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I Gold Nanoparticle Uptake

Interactions of Human Endothelial Cells with Gold
Nanoparticles of Different Morphologies

Dorota Bartczak, Otto L. Muskens, Simone Nitti, Tilman Sanchez-Elsner,
Timothy M. Millar, and Antonios G. Kanaras*

The interactions between noncancerous, primary endothelial cells and gold
nanoparticles with different morphologies but the same ligand capping are
investigated. The endothelial cells are incubated with gold nanospheres, nanorods,
hollow gold spheres, and core/shell silica/gold nanocrystals, which are coated with
monocarboxy (I-mercaptoundec-11-yl) hexaethylene glycol (OEG). Cell viability
studies show that all types of gold particles are noncytotoxic. The number of particles
taken up by the cells is estimated using inductively coupled plasma (ICP), and are
found to differ depending on particle morphology. The above results are discussed
with respect to heating efficiency. Using experimental data reported earlier and
theoretical model calculations which take into account the physical properties and
distribution of particles in the cellular microenvironment, it is found that collective
heating effects of several cells loaded with nanoparticles must be included to explain

the observed viability of the endothelial cells.

1. Introduction

The use of advanced nanomaterials in biomedicine is a rap-
idly emerging area of research.'*) The unique properties of
engineered colloidal nanoparticles, equipped with a toolkit of
functionalities, open up a wide range of applications in imaging
and theranostics.> For example, different types of nanoparticles
can serve as contrast agents for long—term tracking of biomol-
ecules,[" carriers for targeted and efficient drug delivery,1*!1]
probes for the manipulation of cellular functions,['>!3] and agents
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for laser-induced nanosurgery and cancer treatment.l'*8] In

order to develop such advanced applications, the interactions of
nanoparticles with biological systems have to be understood at a
fundamental level. Important questions that must be answered
relate to a) how the nanoparticle characteristics (morphology,
functionality, and chemical composition) and the degree of
nanoparticle agglomeration influence their uptake and distribu-
tion within different types of cells; b) what is the cytotoxicity of
the different types of nanoparticles taken up by the cells; and
c¢) how the cellular behavior is affected by nanoparticles. Studies
addressing these important topics will help to choose the most
appropriate and efficient types of nanoparticles for imaging,
sensing, therapy, and drug delivery.

An increasing number of reports have appeared in recent
years where the authors have studied the interactions of semi-
conductor, metal oxide, and metallic nanoparticles with bio-
logical systems.'>2] Amongst these types of particles, gold
nanoparticles (GNPs) have been shown to be particularly
attractive. Gold nanoparticles exhibit relatively good biocom-
patibility and low toxicity in comparison to other kinds of inor-
ganic nanoparticles (e.g., cadmium-based quantum dots), as well
as high affinity towards amine- and thiol-containing biomol-
ecules. Moreover, several types of GNPs (e.g., rodlike, hollow
gold, silica/gold core/shell) show strong optical resonances in
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the near-IR range of the spectrum, offering
the opportunity for application of these par-
ticles in imaging and phototherapy.[-172]

Several studies have recently investi-
gated the cellular uptake of GNPs of var-
ious morphologies and functionalities.[?7-3?]
Chan and co-workers reported that citrate
coated spherical and rodlike GNPs were
both endocytosed by HeLa cells with
spherical GNPs taken-up more efficiently
than rodlike NPs.’¥] It was demonstrated
that the uptake rate of spherical citrate-
coated GNPs of 50 nm diameter was
higher than for particles of 14 or 74 nm.
In another report from the same group
14 nm transferrin-coated GNPs were exo-
cytosed quicker than larger particles of
diameters up to 100 nm.[*! Stellacci and
co-workers reported that 5-6 nm gold NPs
capped with a mixed layer of hydrophobic
and anionic ligands arranged in ribbon-
like domains, could penetrate the cellular
membrane of dendritic cells without dis-
rupting it whereas GNPs with identical
hydrophobic content but in the absence
of structurally organized ligands were taken-up by cells and
trapped within endosomes.®®! Rotello and co-workers also
showed that particles of different charges can migrate in dif-
ferent locations within tumor cylindroids.??”]

