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A B S T R A C T

The Enhanced Permeability and Retention (EPR) effect, an elevated accumulation of drugs and nanoparticles in
tumors versus in normal tissues, is a widely used concept in the field of cancer therapy. It assumes that the
vasculature of solid tumors would possess abnormal, leaky endothelial cell barriers, allowing easy access of
intravenous-delivered drugs and nanoparticles to tumor regions. However, the EPR effect is not always effective
owing to the heterogeneity of tumor endothelium over time, location, and species. Herein, we introduce a unique
nanoparticle-based approach, using MUC18-targeted gold nanorods coupled with mild hyperthermia, to spe-
cifically enhance tumor endothelial permeability. This improves the efficacy of traditional cancer therapy
including photothermal therapy and anticancer drug delivery by increasing the transport of photo-absorbers and
drugs across the tumor endothelium. Using single cell imaging tools and classic analytical approaches in mo-
lecular biology, we demonstrate that MUC18-targeted gold nanorods and mild hyperthermia enlarge the inter-
cellular gaps of tumor endothelium by inducing circumferential actin remodeling, stress fiber formation, and cell
contraction of adjacent endothelial cells. Considering MUC18 is overexpressed on a variety of tumor endothelium
and cancer cells, this approach paves a new avenue to improve the efficacy of cancer therapy by actively
enhancing the tumor endothelial permeability.
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1. Introduction

Cancer therapy depends heavily on the Enhanced Permeability and
Retention (EPR) effect, an important concept assuming a preferred
accumulation of intravenous-delivered anticancer drugs and nano-
particles in tumors versus normal organs.[1–3] This is because the
vasculature of solid tumors typically possesses abnormal, leaky endo-
thelial cell barriers due to the enlarged inter-endothelial cell gaps,
promoting the access of blood-circulating substances to the tumor re-
gions.[4–6] However, recent studies indicate the EPR effect is not al-
ways effective owing to the heterogeneity of tumor endothelium over
time and location.[7,8] For instance, the leaky vasculature needed for
the EPR effect is mainly observed in the late-stage instead of early-stage
tumors, although treating the early-stage tumors should be simpler and
pursued.[9] In terms of tumor origins, some tumors (e.g., pancreatic
cancer) exhibit non-leaky blood vessels with a well-structured, intact
endothelium that hinders the use of EPR effect for drug and nanoparticle
delivery.[10] Apart from temporal and spatial variations, recent studies
show that the EPR effect is also species-dependent: most EPR effects
were demonstrated in mouse models, but less prominent in tumors from
human patients, which accounted for some failed clinical trials.[11]
Based on these considerations, developing strategies to increase endo-
thelial permeability will significantly boost the efficacy of targeted drug
and nanoparticle delivery, and further advance the field of cancer
therapy.

Intentionally enhancing endothelial permeability using physical and
biochemical stimuli can be a route to overcome the challenges posed by
an insufficient EPR effect. These stimuli, including heat, ultrasound,
radiotherapy, pharmacological agents, and nanoparticles, are able to
increase endothelial permeability through different mechanisms and
thus enhance the EPR effect for drug and nanoparticle delivery.[12–16]
Unfortunately, most of these approaches suffer from off-target effects
and damage to healthy tissues, limiting their practical application.[7] To
address this issue, researchers have proposed to use local hyperthermia
produced by plasmonic gold nanorods and near-infrared laser irradia-
tion to enlarge the gap size and increase the permeability of tumor
endothelium.[17,18] While this approach is effective in preventing off-
target effect, the local modulation of endothelial permeability still relies
on the accumulation of a sufficient amount of gold nanorods via pre-
existing EPR effect to reach elevated temperature upon laser irradia-
tion. Typically, gold nanorods are functionalized with non-targeted
polyethylene glycol (PEG) to extend their circulation time and maxi-
mize the EPR effect (if it exists). However, the EPR effect may not be
sufficient to allow the accumulation of enough gold nanorods, which
compromises the feasibility of these approaches. Strategies to directly
target tumor endothelial cells and induce tumor endothelial

permeability should improve drug and nanoparticle accumulation in
tumor regions, while minimizing the adverse effects on other parts of the
body.

