP120 (tyrosine phosphorylation of P120) are necessary for the activation

of RhoA and cell migration.



Given these considerations and our earlier experiments on cell motility, we hypothesize
that EMC internalization of MelNPs@Cad-2 should downregulate the membrane
cadherin-2 (Figure 6A, middle) and photothermal treatment could disrupt the tyrosine
phosphorylation of P120 (reducing PP120, Figure 6A, bottom), and these two factors
contribute synergistically to the reduction of RhoA-GTP, causing loss of stress fibers and
inhibited cell migration/invasion. To verify this hypothesis, Western blots were used to
quantify the cadherin-2 in different experimental groups including activated HUVECs
without treatment (G1), activated HUVECs treated by MelNPs@Cad-2 (G2), and
activated HUVECs treated by MeINPs@Cad-2 plus laser (G3). Our experiments showed
the membrane cadherin-2 level decreased 30-40% (compared to G1) for both
nanoparticle-treated groups (G2 and G3, Figure 6B). This is reasonable considering that
cellular uptake of cadherin-2 targeted MelNPs@Cad-2 routes the membrane cadherin-2
for lysosomal degradation, in line with the earlier intracellular colocalization images. As
expected, the downregulation of membrane cadherin-2 further leads to the reduction of
PP120 and RhoA-GTP (Figure 6C-6F), accounting for the partially inhibited cell
migration/invasion in G2. For the activated HUVECs treated by MelINPs@Cad-2 plus
laser (G3), we observed the lowest PP120 and RhoA-GTP levels, suggesting the
additional downregulation effects of the photothermal treatment (Figure 6C-6F). We infer
this could be due to the disruptive effect of photothermal treatment (heat stress) on the
intracellular protein phosphorylation, as described earlier.>’*® Given the positive role of
PP120 in RhoA activation, the reduced tyrosine phosphorylation of P120 would lead to
the decreased availability of free RhoA-GDP for subsequent activation, resulting in the
lowest RhoA-GTP level in G3. Together, membrane cadherin-2 and PP120 (tyrosine
phosphorylation of P120), both necessary for the activation of RhoA, can be
downregulated by cell uptake of MeINPs@Cad-2 and photothermal treatment, leading to
a loss of stress fibers, and inhibited cell migration/invasion.

Conclusions

We have demonstrated that cadherin-2 targeted melanin nanoparticles (MeINPs@Cad-

2), combined with mild photothermal treatment, synergistically inhibit the migration and



invasion of endothelial-derived mesenchymal cells (EMCs). This effect is validated using
IL-1B activated HUVECs (serving as a dual model for cancer and atherosclerosis) and
HCAECs (an atherosclerosis-specific model). Atomic force and super resolution
microscopy indicate that this inhibition is accompanied by marked cytoskeletal remodeling
— specifically, the loss of actin stress fibers and a morphological transformation from a
teardrop to a rounded cell shape — upon treated with MeINPs@Cad-2 and laser
irradiation. Further Western blot analyses elucidate the underlying molecular mechanism:
internalization of MelNPs@Cad-2 leads to downregulation of membrane cadherin-2,
while photothermal treatment disrupts tyrosine phosphorylation of P120 catenin, thereby
reducing phosphorylated P120 (PP120) levels. These two events synergistically suppress
RhoA-GTP activity, resulting in stress fiber disassembly and impaired cell motility. Given
the pivotal role of EMC migration in atherosclerotic plaque formation and the contribution
of migratory cancer-associated fibroblasts (approximately 40% derived from EMCs) to
tumor metastasis, these in vitro findings serve as a proof-of-concept study for a potential
alternative approach to impede both atherosclerosis and cancer progression by targeting
EMC migration and invasion. Moreover, considering the broad involvement of cadherin-
2 positive EMCs in various cancers, cardiovascular disorders, and fibrotic diseases, this
approach may have wide therapeutic applicability in mitigating the progression of EMC-

related pathologies.

Methods

Preparation, surface functionalization, and characterization of MelNPs

MeINPs were isolated from cuttlefish ink (Marky's Cuttlefish Squid Ink, Spain) using a
gradient centrifugation method. First, 5 g of ink was mixed with 50 mL DI water containing
TBS-T (28360, Thermo Fisher) and continuously stirred overnight. The suspension was
subjected to an initial centrifugation at 2,000 rpm for 5 minutes and 7,000 rpm for 5
minutes to remove large aggregates and microparticles. Next, the retained supernatant
was centrifuged at 12,000 rpm for 10 minutes to collect the desired MeINPs. These
MeINPs were washed three times in DI water (10 minutes each wash) to remove food
additives in cuttlefish ink and TBS-T.



