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ABSTRACT Implantable endovascular devices such as bare metal, drug eluting, and
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affected by blockage. Although effective in achieving immediate restoration of blood ~ @WsN
flow, the long-term re-endothelialization and inflammation induced by mechanical
stents are difficult to diagnose or treat. Here we present nanomaterial designs and

integration strategies for the bioresorbable electronic stent with drug-infused I

functionalized nanoparticles to enable flow sensing, temperature monitoring, data

Bioresorbable
electronic stent C
(BES)

storage, wireless power/data transmission, inflammation suppression, localized drug

Drug diffusion &
Photothermal

Temp. sensor
Blood vessel e P .

o
RRAM

7 < PLA-Ceria NPs
PLA-AUNR@MSN
Drug(rapamycin)
—————— "« Temp. sensor/MgO

. <« RRAM (memory)
«+— Mg alloy stent
e 4= FlOW sensor/Mgo

<« PLA-Ceria NPs
-AuNR@MSN

Ceria NPs-
atalytic ROS
scavenging

delivery, and hyperthermia therapy. In vivo and ex vivo animal experiments as well as in vitro cell studies demonstrate the previously unrecognized

potential for bioresorbable electronic implants coupled with bioinert therapeutic nanoparticles in the endovascular system.
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alloon angioplasty and stent place-

ment procedures have helped shape

patient care across a broad range of
cardio-," neuro-? and peripheral® vascular
diseases. Approximately six million patients*
receive percutaneous coronary interven-
tions (PEIl) to treat arterial obstructions and
endothelial injuries annually. While PEl using
bare metal stents has been demonstrated to
restore blood flow, there are key limitations
whereby neointimal hyperplasia and smooth
muscle cells (SMCs) may accumulate near the
stent.® These limitations are thought to arise
from a complex interplay of turbulent blood
flow and inflammatory reactions around
the stent."” To overcome drawbacks of bare
metal stents, several approaches have been
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reported, including bioresorbable stents®
and drug-eluting stents,” which provide
physical disappearance and deliver pharma-
cological agents, respectively, to mitigate
risks of in-stent restenosis (ISR).

Although these existing classes of endo-
vascular implants have enormous utility
with minimal health risks, they do not pro-
vide diagnostic feedbacks on the state
of hemodynamics and active controls of
localized delivery of advanced therapeutic
agents due to the absence of onboard
sensors, data storage, and therapeutic ac-
tuation. Bioresorbable electronic stents that
combine sensing of blood flow and tem-
perature via integrated electronics coupled
with data storage modules® represent a
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fundamentally new set of functionality onboard other-
wise inert bioresorbable implants. High-performance
flexible®~"" and bioresorbable'*'? electronics provide
unique solutions for the integration of active electro-
nics onto the inflatable and bioresorbable stent.
In addition, advanced therapeutics via functionalized
nanoparticles’*~'® hold promise to further advance
PEIl through controlled drug release and long-term
inflammation suppression. Inorganic nanoparticles
have been explored as therapeutic platforms because
of their high surface-to-volume ratio,'”” ability to
scavenge reactive oxygen species (ROS),"® and photo-
activation properties.'®

Here, we describe bioresorbable/bioinert nano-
materials designs and their integration strategies
with a bioresorbable electronic stent (BES), fitted with
nanomembrane-based flexible flow/temperature sen-
sors and memory storage devices, anti-inflammatory
nanoparticles, and drug-loaded core/shell nanospheres
that are activated by an external optical stimulus.
Additionally, antenna characteristics of BES for wireless
power/data communication are evaluated. The mode
of operation is as follows: the flow sensor measures
blood flow, which is stored in the embedded memory
module for pattern analysis and diagnosis. Catalytic
ROS scavenging and hyperthermia-based drug release
can be used as advanced therapies. First, the ceria
nanoparticles (ceria NPs)%° scavenge ROS generated
in the perfusion by PEl and reduce inflammation that
can cause in-stent thrombosis.?’ Second, the gold
nanorod core/mesoporous silica nanoparticle shell
(AUNR@MSN)?>?3 design is able to control the drug
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loading and its release photothermally. The hyper-
thermia, which is regulated via feedback temperature
sensing, controls localized drug delivery as well as
provides thermal therapy. This suite of sensors and
actuators provides mechanical, photothermal, diagnos-
tic, and therapeutic functionality on bioresorbable stent
substrates.

