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Marta Grochowicz, and Valentina Cauda*

DOI: 10.1002/admi.202101021

is a tremendously vast subject that per-
vades its roots in several fields, like tissue 
engineering, neurological disorders, or 
oncology. Clearly, each application has spe-
cific requirements that need to be fulfilled 
when a new device has to be designed.

Micro and nanotechnologies play an 
important role in this sense because they 
allow to act directly on the cellular and 
intracellular level,[1] introducing novel 
possibilities in terms of therapy and early 
diagnosis. Moreover, nanoengineering is 
paving the way to a brand new class of 
devices which are able to react to external 
stimuli and induce specific reactions to 
the target biological entity,[2] acting either 
as therapeutic or diagnostic agent.

An example of external stimulus is rep-
resented by the electric potential which 
can be induced by the physical deforma-
tion of a piezoelectric material or, more 
in general, an electro-mechanically active 
device. As a matter of fact, piezoelectricity 
could be effectively used to convert a 

mechanical stimulation into an electrical one. The mechanical 
stimulus can come endogenously, that is, from the interior of 
the body, like the movement of muscles, respiration, or heart-
beat.[3] Alternatively, the mechanical stimulation can be exog-
enous, that is, obtained from a stimulation exterior to the body, 
like the periodical pressure waves provided by an ultrasound 
(US) irradiation.[4] Indeed, several works report how the electro-
mechanical conversion effect can be used to induce growth 
or differentiation to electrical stimulation sensitive cells like 
neurons,[5,6] muscles,[7] or bone tissues.[8] The role of the elec-
tric potential is to induce a disequilibrium in cell ions homeo-
stasis, leading to different cellular pathways which range from 
cell differentiation[9,10] to antitumoral drug cell sensitization[11] 
according to the provided stimulation.

A lot of research has also focused on the generation on 
demand of reactive oxygen species (ROS) in order to induce 
either cancer cell death or improve vascularization in healthy 
tissues. Several physical stimuli can be exploited with the pur-
pose of generating ROS in biomedicine[12] like light[13,14] or USs. 
Considering only ultrasonic stimulations, sonodynamic therapy 
is based on the inertial cavitation induced by ultrasonic acoustic 
pressure waves on gas micro-bubbles trapped in the aqueous 
media in which cells are immersed. The implosion of these 
bubbles caused by the periodical pressure wave provides the 

Smart materials able to respond to an external stimulus or an environmental 
condition represent milestone developments in modern medicine. Among them, 
zinc oxide (ZnO) is a highly intriguing inorganic material with versatile mor-
phologies/shapes and multifunctional properties like piezoelectricity, enhanced 
reactive oxygen species (ROS) generation, and antimicrobial ones. Here, the 
fabrication of smart ZnO-based films is shown that can remotely be activated 
by ultrasound (US). US exposure induces electrical potentials on the fabricated 
devices that can be exploited to stimulate electrically responsive cells or promote 
ROS generation for cancer treatment. ZnO microparticles with surface nano-
structuring are thus synthesized and processed in the form of a paste to deposit 
thin films on flexible polymeric supports. ZnO paste formulation and the fabrica-
tion procedure of the final device are optimized in terms of uniformity, hydro-
philicity, and purity. Graphene oxide and poly(2-hydroxyethyl methacrylate) are 
also layered onto the ZnO films in order to provide the devices with additional 
functionalities. ROS generation and electro-mechanical performances upon US 
stimulation are evaluated for all of the developed devices. Finally, biocompat-
ibility studies are conducted with osteoblast-like cell cultures for possible appli-
cations in the contexts of bone tissue engineering/therapy.
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1. Introduction

The research on nanostructured materials and technology in 
biomedicine is relatively recent but its application has already 
shown how big their potentialities are. However, biomedicine 
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release of a high amount of energy in water which induces radi-
cals formation.[15]

Indeed, the possibilities in terms of physical stimulations are 
many as well as challenging to be optimized. For this reason, 
versatile materials assumed a tremendous relevance in medical 
sciences thanks to their possibility to be engineered in several 
ways to reach this goal.

The development of new generation devices based on zinc 
oxide (ZnO) micro and nanostructures, for example, is gaining 
an important place among various biomedical fields like tissue 
engineering,[16] fight against cancer,[13,17,18] sensors,[19–23] and 
controlled drug release[24] thanks to ZnO intrinsic antimicro-
bial,[25,26] photocatalytic,[27,28] piezoelectric[29,30] properties and 
its bioimaging potentialities.[31]

Among the various features, ZnO presents extreme pos-
sibility to be customized in terms of size and morphology. 
Both these tuning parameters allow to obtain either nanopar-
ticles, able to penetrate tissues and act as an intracellular sen-
sitizing agent for photo-[13,32] or sono-dynamic[15,33,34] therapies, 
or porous structures that can be exploited for a controlled drug 
release,[24,35] or even micro-sized materials with high electrome-
chanical or photoconductive features exploitable as thin films 
or layers.

The aim of this works is to develop a new and extremely ver-
satile device that is able to exploit all the interesting properties 
of ZnO. In particular, zinc oxide microparticles with nanostruc-
tured surface were selected to fabricate smart supports able 
to generate an electrical potential under the application of an 
external mechanical stimulus, that is, US stimulation. In view 
of this property, a remote US stimulation is provided to the 
ZnO support to be used to electrically stimulate cells. Second, 
the presence of a highly nanostructured ZnO surface exposed 
to US in water-based media is also reported to induce an 
enhanced acoustic cavitation effect and thus the generation of 
ROS. In order to exploit both effects, that is, electromechanical 
one and enhanced cavitation, the ZnO film was finely optimized 
in terms of film uniformity, by-products residuals, and hydro-
philic behavior. In this way, a robust structure, which can stand 
further optimizations and additions of other nanomaterials or 
layer, was obtained. In particular, two types of hybrid inorganic/
organic devices were fabricated and optimized starting from 
the pristine ZnO film. On the one hand, graphene oxide (GO) 
was deposited on top of the ZnO surface to tune the biocom-
patibility of the final device and increase the ROS generation 

potentialities under US stimulation. On the other hand, a 
biocompatible, conformable, and soft polymer, that is, poly(2-
hydroxyethyl methacrylate) (pHEMA), was exploited to fabricate 
a hybrid device able to generate an electric potential by remote 
US stimulation.

