
RESEARCH ARTICLE
www.advmat.de

Primary Human Breast Cancer-Associated Endothelial Cells
Favor Interactions with Nanomedicines
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Cancer nanomedicines predominately rely on transport processes controlled
by tumor-associated endothelial cells to deliver therapeutic and diagnostic
payloads into solid tumors. While the dominant role of this class of
endothelial cells for nanoparticle transport and tumor delivery is established
in animal models, the translational potential in human cells needs
exploration. Using primary human breast cancer as a model, the differential
interactions of normal and tumor-associated endothelial cells with clinically
relevant nanomedicine formulations are explored and quantified. Primary
human breast cancer-associated endothelial cells exhibit up to ≈2 times
higher nanoparticle uptake than normal human mammary microvascular
endothelial cells. Super-resolution imaging studies reveal a significantly
higher intracellular vesicle number for tumor-associated endothelial cells,
indicating a substantial increase in cellular transport activities. RNA
sequencing and gene expression analysis indicate the upregulation of
transport-related genes, especially motor protein genes, in tumor-associated
endothelial cells. Collectively, the results demonstrate that primary human
breast cancer-associated endothelial cells exhibit enhanced interactions with
nanomedicines, suggesting a potentially significant role for these cells in
nanoparticle tumor delivery in human patients. Engineering nanoparticles
that leverage the translational potential of tumor-associated endothelial
cell-mediated transport into human solid tumors may lead to the development
of safer and more effective clinical cancer nanomedicines.
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1. Introduction

The lack of efficient and controlled de-
livery of intravenously administered
nanomedicines to targeted organs, tis-
sues, and cells in the body represents a
major challenge in bionanotechnology and
is hampering clinical translation.[1] For
example, the analysis of preclinical studies
published between 2005 and 2015 demon-
strated that only ≈1% of the intravenously
administrated nanoparticles are delivered
to solid tumors.[2] This finding was cor-
roborated in more recent publications.[3]

The low nanoparticle delivery efficiency is a
consequence of the multitude of biological
barriers that compete with the tumor tissue
for nanoparticles.[4]

To describe these barriers comprehen-
sively, we recently introduced the term
“nanoparticle blood removal pathways”
(NBRP) to better define the body’s various
cell-dependent and cell-independent blood
clearance mechanisms.[1] Understanding
the interactions between administered
nanoparticles and biological systems, in-
cluding the NBRP, is essential to improving
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the nanoparticle delivery process. Enhancing the nanoparticle de-
livery efficiency will enable the development of safer and more
effective next-generation nanomedicines.[5]

In the context of cancer treatment, current nanomedicines pro-
vide some benefits to improve the quality of life for patients.[6]

For example, these formulations can decrease systemic toxicity
and improve the pharmacokinetics of their small-molecule drug
payloads. However, nanomedicines often fail to show enhanced
therapeutic efficacy, which is attributed partially to the overall
low nanoparticle delivery efficiency to solid tumors.[7] To address
this shortcoming, there is an urgent need to better understand
nanoparticle tumor delivery.

Nanoparticle tumor delivery is a complex multistep process.[8]

In this study, we focus on the first step. That is, when nanopar-
ticles reach solid tumor tissues upon circulation in the blood-
stream, they first need to overcome the blood vessel walls
of the endothelium to reach malignant cells in the tumor
microenvironment.[9] The endothelium wall is formed by a layer
of so-called endothelial cells. Within the solid tumor tissue, these
cells are referred to as tumor-associated endothelial cells.[8c,10]

Discontinuous endothelium in the spleen and some solid
tumors, and fenestrated endothelial cells in the liver and kid-
ney facilitate increased nanoparticle transport across the vessel
walls.[1,11] However, Sindhwani et al. reported recently that the
frequency of endothelial gaps along tumor vasculature is insuf-
ficient to account for the observed nanoparticle accumulation in
solid tumors. Their study revealed that up to 97% of nanoparticles
enter solid tumors by interacting with tumor-associated endothe-
lial cells.[12] Specifically, these cells internalize the nanoparticles
and transport them actively across the cell lumen to release the
nanoparticles on the opposite side. This transport process is re-
ferred to as transcytosis and allows nanoparticles to reach malig-
nant cells within the tumor stroma.[8a,13]

En route to solid tumors, nanoparticles interact with endothe-
lial cells that form the inner wall of blood vessels. Nanoparti-
cles must transport from the luminal to the abluminal side of
tumor blood vessels to reach cancer cells, which requires inter-
actions with tumor-associated endothelial cells. We wondered
whether these interactions are different for tumor-associated en-
dothelial cells compared to normal endothelial cells. This is an
important question because preferential interactions of nanopar-
ticles with tumor-associated endothelial cells could potentially
be exploited for increased solid tumor delivery, which may re-
sult in safer and more effective nanomedicine-based treatments.
In addition, studies have shown that tumor-associated endothe-
lial cells adjust to the tumor microenvironment and exhibit
changes in morphological, cytogenetic, epigenetic, gene expres-
sion, metabolism, and drug-resistant behavior compared to nor-
mal endothelial cells.[10,14] These differences further motivated
us to investigate and compare nanoparticle interactions between
normal and tumor-associated endothelial cells.

