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Low-dose albumin-coated gold nanorods induce intercellular gaps on 
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A B S T R A C T   

Cytotoxicity of nanoparticles, typically evaluated by biochemical-based assays, often overlook the cellular bio
physical properties such as cell morphology and cytoskeletal actin, which could serve as more sensitive in
dicators for cytotoxicity. Here, we demonstrate that low-dose albumin-coated gold nanorods (HSA@AuNRs), 
although being considered noncytotoxic in multiple biochemical assays, can induce intercellular gaps and 
enhance the paracellular permeability between human aortic endothelial cells (HAECs). The formation of 
intercellular gaps can be attributed to the changed cell morphology and cytoskeletal actin structures, as validated 
at the monolayer and single cell levels using fluorescence staining, atomic force microscopy, and super-resolution 
imaging. Molecular mechanistic study shows the caveolae-mediated endocytosis of HSA@AuNRs induces the 
calcium influx and activates actomyosin contraction in HAECs. Considering the important roles of endothelial 
integrity/dysfunction in various physiological/pathological conditions, this work suggests a potential adverse 
effect of albumin-coated gold nanorods on the cardiovascular system. On the other hand, this work also offers a 
feasible way to modulate the endothelial permeability, thus promoting drug and nanoparticle delivery across the 
endothelium.  
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1. Introduction 

Nanoparticles interact with human cells, owing to unintended 
leakage of nanoparticles into the environment (e.g., water and air 
pollution), or intended diagnostic and therapeutic applications (e.g., 
tumor targeting). Exposing cells to nanoparticles can cause dose- 
dependent cytotoxic effects. Conventionally, such effects are charac
terized using biochemical-based cytotoxicity assays, including cell 
viability assays that measure the metabolic activity of mitochondria and 
membrane integrity assays which quantify the leaked cytoplasmic 
enzyme owing to the disruption of plasma membrane [1–4]. As the old 
adage goes, “the dose makes the poison”, nanoparticle dose that does not 
cause significant damage to plasma membrane and viability of cells is 
typically defined to be a safe, noncytotoxic dose [5]. However, a 
growing number of studies indicated that the conventional biochemical- 
based assays might underestimate the cytotoxicity of nanoparticles due 
to the limited assay sensitivity [6–7]. For instance, a pioneering work 
showed that anionic polymer-coated gold nanospheres can cause ab
normality in cell morphology and cytoskeletal structure at the lower- 
doses than the inception of decreased cell viability and membrane 
integrity, suggesting that cell morphology and cytoskeletal structure 
could serve as more sensitive indicators to characterize the cytotoxicity 
of nanoparticles [6,8]. From the toxicological perspective, this is 
particularly noteworthy as the change of cell morphology and cyto
skeleton could lead to many pathological conditions [9–11]. Therefore, 
it is critical to pay more attention to the effect of low-dose nanoparticles 
on cell morphology and cytoskeleton - the cytotoxic effects that are often 
overlooked by the conventional biochemical-based assays. 

Gold nanoparticles, especially gold nanorods (AuNRs), received 
increased enthusiasm in the medical field thanks to excellent biocom
patibility, tunable size, shape, surface chemistry, and photothermal ef
fect [12–18]. Currently, there are multiple on-going clinical trials using 
intravenously injected gold nanorods to passively target solid tumors for 
conducting photothermal therapy [19]. To ensure the good biocom
patibility and colloidal stability of gold nanoparticles, the common 
practice is to replace the more cytotoxic capping agent (i.e., surface 
surfactant) from the synthesis of gold nanoparticles with less cytotoxic 
polymers [20–21]. The most representative example is to coat gold 
nanoparticles with polyethylene glycol (PEG), which not only removes 
the initial cytotoxic surfactant from the nanoparticle surface, but also 
avoids forming protein corona and prolongs circulation life of the 
nanoparticles [22–23]. Here, the non-fouling property of the PEG 
coating is tightly related to a hydrating layer around the surface, which 
forms energetic and physical barriers to minimize protein adsorption 
onto the surface [24]. Unfortunately, recent studies revealed that the 
administration of PEGylated nanoparticles/drugs results in the genera
tion of anti-PEG antibodies and immune response, making this approach 
questionable for in vivo applications [25–26]. As an alternative solution, 
coating nanoparticles with albumin protein has attracted much interest 
lately because of its non-immunogenicity (as the most abundant serum 
protein) and ability to resist protein adsorption using a similar non- 
fouling mechanism as PEG does [27–29]. Another important advan
tage of albumin coating lies in its preferential tumor accumulation 
because of the strong binding between albumin and a tumor secreted 
protein, named SPARC [30]. With these considerations, albumin-coated 
gold nanoparticles have been considered as a promising platform for 
cancer treatment, while the potential adverse effect of albumin-coated 
gold nanoparticles, especially at low doses, are rarely studied and 
reported. 

