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Abstract

There is an urgent need for contrast agents to detect the first inflammation stage of atherosclerosis by cardiovascular optical coherence
tomography (CV-OCT), the imaging technique with the highest spatial resolution and sensitivity of those used during coronary interventions.
Gold nanoshells (GNSs) provide the strongest signal by CV-OCT. GNSs are functionalized with the cLABL peptide that binds specifically to
the ICAM-1 molecule upregulated in the first stage of atherosclerosis. Dark field microscopy and CV-OCT are used to evaluate the specific
adhesion of these functionalized GNSs to activated endothelial cells. This adhesion is investigated under static and dynamic conditions, for
shear stresses comparable to those of physiological conditions. An increase in the scattering signal given by the functionalized GNSs attached
to activated cells is observed compared to non-activated cells. Thus, cLABL-functionalized GNSs behave as excellent contrast agents for CV-
OCT and promise a novel strategy for clinical molecular imaging of atherosclerosis.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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Nowadays, cardiovascular diseases are the main cause of sider new strategies for the prediction, prevention and treatment of
mortality in the developed world. It is also expected that these atherosclerosis, including those based on the novel discipline of
diseases will remain the first cause of death globally for the next nanomedicine.”® Atherosclerosis consists of a progressive in-
decade.' This has incentivized the scientific community to con- flammatory process characterized by a gradual thickening of the
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artery walls, leading to the formation of atherosclerotic plaques in
the coronary walls. Atherosclerotic plaques reduce blood flow and
so, the amount of oxygen and other nutrients reaching the different
parts of the body. The gradual thickening of artery walls is a silent
process, so symptoms appear late, when the lumen is too narrow
or, suddenly, when plaque rupture occurs and evolves into
thrombosis. Thus, there is an increasing interest in detecting the
early and pre-symptomatic stages in the development of athero-
sclerotic plaques when the lumen has not been narrowed yet. The
detection of the responsible biological processes at the cellular or
molecular level using molecular imaging is of particular interest.
This imaging modality relies on the use of suitable contrast agents
to specifically recognize cellular or subcellular targets that indicate
the development of atherosclerosis. Although several experi-
mental techniques have been used to characterize these athero-
sclerotic stages, of importance are those used in patients during
diagnostic and interventional coronary procedures, since they
provide a unique opportunity for in situ diagnosis and prognostic
assessment. During these clinical procedures, cardiologists use
four main imaging techniques: X-ray, ultrasound, angioscopy, and
optical coherence tomography (OCT). Among them, OCT is the
diagnostic clinical tool with the highest spatial resolution: in the
order of 10 um. Thus, despite its limited depth penetration (few
mm), cardiovascular optical coherence tomography (CV-OCT) is
nowadays widely used during catheterization procedures for
evaluating the superficial plaque morphology at a micrometric
scale.””® OCT displays also a very high sensitivity, higher than
100 dB, and is, therefore, able to detect changes in tissue-related
reflectivity as low as 107'°.7-' This aspect is of great relevance
because many targets of interest associated with the first inflam-
mation stages are present at very low (nanomolar) concentrations.
However, obtaining details at the cellular or molecular level by
CV-OCT requires the use of suitable contrast agents providing
contrast at the OCT operating wavelengths (around 1300 nm
in modern CV-OCT systems). In this respect, several contrast
agents for CV-OCT have been developed, including micro-
bubbles, iron oxide microparticles and, more recently, gold
nanoparticles.”>"'~'* Nevertheless, most of these agents do not
provide images of processes at the subcellular level, and so real
molecular imaging.

In this sense, systematic studies have recently demonstrated
that gold nanoparticles of different morphologies (shapes, com-
position and dimensions) display broad plasmonic extinction
bands in the near-infrared spectral region and, more importantly,
provide a high backscattering signal at the CV-OCT working
wavelength.'>™'” In addition, the gold surface of these nano-
particles makes them biologically inert and highly biocompati-
ble, making conjugation to proteins for in vivo applications
possible. Consequently, gold nanoparticles emerge as excellent
nano-contrast agents for cardiovascular OCT. Recently our
group determined that core/shell plasmonic nanoparticles, con-
sisting of a SiO, core (of about 200 nm) surrounded by thin shell
of gold (of about 15 nm), produce the largest scattering cross-
section (about 5 x 107'° sz) at the CV-OCT wavelength and
therefore the highest contrast in cardiovascular interventional
devices. " Gold nanoshells (GNSs) have been also successfully
used for enhanced cell imaging by CV-OCT.'® Thus, these
GNSs appear as the most suitable nanoparticles for molecular