Despite the significant number of studies focused on the
interaction of GNPs and cells, as highlighted in several recent
reviews,?340 the general understanding of the interactions
between nanoparticles and cells remains limited. This is due
to the inherent complexity resulting from a large variety of
different nanoparticle and cell types, as well as to the intrinsic
variation of experimental conditions. Moreover, many reports
focus on cancer cell lines, which differ substantially from non-
cancerous cell types.

Endothelial cells line the entire circulatory system, from the
heart to the smallest capillary, assemble the blood-brain barrier
of an organism and are involved in the growth and metastasis
of cancer. As such, they are an important type of mammalian
cells. Here, we present for first time a study of the interactions
between GNPs of four different morphologies, but of the same
ligand capping, with noncancerous, primary human endothelial
cells. We specifically discuss how different morphologies influ-
ence the cellular uptake of nanoparticles, their cytotoxicity,
and the laser-induced cell death. Our studies provide a better
understanding which aids the selection of the most appropriate
types of particles for applications including drug delivery inside
the cell and laser treatment, especially when the cellular micro-
environment near a tumor site has to be considered.

2. Results and Discussion

We have employed four types of morphologically different
GNPs: spherical (SP), rodlike (NR), hollow gold (HG) and
core/shell silica/gold (CS). Figure 1 shows transmission
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Figure 1. TEM images of various types of gold nanoparticles: a) gold nanospheres, b) gold
nanorods, c) silica/gold core/shell nanoparticles, and d) hollow gold nanoparticles. Scales
bars are 100 nm.

electron microscopy (TEM) images of all the different
types of nanoparticles. Analyzing a large set of TEM images
(see Supporting Information (SI) for histograms) we esti-
mated the average size of each type of particles, as shown
in Figure 2. All GNPs were stabilized with monocarboxy
(1-mercaptoundec-11-yl) hexaethylene glycol (OEG). As pre-
viously reported,[?%#1#2] the OEG capping layer enhances the
stability of NPs against aggregation and minimizes the pos-
sibility of nonspecific interactions with biological molecules
such as serum proteins. Moreover, the negative charge of the
OEG GNPs reduces their possible cellular toxicity, whereas
the ethylene glycol units may increase the retention times of
the particles in the blood.[*}] The nanoparticles were charac-
terized with several techniques including UV-visible spec-
troscopy (see SI), TEM, dynamic light scattering (DLS), and
zeta potential measurements. The nanoparticles were robust
in solution and did not show any signs of aggregation.

As expected, the zeta potential measurements indicated
a strong negative charge for all the types of OEG GNPs. The
smallest OEG SP had the lowest net charge (28 £ 2 mV),
while the largest OEG HG had the highest (—40 £2 mV). The
average number of OEGs attached to each nanoparticle was
estimated with Ellman’s method.[** At least ten independent
measurements were performed for each type of NP, the sum-
mary of which is shown in Figure 2. In all cases the number
of capping ligands was sufficient to provide the appropriate
surface stabilization. As expected, the larger particles (HG)
have the highest number of OEG ligands (=55 871), while the
smallest (SP) have the lowest number (=1876).

2.1. Cellular Uptake of OEG GNPs

The cellular uptake of the different types of nanoparticles
was studied using TEM and inductively coupled plasma-atomic
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Hydrodynamic Netcharge Number of
OEG NPstype core [nm] diameter [nm] [mV] OEG perNP
<P 15+1 25+2 -28+2 1876 + 156
NR 17+2/47+2 - -30+1 6820 + 877
HG 91+7/9+2 96+ 4 -40 £2 55871 +570
s 43+4/7+3 51+3 -36 £2 21368 +830

Figure 2. a) Schematic illustration of OEG-coated gold nanoparticles. b) Physicochemical characterization of OEG-capped gold nanoparticles of
different morphologies. The hydrodynamic diameter, zeta potential, and average number of ligands per particle is shown.

