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The inﬂuence of ﬂow, shear stress and adhesion
molecule targeting on gold nanoparticle uptake in
human endothelial cells†
Henrik Klingberg,a,b Steﬀen Loft,a Lene B. Oddershedeb and Peter Møller*a
The uptake of nanoparticles by endothelial cells is dependent on shear stress adaptation and ﬂow
exposure conditions. Adaptation of primary human umbilical vein endothelial cells (HUVECs) to shear
stress for 24 h was associated with reduced internalisation of unmodiﬁed 80 nm spherical gold
nanoparticles (AuNPs) (mean hydrodynamic size of 99 nm in culture medium) after exposure to ﬂow conditions compared with cells that were cultured and exposed to static conditions. Under static conditions,
targeting of 80 nm AuNPs conjugated with antibodies against the intracellular adhesion molecule
1 (ICAM-1) (mean hydrodynamic size of 109 nm in culture medium) markedly increased the internalisation
of AuNPs in HUVECs that were activated with the tumour necrosis factor (TNF), a treatment that markedly
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increased the surface expression of ICAM-1. Shear stress-adapted and TNF-activated HUVECs, which
were exposed to ﬂow conditions, had higher association with anti-ICAM-1 AuNPs than cells that were not
TNF-activated or exposed to particles under static conditions. Hence, shear stress adaptation reduces
the uptake of unmodiﬁed AuNPs and increases the association between anti-ICAM-1 AuNPs and
TNF-activated HUVECs.

Introduction
The interaction between nanoparticles (NPs) and endothelial
cells is highly relevant for nanomedicine-candidates because
the endothelium constitutes the main barrier between the
blood flow and the adjacent tissue.1 Repetitive mechanical
deformation of vessel walls (i.e., cyclic strain) is an important
modulator of the vascular cell function.2 In addition, the
blood flow promotes a directional force on the vessel wall,
resulting in shear stress, which depends on the blood viscosity, flow rate, and the vessel radius and elasticity.2–5 Shear
stress is known to promote cytoskeletal reorganisation, including the pronounced formation of dense F-actin stress fibres in
primary human umbilical vein endothelial cells (HUVECs).6
Furthermore, microarray analyses have documented altered
expression of a large number of genes in endothelial cells cultured in shear stress compared with cells cultured under static
conditions.7,8 The eﬀects of shear stress on NP-uptake play an
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important role in the application of nanomedicine designated
for intravenous delivery, since the particle–cell interaction is
aﬀected by flow dynamics.9 Targeting of drugs to specific
tissues by the use of engineered nanocarriers is one of the
principle applications of nanomedicine.10 Recently, the targeting of anti-inflammatory nanomedicine has received increasing interest.11 Extravasation of leukocytes is the hallmark of
inflammation, which is initiated by the activation of endothelial cells, the activation increases surface expression of
adhesion molecules, which assists the migration through the
endothelium.12 The activation of endothelial cells by the
tumour necrosis factor (TNF) increases the levels of CD54 also
known as intercellular adhesion molecule 1 (ICAM-1) cell
surface expression.13 NPs conjugated with full length antiICAM-1 immunoglobulin G antibodies have been successfully
targeted and internalised by activated endothelial cells both in
cell cultures and animals.14–16 Several studies on eﬀects of
shear stress on anti-ICAM-1 NPs and cell associations have
been performed on HUVECs and mouse brain endothelioma
(bEnd.5) cells.17–20 The particles used were either polystyrene
or liposomes and all experiments showed unaltered or reduced
association between anti-ICAM-1-NPs and cells when exposed
to flow conditions compared with the static control. These
studies used NPs that were conjugated with the full-length
anti-ICAM-1 antibodies by simple adsorption. However, using
cleaved rather than full-length antibodies has shown to
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increase the stability of conjugation to gold surfaces.21 Gold
nanoparticles (AuNPs) have been extensively used in the development of nanomedicine as a model, drug, or diagnostic NP.22–25
We have investigated the eﬀects of shear stress adaptation
and flow exposure conditions on the uptake of unmodified and
ICAM-1 targeted AuNPs in HUVECs. The cells were either cultured under static conditions or adapted to shear stress under
flow conditions for 24 h prior to AuNP-exposure under static or
flow conditions. Furthermore, we investigated targeting and
uptake of AuNPs conjugated with cleaved anti-ICAM-1 antibodies
in TNF-activated HUVECs under both static and flow conditions.