In this work, we focus on the effect of low-dose albumin-coated gold 
nanorods on the vascular endothelial cells. The rationale of choosing 
these cells as the cell model is that most in vivo applications of gold 
nanorods are based on the intravenous injection, which leads to the 
direct interaction between nanorods and endothelial cells that lines the 
interior wall of vascular structures [31]. We particularly selected human 
aortic endothelial cells (HAECs) owing to their suitability in the studies 

of endothelial dysfunction and cardiovascular diseases caused by air 
pollution, oxidative stress, inflammation, and nanomaterial exposure 
[32–35]. We first identified several noncytotoxic doses of albumin- 
coated gold nanorods using a series of biochemical assays. Interest
ingly, these low doses of albumin-coated gold nanorods, although 
deemed to be noncytotoxic/safe in these assays, were still found to cause 
the intercellular gaps between endothelial cells. Further single cell im
aging and molecular mechanism studies demonstrated that the low 
doses of albumin-coated gold nanorods enhanced the endothelial 
permeability by causing the contraction of cytoskeletal actin. Consid
ering the critical roles of endothelial integrity/dysfunction in various 
physiological/pathological conditions [36–37], our work suggests a 
potential adverse effect of low-dose albumin-coated gold nanorods. 
From the nanotoxicological perspective, the cellular morphological and 
cytoskeletal features may offer more sensitive, alternative measures to 
determine the safety and cytotoxicity of nanoparticles in vitro. 

2. Results and discussion 

2.1. Preparation and characterization of albumin-coated gold nanorods 

Gold nanorods (AuNRs) were synthesized using a seed-mediated 
method having hexadecyltrimethylammonium bromide (CTAB) as the 
capping agent [38–40]. To coat the surface of AuNRs with human serum 
albumin (HSA), we performed a ligand exchange approach established 
in our group to gradually replace the CTAB molecules with HSA as 
illustrated in Fig. 1A [41]. This approach allows the complete removal of 
cytotoxic CTAB and uniform coverage of protein molecules on the 
nanorod surface [42–43]. As shown in Fig. 1B, transmission electron 
microscopy (TEM) images displayed a uniform coating with ~ 3 nm 
thickness surrounding the nanorods, suggesting a monolayer of HSA was 
coated on the nanorod surface. Statistical analysis of individual nano
rods in TEM images showed the size of CTAB-capped gold nanorods 
(CTAB@AuNRs) slightly increased following the surface coating of HSA 
(HSA@AuNRs). Specifically, the length of AuNRs increased from 47.3 ±
4.9 to 52.5 ± 3.6 nm, and the diameter of AuNRs rose from 12.5 ± 1.2 to 
18.3 ± 1.6 nm (Fig. 1C). Bicinchoninic acid assay showed there are ~80 
HSA molecules adsorbed on each nanorod surface (Supporting 
information). 

The successful preparation of HSA@AuNRs was further validated by 
the UV–vis spectroscopy, dynamic light scattering (DLS), and Zeta po
tential measurements (Fig. 1D-1F). After coating with HSA monolayer, 
the extinction peak of AuNRs exhibited a redshift (774 → 787 nm) due to 
the increase of refractive index surrounding the nanorod surface 
(Fig. 1D) [44]. The 787 nm peak wavelength here falls into the near- 
infrared window, which makes the HSA@AuNRs suitable for photo
thermal therapy. DLS spectra also showed the hydrodynamic size of 
AuNRs in water (pH = 7) increased from 58 to 68 nm (Fig. 1E), and Zeta 
potential switched from +46 to −24.6 mV owing to surface ligand ex
change from positive-charged CTAB to negative-charged HSA molecules 
(Fig. 1F). Apart from surface coating characterization, DLS and Zeta 
potential measurements also revealed excellent colloidal stability of 
HSA@AuNRs in cell culture medium (pH = 7.2), demonstrated by the 
slightly increased hydrodynamic size and Zeta potential, probably 
owing to the adsorption of protein molecules from cell culture medium 
to the nanorod surface. The hydrodynamic size of HSA@AuNRs in cell 
culture medium did not show obvious change within 7 days, further 
confirming the superior colloidal stability of as-prepared HSA@AuNRs 
(Fig. S1). Together, these results suggest the successful preparation of 
albumin-coated gold nanorods (HSA@AuNRs) with excellent colloidal 
stability in physiological fluids. 

2.2. Cytotoxicity and cell uptake of albumin-coated gold nanorods 

The cytotoxicity of albumin-coated gold nanorods on human aortic 
endothelial cells (HAECs) was assessed using a panel of routinely 
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applied biochemical assays: the XTT assay quantifies cellular mito
chondrial activity as an indicator of cell viability, whereas LDH and live- 
dead cell assays detect a released cytoplasmic enzyme (lactate dehy
drogenase, LDH) or intracellular DNA as a measure of membrane dam
age [45–46]. As shown in Fig. 2A-2C, incubation with HSA@AuNRs for 
24 h induced dose-dependent effects on HAECs. It was found that 2 
nanomolar (2 nM) and lower concentrations of HSA@AuNRs had 
negligible effect on cell viability and membrane integrity of HAECs, 
whereas 5 nanomolar (5 nM) and higher doses started to impair the cell 
viability and plasma membrane. According to these results, we selected 
1 and 2 nM of HSA@AuNRs, the two concentrations without causing 
apparent cytotoxicity in these traditional biochemical assays, for the 
subsequent experiments to investigate the biophysical effect of low-dose 
HSA@AuNRs on HAECs. 