For our study, we selected primary human endothelial cells
from breast tissue as model systems with clinical relevance. Pri-
mary human mammary microvascular endothelial cells (HM-
MECs) represent the normal (i.e., healthy breast tissue) control
cells to establish the baseline interactions with nanoparticles.
We then used primary human tumor-associated endothelial cells
(HBTECs) to characterize and quantify the differential nanopar-
ticle interactions. First, we compared the nanoparticle internal-

ization efficiency and internalization pathways for these two en-
dothelial cell types. Next, we studied the differences in nanopar-
ticle cell transport by comparing the endocytosis pathway ac-
tivity, intracellular transport features, and gene expression lev-
els between these two cell types. Understanding the differential
nanoparticle interactions between normal and tumor-associated
endothelial cells is essential in furthering our understanding of
the nanoparticle tumor delivery process and guiding the design
of cancer nanomedicines that are safer and more effective.

2. Results and Discussion

2.1. Tumor-Associated Endothelial Cells Favor Interactions with
Administered Nanoparticles

We first compared the uptake efficiency of nanoparticles between
tumor-associated and normal endothelial cells (Figure 1). We se-
lected three different types of model nanoparticles that repre-
sent a broad range of preclinically and clinically used formu-
lations: i) PEGylated gold nanoparticles,[15] ii) liposomal dox-
orubicin (Doxove),[16] and iii) 3,3′-dioctadecyloxacarbocyanine
perchlorate-labeled lipid nanoparticles (DiO-LNPs).[17] Figure S1
and Table S1 (Supporting Information) summarize the physic-
ochemical characterization data of these nanoparticles, as well
as the incubation concentrations during cell uptake. We selected
gold nanoparticles because they: i) can be quantified precisely
within tissues and cells by inductively coupled plasma mass
spectrometry, ii) can be synthesized with narrow size distribu-
tion and controlled surface chemistry, and iii) are biocompatible
and remain stable under cell culture conditions for an extended
time period.[18] We also selected liposomal doxorubicin (Doxoves)
nanoparticles that represent one of the major nanomedicine-
based chemotherapeutics in clinical breast cancer treatment.[19]

As the third model nanoparticle, we selected LNPs, as they are
widely used in some COVID-19 vaccine formulations and are
an emerging class of nanomedicines.[20] Liposomal doxorubicin
and LNPs are, therefore, model nanomedicines with high clinical
significance.

In our first set of experiments, we used PEGylated gold
nanoparticles and incubated them together with different types of
primary human endothelial cells from healthy and tumor breast
tissues. We selected breast tissue cells as a model system be-
cause nanomedicines are used in the clinic for some types of
breast cancer treatments.[21] In addition, breast cancers form
solid tumor masses with blood vessels that intravenously admin-
istered nanoparticles need to overcome for safe and effective de-
livery. Nanoparticle interactions with vascular endothelial cells
are, therefore, a critical first step in the overall delivery process.

We performed three different types of cell culture experiments.
The first experiment used general endothelial cell culture media
with fetal bovine serum (FBS). The second experiment used con-
ditioned media with FBS (Figure S2, Supporting Information),
and the third experiment used general media with human serum.
Our rationale for the use of conditioned cell culture media was to
mimic better the microenvironmental characteristics of healthy
and tumor breast tissue. Therefore, we used conditioned cell cul-
ture media containing the media from breast tumor cells, MDA-
MB-231, and nontumor breast epithelial cells, MCF-10a, respec-
tively. Using SDS-PAGE, we observed different protein profiles in
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Figure 1. Breast tumor-associated endothelial cells favor interactions with nanoparticles. a–c) Gold nanoparticle uptake comparison between HMMECs
and HBTECs under three different cell culture conditions as quantified by inductively coupled plasma mass spectrometry (ICP-MS): a) general cell culture
media with FBS, b) conditioned cell culture media (containing media collected from nontumoral breast epithelial cell and breast tumor cell cultures for
HMMEC and HBTEC, respectively) with FBS, and c) general cell culture media with human serum. Bar graphs present the mean ± standard deviation
(n = 4). Statistical tests were performed by two-way ANOVA. AuNPs, gold nanoparticles. d) Liposomal doxorubicin (Doxoves, green) uptake comparison
using confocal laser scanning microscopy (CLSM). The cells were stained with DAPI (blue) and WGA-CF633 (red). e) Quantitative image analysis of
liposomal doxorubicin uptake by ImageJ. f) Lipid nanoparticle (LNP) uptake comparison using CLSM. LNPs were labeled with DiO (green), while cells
were stained with DAPI (blue) and WGA-CF633 (red). g) Quantitative image analysis of LNPs uptake by ImageJ. Image analysis plots present individual
values with the line indicating the mean value. Statistical tests for image analysis were performed by unpaired two-tailed t-test (n = 14 for liposomes,
n = 19 for LNPs). Scale bar, 20 μm. HMMEC, human mammary microvascular endothelial cell; HBTEC, human breast tumor-associated endothelial cell.
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns indicates a nonsignificant difference.
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the cell culture media collected from MDA-MB-231 and MCF-10a
cell cultures (Figure S3, Supporting Information), indicating dif-
ferent secretory profiles of the two cell types. For the third cell cul-
ture media condition, we replaced the FBS proteins with human
serum to evaluate the effect of human proteins on nanoparticle
endothelial cell interactions. As an additional control group, we
used normal human umbilical vein endothelial cells (HUVECs).
HUVECs are often used in the literature to study nanoparticle
endothelial cell interactions.[22]