Experimental
For detailed method descriptions see the ESI.†
Cell culture
HUVECs were obtained from Gibco (NY, USA) and cultured in
supplemented endothelial growth medium with 2% foetal
bovine serum (Cell Applications Inc., San Diego, CA, USA). All
culture surfaces were coated with EmbryoMax® 0.1% Gelatin
Solution (Merck Millipore, Darmstadt, Germany) for 30 min
prior to cell seeding. The HUVECs were activated by exposure
to 10 ng ml−1 of TNF for 24 h prior to AuNP exposure (ESI
Fig. S1 and S2† describe the concentration–response relationship and its eﬀect on the cell size and granularity).
Shear stress and flow system
Prior to AuNP exposure HUVECs were either cultured under
static conditions without flow (termed non-adapted cells) or
under 10 dyn flow conditions for 24 h (termed shear stress
adapted cells). The exposure to AuNPs was carried out either
under static conditions without flow (termed static exposed
cells) or under 10 dyn flow conditions (termed flow exposed
cells). HUVECs were seeded in Ibidi µSlides VI0.4 (Ibidi,
Planegg, Germany) multichannel flow chambers (3 × 104 per
flow channel) four days prior to AuNP exposure.
The flow system was set up with parallel flow-loops each
connected to one flow channel (Fig. 1). The flow system was
placed in a cell culture incubator with an external multichannel peristaltic pump (Watson Marlow Pumps, Falmouth,
UK). The pump and tubing outside of the incubator was
heated and insulated to maintain a constant temperature of
37 °C. A low gas permeable PharmaPure® pump tubing (SaintGobain Performance Plastics, Charny, France) was used
together with a low gas permeable PharMed® BPT tubing
(Saint-Gobain) outside the incubator. For the remaining
tubing running inside the incubator (5% CO2 and 95% humidity), a high gas permeable platinum-coated Tygon® silicon
tubing was used (Saint-Gobain). The reservoirs and bubble
traps were obtained from DTU Systems Biology (described by
Tolker-Nielsen and Sternberg26) with a custom made inner diameter of 1.6 mm to fit the flow system. Five ml syringes were
used as reservoirs (Terumo, Elkton, USA) and sterile lids

11410 | Nanoscale, 2015, 7, 11409–11419

Fig. 1 Experimental setup for ﬂow conditions. Flow loops with cell
growth medium directed by an external peristaltic pump, feeding the
ﬁrst bubble traps, followed by the cell culture ﬂow-chambers and the
second bubble traps before returning the medium to the pump.

matching the syringe Luer connectors were used. The pump
flow rate was measured before each experiment.
Antibody fragmentation
The monoclonal mouse anti-human CD54 (ICAM-1) IgG1
LEAF™ (low endotoxin and azide-free) purified antibody
was obtained from BioLegend® (San Diego, CA, USA). To
obtain half immunoglobulin G1 (IgG1) fragments, the antiICAM-1 antibody was incubated in 0.1 M phosphate buﬀer
(pH 6) containing ethylenediaminetetraacetic acid (EDTA, Sigma
Aldrich, St. Louis, MO, USA) and mercaptoethylamine (2-MEA,
Sigma-Aldrich) at 37 °C for 1.5 h and 3 h. The sub 7 kDa compounds were removed by running the sample twice through a
Zeba Spin Desalting Column (Thermo Fisher Scientific Inc.,
Rochester, NY, USA) with a EDTA containing Tris (pH 8) buﬀer.
The solution was stored at 4 °C and used within a few days.
SDS-PAGE and Coomassie blue staining
The 2-MEA treated and untreated mouse anti-ICAM-1 antibodies were analysed by SDS-PAGE and Coomassie blue staining to check the amount of cleaved antibodies. The loading
buﬀer was prepared without β-mercaptoethanol to ensure that
the antibodies were unaﬀected by the buﬀer.
AuNP modification
Colloidal spherical AuNPs Ø 80 nm (coeﬃcient of variation
<8% according to the manufacturer) were obtained from BBI
Solutions (Cardiﬀ, UK). The intact or cleaved antibodies were
conjugated with the AuNPs by the addition of the intact or
cleaved antibodies to the AuNP stock solution at a final concentration of 123 ng protein per µg AuNPs. For conjugation
with cleaved antibodies the anti-ICAM-1 antibodies were incubated for 3 h with 2-MEA.
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Nanoparticle characterisation
Hydrodynamic size-distribution, stability and precipitation of
anti-ICAM-1 AuNPs were compared with unmodified AuNPs resuspended in ddH2O and supplemented endothelial growth
medium by LM20 NanoSight (Salisbury, UK) and NanoSight
Nanoparticle Tracking Analysis (NTA v. 3.0) and UV-Vis spectroscopy (Shimadzu, Kyoto, Japan).
AuNP exposure
The AuNPs were centrifuged and re-suspended in the endothelial growth medium. The AuNP exposure concentration
used throughout this work was 5 µg ml−1 which corresponds
to 25.4 µM, 9.67 × 108 particles per ml and a total surface area
of 0.19 cm2 ml−1. The AuNP exposure time used throughout
this work was 3 h followed by extensive wash. In previous
work, we have shown that concentrations up to 50 µg ml−1 of
AuNPs were not associated with increased cytotoxicity,
assessed by cellular succinate dehydrogenase activity (WST-1
assay) and cell count (Calcein-AM staining).27
Confocal microscopy
HUVECs were seeded in Ibidi µSlides VI0.4 multichannel flow
chambers (3 × 104 cells per flow channel) four days prior to
AuNP exposure. Just prior to fixation, cells were stained with
CellTracker™ Green CMFDA (20 µM) (Molecular Probes®,
Eugene, OR, USA). Cells were fixed in 4% paraformaldehyde
and mounted with Ibidi mounting medium (Ibidi). Images
were collected on a Leica SP5 confocal microscope (Leica
Microsystems, Mannheim, Germany) using a 100× magnification Leica NA: 1.42, oil immersion objective (Leica Microsystems). CellTracker Green was excited at λ 488 nm and
emission was collected at λ 510–550 nm. AuNPs were visualised in reflection mode with a HeNe laser at λ 633 nm laser
(collected at λ 631–636 nm). The AuNP uptake analysis was performed as described by Klingberg et al.27 The ratio between
the cell volume (CellTracker Green) and the relative AuNP
volume was then calculated. The volume corresponds to the
signal volume and not the actual volume of the AuNPs since
the sizes of 80 nm AuNPs are well below the diﬀraction limit
of light. F-actin was stained with (1 : 100) rhodamin phalloidin
(Molecular Probes) and the nucleus with Hoechst 33342 (Molecular Probes). Rhodamin phalloidin was excited at λ 543 nm
and emission was collected at λ 551–606 nm and Hoechst
was excited at λ 406 nm and emission was collected at
λ 428–464 nm.
Flow cytometry
We used flow cytometry for AuNP-uptake quantification in the
present study because it was designed to assess relative diﬀerences in uptake between exposure conditions. In a previous
study on the same type of AuNP material, we obtained an
excellent consistency in the quantification of AuNPs in
HUVECs by flow cytometry, 3D confocal microscopy and single
particle ICP-MS.27 Samples were analysed on a flow cytometer
BD Accuri™ C6 Flow Cytometer (Becton, Dickinson and
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Company (BD), Franklin Lakes, NY, USA). HUVECs were
seeded (1 × 105 cells per well) in Nunc™ 12 well plates (Nunc,
Roskilde, Denmark) one day prior to AuNP-exposure. For AuNP
uptake and ICAM-1 and PECAM-1 expression experiments
HUVECs were seeded as for confocal microscopy experiments.
Cells were detached using Accutase™ Cell Detachment Solution (BD). The cells were stained with antibodies against
ICAM-1 (R-phycoerythrin (PE) mouse anti-human CD54, BD)
and PECAM-1 (fluorescein isothiocyanate (FITC) mouse antihuman CD31, BD). The measurement of PECAM-1 was
included to compare the ICAM-1 response to a diﬀerently regulated cell adhesion protein on HUVECs. The exposure to TNF
has been shown to down-regulate the surface expression of
PECAM-1, whereas ICAM-1 is up-regulated.28
Statistical analysis
Statistical significances were assessed by linear regression analysis and ANOVA tests. The P < 0.05 level was accepted as the
statistical significance level. The statistical analyses were performed using OriginPro 9.0 (Origin Lab Corporation, Northampton, MA, USA).

