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Tailored piezoelectric chitosan thin film
for ultrasound-controlled drug delivery
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Ordinary drug administration routes, such as oral and intravenous, are characterized by strong drug
fluctuation levels in the blood, causing either toxic effects or inefficient therapeutic results. Hence, it is
crucial to develop stimuli-responsive materials that precisely control the position and time of the
delivery of drugs for a targeted administration and reduced side effects. To this aim, we developed an
ultrasound-sensitive thin, biocompatible and sustainable piezoelectric chitosan film, which can be
wirelessly activated by ultrasound, allowing for controlled release both in superficial and deep body
compartments. We developed a protocol to easily tailor the properties of the film by embedding
different molecules without compromising its piezoelectric behavior and to release, in a controlled on/
offmanner,more than 80%of the drug in less than 3 hours. Thematerial´s potential was demonstrated
with Doxorubicin, an antineoplastic agent, in a human colorectal adenocarcinoma cell culture, paving
the way for enhanced and on-demand wireless drug release.

Chronic conditions, such as cancer or diabetes, require continuous and
repeated drug administration1, and the selection of an appropriate admin-
istration method plays a crucial role in determining the efficacy of a ther-
apeutic approach.

Generally, the intravenous route is the most efficient and employed
strategy, although it often requires the presence of a healthcare profes-
sional. Then, when possible, the oral administration route is preferred
due to its simplicity, high patient compliance, and possibility for
domestic treatment. However, the passage through the harsh gastric
environment can partially degrade some molecules, and this, on top of
the first-pass metabolism, can dramatically reduce drug bioavailability.
For these reasons, in both cases, it is common to administer a higher drug
dose, which brings an intrinsic risk of toxic side effects and a fast drug
decrease until sub-therapeutic levels2–4.

Stimuli-responsive drug release systems responding to endogenous
triggers, such as the environmental pH or the presence of certain enzymes,
or exogenous stimuli, like amagneticfield or a light stimulus, offer a possible
solution to slowdowndrug release, enabling a sustained release over time5–8.

Among them, electrically-driven systems employing electricity to
trigger the release of drugs are gaining attention since, differently frommost
other mechanisms, they allow an on/off switch-like control to both initiate
and stop the release of drugs. However, the actuation of those devices
depends on the use of cables to bring the electric current. Hence, this

configuration is impractical for implantable and wearable ones and hinders
the possibility of developing ingestible devices to target the intestinewithout
the employment of batteries, which carries the potential risk of dangerous
leaks after ingestion9,10.Wireless power transfer systems to rechargebatteries
fromafar represent apromising alternative; however, theirworkingdistance
in the range of a fewcmmakes themnot suitable for deep body applications,
limiting their use for implantable and ingestible devices11.

To overcome such an issue, the category of piezoelectric materials
provides a great solution thanks to their ability to directly convert
mechanical stimuli into an electric potential (direct piezoelectric effect) and
vice versa (indirect piezoelectric effect). Thus, when properly mechanically
stimulated, piezoelectrics candevelop an internal charge separationbetween
their surfaces, able to drive the migration of charged molecules from the
inner compartment of thematerial toward its edge, like in an electrophoretic
process, but without the need for any cable12–14. Additionally, piezoelectric
technology is intrinsically linked to the generation and sensingof ultrasound
(US), which represents a safe mechanical method, largely employed in
medical practice, that allows for a remote and wireless on-demand drug
delivery in various deep regions of the body13,15–18. Most of the US-sensitive
systems developed so far are based on biocompatible but nonbiodegradable
materials, such as polyvinylidene fluoride (PVDF) or barium titanate
(BaTiO3), but, being used inside the body, the shift toward safe and bio-
degradable materials becomes of utmost importance.

1Center for Biomolecular Nanotechnologies, Istituto Italiano di Tecnologia, Lecce, Italy. 2Center IDUN, Department of Health Technology, Technical University of
Denmark, Kongens Lyngby, Denmark. 3Institute for Microelectronics and Microsystems-National Research Council (IMM-CNR), Lecce, Italy. 4Materials Char-
acterization Facility, Istituto Italiano di Tecnologia (IIT), Genova, Italy. 5Department of Biotechnology, University of Verona, Verona, Italy. e-mail: gdema@dtu.dk

Communications Materials |           (2026) 7:174 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-026-01171-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-026-01171-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-026-01171-4&domain=pdf
http://orcid.org/0000-0002-8073-9395
http://orcid.org/0000-0002-8073-9395
http://orcid.org/0000-0002-8073-9395
http://orcid.org/0000-0002-8073-9395
http://orcid.org/0000-0002-8073-9395
http://orcid.org/0000-0002-9702-0272
http://orcid.org/0000-0002-9702-0272
http://orcid.org/0000-0002-9702-0272
http://orcid.org/0000-0002-9702-0272
http://orcid.org/0000-0002-9702-0272
http://orcid.org/0000-0002-2207-8111
http://orcid.org/0000-0002-2207-8111
http://orcid.org/0000-0002-2207-8111
http://orcid.org/0000-0002-2207-8111
http://orcid.org/0000-0002-2207-8111
http://orcid.org/0000-0002-5142-5231
http://orcid.org/0000-0002-5142-5231
http://orcid.org/0000-0002-5142-5231
http://orcid.org/0000-0002-5142-5231
http://orcid.org/0000-0002-5142-5231
http://orcid.org/0000-0002-6087-6851
http://orcid.org/0000-0002-6087-6851
http://orcid.org/0000-0002-6087-6851
http://orcid.org/0000-0002-6087-6851
http://orcid.org/0000-0002-6087-6851
mailto:gdema@dtu.dk
www.nature.com/commsmat