of the vesicles can be easily distinguished (see Figure 3a and
ST), which suggests endocytosis as the most probable pathway
of internalization. As can be seen in Figure 3d (and SI) the
orientation of gold nanorods within vesicles is random. Some
nanorods are aligned horizontally to the TEM grid and appear
as elongated structures on the image, while
others are lined up vertically in the 100 nm-
thick cellular section, giving the impression
of a more spherical shape. In most images,
the GNPs assembled in the vesicles are
found to consist of collections of 10-100
particles. This observation is of importance

for its consequence in laser treatments.
The average number of nanoparti-
e cles per cell was estimated with ICP. The
3000+ cells (100 000) were incubated with GNPs
(1 mL,8.3 nm) for 4 h in endothelial growth
medium (20% human serum, M199 media,
penicillin/streptomycin/glutamine) at37 °C,
5% CO, in a humidified incubator purified
and processed for ICP-AES. The results
from three independent experiments for
all of the different types of particles are
shown in Figure 3e. The numbers of par-
ticles taken up by the cells were estimated
from the total mass of gold, divided by the

average mass per particle.

The first observation from Figure 3e is
that in our study, particles are taken up in
lower numbers compared to other studies
on differently functionalized nanopar-
ticles.?23435 This is probably due to the
strong negative charge of the OEG GNPs in
conjunction with the ability of the ethylene
glycol units to prevent most of the nonspe-
cific interactions between the nanoparticle

emission spectroscopy (ICP-AES). Figure 3 shows TEM images
of cross-sectioned endothelial cells incubated with OEG GNPs.
The images show that the GNPs were internalized by the
endothelial cells, and were found confined within intracellular
vesicles. In most cases, the well-preserved double membrane

OEG SP

OEGCS

] %
= e o 1

# GNP / cell

“SP NR HG CS
Particle type

Figure 3. a—d) TEM images of cross-sectioned endothelial cells loaded with OEG-coated
gold nanoparticles. a) OEG SPs: spherical gold nanoparticles, b) OEG CS: silica core/gold
shell nanoparticles, ¢) OEG HG: hollow gold nanoparticles, and d) OEG NR: gold nanorods.
Scale bars are 100 nm (for lower scale images see Sl). e) Average number of particles per
endothelial cell obtained from ICP-AES data.
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Figure 4. Chronic cytotoxicity profile of endothelial cells when loaded with the different types of particles: a) spheres, b) nanorods, c) hollow
gold particles, and d) core/shell silica/gold. The number of alive cells remain the same after 96 h of incubation with the particles in various
concentrations. A positive control (10% DMSO) is used for comparison. A t-Test analysis showing the level of significance (p) is indicated as (+%*)
for significant and ‘ns’ for insignificant values (see Sl for calculated values).

surface and proteins or other biomolecules as reported by
others.?3] In our experiments the highly negative HG and
CS nanoparticles are found within the cells at the lowest con-
centrations compared to the other particle types. One could
speculate that the stronger negative charge of HG makes it dif-
ficult for these particles to physically approach the cells, due to
stronger repulsion from the negatively charged cellular mem-
brane of human umbilical vein endothelial cells (HUVEC:).
However, although the NR are slightly more negative than the
SP, they are internalized in larger numbers than the spheres.
On the other hand the 50 nm-sized CS particles are taken up
in lower numbers than the 100 nm-sized HG. Both of these
experimental results deviate from observations made in recent
literature regarding size- and shape-dependent uptake in HeLa
cells.B+»] A possible reason for this discrepancy may be partly
explained by a) the type and normal physiology of the cells
utilized; primary endothelial cells as opposed to immortalized
cervical epithelial cells; b) the nature of surface coating of NPs
(charge and type of ligand); and c) the experimental conditions
used (i.e., incubation times). These characteristics are equally
critical as the size and shape of nanoparticles, and are expected
to influence strongly the cellular uptake of GNPs.

2.2. Cytoxicity of OEG-Capped NPs

One more aspect should not be omitted when investi-
gating the interactions between mammalian cells and NPs:
the survival rate of cells transfected with NPs. We have meas-
ured the number of endothelial cells after prolonged (in