To assess HAEC uptake of HSA@AuNRs, dark-field microscopy was 
utilized to visualize the cell-internalized HSA@AuNRs using the scat
tered light of HSA@AuNRs. As displayed in Fig. 2D-2F, the scattered 
light intensity became stronger with the increased nanorod concentra
tion, indicating HAEC uptake of HSA@AuNRs is also dose-dependent. 
Importantly, the scattered light displayed “ring-like” patterns (as 

marked by red arrows in Fig. 2F) due to the accumulation of nanorods- 
laden vesicles around the cell’s nucleus, confirming that the nanorods 
were surely endocytosed into the cells, not just adhered onto the cell 
membrane [47–48]. Reproducible results of HAEC uptake of 
HSA@AuNRs investigated using dark-field imaging are presented in 
Fig. S2. According to the decrease of extinction peak in the cell super
natant, we determined that the maximal number of HSA@AuNRs is 
1.8x105 nanorods per cell in HAECs (supporting information). The 
large uptake amount of HSA@AuNRs by HAECs is in stark contrast with 
cancer cells probably due to the lack of specific HSA receptors on cancer 
cells [49–51]. To further investigate the endocytosis pathway of 
HSA@AuNRs, HAECs were first treated with an inhibitor for caveolae- 
mediated endocytosis (methyl-β-cyclodextrin, MβCD) [52], followed 
by the incubation with 2 nM HSA@AuNRs for 24 h. The dark-field im
ages showed that pre-treating HAECs with MβCD almost abolished the 
cell uptake of HSA@AuNRs (Fig. 2G), indicating that the endocytosis 
pathway of HSA@AuNRs by HAECs is primarily through the caveolae- 
mediated endocytosis. 

Fig. 1. (A) Diagram illustrating the ligand exchange approach to replace surfactant CTAB with HSA molecules to prepare HSA coated gold nanorods (i.e., 
HSA@AuNRs). (B) TEM imaging of CTAB@AuNRs and HSA@AuNRs. Red arrows indicate HSA coating surrounding the nanorod surface. (C) Statistical analysis of 
nanorod length in TEM images before and after HSA coating (data from 50 nanorods). (D-F) UV–vis spectra, DLS spectra and Zeta potential of CTAB@AuNRs and 
HSA@AuNRs in water (pH = 7.0) and cell culture medium (pH = 7.2). Error bars: SD, n = 3. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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2.3. Low-dose HSA@AuNRs increase the endothelial permeability 

Next, we investigated the effect of HSA@AuNRs on the endothelial 
permeability of HAEC monolayers since the barrier function of vascular 
endothelium hinges on the permeability and integrity of endothelial 
monolayers. It is known that vascular endothelium acts as the door 
keeper to control the small and large molecules such as glucose and 
proteins, to cross this barrier layer [53]. To measure the endothelial 
permeability, HAECs were first cultivated to a confluent monolayer onto 
a porous trans-well insert, and then incubated with low-dose 
HSA@AuNRs, followed by adding FITC-dextran solution into the 
insert to quantify the FITC-dextran transport to the lower chamber 
(Fig. 3A). As shown in Fig. 3B, HAEC monolayers after incubating with 1 
and 2 nM HSA@AuNRs for 24 h displayed ~1.7 and ~2.2 folds of in
crease in the FITC-dextran transport, respectively, in comparison to the 
untreated group, whereas pre-treating HAECs with MβCD (i.e., the in
hibitor for caveolae-mediated endocytosis) eliminated the effect of 2 nM 
HSA@AuNRs on the FITC-dextran transport. It was found that the FITC- 
dextran transport elevated with the increase of nanorod incubation time. 
After removing un-internalized nanorods, it took another 48 h for the 
endothelial monolayer to return to original permeability comparable 
with the untreated cells (Fig. S3). As a control experiment, FITC-dextran 
transport did not change with the increase of albumin amount in the 
culture medium (Fig. S4), suggesting the multivalent effect of albumin 
adsorbed on HSA@AuNRs [54]. This was further validated by bovine 
serum albumin and polyethylene glycol coated AuNRs (BSA@AuNRs 
and PEG@AuNRs), where BSA@AuNRs showed similar effects on the 
FITC-dextran transport and PEG@AuNRs had almost no effect on the 

FITC-dextran transport (Fig. S5). Together, these results suggest that the 
HAEC uptake of low-dose HSA@AuNRs can increase the endothelial 
permeability in a dose- and time-dependent fashion, and the increased 
endothelial permeability occurs at the nanorod doses that conventional 
biochemical assays cannot identify. 