The prepared samples were all characterized in terms of 
electric potential and ROS generation under US stimulation, to 
assess the performance of the devices. Finally, as a proof of con-
cept, an osteosarcoma cell line (SaOS-2) was cultured on top of 
the devices to understand either the biocompatible properties 
or the cytotoxic capabilities of the fabricated devices.

These results, reported for the first time on a ZnO-based 
nanostructure materials coupled with GO or pHEMA, open the 
way to novel and promising multifunctional platforms for pre-
paring devices with tunable biocompatibility and functionali-
ties, showing efficient ROS generation and electro-mechanical 
performances upon US stimulation and useful for manifold 
biomedical applications.

2. Results and Discussions

The aim of this work is to fabricate ZnO films as remotely-
activated smart material for biomedical applications. The device 
herein presented is obtained starting from highly porous, 
desert rose-like zinc oxide microparticles (DR-ZnO), which are 
then combined together in the form of thin film.

2.1. Powder Characterization

Before the fabrication of ZnO-based device, the ZnO powders 
synthesized with a sol-gel hydrothermal method were charac-
terized in terms of morphology and crystal structure by means 
of Field Emission Scanning Electron Microscopy (FESEM) and 
X-ray diffraction (XRD) analyses.

As it can be seen from Figure  1a, the microparticles 
resulting from the synthesis are formed by the interpenetra-
tion of several lamellae having thickness of about 15 nm. The 
overall shape of the DR-ZnO microparticles is however spher-
ical, with a diameter that ranges between 3 and 5 µm. Interest-
ingly, despite the differences among microparticles regarding 
their diameter, the thickness of the various lamellae forming 
this peculiar shape does not vary significantly, indicating how 

Figure 1. a) Representative FESEM image and b) XRD pattern of DR-ZnO microparticles. Scale bar is 1 µm.
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the growth occurs in a precisely oriented manner, as also 
reported elsewhere.[36]

The XRD pattern reported in Figure  1b allows to recognize 
the single-phase wurtzitic structure of the resulting microparti-
cles. Actually, all the peaks are attributed to the ones reported in 
JCPDS-ICDD (card n. 89-1397) for ZnO wurtzite structure. The 
intensity of the peaks also suggests a high level of crystallinity, 
while the average diameter of the crystallites could be evaluated 
by means of the Debye-Scherrer formula.[37]

The crystallite size was evaluated for the three main peaks 
finding values very close one to each other, that is, 25, 33, and 
26 nm for the (100), (002), and (101) crystal planes, respectively. 
These values are even larger than the lamellae thickness found 
with FESEM measurements. Therefore, it is fair to assume that 
the lamellae are composed of a single crystallographic domain 
along their thickness, while they present several crystallo-
graphic grains in their other dimensions.

2.2. Optimization of ZnO Films Procedure

Once the powders have been synthesized, it is required to 
deposit them onto a substrate that is chemically inert and that 
presents the ability to sustain the thermal processes required to 
obtain the final device. This is the case of polyimide (PI), which 
is chemically and mechanically stable in a wide range of temper-
atures.[38] However, despite the good properties of this material, 
the deposition of DR-ZnO microparticles presents challenging 
criticalities due to the rapid precipitation of the microparticles 
in solvents like ethanol and water, and the poor wettability of the 
PI substrate which leads to easily detachable films.

An effective and rapid method to increase the wettability of 
PI and hence to improve both the stability and uniformity of 
the ZnO film is to perform an Argon plasma treatment onto the 
PI substrate prior to ZnO deposition. Different times of plasma 
treatments were considered and the surface wetting properties 
of the resulting PI samples analyzed in terms of optical contact 
angle (OCA). Before plasma treatment, the PI substrate pre-
sents an OCA of about 59° (Figure S1a, Supporting Informa-
tion). Despite this value being already considered representa-
tive of a hydrophilic surface,[39] it is not enough to allow for a 
uniform coverage of the substrate by the ZnO particle disper-
sion (Figure S2a, Supporting Information). On the other hand, 
short plasma treatments are already very effective in reducing 
the OCA of PI up to values below 10° and no further reduction 
in the OCA values was observed by increasing the plasma time 
exposure (Figure S1b, Supporting Information). Therefore, a 
2-min plasma treatment has been chosen as standard proce-
dure for the optimal film fabrication.

The formulation of the ZnO paste used for preparing the 
final device accounts for the presence of acetic acid, which was 
exploited in a very small amount to enhance the dispersion of 
the ZnO microparticles inside the solution of water and ethanol 
as suggested by a visual estimation of the resulting DR-ZnO 
microparticles slurry. Table 1 recalls all the pristine ZnO sam-
ples fabricated during the optimization procedure. The inclu-
sion of acetic acid is required since the ZnO particles tend to 
aggregate and precipitate in water, while the introduction of 
acetic acid slightly modifies their surface chemistry, screening 

the interaction between ZnO and water. However, the presence 
of acetic acid leads to the formation of by-products that remain 
also after the first thermal treatment at 90 °C, exploited with 
the sole purpose of drying all the solvents.