In this context, chitosan, a polysaccharide extracted from natural
sources, has shown promising characteristics as a US-sensitivematerial and
a high potential as a biodegradable piezoelectric alternative to PVDF19–22.

In this work, we present an on-demand drug delivery platform based
on a thin film of piezoelectric chitosan, which can be wirelessly triggered by
ultrasound application (Fig. 1a). The high surface-to-volume ratio of the
thin film ensures an appropriate exchange surface for efficient drug loading
and release in a controlled way. It is hereby reported a comprehensive
characterization of the material regarding its structure, piezoelectric prop-
erties and release efficiency to shed light on the mechanism behind the
piezoelectric drug delivery and demonstrating the possibility to tailor the
properties of the film without affecting its piezoelectric efficiency. The
potential of the system was demonstrated by covering the film with a pro-
tective layer of Parylene-C and testing its delivery after applying it on the
surface of a commercial gelatin capsule as a case use (Fig. 1b, c). Moreover,
its pharmaceutical efficiency was demonstrated with doxorubicin, an anti-
neoplastic agent, in a relevant colorectal cancer cell line23.

Results and discussion
Fabrication of drug-loaded chitosan film
The development of a chitosan-based drug delivery platform starts by fab-
ricating the chitosan thin film according to a previously reported protocol19.
Three different fluorescent molecules were chosen to study their influence on
the structure and to track their release: fluorescein, doxorubicin hydro-
chloride and Nile blue A (Fig. 1h–j). Fluorescein and Nile blue A are

common fluorescent dyes used in lab environment, while doxorubicin is a
fluorescent antineoplastic agent used to treat various types of solid tumors,
and, among them, it is particularly recommended to treat localized colon
cancer24. To embed the model drugs into the film, they were dissolved into a
buffered aqueous solution that was then dropped on the film. This loading
approach avoids any chemical modification of the drug, making the system
suitable for various types of molecules (Fig. 1d). After drying, the films were
cut, and their cross-section was observed by fluorescent microscopy (Fig. 1e).
In all three cases, the compounds were dispersed uniformly into the whole
cross-section of the film. An important aspect when preparing a drug-loading
solution is the pH, since it affects the dissociation status of the molecules and
the structure of the chitosan film itself, thus influencing the drug-film
interactions25,26. Therefore, three different buffer solutions were prepared by
using 100mM 2-(N-morpholino)ethanesulfonic acid hydrate (MES) adjus-
ted at three different pH values and dissolving the three molecules at a
concentration of 1mM. In total, we obtained 16 different combinations of
solutions with fluorescent molecule/buffer, as summarized in Table 1.

As expected, when loading thefilmwith buffer at different pH, changes
in the molecule distributions can occur possibly due to non-covalent
interactions established between the film and the drug. This phenomenon is
particularly visible when comparing samples D-BuB, with a more homo-
genous distribution (Fig. 1f), with D-BuA, in which both chitosan and
doxorubicin are positively charged and repel each other (Fig. 1g). As a
consequence, doxorubicin tends to aggregate because of π–π stacking
(Fig. 1g), as previously observed in literature27.

Fig. 1 | Macroscopy, microscopy and representation of the chitosan film loaded
with the different drugs alone and integrated on the pill. a Photograph of the
chitosan film loaded with doxorubicin. b Photograph of the chitosan film loaded
with doxorubicin on the gelatine capsule. c Representative image of the pill while
releasing the drug from the piezoelectric chitosan film after US stimulation. d Three
samples of chitosan film loaded with aqueous solution of Nile blue A (blue),

doxorubicin (pale red) and fluorescein (pale yellow) (scale bar 5 mm). e Cross-
section of the loaded film in fluorescent microscopy. f Chitosan film loaded with
doxorubicin dissolved in basic MES solution (scale bar 5 mm). g Chitosan film
loaded with doxorubicin dissolved in acidic MES solution (scale bar 5 mm). Mole-
cular structures of (h) Fluorescein, i doxorubicin, and j Nile blue A.