To further characterize the endothelial permeability, the HAEC 
monolayers, with or without HSA@AuNRs treatment, were 
fluorescence-labelled to image the VE-cadherin (a cell junction protein 
shown as green fluorescence) and actin filaments (cytoskeletal actin 
shown as red fluorescence, Fig. 3C). For the untreated HAEC mono
layers, we observed coherent cell junctions with VE-cadherin lining the 
entire cell boundary, suggesting strong cell–cell adhesion in the 
confluent HAEC monolayers. However, for the HAEC monolayers 
treated by 1 and 2 nM HSA@AuNRs, some newly formed gaps with the 
size of 5–20 µm were noticeable between HAECs, as marked by red- 
colored arrowheads. Around the gaps, the decrease of VE-cadherin led 
to the disrupted cell–cell adhesion in those areas. Here, 2 nM 
HSA@AuNRs treated monolayers exhibited larger and more gaps, 
compared to 1 nM HSA@AuNRs treated monolayers, consistent with the 
earlier data related to FITC-dextran transport. In the case of MβCD 
pretreated monolayers, further incubation with 1 and 2 nM 
HSA@AuNRs cannot cause the gap formation, suggesting the impor
tance of nanorod endocytosis to the disrupted cell–cell adhesion 
(Fig. S6). These results were further verified through the quantitative 
analysis of gap area, which showed that 1 nM and 2 nM HSA@AuNRs 
treated monolayers displayed ~ 1% and ~ 5% of gap area, respectively 
(Fig. 3D). Apart from the loss of cell–cell adhesion, it was obvious to see 
that the actin structures within the cells had been changed upon the 

Fig. 2. (A-C) Cell viability, LDH, and live/dead cell assays assessing the dose-dependent effect of HSA@AuNRs on HAECs. The blue fluorescence indicates live cells 
and green fluorescence corresponds to dead cells. Error bars: SD, n = 6. One-way ANOVA, *P < 0.05, ***P < 0.001. Scale bars: 100 µm. (D-F) Dark-filed images of 
HAECs after 24 h incubation with 0 (untreated), 1 and 2 nM HSA@AuNRs. Red arrows in F mark the nanorods-laden intracellular vesicles surrounding the cell’s 
nucleus. (G) Dark-filed image of MβCD pretreated HAECs after 24 h incubation with 2 nM HSA@AuNRs. Scale bars: 50 µm. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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treatment of HSA@AuNRs. The untreated HAEC monolayers possessed 
evenly distributed, thin actin filaments along the cell length. In contrast, 
HSA@AuNRs treated monolayers showed unevenly distributed actin 
filaments with the appearance of thicker radial actin bundles. With the 
increase of nanorods concentration, the number of radial actin bundles 
dramatically increased, especially in the 2 nM HSA@AuNRs treated 
groups. Reproducible results of VE-cadherin and actin imaging on HAEC 
monolayers are summarized in Fig. S7-S9. Considering the critical roles 
of cytoskeletal actin in the modulation of intracellular tension and 
cell–cell adhesion [55–56], it is reasonable to believe these radial actin 
bundles generated the contraction force in the HAECs and pulled the cell 
junction proteins (e.g., VE-cadherins) inside the cells, thus leading to the 
loss of cell–cell adhesion, formation of intercellular gaps, and increased 
endothelial permeability. 

2.4. Low-dose HSA@AuNRs alter the actin structure and cell morphology 
of single HAECs 

To better examine the effect of HSA@AuNRs on the cytoskeletal 
actin and cell morphology of HAECs, a nanoscale tool, atomic force 
microscopy-based nanomechanical imaging, was utilized to characterize 
single HAECs. This live-cell imaging technique uses a spherical probe to 
scan through the cell in a temperature-controlled culture medium 
(Fig. 4A), collects a force-indentation curve at each pixel, and simulta
neously generates height, surface topography, and elastic modulus im
ages based on Hertz model (Fig. 4B) [57–59]. By correlating these 
images, the actin structures within the cell’s upper layer are identifiable 
as they are typically stiffer than the rest of cells [60–62]. As shown in 
Fig. 4C, the untreated HAECs possessed an elongated cell morphology 
with dense, well-aligned actin filaments paralleled to the cell length. By 
correlating the images in topography and modulus channels, we 
observed precise co-localization between higher topography and stiffer 
areas (marked by green arrows), which indicated the locations of actin 

filaments. However, after treated by HSA@AuNRs, the cell shape 
became circular, meanwhile the cell’s aspect ratio reduced from ~ 2.0 
(untreated) to ~ 1.6 (1 nM nanorods treated) and further to ~ 1.2 (2 nM 
nanorods treated) (Fig. 4D). More importantly, with the increase of 
nanorod concentration, the well-aligned actin filaments gradually dis
appeared, while the thicker, radial actin bundles became dominant 
structures (marked by red arrows), consistent with our previous obser
vations on HAEC monolayers. 