MUC18, also known as CD146, is a transmembrane protein over
expressed on a variety of tumor endothelium, and its expression level on
tumor endothelial cells typically upregulates 2 to 4 fold compared to
normal endothelial cells.[19] It was found that MUC18 is homogenously
distributed on almost all tumor vessels, and its expression level is in-
dependent of tumor size and maturity.[20] The elevated level of MUC18
was demonstrated to promote tumor angiogenesis andmaintain cell–cell
adhesion of tumor endothelial cells.[21] Hence, MUC18 not only serves
as an excellent tumor endothelial marker, but also contributes to the
regulation of tumor endothelial permeability. Besides tumor endothe-
lium, MUC18 is also a well-established cell adhesion molecule, which is
overexpressed on many cancer cells including melanoma, breast cancer,
and prostate cancer.[22] Inspired by these findings, this study in-
troduces MUC18-targeted gold nanorods, combined with mild hyper-
thermia induced by near-infrared laser irradiation, to specifically
enhance tumor endothelial permeability and improve the efficacy of
traditional photothermal therapy and anticancer drug delivery (Fig. 1).
Considering the multifaceted roles of MUC18, the MUC18-targeted gold
nanorods here are expected to exert multiple functions: (a) targeting
tumor endothelial cells; (b) disrupting the downstream signaling of
MUC18 to enhance tumor endothelial cell contraction and EPR effects;
and (c) targeting MUC18-positive cancer cells to improve the efficacy of
photothermal ablation of cancer cells. Overall, this approach offers a
new opportunity to improve the efficacy of cancer therapy (i.e.,
chemotherapy, photothermal therapy) by actively and specifically
inducing the EPR effect in tumor endothelium.

2. Results and discussion

2.1. Functionalization and characterization of gold nanorods

Gold nanorods (AuNRs) were synthesized using a seed-mediated
method, which involves the initial formation of seed nanospheres and
subsequent anisotropic growth to nanorods in the presence of cetyl-
trimethylammonium bromide (CTAB), a cationic capping agent.[23–25]
To prepare MUC18-targeted AuNRs, the CTAB-capped AuNRs first un-
derwent a ligand exchange process to displace the CTAB with a protein
layer consisting of streptavidin (str) and bovine serum albumin (BSA),
followed by the surface conjugation with biotinylated anti-MUC18
antibody via the strong binding affinity between streptavidin and
biotin (Fig. 2A). This design offers multiple advantages: (i) The cytotoxic
CTAB can be completely removed during the ligand exchange process;
[26,27] (ii) Streptavidin, a tetrameric protein with four biotin-binding

Fig. 1. Overall concept of this work: MUC18-targeted AuNRs and mild hyperthermia are used to enhance the tumor endothelial permeability and efficacy of
photothermal therapy and anticancer drug delivery.
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sites, can strongly conjugate biotinylated antibody and prevent direct
contact of antibody with nanorod surface which may cause antibody
deactivation;[28] and (iii) BSA, functioning as a spacer, can be used to
adjust the antibody density on the nanorod surface, avoiding the
crowding effect while minimizing the nonspecific binding of serum
proteins and the formation of protein corona.[29,30].

Transmission electron microscope images clearly show the presence
of protein coating around AuNRs after antibody functionalization
(Fig. 2B), and the increased diameter and length of antibody coated
AuNRs from image analysis further support the visual observation
(Fig. 2C and S1). UV–vis spectroscopy verified the colloid stability and
near-infrared absorbance of nanorods after the stepwise surface

functionalization (Fig. 2D): Upon substituting CTAB with BSA/strepta-
vidin layer, the longitudinal localized surface plasmon resonance (LSPR)
peak of AuNRs exhibited a 12 nm redshift (from 828 to 840 nm).
Meanwhile, BSA-coated AuNRs (AuNRs@BSA), nontargeted nanorods
with a neat BSA coating, displayed a consistent redshift of 12 nm in the
LSPR peak (from 828 to 840 nm) owing to the comparable size of BSA
(Mw: 57 kDa) and streptavidin (Mw: 58 kDa). Following the incubation
with antibody solution, the LSPR peak of AuNRs@Str further shifted to a
longer wavelength (from 840 to 846 nm), suggesting the excellent
colloid stability and near-infrared absorbance of surface functionalized
nanorods. Apart from imaging and spectroscopy, zeta potential and
dynamic light scattering measurements also demonstrated the stepwise

