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ABSTRACT: Blood clots (90%) originate from the left atrial
appendage (LAA) in non-valvular atrial ﬁbrillation patients and are
a major cause of embolic stroke. Long-term anticoagulation
therapy has been used to prevent thrombus formation, but its use
is limited in patients at a high risk for bleeding complications.
Thus, left atrial appendage closure (LAAC) devices for LAA
occlusion are well-established as an alternative to the anticoagulation therapy. However, the anticoagulation therapy is still
required for at least 45 days post-implantation to bridge the time
until complete LAA occlusion by neoendocardium coverage of the
device. In this study, we applied an endothelium-mimicking
nanomatrix to the LAAC device membrane for delivery of nitric
oxide (NO) to enhance endothelialization, with the goal of possibly being able to reduce the duration of the anticoagulation therapy.
The nanomatrix was uniformly coated on the LAAC device membranes and provided sustained release of NO for up to 1 month in
vitro. In addition, the nanomatrix coating promoted endothelial cell proliferation and reduced platelet adhesion compared to the
uncoated device membranes in vitro. The nanomatrix-coated and uncoated LAAC devices were then deployed in a canine LAA
model for 22 days as a pilot study. All LAAC devices were not completely covered by neoendocardium 22 days post-implantation.
However, histology image analysis showed that the nanomatrix-coated LAAC device had thicker neoendocardium coverage
compared to the uncoated device. Therefore, our in vitro and in vivo results indicate that the nanomatrix coating has the potential to
enhance endothelialization on the LAAC device membrane, which could improve patient outcomes by shortening the need for
extended anticoagulation treatment.
KEYWORDS: nitric oxide, nanomatrix, left atrial appendage closure device, endothelialization, neoendocardium coverage
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transient ischemic attacks.7 The conventional therapy for
stroke prevention in patients with AF is treatment with
anticoagulants, but bleeding complications hinder its use in
many eligible patients. Warfarin is an eﬀective means for stroke
reduction but can present challenges such as an increased
bleeding risk, poor adherence rates due to daily regimen
requirements, and the need to monitor the international
normalized ratio (INR), as well as potential interactions with
foods and certain drugs. Compared to warfarin, novel oral
anticoagulants, such as dabigatran, rivaroxaban, apixaban, and
edoxaban, demonstrate an eﬀective reduction of stroke in

INTRODUCTION
Atrial ﬁbrillation (AF) is the most common heart rhythm
disorder that occurs with increasing frequency as people age. It
is estimated that more than 2.3 million people in the United
States currently have AF, and this is expected to increase to
more than 5.6 million by 2050.1,2 Cardioembolic strokes are
the most serious complication of AF and carry a high mortality
rate. About 15−20% of all strokes has been reported to be
caused by AF, which are estimated to cost $5 billion in the
United States.3,4 The disorganized electrical activity of AF
causes abnormal contractions of the atrium resulting in blood
stasis and thrombus formation. The left atrial appendage
(LAA) is a small pouch, shaped like a windsock, which is
located in the muscle wall of the left atrium and is especially
prone to thrombus formation.5 In AF patients with intracardiac
thrombi, 90% of the thrombi originates from the LAA.6 The
thrombus travels to and blocks major vessels in the body.
Blockage of blood vessels in the brain leads to strokes and
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Scheme 1. The Endothelium-Mimicking Nanomatrix-Coated LAAC Device to Enhance Endothelialization and Promote LAA
Occlusion