RESULTS AND DISCUSSION

Multifunctional Bioresorbable Electronic Stent. Figure 1a
and b show a schematic diagram and a corresponding
image of a representative bioresorbable electronic
stent that includes a magnesium alloy stent integrated
with ceria NPs (catalytic ROS scavenging), AUNR@MSN
(photothermal therapy), drugs (e.g., rapamycin, a well-
known drug for the treatment of restenosis> with some
dysfunctions®*), flow/temperature sensors (physio-
logical signal sensing), and an RRAM array (data
storage). These components consist of bioresorbable
and bioinert materials (see Figure 2a). Although the
Mg alloy stent has rapid erosion problems,> the
degradation time can be prolonged by multistacked
encapsulation layers. Moreover, it is necessary to use
a conductive Mg-based stent strut for the system,
which acts as an antenna unit for wireless electronics.
Details of the fabrication processes, materials, geome-
trical information, and images of the BES are included
in the Supporting Information (SI), Figure S1. Figure 1b
shows the BES (in deflated state) ready to be deployed
in a canine common carotid artery in vivo via arterial
access. The bottom inset is a magnified image of the
BES, showing RRAM and a temperature sensor, coated

v

Deployed ¥ ¢

e Volume-renderepr‘imaqel
J

BES

Figure 1. Bioresorbable electronic stent (BES). (a) Schematic illustration of the BES (left), its top view (top right), and the layer
information (bottom right). The BES includes bioresorbable temperature/flow sensors, memory modules, and bioresorbable/
bioinert therapeutic nanoparticles. The therapeutic functions are either passive (ROS scavenging) or actively actuated
(hyperthermia-based drug release) by NIR exposure. (b) Image of the BES installed on the balloon catheter during the
deployment into a canine common carotid artery in vivo. Inset (bottom) shows the RRAM (white dotted box) and the
temperature sensor on the BES. (c) X-ray images of the balloon catheter and the BES in the canine model before (left) and after
(right) the inflation of the balloon catheter. (d) Image of the deployed BES in the canine common carotid artery in vivo. (e)
Volume-rendered X-ray computed tomography (CT) image of the deployed BES in the canine common carotid artery.
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Figure 2. Bioresorbable and bioinert materials of the BES. (a) Bioresorbable and bioinert components of the BES, shown as an
exploded view (left) and their hydrolysis (right). (b) Blood circulation data (ion concentration in plasma versus time) of ceria
NP, AuNR@MSN, and AuNR injected into 8-week-old BALB/c mice (n = 3 for each nanoparticle group, 5 mg of Au or 2.5 mg of
Ce per kg of mouse body weight). (c) Biodistribution profiles of ceria NP, AUNR@MSN, and AuNR injected into 8-week-old
BALB/c mice (n = 6 for each nanoparticle group, 0.0625 mg of Ce or 0.125 mg of Au per mouse).