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

comparison to cell uptake studies) 96 h treatment with OEG
NPs, in respect to untreated cells. Briefly, as endothelial cells
have an adherent phenotype and stop dividing once they
reach confluence, their numbers are relatively stable. If cells
die by apoptosis or necrosis, then they lose adherence and
can be removed from the culture by gentle washing. For this
reason we are able to assess cytotoxicity by measuring rela-
tive cell number compared to untreated cells. This is achieved
by labeling the DNA of adherent cells with the DNA specific
dye Hoechst 33342 which fluoresces on binding to DNA at
460 nm after being excited at 350 nm. The untreated cells of a
96 well plate with a confluent monolayer of labeled endothe-
lial cells give the maximum fluorescence and are designated
as 100% cell number. All other treatments are related to this
fluorescence to assess the number of adherent cells. In our
experiments, endothelial cells were seeded at 2 x 10 cells per
well and grown to confluence in 96 well plates. They were
then exposed to either growth medium alone (100% control),
various nanoparticles (treatment) or 10% dimethyl sulfoxide
(DMSO, positive control causing cell death and detachment
from the plates) for 96 h, after which cells were stained with
Hoechst 33342 and the number of adherent cells was meas-
ured relative to untreated controls. The results from at least
three independent experiments are shown in Figure 4. No
significant effects (see SI for statistical analysis) on the cell
number were seen when endothelial cells (ECs) were treated
with the different types of OEG NPs. Even doubling the
concentration of NPs did not cause chronic toxicity. Also, no
differences in the overall cell number were observed when
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Figure 5. a) Schematic illustration of length scales and time scales in nanoparticle heating, showing the time scales (logarithmic) of pulsed-laser
heating of: a single-particle (1), a single cell (2), and of the entire illumination area (3). b—e) Calculated values of: peak temperature ATy, (b);
average temperature AT, for a single nanoparticle (c); temperature increase AT, of a cell of 10 um diameter (d); temperature increase AT, of

a 200 um-diameter illumination area containing 100 cells (e).

reduced concentrations of OEG NPs were used. Conse-
quently, it was concluded that at the concentrations needed
in our experiments, transfected ECs remain adherent.

2.3. Implications for Laser-Induced Treatment

In the following, we include the above characterizations of
the uptake and distribution of GNPs of various morphologies
to assess the possible mechanisms of laser-induced treatment.
Recently, we have shown experimentally that low-intensity
illumination at a wavelength of 690 + 10 nm resulted in sig-
nificant damage of endothelial cells incubated with GNPs.[4]
Here, we combine the information on internalization and
clustering of OEG-capped NPs in the endosomes to calculate
the local and global heating effects using a simple model of
pulsed laser illumination (described in the SI). We assumed
a laser intensity of 30 W cm™ which corresponds to the mild
hyperthermia conditions used in experiments.['* Using these
model calculations, we can draw conclusions on the mecha-
nism of laser-induced heating for the OEG NPs and com-
pare these with our experimental results reported earlier for
NR, HG, and CS GNPs.['] For SPs, we compare the maximum
possible heating effect at the SPR maximum (see SI,
Figure S1). Nanoparticle heating effects can be distinguished
on several different length scales and time scales, as shown in
Figure 5. Following illumination by a short picosecond-pulsed
laser, light absorbed by a nanoparticle results in a short non-
equilibrium spike of heat inside the particle characterized by
the single-particle temperature rise ATgyp (Figure 5b). The
peak temperature rise is determined by the absorbed energy
divided by the total particle heat capacity, both of which scale
with particle volume. A small spherical (SP) GNP has a small
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absorption but also a small heat capacity, and therefore shows
a peak temperature rise larger than that of a much larger HG
particle. The similar scaling of absorption and heat capacity
with particle size means that the particle size distribution
does not affect the peak temperature, explaining the absence
of error bars in Figure 5a. For the gold NR, two temperatures
are shown corresponding to random polarization of the inci-
dent light (dark grey bar) and polarization parallel to the NR
long-axis (light gray bar). Particle orientation plays a role in
single-nanoparticle heating as it defines the amount of light
that is absorbed through the longitudinal surface plasmon
resonance. The peak temperature ATgy\p is of importance
in pulsed-laser treatment as it can trigger nonequilibrium
changes of biomolecules attached to the GNPs.[*]

Following pulsed excitation, the particle temperature
rapidly decays within 100 ps through diffusion of heat to
the surroundings of the GNP, and only a low average tem-
perature AT, remains (Figure 5c). For a train of short pulses,
this average temperature includes the accumulative effect of
multiple laser pulses in a single GNP. Clearly, AT, is sev-
eral orders of magnitude smaller than the peak temperature
rise ATgnp The different values of AT, for different types
of GNP illustrate the heat-generation capacity of the various
particles, which is directly proportional to their absorption
cross-section. Error bars in Figure 5c include estimated vari-
ation in absorption cross section due to the experimental dis-
tribution in particle volume (see SI for histograms).

