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Abstract: This work aims to demonstrate the possibility to fabricate ultra-thin polymeric films 

loaded with an anti-restenotic drug and capable of tunable drug release kinetics for the local 

treatment of restenosis. Vascular nanopatches are composed of a poly(lactic acid) supporting 

membrane (thickness: ~250 nm) on which 20 polyelectrolyte bilayers (overall thickness: ~70 nm) 

are alternatively deposited. The anti-restenotic drug is embedded in the middle of the poly-

electrolyte structure, and released by diffusion mechanisms. Nanofilm fabrication procedure 

and detailed morphological characterization are reported here. Barium titanate nanoparticles 

(showing piezoelectric properties) are included in the polymeric support and their role is inves-

tigated in terms of influence on nanofilm morphology, drug release kinetics, and cell response. 

Results show an efficient drug release from the polyelectrolyte structure in phosphate-buffered 

saline, and a clear antiproliferative effect on human smooth muscle cells, which are responsible 

for restenosis. In addition, preliminary evidences of ultrasound-mediated modulation of drug 

release kinetics are reported, thus evaluating the influence of barium titanate nanoparticles on 

the release mechanism. Such data were integrated with quantitative piezoelectric and thermal 

measurements. These results open new avenues for a fine control of local therapies based on 

smart responsive materials.

Keywords: restenosis, micro/nanotherapeutic systems, thin films, layer-by-layer polyelectro-

lytes, barium titanate nanoparticles, drug delivery, ultrasound

Introduction
Restenosis, which is the recurrence of a stenosis, represents an “Achille heel” of endo-

vascular procedures. This phenomenon, normally occurring after an arterial injury, 

causes the narrowing of blood vessel lumen, thus limiting the regular blood flow. 

Restenosis can emerge as a complication of clinical endovascular procedures, such as 

angioplasty or stent placement.1–3 This effect is due to an immune response that causes 

the hyperproliferation of vascular smooth muscle cells (VSMCs) and their migration 

from the tunica media to the tunica intima, with a shrinkage of the vascular lumen.4 

This process involves a VSMC phenotype change (from contractile to noncontractile), 

which facilitates the migratory activity.5 The reduction of restenosis events represents 

one of the key priorities in endovascular procedures.6

Drugs able to inhibit platelet aggregation and neointima proliferation are mostly 

used to reduce atherothrombotic complications. However, they are normally injected at 

systemic level, with a series of drawbacks and side effects, related to the systemic admin-

istration route.7,8 Drug-eluting stents (DES) have also been employed to limit restenotic 

effects.9 However, issues regarding stent-induced thrombosis and possible increase of 

heart-attack risks remain controversial, as demonstrated for both short- and long-term 

applications.10,11 A second-generation DES has been designed with the goal of  improving 
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safety, but long-term results are still a matter of debate.12 

Recently, strategies based on hydrogels,13 smart materials,14 and 

thin films15 have been conceived to release drugs in a target area. 

Other strategies involved nanoparticles,16,17 liposomes,18 and 

other carriers,19 with open issues concerning bioaccumulation, 

safety, and long-term biocompatibility. Targeted drug delivery 

can be successfully achieved also by exploiting a promising 

approach based on layer-by-layer (LbL) nanofilms.20

The LbL method was introduced in 1990s by Decher 

et al21 to fabricate thin films with controlled structures for 

biomedical applications. The technique consists of an alter-

nated deposition of oppositely charged polyelectrolytes (PE) 

that allow to fabricate multilayer polymeric structures with 

tuned properties, thanks to electrostatic interactions. LbL 

nanofilms are characterized by a high aspect ratio (~105) 

and constitute a simple and low-cost strategy to tune the 

thickness of a membrane at the nanometer scale. In addition, 

the capability to control surface chemistry and composition 

and to embed drugs or other molecules within the nanofilm 

structure makes this technique one of the most promising for 

the development of targeted drug delivery systems.

Release mechanisms by LbL structures are based on 

diffusion, drug solvation, film degradation, and swelling.22 

Different from other drug delivery systems, LbL structures 

allow us to embed high quantities of drug inside the poly-

meric matrix, thanks to the two macroscopic dimensions 

(and thus a relatively large area) of the nanofilms. Although 

with some challenges, these platforms could be adapted and 

exploited to treat restenosis.

Inner vessel walls represent hard-to-reach areas where 

all the traditional systems show limitations. A rapid wash-

out from arterial tissues strongly compromises the effi-

ciency of treatments based on polymeric,23,24 and magnetic 

nanoparticles,25,26 which do not show a proper binding 

affinity. Particle size is critical for the delivery of drugs 

to vessel walls.27 Some steps ahead have been moved in 

this field, but the achievement of effective local treatments 

remains an attractive yet challenging goal.28 PE multilayers 

have been demonstrated capable of embedding and releas-

ing antibiotics and drugs.29,30 However, few attempts have 

been made to use these structures as anti-restenotic devices. 

Promising results in this direction were obtained by Thierry 

et al.31 They fabricated a PE multilayer made of chitosan 

and hyaluronic acid (HA) containing l-arginine, able to 

reduce the restenosis, directly on the wall of aortic porcine 

arteries. A strong adhesion of the coating was assured by the 

presence of chitosan (positively charged) as the first layer 

that interacted with the endothelium (negatively charged). 

Similar approaches were also reported for in situ repair of 

damaged vessel, but without using any drug, only relying on  

PEs directly fabricated onto the targeted tissue/area.32,33 This 

strategy permitted to prevent blood clotting or restenosis 

together with an enhancement of vessel luminal surface 

re-endothelialization. In this case, the main drawback was 

constituted by the temporary blockage of blood flow that 

was necessary to treat the inner vessel wall. An alternative 

approach, based on free-standing nanofilms constituted of 

PEs deposited onto a polymeric substrate, was recently 

developed by Redolfi Riva et al.34 These structures were 

able to load and to locally release anti-inflammatory drugs 

for the treatment of inflammatory bowel diseases.

Remotely triggerable systems are able to reduce pos-

sible toxicity effects, improving at the same time the treat-

ment efficacy by controlling in a flexible manner both drug 

dose and timing.35,36 Many strategies have been proposed 

for performing such triggering, starting from a controlled 

release microchip,37 to materials responsive to visible,38 

near-infrared light,39 magnetic fields,40 and ultrasound (US),41 

thus developing a series of smart systems capable to tune 

drug release, thanks to the remote control of an external 

source. US stimulation is nowadays used in many health-

related applications and represents one of the most intriguing 

noninvasive tools for advanced medical and bioengineering 

tasks.42–45 In particular, US waves can interact with piezo-

electric nanoparticles, converting energy from mechanical 

to electrical at the microdomains, and representing a high-

potential tool in nanomedicine and tissue engineering.46–50

To best of our knowledge, no studies reported the develop-

ment of an LbL nanofilm loaded with an anti-restenotic drug 

with a tunable release kinetics, achieved by exploiting the inter-

action between piezoelectric nanoparticles and US waves.

In this paper, we demonstrated the possibility to embed a 

2,3-diphenyl-4H-pyrido[1,2-a]12yrimidin-4-one derivative 

(named DB103), which recently demonstrated anti-restenotic 

properties,51 within an LbL nanofilm composed by chitosan 

and HA, coupled with a poly(l-lactic acid) (PLLA) nanolayer 

acting as supporting barrier that can be provided with piezo-

electric barium titanate (BaTiO
3
) nanoparticles (Figure 1). 