Upon exposure of endothelial cells to gold nanoparticles,
we used ICP-MS as a quantitative method to determine
nanoparticle–cell interactions. Interestingly, in all three experi-
ments conducted with different media and at different tested in-
cubation time points, tumor-associated HBTECs endothelial cells
exhibited a consistently stronger interaction with gold nanoparti-
cles compared to control cells (HMMECs, HUVECs), reaching up
to ≈1.9 times, as determined by quantitative ICP-MS measure-
ments (Figure 1a–c). We observed that the nanoparticle interac-
tions did not vary significantly between general and conditioned
cell culture media with FBS (Figure S4, Supporting Information).
Therefore, we used the general FBS-contained endothelial cell
complete media for most of the subsequent experiments.

In addition to inorganic gold nanoparticles, we further as-
sessed the nanoparticle interactions of two different organic
nanoparticles with these endothelial cells. We incubated the
HBTECs and HMMECs with liposomal doxorubicin (Doxoves)
or DiO-LNPs for 24 h, followed by staining of cell membrane gly-
coproteins with wheat germ agglutinin (WGA)-CF633 and nuclei
with 4′,6-diamidino-2-phenylindole (DAPI). Confocal laser scan-
ning microscope (CLSM) images revealed stronger fluorescence
signals in HBTECs than HMMECs for both nanoparticle types,
indicating higher uptake of these organic nanoparticle formula-
tions in tumor-associated endothelial cells (Figure 1d,f; Figures
S5 and S6, Supporting Information).

To evaluate the nanoparticle interactions with the endothe-
lial cells more quantitatively, we performed image analysis us-
ing two different metrics: i) fluorescence intensity per cell, and
ii) fluorescence intensity per cell area, to eliminate any potential
cell size confounders (Figure 1e,g). Our results demonstrate that
HBTECs exhibit higher fluorescence intensity than HMMECs
endothelial cells.

As demonstrated in the literature, nanoparticle physicochemi-
cal properties, such as size, composition, and stiffness, affect cell
internalization mechanisms and efficiencies.[1] We want to em-
phasize that our three model nanoparticles cover a range of dif-
ferent sizes (≈70–90 nm hydrodynamic diameter), compositions,
and stiffness (gold nanoparticles vs softer organic nanoparticles).
Across these different tested nanomaterials, we observed higher
interactions for HBTECs, indicating that tumor-associated en-
dothelial cells generally favor interactions with nanomedicines
compared to normal endothelial cells.

2.2. Nanoparticles Enter Tumor-Associated Endothelial Cells
through Endocytosis

Next, we wondered how nanoparticles enter endothelial cells and
whether tumor-associated and normal endothelial cells use simi-
lar uptake pathways. While nanoparticle internalization typically

results in the formation of intracellular vesicles to transport cargo
across cells, these vesicles often exhibit sizes below the diffraction
limit of standard light microscopes.[8a,23] To overcome the diffrac-
tion limitation, we applied 3D super-resolution light microscopy
through a process known as expansion microscopy (ExM).[24] We
used a specific ExM method called Magnify, which allows for up
to an ≈11-fold increase in lateral resolution on standard light
microscopes.[25]

The HBTECs and HMMECs were incubated with gold
nanoparticles for 24 h and then stained with AF488-NHS es-
ter dyes that conjugate to proteins via available amine chemical
groups (so-called pan stain). The fluorescence-based pan stain-
ing provides the required imaging contrast to visualize intra-
cellular features. Since intracellular vesicles are primarily fluid-
filled compartments, these features can be clearly differentiated
against the protein-rich, and thus fluorescently labeled, cyto-
plasm. We imaged the intracellular gold nanoparticles in a label-
free manner through scattered light imaging. No nanoparticle
fluorophore labeling was needed. This approach is benefical, as
changes in nanoparticle surfac chemistry through fluorophore
labeling, could potentially affect the nanoparticle cell internaliza-
tion pathways.[26]

Upon cell expansion, we observed enhanced visibility of in-
tracellular vesicles with nanoparticles distinctly localized inside
these vesicular structures (Figure 2a and Figures S7 and S8, Sup-
porting Information). This finding indicates that nanoparticles
tend to enter endothelial cells via endocytosis. In addition, we
observed more pronounced and more frequent light scattering
signals in HBTEC compared to HMMEC endothelial cells. These
qualitative findings suggest that more nanoparticles were taken
up by HBTECs, which is consistent with our previous results that
HBTECs favor nanoparticle interactions (Figure 1a).