Clearly, single-nanoparticle heating does not produce
a sufficient temperature rise to explain the cell damage
observed in experiments at the laser intensities under study.
Indeed single-particle heating has been shown to be relevant
at 10* times higher laser intensities.[*®l Therefore, we calculate
also collective heating effects which take place on the level of
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an endosome, a whole cell, and the laser illumination spot. On
these length scales, the pulsed nature of the illumination does
not produce a marked variation in temperature, and we can
replace the pulse train with a quasi-continuous energy source,
asindicated in Figure 5a. As shown in the SI, even an aggregate
containing 100 GNP does not produce a local temperature
increase above 1 °C for all particle types and for the illumina-
tion conditions under study. The same is true for the temper-
ature rise in a single cell AT, shown in Figure 5d, where we
have modeled the cell by a spherical volume containing an
amount of GNP as specified in Figure 3. The error bars now
reflect both the distribution of particle sizes as well as the
uncertainty in the number of GNP per cell. Only on the scale
of the 200 um illumination spot the temperature rise AT,
is substantial, i.e., several degrees, as is shown in Figure Se.
This is consistent with macroscopic model studies of nano-
particle photothermal energy conversion in solutions, where
temperature changes were found to take place on the time
scale of seconds to minutes in a nanoparticle solution.*74]

Remarkably, the large variation in nanoparticle uptake
is balanced by the difference in absorption cross section for
the NR, CS, and HG, resulting in a similar calculated tem-
perature increase per cell and over the entire illumination
spot. In experiments a three times larger percentage of cell
death was found for the HG and NR than for the CS.['l
This trend is not observed in our calculations. Most likely,
variations within a factor of 2 are easily obtained through
variations in exact GNP properties resulting in different
spectral response. This may be more prominent for the
CS type of GNP where a small variation in shell thickness
and morphology will result in large spectral shifts of the
plasmon resonances. Also we note that clustering of GNP
inside endosomes will change the absorption spectra of
nanoparticles,*! resulting in different amounts of absorbed
energy.

The combination of our model calculations with our pre-
viously reported experimental results!'*l can be used to elimi-
nate several mechanisms of laser-induced treatment. Clearly,
heat-generation at the single-particle level is insufficient to
produce a large temperature effect. The maximum nonequi-
librium temperatures in the GNP reached during pulsed illu-
mination are of the same order as the average thermal effect
over the illumination spot. Our results do not address pos-
sible nonthermal contributions related to generation of oxi-
dative species, such have been proposed in other work.["”! In
order to explain the cell damage via equilibrium heat gen-
eration, one has to go to the macroscopic scale by including
collective heating of a monolayer of endothelial cells over
several hundred micrometers. This observation is important,
as it implicates that this will affect all cells in the illumina-
tion volume, limiting the possibility of targeting of individual
cell types. Time-resolved calculations of heat diffusion pre-
dict that an equilibrium temperature within the illumination
area will be reached within a time scale of 0.1 s. Ultimately
the temperature increase in the illumination spot will be gov-
erned by heat flux into the surrounding medium. The absence
of thermal damage outside the treated area in previously
reported work by us!'¥l shows that this heat flux does not
result in a buildup of temperature in the culture beyond the
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illumination spot, limiting the equilibrium temperatures to
those shown in Figure Se.

3. Conclusion

Endothelial cells form an important class of cells which
constitute several of the most important barriers to nano-
particles inside the body, including vasculature and the blood—
brain barrier. We investigated the basic interactions between
OEG-coated GNPs and endothelial cells and have addressed
the implications for laser treatment of endothelial cells using
nanoparticles. We studied four types of OEG-coated nano-
particles (gold nanospheres, nanorods, hollow, and core/shell
silica/gold particles) and found that none of these are cyto-
toxic at various concentrations in our experimental condi-
tions. We showed that the morphological differences among
nanoparticles affect their number taken up by endothelial
cells. The OEG-coated hollow gold and the core/shell silica/
gold particles are taken up the least by endothelial cells.
Although the gold nanorods are taken up 100 times more
than the hollow gold particles, they are equally efficient in
promoting cell death when laser hyperthermia is employed.
The latter observation is supported by theoretical calcula-
tions. The knowledge of NPs cellular uptake, cytotoxicity and
laser treatment implication gathered in this study will be of
importance for many applications involving nanoparticle
delivery through the endothelium, as well as for nanotech-
nological manipulation of processes involving vasculature
formation (angiogenesis), which will be explored in future
studies.