imaging of atherosclerosis by CV-OCT, and particularly for
detecting the earliest stages of this disease, where the other in-
terventional techniques are yet blind. However, for this purpose
these nanoparticles must be properly functionalized with mole-
cules or antibodies that can recognize the specific receptors that
are upregulated in the artery walls at the first stages of athero-
sclerosis development.

In 2008, J. Sanz and Z. A. Fayad classified the progressive
stages of the development of an atherosclerotic lesion by six
stages: from a normal vessel to a vessel with a well-developed
atheroma (stage 6).*"'” Importantly, they also determined the
main potential molecular targets associated to each one of these
stages. Each stage displays different cellular inflammatory and
molecular processes, which finally build up a plaque, eventually
leading to a substantial narrowing of the arteries.”” The earliest
stage of atherosclerosis (stage 1) begins when low-density li-
poproteins (LDLs), i.e. cholesterol-rich lipo-proteic particles,
cross a damaged endothelium and suffer chemical modifications
(oxidation) that trigger the inflammatory response of the tissue.’
This stage is accompanied by the overexpression of several ad-
hesion molecules, such as vascular cell adhesion molecule 1
(VCAM-1), intercellular adhesion molecule 1 (ICAM-1) as well
as P and E selectins.”**** Consequently, nanoparticles de-
signed to diagnose this stage must be properly functionalized
with ligands and/or antibodies capable of targeting the above-
mentioned up-regulated molecules. The ICAM-1 molecule is
part of the immune response (inflammation), and its activation
and increased expression allow leukocytes to bind to the endo-
thelial cells via the leukocyte function-associated antigen-1
(LFA-1).” Therefore, an LFA-1 protein coating could be used to
bind nanoparticles to cells overexpressing high levels of ICAM-1
on the surface. However, large proteins or antibodies for tar-
geting have some general limitations, like the prize to obtain pure
materials and the difficulty in maintaining the structural and
functional stability. Hence, one of the principal efforts in the
pharmaceutical industry is the development of small peptide
inhibitors for a given target receptor. In this respect, the cyclo'"'>
PenITDGEATDSGC peptide (abbreviated cLABL), a synthetic
binding peptide sequence obtained from the I-domain of the a-
subunit of LFA-1, has been previously demonstrated to possess
high avidity for ICAM-1 receptors overexpressed on the cell
surface.”®*?” This makes this small peptide an ideal candidate for
the targeting of ICAM-1 by gold nanoshells.

In this work, we establish a systematic prospective protocol to
investigate the in vitro specific adhesion efficiency of cLABL-
functionalized GNSs to inflamed endothelial cells. For this
purpose, we first employed dark field microscopy (DFM) to
determine the scattered signal given by GNSs under both static
and dynamic conditions. These results were then corroborated by
CV-OCT, proving that functionalized GNSs are very promising
contrast agents to detect incipient atherosclerosis during clinical
catheterization procedures.

Methods

Details about the surface modification of the GNSs, and the
cell culture and cytotoxicity protocols can be found in the Sup-
plementary Materials section.
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Extinction spectra

Extinction spectra of the different GNSs colloidal dispersions
were all measured at room temperature with a Perkin Elmer
Lambda 1050 spectrophotometer, covering a spectral range from
400 to 1380 nm.

Fourier transform infrared spectroscopy (FTIR)

To demonstrate the successful functionalization of GNSs with
the cLABL peptide, FITR was used. Spectra were measured
using the transmission mode on a IRSpirit-T instrument (SHI-
MADZU), performing 128 scans in the 400-4000 cm™" range
with 4 cm™" resolution. The samples were prepared forming KBr
pellets containing 1 wt% of the analyzed material.

Dynamic light scattering (DLS)

Experimental Details. The hydrodynamic diameter of the
GNSs was determined by DLS. For this purpose, we used a
Malvern Zetasizer Nano ZS90 (Malvern) equipment and size
distribution was measured at 20 °C with an equilibration time of
60 s and a detection angle of 173° (backscattering).