We aimed at characterizing the obtained structures, assessing 

the DB103 release profiles from the nanofilms, and evaluat-

ing smooth muscle cells (SMC) and fibroblast adhesion and 

proliferation on them. Finally, we aimed at verifying if the 

interaction between BaTiO
3
 nanoparticles and US waves 

influenced drug release kinetics.
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Materials and methods
Drug synthesis
The anti-restenotic drug (2-(3,4-dimethoxyphenyl)-3-phenyl-

4H-pyrido[1,2-a]pyrimidin-4-one [DB103]) was synthesized 

as previously described.51,52 Briefly, 2-aminopyridine and 

ethyl 3,4-dimethoxybenzoylacetate (Sigma-Aldrich Co., St 

Louis, MO, USA) were heated at a temperature of 100°C and 

stirred with a glass stick until the starting materials dissolved. 

2-(3,4-Dimethoxyphenyl)-4H-pyrido[1,2-a]pyrimidin-4-one 

was obtained and was then added to N-bromosuccinimide 

(Sigma-Aldrich) and refluxed in chloroform until the start-

ing material was dissolved. Once the reaction was complete, 

the mixture was cooled down to room temperature and the 

solvent was removed under vacuum, in order to obtain a 

yellow powder. In the last step of the synthesis, the bromo 

derivative was added to a solution of bis(triphenylphosphine)

palladium(II) dichloride (Sigma-Aldrich) in toluene, under 

stirring. After stirring for 10 minutes at room temperature, 

phenylboronic acid (Sigma-Aldrich) in EtOH and 2 M 

Na
2
CO

3
 were added. The resulting mixture was refluxed 

overnight and, once the reaction was complete, 2-(3,4-

dimethoxyphenyl)-3-phenyl-4H-pyrido[1,2-a]pyrimidin-4

-one (DB103) was obtained (Figure S1A).

The drug showed an intrinsic autofluorescence. Thus, 

it was possible to extract a calibration curve by analyzing 

different dilutions of the drug in phosphate-buffered saline 

(PBS). Results were reported as relative fluorescence units 

(RFUs) versus compound concentration (mM), measured 

with a microplate reader (Victor X3, Perkin Elmer, Waltham, 

MA, USA) (Figure S1B).

Nuclear magnetic resonance spectrum was recorded in 

dimethyl sulfoxide (DMSO)-d
6
 solution by using a Varian 

Gemini 200 MHz spectrometer (Agi lent Technologies, Santa 

Clara, CA, USA). Infrared spectrum was recorded with an 

Agilent Cary 660 FT-IR spectrometer (Agilent Technologies, 

Santa Clara, CA, USA) (Table S1).

Preparation of nanostructured films
SiO

2
 wafers (400 µm thickness, p-type boron-doped, Si(100), 

Si-Mat Silicon materials, Si-Mat Silicon materials, Kaufer-

ing, Germany) were cut (1.5×1.5 cm2) and used as substrates 

for film deposition. Each wafer was treated with acetone, 

isopropanol, and deionized water (d-H
2
O) before using it, 

in order to remove impurities from the surface.

PLLA/PE structures were fabricated by spin coating 

(SPIN150, SPS Europe, Putten, the Netherlands) of PLLA 

(molecular weight [Mw] =101,000 g/mol, Sigma-Aldrich), 

HA sodium salt (Mw =120,000–350,000 g/mol, Sigma-

Aldrich), and chitosan (Mw =190,000–310,000 g/mol,  

75%–85% degree of deacetylation, Sigma-Aldrich). 

Poly(vinyl alcohol) (PVA, Mw =23,000 g/mol, 98% hydro-

lyzed, Sigma-Aldrich) was exploited as sacrificial layer to 

obtain free-standing films.

First, PVA (10 mg/mL) was spinned (4,000 rpm for 

20 seconds) and baked (80°C for 2 minutes) to create a 

water-soluble layer (Figure 2A) allowing the subsequent 

detachment of the nanofilm from the SiO
2 
wafers in aque-

ous environment.53,54 Then, 300 µL of PLLA solution (10 

and 20 mg/mL in chloroform) was deposited on the PVA 

layer (Figure 2B), spinned at different velocities (2,000, 

3,000, 4,000, 5,000, and 6,000 rpm, respectively, for 

40 seconds) and held on a hot plate to remove the excess 

of solvent (80°C for 1 minute). These substrates were 

treated with oxygen plasma (20 W for 2 minutes at 0.6 

mbar) to increase the hydrophilicity of the polymer sur-

face. Then, the PEs were deposited: 250 µL of chitosan 

Figure 1 Illustration of the nanofilm interaction with the vessel wall.
Note: The Plla substrate can be also provided with BaTiO3 nanoparticles (not shown).
Abbreviations: DB103, anti-restenotic drug used in this study; Plla, poly(l-lactic acid); VsMc, vascular smooth muscle cell.
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(1 mg/mL, 1 % [v/v] acetic acid) and 250 µL of HA  

(1 mg/mL) were spin-coated alternatively using the same 

velocity and spinning time (2,500 rpm for 15 seconds). 

After each deposition, the sample was rinsed with 250 µL 

of d-H
2
O and spin-coated (2,500 rpm for 15 seconds) over 

the whole surface. This procedure was repeated for ten 

times, thus to obtain ten PE bilayers over the PLLA substrate 

(Figure 2C). Then, 10 µL of drug solution (DB103, 1 mg/mL 

in methanol with 5% [v/v] DMSO) was placed over the 

multilayer structure (Figure 2D), and left overnight to permit 

drug evaporation. DMSO was added to the drug solution, 

in order to improve the drug solubility in methanol. DMSO 

may induce possible cytotoxic effects, so a low amount 

was added.55,56 This solvent has a higher boiling tempera-

ture (~189°C) compared with methanol (~65°C), thus the 

addition of DMSO increased the time needed for solvent 

evaporation. To address this issue, before the deposition of 

the additional ten bilayers, we left the samples overnight, 

thus allowing the complete evaporation of the solvent from 

the drug solution before going on with the procedure. After 

drug loading, ten additional bilayers of chitosan/HA and at 

the end a further single layer of chitosan were finally spin-

coated over the structure (Figure 2E), in order to confer a 

positive charge on the nanofilm surface that should interact 

with the endothelium (negative charged).

Barium titanate nanoparticles (BaTiO
3
, 99.9% barium 

titanate, 100 nm of nominal size, Nanostructured & Amor-

phous Materials Inc., Houston, TX, USA) were added in the 

PLLA layer at different concentrations (1, 2.5, 5, 7.5, and 

10 mg/mL, respectively, within the PLLA solution) in order 

to obtain piezoelectric nanostructures (PLLA(BaTiO
3
)). 

The solutions were thereafter sonicated for 1.5 hours to 

favor the dispersion of nanoparticles, then spinned, and 

baked as explained earlier. Then, PLLA(BaTiO
3
)/PE 

structures were fabricated as described earlier for PLLA/PE 

samples. Also in this case, when the nanostructured films 

were immersed in water, the PVA layer was dissolved, thus 

releasing a freely suspended nanofilm. All the fabrication 

procedures for achieving the described nanofilms were 

conducted in a clean room (class 1,000), to avoid any 

contaminations.

Morphological characterization
For nanofilm thickness measurements, a cut with tweezers 

was made at the center of each SiO
2
-supported structure, 

in order to measure the height profile across the scratch. 