with nanoscale therapeutic agents. Figure 1c shows
X-ray images of a deflated (left) and inflated (right)
balloon catheter used to deploy the BES. The inflated
BES mechanically supports the artery. An optical
image (Figure 1d) and a volume-rendered computed
tomography (CT) image (Figure 1e) highlight the
expanded BES deployed inside the targeted artery.
Materials Biocompatibility and Structure of the Bioresorbable
Electronic Stent. Most of bioresorbable stents for endo-
vascular diseases lack multifunctionality, such as con-
tinuous monitoring, data storage, and instantaneous
therapy, due to unavailability of integration processes
of multifunctional device components. Specifically, the
integration of bioresorbable active/passive devices on
the stent has not been feasible, because the fabrication
process of bioresorbable electronics is incompatible
with the conventional microfabrication processes.
Figure 2a shows an illustrative enumeration for bio-
resorbable and bioinert stacks of active electronics
and therapeutic nanoparticles on a Mg—Zn—Mn alloy
(ZM21; Mg 97%, Zn 2%, Mn 1%) strut. These electronic
components consist of bioresorbable (Mg,'%?% 28
Mg0,"*%” Zn,**?8 Zn0,*® and poly(lactic acid) (PLA)*°)
and bioinert (Mn%®) materials (see Supporting
Section 1.1). Therapeutic nanoparticles (ceria NPs and
AuNR@MSN) and drugs are also incorporated in the
PLA layers of the stent coated with dissolution-rate-
controllable oxide/polymer, which plays a crucial role
in reducing the fast corrosion rate of the stent strut
and active electronic components (Figure S2a). All the
used nanoparticles are either bioresorbable (Si0,")
or bioinert (CeOz,18 Au3? see Supporting Section 1.1).
The detailed average amount of each component is as
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follows: 27.4 mg of ZM21 stent strut, 3.4 mg of elec-
tronic devices on PLA films, 0.51 mg of ceria nano-
particles, 0.16 mg of gold nanorod core, and 0.54 mg
of silica shell. The amount of electronic devices on the
stent is less than 0.1 mg. The rate of degradation of
the active agents (in response to biofluid immersion)
is illustrated in Figure S2b, which can be controlled by
tuning the geometry and materials of encapsulating
oxides (e.g., MgO) and polymers (e.g., PLA, silk®33%).
Besides the bioresorbability, a key criterion for
effective clinical treatments is the compatibility of
bioinert nanomaterials with in vivo models. Although
bioinert nanoparticles are slowly released from the PLA
polymer, overdosed nanoparticles are used to confirm
their biocompatibility. Bioinert nanoparticles in excess
amounts (5 mg Au/kg and 2.5 mg Ce/kg) are injected
through the tail vein of normal mice to evaluate
the effect on the internal organs. See Supporting
Section 1.2 for detailed experimental procedures.
In vivo pharmacokinetic studies in mice show that ceria
NPs, AuUNR@MSN, and AuNR have half-lives of 1.9, 5.5,
and 1.2 h (Figure 2b), which are similar to previous
reports.>® These results show that nanoparticles do not
exhibit severe interactions with proteins and plaques
that shorten half-lives in the bloodstream. Biodistribu-
tion studies show the accumulation of bioinert nano-
particles in the reticuloendothelial system such as the
spleen, liver, and lymph node rather than in lung and
other organs, as commonly observed®**” (Figure 2c).
The histological analysis (Figures S3 and S4, Supporting
Section 1.2) shows the biocompatibility of nanoparticles.>®
These corroboratively show that the influence of bio-
inert nanoparticles on the in vivo system is minimal.
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Figure 3. Electrical, mechanical, and wireless characteristics of the BES. (a) Current—voltage (/—V) characteristics of the bipolar
resistance memory of the Mg/MgO/Mg structure. (b) Cross-sectional TEM image of the Mg/MgO/Mg memory cell. (c)
Dependency of the set/reset current on the size of the memory cell. (d) Plot of the cumulative probability as a function of the
set/reset resistance. (e) Retention characteristics of the memory. LRS and HRS current data are obtained at +-0.2 V. (f) Endurance
characteristics of the memory measured at 0.2 V. (g) Finite element modeling (FEM) of the strain distribution at the active layer
(MgO) of the memory. (h) Image of the BES in the canine aorta for the ex vivo experiment of the blood flow sensing and the data
storage in integrated memory devices. (i) Plot of the percent resistance change of the flow sensor versus the flow rates at three
different current levels of the flow sensor. (j) Plot of the percent resistance change of the flow sensor (top) (measured with the
50 mA constant current). The measured flow rates are converted into digital signals and then stored into memory cells through
the multilevel cell (MLC) operation. (k) Reflection coefficients of a stent antenna and a transmitting antenna in a canine common
carotid artery in vivo. Inset image shows the wireless power/data experimental setup using a stent antenna and a transmitting
antenna (900 MHz). (1) In vivo transmission coefficient S,, between a stent antenna and a transmitting antenna at different
distances. (m) In vivo data transmission (1 Mbps) between a stent antenna and a transmitting antenna.

The mechanical strength and structural integrity of the
bioresorbable stent mainly depend on the mechanical
property of the stent strut. The current bioresorbable
stent is composed of ZM21 alloy, which is known for its
reliable corrosion resistance. The alloy that composes
the strut can be changed with another Mg alloy (e.g.,
WE43) to further strengthen the mechanical and
chemical properties. We found that the mechanical
strength and structural integrity were maintained for
a week in vivo.