Fig. 2. Functionalization, characterization, cytotoxicity, and endothelial-targeting ability of AuNRs. (A) Schematic illustrating the antibody functionalization steps
on AuNRs. (B) TEM images of CTAB-capped AuNRs and MUC18 antibody functionalized AuNRs. The white arrows mark the protein coating around nanorod surface.
(C) Statistical analysis of nanorod diameter increase from TEM images. (D) Extinction spectra, (E) zeta potential, and (F) hydrodynamic size of AuNRs with different
surface functionalization. (G) Extinction spectra of MUC18 antibody functionalized AuNRs in different media. (H) LSPR peak wavelength of MUC18 antibody
functionalized AuNRs in different media for 72 h. Data are mean ± SD, n = 3. (I) Cell viability and (J) LDH release of HUVEC when subjected to different treatments.
Data are mean ± SD, n = 5. (K) Darkfield images of HUVEC before and after incubation with different groups of AuNRs.
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functionalization of the nanorod surface (Fig. 2E-2F): As noted, the
hydrodynamic size of nanorods (referring to the length of nanorods)
progressively increased from 42.8 to 60.1 and finally to 91.3 nm, cor-
responding to the CTAB-capped AuNRs, AuNRs@Str, and
AuNRs@Str@MUC18Ab, respectively. Finally, the colloidal stability of
AuNRs@Str@MUC18Ab (abbreviated as AuNRs@MUC18Ab hereafter)
in different aqueous solutions was confirmed by the unchanged LSPR
spectra within 72 h (Fig. 2G-2H). Together, these data suggest the suc-
cessful functionalization of AuNRs using MUC18 antibody and the
excellent colloidal stability of the as-prepared AuNRs@MUC18Ab.

2.2. Endothelial cytotoxicity and targeting ability of AuNRs

Human umbilical vein endothelial cells (HUVEC) were employed as a
surrogate for tumor endothelial cells because of their similar angiogenic
behavior with tumor endothelial cells and the abundance of MUC18 on
the HUVEC surface (Figure S2).[31,32] Since the ultimate goal is to
enhance the tumor endothelial permeability temporarily by inducing
recoverable intercellular gaps, it is important to ensure the treatments
involving AuNRs@MUC18Ab and near-infrared laser exposure have a
minimal cytotoxic effect on endothelial cells. Thus, we employed two
classic cytotoxicity assays to quantify the mitochondrial succinate de-
hydrogenase (an indicator of cell viability, XTT assay) and the release of
lactate dehydrogenase (a measure of membrane damage, LDH assay).
The assay results suggested that lower concentrations of AuNRs@MU-
C18Ab (≤0.5 nM), with or without a near-infrared laser treatment (808
nm, 5 min, 0.5 W/cm2), had negligible effects on cell viability and

membrane structure, which set the stage for subsequent experiments. It
should be noted that we chose the laser intensity of 0.5 W/cm2 because:
(i) it is close to the maximal permissible exposure intensity (0.3–0.4 W/
cm2) suggested by the American National Standards Institute, leading to
a mild hyperthermia effect that avoids skin damage and scar formation;
[28,33] and (ii) From a practical perspective, the slightly higher laser
intensity here ensures the temperature increase within a short period of
time (5 min).[34,35] Interestingly, the mild hyperthermia treatment has
been previously applied to cancer-associated fibroblasts and cancer stem
cells,[36–39] whereas the application of this treatment on endothelial
cells is still lacking.

Following the identification of non-cytotoxic doses, the targeting
ability of AuNRs was evaluated by dark-field microscopy. This is based
on the phenomenon that AuNRs with anisotropic shape can scatter light
off their surface at different angles, which offers a direct way to observe
the intracellular amount and distribution of AuNRs.[40] As shown in
Fig. 2K and S3-S4, HUVEC exhibited stronger light scattering after in-
cubation with AuNRs@MUC18Ab, as compared to non-targeted
AuNRs@BSA, suggesting the higher endothelial uptake and better tar-
geting ability of AuNRs@MUC18Ab. Notably, a “ring-like” pattern
around the cell nucleus indicated the intracellular localization of
AuNRs@MUC18Ab after internalization. As a control experiment,
HUVEC pre-treated with free MUC18 antibody reduced the cell uptake
of AuNRs@MUC18Ab, further validating the specific targeting of
AuNRs@MUC18Ab to MUC18 on HUVEC surface. Together, these re-
sults suggest the excellent biocompatibility and MUC18 targeting ability
of AuNRs@MUC18Ab.