Measurements were performed by means of a surface 

profiler (KLA-Tencor, Milpitas, CA, USA). The evaluation 

of topography and roughness was achieved by atomic 

force microscopy (AFM, Veeco Innova Scanning Probe 

Microscope, Veeco Instruments Inc., Santa Barbara, CA, 

USA) scans, operating in tapping mode by setting 0.5 Hz 

scan frequency, and scanning areas of 10×10 µm2 and 

1×1 µm2, respectively. A silicon probe with a nominal spring 

constant in the range of 25–75 N/m and a resonant frequency 

of 240–440 kHz was used. The measurements concerned 

the assessment of the average roughness (Ra), and the root-

mean-square (RMS) on the images acquired. Ra is defined 

as the average height of the center line, whereas RMS 

represents the root-mean-square average of the roughness 

profile ordinates, and it permits to better discriminate dif-

ferences among surfaces with comparable Ra values. Three 

images were acquired for each sample and three independent 

samples were analyzed for PLLA(BaTiO
3
) nanofilms at dif-

ferent concentrations and PLLA/PE and PLLA(BaTiO
3
)/PE 

nanostructured films. The scans obtained were elaborated by 

using a Gwyddion scanning probe microscopy analysis tool 

(http://gwyddion.net). Raw scan data were leveled to remove 

Figure 2 Illustration of the fabrication procedure for PLLA/PE nanofilms on Si wafers.
Notes: (A) Deposition of a PVa layer; (B) deposition of a Plla layer; (C) deposition of ten Pe bilayers after oxygen plasma treatment; (D) drug loading; (E) deposition of 
ten additional bilayers plus a single layer of chitosan.
Abbreviations: Pe, polyelectrolyte; Plla, poly(l-lactic acid); PVa, poly(vinyl alcohol); DB103, anti-restenotic drug used in this study.
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possible sample tilts. All these measures were performed in 

air at room temperature.

The drug layer deposited on PEs (depicted in Figure 2D) 

was imaged by means of scanning electron microscopy (SEM, 

EVO MA 10, Carl Zeiss, Oberkochen, Germany), whereas 

the dispersion of piezoelectric nanoparticles inside PLLA 

nanofilms was investigated with a dual beam microscope (FIB/

SEM microscope, Helios (Hillsboro, OR, USA) NanoLab 

600i, FEI, Hillsboro, OR, USA) and energy-dispersive X-ray 

spectroscopy (EDX). SEM scans were carried out by setting a 

beam voltage of 5 kV and a current of 43 pA, whereas for the 

dual beam microanalysis (energy dispersive X-ray analysis), 

a beam voltage of 15 kV, a current of 0.17 nA, and an acquisi-

tion time of 90 seconds were set.

BaTiO
3
 nanoparticles embedded in the PLLA matrix 

were also imaged by means of a multimodal microscope 

with an in-plane resolution of approximately 300 nm and a 

resolution of 1 µm along the optical axis. Sum-frequency-

generated (SFG) photons at approximately 460 nm from 

the combination of laser pulses at 810 nm and 1,070 nm 

wavelengths were emitted from the nanoparticles owing to 

the non-centrosymmetric crystal structure of BaTiO
3
, allow-

ing to locate the particles within the polymer matrix. The 

images were analyzed by means of ImageJ, a free software  

(National institutes of Health, Bethesda, MD, USA) available 

at http://rsbweb.nih.gov/ij/.

contact angle measurements
Contact angle measures of both bare PLLA and composite 

PLLA(BaTiO
3
) nanolayers were performed, by using the 

sessile drop method in air,57 in order to quantify the hydro-

philic state of PLLA and PLLA(BaTiO
3
) nanofilms for the 

following deposition of PE. A dedicated tensiometer (Theta 

Lite, Attension/Biolin Scientific, Espoo, Finland) was used 

to this purpose. Drops of 4 µL (d-H
2
O) were placed on the 

sample surfaces. Measurements started 5 seconds after the 

contact between the drop and the polymer surface. Contact 

angle data were acquired at different time-points (0, 2, 4, 6, 

12, 18, and 24 hours, respectively). Five different points on 

the sample surface were analyzed, for each sample, and three 

independent samples were analyzed for each sample type.

Drug release experiments
As mentioned in the “Drug synthesis” section, the 

autofluorescence of DB103 was exploited to carry out drug 

release experiments. Before starting the experiments, drug 

loading was estimated by sonicating overnight both PLLA/

PE and PLLA(BaTiO
3
)/PE samples in order to facilitate the 

complete drug release and, subsequently, by measuring the 

correspondent fluorescence signals. Four sample types were 

analyzed in terms of drug release kinetics, namely: PLLA/PE, 

PLLA(BaTiO
3
)/PE, PLLA/PE/PLLA, and PLLA(BaTiO

3
)/PE/

PLLA(BaTiO
3
). Each sample was placed in a 24-well standard 

polystyrene plate and kept in 0.5 mL of PBS solution at 37°C. 

At each time-point, 150 µL of solution was removed from each 

well and replaced with 150 µL of fresh PBS. The collected 

samples were analyzed by using the microplate reader with 

355 nm and 460 nm as excitation and emission wavelengths, 

respectively. The selected time-points were: 5, 15, 30 minutes, 

1, 2, 3, 4, 5, 6, and 18 hours. The same experiment, involving 

the same sample types, was repeated by treating the samples 

with US stimulation (Bransonic sonicator 2510, Danbury, CT, 

USA), performed 10 minutes after the experiment start, and 

characterized by a power of 20 W, a frequency of 40 kHz and 

a stimulation period of 10 seconds.49

Each nanofilm was initially loaded with 10 µg of DB103. 

The total amount of the drug released in PBS overtime was 

calculated by converting the RFU in mass (µg) using the 

calibration curve, shown in Figure S1B. Blank measures 

(PBS only) were used as negative controls. Five independent 

samples were analyzed, for each sample type. The volume 

taken from each sample (150 µL) at each time-point was then 

measured in triplicate, within 96-well reading plates.

cell cultures and in vitro assays
In vitro tests were performed on human SMCs (Lonza, 

Basel, Switzerland), which constituted the target of the 

anti-restenotic drug, and normal human dermal fibroblasts 

(nHDFs, Lonza), as controls. Such tests aimed at both assess-

ing the efficacy of DB103, once released from PE in vitro, 

and at assessing the influence of substrate nanocues (due to 

the presence of BaTiO
3
 nanoparticles) on cell adhesion and 

proliferation.

Both cell types were expanded in proliferation medium, 

composed of 90% Dulbecco’s Modified Eagle’s Medium 

(EuroClone, Pero, Milan, Italy) supplemented with 10% 

fetal bovine serum (FBS, EuroClone), 100 IU/mL penicillin 

(EuroClone), 100 mg/mL streptomycin (EuroClone), and  

2 mM l-glutamine (Sigma-Aldrich). During culture, the cells 

were maintained at 37°C in a saturated humidity atmosphere 

containing 95% air and 5% CO
2
. For in vitro experiments, 

SMCs and nHDFs (passage ,6) were seeded on PLLA/PE 

and on PLLA(BaTiO
3
)/PE samples at a density of 2,500 cells/

cm2, thus resembling the situation of Figure 1. The cultures 

were kept in proliferation medium. At the desired time-point 

(24, 48, and 72 hours, respectively), samples were analyzed 

in terms of DNA content, to quantify the cell proliferation 

rate. Before starting the experiment, we carefully rinsed the 
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sample three times with PBS in order to remove dead cells 

from the samples, thus eliminating the contribution of dead 

cells’ DNA to the fluorescence measurements. The samples 

were removed from the original cell culture wells and placed 

in new wells, which were treated with 500 µL of d-H
2
O. Cell 

lysates were then obtained by two freeze/thaw cycles of the 

samples (overnight freezing at -20°C and 15 minutes thawing 

at 37°C in an ultrasonication bath) to enable the DNA to go 

into the aqueous media. The DNA content in the cell lysates 

was measured by using the PicoGreen kit (Invitrogen Co., 

Carlsbad, CA, USA). The PicoGreen dye binds to DNA, and 

the resulting fluorescence intensity is directly proportional 

to the DNA concentration. Standard solutions of DNA in 

d-H
2
O at concentrations from 0 to 6 µg/mL were prepared, 

and 50 µL of standard or sample was loaded for quantification 

in a 96-well black microplate. Working buffer and PicoGreen 

dye solution were prepared and added according to the manu-

facturer’s instructions (100 and 150 µL/well, respectively). 

After 10 minutes of incubation in the dark at room tempera-

ture, fluorescence intensity was measured on the microplate 

reader, using an excitation wavelength of 485 nm and an 

emission wavelength of 535 nm. For DNA quantification, 

three independent samples were analyzed for each sample 

type, for each time-point, and the volume analyzed for each 

sample was read in triplicate in the microplate.