Electrical Function of the Bioresorbable Electronic Stent.
Figure 3 shows results of active electronics in sensing
and storing data from the BES. A bipolar |-V curve
for the bioresorbable Mg/MgO/Mg nanomembrane
resistance memory device shows how the device
bidirectionally switches between a low-resistance state
(LRS) and a high-resistance state (HRS) (Figure 3a). The
resistive switching is achieved by applying a positive
voltage (“reset” of 0.7 V) or a negative voltage (“set”
of —0.8 V). The low reset and set voltages enable
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low-power operations of the memory. The inset of
Figure 3a shows the switching sequence. Figure 3b is
a transmission electron microscope (TEM) image of
a memory module, highlighting the MgO nano-
membrane switch layer (~12 nm) and interfaces to
Mg electrodes. A switching mechanism of the RRAM is
detailed in Supporting Section 1.3. The area-independent
current values for both the LRS and HRS suggest that
the conducting mechanism is driven by the filamentary
connection (Figure 3c).3° The Mg/MgO/Mg RRAM is
characterized by bipolar resistive switching behaviors
typically observed in a memristor. Figure 3d shows
uniform resistive switching in the RRAM array, where
both the HRS and LRS are stable. The retention property
of these devices can be extrapolated for up to several
years (Figure 3e) with switching cycles exceeding
1000 times (Figure 3f). The multilevel cell (MLC) opera-
tion and its mechanism are shown in Figure S5a,b and c,
respectively. Mechanical robustness during expansion
of the BES is confirmed using finite element modeling
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(FEM) analysis (see Supporting Section 1.4). We
estimate the strain in the switching layer (MgO
nanomembrane) of the BES (Figure 2g) to be less than
the fracture strain of MgO (~8%).*° Nanometer-thick
active layers and serpentine designs incorporated in
the BES (Figure S6a) minimize the effect of induced
strains, and the flexibility is not affected, allowing
for stable /—V characteristics under deformations
(Figure Séb).

The bioresorbable RRAM is coupled with a sensor
module on the BES in order to store sensing data.
Figure 3h shows the BES in an ex vivo intravascular
flow/perfusion model. A canine aorta (Figure 3h) is
resected, and the BES is inserted in the path of
simulated blood flow. The thermoresistive flow sensor
on the stent is operated by measuring changes of
resistance, which in turn correlate with changes in fluid
velocity (Figure 3i). The RRAM modules store this flow
data based on four-level data groups that correspond
to flow rate changes. These rate changes are stored
via the MLC operation (Figures 3j and S5). Each fluid
velocity is stored in a different cell of the memory in
real time by using the custom-made Labview software
(Figure S7). Furthermore, the wall shear stress distribu-
tions, which are related to the restenosis process,*' are
simulated by 3D computational fluid dynamics (CFD)
(Figure S8, Supporting Section 1.5).

For wireless power/data transmission, we first in-
vestigate the reflection coefficients of a stent antenna
at the port impedance of 50 Q (Figure 3k). S;; of the
BES strut at the telecommunication band (900 MHz)
is —15 dB. Since the BES strut is composed of highly
conductive magnesium alloy, the majority of the
oscillating electric power is radiated to the external
space, and thereby the stent strut can be used as the
bioresorbable antenna.

With the stent and the transmitting antenna, the
power transfer efficiency (S,;) from the transmission
antenna to the stent antenna when they are separated
by ~1 cm is —20.16 dB (ex vivo, Figure S9g) and
—21.80 dB (in vivo, Figure 3l) at 900 MHz (detailed
antenna characteristics and corresponding simula-
tions for the analysis are included in the Supporting
Section 1.6). S»; varies from —21.80 to —29.86 dB for a
distance of 1—5 cm. The wireless data transmission is
also tested. The 900 MHz ASK (amplitude shift keying)
modulated pattern signal (1 Mbps) is generated and
successfully transmitted to the BES antenna ex vivo
(Figure S9h) and in vivo (Figure 3m). The power'%%742
and the data**** can be transmitted more efficiently
by impedance matching via the on-chip implementa-
tion of bioresorbable circuit components, such as
lumped inductors and capacitors. In addition, more
complex bioresorbable circuit components, such as
rectifiers, oscillators, and modulators, can be integrated
to establish the passive RF communications. A biore-
sorbable battery*® can also be used for energy storage.

SON ET AL.

The BES equipped with functional sensors, memory
modules, and wireless units is very important to facilitate
practical PEl applications.

To deliver the therapy, we incorporated ceria NPs
(Figure 4a and its inset for the magnified view) in the
outermost encapsulation layer of the BES (Figures 1a
and 4b left). Typically ROS near the implantation site
promotes apoptosis of endothelial cells and ROS-
induced inflammatory responses,?4’*® one of major
causes of restenosis. It also causes the death of
cardiomyocytes.*® The presence of oxygen vacancies
on the surface of ceria NPs induces the binding of ROS
to ceria NPs, and then self-regenerative redox cycles
between Ce*" and Ce*" oxidation states'® allow the
continuous catalytic scavenging of the endovascular
ROS (Figure 4b right), suppressing ROS-induced inflam-
mation. We used superoxide and hydrogen peroxide
molecules to mimic increased ROS levels in cardio-
vascular systems during the angioplasty procedure.*®
Ceria NPs embedded in a PLA film exhibit ROS scaven-
ging activity in a dose-dependent manner (Figure 4c).