Fig. 3. AuNRs@MUC18Ab and mild hyperthermia enhance endothelial permeability. (A-C) Co-fluorescence staining of VE-cadherin (green) and F-actin (red) on
HUVEC monolayers in different treatment groups. (D) Quantification of gap area on HUVEC monolayers in different treatment groups. Data are mean ± SD, n = 3.
One-way ANOVA with Tukey’s post-hoc tests, ***P < 0.001, ****P < 0.0001. (E) FITC-dextran transport across HUVEC monolayers in different treatment groups.
The data of treated groups was normalized to the untreated group. Data are mean ± SD, n = 4. One-way ANOVA with Tukey’s post-hoc tests, *P < 0.1, ****P <

0.0001. (F) F-actin intensity profiles along the white dotted lines on the fluorescence images.
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2.3. AuNRs@MUC18Ab and mild hyperthermia enhance endothelial
permeability

Next, we evaluated whether AuNRs@MUC18Ab and mild hyper-
thermia treatments affect the endothelial permeability. HUVEC was first
cultured to a 100 %-confluent monolayer to mimic non-leaky tumor
endothelium and then subjected to different treatments. As shown in
Fig. 3A and S5, corelated fluorescence staining of VE-Cadherin and F-
actin on untreated HUVEC monolayers displayed continuous cell–cell
adhesion (green fluorescence) and circumferential F-actin lining along
the cell junctions (red fluorescence). These features are well in line with
previous reports, where the circumferential F-actin linked to the inner
membrane domain of transmembrane junction proteins (e.g., VE-
cadherin, MUC18) contributes to maintaining the stability of cell junc-
tions.[12,41] Treating HUVEC monolayers with laser irradiation only
had a negligible effect on the monolayer morphology. Importantly,
treating HUVEC monolayers with AuNRs@MUC18Ab caused a dose-
dependent effect on the intercellular gap formation, and the addition
of laser treatment after nanorod incubation further exacerbated the gap
size and numbers (marked by white triangles, Fig. 3B-3C, S6-S7). Here,
visual examination of intercellular gaps was supported by gap area
analysis (Fig. 3D), where the treatment of 0.5 nM AuNRs@MUC18Ab
plus laser resulted in the most significant gap area (~13 %), in com-
parison with 0.5 nM AuNRs@MUC18Ab treatment alone (~3%) and the
treatment of 0.25 nM AuNRs@MUC18Ab plus laser (~8%). The for-
mation of intercellular gaps was also accompanied by discontinuous
cell–cell adhesion, suggesting the disruption of cell junctions and the
increase in endothelial permeability. To quantitatively analyze the
endothelial permeability, FITC-dextran, a biomolecule labeled with
FITC was utilized to mimic molecular anticancer drugs. Through
measuring the FITC-dextran transport across endothelial monolayers
cultured on a transwell insert, we again noticed the dose-dependent
effect of AuNRs@MUC18Ab and the synergistic effect of laser treat-
ment on the endothelial permeability (Fig. 3E), consistent with the gap
area data. Among all the treatment groups, 0.5 nM AuNRs@MUC18Ab
plus laser led to the highest increase in FITC-dextran transport (3.5-fold
increase normalized to untreated group), whereas 0.5 nM AuNRs@-
MUC18Ab treatment alone and 0.25 nM AuNRs@MUC18Ab plus laser
treatment just resulted in a 1.7- and 2.2-fold increase, respectively.
Along with the increased gap formation and endothelial permeability,
the number and intensity of intracellular F-actin (i.e., stress fibers) was
also elevated in a similar trend after the AuNRs@MUC18Ab and laser
treatment (Fig. 3F and S8). Given the important role of stress fibers in
generating cell contractile forces,[42–45] the upregulation of stress fi-
bers could lead to increased endothelial cell contraction and account for
the formation of intercellular gaps. Interestingly, after another 12 h
culture in normal growthmedium, these newly formed gaps disappeared
and the permeabilized endothelial monolayers fully healed (Figure S9),
suggesting the rapid recoverability of treated endothelium which could
be critical to prevent the intravasation of migrating cancer cells to the
bloodstream. Together, these results on endothelial monolayers suggest
that the AuNRs@MUC18Ab and mild hyperthermia treatment can syn-
ergistically enhance the endothelial permeability by causing endothelial
cell contraction, disrupting cell junctions, and inducing temporary and
recoverable intercellular gaps.