The cytoskeletal actin and cell morphology changes of HAECs were 
further validated by another nanoscale tool: direct stochastic optical 
reconstruction microscopy (dSTORM). Instead of focusing on actin 
structures at the upper layer of the cell, dSTORM adopts total internal 
reflection fluorescence (TIRF) mode that resolves actin structures at the 
bottom layer of the cell (Fig. 5A). Importantly, dSTORM offers drasti
cally improved imaging resolution compared to the traditional wide- 
field microscopy by stochastically activating individual fluorophores 
and an image reconstruction process (Fig. 5B), which allows precise 
quantification of actin orientation altered by the HSA@AuNRs treat
ment. As shown in Fig. 5C, HAECs treated by HSA@AuNRs gradually 
lost the parallel actin filaments and increased radial stress fibers, as 
confirmed by the quantitative analysis of actin orientations (Fig. 5D) 
showing the wider distribution of actin orientations/angles. Reproduc
ible results of AFM and dSTORM images of single HAECs are presented 
in Figs. S10-S15. Together, AFM and dSTORM demonstrate that the 
low-dose HSA@AuNRs cause the cytoskeletal and morphological 
changes of HAECs in a dose-dependent manner. Notably, the appearance 
of radial actin stress fibers upon the nanorod treatments suggests the 
actin-mediated radial contraction of individual cells, which reduces the 
stability of cell–cell adhesion and endothelial integrity [63–64]. 

Fig. 3. (A) Schematic illustrating experimental apparatus for measuring endothelial permeability. (B) FITC-dextran transport amount across the untreated and 
nanorods-treated HAEC monolayers. (C) Fluorescence labelling of VE-cadherin (green) and F-actin (red) on the untreated and nanorods-treated HAEC monolayers. 
Red arrow heads mark the intercellular gaps formed between HAECs induced by HSA@AuNRs. Scale bars: 30 µm. White dashed lines profile the fluorescence in
tensity (actin density) across the HAECs. (D) Gap area analysis of HAEC monolayer based on the fluorescence images. Error bars: SD, n = 3. One-way ANOVA, ***P <
0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.5. Molecular mechanism of actin contraction induced by low-dose 
HSA@AuNRs 

Finally, we sought to understand the molecular mechanism by which 
low-dose HSA@AuNRs caused the contraction of cytoskeletal actin 
within HAECs. Previous studies have suggested a close relationship be
tween caveolae-mediated endocytosis and calcium influx in endothelial 
cells, due to the important role of caveolin-1 in regulating the assembly 
of calcium-permeable transient receptor potential canonical (TRPC) 
channels on the cell membrane and activating the subsequent calcium 
influx pathway [65–67]. Therefore, the caveola formation facilitates the 
entry of calcium ions in endothelial cells. Interestingly, albumin spe
cifically binds to an albumin-binding receptor, Gp60, localized on the 
caveolar plasma membrane and therefore activates caveolae-mediated 
endocytosis of albumin in endothelial cells [68–69]. Inspired by these 
findings and our earlier results related to endocytosis pathway of 
HSA@AuNRs, we proposed the following hypothesis as illustrated in 
Fig. 6A: initially, the caveolae-mediated endocytosis of albumin-coated 
gold nanorods, mediated by the binding of albumin and Gp60, will 
trigger the calcium influx in HAECs. Next, the increased intracellular 
calcium ions will bind to a calcium binding protein, calmodulin (step 1), 
and the calcium-calmodulin complex will further bind/activate myosin 
light-chain kinase (MLCK) (step 2), which will trigger the phosphory
lation of myosin light-chain (MLC to p-MLC, step 3). Finally, the p-MLC 
will enable the actomyosin (actin-myosin) interaction that generates the 
contraction force to pull the VE-cadherin apart (step 4), leading to the 
loss of cell–cell adhesion and enhanced endothelial permeability. 

To test our hypothesis, we first measured the intracellular calcium 
ions in the HAECs using a fluorescent-based, calcium ion-sensing assay. 