Reactive Oxygen Species Scavenging Effect. We evaluated
the antioxidative effects of ceria NPs in vitro by expos-
ing human umbilical vein endothelial cells (HUVECs)
to oxidative stresses (Figures 4d and S10). Once media
containing ROS is added to the bath of the HUVECs,
cell viability (in the absence of ceria NPs) decreases
rapidly (Figure 4d, left, and e, black curve). In contrast,
the addition of ceria NPs embedded in the PLA
film improves the cell viability under oxidative stress
(Figure 4d, right, and e, red curve), indicating endothe-
lial cells are protected by ceria NPs from ROS. Exposure
of cardiac muscle cell lines, HL-1, in conjunction with
ceria NPs yields similar reduction in oxidative stress,
as in HUVECs (Figure 4f and g). We investigated the
protective effect of ceria NPs in animal models by
assessing anti-inflammatory effects in vivo. Immuno-
histochemical analysis (Figure S11) following BES
implantation in the canine common carotid artery
shows the suppression of inflammatory responses
and macrophage migration in the presence of ceria
NPs (Figure 4h) without other therapeutic agents,
whereas microphage recruitment is observed in the
absence of ceria NPs (Figure 4i).

Hyperthermia-Based Controlled Drug Delivery. In addition
to the protection against ROS and inflammation, multi-
functional therapeutic nanoparticles responsive to
external optical stimuli are also integrated on the BES
to enable controlled drug release and photothermal
therapy (Figure S12). Since drug-loaded nanoparticles
are bound by PLA chains, the release rate is slow,
and thereby continuous/controlled nanoparticle-based
therapy over an extended period of time is possible.
To achieve this form of actuation on the BES, we
designed and synthesized nanoparticles containing a
NIR-responsive AuNR core (~20 nm length and ~10 nm
diameter) and drug-loadable mesoporous silica shell
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Figure 4. ROS scavenging effect of ceria NPs integrated on the BES. (a) TEM image of ceria NPs. The inset shows a magnified
image by high-resolution TEM. (b) Schematic illustration of the ROS scavenging mechanism by ceria NPs. (c) Plot of the ROS
scavenging activity of the ceria nanoparticle-embedded PLA film with different ceria concentrations (standard deviation from
the mean, n = 3). The scavenging activity is measured by using the superoxide dismutase assay kit. (d) Fluorescent images of
HUVECs under 50 uM ROS, without (left) and with (right) ceria NPs in vitro. (e) Cell viability of HUVECs with various ceria NP
concentrations under 50 M ROS (standard deviation from the mean, n = 3). (f) Fluorescence images of mouse cardiac muscle
cells (HL-1) under 50 uM ROS, without (left) and with (right) ceria NPs in vitro. (g) Cell viability of HL-1 with various ceria NP
concentrations under 50 «M ROS (standard deviation from the mean, n = 3). (h) In vivo immunolabeling image of MAC387
(macrophage) of the media and subendothelial layer (left) and subendothelial layer and intima (right) near the stent
implantation site with ceria NPs. (i) In vivo immunolabeling image of MAC387 (macrophages) of the media and subendothelial
layer (left) and subendothelial layer and intima (right) near the stent implantation site without ceria NPs.

(AUNR@MSN, diameters of ~100 nm) (Figure 5a; see
the SI).2>% The large surface area to volume ratio of
AuNR@MSN* enables loading of large drug payloads
(rapamycin, LC Laboratories, USA) to sustain the long-
term medication for the suppression of SMC prolifera-
tion and restenosis.>® To promote sufficient adsorp-
tion of large-molecular-sized drugs (rapamycin), we
increased the size of the mesopore by adding swelling
agents (mesitylene, Sigma-Aldrich, USA) (Figure S13a).
N, adsorption/desorption isotherm analysis shows
that AUNR@MSN has well-developed mesopores. The
corresponding Barrett—Joyner—Halenda (BJH) pore
size distribution indicates an effective pore diameter
of ~39 nm (Figure S13b). The UV—vis adsorption
spectrum indicates that AUNR@MSN has an adsorption
peak at ~761 nm (Figure S13c). AUNR@MSN is respon-
sive to a NIR laser (~800 nm) that has high penetration
depth through soft tissue,?***°! and thereby it can
be used for minimally invasive or noninvasive photo-
thermal actuation of AUNR@MSN. Figure 5c¢ highlights
in vitro experiments of a drug release from AUNR@MSN
in PLA with and without NIR laser (~800 nm) radiation.
The AuNR core that absorbs NIR generates and transfers
heat to the drug-loaded mesoporous silica shell, which,
in turn, facilitates desorption and diffusion of loaded
drug.*** By modulating the NIR laser power, we con-
trolled the dosage of drug released (Figure 5b) from
the BES. Although guiding the NIR beam through the
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optical fiber to endovascular locations for photothermal

