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Abstract—Therapies for atherosclerotic cardiovascular dis- ABBREVIATIONS
ease should target early disease stages and specific vascular
sites where disease occurs. Endothelial glycocalyx (GCX) ANOVA
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INTRODUCTION

Cardiovascular diseases, such as those derived from
atherosclerotic vessel hardening due to cholesterol-
and macrophage-filled plaque formation, are the
leading causes of death worldwide.'® These diseases
remain prevalent despite significant treatment ad-
vances and efforts to mitigate their progression, for a
number of reasons. Statin therapy, for example, is a
relatively successful treatment measure against timely
diagnosed cardiovascular disease.”* However, statins’
impacts are systemic throughout the body and statin
use has been associated with muscle and liver damage,
type 2 diabetes, and neurological side effects.** Since
atherosclerosis develops over a long timescale of dec-
ades, statins can be unfavorable for long-term treat-
ment, due to the adverse effects.>* Late detection of
atherosclerosis, which can coincide with a heart related
incident or other severe cardiovascular events, requires
treatment that is more invasive than statin adminis-
tration. Surgical angioplasty, stent placement, or by-
pass of a damaged artery via a replacement vessel are
examples of highly invasive treatments.® These proce-
dures can fail due to mechanical damage to the blood
vessel wall, biomaterial incompatibility, or mismatch
between the replacement vessel and the host vessel,
despite occasional co-delivery with therapeutics in-
tended to combat complications after surgery.*!?
New approaches should be developed to treat
atherosclerosis at early disease stages, at specific af-
fected vascular sites, and preferably in a manner that is
non-invasive.

Towards this end, we turn our attention to the na-
noscale endothelium surface glycocalyx (GCX), which
is an extracellular matrix bound to and encapsulating
the endothelial cells lining the blood vessel wall. This
GCX is of great interest, with respect to improving
atherosclerosis treatment, because initiation and
development of atherosclerotic plaques have been
correlated to its dysfunction.'” In healthy conditions,
the GCX plays a key role in maintaining endothelial
cell functions that lead to vessel health, while providing
a vascular permeability barrier.'*?* These functions
are derived from the GCX structure, which has com-
positional diversity across vessel types and species.''
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Generally, the GCX is composed of tethered gly-
cosaminoglycans, anchoring proteoglycans, bound
glycoproteins, and adsorbed soluble molecules which
endow the GCX with a nanoscale brush-like structure,
a net negative charge, an average pore size of 7 nm,
and an overall thickness reported in the range of
nanometers to several microns.!"* It is important to
note here that the most extensively studied GCX
components, and the primary focus of the study de-
scribed herein, are the glycosaminoglycans, such as
those identified as heparan sulfate (HS), hyaluronic
acid, and chondroitin sulfate, along with sialic acid
modified glycoproteins. The glycosaminoglycans are
constantly degraded through enzymes, and in turn they
are synthesized and extruded via vesicles of the Golgi
apparatus, to maintain homeostatic balance.? This
homeostasis breaks down and GCX shedding occurs in
disease conditions such as hypertension, diabetes,
kidney disease, and albuminuria, which are associated
with increased risk of atherosclerosis.'®***” Patients
are also prone to GCX damage from angioplasty and
bypass surgeries.’’ Low magnitude and inconsistent
blood flow conditions can also cause damage to the
GCX.? Loss of the vasculoprotective GCX due to any
one of these reasons can result in compromised
endothelial barrier function, characterized by an in-
crease in vessel permeability. Downstream, this leads
to unwanted cholesterol and macrophage infiltration
of the vessel wall, causing atherosclerosis.

GCX degradation should not only be accepted as
occurring in association with atherosclerosis, but it
should also be leveraged to improve the approach to
atherosclerosis treatment. It should be leveraged to
replace systemic anti-atherosclerosis drug delivery
approaches with localized drug delivery. Furthermore,
if a nanoscale drug carrier is used, leveraging a per-
meable GCX can be done in a minimally invasive
manner. Therefore, we hypothesize that nanoparticle-
based drug delivery strategies are well suited to take
advantage of dysfunctional GCX for early, targeted,
and minimally invasive anti-atherosclerotic treatment.