There are three major endocytic pathways involved with
nanoparticle uptake: i) caveolin-mediated endocytosis, ii)
clathrin-mediated endocytosis, and iii) macropinocytosis. To
identify the specific pathways HBTECs and HMMECs employ,
we conducted endocytosis-inhibiting assays and quantified
the nanoparticle cellular uptake levels. Two or three small
molecule inhibitors targeting different steps in each path-
way were selected with N-ethylmaleimide (NEM), filipin, and
indomethacin for caveolin-mediated endocytosis, chlorpro-
mazine and chloroquine for clathrin-mediated endocytosis,
and 5-(N-ethyl-N-isopropyl) amiloride (EIPA), cytochalasin D,
and imipramine for macropinocytosis, respectively (Table S2,
Supporting Information).[8a]

We first screened the safe working concentrations of each in-
hibitor (Figures S9 and S10, Supporting Information; and Table
S2, Supporting Information). Given that the cytotoxicity of small
molecule inhibitors is dose-dependent, we collected the concen-
tration ranges used in other cell lines from the literature as ref-
erence screening ranges and performed a cell viability assay with
the addition of inhibitors at different concentrations. The highest
concentration not exhibiting statistically significant cytotoxicity
was selected as the working concentration to ensure both safety
and the best inhibitory effect.

We pretreated the cells with the inhibitors for one hour and
then incubated them with gold nanoparticles in the presence
of inhibitors for 6 and 12 h. Compared to the control group,
these inhibitors exhibited a reduction in nanoparticle cell uptake
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Figure 2. Gold nanoparticles enter endothelial cells through endocytosis and are colocalized in intracellular vesicles. a) Label-free CLSM imaging of gold
nanoparticles in expanded HMMECs and HBTECs. After incubation with gold nanoparticles for 24 h, the cells were stained with NHS-AF488 and then
expanded using the Magnify protocol for super-resolution imaging. The overlay of stained cells (gray) and gold nanoparticles through light scattering
(red) is displayed first, followed by a magnification of all the channels and, finally, the isolated light-scattering channel. Nanoparticles colocalized with
the intracellular vesicles. Scale bar in unmagnified images, 25 μm; scale bar in magnified images, 10 μm. b–e) Internalization pathway identification
by endocytosis inhibition in HMMECs and HBTECs at different time points. Inhibitors for the three major endocytosis pathways, caveolin-mediated
endocytosis, clathrin-mediated endocytosis, and macropinocytosis, were added during nanoparticle incubation. The cellular uptake of nanoparticles
in each group was quantified by ICP-MS and compared with the noninhibitor control group. Bar graphs present the mean ± standard deviation (n =
3/4). One-way ANOVA was used for statistical tests. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. NEM, N-ethylmaleimide; EIPA, 5-(N-ethyl-N-
isopropyl) amiloride.
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at different levels. However, the inhibiting patterns between
HBTECs and HMMECs were similar, as measured by ICP-MS
(Figure 2b–e). When testing the caveolin-mediated endocyto-
sis pathway, filipin exhibited higher inhibition efficiency (up
to 62.4%) than NEM and indomethacin (up to 41.0% and
49.6%, respectively). Filipin inhibits endocytosis by removing
cholesterol, a key component of caveolin-mediated endocytosis,
from the plasma membrane. Chlorpromazine (inhibition up
to 80.2%) exhibited stronger inhibition than chloroquine (up
to 48.5%) when assessing the clathrin-mediated endocytosis
pathway. Chlorpromazine functions by translocating clathrin
and adaptor protein complex-2, a protein intermediating the
binding between clathrin and cell membrane, from the plasma
membrane into intracellular vesicles. This action prevents the
formation of clathrin-coated pits on the cell membrane for en-
docytosis. We did not observe a consistent pattern when testing
the macropinocytosis inhibition. These results indicate that
the three major endocytosis pathways were all involved in gold
nanoparticle internalization in both HBTECs and HMMECs.

2.3. Tumor-Associated Endothelial Cells Exhibit Higher
Endocytosis Activity

Our previous results showed that tumor-associated endothelial
cells interact more strongly with nanoparticles. This finding ap-
plies broadly to nanoparticles with different physicochemical
properties, such as size, composition, and surface chemistry, as
demonstrated in Figure 1. Based on these observations, we hy-
pothesized that the observed preference of tumor-associated en-
dothelial cells to interact with nanoparticles is an inherent prop-
erty of these cells.

To test this hypothesis, we first compared the endocytosis path-
way activity between HBTECs and HMMECs. We used pathway-
specific molecular tracers (i.e., albumin for the caveolin-mediated
pathway, transferrin for the clathrin-mediated pathway, and 70-
kDa Dextran for the macropinocytosis pathway). Literature re-
ports correlate the cell uptake capability of each of the three se-
lected molecular tracers to the relative activity of the correspond-
ing cell uptake pathway.[27] We compared the cellular uptake of
the fluorophore-labeled molecular tracers for HBTECs and HM-
MECs using flow cytometry (Figure 3). Our flow cytometry data
showed that most HBTEC live cells exhibited overall higher in-
teractions with all three tracers compared to HMMECs. The 70-
kDa Dextran tracer exhibited a more substantial difference in
cell uptake, being ≈62% higher in HBTECs than in HMMECs,
compared to the other two tracers, with an uptake difference
of ≈30% for both. These results indicate that tumor-associated
endothelial cells exhibit a generally higher endocytosis activity
than normal endothelial cells. Next, we studied the expression
level of caveolin-1 and clathrin, which are essential proteins in
caveolin-mediated and clathrin-mediated pathways, respectively
(Figure 4). Caveolae are membrane invaginations that are en-
riched with cholesterol, with caveolin-1, a cholesterol-binding
protein, serving to induce membrane curvature toward the for-
mation of vesicles.[28] Clathrin is a trimeric protein that is com-
posed of three heavy chains that are bound at a vertex with light
chains. While clathrin does not bind to cell membranes directly,
it plays a critical role in the formation of clathrin-coated pits

