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Drug-eluting balloon (DEB) angioplasty has emerged as an effective treatment for cardiovascular and cerebro-
vascular diseases. However, distal embolism and late lumen restenosis could be caused by drug loss during DEB
handling and rapid drug metabolization. Here, a drug-loaded balloon equipped with tip-separable microneedles
on the balloon surface (MNDLB) was developed. Inbuilt near-infrared (NIR) ring laser inside the catheter inner
shaft was introduced to activate the biodegradable microneedle tips for the first time. The drug-loaded tips thus

could be embedded in the vasculature and then released antiproliferative drug — paclitaxel slowly via polymer
degradation for more than half a year. A significant increase in drug delivery efficiency and superior therapeutic
effectiveness compared with the standard DEB were demonstrated using an atherosclerosis rabbit model.

1. Introduction

In the past decade, the death number of cardiovascular and cere-
brovascular diseases (CCVDs) has increased by 12.5%, accounting for
about 1/3 of the total global deaths [1,2]. Arteriosclerosis (AS) is at the
root of the most life-threatening CCVDs, which eventually advances to
coronary heart disease, ischemic stroke or peripheral artery athero-
sclerotic occlusion [3]. For severely stenotic or obstructed blood vessels,
operations are commonly required, which primarily encompass artery
reconstruction surgery and minimally invasive percutaneous trans-
luminal angioplasty (PTA) [4]. In particular, drug-eluting balloon (DEB)
angioplasty, one of the crucial PTA against CCVDs, restores blood flow
by dilating the stenotic vessel and the surrounding muscular wall.
Meanwhile, anti-proliferative agents coated on DEB are stamped to the
vascular wall to inhibit subsequent intimal hyperplasia [5]. At present,
DEB angioplasty is recommended exclusively in the situations where
stents are not suitable, such as in-stent restenosis, small vessel lesions
and bifurcation lesions [6,7].
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Despite its benefits, the present DEB also has some intrinsic defects.
Firstly, the drug delivery efficiency of DEB is generally low due to un-
desired considerable drug loss during angioplasty, because the adhesion
of the balloon and drug coating is weakened for optimal drug transfer to
the target tissue [8,9]. Scholars Svea Petersen et al. reported the drug
loss of three coating formulations — cetpyrsal/paclitaxel (PTX), hyal-
uronic acid (HA)/PTX and polyvinylpyrrolidone (PVP)/PTX to be about
28%, 21% and 39%, respectively [10]. Involuntary drug loss not only
leads to different drug dosages in the target regions, contributing to the
variations of therapeutic outcome, but also causes downstream vascular
embolism and deterioration of the disease [11,12]. Secondly, intimal
hyperplasia and negative remodeling of the vessels last for several
months after DEB dilatation, while the rapid metabolism of drugs
stamped to the vessel wall can’t work for such long, resulting in late
intraluminal restenosis [13,14].

Although great advance has been made to optimize drug release,
current DEBs still have limitations in terms of drug transfer efficacy and
drug loss [15]. Giving these objects and challenges, microneedle (MN)
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patches, an extensively researched drug delivery device, especially the
separable MN, may be a suitable solution just as it has been applied
transdermally [16-19]. To improve the efficacy and accuracy of
MNs-based drug delivery in blood vessel environment, the photothermal
tip-separable microneedles drug-loaded balloon (MNDLB) was proposed
in this study. Rather than the regular DEB with drug sprayed on the
surface that was easily washed off without a strong bond to the balloon
surface (Fig. 1A—C), the antiproliferative drug was totally encapsulated
in the MN tips of our designed MNDLB and delivered into the vessel wall
as MN inserted the luminal lesion. A ring-laser fiber was then introduced
into the catheter’s inner shaft, which was withdrawn slowly and emitted
808 nm near-infrared (NIR) simultaneously to heat and melt the
phase-change material lauric acid (LA) in the MN tips. After that, the
molten LA transformed into a solid state again, resulting in a weakened
bond between the MN tip and the base. Thus, only a mild shear force
pulling the balloon catheter by hand was able to detach the tips from the
bases, leaving the entire drug-loaded tips remained in the lesion tissue.
Subsequently, the embedded tips sustainably released the drug by the
degradation of polycaprolactone (PCL)/polylactic-co-glycolic acid
(PLGA) (Fig. 1D—F). Theoretically, this rapidly photothermal
tip-separable MNDLB, providing optimal drug transfer and long-term
restenosis inhibition, is expected to become a promising solution of
atherosclerosis.

2. Materials and methods
2.1. Materials

Balloons (APT Medical Inc., China), DEBs (Lifetech Scientific Co.,
Ltd, China), pressure pump (Allwell, IS-30-A, USA) and contrast agent
Onepike (350 mg/L, GE Co., USA) were kindly provided by the Cardiac
Intervention Unit of the Second Affiliated Hospital of Nanchang Uni-
versity. Polydimethylsiloxane (PDMS) MN molds were customized from
Microchip Pharmaceutical Technology (Zhejiang, China, samples spec-
ifications were shown in Fig. S1). PTX (99%), LA (99%), PCL (Mw =
36,000-45,000), PLGA (LA:GA = 50:50, Mw = 24,000-38,000), poly-
vinyl alcohol (PVA, Mw 89,000-98,000, hydrolysis >99%),
dichloromethane standard, docetaxel (>99%), Rhodamine B (RhB) and
alcohol soluble melanin were purchased from Aladdin Co., Ltd,
Shanghai, China. Curable resin PCLMA (containing photoinitiator TPO-
L) was purchased from Engineering for Life (Suzhou, China).