In support of our hypothesis, we performed previ-
ous studies demonstrating elevated uptake of ultra-
small nanoparticles by cultured endothelium exhibiting
GCX degradation due to heparinase III (HeplIIl) en-
zyme in the environment or due to disruptions in the
flow that has direct impact on the endothelial sur-
face.™® Ultrasmall nanoparticles were chosen over
typically sized (50-200 nm) nanoparticles, in consid-
eration of the 7-nm pore size of the GCX, to maximize
delivery of the nanoparticles to sites affected by even
minor structural degradation of the GCX. These par-
ticles also possessed a net negative charge, which
facilitates their repulsion by an intact negatively
charged GCX and, on the other hand, allows their
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passive penetration through a degraded GCX. It is
questionable, however, whether these findings will
apply beyond the cell culture experiments and extend
to animal models and humans. The native in vivo
environment incorporates undulating movements of
the vessel walls, pulsatile flow, and various circulating
blood cells and molecules that can have an effect on
the GCX and endothelial cells. Furthermore, immune
and renal systems hinder nanoparticle activity by
opening up avenues for the particles to be removed
from regions of interest.*’

Therefore, an animal study was performed to fur-
ther test our hypothesis in the complex in vivo envi-
ronment. We focused on the early stages of disease by
working with chow fed C57BL/6 mice that are slow to
develop atherosclerosis,”” as opposed to working with
conventionally used high fat diet fed apolipoprotein-E-
deficient mice that are programmed to develop accel-
erated atherosclerosis.”” We attempted to induce onset
of GCX degradation in the mice by performing a
surgical partial ligation of the left carotid artery
(LCA). The non-ligated right carotid artery (RCA) in
each mouse was a healthy and intact counterpart to the
LCA, enabling comparison to a reference condition.
Compared to the RCA, the LCA ligation was not only
invasive but it also dramatically disturbed the flow of
blood, caused endothelial dysfunction and subsequent
GCX degradation, and induced vessel remodeling, as
previously shown.'>?!>* After the mice were intra-
venously treated with ultrasmall nanoparticles, we
examined the mice and found that the ultrasmall
nanoparticles circulating in blood eventually were
localized selectively in the walls of the dysfunctional
and GCX-deficient LCA, as compared to the walls of
the RCA. Our finding provides additional evidence
that degraded GCX can be leveraged for delivery of
nanoparticles at time points associated with
atherosclerosis initiation and to targeted vascular
locations. We anticipate that, in the future, these
nanoparticles, once they are further functionalized, can
be used to improve the delivery and the efficacy of anti-
atherosclerosis drugs.

MATERIALS AND METHODS

Nanoparticle Fabrication and Characterization for In
Vivo and In Vitro Experiments

Ultra-small gold nanospheres (GNS) coated with
polyethelyne glycol (PEG) were fabricated as described
in previous publications.”” In brief, tetrakis-(hydrox-
ymethyl)-phosphonium chloride (THPC)-coated GNS
were first formed (Fig. 1a). Subsequently, PEGylation
of the THPC-coated GNS was done by a ligand ex-

change process using heterobifunctional PEGs: meth-
oxy(OCH;)-PEG-thiol(SH), carboxyl(COOH)-PEG-
SH, and amide(NH,)-PEG-SH (Fig. 1a). The PEG
provides biocompatibility and extends blood circulation
time and the COOH or NH, groups can be conjugated
with therapeutic, targeting, and visualization ligands.*
For imaging of the GNS in this study, the SH-PEG-
NH, was conjugated with a fluorophore in the form of
N-Hydroxysuccinimide (NHS) ester groups of biotin,
for in vivo imaging, or Alexa Flour 647, for in vitro
imaging (Fig. 1a). Fabricating consistently ultra-small
PEG-coated GNS was of great importance in this pro-
ject and confirmed using a (Fig. 1b) transmission elec-
tron microscope (TEM) (JEOL JEM-1000, Tokyo,
Japan), at 80 kV and x 150,000 magnification, and by
performing (Fig. 1c) dynamic light scattering (DLS)
(Brookhaven 90Plus Particle Size Analyzer; Brookha-
ven Instruments Corporation, Holtsville, NY, USA).
Other details of the GNS characterization are described
in our prior publications.” ’

Animal Experiments

Animal studies were approved by the Northeastern
University Institutional Animal Care and Use Com-
mittee (NU-IACUC) and Emory University Institu-
tional Animal Care and Use Committee (IACUC).
Animals were purchased from Jackson Laboratories,
fed a chow diet and water, and were allowed to accli-
mate for 1 week before experimentation.

Partial Carotid Surgery

Seven C57BL/6 male mice at 4 weeks of age
underwent the partial LCA ligation surgery, for
induction of acute disturbed flow, which has been
reported to induce GCX degradation and endothelial
dysfunction.'>?"** Surgeries were performed, as de-
scribed in the Supplementary Materials and Methods
document, to ligate the external carotid artery (ECA)
branch on its own and to ligate the internal carotid
artery (ICA) and occipital artery (OA) branches to-
gether (Fig. 2). The superior thyroid artery (STA) was
left untouched (Fig. 2). Ultrasound was used to con-
firm the effect of ligation on blood flow in the LCA
compared to the RCA (reference vessel). During the
period of acclimation after the LCA ligation surgery,
mice were housed in the IACUC animal facilities for 4
weeks with daily checks to ensure recovery without
complications (Fig. 2).