therapies

5253 is still challenging, the drug delivery in-

duced by guided-NIR was successfully demonstrated
through in vivo experiments (Figures 5c and S14; see
the Sl for details). Furthermore, the radio frequency (RF)
magnetic field can induce heat on the stent for acceler-
ated drug diffusion (Figures S15 and S16; see the SI
for details). The hyperthermia-based drug delivery from
the stent to the intima is evaluated through the in vivo
animal experiment (Figure 5d).

Integrated Temperature Sensing and Photothermal Therapy.
Thermal mapping at intravascular sites is important
to ensure precise drug release and to prevent heat-induced
cell necrosis. Because of the small areal coverage of the
NIR laser spot on the temperature sensor (~18% of total
area of the temperature sensor; see Figure S17a in the
S| for details), we applied a modified linear correlation
(~0.014 Q/°C) for the temperature sensor (original corre-
lation in Figure S17b). The photothermal experiment
setup (Figure S17¢) is further explained in the SI. To verify
the effect of AUNR@MSN-based hyperthermia, we moni-
tored the temperature relative to a control experiment
(temperature sensor on the BES without AUNR@MSN).
Results show a ~10 times increase in temperature
changes by including AUNR@MSN (Figure 5e). The time-
dependent and NIR-intensity-dependent temperature
changes (monitored by the integrated temperature
sensor) are shown in Figure S17d,e, respectively.

VOL.9 = NO.6 = 5937-5946 = 2015 mujN_Vﬂi\J/

WWwWW.acsnano.org

5942



-
o

A Egam. . Aunr@MsNwith] b _ 'Y+ NIR irradiation 160 mw
IR dl:y_g«(ra.pamycin)‘ & g4~ Control
& N7 x {4} NIRPower 120 mw
56 somw ¥
<4
40 mW
Z 4
2 2
g
£0 v v v v
0 30 60 90 120
Time (min)
No AuNR@MSN (control) 40

NIRON }
NIR QFF}

" 25 50 75 100 1250
Time (sec)

(Do) @anjesadwa)

é”C) d _In vivo diffusion of Nile red dye
4 Without NIR

VL
Dye diffusion

22
g 48 ——47°C, 2mmis
—~ 46 srrxnee 47 °C 0 mml/s
g — 42 °C, 2 mmls
e M4 R\ e 42°C, 0 mmis
§ w2 .
2 40] TSseol. TIo-ll
5 D e
= ‘_-Stjbendothelial layer
1000 2000
Depth (pm)
K100
£ 80
g £ 60
4§ S
> 40
g 3 20
0

17

29
NIR power (mW)

40

Figure 5. Hyperthermia-based controlled drug delivery, integrated temperature sensing, and photothermal therapy. (a) TEM
image of the AuNR (core)/mesoporous silica (shell) with the antistenosis drug (rapamycin). (b) Plot of fluorescent intensity as a
function of time showing the simulated drug release experiment with fluorescein dyes loaded on AuNR@MSN under NIR laser
irradiation (standard deviation from the mean, n = 3). (c) IR camera image of NIR-based hyperthermia effect on the stent inside
a carotid artery. (d) Fluorescent images that show the diffused Nile Red dye (simulated drug) from the BES into the walls of the
canine common carotid artery, without (left) and with (right) an optical-fiber-guided NIR laser. (e) Monitoring hyperthermia-
induced temperature fluctuations on the BES with (left, experiment) and without (right, control) AUNR@MSN under
intermittent NIR irradiation. (f) Thermal finite element modeling (FEM) of the temperature distribution near the stent/intima
interface with a blood flow rate of 2 mm/s. The temperature at the heat spot (NIR laser spot) is assumed to be 47 °C. (g) Plot of
the temperature distribution of the vascular tissues near the heated stent (intima and subendothelial layer) as a function of
tissue depth, with (2 mm/s) and without (0 mm/s) blood flow, for two different temperature settings (42 and 47 °C). (h) Image
of HUVECs on the PLA film containing AuUNR@MSN. The NIR laser with 17 mW power is exposed in the white dotted box area
in vitro. The green and red regions indicate live and dead cells, respectively. Photobleaching of the green dye is observed. (i)
Image of HUVECs under NIR laser irradiation with increased power (29 mW). Dead cells (red color) due to the hyperthermia
effect are observed. (j) Image of HUVECs under a NIR laser with 40 mW power. All cells exposed to the NIR laser are dead due to
the hyperthermia effect of AUNR@MSN. (k) Cell viability data measured from Figure 4h—;j.