2.2. Fabrication of two-section MNs patch

First, the solution of drug-loaded tips was prepared: 0.125 g PCL and
0.125 g PLGA were co-dissolved in 2 mL dichloromethane; 0.2 g PTX and
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0.05 g LA were co-dissolved in 2 mL ethanol; these two fluids were
mixed together with additional 1 mL deionized (DI) water to slow the
solvent evaporation. Then, 20 pL mixing solutin was cast onto the PDMS
MN mold, vacuumed (-1 kg/cmz) for 2 min to fill the MN cavities
completely, and dried in a vacuum drying oven at 35 °C for 48 h. This
process was repeated one more time to get more drug loading. Next, MN
bases were fabricated: 20 pL curable resin was cast onto the PDMS mold
when drug-tips was finished, then vacuumed (—1 kg/cm?) for 2 min, and
solidified under 405 nm blue light for 1 min. Finally, the PDMS mold was
carefully demolded to get the two-section MNs patch.

2.3. Fabrication of MNDLB

MN array was transferred to the curved surface of the balloon
referring to “conformal transfer modeling method” [20]: two-section
MNs were fabricated as described above, and the PDMS mold was
then wrapped around the inflated balloon precisely; next, the entire
apparatus was exposed to blu-light for 2 min to fix the MN array onto the
surface of the DEB; finally, PDMS was carefully demolded to get a
two-section MNDLB.

2.4. Characterizations of MNs

MNs prepared in this study were characterized using scanning elec-
tron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), and inverted fluorescence mi-
croscopy. A SEM (> -300 Zeiss AG, Germany) was used to image the
morphology of the cross-sections of MNs with or without photothermal
stimulation. A Nicolet iS20 (Thermo, U.S.A.) FTIR spectroscopy was
used to characterize the drug-loaded tip and its components. All FTIR
spectra were collected at 1024 scans with a spectral resolution of 4
em ™. All collected spectra were analyzed using OriginPro 2018C soft-
ware. DSC measurements were performed on a DSC Q20 V24.10 Build
122 instrument in this study to characterize LA and MNs tip. For this
characterization, a sample weighing 5-10 mg was sealed in an
aluminum plan and heated from 20 °C to 100 °C at a scan rate of 5 °C/
min. All DSC measurements were carried out under nitrogen gas at a
flow rate of 50 mL/min. Fluorescein 7-amino-4-methyl coumarin
(AMC)-labeled LA (AMC-LA, NJPeptide Biotechnology Co. Ltd, China)
was used to test the distribution of LA. MNs were sectioned to a thickness
of 4 pm and pictured with inverted fluorescence microscopy (BCD-
606WKPZM, Olympus, Japan).

2.5. Preparation of vascular phantoms
Vascular phantoms with different stiffness were prepared according
Passive contact
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Fig. 1. Schematic illustration of balloon angioplasty. (A-C) DEB and (D-F) MNDLB applications to the atherosclerotic stenosis artery. Drug delivery efficiency was
enhanced in MNDLB by 808 nm ring laser stimulation to detach drug-loaded MN tips in tissue.
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to reported research [20]. In brief, PVA was added in DI water to make a
10% (w/v) solution, which was then heated to 96 °C and stirred for 2 h
until the PVA powder was fully dissolved. PVA solution was poured into
the molds and solidified at room temperature. The solidified PVA sam-
ples were crosslinked by freeze-thaw cycles to adjust the mechanical
properties. The freeze-thaw cycle consisted of two steps: a freezing step
for 12 h at —20 °C, and a thawing step for 12 h at 20 °C. The more
freeze-thaw cycles, the higher elastic moduli by hydrogen bonds, thus
mimicking various vessels from normal one to calcified. The tensile
properties of vascular phantoms were tested by the electronic universal
testing machine (WDW-30, Hualong Test).

2.6. Mechanical properties of MNs patch

The mechanical behavior of MNs patch was analyzed by microelec-
tronic universal testing machine (Force Gauge, Mark-10). For the
testing, MNs patch was lied on the worktable at the bottom of the testing
machine. Once the MNs patch and the sensor were aligned vertically, the
sensor moved down as 600 pm/min. The instantaneous stress-
displacement curves were recorded.

2.7. Photothermal separability

In order to evaluate the photothermal separability of MNs, a ring-
laser fiber 200 pm in diameter (Shanghai Youfutong Medical Equip-
ment Co., Ltd, Fig. S2) was inserted along the catheter inner shaft and
connected to the 808 nm NIR exciter (AC, HI-Tech Optoelectronics Co.,
Ltd.). The optical fiber retractor (Shanghai Youfutong Medical Equip-
ment Co., Ltd.) controlled the withdrawal speed of the optical fiber.
MNDLB was fixed on a vertical worktable of the testing machine. The top
disc moved down at a speed of 600 pm/min, and the lateral shear
stresses before and after photothermal stimulation were recorded.