Nanoparticle Administration In Vivo

At day 26 after LCA ligation, anesthetized mice
intravenously received 25 mg of biotin-conjugated
PEGylated GNS in 150 uL of sterile phosphate buf-
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FIGURE 1. (a) Schematic of gold nanoparticle coated with polyethylene glycol (PEG). The OCH;, COOH, and NH, functional

groups on PEG allow for conjugation and customization of nanoparticles, for specific targeting, drug delivery, and imaging. In this
project, biotin is conjugated to NH, for in vivo imaging or fluorescence is conjugated to NH, for in vitro imaging. (b) TEM shows
that the gold core has a diameter of 2—4 nm. (c) Dynamic light scattering (DLS) confirms the TEM results for the bare gold core and
also shows that the PEG coating increases the nanoparticle diameter to 10-12 nm. Figures and data re-used with permission from

Cheng et al. J Vis Exp.”.

fered saline (PBS) (Fig. 2). Mice were allowed to rest
for 48 h (Fig. 2). See Supplementary Materials and
Methods for more details.

Euthanasia, Fixation, and Carotid Artery Isolation

As described in the Supplementary Materials and
Methods document, the animals were euthanized,
fixed, and dissected 28 days post-ligation surgery,
2 days after GNS treatment (Fig. 2). The carotids
along with the aortic arch were extracted and stored in
PBS.

Cryopreservation, Cryostat Sectioning, and Staining

The LCA and RCA were separately embedded in
optimal cutting temperature (OCT) compound and
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cryopreserved at liquid nitrogen temperature (Fig. 2).
Both arteries were then cryosectioned into 6 um slices
(Fig. 2).

Flourescent staining of GNS uptake into the vessel
wall and GCX expression on the vessel wall were
performed as described in the Supplementary Materials
and Methods document. Briefly, the LCA and RCA
slices were post-fixed and permeabilized, antigens were
retrieved, and non-specific binding sites were blocked.
The biotin-coated PEGylated GNS within the LCA
and RCA slices were labeled (Fig. 2) with streptavidin
conjugated with horseradish peroxidase. To label the
GCX (Fig. 2), the LCA and RCA slices were incubated
with wheat germ agglutinin (WGA), which is a lectin
that labels a number of GCX components, including
sialic acid and N-acetylglucosamine which is a com-
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FIGURE 2. Animal experiment procedure.

ponent of HS and hyaluronic acid.*> WGA was fol-
lowed by streptavidin conjugated with horseradish
peroxidase. After the GNS or GCX were labeled with
horseradish peroxidase-conjugated streptavidin, a
tyramide signal amplification (TSA) Plus Cyanine 3
amplification kit was used to add fluorescence,
with amplified signal. The LCA and RCA sections
were covered with Vectashield antifade mounting
medium  containing 4’,6-diamidino-2-phenylindole
(DAPI), to mark cell nuclei. Imaging was performed
using a Zeiss laser scanning confocal fluorescence
microscope, to visualize DAPI labeled cell nuclei of all
vessel wall cells, elastin auto-fluorescence, GNS, and
WGA-labeled GCX.

Endothelial Cell Experiments
Cell Culture

Cultured human umbilical vein endothelial cells
(HUVEG:S), purchased from ATCC (Manassas, VA),
were used at passages 2 to 8 (Fig. 3) as described in the

Supplementary Materials and Methods document.
Experiments were not performed unless HUVEC were
in fully confluent monolayers.

Flow and GCX Conditions

Once confluent, HUVECs were exposed for 16 h to
flow conditions at a constant shear stress of 12 dynes/
cm? (Fig. 3). To study the effect of degraded GCX, the
flow was sometimes supplemented with
1.25 x 107 ° IU/mL Heplll, which specifically de-
grades the HS component of the GCX (Fig. 3), and at
other times flow was absent (static conditions, 0 dynes/
cm?), to render GCX deficiency due to disruption of
flow. HUVECs stimulated by flow with or without
Heplll, or exposed to static conditions, were fixed and
stained for HS using 1:100 10E4 epitope anti-HS and
1:1000 Alexa Fluor 488 conjugated goat anti-mouse
IgM (Fig. 3). DAPI was used to label cell nuclei. See
Supplementary Materials and Methods for more details.
Imaging was previously described.’
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Cell Culture Experiment
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FIGURE 3. Cell culture experiment procedure.