Results
Particle characterisation
The hydrodynamic size-distributions of unmodified AuNPs
(AuCtrl), intact anti-ICAM-1 antibody conjugated AuNPs
(AuAb) and cleaved anti-ICAM-1 antibody conjugated AuNPs
(Au12Ab) were analysed by NanoSight Brownian motion video
analysis (Table 1). The hydrodynamic mean size of both AuAb
and Au12Ab increased as compared with AuCtrl after re-suspension in either water or serum-containing endothelial medium
(P < 0.001, P < 0.02, respectively). The mean hydrodynamic
sizes of AuCtrl, AuAb and Au12Ab were also increased when resuspended in HUVEC medium as compared with water (P <
0.001 for all particles). Similar results were obtained for the
mode of the size-distribution. No significant changes in the
absorption/extinction peak wavelength and height were
observed between AuCtrl, AuAb and Au12Ab by UV-Vis, indicating that no significant precipitation of the AuNPs had occurred
during the AuNP conjugation (size-distribution histograms are
shown in Fig. S3 in the ESI†).
SDS-PAGE and Coomassie blue staining
The eﬃciency of the anti-ICAM-1 antibody cleavage by 2-MEA
was examined by SDS-PAGE gel electrophoresis and subsequent Coomassie blue staining. The yield of the antibody
cleavage was 45% cleaved protein and 55% intact protein after
3 h incubation with 10.5 mM 2-MEA (Fig. S4 in the ESI†).
Eﬀect of shear stress adaptation and flow exposure on the
morphology of HUVECs
To determine the eﬀect of shear stress adaptation and flow
exposure on the internalisation of unmodified AuNPs (AuCtrl)
by HUVECs, cells were either cultured under static conditions
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Table 1 Hydrodynamic size of AuNPs with or without anti-ICAM-1 surface modiﬁcations. Brownian motion analysis of AuNPs suspended in H2O or
supplemented endothelial growth medium containing 2% serum (medium). The AuNPs were either unmodiﬁed (AuCtrl), conjugated with intact antiICAM-1 antibodies (AuAb) or conjugated with cleaved anti-ICAM-1 antibodies (Au21 Ab). The results are averages and standard deviations (SD) of
20 measurements made on 4 diﬀerent days (15 measurements made on 3 diﬀerent days for Au21 Ab)