2.8. Tissue insertion of MNs patch in vitro

The cross-shaped vascular phantom was fixed to the fixture in a mild
pretension state, and the marked center was the test area as stress
distributed uniformly in this area. The surface of the test area was
wetted with 1% (w/v, in DI water) RhB for 1 min before MNs patch
inserted down at a speed of 300 pm/min, and the stress-displacement
curves were obtained. After that, residual RhB on the surface was
wiped off with cotton swabs, and the puncture depth was detected by
confocal microscope (LSM800, Carl Zeiss AG).

2.9. Temperature supervision and MNs transfer efficiency examination

MNDLB (2.5 mm x 20 mm) was inflated in a hollow cylindrical
vascular phantom of 2 mm inner diameter, then the fiber was withdrawn
at a constant speed and emitted 808 nm near-infrared (NIR) simulta-
neously in the inner shaft of the balloon catheter. Temperatures of the
balloon under different laser powers and retraction speeds were recor-
ded by infrared thermal imager (E60, FLIR). After that, the end of the
balloon catheter was gently pulled by hand to break off the MN tips in
the vascular phantom. Then the balloon was pulled out of the phantom
after deflation, and the MN tips transferred into vascular phantom were
calculated.

2.10. PTX release from MNs patch in vitro

To evaluate the in vitro release of PTX from MNs patches and predict
the release of PTX in vivo, phosphate-buffered saline (PBS) with 0.02%
(w/v) Tween-80 and 25% (v/v) ethanol was utilized as the release
medium. MNs patch was placed in 10 mL release solution and incubated
in a water bath shaker at 37 °C and 80 rpm. 1 mL release medium was
collected every 5 days and replaced with the same amount of fresh
medium. The collected samples were stored at 4 °C to quantify the PTX
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concentration later by high performance liquid chromatography-mass
spectrometer (HPLC-MS).

2.11. In vitro particulates loss

An extracorporeal circulation system was assembled according to
previous literature [21] to obtain particulates shed from MNDLB and the
control DEB. Standard vascular angioplasty were imitated: balloon
catheter was inserted through a 7 F sheath and tracked 200 mm through
the tubing to the vascular phantom. The flow of PBS was controlled at
150 mL/min by electric pump. When the balloon was inflated using a
pressure of 8 atm (atm), the ring laser in the inner shaft was heated by
1.5 W 808 nm NIR immediately and retraced as 0.5 mm/s from balloon
top to the end. After that, the fiber and the deflated balloon were pulled
out of the phantom, and an additional 60 s PBS flow helped to clean up
particles in the tubing. The 7 F sheath was also washed with another 40
mL PBS. All particulates were collected by a 10-um pore size filter paper
fitted on the filtration holder and imaged using the microscope (CX33,
Olympus, Japan). The total particulates (diameter >100 pm), larger
particulates (diameter >300 pm), and average size of the particulates
was calculated using ImageJ software. Balloons and vascular phantoms
were collected and frozen at —80 °C to quantify the PTX concentration
later by HPLC-MS.

2.12. Inhibition of PTX on vascular smooth muscle cells (VSMCs)

VSMCs (A7r5, ATCC) were seeded in a 96-well plate at 5 x 103 cells/
well and cultured with Dulbecco’s Modified Eagle Medium (DMEM)
high sugar medium (Biolnd, Israel) containing 10% fetal bovine serum
(FBS, Biolnd, Israel) at 37 °C under 5% CO; atmosphere for 24 h. PTX
was added to each group with a graded series of concentrations (0,
0.0001, 0.001, 0.01, 0.1, 1 and 10 pM). After 24, 48 and 72 h of co-
culture, the medium was changed to the medium containing 10% cell
counting kit-8 (CCK-8) and cultured for 2 h. The optical density (OD)
was determined using a microplate reader of VICTOR Nivo 3S (Perki-
nElmer, UK) at a wavelength of 450 nm. The cell viability (%) was
calculated as follows:

Cell viability (%) = (OD, — ODy) / (OD, —ODy) x 100%

where ODa represents the OD value of cells with different concentra-
tions of PTX, ODDb represents the OD value of the blank group, and ODc
represents the OD value of cells without PTX.

2.13. Preparation of MNs extract

After 30 min of UV exposure, the MN-PTX patch was added to DMEM
medium or 0.9% NaCl solution (containing equivalent PTX to 1 yM PTX
solution) and shaken 80 rpm at 37 °C for 72 h. The extraction solution
was used for subsequent experiments.

2.14. Migration assay

VSMCs were cultured in 6-well plates until more than 90% confluent,
and scratch wounds were generated using a sterile pipette tip (200 pL).
Cells were divided into four groups: control group with serum-free
medium, PTX group with serum-free medium containing 1 pM PTX,
MN group and MN-PTX group using its extraction solution respectively
as mentioned above. After 0, 12 and 24 h, images of three different fields
of each scratch were acquired, and the percentage of wound closure was
quantified by measuring the residual distance of the scratch using
ImageJ software.

2.15. Live/dead cell staining assay

VSMCs were seeded in a 96-well plate at the density of 2 x 10° cells/
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well, and divided into four groups as above with 10% FBS. After incu-
bation for 24 h, the medium was displaced with 1 mL of PBS containing
5 pL Calcein-AM/PI, and cells were imaged under inverted fluorescence
microscopy after another 20 min of incubation.