HUVEC Interaction with GNS

After the 16-h period of 0 or 12 dynes/cm” flow-
conditions, in the presence or absence of Heplll, the
HUVECs were cultured with 500 pug/mL of Alexa
Flour 647 conjugated PEGylated GNS, for 4 h
(Fig. 3). See Supplementary Materials and Methods for
more details.

Imaging and Data Acquisition

Fluorescently labeled sections of LCA, sections of
RCA, and monolayers of HUVEC were imaged under
confocal microscopy as described previously and in
Supplementary Materials and Methods (Figs. 2 and
3).>%2! Analysis was performed using NIH ImageJ
software. For detailed methods, please refer to the
Supplementary Materials and Methods document.

Statistics

Data were expressed as mean £ SEM. Graph Pad
Prism software was used to perform analysis of vari-
ance (ANOVA) statistical analysis, followed by post
hoc analysis via Tukey’s Test, to determine the statis-
tical significance of differences between means. Addi-
tional details of the statistical tests are described in
figure captions.

RESULTS

Functionalized GNS Are Ultra-Small and Expected
to Be Compatible with and Passively Target Degraded
GCX

We first confirmed the size of the synthesized GNS,
by TEM imaging at 80 kV and x 150,000 magnifica-
tion. As indicated by the scale bar on the TEM images,
the diameters of pre-PEGylated GNS particles ranged
from 2 to 3 nm (Fig. 1b). TEM also confirmed that the
THPC-coated GNS were individually dispersed. After
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PEGylation, increase in GNS size was not visible un-
der TEM due to the lack of electron density of the
PEG polymers, but via TEM it was confirmed that the
GNS remained individually dispersed (data not
shown). This was expected because the PEG coat on
the GNS should prevent aggregation into larger sized
particles. DLS was performed to measure the size of
PEGylated GNS. The DLS size measurement his-
tograms, as represented by the ones shown in Fig. Ic,
revealed a GNS size peak at 2.5 nm prior to PEGyla-
tion and a shift to approximately 10.5 nm once the
GNS were PEGylated.

In our previous publication, we also looked at sur-
face charge of the PEGylated GNS. Zeta potential
calculations revealed a particle charge of — 14 mV°.

Partial Carotid Ligation Successfully Induces Disturbed
Flow, Vessel Remodeling, and GCX Degradation,
Mimicking Disease Conditions

In 4-week-old C57BL/6 mice we were able to suc-
cessfully locate the branches of the LCA (Figs. 2 and
4a) in order to perform the partial LCA ligation sur-
gery. Once the branches were located, the STA was left
as is, and the ECA was ligated on its own while the
ICA and OA were ligated together (Figs. 2 and 4a).
The ligation sites are indicated by the red lines in the
diagrams shown in Figs. 2 and 4a.

Using ultrasound, successful LCA ligation was
confirmed to permit continued blood flow without
bleeding or blockage (Fig. 4b). According to the
ultrasound recording, blood flow in the contralateral
non-ligated RCA, a control inherent to each mouse,
remained stably unidirectional and pulsatile with a
frequency of 6.7 Hz and a maximum velocity of about
325 mm/s (Fig. 4b). Compared to the RCA, LCA
blood flow was bidirectional and reduced in magnitude
to a velocity ranging from — 50 to 138 mmy/s, at the
same 6.7 Hz frequency (Fig. 4b). In a previous study,
we performed computational fluid dynamics, deter-
mining that on the first day after ligation the RCA
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(a) Picture shows LCA and its branches (outlined in yellow) prior to surgically ligating the ECA, ICA, and OA while

leaving the STA open. Schematic on the bottom left clarifies the vessels that were ligated during the surgical procedure.?® (b)
Ultrasound of mouse RCA (top) and LCA (bottom) 1 day post-ligation shows blood flow pulsatility, blood flow velocity amplitudes,

and the direction of blood flow in each of the two vessels.

experiences shear stress at a range of 80-120 dynes/
cm® while the LCA experiences shear stress of
approximately 30 dynes/cm”>.>® We anticipate that by
4 weeks after ligation the shear stress levels in the LCA
and RCA will further deviate from each other, with
RCA conditions remaining stable while LCA average
shear stress drops. Therefore, the partial ligation
model achieves the goal of creating an LCA vessel
experiencing disturbed flow and the healthy RCA
provides a convenient comparison to a vessel experi-
encing stably streamlined flow.