At the 72 hours time-point, cells on the different samples 

were also fixed and stained for fluorescence imaging. 

Briefly, at the end point, culture medium was removed, cells 

were rinsed with PBS and incubated with 4% paraformalde-

hyde in H
2
O for 15 minutes. Standard procedures were then 

followed for staining. Oregon Green 488 phalloidin (Invit-

rogen) was used to stain F-actin, and 1 µM DAPI was used 

to stain cell nuclei. Fluorescence images were acquired by 

means of an inverted microscope (Eclipse Ti, FITC-TRITC 

filters, Nikon Corporation, Tokyo, Japan) equipped with a 

CCD camera (DS-5MC USB2, Nikon Corporation) and with 

NIS Elements imaging software (DS-5MC USB2, Nikon 

Corporation). The cell shape index (CSI) was calculated 

for nHDFs and SMCs by elaborating fluorescence images 

using ImageJ. The index was calculated as:

 
CSI =

π4
2

A

p  
(1)

where A and p are the area and the perimeter of the cells, 

respectively. The CSI gives an indication of the cell shape. 

It ranges from 0 to 1 and constitutes a useful parameter to 

evaluate cell behavior on nanostructured substrates.58 All 

procedures followed the tenets of the Declaration of Helsinki. 

The study was analyzed by the local ethics committee of 

Scuola Superiore Sant’Anna that judged it exempt from 

review since the human cell lines used are commercially 

available and they do not raise any ethical issue.

Piezoelectric properties of 
nanostructured films
The piezoelectric characteristics of PLLA/PE and 

PLLA(BaTiO
3
)/PE nanostructured films were investigated by 

means of piezoresponse force microscopy (PFM) technique, 

employing a Bruker (Nano Inc., Santa Barbara, CA, USA) 

ICON AFM system, by setting a 0.3 Hz scan frequency and 

scanning areas of 5×5 µm2. A silicon probe with a Pt-Ir coat-

ing (SCM-PIT) and a measured spring constant of 1.72 N/m, 

resonant frequency of 68.2 kHz, and deflection sensitivity of 108 

nm/V was used. The measurements concerned the acquisition 

of amplitude and phase of the piezoelectric signal together 

with the topographic images. The substrate piezoresponse was 

analyzed in the vertical direction via lock-in detection with the 

application of an alternating current (AC) voltage of 10 V at 

30 kHz frequency applied to the tip. A preliminary calibration 

was performed by using a periodically poled lithium niobate 

(PPLN) as a test sample for PFM. Three specimens were ana-

lyzed for each sample type, and each sample was analyzed in 

five different points, and the average value of piezoresponse 

amplitude (d
33

 piezoelectric coefficient) was computed.

Thermographic imaging
Thermal imaging was performed to analyze possible tempera-

ture variations occurring on PLLA/PE and PLLA(BaTiO
3
)/

PE samples after the 10 seconds US stimulation used during 

drug release experiments. Measurements were performed 

with an A325sc thermal camera (FLIR Systems, Wilsonville, 

OR, USA) with a close-up lens (T197415, FLIR Systems). 

The thermal camera was positioned over the samples to 

record thermal fluctuations in real-time and in a noninva-

sive way. Each sample was placed in a 24-well standard 

polystyrene plate and kept in 0.5 mL of PBS solution. Three 

independent samples were analyzed, for each sample type, 

compared with a white control (PBS only).

statistical analyses
All results were presented as mean values ± standard error of 

the mean. Data about DNA content were subjected to analysis 

of variance in order to identify statistically significant dif-

ferences among the experimental groups. A Student’s t-test 

was performed for comparison between two groups, whereas 

Holm–Sidak tests were performed for comparisons among 

several groups. Significance was set at 5%.
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Results and discussion
Morphological and surface 
characterization of PLLA nanofilms
PLLA is a semicrystalline and biodegradable polymer, 

approved by Food and Drug Administration. It is widely 

used for medical applications in vivo, due to its excellent 

biocompatibility. This polymer is considered suitable for 

endovascular applications,59 and has been widely used for the 

fabrication of endovascular scaffolds and stents.60

Bare PLLA nanofilms were first characterized by analyz-

ing their thickness in correspondence to different spin-coating 

speeds (Figure 3). The obtained thicknesses are in good 

agreement with previous literature reports.53 As expected, 

the thickness was greater (ranging from ~200 to ~300 nm) 

for samples characterized by a concentration of 20 mg/mL, 

whereas 10 mg/mL PLLA nanofilms were permitted to obtain 

membranes with a thickness slightly less than 100 nm. Our 

interest focused on ~250 nm thick membranes (20 mg/mL 

PLLA, spinned at 4,000 rpm). Such nanofilms constituted 

a good compromise, showing a relatively small thickness 

(thus maximizing the surface adhesive forces between the 

nanostructured film and the vessel wall, crucial in a future 

clinical application), allowing at the same time to efficiently 

embed BaTiO
3
 nanoparticles (which have a nominal diameter 

of 100 nm) within the PLLA matrix. Subsequently, different 

concentrations of BaTiO
3 
nanoparticles were considered and 

embedded in 20 mg/mL PLLA nanofilms.

AFM analyses allowed to evaluate surface morphology 

and roughness of the nanocomposites, as reported in Figure 4 

and Table 1.

Higher values of Ra and RMS were observed in cor-

respondence to higher contents of BaTiO
3 

nanoparticles. 

Nanofilm surface and AFM profiles were, indeed, more 

irregular when high nanoparticle concentrations were used. 

At the same time, a slight thicknesses increase was correlated 

with nanoparticle concentration: probably, a large presence 

of nanoparticles inside the PLLA matrix influenced the 

polymer distribution, as higher BaTiO
3
 nanoparticle con-

tents corresponded to higher thicknesses. In addition, high 

nanoparticle concentrations caused the formation of larger 

aggregates, with the presence of local height peaks that could 

reach 300–400 nm (Figure 4E).

Dual beam images and EDX microanalysis (Figure 5A) 

show a homogenous distribution of BaTiO
3 

nanoparticles 

inside the PLLA matrix and an increasing content of both 

Ba and Ti, as a consequence of a higher nanoparticle con-

centration. We chose 5 mg/mL as the optimal nanoparticle 

concentration for our purposes. In fact, this represents a com-

promise between a reasonable roughness and a relatively high 

content of nanoparticles. Higher concentrations of BaTiO
3
 

nanoparticles, besides increasing the overall nanofilm thick-

ness, caused the formation of aggregates and local height 

peaks, which could hamper the nanofilm adhesion to the 

vessel wall, in targeted configuration of Figure 1.

Figure 5B shows the results of nonlinear microscopy 

characterization. The image highlights the homogenous 

nanoparticle dispersion within the PLLA matrix. Four 

peaks were observable in the emission spectrum when the 

BaTiO
3
 nanoparticles embedded in the PLLA matrix were 

irradiated with overlapping pulsed (~1 ps duration, 80 

MHz repetition rate) excitation beams at 810 nm and the 

1,070 nm, namely: the second harmonic generation (SHG) 

derived from the 810 nm beam, the SFG derived from the 

combination of the two beams, the SHG derived from the 

1,070 nm beam, and the four-wave-mixing nonresonant 

signal. In particular, the SFG and SHG signals were gener-

ated owing to the non-centrosymmetric structure of BaTiO
3
 

nanoparticles.

We treated the nanofilms with oxygen plasma to facili-

tate the deposition of PEs on PLLA. In fact, PLLA is per 

se highly hydrophobic. Plasma treatment allowed to graft 

functional groups over the polymer surface, thus increasing 

the hydrophilic behavior.61,62 After the treatment, we observed 

that plasma also induced an etching effect, thus reducing the 

polymer thickness from 255.34±7.87 nm to 187.45±10.46 nm 

for 20 mg/mL PLLA samples, and from 287.42±7.75 nm to 

196.25±8.42 nm for 20 mg/mL PLLA +5 mg/mL BaTiO
3
 

samples.