through adapter proteins, which invaginate with the associated
cargo, and then scission off to form clathrin-coated vesicles.[29]

Using immunofluorescence staining, we observed higher
caveolin-1 and clathrin expression levels in HBTECs than
HMMECs (Figure 4a,c) before nanoparticle incubation. After
nanoparticle incubation, an increased expression for both pro-
teins was observed in HMMECs at a level similar to that of
HBTECs (Figure 4b,d). These results corroborated that tumor-
associated endothelial cells exhibit a generally higher activity than
normal endothelial cells for both caveolin-mediated and clathrin-
mediated endocytosis pathways at a molecular level, which is con-
sistent with our previous endocytosis tracer cell uptake results.

In addition, we could clearly observe the redistribution of
caveolin-1 from the middle of the cytoplasm to the near mem-
brane area after nanoparticle incubation (Figure 4c,d). This ob-
servation may indicate that caveolin-1 was recruited to the cell
membrane for nanoparticle endocytosis and further confirms the
involvement of the caveolae-mediated pathway in nanoparticle
internalization.

We conducted further investigations into caveolin-1 and
clathrin expression levels before and after nanoparticle incuba-
tion using western blot analysis (Figure 4e,f). In HMMECs, the
expression levels of both proteins increased following nanoparti-
cle incubation, while in HBTECs, the expression levels remained
similar. These findings align with the immunostaining results.
The above endocytosis tracer uptake and protein expression re-
sults support the conclusion that tumor endothelial cells gener-
ally exhibit more active endocytic processes than the cells from
healthy mammary tissue.

2.4. Tumor-Associated Endothelial Cells Possess Higher
Intracellular Vesicle Number

We then investigated the difference in intracellular transport
features between the two types of endothelial cells. We imaged
HBTECs and HMMECs by super-resolution ExM, as shown in
Figure 2a. The images show the intracellular vesicles within the
cytoplasm due to the contrast difference between the vesicular
area and the cytoplasm after pan protein staining (Figure 5a,b).

In representative cells, HBTEC exhibited a higher vesicle num-
ber than HMMEC on a per-cell basis (Figure 5a,b; Videos S1
and S2, Supporting Information). Comparing the cell membrane
area, the HMMEC cell surface appeared smooth (Figure 5a,i),
whereas the HBTEC membrane was densely aligned with vesicle-
like structures (Figure 5b,i), indicating the possibility of endocy-
tosis events, potentially accompanied by exocytic processes. The
distributions of the intracellular vesicles in the cytoplasm appear
to be different as well. Vesicles were primarily located around
the nucleus in HMMEC (Figure 5a,ii), whereas dispersed over al-
most the entire cytoplasm from membrane to nucleus in HBTEC
(Figure 5b,ii) endothelial cells. The dense distribution of intra-
cellular vesicles observed in HBTECs may increase the possibil-
ity of connecting vesicles that could potentially favor the forma-
tion of vesicle channels or vesiculo-vacuolar organelles (VVOs).
The presence of such VVOs could potentially further increase the
efficiency of intracellular nanoparticle transport and extravasa-
tion. The heightened presence of transport vesicles and VVOs
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Figure 3. Tumor-associated endothelial cells exhibit higher endocytosis activity than normal endothelial cells. Albumin, transferrin, and dextran (70 kDa),
which are pathway tracers of the caveolin-mediated pathway, clathrin-mediated pathway, and macropinocytosis, respectively, were first added to cell media
and incubated for one hour. The amount of endocytic tracers was compared between two types of endothelial cells by flow cytometry. a) Gating strategy.
b–e) Uptake comparison of albumin-AF488, transferrin-AF488, and Dextran-TRITC. Left two, representative flow cytometry plots of live HMMECs and
HBTECs that interacted with fluorescence-labeled tracers. A vertical line was added to facilitate the visualization of cell population position change. The
following histograms present the comparison of HMMEC and HBTEC in one plot. Finally, the bar graphs present the mean ± standard deviation of
replicate samples (n = 4). Unpaired t-tests were performed for statistical analysis. **p ≤ 0.01, ****p ≤ 0.0001.
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Figure 4. Expression of endocytosis-associated proteins in tumor-associated and normal endothelial cells before and after nanoparticle incubation.
a–d) Immunostaining was performed on caveolin-1 and clathrin heavy chain (magenta), which are essential proteins in caveolin-mediated and clathrin-
mediated pathways, respectively. Cells were then stained with DAPI (blue) and WGA-CF633 (red). Gold nanoparticles (AuNPs) were detected by light
scattering imaging (red). a) Caveolin-1 staining in cells without nanoparticle incubation. b) Caveolin-1 staining in cells after 24-h nanoparticle incubation.
c) Clathrin heavy chain staining in cells without nanoparticle incubation. d) Clathrin heavy chain staining in cells after 24-h nanoparticle incubation. The
scale bar in all images represents 50 μm. The white arrows indicate the positions of gold nanoparticles. e) Comparison of caveolin-1 and clathrin
expression levels before and after nanoparticle incubation by western blot. NT is non-treated; AuNPs groups are treated with gold nanoparticles. f)
Densitometry analysis of protein level change after nanoparticle treatment in panel (e). The bars present the mean ± standard deviation of replicate
comparisons (n = 2).
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Figure 5. Visualization and comparison of intracellular transport structures through expansion microscopy-based super-resolution imaging. (Left) Rep-
resentative cells of a) HMMEC and b) HBTEC after the expansion process. The intracellular vesicles are clearly visible as black areas within the cytoplasm.
The HBTEC group presents a higher vesicle frequency than the HMMEC group. (Middle) The magnified images of the cell membrane area. (Right) The
magnified images of the cytoplasm. Scale bars apply to both (a) and (b). Scale bar in unmagnified images (left), 50 μm; scale bar in magnified images
(middle and right), 10 μm. c) Quantitative image analysis was used to compare the intracellular vesicle area. We used ImageJ to analyze the percentage
of total vesicle area within the cytoplasm area of each cell. The plot presents individual values with the line indicating the mean value. Statistical tests
for image analysis were performed by unpaired two-tailed t-test (n = 12–13). *p ≤ 0.05.