After the 4-week period of exposure to disturbed
blood flow, compared to the RCA the difference in the
LCA vessel wall was apparent to the naked eye
(Fig. 5a). Upon closer inspection using immunohis-
tology, the 4-week partial ligation of the LCA was
observed to have induced significant morphological
changes (Fig. 5b). Specifically, the LCA vessel wall
experienced thickening compared to the RCA
(Fig. 5b), similar to what was shown in a prior publi-
cation by Kumar ez al.'> We found that the average
thickness of the RCA wall was 34.4 &+ 6.8 um (Fig. 5c).
The LCA was statistically significantly 18 um thicker,
at 52.6 &+ 5.5 um (Fig. 5¢). Histology of a LCA of a
mouse who did not undergo the partial ligation pro-
cedure measured approximately 35 um (data not
shown), suggesting that the thickening of the LCA was
due to the disturbed flow from the partial ligation
surgery. These results, along with the results previously
reported by Kumar ez al.,'"> demonstrate that 4 weeks
of flow disturbance in the blood stream of C57BL/6
mice can substantially remodel blood vessels.

In addition to the vessel wall thickening, the LCA
also exhibited a more discontinuous GCX layer on the
intima as compared to the RCA (Fig. 6). The differ-
ence in the WGA-labeled GCX is clearly visible in
Fig. 6a, where the healthy RCA expresses a continuous
WGA fluorescence pattern compared to the disrupted
WGA fluorescence on the LCA. The WGA-labeled
GCX coverage of the blood vessel wall decreased from
76.3 + 10.2% in the RCA to 21.2 £ 5.9% in the LCA
as shown in Fig. 6b. This is a statistically significant
55% decrease in coverage of the inner LCA wall. The
degradation of the GCX, as indicated by the drop in
WGA signal, coincides with the vessel wall thickening
induced by the disturbed flow conditions.

Nanoparticles Infiltrate the Compromised LCA More
Than the Healthy RCA

We assessed whether it would be possible for drug
carrier vehicles, such as GNS, to selectively infiltration
blood vessel walls at early disease stages and at specific
vascular sites where disease occurs, by leveraging de-
graded GCX. Representative images of biotinylated
GNS uptake in the mouse carotid arteries after partial
ligation surgeries are shown in Fig. 7a. Upon quanti-
fying the fluorescence intensity of the GNS in the
images, we found that the LCA contained 744.0 +
163.4 pixels compared with 294.0 &+ 109.0 pixels for the
RCA (Fig. 7b). These data translate to approximately
2.5-fold more GNS infiltration of the LCA, compared
to the RCA.
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<FIGURE 5. (a) Exposed mouse LCA and RCA, 4 weeks after

partial ligation of the LCA. The black sutures from the ligation
can be seen on the LCA on the top right. (b) Fluorescent
images taken at x 10 magnification show histology of LCA and
RCA. Cell nuclei are shown in blue. The GCX is the component
shown in red and adjacent to the Ilumen.
Adventitia/connective tissue, on the outside of the vessel,
also appears in red. Green signifies elastin auto-fluorescence.
GCX measurements are challenged by the low resolution of
the images at x10 magnification, but it is clear from these
images that the LCA has a thicker vessel wall as compared to
the RCA. (c) Plot shows the LCA and RCA wall thicknesses.
The data points that are shown represent average
measurements of LCA and RCA thickness for 7 mice (N = 7).
Each average measurement was derived from nine sections
per LCA and RCA, with three measurements taken from each
section, for a total of twenty-seven raw data points. Statistical
significance between groups is denoted as ***P<0.001 (data
from the RCA and LCA from the same animal were paired).