The temperature distribution near the BES and in
the adjacent intima region must be precisely controlled
to prevent the generation of heat-induced clotting
or endothelial cell death. Numerical thermal analysis
(Figures 5f and S18) shows the three-dimensional
thermal distribution near the heat focus area (~47 °C)
generated by the NIR laser during occlusion (blood flow
rate = 0 mm/s, Figure S18c) and reperfusion (blood flow
rate = 2 mm/s, Figures 5f and S18d) conditions (see
Supporting Section 1.7). Heating (maximum tempera-
ture ~47 °Q) is significantly reduced by blood flow
(Figure S18c,d), causing the blood temperature near the
BES to remain below ~43 °C. The temperatures in the
intima and subendothelial layers in direct contact with
the stent decrease nonlinearly with depth. Blood flow at
2 mm/s helps to further reduce the tissue temperature
slightly (Figure 5g). Considering the thickness of intima
(~600 um),>* the heat conduction to cardiac tissues is
tolerated without severe decrease of cell viability and
mainly localized to the intima.

Figure 5h—j show fluorescence images of HUVECs
after exposure to NIR laser radiation with discrete
laser power and associated temperature change
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(Figure S17d). HUVECs are dyed with Live/Dead
viability/cytotoxicity kit (Life Technologies, USA), con-
sisting of calcein-AM (green color, dye for live cells) and
ethidium homodimer-1 (red color, dye for dead cells).
When 17 mW of NIR laser power is applied for 10 min,
HUVECs remain alive, with some detectable photo-
bleaching of green dye by the laser (Figure 5h). How-
ever, cell death onset occurs (red-colored region) in
response to 29 mW of NIR laser power (Figure 5i). As the
NIR laser power is further increased to 40 mW, cell death
expands to the surrounding region (Figure 5j). Quanti-
tative analysis of cell viability as a function of laser
power is shown in Figure 5k, which is consistent with
the previous reports.>® The utility of embedded tem-
perature sensors on the BES can help mitigate cell injury
and death during diagnosis and therapy. In addition,
hyperthermia therapy is reported to prevent the accu-
mulation of vulnerable plaques, which are prone to
produce sudden risks, such as a heart attack or stroke.”®

CONCLUSION

The bioresorbable/bioinert nanomaterials, electro-
nics, mechanics, and biomedical aspects of the BES
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described in this study provide new opportunities for
the integration of sensors, data storage elements, and
optically responsive therapeutic nanoparticles for bior-
esorbable endovascular implants. This system with on-
board bioresorbable sensors and memory modules
resolves the limitations of existing stents by enabling
the acquisition of physiological signals, data storage,
anti-inflammation, localized drug delivery, and photo-
thermal therapies through minimally invasive and/or
noninvasive optical control. Numerical modeling and