2.16. Inhibition of MNs on human umbilical vein endothelial cells
(HUVECs)

HUVECs (self-supply by our lab) were seeded in a 96-well plate at 5
x 10° cells/well and cultured with Dulbecco’s Modified Eagle Medium
(DMEM) high sugar medium (Biolnd, Israel) containing 10% fetal
bovine serum (FBS, Biolnd, Israel) at 37 °C under 5% CO5 atmosphere
for 24 h. Cells were divided into four groups as section 2.15, and cell
viability were calculated as section 2.12.

2.17. Hemolysis assay

Red blood cells (RBCs) were isolated from Sprague Dawley rats. 100
pL RBCs was added to 1.1 mL 0.9% NacCl solution as negative control and
to 1.1 mL DI water as positive control. In the experimental groups, 100
pL RBCs was mixed with 1.1 mL MN or MN-PTX extraction solution
(0.9% NaCl solution as extraction medium) or 1 pM PTX (0.9% NaCl
solution as solvent). After incubation at 37 °C for 2 h, the absorbance of
the supernatant at 540 nm was detected. The hemolysis rate of each
group was calculated as follows:

Hemolysis rate (%) = (ODy — OD;) / (OD, —OD;) x 100%

where ODg represents the OD value of the experimental groups, OD; the
negative control group, and OD, the positive control group.

2.18. Animal study

In this study, 48 male New Zealand white rabbits (3.0-3.5 kg) were
used for: 1) drug metabolism study, 2) security test, and 3) therapeutic
efficacy research. All experiments were conducted in accordance with
the guidelines and approved by the ethics committee of Nanchang
University (Nanchang, China, SYXK 2018-0006). To develop the
atherosclerotic model, the right carotid artery of each rabbit was frosted
with 0.5 mL liquid nitrogen 3 times for total 2 min, and rabbits were fed
with 1% cholesterol for 4 weeks [22].

Balloon angioplasty was performed 1 month later, when stenosis rate
was confirmed to be 60-70% by ultrasonography. When the balloon
catheter inserted into the right common carotid artery, the pressure
pump inflated the balloon with 1:1 balloon-artery ratio. In microneedles
balloon (MNB) and MNDLB groups, a ring-laser fiber was then intro-
duced into the catheter’s inner shaft, which was withdrawn as 0.5 mm/s
and emitted 808 nm near-infrared (NIR) simultaneously to heat and melt
the phase-change material LA in the MN tips. In the control group, the
carotid artery was incised and sutured without balloon dilatation.
Following the operation, balloons were cut off, sealed in a plastic
container and frozen at —80 °C for later drug testing. The rabbits were
on a normal diet. Blood biochemistry, ultrasonography and computer-
ized tomography angiography (CTA) were performed at the set time
points.

2.19. CTA

CTA was performed at pre-determined time points (0, 30, 90, 180
days). Contrast agent Onepike (diluted to 200 mg/mL, 8 mL) was
injected at 0.5 mL/s by high pressure syringe (Ulrich, Germany) through
a 24 G venous indwelling needle inserted in the left auricular vein. The
scanning parameters of 128-layer spiral CT (Light Speed, GE, USA) were
120 kV, 100 mAs, 5 mm slice thickness, 2 s delay time and 30 s scanning
time. The carotid artery was measured by the vascular evaluation soft-
ware (syngovia, Siemens) on the CT workstation.
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2.20. Ultrasonography

Carotid ultrasonography was performed preoperatively and post-
operatively (0, 1, 30, 90 and 180 days). Anesthesia was induced with
3-5% isoflurane inhalation and maintained with a mask. The stenosis of
the common carotid artery was detected by an ultrasonic diagnostic
instrument (VINNO 6, Feinuo Technology Co., Ltd., China) along the
direction of the carotid artery. Stenosis rate = (maximum proximal in-
ternal diameter — narrowest internal diameter)/maximum proximal
internal diameter.

2.21. Histological analysis

The harvested vessels were rinsed with saline, fixed in 10% neutral
formalin solution, and embedded in a paraffin block. The paraffinized
samples were sectioned to a thickness of 4 pm and stained with hema-
toxylin and eosin (H&E, Merck, Germany) for further histopathological
and morphological analysis. The pathological sections were used to
observe the intimal hyperplasia under 40 x and 100 x light microscope.
ImageJ was used to analyze the internal elastic lamina area (IELA) and
lumen area (LA). Neointimal area (NA) = IELA — LA, and the percentage
of area stenosis (% AS) = NA/IELA x 100%.

2.22. SEM

The puncture injury caused by MNs balloon and endothelialization of
blood vessel wall were observed by SEM. The arteries were fixed with
glutaraldehyde and dissected along the axial direction. After gradient
ethanol dehydration, critical point drying and coating, the samples were
observed by SEM.

2.23. Degradation of needle tip in vivo

Vascular specimens were fixed with formalin and scanned by Sky-
scan1278 MicroCT with a thin layer of 0.1 mm. The 3D image of
intravascular needle tip was reconstructed by Mimics Medical 21.0
software (Materialise, Belgium).