GNSs-cell specific adhesion experiments

Incubations of GNSs (functionalized and non-functionalized)
were carried out to estimate the GNSs-cell adhesion efficiency.
These incubations were performed under static and dynamic
(flow) conditions of the GNSs dispersions.

(i) Static experiments

HMEC cells were incubated for 1 h at 37 °C with GNSs in
PBS dispersions (cLABL-functionalized and non-functionalized,
as control). After incubation, the successful adhesion of GNSs to
HMEC cells was investigated by both dark field microscopy
(DFM) and CV-OCT.

For DFM imaging, a Nikon Eclipse Ti2-U microscope was
employed. The DFM condenser has a numerical aperture of 0.80-
0.95, and a 40x microscope objective (Nikon) with a numerical
aperture of 0.65 was used. The sample was illuminated with a
broadband white LED source and images were taken with a
visible CMOS camera (UEye, Thorlabs).

For OCT imaging, we used a clinical CV-OCT system
commercially available (St. Jude Medical with Dragonfly
OPTIS™ Imaging Catheter, Abbott). This interferometric sys-
tem works in the frequency domain with a super-luminescent
diode emitting infrared light centered at 1320 nm with a band-
width of 200 nm. The axial resolution of this CV-OCT system is
15 pm, with a tissue penetration depth as large as 3 mm.

(i) Dynamic experiments

Adhesion experiments of the GNSs to the HMEC cells were
also carried out under two different shear stresses of the flowing
GNSs. For this purpose, 40 mm? cell culture coverslips were
mounted on a parallel-plate flow chamber (Warner Instruments,
RC-30WA) connected to a syringe pump (New Era NE-300 Just
Infusion™) that can provide constant flow rates up to a maxi-

mum value of about 4 dyn cm ™. The procedure in this case is as
follows: First, cells were TNF-a activated to overexpress ICAM-
1. Then, the different dispersions of GNSs (functionalized and
non-functionalized), with a fixed gold concentration of 5 pg mL
_l, were made to flow over the activated cells for 5 min at each
shear stress. After that, the cells are washed with PBS for 1
additional minute. Images were obtained by DFM every minute
during the circulation time, to compare the corresponding light
scattered signals and evaluate the GNSs-cell adhesion efficiency
for each condition. Shear stress magnitudes were calculated from
the established flow rates given by Eq. [2]*%:

_%@

=2 (2)

Tw
where 1, is the wall shear stress, u the apparent fluid viscosity
(we took that of water at 37 °C; 0.0076 P), Q is the flow rate, b is
the gasket width and & the gasket thickness.

Image processing

GNSs have an intense plasmon resonance at 700 nm (Figure 2,
A), for this reason, in the raw DFM images the nanoparticles
appear as reddish dots. Thus, a color-filter was applied to the raw
images (using a custom MATLAB code) to discriminate the
contribution of the GNSs from the whole scattering signal. Then
the intensity due to nanoparticles attached to cells of the color-
filtered images was determined using ImagelJ software.

Results and discussion

The authors have previously studied a variety of gold nano-
particles of different morphologies, shapes, and sizes, demon-
strating that those made of a silica core of 200 nm and a gold
shell of 15 nm thickness (called gold nanoshells, GNSs) provide
the highest backscattering at 1320 nm, i.e., at the CV-OCT
working wavelength.'> Thus, these GNSs are the contrast agents
used all along this work.

To compare between passive and active cell targeting of
HMEC cells, two different surface coatings for the GNSs (con-
trast agents) were used:

(1) GNSs coated with polyethylene glycol (labeled as
GNSs@PEQG), for passive targeting (or control), as this
coating does not provide specific particle-cell interac-
tions while assuring aqueous stability.

(i) GNSs coated with the cLABL peptide, for active tar-
geting of the ICAM-1 molecules that are upregulated
after TNF-a activation (labeled as GNSs@alCAM). A
simplified scheme of a GNS decorated with the peptide
is shown in Figure 1, A.