2.4. Enhanced endothelial permeability improves the efficacy of cancer
photothermal therapy

Since AuNRs@MUC18Ab and mild hyperthermia treatment
increased the transport of molecular drugs (i.e., FITC-dextran experi-
ment) by inducing intercellular gaps, we further investigated if these
induced gaps could facilitate the passing of nanorods themselves across
the endothelium, considering that the efficacy of photothermal therapy
is highly dependent on the accumulation of photo-absorbers into tumor
regions.[46–48] Given MUC18 is also over-expressed on many cancer

cells, we hypothesized that AuNRs@MUC18Ab, once transiting the
tumor endothelium through the induced intercellular gaps, can accu-
mulate in MUC18-positive cancer cells and improve the efficacy of
subsequent photothermal ablation of cancer cells. To test this hypoth-
esis, we established an endothelial/cancer cell co-culture model using a
transwell system: As shown in Fig. 4A, the confluent HUVECmonolayers
were cultured on the top insert and the MUC18-positive cancer cells
(MDA-MB-231 cell line from breast cancer or PC3-M cell line from
prostate cancer) were grown in the bottom dish. To measure the endo-
thelial permeability for nanorods, the HUVEC monolayers on the top
insert were first subjected to different treatments such as AuNRs@MU-
C18Ab treatment alone and AuNRs@MUC18Ab plus laser treatment to
induce intercellular gaps, and then a second batch of AuNRs@MUC18Ab
was added to the top insert and measured for their transport to the
bottom dish. Similar as the data trend from FITC-dextran transport, the
results showed that AuNRs@MUC18Ab and mild hyperthermia treat-
ment on endothelium can also increase the transport of AuNRs@MU-
C18Ab themselves (Fig. 4B). Significantly, 0.5 nM AuNRs@MUC18Ab
alone and 0.5 nM AuNRs@MUC18Ab plus laser treatment on endothe-
lium led to higher AuNRs@MUC18Ab transport across the endothelium
(i.e., 1.8- and 2.6-fold increase in transport, normalized to untreated
endothelium). Hence, these two treatment groups were used for the
subsequent cancer cell experiments.

Following the transport of AuNRs@MUC18Ab, cancer cells in the
bottom dish were incubated with the transported nanorods and then
subjected to a strong laser irradiation (808 nm, 5 min, 2 W/cm2) to
mimic traditional photothermal therapy. Live-dead cell staining assay
was applied to evaluate the efficacy of photothermal ablation of cancer
cells. The data revealed that, for both cancer cells, pre-treating endo-
thelium with 0.5 nM AuNRs@MUC18Ab plus laser led to the maximal
killing percentage (~65 %) of cancer cells upon photothermal ablation,
whereas the 0.5 nM AuNRs@MUC18Ab treatment alone and untreated
endothelium resulted in almost no killing effect to cancer cells in the
bottom dish (Fig. 4C-4D, S10-S11). Here, it was reassuring to see that
0.5 nM AuNRs@MUC18Ab plus laser treatment on endothelium corre-
sponded to the maximal photothermal ablation of cancer cells because
this treatment induced the highest gap area and nanorod transport, as
demonstrated earlier (Fig. 3D and 4B). Interestingly, we did not observe
significant photothermal ablation of cancer cells in the 0.5 nM
AuNRs@MUC18Ab alone group although this treatment caused a 1.8-
fold increase in the nanorod transport. To explain this phenomenon,
we further looked into the temperature of the cancer cell medium upon
strong laser irradiation and found that 0.5 nM AuNRs@MUC18Ab plus
laser treatment on endothelium allowed the temperature of cancer cell
medium to increase to ~ 42 ◦C, leading to the thermal ablation of cancer
cells, whereas 0.5 nM AuNRs@MUC18Ab treatment alone on endothe-
lium just raised the temperature to ~ 38 ◦C, due to the insufficient
nanorod transport/accumulation to cancer cells (Fig. 4E). Together,
these results suggest that AuNRs@MUC18Ab and mild hyperthermia
treatment on endothelium can increase the endothelial permeability for
AuNRs@MUC18Ab trans-endothelial transport, and this pretreatment
on endothelium can improve the efficacy of photothermal ablation of
cancer cells.