Initially, without plasma treatment, the contact angle value 

for PLLA and PLLA(BaTiO
3
) samples was 86.41°±0.41° and 

78.66°±3.46°, respectively. Then we observed that the wet-

tability immediately increased after plasma treatments, but it 

Figure 3 Plla nanolayer thickness as a function of Plla concentration and spin-coating 
speed. Five different samples were analyzed for each velocity and concentration.
Abbreviation: Plla, poly(l-lactic acid).
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slightly decreased overtime (Figure S2A). The average con-

tact angle values after plasma application varied from 36.95° 

to 55.88° in 24 hours, for PLLA substrates. Thus, the wetta-

bility remained higher, in comparison with nontreated PLLA 

samples, even after several hours, although a progressive 

reorientation of polar groups caused a progressive contact 

angle increase (Figure S2B). In the case of PLLA(BaTiO
3
) 

samples, similar results were obtained, with average contact 

angle values varying from 43.15° to 62.73° in 24 hours. The 

higher contact angle values for PLLA(BaTiO
3
) samples 

in comparison with PLLA ones are probably due to the 

relatively high hydrophobicity of BaTiO
3 
nanoparticles. In 

addition, nanoscale roughness has been shown to have a 

significant influence on surface wettability.63

Polyelectrolyte and drug deposition
HA and chitosan were deposited over PLLA and 

PLLA(BaTiO
3
) substrates by means of spin coating. HA 

is a biodegradable and non-thrombogenic polysaccharide, 

and it is also known to inhibit vascular cell proliferation 

during neointima formation. It has been extensively used as 

stent coating material and to develop matrices for local drug 

delivery.64,65 Chitosan is a polysaccharide that can be found in 

crustacean shells. It is normally used to fabricate hydrogels, 

films, sponges, or fibers.66 It shows intrinsic haemostatic 

properties.67 PEs deposited on PLLA and PLLA(BaTiO
3
) 

films showed a linear thickness growth as a function of the 

number of deposited chitosan/HA bilayers (Figure 6A). The 

adhesion of the first chitosan layer was promoted by electro-

static interactions between the functional groups generated 

on PLLA surface after plasma treatment and the chitosan 

amine groups. Then, thanks to a diffusion-based buildup 

mechanism process,68 the PE nanofilms were obtained as a 

stratified structure, in which each PE layer interpenetrated 

its neighboring ones.

DB103 was loaded through deposition and solvent 

evaporation on the PE surface, over a structure composed of 

the first ten PE bilayers over the polymeric nanofilm. SEM 

images clearly show the presence of the drug deposited on the 

nanofilm surface after this process (Figure 6B). As a negative 

control, Figure 6C shows the nanofilm surface provided with 

the ten PE bilayers without drug loading.

The nanofilm structure was then completed by spinning 

ten additional PE bilayers on top of the drug, adding at the 

end another layer made of chitosan, in order to assure the 

presence of positive charges on the nanofilm surface. Chito-

san is a natural cationic polysaccharide successfully used for 

the fabrication of multilayer structures. Chitosan is positively 

charged, as reported in the literature.69Fi
gu
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Figure 6D and E shows AFM surface scans of complete 

nanofilms, PLLA- and PLLA(BaTiO
3
)-based ones, respec-

tively. Ra and RMS values were obtained from AFM images 

of PLLA/PE and PLLA(BaTiO
3
)/PE nanofilms after each 

step of the fabrication procedure (spin coating of PLLA or 

PLLA(BaTiO
3
), plasma treatment, deposition of the first 

ten bilayers, drug loading, and deposition of the last ten 

bilayers plus an additional chitosan layer). The results of a 

quantitative analysis performed on these samples are reported 

in Table 2.

Surface roughness resulted rather different between 

PLLA/PE and PLLA(BaTiO
3
)/PE nanofilms, for all the 

fabrication steps, because the presence of nanoparticles 

strongly influenced surface features. Plasma treatment, caus-

ing surface erosion, induced an increase of Ra and in particular 

RMS values for both sample types, but this effect was more 

marked in the case of PLLA(BaTiO
3
)/PE samples. Drug load-

ing involved further superficial alterations that did not com-

promise the stability of the structure as it can be observed in 

AFM scans (Figure 6D and E). The drug was not molecularly 

incorporated over the PE layer, but crystal-dispersed, with 

a maximum crystal diameter smaller than 5 µm in terms 

of width. The actual drug loading, assessed by measuring 

fluorescence signals obtained after overnight sample sonica-

tion, was 35.94%±5.96% and 39.17%±4.12% respect to the 

initial drug volume used (10 µL), respectively, for PLLA/PE 

Table 1 ra, rMs, and thickness values for different BaTiO3 nanoparticle concentrations within 20 mg/ml Plla matrices

BaTiO3 nanoparticle  
concentration (mg/mL)

Ra (nm) RMS (nm) Overall nanofilm  
thickness (nm)

1 4.93±2.08 7.20±3.08 273.39±10.39
2.5 10.90±3.99 14.70±4.40 281.13±8.51
5 13.97±4.73 17.93±4.69 287.42±7.75
7.5 21.80±5.16 27.83±7.65 300.97±8.91
10 30.32±5.41 36.68±7.01 322.10±5.66

Notes: Three different samples were analyzed for each concentration. Data are presented as mean ± standard deviation.
Abbreviations: Plla, poly(l-lactic acid); ra, average roughness; rMs, root-mean-square.

Figure 5 seM image and eDX microanalysis, at different concentrations.
Notes: (A) electron microscopy images (top pictures) and eDX microanalysis (bottom pictures) of Plla (20 mg/ml) doped with BaTiO3 nanoparticles at different 
concentrations: 1 mg/ml; 2.5 mg/ml; 5 mg/ml; 7.5 mg/ml; and 10 mg/ml. In the bottom pictures: Ti is reported in red, whereas Ba is reported in green. Thus, the 
nanoparticles are represented in yellow. scale bars =2 µm. (B) sum-frequency generation signal acquisition (left) shows BaTiO3 nanoparticles (in white) within the Plla 
matrix, and the emission spectrum (right). scale bar =5 µm.
Abbreviations: eDX, energy-dispersive X-ray spectroscopy; Plla, poly(l-lactic acid); sFg, sum-frequency-generated; shg, second harmonic generation; cars, coherent 
anti-stokes raman scattering; seM, scanning electron microscopy.
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and PLLA(BaTiO
3
)/PE nanofilms. The deposition of the 

last ten PE bilayers decreased the Ra, inducing a progres-

sive flattening, especially concerning PLLA(BaTiO
3
)/PE 

nanostructures. Figure 6F shows a complete free-standing 

nanostructured film.

Drug release experiments
In drug release experiments, four different types of sample 

were tested, as represented in Figure 7A. Drug release 

kinetics in PBS environment was analyzed: results are 

shown in Figure 7B. A similar initial trend for PLLA/PE and 

PLLA(BaTiO
3
)/PE samples could be observed. Then, after 

2 hours, the profiles started to diverge significantly, as bet-

ter evidenced in the inset (Figure 7C). PLLA/PE nanofilms 

were capable to release a greater amount of drug respect to 

PLLA(BaTiO
3
)/PE samples. After 18 hours, the average 

total drug quantity released was 2.41 µg for the PLLA/PE 

nanofilms and 1.98 µg for the PLLA(BaTiO
3
)/PE nanofilms. 

These values do not match 10 µg, which represents the initial 

overall drug load for each nanofilm. However, they constitute 

relatively high values, considering that part of the drug is 

lost during the spin-coating process (the procedure removed 

aggregates that did not interact with the polymer surface). 