was similarly noted in hepatocellular carcinoma endothelial cells
using transmission electron microscopy in a prior study.[30]

We observed that the vesicle frequencies between differ-
ent cells for the same cell type were not uniform. This may
be explained by the heterogeneity of cells within the vascular
endothelium.[9,30] The plot in Figure 5c represents our quan-
titative image analysis results. The data suggest that tumor-
associated endothelial cells overall exhibit a higher mean of vesi-
cle area/cytoplasm ratio (≈32.8%) than normal endothelial cells
(≈23.3%), although some overlap was observed in the two popu-
lations.

Overall, this observed higher frequency of intracellular vesi-
cles further supports our finding that tumor-associated endothe-
lial cells perform more active vesicle/vacuole-dependent trans-
port than normal endothelial cells. Together with the previous
results of higher endocytic pathway activity and expression of es-
sential protein for endocytosis, the increased uptake of nanopar-
ticles in tumor-associated endothelial cells may be due to their
generally higher endocytosis and intracellular transport activi-
ties when compared to normal endothelial cells. This hypoth-
esis aligns with the special pathophysiological properties of tu-
mor blood vessels. Cancer cells possess accelerated proliferation,
growth, and division compared to normal cells. To support the
cancer cell’s enhanced proliferation, more mass (e.g., nutritional
molecules, oxygen, and water) needs to be transported through
the endothelial layer, from the vessel lumen to the abluminal

tumor side.[31] Previous studies have identified upregulation of
nutrient transporters for glucose, lactate and amino acids in tu-
mor endothelial cells, along with the presence of transendothe-
lial cell “pores” and functional VVO structures facilitating macro-
molecule transport.[32] These phenotypic changes may relate to
an abnormal microenvironment. Understanding the correlation
and interplay between increased nanoparticle uptake, tumor ves-
sel behavior, and the tumor microenvironment requires further
investigation in future research.

2.5. Gene Expression Profiles Suggest Higher Intracellular
Transport in Tumor-Associated Endothelial Cells

Next, we then systematically investigated the difference be-
tween the two types of endothelial cells at a molecular level
through RNA sequencing (Table S3, Supporting Information).
Four groups, HBTECs and HMMECs, with and without gold
nanoparticle incubation, were compared in a pairwise manner.
The differentially expressed genes in each comparison are
summarized in Table S4 and Figure S12 (Supporting Informa-
tion). Genes with an adjusted p-value <0.05 and an absolute
log2-fold change > 1 were defined as differentially expressed
genes (DEGs). Using this approach, we identified 3953 and
2123 DEGs in the comparisons between HBTEC and HMMEC,
under the condition without and with nanoparticle treatment

Adv. Mater. 2024, 2403986 © 2024 Wiley-VCH GmbH2403986 (9 of 14)
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(HBTEC versus HMMEC, and HBTEC-Au versus HMMEC-Au),
respectively. However, only 2 and 25 DEGs were identified for
HBTECs and HMMECs, respectively, in the comparison between
groups without and with nanoparticle incubation (HBTEC-Au vs
HBTEC, and HMMEC-Au vs HMMEC). These results suggest
that the gene expression difference is mainly between the two
types of endothelial cells, but the treatment by gold nanoparticles
did not induce much transcriptome change.