In Figure 1, B we have included the dynamic light scattering
(DLS) size distribution obtained for the non-functionalized
(GNSs@PEG) and functionalized (GNSs@alCAM) nanoparti-
cles. It can be seen how the functionalization with the peptide
yields GNSs with a 31% higher hydrodynamic diameter, com-
pared with non-functionalized GNSs. Figure 1, C shows the
FTIR spectra of functionalized and non-functionalized GNSs
together with that of the cLABL peptide alone. Additional
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Figure 1. (A) GNSs@alCAM schematic drawing. (B) Hydrodynamic diameter of GNSs@PEG and GNSs@aIlCAM. (C) FTIR spectra of GNSs @PEG, GNSs @
alCAM, and cLABL peptide. (D) TEM images of GNSs@PEG (top) and GNSs@alCAM (bottom).

vibrational bands are found in the GNSs@alCAM FTIR spec-
trum (see dashed lines) compared to the GNSs@PEG spectrum.
More specifically, the broad band at 3300 cm™' can be assigned
to O-H and N-H vibrations, additional vibrations from the hy-
drocarbon skeleton of the amino acid residues correspond to the
bands at around 2900 and 1200 cm ™', and the increased presence
of carboxylates and amides results in an increase in the C=0
stretching vibration at around 1650 cm™". These bands are all
characteristic of the cLABL peptide, as shown in Figure 1, C.
This demonstrates the successful functionalization of our GNSs
with the cLABL peptide. The transmission electron microscopy
(TEM) images of the GNSs (Figure 1, D), together with the size
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distribution given by DLS (Figure 1, B), indicate that no sig-
nificant GNSs aggregation takes place during the surface mod-
ification process. Nevertheless, to confirm the water colloidal
stability and so the absence of aggregates of functionalized
particles, {-potential measurements were also performed
(Figure S1 of the supplementary material). These results show
that all the aqueous dispersions used in this work (with {-po-
tential around —32 mV) are all colloidally stable.

The normalized extinction spectra of biocompatible phos-
phate-buffered saline (PBS) colloidal dispersions containing the
above-mentioned GNSs are shown in Figure 2, A. Due to their
core-shell structure, the spectra of GNSs consist of broad

loct per GNS (arb. units)

Figure 2. (A) Extinction spectrum of GNSs functionalized (GNSs@alCAM) and PEG-coated (GNSs@PEG). Dashed line indicates the working wavelength of
the cardiovascular OCT system (1325 nm). (B) OCT intensity per nanoparticle signal (left) given by both GNSs and comparative OCT cross-sectional images
(right). The statistical difference is determined by the two-sample 7 test (***P < .001).
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extinction bands with two main surface plasmon resonances,
peaking at about 700 nm and 1000 nm, respectively. Importantly,
both (functionalized and non-functionalized) GNSs show a rel-
evant extinction coefficient at 1320 nm, i.e., at the CV-OCT
working wavelength (see dashed line). Interestingly, anti-ICAM-
1 coating provides the GNSs with about 60% higher extinction
coefficient at 1320 nm than the PEG-coated GNSs. Although the
origin of this extinction enhancement is not completely under-
stood at this point, we state that it is mostly due to an expected
larger Rayleigh scattering increase due to the hydrodynamic
diameter increase after the GNSs surface decoration with cLABL
peptide. In fact, to further assess this increased scattering effect,
the OCT backscattered intensity per particle was estimated for
both GNSs@PEG and GNSs@alCAM, after averaging from
several OCT cross-sectional images like the ones provided in
Figure 2, B. The results show that the OCT backscattering in-
tensity increases by 66% for the GNSs@alCAM compared to the
GNSs@PEQG, in good agreement with the observed increase in
the extinction cross-section.

The next step to investigate the adhesion efficiency of the
GNSs is to test the effectiveness of TNF-a stimulation of the
endothelial HMEC cells to trigger the overexpression of [CAM-1
molecules. For this purpose, we carried out flow cytometry ex-
periments. Figure 3 shows the results obtained for basal and
TNF-a activated cell cultures, together with a control in which
the basal cells were not incubated with ICAM-1 antibody.
Comparing the total fluorescence intensity collected in the FL-1
channel one can see that the fluorescence intensity increases by
about one order of magnitude for the activated cells compared to
the basal cells. Thus, we conclude that TNF-a activation does
effectively lead to a substantial increase of ICAM-1 expression
in the HMEC cells. It is also noteworthy that, even if the number
of molecules expressed by activated cells is much higher than in
the basal cells, the later also express this protein, since the
fluorescence intensity increases compared to the control situa-
tion.