2.24. PTX concentration

PTX concentration was measured by HPLC-MS. The frozen vascular
phantoms, vessels, balloons and plasma were thawed firstly, and ethyl
acetate/dichloromethane/acetonitrile (w/w/w = 4/1/1) was prepared
as extraction reagent, with docetaxel/methanol as the internal standard
solution (800 pg/mlL for vessels and balloons, and 0.1 pg/mL for
plasma). Firstly, blood vessels (or balloons)/extraction reagent/internal
standard solution (1 g/5 mL/1 mL), or plasma/extraction reagent/in-
ternal standard solution (0.2 mL/4 mL/0.1 mL) was sonicated for 30
min, vortex mixed for 1 min, and centrifuged at 5000 rpm for 20 min,
then the supernatant was taken and evaporated with a nitrogen evapo-
rator. The residue was re-dissolved with mobile phase, and then 2 puL was
taken for LC-MS analysis. Agilent 1260 liquid chromatography-G6430
triple tandem quadrupole liquid chromatograph (Agilent Technolo-
gies, USA) was used, and its working parameters were set as follows:
electrospray ion source with a Vcap 4000 V, drying gas temperature
350 °C, atomization gas pressure 30 psi, and drying gas flow 10 L/min.
The collision energies of both PTX and docetaxel were 22 eV, and the
cleavage voltages were 250 eV and 210 eV, respectively. Agilent SB-C18
column (3.5 pm, 2.1 mm x 150 mm) worked with methanol/0.1% for-
mic acid water (95/5, v/v) as mobile phase. The flow rate of mobile
phase was 0.3 mL/min, and the column temperature was set as 30 °C.

2.25. Statistical analysis

In order to avoid batch-to-batch errors, the samples were measured
centrally, and the blind method was applied to the surveyors. All data



L. Huang et al.

were expressed as means =+ staining deviation (s.d.). Statistical analyses
were performed using GraphPad Prism (GraphPad Software, Inc., San
Diego, CA) by the one-way analysis of variance (ANOVA) and t-test. The
threshold of statistical significance was p < 0.05.

3. Results and discussion
3.1. Design and fabrication of rapidly separable MNs patches

When designing MNs patches, classical antiproliferative drug PTX
was chosen. PTX prevents the depolymerization of tubulin dimer in
VSMCs, thus inhibiting cell mitosis and triggering apoptosis [23]. PCL is
an interesting material for bone tissue engineering scaffolds and other
applications due to its excellent mechanical property, good biocom-
patibility and slow degradation that as long as more than one year in vivo
[24,25]. Due to the faster degradation rate of PLGA [26,27], it was
added to PCL to formulate mixtures as MN materials which were ex-
pected to release drug from weeks to months. Biocompatible light-cured
resin was utilized to firmly connect the tip of the needle to the balloon
surface. In order to break off the tip rapidly, thermosensitive LA, melting
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point 44 °C, was selected so as to minimize thermal damage to the
human body when it was applied locally and temporarily [28-30].
Fabrication of MNDLB was shown in Fig. 2A. After the first casting,
PTX loading was about 0.56 or 0.57 pg/mm? for the balloons. The sec-
ond casting gave the balloons PTX loading 1.12 and 1.14 pg/mm?,
respectively (Tab. 1), lower than 2 pg/mm? of the control DEB. It has
been reported that appropriate reduction in DEB drug loading could
achieve the similar therapeutic effect, which could even reduce some
drug loss and drug-related complications [31,32]. Considering that the
drug loss of DEB would be higher than MNDLB, this lower drug loading
was chosen for MNDLB. For better visualization, white PTX was replaced
by melanin, and thermosensitive tip-separable melanin-loaded balloons
were fabricated (Fig. 2B—D). Each needle possessed a conical shape,
with base diameter of 300 pm, height of 500 pm, tip diameter of 10 pm,
and interval between MN tips of 900 pm. The height of the drug-loaded
tip was mearsured to be 276.54 + 12.41 pm (Fig. 2E), and the surface
structures of the tip and base before (I-II) and after (III-IV) photo-
thermal stimulation kept almost the same. The test of melting point of
LA and its mixture with PCL/PLGA by DSC showed that the melting
point of LA decreased a bit from 45.30 °C to 44.40 °C when mixed with

Fig. 2. Fabrication schematic and characterizations
of MNDLB. (A) Conformal transfer molding process
consisting of: (I-1I) drug-loaded tips fabrication; (IIT)
MN bases fabrication; (IV) alignment of flexible
planar PDMS mold; (V) curing process and (VI)

/ Vacuum and dry

Repeat

900 pm

Heat flow (Exo up)

Temperature (°C) 3400 2400 1400 400

¢ I )
N TS S G G
PO 80 Chss i N O D o - - 5 —Vr—\y/—\
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completed MNDLB. (B) Dilated MNDLB. (C-D) Two-
section MNs on MNDLB. For better visualization,
white PTX was replaced by alcohol soluble melanin.
(E) The surface structures of the tip and base by SEM
before (I-1I) and after (III-1V) photothermal stimu-
lation kept almost the same. (F) DSC of LA and its
mixture with PCL/PLGA. The melting point of LA
decreased a bit from 45.30 °C to 44.40 °C when
mixed with PCL/PLGA. (G) The FTIR of the tip
mixture and its components. No abnormal absorption
peak detected, and the curves before and after pho-
tothermal intervention unchanged. (H) The tip sec-
tions with AMC-LA. The fluorescence was uniformly