In Figure  2a, a representative FESEM image of sample PI-
ZnO-A prior to the 380 °C thermal treatment (whose prepara-
tion is described in Section 4.2) evidences some morphological 
differences related to the original microparticles. Indeed, it is 
possible to spot the presence of a foil-like morphology material 
that was not present in the ZnO powder. Attenuated total reflec-
tance infrared spectroscopy (ATR-IR) and XRD analyses were 
exploited to establish the nature of by-products. In the ATR-IR 
spectrum of the film prior to 380 °C treatment (Figure  2b), it 
is possible to spot the presence of a broad band centered at  
3600 cm−1, which can be associated to the stretching vibrations 
of hydroxyl groups, and an intense peak rising close to 550 cm−1 
that continues over the limit detectable by this ATR-IR set-up 
and which is related to the vibration of the ZnO bond (typi-
cally reported to be at 440 cm−1[40,41]). However, the most rel-
evant information comes from the vibration peaks present at 
1400 cm−1 and those between 1600 and 1500 cm−1 that can be 
ascribed to the deformation vibration of CH3 bond[42] and to the 
asymmetric stretching mode of carboxylate group.[43] Indeed, 
both these peaks are found in compounds like zinc acetate 
((CH3COO)2Zn) and basic zinc acetate (Zn4O(CH3CO2)6) which 
are supposed to be obtained by the slight dissolution of zinc 
oxide from acetic acid mixture during the film preparation. The 
XRD analysis reported in Figure  2c was exploited to discrimi-
nate between the two compounds. Indeed, apart from the peaks 
associated to the substrate and to the ZnO phase, in the 380 °C 
thermally un-treated sample XRD pattern, there is a peak cen-
tered at 6°. In another work exploiting a similar solvent com-
position for particles dispersion,[44] a similar peak is found and 
attributed to layered hydroxide zinc acetate (LHZA). To restore 
the original ZnO single phase by decomposition of LHZA, a 
thermal treatment at high temperature is exploited in this work.

With this aim, DR-ZnO films were thermally treated at 
380 °C for 2 h and the samples analyzed again to validate this 
technique as effective in decomposing LHZA.

As it is possible to see in Figure  2a, all the foils that were 
formed during the deposition were eliminated during the pro-
cess, leaving the microparticles composing the film completely 
exposed. Moreover, the LHZA removal was confirmed by the 
absence of its peak at 6° in the XRD pattern and the disappear-
ance of the carbon-related peaks in the ATR-IR spectrum. As a 
final consideration, also the hydroxyl band is suppressed after 
this thermal treatment, probably because of its dehydration due 
to high temperatures.

Interestingly, the decomposition of the LHZA from the 
DR-ZnO film leads also to a different behavior of the surface in 

Table 1. Samples analyzed during the optimization of the ZnO film 
fabrication.

Sample name Acetic acid [% vol.] Volume [mL] ZnO powder [g]

PI-ZnO-A 0.8 2.325 1

PI-ZnO-B 0.8 2.325 0.5

PI-ZnO-C 0.4 2.315 0.5

Adv. Mater. Interfaces 2021, 2101021
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terms of hydrophilicity. Indeed, as it is possible to observe from 
Figure 3a, the ZnO layer presents an OCA of 70° when deposited 
and treated only at 90 °C for 30 min, while the OCA is lowered to 

11° when the sample is treated at 380 °C for 2 h (Figure 3b). This 
result evidences how the thermal treatment is also required since 
a hydrophilic surface is typically needed for cell adhesion.[45]

Figure 2. a) Representative FESEM images, b) ATR-IR spectroscopy, and c) XRD patterns (* refers to substrates peaks) of DR-ZnO film obtained with 
the PI-ZnO-A paste before and after 380 °C thermal treatment. Scale bar is 1 µm.

Figure 3. OCA of PI-ZnO films. PI-ZnO-A substrate a) before and b) after 380 °C thermal treatment, PI-ZnO-B substrate c) before and d) after 380 °C 
thermal treatment and PI-ZnO-C substrate e) before and f) after 380 °C thermal treatment.

Adv. Mater. Interfaces 2021, 2101021
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The samples obtained with the PI-ZnO-A paste formula-
tion, whose results are summarized in Figure  2, presented 
some criticalities which made them not usable. As a matter 
of fact, despite the complete removal of the by-products 
during the deposition and the overall good uniformity, the 
thickness of the layer was too high and clusters of micropar-
ticles detached from the sample during handling and their 
introduction in a liquid medium (Figure S2b, Supporting 
Information). This was probably due to the poor adhesion 
of DR-ZnO microparticles to the PI substrate, which makes 
them unfeasible for biological applications where a good sta-
bility is required.

A reduction of the amount of ZnO per unit of volume of 
the solvent was then considered as an alternative to reduce the 
thickness of the film and therefore increase the stability of the 
device. In the system shown in Figure 4 (PI-ZnO-B), the ratio 
of the solvent components was kept the same while the amount 
of ZnO dispersed was halved. The FESEM image on the film 
before thermal treatment (Figure  4a) clearly shows that the 
amount of LHZA formed during the fabrication of PI-ZnO-B 
is definitely higher than the amount produced in the case of 
PI-ZnO-A. Despite its complete removal after 380 °C thermal 
treatment, as also corroborated by ATR-IR and XRD analyses 
(Figure  4b,c, respectively), the resulting film does not present 
uniquely the DR-ZnO microparticles but also several foil-like 
residues on the film surface which could be attributed to the 
conversion of the LHZA foils into ZnO sheets partially depos-
ited on the microparticles.

This phenomenon has a direct influence also on the OCA 
of the device, which presents a hydrophobic behavior before the 
thermal treatment at 380 °C (110°) and an OCA of 35° after the 
thermal treatment, that is, a higher OCA than the PI-ZnO-A 
sample (Figure 3c,d).

The reason for a higher production of LHZA may lay in the use 
of the same amount of acetic acid in a system in which the ZnO 
was halved in quantity. Therefore, the acetic acid is able to convert 
a large portion of ZnO into LHZA and difficulties in restoring the 
original morphology of the microparticles were found.

The solution to this problem is found by halving the amount 
of acetic acid, without any modification on the ethanol and 
water volumes. In this way, the amount of LHZA produced 
was sufficient to produce uniform films during deposition but 
do not induce major modifications on the morphology of the 
device. The films fabricated in this way (PI-ZnO-C) were con-
sidered optimal and thus exploited for further film characteriza-
tions and improvements to produce the hybrid devices.