function, stroke, bleeding, labile INR, elderly, and drugs/
alcohol) of 3.0 ± 1.1, indicating a high-bleeding risk
population.18 An additional reduction in the duration of
anticoagulant therapy could signiﬁcantly improve safety in
patients who have a very high risk of bleeding.
In this study, we developed a new approach to coat the
endothelium-mimicking nanomatrix on LAAC devices. This
nanomatrix delivers an important biological “cue” to improve
the healing process for LAA occlusion without signiﬁcant
modiﬁcation of the LAAC device itself. This “cue” is sustained
release of nitric oxide (NO) from the endothelium-mimicking
nanomatrix coating applied to LAAC devices, widely known as
a key mediator of endothelialization. NO is produced from the
endothelium of blood vessels and plays an important role in
cardiovascular physiology. Speciﬁcally, NO enhances the
endothelial nitric oxide synthase (eNOS) pathway stimulating
vascular endothelial growth factor (VEGF) and stromalderived factor-1 (SDF-1), which promote migration and
proliferation of endothelial cells on the LAAC device from
the surrounding LAA tissues.19−23 Also, NO is well-known to
prevent platelet activation and aggregation by stimulation of
the cyclic guanosine monophosphate (cGMP) pathway, which
regulates platelet adhesion markers glycoprotein IIb/IIIa and
P-selectin.24−26 Additionally, activation of a cGMP-dependent
cAMP kinase reduces smooth muscle cell proliferation.27
Therefore, NO promotes vascular endothelial cell proliferation
and migration, prevents platelet activation and aggregation,
and inhibits vascular smooth muscle cell proliferation.23,28,29
We developed the endothelium-mimicking nanomatrix using
self-assembled peptide amphiphiles (PAs) including various
bioactive peptide sequences.23,28,30 The nanomatrix contains a
matrix metallopeptidase 2 (MMP2) enzyme-mediated degradation sequence (GTAGLIGQ) connected to either an
endothelial cell adhesive ligand (YIGSR) or a NO-producing
donor sequence (KKKKK). The endothelial cell adhesive
ligand promotes retention of endothelial cells and diﬀerentiation of endothelial progenitor cells.29,31 NO can be
released by the dissociation of NO from the surface of the
nanomatrix coating and then gradual biodegradation of the
nanomatrix, which exposes layers of the nanomatrix and
provides a further sustained release of NO.23 In addition, the
self-assembled nanomatrix is free of toxic solvents for coating

patients with AF. However, the risk of bleeding, lack of readily
available antidotes, and drug discontinuation rates are still
unacceptable.8−11
Thus, in order to minimize the risk of embolic stroke in
patients with non-valvular AF who are at an unacceptably high
risk for long-term oral anticoagulant therapy, percutaneous
LAA occlusion strategies have been developed in order to
prevent blood clots in the LAA from entering the bloodstream.
In order to address this issue, several left atrial appendage
closure (LAAC) devices have been developed. These
permanently implanted devices function by occluding the
LAA, thereby reducing the risk of thromboembolism as well as
decreasing the risk of bleeding by lessening the duration of oral
anticoagulation treatments required. The major challenges of
LAAC device implantation are slow neoendocardial coverage
of the device−LA interface and thrombus formation on the
LAAC devices.12,13 In the commercially available LAAC device
trials, warfarin treatment was still required for at least 45 days
post-implantation to bridge the time until complete neoendocardium coverage.14 Additionally, if there was persistent
leak due to peridevice ﬂow, then warfarin was continued for
longer.14 Even after warfarin discontinuation, dual antiplatelet
therapy (aspirin and clopidogrel) was continued for at least 6
months. Additionally, there were rates of 4.1% device-related
thrombi (34 of 835 successfully implanted patients) and 32.1%
peridevice ﬂow leakage (143 of 445 patients) observed 12
months post-implantation.14−16 In a separate LAAC device
trial, 17.6% device-related thrombi (6 of 34 patients) at 12
months post-implantation were observed despite dual antiplatelet therapy.17 These adverse events are likely caused by
incomplete neoendocardial coverage of the device−LA interface. Thus, stimulation of the healing process at the device−LA
interface by promoting faster and durable endothelialization is
expected to reduce adverse events from LAAC devices while
also decreasing the duration of oral anticoagulation therapy. In
fact, further reduction in duration of oral anticoagulation
therapy is the key, as patients receiving LAAC device
implantation are by deﬁnition considered at a high bleeding
risk. The Left Atrial Appendage Occlusion (LAAO) Registry,
using the National Cardiovascular Data Registry (NCDR) data
for 38,158 patients, who received LAAC devices, demonstrated
a mean HAS-BLED score (hypertension, abnormal renal/liver
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application to LAAC devices and minimizes the risk of
inﬂammation. Thus, we hypothesized that the endotheliummimicking nanomatrix coating on LAAC devices will promote
more rapid healing and durable neoendocardium coverage by
stimulating endothelialization and reducing the risks of
inﬂammatory responses (Scheme 1). To support the
hypothesis, we coated the nanomatrix on the LAAC device
membranes and evaluated the coated devices in vitro and in
vivo. Our study provides a potential approach for enhancing
endothelialization on the LAAC devices, thereby improving the
LAAC device function as well as LAA occlusion.