MATERIALS AND METHODS

Fabrication of Mg/Mg0/Mg Memory on the Mg Alloy Stent. For the
fabrication of Mg alloy stents, we first laser-cut and polish
a ZM21 Mg alloy ingot. AZ4620 photoresist (Clariant, USA) is
then spin-coated with 3000 rpm (for 30 s) on both sides of the
ZM21 Mg alloy substrate (~200 um). The Mg alloy substrate is
then patterned using photolithography and wet etching pro-
cesses with custom-made Mg etchant (70% ethylene glycol,
20% deionized water, 10% nitric acid). After the etching step,
the Mg alloy mesh is dipped into boiling acetone to remove the
AZ4620 photoresist. Then, an insulating MgO layer (~50 nm)
is deposited on the stent by the electron beam evaporation.
Thermal evaporation of Mg (~60 nm) is then applied to create
the bottom electrode (base pressure of 1 x 10~ Torr, ~0.5 A/s).
The switching layer (MgO, 12 nm) is deposited via the sputter-
ing process (base pressure of 5 x 108 Torr, Ar 20 sccm, 5 mTorr,
150 W RF power). Next, the top electrode (Mg, ~60 nm) is
deposited onto the MgO film through another thermal evapora-
tion step. Another encapsulating layer of MgO (~80 nm) is
added to the top surface of the Mg/MgO/Mg (RRAM) construct
using electron beam evaporation. Finally, the entire RRAM device
on the stent is coated with PLA (M,, ~ 160000, M,,/M,, ~ 1.5,
Sigma-Aldrich, USA) solution, containing ceria NPs and
AuNR@MSN (3 wt % in chloroform) via a dip-coating technique.

Fabrication of Temperature/Flow Sensor on the Mg Alloy Stent. Mg
temperature and flow sensors are composed of an adhesion
layer, a long filamentary Mg resistor (sensing unit), and an outer
encapsulation layer (MgO and PLA). First, the adhesion layer
(~60 nm thick ZnO) is sputtered (base pressure of 5 x 10°°
Torr, Ar 20 sccm, 5 mTorr, 150 W RF power) on a ~15 um thick
PLA film. The metal line (Mg, ~100 nm) is thermally evaporated
through a shadow mask. For encapsulation, ~400 nm thick
MgO is deposited using electron beam evaporation. An addi-
tional two layers of PLA (~15 um) are then laminated on top and
exposed to chloroform vapor to make the PLA surface sticky.
Finally, the sensor film is transfer-printed onto the sticky surface
of the polymer on the stent.

In Vitro ROS Scavenging Experiment. Mouse cardiac muscle cells
(HL-1) are incubated in Claycomb medium (Sigma-Aldrich, USA)
supplemented with 10% fetal bovine serum (Wisent, Canada),
1% penicillin/streptomycin (Gibco, USA), 0.1 mM norepinephr-
ine (Sigma-Aldrich, USA), and 2 mM L-glutamine (Gibco, USA).
Separately, HUVECs are incubated in an EGMTM-2 BulletKit
(Lonza, Switzerland) at 37 °C with 5% CO, and 95% air. For
in vitro ROS scavenging experiments, HL-1 cells and HUVECs
are placed in 24-well plates and cultured again for 3 days.
After removing the cell media, PLA film embedded with ceria
NPs (1 cm x 1 cm, ~0.16 g) is placed in the well plate. Reactive
oxygen species (50 uM H,0,, Sigma-Aldrich, USA) are then
added to well plates and stored for 5, 10, 15, and 30 min to
see oxidative stress effects. Cells are washed with the Dulbecco's
phosphate-buffered saline, and the cell viability is assessed
with a Live/Dead Cell viability/cytotoxicity kit (Invitrogen, USA).
Fluorescence images are captured with a fluorescence micro-
scope (Nikon, Eclipse Ti, Japan), and the Image-Pro Plus software
(MediaCybernetics, USA) kit provides quantitative estimates of
living and necrotic cells.
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FEM analysis validate the mechanical robustness of
the active components and the thermal stability of
hyperthermia-induced therapies using nanoparticles
and lay the basis for future optimization of stent
design. In vitro, ex vivo, and in vivo studies demonstrate
the biocompatibility and multifunctional electronic
and therapeutic utilities of the proposed biointegrated
system. Further work will focus on the integration
of wireless power'%*”*2 and data communication**~*°
in bioresorbable formats.

In Vitro Hyperthermia Experiment. To monitor the cell injury
caused by hyperthermia, we first applied photothermal hy-
perthermic treatments to HUVECs cultured for 3 days in 24-well
plates, in which AUNR@MSN-PLA film (5 mm x 5 mm) is placed
(Figure 5h—k). Cell viability/cytotoxicity kit solution is added to
the media to visualize live and dead cells. For the photothermal
hyperthermia treatment, 800 nm-pulsed laser light (Mai Tai
eHP Deepsee, Spectra-Physics, USA) is delivered for 10 min at
different powers with an irradiation area of 760 um x 760 um.
The average irradiance rates are in the range 1.7—4.0 W/cm?,
and total energy is 1020—2400 J/cm?. After the NIR irradiation,
cellsare imaged using a confocal microscope (LSM-780, Carl Zeiss,
Germany).
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