FESEM, ATR-IR, and XRD analyses for sample PI-ZnO-
C, before and after 380 °C thermal treatment, are reported in 
Figure 5. In particular, Figure 5a shows how the foils of LHZA 
on the device before the thermal treatment are clearly lower in 
number than the previous cases and that after the treatment 
there is no evidence of any microparticle morphology modifica-
tion. Finally, ATR-IR and XRD patterns confirmed the complete 
removal of LHZA.

Moreover, this system revealed to be stable in both aqueous 
and cell culture media, without any detachment due to its intro-
duction in liquid media and a lower OCA was found both prior 
and after 380 °C thermal treatment.

2.3. Organic Coating for the ZnO Films

To obtain hybrid inorganic/organic devices, a further modi-
fication of the PI-ZnO surface is proposed, including 
some organic materials like graphene oxide (GO) or 
poly(2-hydroxyethyl methacrylate) (pHEMA), in order 

Figure 4. a) Representative FESEM images, b) ATR-IR spectroscopy, and c) XRD patterns (* refers to substrates peaks) of DR-ZnO film obtained with 
the PI-ZnO-B paste. Before and after treatment. Scale bar is 1 µm.
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to add versatility to the system in terms of biomedical 
applications.

GO flakes have been already extensively used in several 
fields of technology thanks to the intriguing surface chemistry 
and lack of toxicity of GO.[46] It has also been already exploited 
with porous ZnO films with good results in terms of drug 
release control and bioactivity modulation.[35] Clearly, the pos-
sibility to include this material on the device can serve both as a 
method to tune the biocompatibility of the system and as a way 
to include new potentialities (i.e., drug-release control or ROS 
generation).

In this work, graphene oxide was deposited onto the ZnO 
film-based devices by drop-casting. The result was a continuous 
layer covering the whole ZnO sample surface, as is shown in 
the FESEM image reported in Figure 6a. The continuous layer 
suggests that this system can be effectively used to prevent 
an undesirable release of an eventually loaded drug in future. 
Interestingly, the main result of the inclusion of this GO layer 

is the introduction of new functional groups to the system, 
which could be exploited for further functionalization with 
either biomedical or electronic purposes.[47] For the specific case 
under analysis, the coating of the PI-ZnO with GO results in 
the inclusion of hydroxyl groups on the surface of the device, 
as indicated by the broad band in the 3600–3200 cm−1 region of 
the ATR-IR spectrum of the device.

Moreover, it is possible to observe the presence of peaks 
at ≈1600 and ≈1400 cm−1, which could be related to the CC 
stretching vibration[42] and to the deformation vibration of the 
OH groups in the COH functional group.[48]

As an alternative, pHEMA was also proposed as coating for 
the PI-ZnO-C samples. The selected hydrogel is typically rec-
ognized as a biocompatible material. In this work, pHEMA is 
conceived to act as a barrier layer preventing cell adhesion, to 
obtain a system that is able to perform antimicrobial activity 
(thanks to the well-recognized antibacterial properties of ZnO) 
but to avoid cell adhesion and biofilm formation at the same 

Figure 5. a) Representative FESEM images, b) ATR-IR spectroscopy, and c) XRD patterns (* refers to substrates peaks) of DR-ZnO film obtained with 
the PI-ZnO-C paste. Before and after treatment. Scale bar is 1 µm.

Figure 6. a) Representative FESEM images and b) ATR-IR spectroscopy of DR-ZnO film coated with graphene oxide by drop casting. Scale bar is 1 µm.

Adv. Mater. Interfaces 2021, 2101021
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time. Both these aspects are particularly desirable for example 
in implants and catheters applications.[49,50] Drop casting was 
exploited also in this case to deposit pHEMA and the resulting 
coating was able to cover completely the ZnO microparticles. 
However, as it is shown in Figure  7a, by finely tuning the 
amount of deposited polymer, it is possible to have a coating 
which is not completely drowning ZnO, so that it can still con-
tribute with antimicrobial properties.

In terms of chemical groups that are present on the surface, 
by means of the ATR-IR spectrum, it is possible to recognize 
as main peaks the hydroxyl group stretching vibration in the 
3600–3100 cm−1 region, a peak in the region 2975–2860 cm−1 
which could be related to aliphatic CH stretching,[42] the car-
bonyl vibration[51] (1721 cm−1) and the CO stretching vibra-
tion[52] (1162 cm−1).

2.4. Functional Films Characterization

The devices fabricated in this work were characterized in terms 
of electromechanical response to establish if these systems can 
be actually employed as active devices in biomedical treatments.

To do so, the maximum voltage generation between the top 
and the bottom surfaces of the device achieved when subjected 
to a US stimulation was measured for the three optimized 
devices (PI-ZnO-C, PI-ZnO-GO, and PI-ZnO-pHEMA), for 

simple PI (acting like a completely insulating system) and for 
PI-Cu sample (acting like a conductive system), both used as 
controls.
Figure 8a summarizes the results collected for the analyzed 

samples under different conditions of US powers and frequen-
cies. As it can be seen, when the US power is kept fixed, the 
voltages of PI-ZnO-C, PI-ZnO-GO, and PI-Cu are one order of 
magnitude lower than the PI and PI-ZnO-pHEMA ones. The 
generation of an electric potential in these last devices can be 
first attributed to triboelectric phenomena given by the fric-
tion of the various layers composing the device. However, ZnO 
is also a piezoelectric material and its influence could also be 
considered.

Moreover, the different magnitudes of the electric potential 
found in the different systems can be attributed to the charge 
transport properties of the materials exploited in the devices. 
Indeed, ZnO is a semiconductor with an intrinsic n-type 
behavior. The presence of free charges leads to a screening 
effect which reduces the charge accumulation and the conse-
quent electric potential generation due to piezoelectricity.[30] 
When a conductive material is deposited on top of the micro-
particles, that is, GO, this phenomenon is enhanced and the 
material is not able to accumulate any electric potential at its 
electrodes. An insulating material like pHEMA, instead, can 
inhibit the charge transport, leading to a higher charge accu-
mulation and a higher electric potential. When pHEMA is 

Figure 7. a) Representative FESEM images and b) ATR-IR spectroscopy of DR-ZnO film coated with pHEMA. Scale bar is 1 µm.