dogs; 26.6 ± 1.3 kg and 8 to 15 months of age, acquired from the
Charles River Laboratory) were administered with a combination of
warfarin (6 mg/day) and aspirin (81 mg/day) 1 day prior to the
procedure and every day afterward until termination. Monitoring of
the international normalized ratio (INR) was done throughout the
study. Medications were adjusted to maintain the INR between 2.0
and 3.0.37 The nanomatrix-coated (30 layers) and uncoated LAAC
devices were implanted in the left atrial appendage (LAA) of two dogs
through the femoral vein for 22 days as previously described.37,38
Transesophageal echocardiography (TEE) and ﬂuoroscopy were used
to evaluate the LAA size as well as the device position and stability
before releasing the device into the LAA. Heparin was administered
(200 U/kg) to maintain an active clotting time of 250−300 s. The
electrocardiogram, invasive blood pressure, end tidal CO2, functional
O2 saturation, and body temperature were continuously monitored
during the device implantation. After deployment, any leakage around
the LAAC device, pericardial eﬀusion, mitral valve (MV) function,
and left circumﬂex coronary artery (LCX) ﬂow was evaluated.37 At 22
days, the animals were sacriﬁced and underwent necropsy and tissue
harvest.
Gross Examination. Hearts were perfused with a lactated Ringer’s
solution and neutral-buﬀered formalin (NBF) followed by immersion
in NBF for storage until analysis. Gross examination was conducted
on the side and front aspects of the LAA containing the implanted
device. Digital photographs of the LAA with the device were taken.
SEM Analysis. For SEM analysis, tissues on the LAAC device
surfaces were ﬁrst dehydrated in ethanol in a graded series of 50−
100%. The prepared devices were then placed in an SEM (JEOL JSMIT500) and examined under low vacuum. Device images were
obtained at 50, 100, 250, and 500× magniﬁcations. After imaging,
rehydration of all samples was done using a graded series of ethanol,
100−50%, and ﬁnally returned to a ﬁxative solution for histopathology.
Histopathology. After SEM imaging, tissues from the LAAC
device membranes were collected for histopathology analysis. The
tissue and mesh were separated from the device frame in three areas
(left side, center, and right side) and embedded in paraﬃn.
Hematoxylin and eosin staining (H&E) was conducted on paraﬃnembedded tissue samples and observed under a light microscope.
Statistical Analysis. The in vitro data represented in the present
study were tested for statistical signiﬁcance using ANOVA with Tukey
post hoc analysis, and *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 were
deﬁned as signiﬁcant (at least n = 3 per each group).