Once it was demonstrated that HMEC activated cells over-
express a substantial number of ICAM-1 molecules in compar-

ison with the basal (non-activated) cells, we incubated both kinds
of cells with dispersions of GNSs (functionalized and non-
functionalized) in PBS for 1 h at 37 °C. The gold mass con-
centration chosen for the dispersions is 5 ug mL™"; at this con-
centration both the functionalized and non-functionalized
nanoparticles do not provide cytotoxic effects (see Figure S2 in
the supplementary material section). Moreover, it should be
noticed that the cell viability remains as good as 80% for much
higher concentrations (15 pg mL™"), which could be required for
future in vivo experiments to provide enough scattering contrast
when working at very short cell-nanoparticle interaction times.
Dark field microscopy (DFM) was first used to compare the
GNSs-cell binding affinity in static conditions between func-
tionalized and non-functionalized GNSs, to discriminate be-
tween active and passive targeting. Figure 4, A shows four
representative DFM images of endothelial cells layers in the
basal and TNF-a stimulated states after incubation with two
different GNSs colloidal dispersions: one with GNSs@PEG for
passive targeting, and the other one with GNSs@alCAM for
active targeting. The GNSs appear in the DFM images as red
spots due to their plasmon resonance peaking at 700 nm. For
cells incubated with GNSs@PEG (non-functionalized nanopar-
ticles) the number of red spots found in the images is similar for
both basal and activated states. On the other hand, the use of
GNSs@alCAM (functionalized nanoparticles) in the incubation
procedure leads to an increase in the number of GNSs attached to
the cells for both basal and activated cells.

The GNSs-cell binding affinity can be quantified following
the image processing procedure described in the Methods sec-
tion. Briefly, images are color-filtered so that only the intensity
due to the reddish pixels (i.e., the intensity due to GNSs) is
registered. Results obtained after averaging over several cells are
shown in Figure 4, B. For cells incubated with non-functional-
ized GNSs, the mean intensity is low (about 0.2) and similar for
basal and activated cells, revealing a certain amount of passive
targeting. Incubation with functionalized GNSs produces an in-
tensity increase from 0.2 to about 0.75 for the basal state cells,
while an additional increase up to 1 is observed for cells in the
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Figure 3. Flow cytometry data of the expression of ICAM-1 before (basal, blue spectrum) and after (activated, red spectrum) TNF-a activation of HMEC cells.
The control case (basal cells not incubated with the ICAM-1 antibody) is included in dashed line.


Image of Figure 3

T. Muiioz-Ortiz et al / Nanomedicine: Nanotechnology, Biology, and Medicine 43 (2022) 102556

B

GNSs@PEG

GNSs@alCAM

Basal

Activated

1.5 [] GNSs@PEG
% | [[_]GNSs@alCAM
-“é‘ * %k
S 5k 3k %
a 1.0L T
e * % k L
S [ —
> I
2 05] |
2
£
0.0 \ 6
(on
S N
%’b 0“46

Figure 4. (A) Dark field microscopy images of basal and activated HMEC cells incubated with GNSs@PEG or GNSs@alCAM. (B) Average total intensity per
cell for both basal and activated cells. Statistical difference is determined by the two-sample 7 test (***P < .001).

activated state. We defined the specific adhesion efficiency as the
relative change in the intensity of the images of cells incubated
with GNSs@alCAM in the activated state (Eq. [1]).

act bas
_ [(IICAJU_[(ZICAJM (1)
- Iuct
alCAM

Where I45¢-4p,and 12,4, are the mean intensity scattered by the
cells after the color-filtration (i.e., the intensity due to GNSs) for
activated and basal cultures, respectively, after incubation with
GNSs@alCAM. Thus, this efficiency indicates the ability of the
functionalized nanoparticles to detect the overexpression of
ICAM-1 molecules because of TNF-a activation, i.e., after the cell
inflammation occurring in the first stage of atherosclerosis de-
velopment. From Figure 4, B, it can be estimated that the specific
adhesion efficiency in static conditions is close to 23%, proving
that active-targeting of the ICAM-1 molecules is taking place.