Figure 8. Maximum voltage generation between the bottom and the top of the different devices by mechanical deformation induced by various fre-
quencies US stimulation.

Adv. Mater. Interfaces 2021, 2101021
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coupled to ZnO, the triboelectric effect that is observed also for 
the bare PI sample, is summed up to the piezoelectric potential 
generated by ZnO under US stimulation, resulting as the best 
device in terms of electro-mechanical response among the ana-
lyzed ones.

Some considerations on the devices can be also given consid-
ering their behavior at different frequencies. Indeed, for PI and 
PI-ZnO-pHEMA, the lower is the frequency, the higher is the 
amplitude of the signal. The reason for this may be linked to 
their insulating behavior and their consequent similarity with 
a two-parallel plate capacitor, which is characterized by a lower 
impedance as the frequency is increased. This behavior is not 
observed in the PI-Cu and PI-ZnO-C and PI-ZnO-GO samples. 
As a matter of fact, the 1 MHz stimulation results in a higher 
amplitude of the signal read by the oscilloscope. Determine the 
reason for this behavior is far to be trivial and must be linked to 
both triboelectric and piezoelectric phenomena which have to 
be decoupled for a more detailed analysis. However, the main 
goal of these devices is their ability to induce an electrical stim-
ulation on a biological entity by means of a remote mechanical 
stimulation.

In Figure  9, a representative image for all the analyzed 
devices is reported for a 1 MHz US stimulation. The measure-
ment of the period of the resulting waveforms allows to estab-
lish that the frequency of the electrical signal is the same as 
the US stimulation, suggesting the dependency of one pheno -
menon on the other. Moreover, the resulting waveform resem-
bles what is typically found in the literature for the open circuit 
voltages of electromechanically-active films, in which a charging 
phase is immediately followed by a discharge phase when a 
mechanical stimulation is applied onto them.[53] It is however 

worth noticing that the obtained waveform present symme-
tricity on the voltage axis. This is given by the sinusoidal sym-
metricity of the US stimulation, confirming again the relation-
ship between the electrical output and the mechanical stimulus.

Another interesting property of ZnO microparticles is their 
capability to generate ROS upon US stimulation.[54] The ability 
to modulate this phenomenon may represent a valuable tool 
because, on one side, an enhanced ROS generation can be 
exploited either for improved vascularization in healthy tissue 
during healing or for cancer therapy, while, on the other side, 
an excessive generation may be harmful for healthy cells.

Therefore, the ROS generation of PI, PI-ZnO, PI-ZnO-
pHEMA, PI-ZnO-GO under US stimulation at 1 MHz for 1 min 
has been evaluated. In particular, the concentration of a specific 
radical species, that is, hydroxyl radical, has been evaluated 
through electron paramagnetic resonance (EPR) spectroscopy 
with the help of a chemical trap (DMPO) aimed at the radical 
life-time increase (see Section  4.4). The spectrum retrieved by 
the EPR measurements (Figure  10a) can be associated to the 
DMPO-OH complex,[55] assuring the generation of this species 
during US stimulation.

A quantitative analysis can be also performed evaluating the 
areas below the retrieved spectra. The results are reported in 
Figure  10b. In particular, the PI sample is used as control for 
the device. As it is possible to see, the PI-ZnO sample produces 
ROS already at 0.6 Wcm−2 of US power, while PI-ZnO-pHEMA 
and PI-ZnO-GO presented a detectable generation only from 
0.9 Wcm−2 and with a magnitude lower than the sample of bare 
PI used as control. Indeed, simple water has been already dem-
onstrated to generate ROS under US stimulation without the 
addition of any further component because of the cavitation 

Figure 9. Representative voltage waveforms obtained during US stimulation (1 MHz US frequency and 1.2 W cm−2). a) PI-ZnO-C, b) PI-ZnO-GO,  
c) PI-ZnO-pHEMA, d) PI, e) PI-Cu.
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induced by the periodical mechanical stimulation on gas micro-
bubbles trapped in the liquid.[56] ZnO nanostructured mate-
rials may reduce the threshold for inertial cavitation because of 
the gas microbubbles adsorbed on their surface,[57] explaining 
the enhanced ROS generation found for the PI-ZnO sample, 
where high surface area microparticles are employed.

PI-ZnO-pHEMA sample presents ROS concentrations lower 
than the PI-ZnO film up to 0.9 Wcm−2, while a comparable 
value between the two systems is found at 1.2 Wcm−2. Therefore, 
the pHEMA layer seems to inhibit the generation of ROS under 
US stimulation, reducing the amount to values comparable with 
the control up to 0.9 Wcm−2. The reason may lay in the uniform 
coverage of the ZnO microparticles that prevents the interac-
tion of the semiconductor particles with water and the conse-
quent cavitation threshold reduction.

The ROS production obtained with the PI-ZnO-GO 
sample is greatly enhanced with respect to the PI-ZnO 
system. The reason for this behavior is difficult to extrapo-
late, since GO has shown to increase the amount of ROS 
generated of 1  mL solution also without ZnO (Figure S3, 
Supporting Information). However, the combination of the 
two systems generates a synergistic effect which raises a lot 
the ROS concentration in the water after just 1 min of US 
stimulation. One of the reasons may be the different amount 
of gas trapped in the system. Indeed, the distribution of the 
GO layers on the ZnO microparticles may have induced a 
higher amount of gas trapped inside the system that may 
contribute to the inertial cavitation induced by the periodical 
mechanical stimulation.

In summary, PI-ZnO samples are able to produce an elec-
trical potential and induce the generation of hydroxyl radicals 
when under US stimulation. However, pHEMA and GO layers 
are able to tune this ability. In one case, pHEMA was proved to 
increase the maximum open circuit voltage of the system, while 
the ROS generation was slightly reduced, with potential uses 
whenever an electrical stimulation is required and the system 
has to be highly biocompatible. On the other side, GO coating 
revealed to have an enhanced ROS generation under US irra-
diation suggesting its use in applications like sonodynamic 
therapy.