■

MATERIALS AND METHODS

Nanomatrix Synthesis. First, peptides were synthesized using
Fmoc chemistry on an Apex 396 peptide synthesizer as previously
described.23,32,33 The peptides contained MMP-2 sensitive sequences
with YIGSR (cell-adhesive ligand) or KKKKK (NO-donating
residue). Then, peptide amphiphiles (PAs, PA-YIGSR, and PAKKKKK) were created by alkylating the created peptides with
palmitic acid. The endothelium-mimicking nanomatrix was prepared
by mixing of PA-YIGSR (1 wt %) and PA-KKKKK (1 wt %) in a 9:1
ratio and then reacted with NO gas in a 100 mL round-bottom ﬂask
under argon gas and left overnight to form PA-YK-NO.23,29
Nanomatrix Coating Conditions. The nanomatrix coating was
applied to the polyester membranes of LAAC devices (Watchman,
Boston Scientiﬁc) using an ultrasonic spray coating machine
(Exactacoat, Sonotek Corporation, NY). Using an impact nozzle,
the LAAC device membrane was completely coated by employing an
overlapping back and forth pattern (ﬂow rate, 0.2 mL/min; speed, 50
mm/s; shaping air, 1.5 psi). Each layer was allowed to completely dry
before coating an additional layer (dwell time, 15 s). For in vitro
coating characterization, LAAC devices were coated with varying
thicknesses of 20, 30, and 48 layers. The coated LAAC devices were
inserted into the delivery device and ﬂushed with medical grade saline
to mimic the clinical preparation for in vivo implantation.
Coating Characterization. Coating was characterized by
scanning electron microscopy (SEM, Quanta 650 FEG, FEI) on the
LAAC device membrane.34 In addition, energy-dispersive X-ray
analysis (EDX) and nitrogen mapping were performed to analyze
the surface elements of the nanomatrix coating on LAAC devices.35
NO Release Kinetics. Each coated LAAC device membrane was
placed in 1 mL of phosphate-buﬀered saline (PBS) in a 12-well plate.
PBS samples were collected and replaced with fresh PBS at day 1 and
every 3 or 4 days for 1 month. Samples were stored at −80 °C until
analysis. NO release from the nanomatrix coating was quantiﬁed using
a Total NO kit (Thermo Fisher, NC), and absorbance was measured
at 540 nm in a microplate reader. The kit contains nitrate reductase,
which converts nitrate to nitrite. The converted nitrite is combined
with Griess reagents (sulfanilamide and N-(1-naphthyl)ethylenediamine dihydrochloride) to create an azo compound for
colorimetric analysis.23
HAEC Proliferation. To assess the coating’s eﬀects on
endothelialization, human aortic endothelial cells (HAECs) were
seeded (density, 30,000 cells/cm2) and cultured for 3 days on coated
and uncoated LAAC device membranes. After 3 days of incubation at
37 °C, the membranes were stained with calcein-AM (0.75 μL/mL
PBS) (Thermo Fisher, NC) and incubated at 37 °C for 20 min. After
incubation, the stained membranes were evaluated by live
ﬂuorescence image analysis for comparison.36
Platelet Adhesion. To assess the coating’s eﬀects on platelet
adhesion, human whole blood platelets (Innovative Research, MI)
were seeded (density, 6 ×106 platelets/mL) with uncoated and coated
membranes and incubated at 37 °C for 30 min in a 24-well plate.
Then, each sample was stained with calcein-AM (0.75 μL/mL PBS)
and evaluated by live ﬂuorescence image analysis.36
In Vivo Device Implantation. All protocols were approved by
the Institutional Animal Care and Use Committee (IACUC) in
compliance with Animal Care regulations. Animals (mongrel adult
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RESULTS AND DISCUSSION
Nanomatrix Coating Characterization. The self-assembled nanomatrix consisting of PA-YK-NO (1 wt %) was
coated on LAAC device membranes using an ultrasonic spray
coating system (Exactacoat, Sonotek Corporation, NY). Using
this coating system, we controlled the coating thickness,
pattern, and time by modifying various parameters including
the ﬂow rate, nozzle transverse speed, shaping air, distance (zheight), and dwell time.39 After coating, the nanomatrix-coated
LAAC devices were compressed and inserted into the delivery
device and ﬂushed with medical grade saline to mimic the
clinical preparation for in vivo implantation. A uniform
nanomatrix coating was desired on LAAC device membranes
to promote endothelialization across the device surface. Thus,
the coating surface and uniformity before and after the saline
ﬂushing process were analyzed by scanning electron microscopy (SEM). SEM imaging analysis of varied numbers of
nanomatrix coating layers (uncoated, 20, 30, and 48 layers; one
layer of coating for each spray) indicated a uniform coating on
the LAAC device membranes, and visibly, there was no
signiﬁcant diﬀerence in all nanomatrix coating layer groups
before and after the saline ﬂushing process (Figure 1A−D and
Figure S1A−D). However, the 48-layer coating group began to
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nanomatrix was present on the membrane surface. However,
uncoated membranes did not show the presence of N,
indicating that the nanomatrix was not present (Figure 1E−
H and Table S1). The elemental mapping for nitrogen (N
mapping) on the all-ﬂushed nanomatrix-coated membranes
showed well-distributed nitrogen throughout the whole
membrane surface, indicating that the nanomatrix was evenly
coated on the membrane surface (Figure 1I−L).
In addition, the NO release from the diﬀerent layers of
nanomatrix-coated membranes was evaluated using the total
NO assay. Successful NO release from all the diﬀerent layers of
nanomatrix coatings was found to be burst released in the ﬁrst
24 h followed by slower, sustained release over a month-long
period (Figure 2). Due to the saline ﬂushing, all nanomatrix
coatings showed similar NO release kinetics with a trend
toward slightly more NO release from the 48-layer coating
over time.