The fluorescence images and quantification of fluorescence intensity of 
individual cells revealed that treating HAECs with 1 and 2 nM 
HSA@AuNRs caused ~1.5 and ~2 folds of increase in the intracellular 
calcium ions, respectively, in comparison with untreated HAECs 
(Fig. 6B-6C). We believe the increase of intracellular calcium ions here is 
due to the activation of TRPC channels since pre-treating HAECs with a 
well-established TRPC inhibitor (Pico145) [70] can attenuate the cal
cium influx caused by the HSA@AuNRs (Fig. S16). These results were in 
well accordance with the earlier nanorods uptake and FITC-dextran 
transport results (Fig. 2D-2F, Fig. 3B). Therefore, it can be concluded 
that the caveolae-mediated endocytosis of HSA@AuNRs triggered the 
calcium influx in HAECs in a dose-dependent manner. Next, we exam
ined the essential protein markers involved in the calcium influx 
pathway using the Western blot method (Fig. 6D). We found that the 
amount of membrane Gp60 reduced with the increase of HSA@AuNRs 
doses (Fig. 6E), suggesting that endocytosis of HSA@AuNRs was initi
ated by the binding between albumin on the nanorods and Gp60 on the 
caveolar plasma membrane, which caused the depletion of membrane 
Gp60 to intracellular degradative vesicles, as proved by the earlier 
nanorods localization analysis in the dark-field images (Fig. 2F). More 
importantly, the Western blots also showed that the phosphorylation 
level of myosin light-chain (i.e., p-MLC), elevated along the increase of 
HSA@AuNRs concentration (Fig. 6F-6G), consistent with the trend of 
calcium ion increase (Fig. 6C). Considering the vital role of p-MLC in the 
regulation of actomyosin contractility [71–72], these data clearly 
revealed that the endocytosis of HSA@AuNRs caused the calcium influx, 
and further trigged the cell contraction by activating the actomyosin 
contraction machine. Here, it should be noted that this actin-changing 
mechanism induced by HSA@AuNRs is quite distinct from the 

Fig. 4. (A) Schematic illustrating the concept of nanomechanical imaging of live cells. (B) Hertz model used for generating Young’s modulus from a force-indentation 
curve. (C) Nanomechanical images of untreated and nanorods-treated single HAECs. Three image channels including height, surface topography (Peak force), and 
modulus images of the same cells were collected simultaneously. Green arrows mark the well-aligned actin filaments on untreated HAECs along the cell length. Red 
arrows mark the thick, radial actin stress fibers on 2 nM nanorods-treated HAECs. Scale bars: 20 µm. (D) Aspect ratio of single cells after different treatments. Error 
bars: SD, n = 20. One-way ANOVA, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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previously studies stating that the actin structures were altered owing to 
the elevation of reactive oxygen species (ROS) induced by the uptake of 
metal nanoparticles [73–74], as our ROS assays confirmed that the up
take of HSA@AuNRs did not cause the increase of ROS level in HAECs 
(Fig. S17). This mechanism is also different from earlier studies on 
microvascular endothelial cells, where the metallic nanoparticles 
directly contacted and interacted with VE-cadherin in cell junctions, 
causing the actin remodeling [75–76]. Together, these results elucidate 
the molecular mechanism of actin contraction induced by low-dose 
HSA@AuNRs: the binding between HSA@AuNRs and Gp60 located at 
caveolar membrane of HAECs triggers the caveolae-mediated endocy
tosis of HSA@AuNRs, causes the calcium influx in HAECs, and further 
activates the myosin light-chain phosphorylation, thus leading to the 
actomyosin contraction and enhanced endothelial permeability. 

3. Conclusion 

This work demonstrated that the cell uptake of albumin-coated gold 
nanorods (HSA@AuNRs), even at the doses when membrane integrity 
and cell viability remained unchanged, can induce the formation of 
intercellular gaps between human aortic endothelial cells (HAECs). By 
examining the HSA@AuNRs-treated HAECs at the monolayer and single 
cell levels, we found that the formation of intercellular gaps was owing 
to the loss of cell–cell adhesion, along with the altered cell morphology 
and cytoskeletal actin structures. In particular, the appearance of radial 
actin stress fibers suggested the increased actomyosin contractility, 
which generated contraction force to pull endothelial cells apart. 
Further mechanistic study at the molecular level demonstrated that the 
caveolae-mediated endocytosis of HSA@AuNRs, mediated by specific 
binding between albumin and its membrane receptor (Gp60), caused the 
calcium influx in HAECs, and further activated the myosin light-chain 
phosphorylation, leading to the actomyosin contraction and enhanced 
endothelial permeability. Together, these results reveal a potential 
adverse effect of low-dose albumin-coated gold nanorods on human 

health, as the endothelial integrity/dysfunction play important roles in 
various physiological/pathological conditions, especially in the cardio
vascular system. It should be noted that the in vitro data cannot 
extrapolate the in vivo scenario where blood flow will serve as an 
important factor to determine the nanoparticle-endothelium interac
tion. However, the in vitro studies here can provide important insights 
into the mechanism of intercellular gap formation and suggest the lim
itations of conventional biochemical assays when conducting in vitro 
tests. On the other hand, this work also suggests a possible way to 
modulate the endothelial permeability to serve the human health in a 
beneficial manner [77]. For example, an on-going study in our group is 
to design gold nanoparticles combined with laser treatment to enhance 
the tumor endothelial permeability, promoting the delivery of anti
cancer drugs and nanoparticles into the tumor through the paracellular 
transport across endothelium, especially for certain tumors without an 
innate leaky endothelial structure. 