Melanin distributed. Scale bar = 100 pm.
LA

PCL

Tip <|:
PLGA

Curable resin
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PCL/PLGA, and the endothermic peak of PCL was also found at 59.96 °C
(Fig. 2F).The FTIR of the needle tip and its components were shown in
Fig. 2G. Each component was mixed together physically, and no
abnormal absorption peak was detected. Also, the curves of the needle
tip before and after the photothermal stimulation did not remarkably
change. Besides, the needle section showed that AMC-LA was uniformly
distributed with no difference in fluorescence intensity (Fig. 2H). To sum
up, the characterizations of MNs using SEM, FTIR, and fluorescence
imaging showed that the drug-loaded tips were homogenous and the LA
and PTX was uniformly dispersed in the mixture.

3.2. Mechanical performance and penetration of MN

In order to reach the lesion through the blood vessels, MNs array
must be firmly adhered to the balloon. Besides, MN itself should be
tough enough to avoid fragmentation and debris under pressure.
Furthermore, the MN should have sufficient mechanical strength to
pierce into the fibrotic or even calcified vascular tissue. We detected that
the MN strength during compression increased with increasing PCL ratio
(Fig. 3A—B), but an appropriate amount of PLGA was needed to facili-
tate early drug release. Finally, PCL/PLGA = 1/1 (w/w) was chosen for
MNDLB, in which case the MN could withstand >0.2 N/needle at the
pressed distance of 300 pm. This mechanical strength was expected to be
sufficient referring to its applications in skin tissue [33-35].

After photothermal excitation, the tip was easily shed under the
shear force of a 3-0 surgical suture (Video S1). In contrast, this shear
force would not break off the MN without photothermal excitation
(Video S2). Fig. 3C—D show the stress-strain curve of MNs under shear
force without photothermal excitation. When the force disappeared, the
bent MN could rebound quickly without break. The power of 808 nm
NIR and the retraction speed of ring laser fiber were related to the shear
force for tip detachment (Fig. 3E). For example, when the optical fiber
was pulled back fast, the LA at the interface between tips and bases
melted incompletely, resulting in higher shear force. When optical fiber
was retracted as 0.5 mm/s, the lateral shear forces under 1 W and 1.5 W
were 0.063 + 0.003 N and 0.051 + 0.004 N, respectively, with no sta-
tistical difference, while 0.5 W NIR required significantly higher shear
force. The above results indicated that both 1 W and 1.5 W were suffi-
cient to completely melt the LA between the tips and bases, while under
0.5 W, LA was only partially melted.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.11.015

In order to verify the puncture ability in this case, vascular phantoms
with elastic modulus ranging from 9.80 + 3.13 to 275.80 + 11.76 kPa
(Fig. S3) were prepared to simulate normal to fibrotic to calcified
vascular tissue. The stress-strain curves were obtained (Fig. 3F—G), and
there were three phases in this process: I) the initial phase, when the
needle was just in contact with the vessel and there was no interaction
force, corresponding to the origin of the curve; II) the moment when
needle tip just inserted into the blood vessel, with a turning peak in the
curve (marking the instant resistance reduction); III) the phase that
needle tip penetrated in the blood vessel until it reached the endpoint
(the maximum pressure on each MN was expected to be 0.04 N and
maximum displacement 1 mm, according to the working pressure (8
atm) of the non-compliant balloon). Therefore, the depth of the tip in the
wall was the distance of phase II to III. It was worth mentioning that for 1
freeze-thaw cycle phantom, the phantom wall could expand well as the
balloon expanded, which led to the penetration depth less than 200 pm.
That meant the detached MN tip embedded in tissue partially. The
penetration depth in tissue pre-wetted by RhB (Fig. 3H) for 1 min was
measured by confocal fluorescence (Fig. 3I), whose results were
consistent with the stress-strain curves. Then, MN puncture ability was
detected in the hollow cylindrical vascular phantoms (Fig. 4A—B), with
1 W NIR and optical fiber pulled back at 0.5 mm/s 100% MN tips were
embedded in the tissue, and the MN bases still adhered firmly to the
balloon (Fig. 4C—D).
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The balloon and catheter are made of polyethylene terephthalate
(PET), whose glass transition temperature is about 70 °C [36]. The
temperatures under different powers of 808 nm NIR were recorded by
infrared camera when the fiber was fixed and heated for 1 min inside the
balloon catheter (Fig. 4E—F). Furthermore, the local temperature of
vascular phantoms gradually rose and fell when the fiber was withdrawn
inside the balloon as 0.5 mm/s. The extraluminal maximum tempera-
tures were about 43-48 °C (Fig. S4) with different NIR powers.
Certainly, the intraluminal maximum temperature was a bit higher
(unable to detect directly). In order to avoid the balloon damage and
tissue injury caused by high temperature, NIR was set to 1 W in the later
animal experiments.

SEM images showed the gradual degradation of MN tips when PCL/
PLGA =1/1 (w/w, Fig. S5A). As PLGA increased in MN, the early release
and total release of drugs during the six months increased (Fig. S5B)
without initial burst release. The MNs could be reformulated to adjust
the release duration to address the different needs.