Figure 2. Accumulated NO release kinetics from 20, 30, and 48 layers
of nanomatrix-coated LAAC devices after saline ﬂushing for 1 month.

Eﬀects of the Nanomatrix Coating on Endothelial
Cell Proliferation and Platelet Adhesion on the LAAC
Device Membranes In Vitro. After coating characterization,
an in vitro cell study using HAECs was performed to evaluate
the eﬀects of the nanomatrix coating on endothelial cell
proliferation. Live ﬂuorescence image analysis was conducted
to assess HAEC proliferation on the nanomatrix-coated
membranes with diﬀerent coating layers (20, 30, and 48
layers). HAECs showed greater cell adhesion and proliferation
on all nanomatrix-coated membranes compared to the
uncoated membranes (Figure 3). There was no signiﬁcant
diﬀerence in HAEC proliferation among diﬀerent degrees of
layers of coating after 3 days. This may be attributed to the
similar NO release from diﬀerent coating layers after saline
ﬂushing that could result in a lack of signiﬁcant diﬀerence in
endothelial cell proliferation on the diﬀerent layers of
nanomatrix-coated membranes in vitro. Our results suggest
that the nanomatrix coating could enhance endothelialization
on the membranes in vivo. This was also conﬁrmed by our
previous studies that demonstrated similar results in which the
nanomatrix coating promoted endothelial cell proliferation and
migration.28,29 In addition, a platelet adhesion test on the
nanomatrix-coated membranes with diﬀerent coating layers
(20, 30, and 48 layers) was conducted by live ﬂuorescence
image analysis. Platelets were signiﬁcantly less attached to the
30- and 48-layer nanomatrix-coated membranes compared to
the uncoated and 20-layer nanomatrix-coated membranes 30
min after treatment (Figure 4). This result indicates that the
nanomatrix coating contributed to a reduction of inﬂammatory

Figure 1. SEM images, EDX analyses, and N mapping of (a, e, and i)
uncoated, (b, f, and j) 20-layer, (c, g, and k) 30-layer, and (d, h, and l)
48-layer nanomatrix-coated LAAC device membranes after saline
ﬂushing. White scale bar (N mapping): 200 μm.

show some webbing generation between the ﬁber mesh of the
device membrane. In addition, the presence of some salt
deposition was observed among all groups of membranes after
the saline ﬂushing process. Energy-dispersive X-ray analysis
(EDX) was also conducted to analyze surface elements of the
saline-ﬂushed nanomatrix-coated device membranes. All
coated membranes displayed the presence of carbon (C),
oxygen (O), and nitrogen (N), demonstrating that the
4920
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responses on the device membranes since platelet adhesion
and activation play an important role in initiating inﬂammatory
responses and promoting thrombosis.40,41 There was less
platelet adhesion as the number of nanomatrix coating layers
increased, so we may need to further investigate the eﬀect of
NO and the nanomatrix layer thickness on platelet adhesion.
The in vitro results demonstrate that the 30-layer nanomatrix-coated membranes successfully promoted HAEC
proliferation as well as reduced platelet adhesion. Importantly,
the 30-layer nanomatrix coating displayed uniform nanomatrix
coating without webbing. Our in vitro studies provide critical
guidance for the coating conditions to be used for the in vivo
application of the nanomatrix-coated LAAC device in order to
enhance endothelialization of the device and occlusion of the
LAA.
In Vivo Pilot Study of Nanomatrix-Coated LAAC
Device Implantation in an LAA Canine Model. After in
vitro characterization, we set up in vivo studies for the
application of nanomatrix-coated LAAC devices to the LAA of
adult mongrel dogs. This pilot study provided a proof of
concept before setting up a large-scale animal study. Based on
the results from in vitro studies, the 30-layer nanomatrix-coated
LAAC device was selected for in vivo implantation. The
nanomatrix-coated and uncoated devices were implanted in the
LAA of two dogs for 22 days. After animal sacriﬁce, the
implanted devices and surrounding tissues were harvested for
analysis. Macroscopic gross examination of the atrial device
surface was conducted in both nanomatrix-coated and
uncoated devices (Figure 5A,B). Both devices had good

Figure 3. Live ﬂuorescence image analysis of HAECs on (a)
uncoated, (b) 20-layer, (c) 30-layer, and (d) 48-layer nanomatrixcoated LAAC device membranes after saline ﬂushing; (e)
quantiﬁcation of the ﬂuorescence cell number for each group after
3 days. White scale bar: 500 μm. *p < 0.05 vs the uncoated
membrane.