In addition, the greater PE thickness in PLLA(BaTiO
3
)/

PE samples and their greater roughness may influence the 

diffusion mechanism by increasing the diffusion time, thus 

slowing down the drug delivery in PBS.

We can affirm that the PLLA layer acted not only as 

support, but also as barrier, thus allowing an almost uni-

directional drug diffusion. Such barrier effect was clearly 

visible both for PLLA/PE/PLLA and PLLA(BaTiO
3
)/PE/ 

PLLA(BaTiO
3
) samples. Part of the drug was released from 

Figure 6 Morphological and surface characterization of PLLA nanofilm after drug deposition.
Notes: (A) Thickness of polyelectrolytes spinned over Plla and Plla(BaTiO3) samples. Three different samples were analyzed for each experimental point. (B) seM image 
of a drug-loaded sample constituted of Plla substrate and ten polyelectrolyte bilayers. scale bar =20 µm. (C) seM image of a sample constituted of Plla substrate and 
ten polyelectrolyte bilayers, without drug loading. scale bar =20 µm. (D, E) aFM images showing Plla/Pe and Plla(BaTiO3)/PE nanofilm top surfaces, respectively. Scale 
bars =5 µm. (F) Picture of a free-standing PLLA/PE nanofilm (evidenced by the dashed blue line), in water.
Abbreviations: aFM, atomic force microscopy; Pe, polyelectrolyte; Plla, poly(l-lactic acid); seM, scanning electron microscopy.

Table 2 ra and rMs values for Plla/Pe and Plla(BaTiO3)/Pe samples for each step of the fabrication procedure

Step procedure PLLA/PE PLLA(BaTiO3)/PE

Ra (nm) RMS (nm) Ra (nm) RMS (nm)

Plla or Plla(BaTiO3) 0.77±0.23 0.98±0.24 13.97±4.73 17.93±4.69
Plasma 3.49±0.81 6.54±1.14 22.58±4.54 29.80±5.26
10 Pe bilayers 7.70±0.69 9.76±0.80 19.26±6.14 25.28±8.92
Drug 15.42±4.00 20.68±6.61 33.12±6.90 46.24±12.39
10 additional Pe bilayers 15.12±2.95 18.77±3.56 27.12±3.79 37.54±7.92

Notes: Three different samples were analyzed for each fabrication step and for each sample type. Data are presented as mean ± standard deviation.
Abbreviations: Pe, polyelectrolyte; Plla, poly(l-lactic acid); ra, average roughness; rMs, root-mean-square.
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such samples during the first hours, probably due to diffu-

sion from the lateral nanofilm edges. Overall, the release was 

strongly limited. The barrier effect is of primary importance 

for future clinical applications. Indeed, it can be exploited 

to release the drug in a unidirectional way toward the vessel 

wall, thus enhancing the therapy efficacy.

In vitro tests
Both SMC and nHDF behavior over PLLA/PE and 

PLLA(BaTiO
3
)/PE samples was assessed to evaluate the 

efficacy of DB103, once released from PE nanofilms in vitro, 

and the influence of substrate nanocues (due to the presence 

of BaTiO
3
 nanoparticles) on cell adhesion and proliferation. 

Fluorescence images acquired 72 hours after cell seeding 

(Figure 8A–D) qualitatively show that approximately the 

same number of nHDFs can be observed on the two sample 

types with DB103 (Figure 8A and B). Differently, a reduced 

number of SMCs can be observed on PLLA/PE samples, in 

comparison with PLLA(BaTiO
3
)/PE ones, at the mentioned 

time-point (Figure 8C and D).

Quantitative data were obtained by means of DNA content 

analyses (Figure 8E). DNA content represents a direct indica-

tion of the number of cells grown on the nanofilms. Results 

show that SMC proliferation was blocked on both PLLA/

PE and PLLA(BaTiO
3
)/PE samples, thus demonstrating the 

efficacy of DB103, released from the nanofilms. The overall 

number of SMCs was higher on PLLA(BaTiO
3
)/PE samples 

in comparison with PLLA/PE ones. DNA quantification for 

nHDFs showed that DB103 released from the nanofilms did not 

hamper fibroblast proliferation: the nHDF number significantly 

increased overtime, on both sample types. Similar to SMCs, 

also nHDFs showed a higher cell number on PLLA(BaTiO
3
)/

PE samples in comparison with PLLA/PE ones. In compari-

son, white controls without DB103 demonstrated a constant 

increase of the DNA content both for SMCs and nHDFs 

on PLLA/PE and PLLA(BaTiO
3
)/PE samples (Figure S3), 

because their proliferation rate was not altered.51

As known, several factors influence cell behavior on PE 

nanofilms. In particular, surface charge, mechanical proper-

ties, and hydrophobicity play a key role.70–72 The PE interface 

composed by HA and chitosan, due to their high aspect ratio, 

is essentially a two-dimensional structure, so its surface 

composition has a high impact on the interaction with cells. 

Surface roughness is also an important parameter that affects 

cells behavior, in particular adhesion and proliferation. At the 

nanoscale, in fact, subcellular structures such as cytoskeleton 

components, transmembrane proteins, and filopodia are influ-

enced by the polymer surface and, in particular, by nanoscale 

elements that are often used to tune substrate surface rough-

ness and, consequently, cell response.73

Table 3 shows CSI values calculated for the two cell 

types, on the different samples. CSI represents a parameter 

Figure 7 In vitro drug release tests.
Notes: (A) Illustration of the different samples types tested during drug release experiments; (B) drug release profiles; (C) magnified inset. Release profiles are normalized 
respect to the maximum release condition (seen in Plla/Pe samples after Us stimulation). Five different samples were analyzed for each experimental point.
Abbreviations: Pe, polyelectrolyte; Plla, poly(l-lactic acid); Us, ultrasound; h, hours.
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to study cell functions. CSI values were smaller for nHDFs 

cultured on PLLA(BaTiO
3
)/PE nanofilms respect to those 

cultured on a smoother surface. Differently, for SMCs, CSI 

values were smaller for smoother surfaces, corresponding to 

PLLA/PE nanofilms.

The results of Figure 8 and Table 3 agree with literature data: 

a higher cell density is, indeed, associated with a higher surface 

roughness.74 Fibroblasts normally have an oblong or triangular 

Figure 8 In vitro tests.
Notes: Fluorescence images of nhDFs (left pictures) and sMcs (right pictures), respectively on Plla/Pe (A, C) and on Plla(BaTiO3)/Pe (B, D) samples with DB103 after 
72 hours. scale bars =100 µm. (E) DNA quantification for nHDFs (left) and SMCs (right), to evaluate their proliferation rate over PLLA/PE and PLLA(BaTiO3)/PE nanofilms. 
Three samples were analyzed for each sample type and for each time-point. *P,0.05, **P,0.01.
Abbreviations: nHDFs, normal human dermal fibroblasts; PE, polyelectrolyte; PLLA, poly(l-lactic acid); sMcs, smooth muscle cells; h, hours.