3.3. Particulates loss in extracorporeal circulation system

Drug particulates or coating fragments shed from DEB may be
associated with small vessels occlusion or capillaries micro emboliza-
tion. It has been documented in the literature that higher dose of PTX
resulted in more debris embolization and PTX-related fibrinoid necrosis
in distal areas [37,38]. A Food and Drug Administration (FDA) safety
communication has presented nine mortalities related to polymer sep-
aration from intravascular devices, and pointed out that it likely rep-
resented an underestimate of the actual occurrence [39]. Standard
angioplasty in assembled extracorporeal circulation system (Fig. 5A)
showed that our MNDLB addressed the problem of drug loss well. As
shown in Fig. 5B—C, the total number of particulates (diameter >100
pm) and larger particulates (diameter >300 pm) of MNDLB were 1589.0
+ 103.0 and 42.7 + 18.5, respectively, which were less than that of DEB
group (5088.0 + 325.0 and 309.0 + 48.9, respectively). In addition,
77.67 + 2.50% of the drug was transferred to the blood vessel wall in
MNDLB group, and drug loss into the blood stream was 12.00 + 2.16%,
which were significantly more satisfactory than that of DEB group
(37.33 + 4.19% and 20.33 + 3.40%, Fig. 5D). Although the average
particulate size of MNDLB was slightly larger than that of DEB (179.5 +
9.7 pm and 146.5 + 7.4 pm, respectively), the MNDLB had tiny possi-
bility of occlusion in major distal vessels (vessels larger than 300 pm)
during angioplasty. What’s more, the maximum local temperature of the
vascular phantom was about 45 °C when the 808 nm ring laser was 1 W
and retracted at 0.5 mm/s (Fig. S6).

3.4. MNDLB inhibited the proliferation and migration of cells in vitro

Balloon dilation to the stenotic artery by air pressure can also cause
endotheliocyte shedding, fiber breakage and plaque rupture, which can
induce inflammatory responses as well as the proliferation and migra-
tion of VSMCs, eventually resulting in restenosis [40]. The evolution of
restenosis can differ widely, depending on the target region, balloon
pressure, dilation time and so on [41,42]. The proliferation and migra-
tion of VSMCs are important pathological factors of restenosis. Herein,
whether the PTX released from MNs could inhibit the activity of VSMCs
was investigated. Firstly, it was confirmed that PTX of 1 x 10~2 yM and
above could inhibit the proliferation of VSMCs by CCK-8 assay (Fig. S7).
Since the concentration of PTX in the extraction solution might be very
limited, 1 pM PTX and extraction solution with the same amount of PTX
in MNs were chosen for cell experiments.

Live/dead cell staining at 24 and 72 h showed a significant increase
in cell density in the control and MN groups, while in the MN-PTX group,
especially the PTX group, VSMCs density was lower than control group,
and cell death was also significantly increased (Fig. S8). Migration assay
(Fig. S9) showed that VSMCs in control group presented obviously rapid
scratch healing. MN-PTX group, especially the PTX group, had a
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significantly wider scratch width than the control group. We concluded
that PTX released by MNs was sufficient to inhibit VSMCs proliferation
and migration. In the hemolysis test (Fig. S10), no obvious hemolysis
reaction was observed in each experimental group, reflecting the safety
of MN-PTX and MN in the circulatory system. Noteworthy, PTX and MN-
PTX from MNs could also inhibit the proliferation of HUVECs (Fig. S11),
which might be disadvantageous to vascular endothelialization after
MNs insertion.

3.5. Safety and efficacy of MNDLB

Safety is the fundamental issue in clinical application. In addition to
the MN-based puncture injuries, there might be complications of tips
dislodgement or vessel rupture when MNs pierced into the tissue too
shallowly or too deeply. Besides, the long-acting release of PTX may
have a sustained inhibitory effect on endothelial cell healing and induce
thrombosis [43]. Furthermore, needle tips were scattered in tissues,
leading to varied drug concentrations in tissues, which might end in
regionally inconsistent therapeutic effect. For these reasons, the safety of
MNDLB should be monitored cautiously. The successful construction of
atherosclerotic animal model (Fig. S12) by liquid nitrogen frostbite was
confirmed by ultrasonography. The four experimental groups used in
this comparative study were defined as control group (positive control),
DEB group, MNB group and MNDLB group. After balloon dilation in the
stenotic carotid artery (Fig. S13), the ring-laser fiber was introduced into
the inner shaft of the balloon catheter. The maximum local temperature
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of the vessel was about 44 °C when the 808 nm ring laser was 1 W and
retracted at 0.5 mm/s (Fig. S14). Certainly, the intraluminal maximum
temperature was a bit higher, but it couldn’t be measured directly. All of
our animals survived without negative clinical signs until the set time
points (Fig. 6A). Blood routine and blood biochemistry were all in the
normal range (Fig. S15), and no pathological changes were seen in the
crucial organs (Fig. S16). Ultrasonography was performed in all rabbits
on day 1 after balloon intervention, and no procedure-related compli-
cations such as dissection, thrombosis or vessel rupture were detected.
Besides, the degree of stenosis improved significantly in all three an-
gioplasty groups (from 61 to 69% preoperatively to 13-18% post-
operatively), with no statistical difference among the groups (Fig. 6B).