Figure 5. Gross and SEM images of the atrial device surface for (a,c)
uncoated and (b,d) nanomatrix-coated devices at 22 days postimplantation. Cross-sectional H&E staining images of (e) uncoated
and (f) nanomatrix-coated devices (center area) and surrounding
tissues at 22 days. Black arrow: a layer of neoendocardial/neointimal
tissues with a continuous layer of the neoendothelium. Blue arrow: a
device membrane. Black scale bar: 100 μm.

circumferential radial contact with the appendicular (auricular)
wall resulting in complete occlusion of the LAA. In addition,
both devices were not completely covered by neoendocardium
(light tan-to-white tissue) 22 days post-implantation. The
nanomatrix-coated device suggested visually higher neoendocardium coverage compared to the uncoated device.
SEM analysis also showed that the nanomatrix-coated device
surface had more tissue coverage than the uncoated device
surface (Figure 5C,D). Microscopic histopathology evaluation
was conducted using cross-sectional H&E staining near the
center of the device and surrounding tissues. The nanomatrix-

Figure 4. Live ﬂuorescence image analysis of platelet adhesion on (a)
uncoated, (b) 20-layer, (c) 30-layer, and (d) 48-layer nanomatrixcoated LAAC device membranes after saline ﬂushing and (e)
quantiﬁcation of the platelet number for each group after 30 min.
White scale bar: 100 μm. **p < 0.01 and ***p < 0.001 vs the
uncoated membrane.
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coated device showed a thicker layer of mature neoendocardial/neointimal tissues with a continuous layer of
neoendothelium (black arrow) covering the mesh of the device
membrane (blue arrow) (Figure 5F). However, the uncoated
device group had a thinner layer of mature neoendocardial/
neointimal tissues compared to the nanomatrix-coated device
group (Figure 5E). There was no signiﬁcant indication of
foreign body responses on either device membrane nor
inﬁltration of mononuclear cells (lymphocytes/macrophages)
overlying the neoendothelium (Figure S2). As a proof of
concept, our results demonstrate that the nanomatrix coating
enhanced neoendothelium coverage. Therefore, our nanomatrix coating may provide a beneﬁcial approach for LAAC
device application as this biocompatible nanomatrix coating is
easily applied without organic solvents and does not alter the
function or characteristics of the device. We plan to perform a
large-scale in vivo study to conﬁrm the ﬁndings from this pilot
study.
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CONCLUSIONS
In summary, we successfully coated the NO-releasing
endothelium-mimicking nanomatrix on the LAAC device
membranes and applied the nanomatrix-coated LAAC devices
in the canine LAA model. First, we characterized the
nanomatrix coating with diﬀerent layers (20, 30, and 48
layers) before and after saline ﬂushing to mimic the conditions
of clinical application. The coatings were uniformly and evenly
distributed on the device membranes. The nanomatrix coatings
showed a sustained release of NO for at least 30 days, even
after saline ﬂushing. In addition, the nanomatrix coatings
promoted endothelial cell proliferation and reduced platelet
adhesion on the LAAC device membranes in vitro. Based on
coating characterization and cell studies, the 30-layer nanomatrix coating was selected for the in vivo pilot study. The
nanomatrix-coated and uncoated LAAC devices were
implanted in the canine LAA for 22 days. Both devices
showed complete occlusion with good circumferential radial
contact. Analysis of gross imaging, SEM imaging, and histology
indicated that the nanomatrix coating promoted thicker
neoendocardium coverage on the LAAC device membrane.
Therefore, based on the results from this pilot study, the
endothelium-mimicking nanomatrix coating may provide an
approach to enhance endothelialization on the LAAC device
membrane without signiﬁcant modiﬁcation to the device itself.
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