Particle and re-suspension

AuCtrl H2O

AuAb H2O

Au12Ab H2O

AuCtrl medium

AuAb medium

Au12Ab medium

Mean size ± SD (nm)
Mode ± SD (nm)

82.6 ± 3.9
86.5 ± 3.1

88.2 ± 4.9
90 ± 4.2

87.2 ± 2.3
89.5 ± 2.9

98.8 ± 2.9
99.4 ± 3.1

108.9 ± 12.4
102.6 ± 3.9

109 ± 9.9
104.3 ± 4.3

(non-adapted) or under flow conditions for 24 h (10 dyn)
(shear stress adapted) prior to AuNP exposure for 3 h (5 µg
ml−1) either under static (static exposed) or under flow conditions (flow exposed). HUVECs were stained with rhodamin
phalloidin to visualise the actin skeleton (F-actin) in order to
examine shear stress related changes of the cytoskeleton. Both
shear stress adapted cells and flow exposed cells showed the
formation of dense actin stress fibres (Fig. S5†). We did not
observe any clear change in F-actin organisation related to the
AuNP exposure (both for non-adapted and shear stress
adapted cells). The shear stress adapted cells and to a lesser
degree flow exposed cells were associated with reduced CellTracker Green staining compared with non-adapted and static
exposed cells.

Cellular uptake of unmodified AuNPs under shear stress
adaptation and flow conditions
AuNP-uptake was analysed by CLSM and 3D image volume
measurement analysis (Fig. 2). Non-adapted and flow exposed
HUVECs had a slightly reduced internalisation of AuCtrl compared with static exposed cells (P = 0.10). A similar reduction
in AuNP internalisation was observed for shear stress adapted
and static exposed cells (P = 0.23). The most pronounced
reduction in AuNP internalisation was observed in shear stress
adapted and flow exposed cells; these cells had lower AuCtrl
internalisation compared with any of the other groups (P <
0.05). Confocal 3D images showed that only a negligible fraction of the observed AuCtrl was localised in what appeared to

Fig. 2 The eﬀect of shear stress (SS) adaptation and ﬂow exposure conditions for gold nanoparticle (AuNP) uptake by HUVECs. SS adapted cells
were cultured under ﬂow conditions with 10 dyn shear stress for 24 h prior to 3 h AuNP exposure (5 µg ml−1) under either static or ﬂow conditions
(10 dyn). Panels A–D show representative images of image-stacks used for AuNP-uptake analysis. Each panel shows an extended focus image (top;
scale bar = 14 µm) and a cropped XZ image plane (bottom; scale bar = 5 µm). Panel E shows quantiﬁed AuNP uptake based on 3D CLSM data analysis, where the uptake (ratio) is determined by comparing the total cellular volume with the total overlapping relative volume of the AuNPs. Error bars
represent means and SEMs of 5 (and 4 non-adapted and static-exposed cells) independent experiments, *P < 0.05, #P = 0.10.
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be near or on the surface of the cells. Furthermore, the signal
from AuCtrl, which was not overlapping with the signal from
the stained cells, was excluded from the uptake quantification.
Video documentation of 3D-imaging is provided in the ESI
(files S1 and S2†).
AuNP modification with anti-ICAM-1 antibodies and cellular
uptake
A high through-put comparative experiment was performed to
determine the cellular targeting of anti-ICAM-1 antibody conjugated AuNPs of TNF-activated and non-activated HUVECs
and the eﬀect of antibody cleavage on this targeting. This was
performed under static exposure conditions and measured by
flow cytometry and SSC-A analysis (Fig. 3). Cells were grown on
12-well culture plates. There was a statistically significant
interaction between the TNF-activation and AuNP exposure
(P < 0.001).
The increase in SSC-A was significant for all types of AuNPs
(P < 0.001) when compared with unexposed cells. A significant
increase in SSC-A for unexposed TNF-activated cells compared
with unexposed non-activated cells was also observed
(P < 0.05). The increase in uptake of AuCtrl was borderline