4. Experimental Section

Chemical Synthesis of Nanoparticles: Gold NPs were prepared
according to well-established protocols.[5% Briefly, spherical NPs
were prepared by the citrate reduction method and stabilised by
bis(p-sulfonatophenyl)phenyl phosphine dehydrate dipotassium
salt (BSPP) as previously reported by our group.[2

Gold nanorods were synthesized by a seed mediated growth
method.51 In detail, to a growth solution consisting of: hexade-
cyltrimethylammonium bromide (CTAB), (0.2 m, 7.12 mL), sodium
tetrachloroaurate (lll) dehydrate, (5 mm, 2 mL), silver nitrate (5 mm,
0.17 mL) and freshly prepared L-ascorbic acid (0.0788 m, 0.16 mL),
16 uL of gold seeds [prepared by the reduction of gold salt (5 mm,
1 mL) in the presence of CTAB (0.2 m, 1 mL) and sodium borohy-
dride (0.01 m, 0.5 mL)] were added, then shaken gently and left
overnight at 35 °C.

Silica/gold core/shell NPs were prepared via a previously
reported method.52 First, ammonia solution (30%, 3 mL) was
added to 50 mL of absolute ethanol, and then tetraethyl ortho-
silicate (TEQS, 6.7 mmol, 1.5 mL) was added drop-wise, followed
by 30 min. stirring. The silica particles were purified by centrifu-
gation (3%, 10 000 rpm, 10 min). Then, 3-(@aminopropyl) trimeth-
oxysilane (APTMS), (2.8 mmol, 0.5 mL) was added into 50 mL
of a vigorously stirred silica NPs solution and allowed to react
for 2 h prior to purification by centrifugation. Meanwhile, gold
seeds were prepared by mixing sodium hydroxide solution (1 m,
0.5 ml), tetrakis(hydroxymethyl)phosphonium chloride (THPC),
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(0.067 mmol, 1 mL) and 45 mL of water, followed by injection of
the gold salt (1%, 0.75 mL). Seeds (5 mL) were then mixed with
silica/APTMS NPs (0.5 mL in water), allowed to stand for 2 h and
purified by centrifugation (3%, 10 000 rpm, 10 min) prior to the
shell growth. Seed—APTMS-silica NPs (200 pl) were added to
4 mL of an ice cold growth solution (potassium carbonate (25 mg)
in 100 mL of water). Then formaldehyde (0.36 mmol, 10 uL) was
injected and the mixture was allowed to react for 5 min.

Hollow gold NPs (HG) were prepared as follows. To a growth
solution consisting of: CTAB (0.2 m, 80 mL), silver nitrate (0.05 m,
400 pL) and freshly prepared t-ascorbic acid (0.1 m, 2 mL), 400 pL
of silver seed solution (synthesized by the reduction of silver
nitrate (2.5 mm, 1 mL) mixed with trisodium citrate (2.5 mm,
1 mL), sodium borohydride (0.001 m, 25 pL), and 8 mL of water)
was added. Sodium hydroxide (1 m, 2 mL) was injected to this
solution. The mixture was left overnight at 35 °C prior to purifica-
tion (centrifugation, 3x 10 000 rpm, 10 min). The silver nanoparti-
cles (10 mL) were brought to boil and refluxed for 10 min. followed
by a drop-wise addition of gold salt (1 mm, 0.25 mL) and additional
20 min of reflux.