4. Experimental 

Materials: Hexadecyltrimetylammonium bromide (CTAB, ≥98%), 
gold (III) chloride trihydrate (≥99.9%), silver nitrate (≥99%), sodium 
borohydride (≥99%), L-ascorbic acid (≥99%), methyl-beta-cyclodextrin 
(≥98%), thiolated polyethylene glycol (PEG) (2 kDa), and 40 kDa 
dextran conjugated with FITC were purchased from Sigma. Human 
serum albumin, bovine serum albumin (BSA), paraformaldehyde, DPBS, 
PBS, and Pierce BCA Protein Assay Kit were acquired from Thermal 
Fisher. Pico145 was purchased from GLPBIO (>98.5%). Human aortic 
endothelial cell line, basal culture medium, and growth kit-VEGF were 
obtained from ATCC. 

Gold nanorods synthesis: 0.6 ml of 10 mM ice-cold sodium boro
hydride was mixed with 9.75 ml of 100 mM CTAB, followed by adding 
with 0.25 ml of 10 mM gold (III) chloride trihydrate. The mixed solution 
was vigorously mixed until color turned from yellowish to brownish 
(seed solution). To grow nanorods, 95 ml of 100 mM CTAB was added 

Fig. 5. (A) Diagram showing TIRF illumination of cytoskeletal actin at the bottom layer of single cells. (B) Schematic illustrating the workflow of dSTORM imaging. 
(C) Wide-field versus dSTORM imaging of cytoskeletal actin in untreated and nanorods-treated single HAECs. (D) Actin fiber orientation in untreated and nanorods- 
treated single HAECs. 
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with 1 ml of 10 mM silver nitrate, 5 ml of 10 mM gold (III) chloride 
trihydrate solution, and 0.55 ml of 100 mM L-ascorbic acid in a 
sequential manner. The mixture was gently stirred to colorless, added 
with 0.12 ml of seed solution, and left undisturbed to grow nanorods. 
After 16 h, the nanorods were washed in deionized H2O using centri
fugation for removing unreacted chemicals and excess surfactant. 

Preparation of HSA-coated AuNRs (HSA@AuNRs): HSA@AuNRs 
were prepared using a ligand exchange approach established in our 
group [41]. Highly concentrated AuNRs were slowly pipetted to HSA 
solution (5 mg/mL, pH = 7) in a centrifuge tube under the sonication 
within 20 min. After this process, the nanorods were centrifuged down 
and the HSA supernatant was removed. Then the nanorods were re- 
dispersed in HSA solution (0.5 mg/mL, pH = 12) and left for 12 h. 
Finally, the nanorods were washed with pH = 11 H2O and re-dispersed 
in PBS buffer (pH = 7.2) for future experiment. The BSA-coated AuNRs 
(HSA@AuNRs) was prepared using the similar protocol. For the PEG- 
coated AuNRs (PEG@AuNRs), highly concentrated AuNRs were slowly 
pipetted to PEG solution (1 µM) and stirred overnight at room 

temperature. Then the nanorods were washed with pH = 7 H2O and re- 
dispersed in pH = 7 H2O for future experiment. 

Nanorods characterization: Shimadzu UV1900 spectrometer, 
Malvern Zetasizer Nano-system, and JEOL JEM2100 transmission elec
tron microscopy (200 keV) were applied to characterize gold nanorods 
and HSA coating. 

Cytotoxicity assays: Three types of cytotoxicity assays were carried 
out, including XTT, LDH, and live/dead staining assays. 8,000–10,000 
cells were seeded to each well of a 96-well plate and left in cell incubator 
for overnight. After removing old medium, new medium with 
HSA@AuNRs was added and left for 24 h. XTT assay was performed 
following a protocol provided by the XTT Cell Viability Assay Kit 
(CyQUANT™, Thermo Fisher). LDH assay was performed following a 
protocol provided by the LDH Cytotoxicity Assay Kit (CyQUANT™, 
Thermo Fisher). Live/dead staining assay was performed using a 
ReadyProbesTM Cell Viability Imaging Kit (Thermo Fisher). 

Dark-field imaging: 10,000 HAECs were seeded onto a coverslip, 
and then immersed into culture medium containing nanorods. For 

Fig. 6. (A) Schematic illustrating the molecular mechanism of how the HAEC uptake of HSA@AuNRs causes the actomyosin contraction, leading to the formation of 
intercellular gaps and enhanced endothelial permeability. (B-C) Intracellular calcium levels of untreated and nanorods-treated HAECs. (D-G) Western blot analyses of 
membrane Gp60, and cytoplasmic MLC and MLC phosphorylation (p-MLC) of untreated and nanorods-treated HAECs. NaK ATPase and β-actin serve as house-keeping 
proteins for membrane Gp60 and cytoplasmic proteins. Error bars: SD. n = 3. One-way ANOVA, ***P < 0.001. 
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methyl-beta-cyclodextrin group, the HAECs on coverslip were first 
treated with 4 mM methyl-beta-cyclodextrin in culture medium for 1 h, 
rinsed by DPBS, and then immersed into culture medium containing 
nanorods. After 24 h of immersion with nanorods, the coverslips were 
washed by DPBS and fixed with 4% paraformaldehyde for 10 min for the 
subsequent dark-field imaging. 