Paper

significant for TNF-activated cells when compared with TNFactivated unexposed cells (P = 0.053). No significant increase
in SSC-A was observed in non-activated cells exposed to both
types of anti-ICAM-1 conjugated AuNPs (AuAb and Au12Ab)
compared with AuCtrl. A highly significant increase in SSC-A
was observed for TNF-activated cells exposed to AuAb and
Au12Ab compared with their respective non-activated exposure
controls and TNF-activated and non-activated cells exposed to
AuCtrl (P < 0.001). We chose to use Au12Ab in further experiments due to the stronger binding of the exposed thiol-group
on the cleaved IgG heavy chain as compared with the unspecific
conjugation of the intact antibody on AuAb.
Confocal image analysis of cellular uptake of
anti-ICAM-1 AuNPs
To assess the cellular localisation of the AuNPs and to directly
compare the AuNP-uptake between TNF-activated and nonactivated cells, the AuNP-uptake was quantified by CLSM and
3D image volume measurement analysis. The cells were cultured under static conditions in flow channels to be able to
compare with flow exposure experiments. Visual inspection of
the confocal 3D images indicated that the majority of both
AuCtrl and Au12Ab particles were mainly located in what
appeared as small intracellular vesicular structures, whereas
there were no particles found inside the nucleus and few particles were observed near or on the cellular surface (see Fig. S6
and S7 in the ESI†).
Using confocal microscopy, we quantified the uptake of
AuCtrl and Au12Ab in TNF-activated and non-activated HUVECs
(Fig. 4). In accordance with the flow cytometry results (Fig. 3),
a highly significant increase in the uptake of Au12Ab was
observed for TNF-activated cells compared with non-activated
cells (P < 0.001). A significant increase in the uptake of Au12Ab
was also observed for non-activated cells as compared with the
uptake of AuCtrl (P < 0.05). No significant change was observed
for the uptake of AuCtrl in TNF-activated cells compared with
non-activated cells. Since the exposure volumes varied from
open 12-well culture plates to closed flow channels we also
analysed cellular AuNP uptake for cells cultured in flow channels by flow cytometry analysis. Again we found enhanced
uptake of Au12Ab in TNF-activated cells, whereas no significant
increased uptake of AuCtrl was observed for TNF-activated
cells compared with unexposed non-activated and TNF-activated cells (Fig. S8 in the ESI†).
ICAM-1 cellular targeting in TNF-activated, shear stress
adapted and flow exposed cells

Fig. 3 Flow cytometry analysis of the cellular uptake of unmodiﬁed or
anti-ICAM-1 gold nanoparticles (AuNPs) by non-activated or TNF-activated HUVECs under static conditions. Cells were non-activated (white)
or activated by 24 h pre-incubation with 10 ng ml−1 TNF (black) followed
by AuNP-exposure (5 µg ml−1 for 3 h) under static conditions. The
AuNPs were either unmodiﬁed (AuCtrl), conjugated with full size antiICAM-1 antibodies (AuAb) or conjugated with MEA-2 cleaved antiICAM-1 antibodies (Au21 Ab). *P < 0.05, **P < 0.001 compared with the
unexposed and non-activated cells. §§P<0.001 compared with unexposed that were TNF-activated. ϕϕP<0.001 and #P = 0.053. Error bars
represent SEMs of 4 (3 for Au21 Ab – cleaved) independent experiments.
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HUVECs were TNF-activated and shear stress adapted for 24 h
(10 dyn) prior to a 3 h exposure period to Au12Ab (5 µg ml−1)
under flow conditions. As a reference condition, we used
HUVECs that were not exposed to TNF or shear stress adapted,
whereas they were exposed to Au12Ab for 3 h under static conditions. Fig. 5 panel A shows a representative example of nonactivated cells after static exposure to Au12Ab. Panels B and C
show a representative example of TNF-activated cells after
static exposure to Au12Ab. Panel D shows a representative
Nanoscale, 2015, 7, 11409–11419 | 11413

Paper

Nanoscale

Fig. 4 Confocal microscopy analysis of the cellular uptake of unmodiﬁed or anti-ICAM-1 gold nanoparticles (AuNPs) by non-activated or TNF-activated HUVECs under static conditions. Cells were exposed to AuNPs for 3 h (5 µg ml−1) and activated with TNF (10 ng ml−1) 24 h prior to AuNP
exposure. Panels A–D show representative examples of image-stacks used for relative AuNP-uptake quantiﬁcation. Each panel shows an extended
focus image (top; scale bar = 14 µm) and a cropped XZ image plane (bottom; scale bar = 5 µm). The cytoplasm was stained by CellTracker (red) and
AuNPs were visualised by particle reﬂection (green). Cells were exposed to either unmodiﬁed AuNPs (AuCtrl) or cleaved anti-ICAM antibody-conjugated AuNPs (Au21 Ab). Panel E shows quantiﬁed data on the AuNP uptake based on 3D CLSM data analysis, where the uptake (ratio) is determined by
comparing the total cellular volume with the total overlapping relative volume of the AuNPs. *P < 0.05, **P < 0.001, error bars are SEMs of 5 (4 for
control AuCtrl) independent experiments.