2.5. Understanding mechanism of enhanced endothelial permeability

Finally, we turned our attention to the mechanism by which
AuNRs@MUC18Ab and mild hyperthermia enhanced endothelial
permeability. Since the increase in stress fibers and cell contractility was
observed on the endothelial monolayers, we further asked if these
changes on the monolayers stemmed from the morphological change of
individual cells. To answer this question, nanomechanical atomic force
microscopy (n-AFM) and super resolution fluorescence microscopy
(SRFM) were utilized to characterize the morphological and cytoskeletal
changes of single endothelial cells. Here, n-AFM, via scanning through
the surface of live cells, can resolve the cytoskeletal structure in the
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dorsal layer of the cell through correlated surface topography and
Young’s modulus imaging (Fig. 5A), [49,50] while SRFM uses a total
internal reflection illumination mode to image the F-actin in the ventral
layer of the cell (Fig. 5B).[51,52] As shown in Fig. 5A and S12-S13, the
HUVEC, after 0.5 nM AuNRs@MUC18Ab plus laser treatment, changed
from a cobblestone- to a spindle-shape morphology, along with the loss
of circumferential actin (red arrows) and the formation of stress fibers
(green arrows) parallel with the long axis of the cell, suggesting
increased contractility of endothelial cells. Fig. 5B and S14-S15 also
demonstrated the changed cell shape and dorsal actin cytoskeleton after
the treatment, where the improved spatial resolution from SRFM images
(versus wide-field microscopy) clearly showed the increased ventral
stress fibers and loss of circumferential actin. These visual observations
on cell morphology and actin cytoskeleton were further substantiated by
the statistical analysis of the images, where the treatment caused the
elongated cellular aspect ratio (Fig. 5C), elevated average Young’s
modulus (Fig. 5D), increased number of stress fibers (Fig. 5E), and
altered orientation of F-actin (Fig. 5F) in single cells. Collectively, these
imaging results demonstrate that morphological and cytoskeletal
changes of single endothelial cells, especially the increase in stress fi-
bers, could account for the cell contraction and the formation of

intercellular gaps on the endothelium.
To delve into the molecular mechanism bywhich AuNRs@MUC18Ab

andmild hyperthermia caused the formation of intracellular stress fibers
and intercellular gaps on endothelium, we further scrutinized the
signaling pathway directly related to the MUC18. Previous studies
reveal that MUC18 plays a central role in maintaining the stability of
cell–cell adhesion on endothelium by serving as an “anchor” to immo-
bilize the circumferential actin along the inner membrane.[53,54] The
inner membrane domain of MUC18 first binds to the phosphorylated
ezrin/radixin/moesin protein complex (p-ERM) and further links to the
circumferential actin, a protein complex structure necessary to stabilize
the cell–cell adhesion (Fig. 5G)[54]. Interestingly, the phosphorylation
level of ERM proteins was also proved to corelate with the activation
level of RhoA, a common type of GTPase that positively regulates stress
fiber formation.[55] Based on these prior findings, we formed our hy-
pothesis for the molecular mechanism: (i) The cell uptake of AuNRs@-
MUC18Ab will deplete membrane MUC18 into the lysosome
degradation pathway, leading to circumferential actin remodeling and
instability of cell–cell adhesion (Fig. 5H); and (ii) Following the uptake
of nanorods, the mild hyperthermia induced by laser irradiation will
upregulate ERM phosphorylation, RhoA activation, and stress fiber

Fig. 4. Enhanced endothelial permeability improves the efficacy of cancer photothermal therapy. (A) Schematic illustrating an endothelial/cancer cell co-culture
model is used to evaluate the endothelial permeability for nanorods and subsequent photothermal ablation of cancer cells. AuNRs in Fig. 4 refer to AuNRs@MU-
C18Ab. (B) Quantification of AuNRs@MUC18Ab transport across the HUVEC monolayers with and without different endothelial treatments. Data are mean ± SD, n
= 4. One-way ANOVA with Tukey’s post-hoc tests, ****P < 0.0001. (C-D) Live-dead cell staining assay analyzing the efficacy of photothermal ablation of two types of
cancer cells in bottom dish of different endothelial-treatment groups. Scale bars: 100 µm. Data are mean ± SD, n = 3. One-way ANOVA with Tukey’s post-hoc tests,
****P < 0.0001. (E) Temperature of cancer cell medium in bottom dish after laser irradiation in different endothelial-treatment groups. Data are mean ± SD, n = 3.
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Fig. 5. Mechanism of enhanced endothelial permeability. (A-B) n-AFM and SRFM images of single HUVEC with and without the AuNRs@MUC18Ab (abbreviated as
AuNRs) plus laser treatment. (C-D) Statistical analysis of cellular aspect ratio and average Young’s modulus of HUVEC in different groups from AFM images. (E-F)
Quantification of stress fiber number and actin orientation from SRFM images. Scale bars: 10 µm. Data in 5C-5E are mean ± SD, n = 5. Student t-test, ***P < 0.001,
****P < 0.0001. (G-I) Schematic illustrating the hypothesis of molecular mechanism of enhanced endothelial permeability. (J) Western blot analysis of the essential
proteins in the MUC18 pathway including membrane MUC18, cytoplasmic ERM phosphorylation and RhoA activation. GAPDH and Na/K ATPase are used as
housekeeping proteins. Data are mean ± SD, n = 3. One-way ANOVA with Tukey’s post-hoc tests, ****P < 0.0001.
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formation, further enhancing cell contraction and the formation of
intercellular gaps (Fig. 5I).