Preparation of OEG-Coated NPs: Freshly prepared OEG (mono-
carboxy (1-mercaptoundec-11-yl) hexaethylene glycol) aqueous
solution (5 mg mL™, 200 pL, MW = 526.7) was added to a solu-
tion of gold SP (10 mL, 5 nm), while stirring. The mixture was incu-
bated for 2 h at room temperature, then overnight at 4 °C. Capped
NPs were purified by three steps of centrifugation/decantation
(16 000 rpm, 15 min) and redispersed by sonication in sodium
borate buffer (10 mL, 0.01 m, pH 9) prior to physicochemical char-
acterisation or a medium growth (M199, 20% human serum, 1 mL)
prior to experiments with cells. NPs were stored at 4 °C.

Anisotropic (NR, HG and CS) gold NPs were capped with OEG
ligands as followed. A fresh solution of OEG (5 mg mL™%, 200 uL,
MW = 526.7) was injected into an aqueous solution of gold NPs
(5 mL; optical density, OD = 0.5), whilst sonicating at 4 °C. This
was immediately followed by the addition of sodium borate buffer
(5 mL, 0.02 m, pH 9). Gradually over 1 h, the temperature was
increased to room temperature, then held at room temperature for
2 h with stirring. This was followed by 30 min of sonication at room
temperature and overnight incubation at 4 °C. Capped NPs were
purified by three steps of centrifugation/decantation and redis-
persed by sonication in sodium borate buffer (10 mL, 0.01 m, pH 9)
prior to characterisation or a medium growth (1 mL) prior to experi-
ments with cells. NPs were stored at 4 °C.

Supernatants left at each step of purification were combined
and stored at 4 °C prior to the quantification of the thiol content,
as described in the following section.

Characterization of Nanoparticles: The shape and size of NPs
was determined by transmission electron microscopy. UV-visible
spectra were measured using a Cary 300 Bio UV-vis spectropho-
tometer from 400 to 900 nm. The images were obtained with a
Hitachi H7000 TEM operating at a bias voltage of 75 kV. The hydro-
dynamic diameter of OEG NPs and their net charge were measured
with a Zetasizer Nano ZS (Malvern Instruments Ltd.).

The number of OEGs per nanoparticle was estimated using the
Ellman’s thiol quantification method. Briefly, quantification buffer
(0.5 mL, 0.1 m sodium phosphate, pH 8; 1 mm ethylenediamine-
tetraacetic acid (EDTA)) was mixed with Ellman’s reagent (10 uL, of
solid 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) dissolved in 1 mL of
quantification buffer). To which, the thiol containing solution (50 pL
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of combined supernatants, left after each step of purification;
0.1 + 1 mm range) was introduced and mixed. The reaction mixture
was incubated for 15 min at room temperature and the maximum
absorbance value was measured at 412 nm. Eventually, the thiol
content was calculated from the calibration curve (prepared by
measuring a series of dilutions with a given concentration of the
quantified thiol, ranging from 0 + 1.5 mw).

HUVEC Isolation and Culturing: HUVECs were harvested from
human umbilical veins by collagenase digestion. Umbilical cords
and placentas were harvested at term following natural delivery
at the Princess Anne Hospital, Southampton, UK following local
ethically approved procedures (Ethics submission number:
07/H0502/83). Umbilical cords were typically stored at 4 °C
until use, within 24 h of delivery. Cords were perfused with Type
1 collagenase solution (1 mg mL™!, Worthington) for 10 min at
37 °C, before endothelial cells were harvested by centrifugation,
then seeded onto T-75 cm flasks. Flasks and subsequent culture
plastic were precoated with porcine gelatin (0.2% in Hank’s Buff-
ered Salt Solution—HBSS, Sigma-Aldrich). Cells were passaged by
trypsin digestion and grown to confluence in M199 (Invitrogen)
media containing 20% human serum (Autogen Bioclear) and
penicillin/streptomycin (Invitrogen) at 37 °C in a humidified 5%
carbon dioxide (CO,) balanced air incubator. Endothelial lineage
was confirmed by cobblestone appearance in culture, by distinct
punctate expression of von Willebrand factor (YWF) and by Cluster
of Differentiation molecule number 31 (CD31) expressions (data
not shown). HUVECs were cultured on porcine gelatin (0.2% in
HBSS) precoated culture dishes, in a media growth (M199) con-
taining 20% human serum in 5% CO, air balanced incubator at
37 °C. HUVECs only from first or second passage were used in all
experiments.