example of non-activated and shear stress adapted cells that
were exposed to Au12Ab under flow conditions. Panels E and F
show a representative example of shear stress adapted and
TNF-activated cells exposed to Au12Ab under flow conditions.
The exposure under flow conditions was associated with
localisation of Au12Ab to the cell surface rather than the
cytosol. In contrast, both non-activated and TNF-activated cells
that were exposed under static conditions showed Au12Ab to be
localised to intracellular compartments of the cells. Video
documentation of 3D-imaging is provided in the ESI (files S3
and S4†). TNF-activated cells displayed a high association with
Au12Ab from what appears to be single or a few NPs to larger
agglomerates ( panels E and F).
The large formation of cell-surface agglomerates on TNFactivated HUVECs, exposed to Au12Ab under shear stress and
flow conditions, made it impossible to quantify the uptake,
since we could not determine which particles were inside the
cell and which were merely attached to the extracellular side of
the membrane. In addition, the optical properties of agglomerated AuNPs could also aﬀect the quantification. Nevertheless,
the association between Au12Ab and TNF-activated HUVECs was
dramatically larger after shear stress adaptation and flow
exposure conditions as compared with static conditions. Flow
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cytometry data showed significantly increased SSC-A in TNFactivated HUVECs exposed to Au12Ab under flow conditions
compared with TNF-activated HUVECs exposed to Au12Ab
under static conditions (Fig. S8 in the ESI†).
ICAM-1 and PECAM-1 surface expression and AuNP-uptake
The surface expression of ICAM-1 and PECAM-1 on HUVECs
was measured by flow cytometry after 3 h AuNP exposure (5 µg
ml−1) of cells that were cultured and exposed under static conditions or adapted to shear stress and exposed under flow conditions (Fig. 6). ANOVA was performed on results from the
static conditions. The results for the shear stress adapted and
flow exposed cells were analysed by separate Student’s t-tests
because the variation between static exposed and shear stress
adapted and flow exposed cells was significantly diﬀerent
(Levene’s test). The diﬀerence in variation is likely due to the
reduced counts obtained by flow cytometry for the shear stress
and flow exposed cells (1000–3000 counts) as compared with
the static exposed cells (8000–10 000 counts).
We found increased ICAM-1 surface-expression for unexposed TNF-activated cells compared with the unexposed
non-activated cells under static conditions as expected (33.4-fold,
P < 0.001). High levels of ICAM-1 surface expression were also
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Fig. 5 Eﬀects of shear stress (SS) adaptation and ﬂow exposure on the association between anti-ICAM-1 antibody conjugated gold nanoparticles
(Au21Ab) and HUVECs. Cells were either non-activated or activated with TNF (24 h and 10 ng ml−1) followed by exposure to AuNPs conjugated with
cleaved anti-ICAM antibodies (Au21 Ab) (5 µg ml−1 for 3 h) under either ﬂow or static conditions. All cells exposed under ﬂow conditions were SS
adapted for 24 h (10 dyn) prior to Au21Ab exposure. Panels A and B show extended focus images of image-stacks of non-activated cells (A) and TNFactivated cells (B) exposed to Au21Ab under static conditions. Panel C shows two selected XY image planes and a rendered perpendicular XZ image
plane of the region of interest (white box) in panel B. Panels D and E show extended focus images of image-stacks of non-activated cells (D) and
TNF-activated cells (E) exposed to Au21 Ab under ﬂow conditions (after 24 h shear stress adaptation). Panel F shows two selected XY image planes and
a rendered perpendicular XZ image plane of the region of interest (white box) in panel E. Images are representative of 3 independent experiments.
Extended focus (A, B and D, E) and XY-plane scale bar = 14 µm, XZ-plane scale bar = 3 µm.

Fig. 6 Flow cytometry analysis of surface expression of ICAM-1 and PECAM-1 after gold nanoparticle (AuNP) exposure. Panels A and B show cell
surface expression of ICAM-1 and PECAM-1, respectively. Shear stress-adapted cells (24 h at 10 dyn) were exposed to AuNPs (5 µg ml−1 for 3 h)
under ﬂow conditions (SS & ﬂow) at 10 dyn. The reference condition was HUVECs that were pre-cultured and exposed to AuNPs under static conditions. Error bars represent SEMs of 5 independent experiments, except for the ICAM-1 measurement in TNF-exposed cells without AuNP exposure
(second bar, n = 4) and for non-activated SS & ﬂow (seventh bar, n = 3). *P < 0.05 and **P < 0.001 compared with the non-activated corresponding
AuNP exposure (ANOVA), §P < 0.05 compared with static TNF-activated unexposed cells (ANOVA), ϕϕP < 0.001 (AVOVA), τP < 0.05, ττP < 0.001 (t-test).

observed for TNF-activated cells exposed to AuCtrl (27.6-fold,
P < 0.001) and Au12Ab (37.2-fold, P < 0.001) under static conditions compared with non-activated cells with the same
exposure conditions. In contrast, there was only a modest
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increase in the ICAM-1 surface expression in the TNF-activated,
shear stress adapted and Au12Ab flow exposed cells as compared with non-activated cells with the same exposure conditions (3.5-fold, P < 0.05). Collectively, this shows that there is
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less ICAM-1 signals on the surface of Au12Ab exposed cells
under flow conditions as compared with static conditions.
This could be due to the increased binding of Au12Ab to the
ICAM-1 receptor on the cell surface. Thus, steric hindrance of
the ICAM-1, by binding to Au12Ab, blocks the detection of the
receptor by flow cytometry.
The surface-expression of PECAM-1 was significantly lower
for unexposed TNF-activated cells compared with the non-activated cells under static conditions (P < 0.05). The PECAM-1
surface expression was further reduced in TNF-activated cells
exposed to either AuCtrl or Au12Ab under static conditions compared with unexposed TNF-activated cells (P < 0.05).
The cell size evaluated by forward scatter (FSC-A) showed
an increased cell size for static unexposed TNF-activated cells
and static AuCtrl-exposed cells (both activated and non-activated) as compared with static unexposed cells (P < 0.05). TNFactivated and shear stress-adapted cells after Au12Ab exposure
under flow conditions showed a significant reduction in the
cell size (P < 0.001) (Fig. S8 in the ESI†).