We then evaluated the suitability of the CV-OCT technique to
detect the specific targeting of functionalized GNSs to the HMEC
activated cells. For this purpose, the OCT catheter tip was placed
under the endothelial cells culture dishes to obtain the OCT
backscattering signals of these cell monolayers, using the pull-back
function. It is important to mention here that the concentration used
for the incubations (5 ug mL™") lies within the concentration range
at which the OCT intensity responds linearly to the GNSs' con-
centration (see Figure S3 of the Supplementary material). Figure 5,
A shows the OCT images of the basal and activated cell mono-
layers, after incubation with non-functionalized and functional-
ized GNSs. The bright areas are due to the backscattering
produced by the cells and the GNSs bound to the cell culture. The
OCT intensities (Figure 5, B) are calculated as the average of the
total intensity of the bright pixels in all the frames of the pullback
image. As was observed by DFM (see Figure 4, B), the OCT
signal intensity obtained under passive targeting (using GNSs@
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Figure 5. (A) OCT images of basal and activated HMEC cells monolayers incubated with GNSs@PEG or GNSs@alCAM. (B) OCT total intensity of the cell
cultures areas for both basal and activated cells. Statistical difference is determined by the two-sample 7 test (***P < .001).


Image of Figure 4
Image of Figure 5

T. Muiioz-Ortiz et al / Nanomedicine: Nanotechnology, Biology, and Medicine 43 (2022) 102556 7

PEG) is similar for the basal and activated states. Indeed, this
result was expected due to the non-specific binding of these
nanoparticles to the cells. However, for active targeting (using
GNSs@alCAM) a measurable increase in the CV-OCT signal is
detected for both the basal and activated states, revealing the
ability of this technique to discriminate between active and passive
targeting. The specific adhesion efficiency of this process has a
value of about 17%, which is in good agreement with the effi-
ciency obtained with DFM. Thus, this result clearly demonstrates
the CV-OCT ability to discriminate between passive and active
targeting and, more importantly, to detect the effect of TNF-«
stimulation. In other words, this reveals the viability of GNSs@
alCAM in combination with a clinical CV-OCT system to per-
form ICAM-1 molecular imaging.

Results included in Figures 4 and 5 have been obtained for
static incubation conditions. Nevertheless, the potential of
functionalized GNSs for molecular imaging of cardiovascular
system requires measurements under flow conditions compara-
ble to the ones that take place in the circulatory system. Figure 6
shows schematically how adhesion experiments under flow
conditions were performed. Dispersions of GNSs with a gold
mass concentration of 5 pg mL™" were made to flow over cell
monolayers in both basal and activated states at two different
shear stresses, 1.7 and 3.5 dyn cm™2. At these shear stresses, the
GNS-cell interaction times (i.e., the time needed for the GNS to
travel a distance equal to the cell length) are 3 ms and 1.5 ms
respectively (see the Supplementary Material section for further
details). For the sake of comparison, experiments were per-
formed for both functionalized (GNSs@alCAM) and non-func-
tionalized (GNSs @PEG) nanoparticles. DFM images were taken
every minute for 5 min of circulation plus 1 min of PBS clear-
ance. The specific adhesion efficiency was then determined.

Figure 7, A shows representative DFM images for different
circulation times of functionalized and non-functionalized GNSs

circulating over activated cells for a shear stress of 1.7 dyn cm™2.

TNF-a stimulation ICAM-1 expression

Stimulated

32l ,

Flowing GNSs

C
ICAM-1 molecules 3‘;2‘ _—>

The number of red spots (i.e., those corresponding to GNSs)
attached to the cells increases in the case of functionalized GNSs
(see the white arrows in Figure 7, A), proving that it is possible
to differentiate passive and active targeting even under dynamic
conditions.

The color-filtered averaged intensity of all the cells for the
different circulation times is calculated and corrected by the in-
tensity at time 0. Results are provided in Figure 7, B, where the
increment in DFM intensity is plotted as a function of the cir-
culation time. For non-functionalized nanoparticles (GNSs@
PEG), the DFM signal does not increase during the whole flow
process, this fact revealing that there is not remarkable adhesion
of nanoparticles. On the other hand, for the functionalized
nanoparticles (GNSs@alCAM) the signal shows a linear in-
creasing trend. This result indicates that the number of targeted
GNSs bound to cells clearly increases with the circulating time.