To prepare MelNPs@PA/BSA, the washed MelNPs were suspended in a 2 mg/mL
solution of Protein A and BSA (77673, Thermo Fisher, and A7030, Sigma-Aldrich, mixed
in a 1:3 mass ratio) in Na2HPO4/NaH2PO4 buffer (pH 8-9) and incubated for overnight
under continuous shaking. Then the nanoparticles were washed (3x) with DI water
(12,000 rpm, 10 minutes each wash). For the preparation of MeINPs@PA/BSA@Cad-2,
MeIlNPs@PA/BSA were incubated with cadherin-2 antibody (13116S, Cell Signaling
Technology, 100 ug/mL in PBS) for 1 hour, followed by 3x washes with PBS (12,000 rpm,
10 minutes per wash). To prepare MeINPs@BSA, the isolated MeINPs were suspended
in a 2 mg/mL solution of BSA in NaoHPO4/NaH2PO4 buffer (pH 8-9) and incubated for
overnight under continuous shaking. Then the particles were washed 3x with DI water
(12,000 rpm, 10 minutes each wash).

The morphology of unmodified MeINPs and antibody modified MelNPs@Cad-2 was
investigated using a JEOL JEM-2100. The hydrodynamic size and zeta potential of
MeINPs were determined by a Malvern Zetasizer Nano ZS. The absorbance spectra of
MeINPs in various solutions were measured using a Shimadzu-1900 UV-Vis
spectrophotometer. The temperature elevation of the nanoparticle suspension under 808
nm laser irradiation (0.5 W/cm?) was measured using an infrared thermometer (Thermo
Fisher).

Cell culture

Human umbilical vein endothelial cells (PCS-100-010, HUVECSs), human coronary artery
endothelial cells (PCS-100-020, HCAECSs), vascular cell basal medium, endothelial cell
growth kit-VEGF, trypsin-EDTA, and trypsin neutralizing solution were obtained from
ATCC. Both cells were cultured in the same medium and growth kit.

Cytotoxicity assays

HUVECs were seeded in 96-well plates (5,000 cells/well) and incubated for 24 hours.
Then the medium was removed and replaced with 100 yL medium containing 100 pg/mL
MeINPs@BSA or MeINPs@Cad-2 for another 12 hours of culturing. For the laser treated
groups, the cells with nanoparticles in medium were further irradiated with the laser for 5
min (0.5 W/cm?). Subsequently, cytotoxicity assays were carried out using the MTT Cell
Viability Assay Kit (V13154, Thermo Fisher) and the LDH Cytotoxicity Assay Kit (C20301,
Thermo Fisher). Absorbance measurements were conducted using a BioTek Epoch 2
plate reader.

Immunostaining of cadherin-2

Untreated HUVECs were seeded in 50 mm glass-bottom dishes and incubated in normal
medium for 24 hours. For IL-1 activated HUVECSs, after 12 hours in normal medium, IL-
18 (10 ng/mL, 201-LB, R&D System) contained medium was used to culture cells for
another 12 hours. The cells were then fixed with paraformaldehyde (28908, Thermo
Fisher) for 5 minutes, and blocked by BlockAid solution (B10710, Thermo Fisher) for 30
minutes. Next, the cells were incubated overnight with cadherin-2 antibody (13116S, CST,
Rabbit IgG) diluted 1:1000 in BlockAid solution. After incubation, the cells were washed
3x with DPBS and incubated for 30 minutes with Alexa Fluor 488-conjugated anti-rabbit
IgG (4412S, CST) diluted 1:2000 in BlockAid solution, followed by another three washes



with DPBS. Fluorescence imaging was conducted by an Olympus IX71 microscope.
Quantitative analysis of cahherin-2 level on the cell surface was conducted by analyzing
total fluorescence intensity of individual cell using the ImagedJ software.

Cellular uptake and intracellular localization of MeINPs

HUVECs were seeded in 50 mm glass-bottom dishes and incubated for 12 hours. For
the normal HUVEC groups, cell medium was switched to fresh normal medium and
incubated for another 12 hours. For the activated HUVEC groups, cell medium was
switched to medium containing 10 ng/mL IL-13 and incubated for another 12 hours.
Subsequently, the medium was replaced with medium containing 100 pg/mL
MeINPs@BSA or MeINPs@Cad-2 and the cells were incubated with nanoparticles for 12
hours. After fixation, the cellular uptake of MeINPs was quantified by measuring the total
grayscale grade intensity using the ImageJ software. Five random areas were analyzed
for each experimental group. To assess the intracellular localization of MeINPs@Cad-2,
following nanoparticle uptake, the cells were stained with LysoTracker (L7528, Thermo
Fisher). Bright field imaging and fluorescence imaging were conducted by an Olympus
IX71 microscope.

2D migration and 3D invasion assays

HUVECs and HCAECs were seed in 12-well plates and incubated for 12 hours. For
nonactivated (normal) groups, cell medium was switched to fresh normal medium and
incubated for another 12 hours. For activated HUVECs and HCAECSs, cell medium was
switched to medium with 10 ng/mL IL-13 and cells were cultured for another 12 hours.
Subsequently, the medium was replaced with medium containing 100 pg/mL
MeINPs@BSA or MelNPs@Cad-2, and cells were incubated with nanoparticles for 12
hours.  For the laser-treated groups, following nanoparticle incubation, cells were
exposed to the laser at an intensity of 0.5 W/cm? for 5 minutes. After treatments, a pipet
tip was used to scrape a gap in each well, followed by five washes to remove floating
cells. Images around the gap area were captured immediately after the scraping was
made (time 0 h) and 9 hours later. The cell migration capability was assessed by the %
of gap closure over 9 hours. For the 3D invasion assay, 2% Matrigel (Corning) was first
diluted with serum-free cell medium and 50 L of this solution was added to each insert.
HUVECs and HCAECs were then seeded in the inserts. Serum-free medium and serum-
rich medium were used over and under the inserts, respectively. After waiting for 17 hours,
the inserts were stained with Crystal Violet (in methanol) and the invaded cells across the
inserts were quantified.