Discussion
The eﬀect of shear stress on the cellular uptake of NPs is of
great importance in the development of intravenously delivered nanomedicine. Although AuNPs have been a widely-used
model and drug-candidate NPs there has been no systematic
study on the uptake of AuNPs under shear stress and flow conditions, the natural conditions in the circulatory system.
We found that shear stress adaptation and exposure to flow
conditions reduced the uptake of unmodified AuNPs, which
fits well with other experimental work showing reduced uptake
of negatively charged fluorescent polystyrene NPs (100 nm)
when human aortic endothelial cells (HAECs) were exposed to
flow conditions (1 and 5 dyn, 30 min, not shear stress
adapted).29 Another study using immortalised HUVECs
showed no uptake of negatively charged SiO2-NPs (50 nm)
under static conditions, whereas there was increased uptake
during a 20 min exposure under flow conditions in cells that
were not shear stress adapted, although the exact NP localisation (intracellular, loosely associated or acellular) was not
clearly described.30
Most studies have not adapted the cells to shear stress
before conducting the exposure to NPs under flow conditions.
However, studies on uptake after only a short duration of flow
exposure (15–30 min) indicate a diﬀerent time-dependent
uptake/association behaviour than static uptake behaviour as
predicted by theoretical models on “particle margination” of
NP-association to surfaces under flow conditions.31 The shear
stress adaptation in our experiment (24 h) facilitated formation of stress fibres and other phenotypic changes in
HUVECs, which might aﬀect uptake behaviour. For instance, it
has been hypothesized that endothelial cells, which were shear
stress adapted for 24 h, had reduced uptake of ICAM-1 targeted polystyrene NPs (with a diameter of ∼180 nm) because
of the recruitment of the actin cytoskeleton to maintain the
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cell shape, cell junctions and focal adhesion to the surface
under flow.19 Other studies have demonstrated reduced NP
internalisation after 16 h of shear stress adaptation in
HUVECs exposed to antibody conjugated anti-PECAM-NPs and
similar reductions in NP internalisation were observed after
inducing stress fibre formation by thrombin treatment.32 Furthermore, microarray analysis of HUVECs showed regulation
of 52 genes after 6 h and 24 h of shear stress adaptation (25
dyn), among these down-regulations of caveolin-1 and
α-tubulin (subunits of microtubules).8 Another microarray analysis of HAECs showed altered expression of 124 genes after
24 h of shear stress adaptation (12 dyn) among these downregulations of caveolin-1 and alterations of 23 genes related to
the cytoskeleton and the extracellular matrix (most of them
down-regulated).7 This includes the expressional downregulation of coronin-1A (coronin-like protein p57), which has
been suggested to be directly involved in phagocytosis via
interaction with Arp2/3 and F-actin in human neutrophils and
in mouse RAW 264.7 macrophages.33,34 The uptake of AuCtrl
and transferrin coated AuNPs has previously been suggested to
be partly mediated by clathrin-mediated endocytosis,27,35
while poly(2-hydroxypropylmethacrylamide)-coated particles
have been associated with the flotillin-dependent endocytotic
pathway which is clathrin- and caveolae-independent.36 The
integrity of both clathrin- and flotillin-dependent endocytotic
pathways has also been associated with F-actin and dynamic
changes of the actin cytoskeleton.37,38 This, together with the
increased recruitment of cytoplasmic globular actin for the
F-actin stress fibre formation, may explain the reduced internalisation of AuNPs in HUVECs adapted to shear stress for 24 h.
We found that the Au12Ab was internalised in activated
HUVECs to a higher degree compared with non-activated
HUVECs. This is to our knowledge the first time that targeted
metallic NPs have been used in this context, whereas targeting
of activated endothelial cells with anti-ICAM-1 polystyrene NPs
has been studied for various sizes (0.18–10 µm) and shapes in
HUVECs and an endothelial-like cell line, EAhy926.14–17,19,39 In
addition, anti-ICAM-1 antibody conjugated NPs showed
increased passive adhesion after exposure at 4 °C or paraformaldehyde-fixation compared with unmodified polystyrene
NPs.14,16,40 The pronounced increase of Au12Ab internalisation
in TNF-activated HUVECs can be explained by diﬀerences in
the internalisation pathways of Au12Ab and AuCtrl. As described
earlier, the internalisation of AuNPs has been associated with
both clathrin- and flotillin-dependent endocytosis.27,35,36
ICAM-1 conjugated NPs have in turn been suggested to be
internalised by a clathrin- and caveolae-independent pathway,
described as CAM-mediated endocytosis, which requires the
clustering of ICAM-1 receptors.15 The confocal images indicated that both AuCtrl and Au12Ab were localised together
within vesicular structures, which is in agreement with our
previous findings for 80 nm AuCtrl that was confirmed by