GCX Degradation: Confirmed to Promote
Trans-Endothelial GNS Infiltration

Cultured HUVEC did not show any adverse mor-
phology after 16 h of exposure to flow, static condi-
tions, or flow in the presence of the GCX degradative
enzyme, Heplll (Figs. 8a—8c). In Figs. 8d—8f fluores-
cent images of healthy and dysfunctional GCX are
depicted. The HS stain shows a healthy HUVEC GCX
under flow conditions in the absence of Heplll and
lack of GCX development in HUVEC cultures ex-
posed to static conditions or flow with HeplIl.
Specifically, when the GCX was visualized by labeling
it with fluorescently-tagged 10E4 epitope anti-HS, the
GCX on untreated and flow-conditioned HUVEC was
found to be abundant (Fig. 8d), with a thickness of 1.3
+ 0.2 um (Fig. 8j). The HS-labeled GCX covered 75 +
4.3% of the HUVEC surface (Fig. 8h). The GCX on
static-conditioned HUVEC was found to be degraded
to a thickness of 0.8 + 0.3 um (Fig. 8e and 8&j), and the
extent of HUVEC coverage was degraded by 31.2 +
14.8% (Fig. 8k). The GCX on Heplll-treated and
flow-conditioned HUVEC was found to be degraded
(Fig. 8f), as expected, with a thickness of 0.6 &= 0.3 um
(Fig. 8j). GCX coverage of these HUVEC was reduced
by 75 £ 9.8% (Fig. 8k). These findings of significantly
dissimilar GCX composition on untreated flow-con-
ditioned HUVEC vs. static-conditioned or flow/He-
plll-treated HUVEC suggest that there will be
differential outcomes when it comes to endothelial
uptake of GNS. As expected, the incubation of GNS
with HUVEC possessing healthy vs. compromised
GCX yielded a significant difference in uptake
(Figs. 8g-8i). Under flow conditions in the absence of
Heplll, where GCX was healthy, HUVEC were infil-
trated by GNS at a normalized value of 1.00 £+ 0.27
(Fig. 8i). Static conditions, which compromised the HS
component of the GCX, led to HUVEC infiltration by
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FIGURE 6. (a) Histology of mouse LCA (left) and RCA (right) at x63 magnification. Cell nuclei are shown in blue, GCX is shown in
red, and elastin is shown in green. Scale bar 25 um. (b) Plot shows the LCA and RCA inner wall coverage by the GCX. The data
points shown represent average measurements of LCA and RCA GCX coverage, for 7 mice (N = 7). Each average measurement
comes from nine sections per LCA and RCA, with three fields of view examined per section, and three measurements taken from
each field of view, for a total of 81 raw data points. Statistical significance between groups is denoted as ***P<0.001 (data from the

RCA and LCA from the same animal were paired).

GNS to a normalized value of 0.80 4+ 0.03 (Fig. 8l).
Addition of Heplll to flow conditions, which also
compromised the GCX, led to a statistically significant
increase in HUVEC infiltration by GNS to a normal-
ized value of 1.94 + 0.20 (Fig. 8i), which represents a
nearly 2-fold increase compared to flow conditions in
the absence of Heplll. This fold-change in infiltration
due to GCX degradation in HUVEC nearly aligns with
the fold-change in infiltration that we observed in our
animal experiment comparing the ligated LCA to the
non-ligated RCA, demonstrating the significant role
that GCX degradation plays in selective GNS infil-
tration of dysfunctional endothelium and diseased
blood vessel walls.

DISCUSSION

Initiation and localization of atherosclerosis, which
is characterized by lipid and inflammatory cell pene-
tration of vessel walls, have been strongly linked to
geometrically irregular arterial regions exposed to
disturbed blood flow as opposed to straight arterial
regions exposed to high and stable blood flow.®
Atherosclerosis initiation and localization have also
been correlated to endothelial GCX degradation that
compromises endothelial barrier function and
increases vascular permeability.'*'”** Since our long
term aim is to therapeutically address atherosclerosis
at specific vascular sites where disease occurs and at
carly discase stages, we employed a partial vessel
ligation to convert the stable shear stress conditioned
LCA to a disturbed flow conditioned LCA. We

examined the LCA at early onset of disturbed flow,
and, furthermore, we examined the LCA in an ex-
tended disease initiation phase by using wildtype
C57BL/6 mice that are typically slow to develop
noticeable atherosclerosis.”’ With our approach, we
were able to successfully induce disturbed flow, vessel
remodeling, and GCX degradation to mimic the onset
of disease conditions in vivo.

The extent of GCX degradation that we observed in
the disturbed flow environment was substantial and
informative. However, there are many components of
the GCX other than the WGA-labeled components of
the GCX that could have been examined in our study.
The WGA-labeled GCX components include only
sialic acid and the N-acetylglucosamine portions of HS
and hyaluronic acid glycosaminoglycans.*® We chose
to use WGA because the labeled sialic acid and the N-
acetylglucosamine GCX components are extensively
expressed. In addition, sialic acid was recently shown
to play a role in blood vessel wall endothelium adhe-
siveness,' which would be important for arresting the
circulating GNS. The N-acetylglucosamine-associated
HS was previously shown to be a major factor in the
regulation of endothelial permeability to nanoparti-
cles.”® The N-acetylglucosamine-associated hyaluronic
acid was also previously shown to affect vascular in-
tegrity and permeability.>® Our study did not probe
other portions of the HS and hyaluronic acid gly-
cosaminoglycans, another glycosaminoglycan known
as chondroitin sulfate, or the anchoring proteoglycans
that are all additional constituents of the endothelial
GCX. Monitoring the expression of these additional
constituents over the course of the 4 weeks post-liga-
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FIGURE 7. (a) Histology of mouse LCA (top) and RCA
(bottom) at x63 magnification. Cell nuclei are shown in blue
and biotinylated gold nanospheres are shown in orange. (b)
Quantification of LCA and RCA infiltration of fluorescent GNS
is indicated by fluorescence intensity noted in terms of
arbitrary units (A.U.), which represents pixels per field of
view. The data points shown represent average
measurements of GNS infiltration of LCA and RCA, for 7
mice (N = 7). Each average measurement comes from nine
sections per LCA and RCA, with three fields of view examined
per section, for a total of twenty-seven raw data points.
Statistical significance between groups is denoted as ***P <
0.001 (data from the RCA and LCA from the same animal were
paired). N=7.