2.5. Biological Characterization

As a proof of concept, the optimized DR-ZnO films (PI-ZnO, 
PI-ZnO-GO, and PI-ZnO-pHEMA) were tested on an oste-
oblast-like cell line (SaOS-2) often used as model for bone 
tissue engineering[58] so as to have a preliminary evaluation of 
the biocompatibility features and potential applications of the 
developed devices. In particular, a Live/Dead assay coupled 
with fluorescence microscopy was exploited to assess the cell 
response to the developed substrates. All devices were also pre-
pared without ZnO layer, as control substrates enabling iden-
tification of the specific role of the ZnO layer in cell behavior.
Figure  11a reports representative images of SaOS-2 cells 

stained with the Live/Dead assay reagents. The analysis held 
after 24 and 72 h of incubation shows that cells are able to adhere 
on the PI control sample, while the absence of any red signal 
(which indicates dead cells) suggests the high level of biocom-
patibility of the substrate. The GO coating does not influence 
the cell viability as well (Figure S4, Supporting Information). 
Indeed, all the cells are stained in green (indicating alive cells) 
and the cells shape is similar to the ones of the control sample. 
At 72 h from seeding, the cell number appears to be increased 
indicating regular cell proliferation on both control samples. A 
different situation is found on pHEMA. In fact, cells are not 
able to adhere on the PI-pHEMA control sample and retain the 
round shape due to trypsinization (Figure S4, Supporting Infor-
mation). This is due to the cell-repulsive activity of the polymer 
which prevents cell adhesion and induces cell clustering[59–61] as 
it can be clearly seen also in Figure 11.

The incorporation of a DR-ZnO film in the device changes 
cell response. Indeed, cells are not able to adhere on the 
PI-ZnO sample and the presence of cell clusters can be clearly 
spotted in the fluorescence image representative of the device 
after 24 h from cell seeding. Moreover, there are some cells 
which show a red signal, indicating their death. The toxicity of 
nanostructured ZnO has been widely analyzed in literature and 
represents the main factor influencing ROS generation, the 
release of zinc cations in biological media, and the cell mem-
brane damage.[28,62,63] Since no treatment was applied on cul-
tured cells and the PI-ZnO sample showed no generation of 

Figure 10. a) Representative images of the spin-adduct of the DMPO-OH complex retrieved by US stimulation of the devices for 1 min at 1 MHz and 
1.2 W cm−2, b) spin concentration evaluated by EPR analyses of the different samples after US stimulation for 1 min at 1 MHz.
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ROS at low US stimulation, it is fair to assume that cell death 
does not depend on ROS generation in this case. Therefore, the 
toxicity of this sample may be attributed to the dissolution of 
ZnO into zinc cations or to substrate roughness.

The addition of GO and pHEMA coatings slightly improved 
the biocompatibility of the system. In fact, PI-ZnO-GO and 
PI-ZnO-pHEMA showed a higher fluorescence signal coming 
from alive cells on the device with respect to the one found on 
the PI-ZnO sample (Figure 11b shows a quantitative estimation 
of the amount of green fluorescence signal obtained during 
the Live/Dead assay). In the case of the GO coating, this can 
be attributed to a slightly higher cell adhesion to the substrate 
which leads to a larger number of cells on the film.[35] Moreover, 
after 72 h from cell seeding, there are still few cells attached on 
the surface even if, again, lower in number with respect to 24 h 
of incubation. The pHEMA layer deposited on top of the device 
seems to increase even more the viable cells on the device. 
Probably this happens because the better conformal coating 

leads to a better screening of the typical cytotoxic phenomena 
of ZnO microparticles. However, the cell-repulsive properties of 
pHEMA prevent cell attachment, inhibiting cell proliferation at 
72 h from seeding.

From this qualitative analysis, it is clear that DR-ZnO-based 
substrate presents potentialities in terms of tuning of bio-
compatibility and cell adhesion. In particular, the PI-ZnO-GO 
sample can be seen as a platform for drug delivery devices.[35] In 
contrast, the PI-ZnO-pHEMA can be considered an example of 
cell-repulsive device useful for instance to implants, catheters, 
that is, ureteral stents applications, as previously reported.[64]

In summary, the PI-ZnO-based substrates here described 
can easily be modified and exploited in view of the fabrication 
of multifunctional devices, that are able to kill cancer cells when 
required, while sustaining healthy tissue regrowth.[65] From the 
tumor-killing perspective, the ZnO substrate can be exploited 
either to produce ROS under US stimulation thanks to the syn-
ergistic effect with the GO coating or to inhibit tumor regrowth 

Figure 11. a) Representative image of fluorescence microscopy of SaOS-2 cell cultures after L/D staining. Live cells (green), dead cells (red), and cell 
nuclei (blue) are evidenced in images. b) Intensity quantification from fluorescence microscopy of SaOS-2 cell cultures after L/D staining on live cells 
at 24 and 72 h of incubation.
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on the substrate thanks to the poor pHEMA adhesion proper-
ties. On the other side, the antimicrobial properties of ZnO can 
prevent the rising of infections in long term treatments.

3. Conclusion

In this work we propose a novel smart and stimuli-responsive 
film based on desert-rose-like zinc oxide particles (DR-ZnO) 
and we demonstrate how the film surface properties can be 
tuned in terms of both functionalities and biocompatibility, 
depending on a required specific application.

ZnO microparticles presenting a desert-rose morphology 
were thus synthesized by means of a simple sol–gel hydro-
thermal method. The structural and morphological charac-
terizations allowed to recognize their single phase wurtzitic 
crystallographic structure and their high surface area due to 
desert rose-like morphology.

To deposit the film onto flexible PI substrate, a paste of ZnO 
particles was prepared including ethanol, water, and acetic acid 
as dispersants. Acetic acid was effectively used to increase the 
dispersibility of the microparticles, however, its use causes 
the slight dissolution of ZnO and the precipitation of a new 
phase of zinc acetate (LHZA). An opportune thermal treatment 
was thus applied to restore the single ZnO wurtzitic phase and 
the original desert-rose morphology, as well as a fine optimiza-
tion in terms of film uniformity and wetting behavior was also 
adopted.