As shown in Fig. S17A, MN marks were found in the lumen of the
treated vessels of 200-400 pm in depth. Despite the variation of MN
incision depths, MN could penetrate vascular tissue to a depth sufficient
to overcome the endothelium (<10 pm) without breaking the adventitia
layer. MN marks were also seen by SEM 1 day after intervention , but on
day 28, tips-embedded vascular were basically endothelialized
(Fig. S17B-C), indicating that MN insertion was safe in terms of
endothelization.

The progress of intimal hyperplasia was monitored with ultraso-
nography, CTA and H&E section after angioplasty (Fig. S18). Undesired
intimal proliferation evolved in the three angioplasty groups, especially
in the MNB group (Fig. 6B—C, 7A) indicating the deceleration of intimal
hyperplasia by DEB and MNDLB. At the 6th month, the progress of
intimal hyperplasia in MNDLB group was significantly slower than
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others (Figs. 6D and 7B). We inferred that persistent PTX release by the
degradation of polymers could inhibit intimal hyperplasia for a longer
time.

3.6. Drug metabolism

Drug content in vessel wall was 89.12 + 9.74% (Fig. S19), and drug
remained on the balloon was 7.33 + 3.62%, suggesting 3.65 + 2.18% of
the drug was lost. Compared with the results of extracorporeal circula-
tion system in vitro, the increase of drug transfer and decrease of drug
loss probably owed to more drug lost as balloon passed through the
sheath and pipeline in the standard surgical procedure. DLB, whose drug
paclitaxel and carriers (benzoate and polyethylene glycol) were
repeatedly dripped onto the surface until the drug concentration
reached 2 pg/mm? was inferior to MNDLB in drug delivery efficiency
and drug loss rate (45.21 + 10.35% and 37.96 + 7.35%, respectively).
The plasma drug concentrations were too low to be detected 72 h later in
both groups (Fig. 7C). Drug content in vessel wall and cumulative drug
release were shown in Fig. 7D. In MNDLB group, PTX in MN tips was
released gradually, and drug concentration in the lesion after 180 days
was 69.99 + 21.46 pg/g (cumulative release 84.38 + 3.27%). In DEB
group, drug metabolism was more rapid, and drug concentration was
0.30 + 0.16 pg/g on day 30 with cumulative release nearly 100%.
Although it is unknown what minimal PTX concentration in the tissues is
required to inhibit intimal hyperplasia, the PTX measured in the tissues
of MNDLB were within the concentration range to inhibit VSMCs pro-
liferation [44,45]. Therefore, MNDLB retained a therapeutic level of
drug up to 180 days.

The three-dimensional reconstructions of the tips in the tissue by
microCT were shown in Fig. 7E. At 1st month, the implanted tips began
to degrade but still maintained their original shape. At the 3rd month,
the tips were significantly degraded. After 6 months, the tips were
degraded to smaller particles but still incompletely degraded. In addi-
tion to the comparison with drug-coated balloon in this paper, we also
compared the drug delivery efficiency and stenosis-inhibiting effect of

T 1
40 60 80 100(%)

MNDLB with the literature, as shown in Tab. 2 [46-52].

3.7. Study limitations and future work

Even though the penetration ability of MNDLB was demonstrated via
vascular phantoms and AS animal model, it does not represent all the
actual situations. For example, in the case of long circular calcification
of diabetic AS, the penetrating ability of MNDLB can be quite different
and further experimental studies are needed. In addition, the MNs on the
balloon’s surface would increase the diameter of the catheter and hinder
its crossability in the lumen. While the crossability was not measured
since in situ incision was used instead of femoral artery puncture in this
simplified operation [20]. What is more, we only observed the rusults
for 6 months postoperatively in animal, at which time, neither the drug
had been released completely nor the polymer had been degraded
thoroughly. Whether late onset restenosis caused by polymers eliciting
foreign body response needs further investigation [53,54].

4. Conclusion

In this study, we have developed a thermosensitive tip-separable
MNDLB, with sufficient mechanical strength to penetrate the blood
vessel and rapid MN tips detachment ability under NIR stimulation.
Compared with the standard DEB, MNDLB provided optimal drug
transfer to the target tissue and exerted long-acting anti-proliferation.
Although future translation and application of MNDLB will require a
number of additional considerations, further development of this
balloon-based drug delivery technology may bring new hope for
atherosclerosis treatment, as well as for other diseases requiring intra-
luminal targeted drug delivery, such as esophagostenosis, bronchioste-
nosis and ureterostenosis.

Ethics approval

All animal experiments were conducted in accordance with the
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Abbreviation

AS
CTA
DEB

arteriosclerosis
computerized tomography angiography
drug-eluting balloon

HPLC-MS high performance liquid chromatography-mass spectrometer

LA lauric acid

MN microneedle

MNB microneedles balloon
MNDLB tip-separable microneedles drug-loaded balloon
NIR near-infrared

PCL polycaprolactone

PDMS  polydimethylsiloxane

PLGA polylactic-co-glycolic acid
PTX paclitaxel

PVA polyvinyl alcohol

RhB Rhodamine B

VSMCs vascular smooth muscle cells

HUVECs human umbilical vein endothelial cells
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