focused ion beam-scanning electron microscopy (FIB-SEM).27
The substantial increase in association between Au12Ab and
shear stress-adapted TNF-activated HUVECs under flow conditions is in agreement with the physiological role of ICAM-1
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in the recruitment of leukocytes to activated endothelial
cells.41,42 This may be related to a high number of receptors
on the cell membrane because it has previously been shown
that shear stress augmented TNF-induced ICAM-1 expression
on endothelial cells.43,44 Theoretical models on the interaction
between anti-ICAM-1 antibody-conjugated NPs and endothelial
cells under shear stress conditions have described a shearenhanced binding phenomenon with a threshold-limited
enhancement of adhesion with increasing shear stress.45,46
The flow-mediated shear stress enhances stability of the receptor-ligand bindings until a threshold where the drag force
exceeds that of the binding force, thereby promoting the
detachment of anti-ICAM-1 NPs from the ICAM-1 receptors.45
The multivalency (multiple molecular recognition events) of
the binding between NPs and the cell surface (ICAM-1 receptors) is important for the adhesion of the anti-ICAM-1 NPs
under flow conditions and can be maintained by having a
high number of ligands (antigen-recognition sites) available
on the NPs.46 Other studies on anti-ICAM-1 NPs in shear
stress-adapted cells and under flow conditions have not
reported increased cell adhesion. For instance, anti-ICAM-1
polystyrene beads (∼200 nm) exposed (15 min and 0–2 h,
shear stress-adapted for 24 h) to TNF-activated HUVECs under
flow conditions (4 dyn and 9 dyn) showed no diﬀerence in
adhesion compared with static exposed TNF-activated
cells.17,19 The uptake of anti-ICAM-1 paramagnetic liposomes
(130–140 nm) was shown to be reduced with the increasing
flow rate after 2 h exposure (0–5 dyn) in TNF-activated mouse
brain endothelioma (bEnd.5) cells.20 However, the quantification of the uptake did not appear to allow diﬀerentiation
between surface adhesion and uptake, and cells were not distinguishable in the provided figures. The smaller size of our
anti-ICAM-1 AuNPs may alter the dissociation from the cell’s
surface due to the reduced mechanical drag force on the NPs
mediated by the flow. However, simulations indicate that a
200 nm anti-ICAM-1 NPs would have a slightly higher dissociation energy threshold than a 100 nm anti-ICAM-1 NPs
due to a higher multivalency between the cellular
ICAM-1 molecules and the NPs.45 The diﬀerence in observed
adhesion kinetics may also be due to diﬀerent conjugation
configurations. All the studies on anti-ICAM-1 NPs were conducted using full-length (intact) anti-ICAM-1 antibodies and
random conjugation to the NPs, whereas cleaved antibodies
can stabilise and orientate conjugation to the Au surfaces via
the exposed native thiol functional groups, and thereby
increase the likelihood of antigen–antibody binding.21 This
also fits with the theoretical models on the dependency of
maintaining the level of multivalent binding between antiICAM-1 antibodies on the NPs and cells above a certain
threshold to facilitate adhesion during flow.45,46
Eﬀects of AuNP exposure on ICAM-1 and PECAM-1 surface
expression have not been reported earlier to our knowledge.
Increased surface expression of ICAM-1 on HUVECs has been
associated with exposure to metallic NPs of similar size such
as TiO2 NPs (95 nm) and Al2Si2O5(OH)4 NPs (kaolinite aluminium silicate 30–75 nm) both related to a slight increase in
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reactive oxygen species (ROS) production.47 Previously, we have
found a slight increase in ROS production in HUVECs exposed
to 80 nm AuCtrl.27 Non-metallic NPs have also been shown to
increase both the ROS production and ICAM-1 surface
expression in HUVECs after exposure to diesel exhaust particles and carbon black NPs.48,49 An increase in ROS production has been associated with increased ICAM-1
expression.50 We also found that AuNP increased PECAM-1
expression, similar to the increase found after exposure to
∼420 nm TiO2 particle agglomerates and ambient air particulate matter.51,52 In contrast to ICAM-1, TNF exposure is known
to reduce PECAM-1 surface expression and alter leukocyte
transmigration via the involvement of intercellular junctions.53
This was further reduced after exposure to AuNPs indicating
that a cooperative eﬀect with TNF as a slight increase in
PECAM-1 surface expression was observed after AuNP exposure
in non-activated cells.

Conclusions
Shear stress adaptation of HUVECs prior to AuNP exposure
under flow conditions reduced the internalisation of AuNPs,
whereas flow exposure conditions enhanced the association between anti-ICAM-1 AuNPs and TNF-activated shear
stress-adapted HUVECs. This suggests that targeting of nanocarriers for leukocyte adhesion receptors will be particularly
eﬀective under flow conditions to shear stress-adapted endothelial cells.
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