Graphene oxide and pHEMA were proposed as additional 
functional layers to prove the possibility to adapt the proposed 
device to various biomedical applications.

Indeed, the addition of graphene oxide layer imparts to the 
overall device a larger generation of hydroxyl radicals and a 
moderate electric potential under US stimulation. A good bio-
compatibility was also found with osteoblast-like cells. These 
results suggest that further optimization of this device could 

lead to a completely biocompatible system for prolonged time 
frames, able to exploit the great potentialities of ZnO in bone 
tissue treatments.

The coating with pHEMA was shown to reduce the genera-
tion of ROS under US stimulation. However, a great enhance-
ment of the electric potential generated under the same 
treatment was found indeed. Poor cell adhesion but enhanced 
biocompatibility were also obtained on pHEMA coated ZnO 
layers, indicating a potential application in medical devices 
where cell adhesion has to be avoided.

In conclusion, our newly developed films based on DR-ZnO 
can be efficiently activated remotely by US and their biocom-
patible properties and functionalities further improved by the 
addition of organic surface layers based on graphene oxide or 
polymers.

4. Experimental Section
Powder Synthesis: ZnO microparticles having a desert roses-like 

morphology were synthesized by means of a simple sol-gel hydrothermal 
technique already exploited in various works.[54,64] More in detail, 14.6 g 
of zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, Sigma-Aldrich) were 
dissolved in 100  mL of bi-distilled water. At the same time, 5.58  g of 
potassium hydroxide (KOH, Sigma-Aldrich) were dissolved in other 
100 mL of bi-distilled water as well, in a Teflon container. To obtain the 
microparticles, the zinc nitrate solution was dropped into the potassium 
hydroxide one with a drop rate of about 1 drop sec−1 and the solution 
was kept in vigorous stirring up to the formation of a white gel. After 
that, the Teflon container was placed in an oven and treated at 70 °C for 
4 h. Finally, the microparticles were separated by the solution through 
a 2 µm particle retention filter, washed with bi-distilled water, and dried 
overnight at 60 °C.

Film Fabrication: To obtain the film, the DR-ZnO microparticles were 
deposited onto a PI substrate (Kapton, DuPont). This was performed 
by dispersing the ZnO powder in an ethanol–water solution to which a 
small amount of acetic acid (glacial, PhEur) was added to increase the 
dispersibility. The final result was a paste that can be used to coat the PI 
substrate and whose deposition procedure is summarized in Figure 12.

Figure 12. Schematics of the DR-ZnO films fabrication. 1) The PI substrate is treated with Argon plasma to increase its hydrophilicity; 2) then the 
DR-ZnO paste is deposited onto the substrate and 3) the film is left drying at 90 °C for 30 min. 4) A final thermal treatment is performed at 380 °C for 
120 min. 5) An organic coating is finally deposited by drop-casting.
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The ZnO paste has been optimized in terms of solvent composition. 
The amount of solvent exploited, related to the amount of powder 
dispersed, is reported in Table 2. To prepare the paste required for the 
deposition, the DR-ZnO microparticles were weighed and placed in a 
glass vial. Then, acetic acid, bi-distilled water, and ethanol (99%, Sigma-
Aldrich) were added to the powder in this order.

The compound was vigorously stirred for 10 min and placed for 
30 min in a US bath (Labsonic LBS 2-10, Falc Instruments) at 40  kHz. 
Finally, the paste was kept in agitation with the magnetic stirrer before 
its use for at least 5 min.

For what concerns the PI substrate preparation, 4 circles having 1 cm 
of diameter were only partially cut on 1.5 cm × 6.5 cm PI strips so as to 
keep them in their place while performing the Argon plasma treatment 
exploited to increase the hydrophilicity of the material. The latter was 
performed with a QUORUM Q150T-S sputter coater at 30 mA for different 
times during the optimization (1, 2, 5 min). The optimized recipe sees the 
2 min treatment as the best one. Afterward, the plasma-treated samples 
were flattened on a glass slide and covered with a PVC adhesive tape 
(75 µm thickness, Nitto) that acted as template for the round samples.

On the top of the strip, 50 µL of ZnO paste was deposited and spun 
with a steel template up to the coverage of all the circles. The coated strip 
was placed on a hot plate set at 90 °C for 30 min in order to evaporate all 
the solvents. The circles were removed from the strip and placed again 
on a hot plate at 380 °C for 2 h to obtain the final PI-ZnO sample.

The samples were then coated with either a graphene oxide (GO, 
CheapTubes, 300–800  nm lateral dimensions) or poly(2-hydroxyethyl 
methacrylate) (pHEMA, obtained from HEMA monomers from Sigma-
Aldrich, according to the procedure described in another work[64]) layer.

Commercial GO powders were dissolved into bi-distilled water 
at 0.5  mg mL−1 by the help of a 10-min sonication and deposited by 
drop-casting. In particular, 20  µL of GO solution was deposited onto 
the PI-ZnO substrate. When the solvent evaporated, the process was 
repeated for other two times.

pHEMA-coated samples (PI-ZnO-pHEMA) were again obtained by 
drop-casting starting from a 10% w/v methanol solution in which the 
dried polymer was dissolved. In particular, 12 µL of pHEMA solution was 
drop-casted onto the PI-ZnO sample and left drying overnight to allow 
solvent evaporation.

Physico-Chemical Characterization: Both powders and films 
were characterized in terms of physico-chemical properties. 
XRD measurements were performed by a Panalytical X’Pert PRO 
diffractometer in Bragg-Brentano configuration, equipped with a CuKα 
monochromatic radiation (λ  = 1.54 Å) as X-ray source. Morphology of 
all the samples was characterized by means of FESEM (Merlin, Zeiss). 
In the case of PI-ZnO-pHEMA, a thin platinum coating was deposited by 
means of a QUORUM Q150T-S sputter coater (30 mA, 10 s).