Table 3 csI values for nhDFs and sMcs cultured on Plla/Pe 
and Plla(BaTiO3)/Pe samples with DB103

Substrate nHDFs SMCs
Plla/Pe 0.422±0.083 0.361±0.106
Plla(BaTiO3)/Pe 0.367±0.078 0.437±0.141
Notes: Three independent samples were analyzed for each sample type and five images 
were acquired for each sample. Data are presented as mean ± standard deviation.
Abbreviations: CSI, cell shape index; nHDF, normal human dermal fibroblast; PE, 
polyelectrolyte; Plla, poly(l-lactic acid); sMc, smooth muscle cell; DB103, anti-
restenotic drug used in this study.
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Figure 9 In vitro drug release tests with Us stimulation.
Notes: (A) Drug release profiles from the nanofilms after the US trigger, performed 10 minutes after starting the experiment. Five different samples were analyzed for 
each experimental point. (B) Magnified inset; (C, D) comparison between the drug release profiles for non-triggered (full line) and US-triggered (dashed line) samples. 
Release profiles are normalized respect to the maximum release condition (PLLA/PE under US stimulation).
Abbreviations: Pe, polyelectrolyte; Plla, poly(l-lactic acid); Us, ultrasound; h, hours.

shape, while on rougher surfaces, they assume a spindle-shaped 

morphology.75,76 Even if there is a correlation between SMCs’ 

shape and their function,77 our primary objective was to inhibit 

their proliferation, ie, the cause of restenosis. Anyhow, SMCs 

were characterized by an opposite behavior in comparison with 

nHDFs, with larger CSI values on rougher surfaces, which 

agrees with the results obtained in previous studies.78

Drug release modulation by ultrasound
As an additional intriguing feature, we observed that it was 

possible to modulate drug release kinetics by means of US 

stimulation (Figure 9). We tested the same samples showed 

in Figure 7A, by introducing a US trigger at a specific time-

point (10 minutes).

US stimulation enhanced drug release: after 18 hours, 

2.67 µg and 2.40 µg were released from PLLA/PE and 

PLLA(BaTiO
3
)/PE nanofilms, respectively (Figure 9A).

An interesting feature was constituted by the burst effect 

due to the US stimulation at 10 minutes, clearly visible in 

Figure 9B. As a consequence of such burst, the release from 

PLLA(BaTiO
3
)/PE nanofilms was significantly higher com-

pared with the release from PLLA/PE ones. The barrier effect 

efficacy was also demonstrated in the case of US stimulation. 

Drug release profiles of PLLA/PE and PLLA(BaTiO
3
)/PE 

samples were compared, evaluating the differences between 

non-triggered and US-triggered ones (Figure 9C and D). It is 

clear that a significantly higher amount of drug was released 

from both sample types, after US stimulation.

In addition, as it can be observed in Figures 7B and 9A, the 

drug release saturation level at 18 hours for the PLLA(BaTiO
3
)/

PE samples is lower when compared with the case without 

nanoparticles. The presence of barium titanate nanoparticles 

as second-phase reinforcement for the PLLA matrix may 

indeed directly affect the drug release kinetics, by interacting 
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with the embedded drug. In fact, due to their small sizes, 

nanoparticles possess distinctive physicochemical proper-

ties that confer them high surface reactivity. Thus, exposed 

nanoparticles outside the PLLA nanofilm could absorb part of 

the drug, thus slightly limiting its release toward the external 

environment over time.

Different phenomena can influence the drug release 

kinetics with and without US stimulation. The shape of 

each profile suggests a potential erosion of the PE layer 

overtime. In particular, inflections points in Figure 9 also 

suggest a potential PLLA delamination/disruption and PE 

dissolution.

The partial erosion of PLLA nanofilms in a biological 

environment may induce the release of BaTiO
3
 nanopar-

ticles entrapped inside the PLLA matrix. Once in the blood 

stream, nanoparticles can be transported around the body 

and be taken up by organs and tissues, interfering with bio-

logical processes. Bulk BaTiO
3
 has been demonstrated to 

be biocompatible, showing the absence of inflammatory or 

foreign body reactions, once implanted in vivo.79 However, 

at the nanoscale size, its properties substantially differ from 

those possessed by the bulk material. Thus, its potential toxic 

effects in the human body, at such scales, remain a concern, 

although recent studies demonstrated the biocompatibility of 

BaTiO
3
 nanoparticles in vitro, with different cell lines.80,81 

Inorganic nanoparticles such as BaTiO
3
 ones degrade slowly. 

This implies a long-term accumulation of these nanoparticles 

that are not excreted via urine, especially inside the liver and 

the spleen.82 In our case, we assume that the nanoparticle 

release from the nanostructured platform will be limited, 

because the in vivo degradation estimated for PLLA thin 

films is very low after few days to weeks.83 The main scope 

of this study is the design of a nanovascular patch to be used 

in the context of a temporary therapy, designing an ad hoc 

system that permits to position it in the targeted area and 

to remove it after the treatment, thus overcoming possible 

toxicity issues associated with a systemic delivery of BaTiO
3
 

nanoparticles.

We decided to analyze more in-depth possible mecha-

nisms responsible for this effect. Mechanical deformations 

of PEs, induced by both US mechanical waves per se, and 

US interactions with barium titanate nanoparticles may 

generate openings and localized electrical effects, thus 

facilitating drug release. Anyhow, it is clear that the com-

bination of US stimulation and the presence of piezoelectric 

elements enhanced drug release kinetics. Figure 10A and B 

shows topography (left), amplitude (middle), and phase 

(right) images of PLLA/PE and PLLA(BaTiO
3
)/PE samples 

that underwent PFM characterization (Figure S4). The 

amplitude of the detected piezoelectric signals is related 

to the material’s piezoelectric coefficient. Nanoparticles 

were able to locally interact with the PFM tip provided with 

10 V of voltage, as visible from the amplitude graphs (up to 

15 mV of signal). Such amplitude signal was significantly 

different from the background, detected on the PLLA/PE 

samples, and its results correlated to the presence of some 

specific nanoparticles in the topographic signal (Figure S5). 

The local effective piezoelectric coefficient d
33

 reached the 

value of 10.19±0.75 pm/V in the case of PLLA(BaTiO
3
)/

PE samples, whereas 1.18±0.11 pm/V was detected in the 

case of PLLA/PE samples. The piezoresponse contrast 

resulted quite homogenous inside the PLLA(BaTiO
3
)/PE 

matrix, whereas it is almost absent in PLLA/PE matrix. 

Instead, the phase reflected the polarization direction of 

the domains, observable in the presence of nanoparticles. 

More details on PFM characterization are reported in the 

“Supplementary materials”. PFM analysis confirmed that 

PLLA nanostructures provided with BaTiO
3
 nanoparticles 

possessed piezoelectric properties. Thus, their presence 

increased the PLLA(BaTiO
3
)/PE nanofilm piezoresponse 

during US stimulation, generating local potentials that may 

enhance PE disruption or poration.

A recent study has shown that US can trigger drug release 

from carriers by exploiting different effects. Mechanical 

effects include cavitation, acoustic streaming, and simple 

pressure variations.84 In addition, as mentioned, piezoelectric 

nanomaterials have shown the ability to generate electrical 

stimuli when hit by US waves. This property has been used 

to enable intriguing intracellular applications,47–50 but it has 

been never exploited to modulate drug release kinetics from 

a nanostructured film.

Local heating, induced by the US stimulation, can also 

affect the diffusion rate, increasing the drug delivery rate.85 In 

fact, US energy is dissipated to thermal energy as the acoustic 

waves propagate and generate friction. To explore this effect, 

we investigated at a macroscopic scale the temperature varia-

tions during US stimulation of PLLA/PE and PLLA(BaTiO
3
)/

PE samples, by using a thermal camera. Results showed a 

nonsignificant increase of temperature, after 10 seconds US 

stimulation, in comparison with the initial condition at 0 

second, for PLLA(BaTiO
3
)/PE, PLLA/PE, and PBS control 

samples. These results suggest that thermal effects did not 

play a significant role in the enhancement of the drug dif-

fusion rate from the stimulated samples, thus confirming 

that the main mechanisms involved are the mechanical and 

electrical ones.
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Drug release kinetics modeling
Data from drug release experiments were fitted by exploit-

ing the Korsmeyer–Peppas semiempirical model equation to 

evaluate the drug release mechanism that characterizes the 

nanovascular patch in its different experimental configura-

tions (PLLA/PE and PLLA(BaTiO
3
)/PE samples, without 

and with US stimulation):

 

M t

M
k tn

( )
*

∞

=
 

(2)

where M(t)/M∞ is the released fraction of drug at the time-point 

t (M(t)/M∞ ,0.6), whereas k and n are fitting parameters, repre-

senting, respectively, the release rate constant and the release 

exponent.86 For the thin films case (aspect ratio .10), n-values 

,0.5 suggest a diffusion-controlled drug release, whereas 

n-values between 0.5 and 1 suggest a superposition of diffu-

sion and anomalous transport. Finally, when n=1 a swelling-

controlled behavior is observed.87 Data obtained from our in 

vitro release studies were properly fitted by means of MATLAB 

(The Mathworks Inc, Natick, MA, USA) (Figure S6).