For comparative purposes, a second set of DFM experiments
was performed at larger shear stress, 3.5 dyn cm™2, the highest
value that can be achieved in our chamber. Figure 8 provides the
averaged intensity increase (i.e., just due to GNSs) after all the
dynamic process, obtained for the two shear stresses and all the
possible combinations of cell states and GNSs.

Reference to Figure 8 shows that after TNF-a activation the
number of functionalized (GNSs@alCAM) nanoparticles at-
tached to the cells increases significantly in respect to the non-
activated (basal) state. In fact, data given in Figure 8 at 6 min
(after clearance) allow to determine how the specific adhesion
efficiency (given by Eq. [1]) evolves when increasing the shear
stress. The efficiencies obtained are 64% for 1.7 dyn cm™2 and
37% for 3.5 dyn cm™2, meaning that a two-times increase of the
shear stress leads to a dramatic reduction in the specific adhesion
efficiency of the GNSs to the activated HMEC cells.

In comparison to the previous efficiency values obtained under
dynamic conditions, one can clearly see that the efficiency ob-
tained under static incubation (1 h) is certainly low (20%). This

GNSs adhesion Optical image

Light

Basal Stimulated
GNSs@alCAM GNSs@PEG GNSs@alCAM

Figure 6. Step-by-step schematic description of the processes involved in the dynamic adhesion cellular imaging experiments.
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Figure 7. (A) DFM images of activated HMEC cells for different circulation times of GNSs@ PEG and GNSs@alCAM dispersions over activated cells with a
shear stress of 1.7 dyn cm ™2 GNSs are remarked with white arrows. (B) DFM Intensity increase due to GNSs as a function of circulation time (5 min + 1 min of

washing with PBS).

difference can be qualitatively explained by considering that, even
in the basal state, cells overexpress a non-negligible number of
ICAM-1 molecules (see Figure 3). Thus, after 1 h of static incu-
bation, the nanoparticle-cell interaction time is high enough so that
the expressed ICAM-1 molecules in the basal cells are almost
saturated by functionalized (GNSs@alCAM) nanoparticles. This
explains the substantial increase in the scattering (DFM and OCT)
signal of GNSs@alCAM in respect to that of GNSs @ PEG for
the basal state (see for instance Figure 4, B). This saturation of the
ICAM molecules by functionalized nanoparticles in the basal state
would explain also the slight increase measured in the scattered
signal of these nanoparticles in the activated state (about 20%) and
so the low adhesion efficiency obtained under static incubation. At
variance, in the dynamic experiments the cell-nanoparticle inter-
action times are so short that the number of functionalized
nanoparticles attached to cells is low and does not saturate the
available ICAM sites either in the basal or in the activated cells
states. This explains the larger adhesion efficiencies obtained
under dynamical conditions as well as the decrease measured in

this efficiency with the increasing shear stress. Nevertheless, fu-
ture experiments are underway to study the effect of the incubation
time and/or the GNSs concentration to find out the optimal con-
ditions maximizing the adhesion efficiency under static incubation
conditions.

Conclusion

In this work we systematically evaluated the potential of gold
nanoshells (GNSs) to act as molecular contrast agents for the early
diagnose of atherosclerosis by optical coherence tomograhy
(OCT). After proper functionalization with the cLABL peptide,
GNSs have proven to bind specifically to the [CAM-1 molecules
overexpressed by TNF-a activated HMEC cells after static incu-
bation. This specificity has been demonstrated by both dark field
microscopy and OCT imaging modalities. The ability of the
functionalized GNSs to attach to inflamed cells was also tested
under dynamic conditions. Results indicate that even in these
conditions the adhesion efficiency is higher than 30% and so
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Figure 8. DFM intensity increase due to GNSs for two shear stresses (after 5 min flow plus 1 min of clearance with PBS).
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pointing to the possibility of employing these nanoparticles in
clinical OCT procedures. This work constitutes a first demon-
stration in vitro of the prowess of GNSs as molecular contrast
agents to detect atherosclerosis in its first stages by CV-OCT. Thus,
further efforts will be carried out in the near future to translate this
system to ex vivo and in vivo models of inflammation targeting.
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