To validate this hypothesis, Western blotting was performed to
quantify the essential proteins in the MUC18 pathway. As presented in
Fig. 5J and S16-S18, both AuNRs@MUC18Ab alone and AuNRs@MU-
C18Ab plus laser treatments caused the decrease of membrane MUC18
to a similar level (~75 %), whereas AuNRs@BSA alone and
AuNRs@BSA plus laser treatments were unable to change the MUC18
levels. These suggest that the cell uptake of AuNRs@MUC18Ab could
deplete the transmembrane MUC18 and the loss of “anchor” for
circumferential actin could lead to the actin remodeling and instability
of cell–cell adhesion, as observed earlier and illustrated in Fig. 5H.
Considering the tight connection of ERM phosphorylation, RhoA acti-
vation, and stress fiber formation,[55] we further quantified p-ERM and
RhoA activation levels upon different treatments. The results showed
that, among the three experimental groups, only AuNRs@MUC18Ab
plus laser treatment upregulated the pERM and RhoA-GTP (~1.8-fold
increase compared to untreated and AuNRs@MUC18Ab alone groups).
Consistent with previous reports showing the positive effect of mild
hyperthermia on the protein phosphorylation, [56–58] the addition of
laser treatment following the nanorod uptake upregulated the ERM
phosphorylation and RhoA activation. Herein, the upregulated pERM
could contribute to the RhoA activation via two simultaneous processes
including: (i) binding to Rho GDP-dissociation inhibitor (GDI), which
liberates RhoA-GDP for subsequent activation; and (ii) binding to Rho
guanine nucleotide exchange factor (Rho-GEF) that accelerates GDP to
GTP exchange and facilitates the RhoA activation (as illustrated in
Fig. 5I). Collectively, these data demonstrate that AuNRs@MUC18Ab
and mild hyperthermia cause the formation of intracellular stress fibers
and intercellular gaps on endothelium by depleting membrane MUC18
and upregulating RhoA activation.

3. Conclusions

In summary, we have demonstrated that MUC18-targeted gold
nanorods and mild hyperthermia can target MUC18-overexpressed
tumor endothelium and enhance its permeability, which improves the
efficacy of traditional photothermal therapy and anticancer drug de-
livery by increasing the transport of photo-absorbers and drugs across
the tumor endothelium. The detailed mechanistic studies using AFM,
SRFM, and Western blotting suggest that MUC18-targeted gold nano-
rods and mild hyperthermia synergistically enhance the tumor endo-
thelial permeability by: (i) depleting the membrane MUC18, the
“anchor” for circumferential actin, which causes the actin remodeling
and loss of cell–cell adhesion; and (ii) upregulating RhoA activation and
stress fiber formation, which further increases the cell contractility and
intercellular gaps. Considering MUC18 is overexpressed on a variety of
tumor endothelium, this approach can be broadly applied to a variety of
cancer types, in case their EPR effect is not readily available. Since
MUC18 overexpression is also confirmed on the surface of many cancer
cells, we expect this approach can be combined with traditional pho-
tothermal therapy to treat tumors with non-leaky endothelium. As such,
the first step is to enhance tumor endothelial permeability using intra-
venously injected MUC18-targeted gold nanorods and mild hyperther-
mia, and the second step is the transport and accumulation of
intravenously injected MUC18-targeted gold nanorods to tumor regions,
followed by the photothermal ablation of cancer cells. This order can be
reversed for the intra-tumoral injected nanorods. Overall, this approach
offers a new prospect to improve the efficacy of cancer therapy by
actively enhancing the tumor endothelial permeability.
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