Results are summarized in Table 4.

The kinetics, represented by the coefficient k, consider-

ably increased with the support of US stimulation, especially 

in the presence of piezoelectric nanoparticles, thus demon-

strating the great relevance of the US influence in the drug 

release process.

For the PLLA/PE case, the value n=0.65 suggests that the 

release mechanism is not purely diffusion-controlled, but more 

than one phenomenon may be involved, such as diffusion 

and swelling. PE swelling enable drug diffusion, because the 

Figure 10 Piezoelectric characterization and thermographic evaluation during Us stimulation.
Notes: PFM measurements referred to topography, amplitude, and phase for Plla/Pe (A) and Plla(BaTiO3)/Pe (B) nanofilms. Scale bars =2 µm. (C) Thermographic images 
of Plla/Pe and Plla(BaTiO3)/Pe samples before and after the Us stimulation (10 seconds). (D) evaluation of temperature variations in comparison with PBs only, used as 
control. Five different samples were analyzed for each sample type and for each time-point.
Abbreviations: Pe, polyelectrolyte; PFM, piezoresponse force microscopy; Plla, poly(l-lactic acid); PBs, phosphate-buffered saline; s, seconds; Us, ultrasound.
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water penetrates inside the polymeric matrix.88 In particular, 

HA possesses viscoelastic properties in aqueous solution that 

confer a more evident swelling behavior to the PE matrix and 

a polymer chain relaxation behavior.89 A similar trend was 

observed for PLLA(BaTiO
3
)/PE samples, even if the presence 

of nanoparticles slightly limited the swelling contribution.

The drug release mechanism from PEs-based matrices by 

US stimulation is more complex and not completely under-

stood.90 The US stimulation cases showed smaller n-values 

with larger standard deviation values. Probably, the mechani-

cal action of US stimulation can partially erode the PEs layer, 

thus causing a lower swelling effect due to the presence of a 

thinner PEs layer, thus favoring a diffusion-controlled behav-

ior. At the same time, US stimulation may trigger a shaking 

effect on PLLA/PE and PLLA(BaTiO
3
)/PE, thus promoting 

the drug release toward the external environment.

Conclusion
We demonstrated the possibility to design and develop 

free-standing nanofilms made of a layer of poly(lactic acid), 

possibly provided with barium titanate nanoparticles and PE 

loaded with an anti-restenotic drug. These platforms were 

able to release an anti-restenotic drug in PBS. In addition, 

a US trigger was used to significantly influence the drug 

release kinetics. This was the first time that the interaction 

between US and piezoelectric nanoparticles was exploited to 

modulate drug release kinetics from a nanostructured film. 

We also demonstrated that the main mechanisms involved 

are mechanical and electrical ones, whereas thermal effects 

seem not to play a significant role. Vascular patches represent 

a great challenge and may allow to locally treat intravascular 

pathologies, such as restenosis, in a smart and efficient way. 

Future studies will be focused on the optimization of the US 

stimulation setup (thus allowing to control and optimize the 

US dose to trigger the desired effects) and on ex vivo and in 

vivo experiments, to test the safety and stability of the patches 

within vessels. In vivo translation of this technology will 

require the design and development of a customized catheter, 

robotic endovascular navigation/orientation techniques, and 

other additional key technologies needed to safely reach the 

region of interest, deliver the patch, keep the system in posi-

tion or reorient it, if necessary, and finally retrieving it, with a 

minimally invasive approach. We expect that biocompatible 

piezoelectric nanodevices will be increasingly used in future 

preclinical and clinical studies, with the aim of triggering 

specific high-efficiency and minimally invasive therapies.
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Figure S1 Drug synthesis and characterization.
Notes: (A) structural formula of DB103; (B) calibration curve shows the autofluorescence of DB103: RFU are reported for different compound concentrations.
Abbreviations: RFU, relative fluorescence unit; DB103, anti-restenotic drug used in this study.

Table S1 NMr and infrared (Ir) data characterization for 
DB103

H NMR (δ, ppm, Hz) IR (v, c-1)

8.96 (d, 1h, J=7.08) 1,688

7.95 (t, 1h, J=8.79) 1,658

7.73 (d, 1h, J=8.79) 1,628
7.34–7.10 (m, 7h) 1,262
6.88–6.75 (m, 2h) 1,233
3.72 (s, 3h) 1,510
3.36 (s, 3h) 764

Abbreviations: NMr, nuclear magnetic resonance; DB103, anti-restenotic drug 
used in this study.

Figure S2 Morphological and surface characterization of PLLA nanofilms.
Notes: (A) comparison between the hydrophilic behavior of Plla and the one of Plla(BaTiO3) nanofilms over time. (B) Water contact angle (evidenced in red) imaged 
at different time-points after plasma treatment, for a Plla sample.
Abbreviations: Plla, poly(l-lactic acid); h, hours.
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Figure S3 In vitro control tests.
Notes: Fluorescence images of nhDFs (left pictures) and sMcs (right pictures), respectively, on Plla/Pe (A, C) and on Plla(BaTiO3)/Pe (B, D) samples without DB103 
after 72 hours. scale bars =100 µm. (E) DNA quantification for nHDFs (left) and SMCs (right), to evaluate their proliferation rate over PLLA/PE and PLLA(BaTiO3)/Pe 
nanofilms. *P,0.05, **P,0.01. Three different samples were analyzed for each sample type and for each time-point.
Abbreviations: nHDFs, normal human dermal fibroblasts; PE, polyelectrolyte; PLLA, poly(l-lactic acid); sMcs, smooth muscle cells; h, hours; DB103, anti-restenotic drug 
used in this study.
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PFM analysis
Before imaging the poly(L-lactic acid) (PLLA) nanostructures, the periodically poled lithium niobate (PPLN) test sample 

was used for standard piezoresponse force microscopy (PFM) imaging verification. The d
33

 measurement procedure is 

described as:

d
nm

V

Amplitude in V *deflection sensitivity nm/V
33







( ) ( )
=

vvertical deflection gain *applied AC bias V
,

( ) ( )

where deflection sensitivity is 107.61 nm/V, vertical deflection gain is 16×, and applied alternating current (AC) bias is 

10 V.

The vertical piezoresponse was calibrated using deflection sensitivity of the PFM cantilever tip obtained from a force–

displacement curve on sapphire substrate.

Figure S4 PFM images of PPlN sample, referred to (A) topography, data, amplitude, and phase. (B) Profiles of data, amplitude, and phase. (C) superimposed images for 
topography/amplitude and topography/phase. aFM scans are 45×45 µm2. The scale bar is 2 µm.
Abbreviations: aFM, atomic force microscopy; PFM, piezoresponse force microscopy; PPlN, periodically poled lithium niobate.
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Figure S5 Piezoelectric characterization of Plla(BaTiO3)/Pe and Plla/Pe samples.
Notes: 3D PFM images of (A) Plla(BaTiO3)/Pe and (B) Plla/Pe samples regarding topography and topography superimposed by amplitude and phase signals. aFM scans are 
5×5 µm2.
Abbreviations: aFM, atomic force microscopy; Pe, polyelectrolyte; PFM, piezoresponse force microscopy; Plla, poly(l-lactic acid).
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Figure S6 Drug release kinetics data fitting by using MATLAB.
Abbreviations: Pe, polyelectrolyte; Plla, poly(l-lactic acid); Us, ultrasound; h, hours.
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