AFM and super resolution imaging

The detailed imaging parameters can be found in our previous publications.?® %960 |n
brief, for AFM imaging, untreated or treated cells were seeded into 60 mm dishes and
imaged at 37 °C in normal medium using a Bruker BioScope Resolve AFM under a
nanomechanical mode with PFQNM-LC-A-CAL probes. The imaging was operated within
a vertical oscillation range of 300-600 nm, an indentation force of 800-1000 pN, a scan
frequency of 0.12 Hz and a resolution of 256 x 256 pixels. The acquired AFM images
were processed and analyzed using NanoScope Analysis software to generate modulus
images. To prepare super resolution imaging, untreated or treated cells were fixed with



paraformaldehyde, permeabilized with Triton X-100 in cytoskeletal buffer, blocked with 1%
BSA for 30 minutes at 37°C, and stained with 0.5 uM Alexa Fluor 568 phalloidin (Thermo
Fisher). The super resolution imaging was conducted in imaging buffer with a
fluorescence microscope (Olympus IX81) and a 100x TIRF objective. The imaging data
were processed and analyzed using Thunder-STORM in ImageJ.

Western blots

For Western blot analysis, cell lysis proteins were separated on SDS-PAGE gels at 150
V for 30 minutes in 1x running buffer (1610772, BioRad). The membrane proteins were
extracted using Mem-PER Plus Membrane Protein Extraction Kit (89842, Thermo Fisher).
After SDS separation, the proteins were transferred onto nitrocellulose membranes using
the Biorad Trans-Blot Turbo Transfer System. To block nonspecific binding, the
membranes were treated with EveryBlot blocking buffer (12010020, BioRad). Primary
antibodies, diluted as recommended, were used to immerse the membranes for 12 hours.
Then secondary antibodies were used to treat the membrane for 1 hour. Protein bands
were imaged using the ChemiDoc Imaging System (BioRad). RIPA buffer (89900,
Thermo Fisher) was used to process cells for quantifying cadherin-2, total p120, and total
RhoA. Activated RhoA-GTP was quantified after isolation using the Active Rho Kit (16116,
Thermo Fisher Scientific). Tyrosine-phosphorylated p120 (pp120) was isolated by
combining p120 antibody, a tyrosine phosphorylation antibody, with an
immunoprecipitation kit (26149, Thermo Fisher Scientific).

Schematic illustration/artwork

Schematic illustration/artwork was created by authors using BioRender.
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Examples of immunofluorescence staining images, cellular uptake images, migration and
invasion assays, photothermal effect of gold nanorods, calculation of gold nanorods

concentration, AFM and super resolution images, and raw data of Western blots.
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Figure 2. Preparation and characterization of cadherin-2 targeted melanin nanoparticles.
(A) The workflow of extraction and surface functionalization of MelNPs. (B-C)
Transmission electron microscopy (TEM) images of MeINPs and cadherin-2 antibody-
functionalized MeINPs (MelNPs@Cad-2). (D-E) Statistical analysis of the nanoparticle
size distribution from TEM images. (F-G) Hydrodynamic size and Zeta potential of bare
MelINPs, MelINPs@PA, MeINPs@BSA, and MelNPs@Cad-2 in water. Data are plotted
as mean x SD, n=3. **< 0.01. (H) Absorption spectra of MeINPs@Cad-2 (100 pg/mL) in
water, DPBS, and cell medium. (1) 808 nm absorbance of MeINPs@Cad-2 (100 pg/mL)
in the three media monitored during a 7-day period. Data are plotted as mean = SD, n=5.

(J) The temperature increases of cell media containing MeINPs@Cad-2 upon 808 nm
laser irradiation.
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(A-B) 2D migration assays assessing HUVEC migration in different groups. (C-D) 3D
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Figure 6. Molecular mechanism of inhibited migration/invasion of EMCs. (A) Schematic
illustration of how MelNPs@Cad-2 and photothermal treatment inhibited the migration
and invasion of EMCs. (B-F) Western blot analysis of membrane cadherin-2, total P120,
tyrosine-phosphorylated p120 (PP120), total RhoA, and RhoA-GTP in HUVECs under
different treatment groups: G1: IL-13 activated HUVECs; G2: IL-1B3 activated HUVECs
treated with MelINPs@Cad-2; G3: IL-18 activated HUVECs treated with MeINPs@Cad-2
and laser. Na/K-ATPase and GAPDH serves as loading controls. Data are plotted as
mean £ SD, n=3, NS>0.05, ****<0.0001, *< 0.05.
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