Attenuated total reflectance infrared spectroscopy (ATR-IR) was 
exploited to assess the chemistry of the surface of the samples and was 
performed with a NICOLET 5700 FTIR spectrometer (ThermoFisher). 
Each spectrum was acquired as the mean of 64 scans at a resolution of 
2 cm−1 and background subtracted.

Contact angle measurements were performed with an OCAH 200 
(DataPhysics Instruments Gmbh) OCA measuring system.

Film Functional Characterization: The devices were characterized in terms 
of electromechanical response and ROS generation upon US stimulation.

The evaluation of the electromechanical response of the developed 
devices required a change in the device design in order to collect the 
electrical signal due to US stimulation. A scheme of the new design 
is reported in Figure  13. To evaluate the electric potential that the US 

stimulation induces in the analyzed samples, it was required to have 
two electrodes: one on the top of the structure and one on the bottom. 
For what concerns the bottom electrode, commercial Cu-coated PI was 
used as substrate material. The optimized DR-ZnO microparticles paste 
was directly deposited onto the PI-Cu film by the help of the PVC tape 
template and without Argon plasma pre-treatment. The same thermal 
treatments described in Section 4.2 were then performed as well as the 
GO and pHEMA depositions.

To fabricate the top-electrode, four 2  mm-diameter platinum circles 
have been sputtered on the films (≈50 nm). Then, the active device was 
connected to an oscilloscope (Tektronix TDS2012B), setting the reference 
to the bottom electrode. The top electrode was put in direct contact with 
an opportunely shaped PI-Cu strip connected to the oscilloscope.

The measurements were performed by placing the samples on 
a piezoelectric transducer (LipoZero G39, Globus). To increase the 
acoustic coupling between the transducer and the sample, a water-
based gel was spun between the US source and the active device.

The analyses were performed on the optimized devices (PI-ZnO, 
PI-ZnO-GO, and PI-ZnO-pHEMA) and on control samples (PI, and 
PI-Cu) with 3 US frequencies (150  kHz, 526  kHz, and 1  MHz) and 
4 power values (0.3, 0.6, 0.9, and 1.2 Wcm−2). Waveform analyses were 
performed with Matlab.

To study the generation of ROS during US stimulation, EPR 
spectroscopy (EPR) coupled with the spin trapping technique was 
exploited. In particular, the PI-ZnO, PI-ZnO-GO, and the PI-ZnO-
pHEMA samples were placed in a 24-well plate (TC-treated, Corning) and 
subjected to 1 MHz US stimulation (0.3, 0.6, 0.9, and 1.2 Wcm−2) for 1 min 
in a 1 mL aqueous solution of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, 
Sigma-Aldrich) at the concentration of 2.5  mM. As control, the same 
experiment was repeated by using a bare PI sample, so as to oppose the 
same impedance of the other analyzed sample to US propagation.

Table 2. Paste compositions analyzed during the optimization of the ZnO film fabrication.

Sample name Acetic acid [% vol.] Water [% vol.] Ethanol [% vol] Volume [mL] ZnO powder [g]

PI-ZnO-A 0.8 32.7 66.5 2.325 1

PI-ZnO-B 0.8 32.7 66.5 2.325 0.5

PI-ZnO-C 0.4 32.8 66.8 2.315 0.5

Figure 13. Schematics of the DR-ZnO films electromechanical charac-
terization setup.
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By means of a quartz capillary (volume 50  µL), a tiny amount of 
the solution was withdrawn by the well and inserted in the cavity of an 
EMX-Nano (Bruker) EPR spectrometer. The quantitative analysis was 
performed with Xenon-nano software.

Cell Culture: Osteoblast-like SaOS-2 cells (ATCC, HTB-85) were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) 
supplemented with 10% of Fetal Bovine Serum (FBS), 2 mM L-glutamine, 
and 100 U mL−1 penicillin-100  µg mL−1 streptomycin solution. Cells 
were grown in incubator at a temperature of 37 °C and with 5% CO2 
atmosphere. Cell culture medium was changed every two days and cells 
were split on different Petri dishes when they reached ≈70% confluence.

Live/Dead Assay: To assess the biocompatibility of the fabricated 
substrates (PI, PI-ZnO, PI-ZnO-GO, and PI-ZnO-pHEMA), a Live/Dead 
(L/D) assay coupled with fluorescence microscopy was performed. First 
of all, all the samples were placed at the bottom of a 24-well plate and 
pre-incubated with 500 µL of cell culture medium for 1 h at 37 °C in order 
to promote the device coating with serum proteins. Before cell seeding, 
cell medium was replaced. Cells were seeded by adding 200  µL of cell 
suspension in order to have a surface density of 104 cells cm−2. L/D 
assays were performed after 24 and 72 h of incubation at 37 °C. To stain 
cells, at the end of each incubation time, the cell culture medium was 
removed. Then, 200 µL of DMEM without phenol red and supplemented 
with 10% of FBS, 2  µL mL−1 of calcein-AM, 2  µL mL−1 of ethidium 
homodimer (Life Technologies) and 8 µL mL−1 of Hoechst (Sigma) were 
added to each well. The three dyes respectively stain healthy, dead cells, 
and cell nuclei, respectively.

After 5 min of incubation at 37 °C and 5% of CO2, the staining solution 
was removed and 200  µL of 10% FBS-DMEM without phenol red was 
added. Fluorescence microscopy was performed with a Nikon Eclipse Ti 
microscope equipped with a super high-pressure mercury lamp.

A quantitative estimation of the amount of fluorescence got during 
fluorescence measurements was performed through Matlab on three 
different images for each sample. More in detail, each image was 
divided into its three color components (green, red, and blue), so as to 
separate the intensity of each channel corresponding to the live (green) 
and dead (red) cells, as well as the presence of nuclei (blue), for each 
pixel. The green channel was considered to compare the amount of 
signal retrieved by alive cells in each of the system analyzed. The value 
contained in each pixel of the image was summed after the subtraction 
of the background and normalized with respect to the value obtained for 
the PI control sample.
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