HUVECs were treated with OEG-capped SP, NR, HG, or CS in
serum containing (20% human serum) M199 growth media for
4 + 24 hin 5% CO, air balanced incubator at 37 °C. After treatment
with NPs, cells were either imaged live (in HBSS after being washed
twice in HBSS) with an inverted light microscope (OEG SP only),
or fixed and imaged with a transmission electron microscope (all
types of NPs). For electron microscopy purposes cells were fixed
according to the protocol described in the following section.

TEM of Biological Specimens Incubated with NPs: HUVECs (1 x
10°) grown on porcine gelatin (0.2% in HBSS) precoated 12 well
microplate, were incubated with OEG-coated NPs (1 mL, 8,3 nm,
in 20% human serum M199 growth media) for 4 h at 37 °Cin a
humidified 5% CO, balanced air incubator. After treatment, cells
were washed three times with PBS (1x), then trypsinised (0.75 mL,
0.25% trypsin 0.01% EDTA solution, Sigma-Aldrich) for 5 min at
37 °Cin 5% CO,. The cell suspension was transferred to a plastic
tube (1.5 mL, Eppendorf) and centrifuged (2500 rpm, 5 min, 4 °C).
The solution was decanted and the cell pellet was redispersed in a
main fixative: glutaraldehyde/formaldehyde (3%/4%, in 0.1 m pip-
erazine-1,4-bis(2-ethanesulfonic acid—PIPES buffer, pH 7.2), then
incubated for 15 min at room temperature. Cells were centrifuged
(2500 rpm, 5 min, 4 °C) and decanted. To the cell pellet a drop of
sodium alginate (5% in water) was introduced with a mixture of
PIPES buffer (0.5 mL, 0.2 m) and calcium chloride solution (0.5 mL,
0.2 m in water). When the alginate settled (15 min), the superna-
tant was removed and the embedded cell pellet was transferred
into a glass vial and fixed with post fixative: osmium tetroxide (1%,
0.1 m PIPES buffer) for 1 h. The fixed pellet was washed twice with
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water (for 5 min) and stained with uranyl acetate (2%, in water)
for 20 min. The specimen was washed with 30%, 50%, 70%, and
95% ethanolic solutions for 10 min each, then absolute ethanol for
20 min twice. Dehydrated cells were embedded in TAAB resin (Agar
Scientific Ltd.) and polymerised at 60 °C for 24 h. Resin blocks
were cut using Leica RM 2255 microtome to obtain ultrathin sec-
tions (=100 nm thickness). Sections were deposited on TEM grids
and stained with Reynolds lead stain prior to imaging.

Inductively Coupled Plasma: HUVECs (1 x 10°) were grown on
porcine gelatin (0.2% in HBSS) precoated 12 well microplate and
incubated with OEG-coated NPs (1 mL, 8.3 nm) in @ 20% human
serum M199 media growth) for 4 h at 37 °C in a humidified 5%
CO, balanced air incubator. After treatment, cells were washed
three times with PBS (1x) and trypsin solution (0.75 mL, 0.25%
trypsin 0.01% EDTA solution, Sigma-Aldrich) was added. HUVECs
were incubated for 5 min at 37 °C in 5% CO,, then PBS (5 mL, 1x)
was added and the cell suspension was transferred into a plastic
tube (15 mL) and centrifuged (2500 rpm, 5 min, 4 °C). The cell
pellet was redispersed in PBS (1 mL, 1x), counted and transferred
into a glass vial. Cells (and NPs) where then digested with aqua
regia (9 mL) and the gold content was measured by ICP-AES.

Toxicity Assay: HUVECs (2 x 10% grown on porcine gelatin
(0.2% in HBSS) precoated 96 well microplate, were incubated with
OEG-coated NPs (200 uL, 8,3 nm), in a full-serum growth media)
for 96 h at 37 °C in a humidified 5% CO, balanced air incubator.
After treatment, cells were washed twice with HBSS (200 ulL, 1x)
and stained with Hoechst stain (Invitrogen, 100 pL of 1 ug mL™).
The fluorescence was measured at 355 nm excitation and 460 nm
emission wavelengths using Fluoroskan Ascent plate reader
(Labsystems).

Supporting Information

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