tion may have given more insight on what and how the
GCX components respond to blood flow conditions
and are involved in the subsequent remodeling of the
carotid arteries. If it were technically feasible, it would
also have been useful to perform live imaging of the
GCX, which would clarify the timeline of its patho-
logical transformation. At present, live imaging of
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GCX is not possible due to lack of biomarker agents
that would provide sufficient resolution of the carotid
artery GCX."' With the rapid development of imaging
technology, effective and accessible live, imaging may
become a reality soon. The information gained from
probing multiple GCX components in live animals
would inform us of the point at which GCX degra-
dation first occurs, so that atherosclerosis therapies can
be designed to truly target early disease stages.

At 10.5 nm in size and with — 14 mV surface
charge, the PEGylated GNS that we synthesized were
expected to be able to passively interact with the na-
noscale GCX structure as it began to degrade in dis-
turbed flow conditions. The porous structure of an
intact GCX limits infiltration to water, plasma proteins
such as 7-nm sized albumin, and smaller solutes,?
while the negatively charged nature of the GCX repels
negatively charged substances. Therefore, our GNS
infiltration results make sense. In healthy GCX con-
ditions, passive infiltration of the 10.5-nm, — 14 mV
GNS should be limited. At vessel areas affected by
GCX degradation, and even those areas of early onset
of GCX degradation, passive infiltration of the GNS
should be substantially higher than at vessel areas with
intact GCX.

We observed GNS infiltration occurring beyond the
intimal endothelial layer and reaching the medial layer,
and doing so to the greatest extent in the LCA than in
the RCA. We speculate that LCA wall structure and
flow conditions, in addition to its degraded GCX, are
key factors that influence GNS penetration of the
vessel wall. The GNS initially circulate via the bulk
flow in the blood vessel lumen, and the LCA bulk flow
pattern is slow and oscillatory. Therefore, GNS in the
LCA will have higher residence time for interaction
with the blood vessel wall before penetration into the
intimal and medial layer. A close look at the disturbed
flow conditioned LCA, compared to the RCA, also
reveals a structural change that the nanoparticles can
leverage for medial penetration. This change includes
thickening of the wall (in correlation to GCX degra-
dation) without increases in cell density or without
apparent increases in connective tissue (i.e., elastin)
density. This suggests that void spaces have been cre-
ated in the LCA structure. These newly created LCA
void spaces will provide physical room for eclevated
nanoparticle penetration in the LCA, compared to the
RCA. These LCA spaces will also allow room for
increased interstitial flow,> which will push nanopar-
ticles to more deeply penetrate the blood vessel wall.

Clearly, the GNS studied herein have room for
refinement, thanks to the multiple functional groups
on their surfaces. Considering that atherosclerosis
initiation is correlated with GCX damage and
endothelial dysfunction, in future studies the GNS
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FIGURE 8. (a—c) Phase contrast images indicate HUVEC health in culture after 16 h of static (0 dynes/cm?) conditions (b) or 16 h
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GCX. (d-f) Confocal images of cultured HUVEC stained in green for the HS component of GCX, with the cell nuclei stained in blue.
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should not simply be allowed to passively infiltrate the
remodeled GCX and medial compartment of the blood
vessel walls. Instead, the GNS should be made to ac-
tively target GCX-deficient endothelial cells, by con-
jugating one of the GNS functional groups to a ligand
that is specific to dysfunctional endothelial cells. An
active moiety specifically targeting adhesion molecules
expressed on the surface of dysfunctional endothelial
cells and uncovered when the GCX is shed® could
improve localization in regions of interest and at early
disease stages. Another functional group on the GNS
can be conjugated with a therapeutic agent. In the
future, such iterations of our GNS will enable
endothelial-targeted drug delivery at early stages of
vascular dysfunction. The caveat is that the small size
of the GNS offers limited surface area for conjugation
of active targeting ligands and drugs to be delivered.’
Furthermore, attaching ligands or drugs onto the
PEGylated GNS for active targeting and therapeutic
purposes, respectively, will impact the size of the

nanoparticle and slow the rate of infiltration into dis-
eased vessel walls.” Therefore, future iterations of this
PEGylated GNS would have to be developed strate-
gically.