We focused on the analysis of our sequencing results between
HBTECs and HMMECs with nanoparticle treatment (Figure 6).
Among 2123 DEGs, 752 were upregulated, and 1371 were down-
regulated in HBTECs compared to HMMECs (Figure 6a). We
identified multiple genes related to transport in upregulated
DEGs by studying the ones with the lowest adjusted p-value and
highest log2-fold change. Gene LRP5 encodes a transmembrane
low-density lipoprotein receptor and was upregulated to 3.5 times
in HBTECs. The encoded receptor binds and internalizes ligands
through clathrin-mediated endocytosis. KIF19 and MYO7A en-
code proteins in kinesin and myosin motor protein families and
were increased to 4.3- and 8.7-folds, respectively. SELP, with a
7.7-fold upregulation, encodes the protein selectin P, which is
a membrane receptor binding to carbohydrates and derivatives,
and related to nanoparticle uptake through caveolae-mediated
endocytosis.[13a,33] EXOC3L2, upregulated to 19.9-folds, encodes
a protein in an exocyst complex that functions in tethering secre-
tory vesicles to the plasma membrane. The protein can be upreg-
ulated by vascular endothelial growth factor A. No specific genes
from the downregulated DEGs were identified using the same
strategy.

We performed gene ontology (GO) enrichment analyses us-
ing the upregulated DEGs in two different databases, David and
Toppgene (Figure 6b and Figure S13, Supporting Information).
The two analyses gave similar results, i.e. that GO categories
related to transport were enriched. Figure 6b shows that posi-
tive regulation of intracellular transport, ATP-dependent micro-
tubule motor activity, and kinesin complex were enriched by
14.9-, 11.6-, and 8.7-folds, respectively. Kinesins are motor pro-
teins that transport different cargos including vesicles along the
microtubule system to the appropriate destination.[34] A GO cat-
egory, actomyosin structure organization, linked to another type
of motor protein, myosin, was also enriched (Figure 6b). Myosins
can transport vesicles along actin filaments for relatively short-
range distribution.[35] These instances demonstrate that tumor-
associated endothelial cells exhibit increased expression of genes
related to transportation, with a particular emphasis on motor
protein genes.

We then studied the gene expression profile in kinesin, dynein,
and myosin families (Figure 6c). Kinesins and dyneins are both
microtubule-based motor proteins, with kinesins moving to-
ward microtubule plus ends (from cell interior toward periph-
ery) while dyneins toward minus ends (from cell periphery to cell
interior).[36] We found that ≈63% and ≈52% of the sequenced
genes were statistically significantly changed in the kinesin and
myosin families, respectively, while only ≈30% changed in the
dynein family. In addition, heatmaps, presented in Figure 6c,
showing the expression of each gene, demonstrate that there are
more genes upregulated than downregulated in the kinesin and
myosin families, which contrasts with the overall cell expression
pattern. These findings provide additional evidence supporting

the enhanced prevalence and possibly activity of motor proteins
(especially kinesins and myosins) in tumor-associated endothe-
lial cells. The elevated expression of kinesin and myosin pro-
teins was observed in human ovarian carcinoma-associated en-
dothelial cells as well in a previous analysis of gene expression
profiles.[37]

Inspired by the motor protein analysis, we further studied
the gene expression profile in each category in the membrane
trafficking process (Figure 6d and Figures S14–S17, Supporting
Information). Membrane trafficking describes the intricate pro-
cess through which proteins and other macromolecules are in-
ternalized, distributed within the cell, and released outside the
cell using membrane-bound vesicles. The percentage plot (Figure
S14, Supporting Information) shows that 38.0%, 29.5%, 23.0%,
34.8%, 21.1%, and 40.6% of the sequenced genes were statisti-
cally significantly changed in endocytosis, endosome-Golgi trans-
port, endosome-lysosome transport, exocytosis, SNARE, and
other categories, respectively, indicating an essential difference
in membrane trafficking process between two types of endothe-
lial cells. Figure 6d panel plots the percentage with sub-categories
providing more details in each category.

Heatmaps exhibiting gene expression profile show that there
are more genes upregulated than downregulated in endocyto-
sis, endosome–Golgi transport, exocytosis, SNARE, and other
(Figures S15 and S16, Supporting Information). Endocytosis,
endosome–Golgi transport (generally considered followed by
nanoparticle exocytosis from the cell through secretory vesicles),
and exocytosis are essential steps for nanoparticle transcytosis.[38]

The trends observed in these categories are reverse with the ex-
pression pattern of the entire significantly changed gene popula-
tion, in which more genes are downregulated than upregulated
in HBTECs, suggesting the enrichment of upregulated genes in
these processes.

The gene expression trend in the category endosome–
lysosome transport is consistent with the whole cell expression
pattern. The transport from endosome to lysosome is generally
related to nanoparticle degradation and dysfunction due to the
highly acidic environment and abundant hydrolytic enzymes, al-
though some of the lysosomes can undergo exocytosis to release
their undigested cargos as well.[38] In summary, the results of
HBTECs and HMMECs with nanoparticle incubation suggest
that tumor-associated endothelial cells are more active in trans-
port and membrane trafficking processes. The sequencing re-
sults of HBTECs and HMMECs without nanoparticle incubation
were also analyzed and the results exhibit similar trends as de-
scribed above (Figures S18–S25, Supporting Information).