Endothelial permeability assay: HAECs were cultivated to a 100% 
confluent monolayer onto a Corning trans-well insert with 0.4 μm pore 
size. After incubating the monolayer with culture medium containing 
nanorods for different time periods, the cell medium was replaced with 
dextran-FITC solution. After a 30 min wait, the transport of dextran- 
FITC to lower chamber of the trans-well was quantified by a fluores
cence plate reader (Ex/Em = 495/516 nm). 

Fluorescence labelling of VE-cadherin and F-actin: HAECs were 
cultivated to a 100% confluent monolayer onto an imaging dish with a 
diameter of 50 mm. After treating by nanorods, the cells were processed 
by the following steps: washing by DPBS, fixing with 4% para
formaldehyde for 10 min and permeabilizing with 0.1% Triton-X 100 for 
10 min. To label VE-cadherin, the cells were then incubated with 
BlockAid blocking solution for 1 h, VE-cadherin antibody (CST Inc.) for 
12 h, and secondary antibody (AlexaFluor 488, CST Inc.) for 1 h in a 
sequential manner. To label F-actin, ActinRed ReadyProbes 555 
(Thermo Fisher) was used. 

AFM Imaging: Bruker’s BioScope Resolve AFM was applied to image 
single, live HAECs at 37 ◦C in imaging medium. PFQNM-LC-A-CAL 
probes were used for nanomechanical imaging, with 300–600 nm 
oscillation amplitude and 0.8–1 nN set point. Single cell was scanned 
using a frequency of 0.12 Hz and 256x256 pixels. This probe was 
selected because it has a dull geometry (65 nm in radius), minimizing 
the damage to cells, and it also has a 15 µm probe height, avoiding the 
contact of cantilever with cells. AFM images and indentation curves 
were analyzed using the NanoScope Analysis (v1.9, Bruker). The 
calculation of cell aspect ratio is based on the length of cells divided by 
the width at 1/2 of length of the cells (n = 10). 

dSTORM imaging: HAECs, with or without nanorods treatment, 
were processed using a similar protocol as fluorescence labelling of F- 
actin except AlexaFluor 568 phalloidin (Thermo Fisher) was used for F- 
actin labelling here. The detailed procedure for dSTORM imaging was 
documented in our previous paper [78]. Different from conventional 
epifluorescence microscopy, dSTORM implements a total internal 
reflection illumination, making sure only fluorophores 100–200 nm 
above the cover glass are efficiently excited, thereby eliminating the 
background fluorescence outside the focal plane. The image was 
generated and analyzed using ThunderSTORM and ImageJ. 

Intracellular calcium and ROS assays: HAECs seeded in an im
aging dish were treated with cell culture medium containing 0, 1 or 2 nM 
HSA@AuNRs for 24 h. Then the intracellular calcium levels were 
determined using a Screen Quest™ Fluo-8 No Wash Calcium Assay Kit 
(AAT Bioquest). The ROS levels were measured in a similar manner, 
where a cell-permeable fluorescence probe, 2′,7′-dichlorodihydro
fluorescein diacetate (Sigma) was used for probing ROS. A fluorescence 
plate reader (Ex/Em = 495/516 nm) was used to quantify the calcium 
and ROS. The calcium and ROS levels of the nanorods treated HAECs 
were normalized to the levels in the untreated HAECs. 

Western blot: HAECs were lysed 0.5 h following the nanorods 
treatment to track the early signaling. For membrane Gp60, Mem-PERTM 

Plus Membrane Protein Extraction Kit (Thermo Fisher) was applied to 
lyse HAECs. The same protein amount was loaded to a 4–20% gel based 
on the quantification using a bicinchoninic acid assay (Thermo Fisher). 
Then the gels were transferred to Nitrocellulose membrane and pro
cessed by EveryBlot blocking buffer (Bio-Rad). A Gp60 antibody from 
mouse (sc-58156, Santa Cruz) was used as the primary antibody to stain 
the blots for 12 h with shaking. A HRP conjugated goat anti-mouse IgG 
antibody was selected as the secondary antibody. For MLC and p-MLC 
proteins, RIPA buffer was used for cell lysis. The gel running and transfer 
processes followed the protocols mentioned before, except MLC, p-MLC, 

and β-actin antibodies were used as the primary antibodies (3672S, 
3671S, 4967S produced from rabbit, CST Inc.). A HRP conjugated goat 
anti-rabbit IgG was selected as the secondary antibody. For imaging 
blots, Chemi-Doc imaging system from Bio-Rad was used. 
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