In its present form, our GNS exhibited a relative
2.5-fold increase in infiltration of the LCA, where there
is dysfunctional GCX. This result is not consistent with
our previous in vitro findings, where a 67 fold increase
in GNS uptake was observed in rat fat pad endothelial
cells after GCX dysfunction and a 4-fold increase in
gold nanorods uptake was observed in human umbil-
ical vein endothelial cells after GCX dysfunction.>*
One might assume that the less efficient uptake
observed in vivo is attributed to opsonization by
phagocytes like macrophages and other immune cells,
or to clearance by the kidney and liver.'** However, in
the present study opsonization and clearance were
avoided by coating the nanoparticles with PEG, which
not only makes the particles biocompatible but also
enhances their stealth capability.' In addition, the size
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of the GNS falls within the 10-100 nm range at which
primary clearance can be avoided.' Lastly, a 48-h time
point for observation of GNS uptake after intravenous
injection allows for sufficient time for the GNS to
circulate and infiltrate vessel walls, before the GNS are
clear by the animal body.'

To our knowledge, there is only one other published
demonstration that nanoparticles can passively target
pathologically remodeled vessel walls, written by Go-
mez-Garcia.'> The Gomez-Garcia paper studied the
manner in which nanoparticle localization to vessel
walls depends on flow in situations of angiogenic
conditions relevant to tumor vessels, which are inher-
ently very leaky.'® Due to the angiogenic context of the
study, the Gomez-Garcia paper, like many other
nanoparticle studies, utilizes nanoparticles that are
large (200 nm) and, therefore, incompatible with
GCX."® In contrast, our work shows passive
nanoparticle targeting to vessel walls that are remod-
eled in a pro-atherosclerotic setting. As such, our work
uniquely suggests synergistic importance of both flow
conditions and the endothelial GCX in determining
nanoparticle localization.

Confirmation of the causal relation between GCX
expression and GNS infiltration should have been
performed using GCX-deficient C57BL/6-background
mice, for comparison to the normal C57BL/6-back-
ground mice. However, due to resource constraints, we
utilized cultured endothelial cells. Human endothelial
cells conditioned by a flow stimulus served as a rele-
vant in vitro model.'® One might be concerned that the
in vitro studies are limited by the omission of several
key components of targeted drug and nanoparticle
delivery that natural exist in vivo. For example, in vivo
there are many serum proteins that may bind to the
GNS, increasing the effective GNS size or rendering
minute differences in shape.”® To mimic this and to
overcome the limitation, the cell culture medium used
in this study contained sufficient serum protein. One
limitation that was not overcome in our cell culture
experiment investigation of the role of GCX degrada-
tion in regulating trans-endothelial GNS infiltration,
as was stated for the animal experiments, is the lack of
exploration of the many components of the GCX. In
vivo our focus was broadly on sialic acids and HS- and
HA-associated N-acetylglucosamine. HS was the focus
of the cell culture studies due to its abundance as a
GCX component?® and because we wanted to extend
our previous work.”’ In low shear stress flow condi-
tions (no flow: 0 dynes/cm?), HS destabilization was
not enough to promote GNS uptake by cultured
human endothelial cells. This is likely because other
components of the GCX are present'® and blocking
uptake. In high shear stress flow conditions (12 dynes/
cm?), enzyme-induced HS degradation significantly
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increased GNS uptake by the cultured cells. These re-
sults highlight the complexity of endothelial cell per-
meability to nanoparticles and the importance of
paying attention to the GCX. Therefore, while other
GCX components could have been considered in our
in vitro GNS uptake experiments, the focus on HS lays
an important foundation because attention to the
endothelial GCX in drug and nanoparticle delivery is
still not implemented in many studies. This work and
other very recent reports® *>*® are providing growing
evidence to show that GCX conditions play a key role
in preventing or permitting endothelial cell and vas-
cular targeting by drug carrying nanoparticles.

In summary, we successfully performed a partial
LCA ligation to acutely disturb blood flow in a mouse
vessel and we observed subsequent blood vessel
remodeling and endothelial GCX dysfunction, both
associated with atherosclerosis and cardiovascular
disease, as well as passive targeting of GNS to affected
areas. The GCX is often neglected in development of
drug delivery approaches but this work shows that
targeting dysfunctional vessels based on the GCX of-
fers an innovative approach in cardiovascular disease
therapy and prevention.
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