3. Conclusions

Our study revealed increased nanoparticle interactions and up-
take by primary human tumor-associated endothelial cells com-
pared to healthy tissue-derived endothelial cells for three dif-
ferent types of model nanoparticles with preclinical and clini-
cal relevance. The internalization of gold nanoparticles occurred
through active endocytosis, using all three major endocytic
pathways: caveolin-mediated pathway, clathrin-mediated path-
way, and macropinocytosis. The observed differential nanopar-
ticle interaction efficiencies are likely attributed to intrinsic dif-
ferences between the two types of endothelial cells. Specifically,
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Figure 6. RNA-Seq analysis of tumor-associated and normal endothelial cells after 24-h incubation with gold nanoparticles. a) Volcano plot of the
differentially expressed genes (DEGs) in HBTECs compared to HMMECs. Upregulated and downregulated genes are shown in red and blue dots. Some
key genes related to nanoparticle transport are labeled. b) Gene ontology analysis of upregulated DEGs in HBTEC was performed using DAVID database.
The enriched ontologies related to nanoparticle transport in biological process, molecular function, and cellular component were presented. c) Bar graph
illustrating the percentage of statistically significant motor protein genes out of all sequenced motor protein genes. Heatmaps show the expression of
statistically significant kinesins, dyneins, and myosins in HBTECs and HMMECs. The color scale is based on z-scores, where higher expression was
colored in red while lower in blue. d) Bar graph illustrating the percentage of statistically different genes out of the sequenced genes within each category
and subcategory of membrane trafficking. ESCRT, endosomal sorting complexes required for transport.
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Scheme 1. a,b) Schematic illustration of a proposed nanoparticle transport processes in normal and tumor-associated endothelial cells. The tumor-
associated endothelial cells generally exhibit higher endocytic activity, intracellular vesicle frequency, and enrichment of upregulated gene expression for
motor proteins, endosome-Golgi transport, and exocytosis compared to normal endothelial cells. Further investigation into endocytosis, intracellular
transport and exocytosis pathways of nanoparticles is necessary to fully support this proposed mechanism.

the tumor-associated endothelial cells demonstrated higher cel-
lular transport activity than the healthy tissue-derived endothe-
lial cells (Scheme 1). This proposed mechanism in Scheme 1 is
supported by the observed increased endocytic pathway activity
and intracellular vesicle frequency in tumor-associated endothe-
lial cells. Furthermore, tumor-associated endothelial cells exhib-
ited distinct gene expression patterns related to membrane traf-
ficking processes, including endocytosis, motor protein-driven
vesicle movement, endosome–Golgi transport, and exocytosis,
further substantiating our proposed mechanism. Our findings
establish the preferential interaction of tumor-associated en-
dothelial cells with administered nanoparticles. A new class of
safer, more effective, and more efficient next-generation cancer
nanomedicines could exploit these preferential interactions for
enhanced nanoparticle tumor delivery.

Our study suggests several important directions for future in-
vestigation. First, the process of nanoparticle transportation into
solid tumors requires transcytosis, whereby nanoparticles tra-
verse from the vessel lumen side to the tumor side of tumor-
associated endothelial cells. However, our 2D in vitro culture sys-
tem was unable to evaluate this transcytosis process. To address
this limitation, future research should employ continuous en-
dothelial cell monolayers cultured on transwell cell culture sys-
tems or other setups capable of quantifying transcytic nanoparti-
cles. In addition, beyond endocytosis, a systematic comparison of

intracellular transport and exocytosis pathways and efficiencies
between tumor-associated and normal endothelial cells should
be conducted. Second, the underlying factors contributing to the
observed difference in transport activity between the two types
of endothelial cells remain unclear but may be associated with
the unique microenvironment in tumors. Future investigations
could focus on identifying the specific factor(s) within the tu-
mor microenvironment, such as growth factors (e.g., vascular en-
dothelial growth factor) and cytokines, acidic pH, and hypoxia,
which potentially influence nanoparticle transport in endothe-
lial cells. Furthermore, in our work, the differences between the
two types of primary endothelial cells persisted under the same
in vitro cultural conditions, i.e., even after removal of the cells
from their primary in vivo environment. The underlying reasons
for this observation will require further investigation. Third, de-
spite the use of human primary endothelial cells in our study, the
cellular phenotype and behavior may still differ from the native
in vivo conditions. Therefore, a thorough examination and com-
parison of transport features, including vesicle/vacuole structure
and frequency, using primary human tissues will be necessary
in future studies. Finally, the transport behavior of endothelial
cells among different types of tumors should be evaluated due
to the inherent heterogeneity of tumors and their microenviron-
ments. A comprehensive understanding of the mechanisms be-
hind nanoparticle transport by tumor-associated endothelial cells

Adv. Mater. 2024, 2403986 © 2024 Wiley-VCH GmbH2403986 (12 of 14)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202403986 by U
niversity O

f O
klahom

a, W
iley O

nline L
ibrary on [03/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

and the specific factors enhancing this transport are fundamen-
tal and essential for advancing safer and more effective cancer
nanomedicines.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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