https://doi.org/10.1038/s43246-026-01171-4 Article

Communications Materials |           (2026) 7:174 2

www.nature.com/commsmat


Structural X-ray diffraction analysis
To investigate whether these types of interactions could alter the struc-
ture of the film, we performed X-ray analysis (XRD) on the whole set of
16 samples. The structure of chitosan has been extensively studied and is
well documented in the literature. According to the work of Naito et al.28

and Baklagina et al.29, one of the most common chitosan polymorphisms
is the hydrated orthorhombic crystal cell with space group P2₁2₁2₁ and
point group 222, which characterizes the non-centrosymmetric nature of
the structure. Moreover, the molecule of chitosan itself is chiral. The link
between chitosan structure and piezoelectricity was shown by the group
of Praveen and co-workers30. Furthermore, it has been described how the
two functional groups C2-NH2 and C6-OH, linked by hydrogen bonds
and oriented parallel to the crystallographic plane bc, are considered the
origin of the piezoelectric dipoles31. These works clearly correlate the
non-centrosymmetric orthorhombic crystal structure of chitosan to its
piezoelectric behavior. Moreover, in our previous work19, we employed
XRD to reveal the presence of the orthorhombic structures and to con-
firm the semi-crystalline nature of chitosan prepared according to our
protocol and to remark the link between the crystalline structure and
piezoelectricity, especially highlighting the involvement of the plane
(020) as a key element. In our experimental conditions, the powder XRD
data, further limited by the intrinsically low crystallinity typical of chit-
osan, do not allow a reliable determination of the space group or point
group. However, extensive crystallographic studies available in the lit-
erature consistently report that hydrated chitosan crystallizes in the non-
centrosymmetric orthorhombic space group P2₁2₁2₁ (point group 222),
which is compatible with the piezoelectric behaviour observed in our
samples. In the current work, all the XRD plots show the peaks at 10° and
20°, originating respectively from the (020) and (110) plane of the
orthorhombic crystal cell of chitosan (Fig. 2a–d), confirming the struc-
tural basis for piezoelectricity in our samples. As previously observed19,
the plane (020), being mostly parallel to the surface of the film, could be
involved in an improved charge separation along the z-axis of the film,
thus increasing the piezoelectric efficiency of the chitosan film when a
stimulus is applied perpendicular to the film. Therefore, three parameters
related to the peak (020) were analyzed among the XRD plots of the
16 samples: the d-spacing, the full width at half max (FWHM) and the
ratio between the 020 and the amorphous halo. As already observed19, for
samples without any drug, the ratio between the peak 020 and the
amorphous one is higher for the samples treated with BuB, decreases
with samples treated with BuN and is the lowest for samples treated with
BuA (Fig. 2e), indicating that the samples treated with a basic buffer show
a better crystal cell arrangement which can improve the piezoelectric
performance of the film, while the acidic buffer has an opposite effect.
Furthermore, for all the samples treated with BuA, the peak (020) has a
smaller d-spacing parameter (Fig. 2f). These two aspects taken together

indicate that the crystal cell of the BuA-treated samples is shorter along
the b direction and is larger along a and c. The presence of positively
charged NH3

+ groups, leading to an increased electrostatic repulsion,
explains the reason behind the distortion of the cell32. Moreover, the
FWHM of the BuA-treated samples is lower, indicating that crystal
domains are larger than the ones in the other samples (Fig. 2g). The
increase in domains’ size could be linked to a domain coalescence due to
the distortion of the crystal cell, which retains its orthorhombic nature
with a slight contraction along the b-axis (Fig. 2h). This happens because
of the degradation of the film that occurs at lower pH, as reported in the
literature26. Collectively, those results on XRD indicate that the pH of the
solution affects the structure of the chitosan film, thus influencing its
piezoelectric behavior. However, none of the three different drug mole-
cules employed exert any significant influence on the crystalline structure
of chitosan based on the results of our XRD measurements.

Piezoelectric behavior of drug-loaded chitosan film
In a previous work, we measured the local piezoelectricity in chitosan film
prepared according to our optimized protocol by employing the standard
PFM technique19, which demonstrated the presence of piezoelectric
domains oriented along the thickness of the film. Literature describes that
the piezoelectric dipoles in chitosan originate from the hydrogen bonds
between the functional groups C2-NH2 and C6-OH that link adjacent
polymeric chains and are responsible for the formation of sheets parallel to
the crystallographic plane bc and stacked along the a axis28,29. Considering
that plane (020) is parallel to theplane ca and is stackedalong thebdirection,
it is the one that gives information on the distance between chains and, thus,
the spacing between dipoles. In our work, we observed how the plane (020)
was mostly parallel to the surface of the film, indicating that dipoles show a
preferential orientation along the thickness of the film, thus influencing the
d33 of the material. To explain the reason behind this alignment, we mainly
address the solvent-casting fabrication method performed under vacuum
and the effect of the neutralization treatment. Indeed, the slow evaporation
of the solvent in an anisotropic direction along the thickness of the film,
starting from themost superficial layers and continuing toward the bottom,
could exert an effect on the alignment of the dipoles in this direction. The
application of vacuum favors the elimination of entrapped gas, aiding the
stabilization of the structure. Moreover, the neutralization treatment helps
in compacting the polymeric chains, improving the stacking of the structure
in an ordered fashion. Considering the semi-crystalline nature of chitosan,
we didn´t expect a homogeneous alignment of all the dipoles, as also evi-
denced by PFM. However, most of them are oriented according to the
preferential orientation along the z axis of thefilm that allows for obtaining a
net polarization ≠ 0, resulting in a macroscopic piezoelectric effect. To
confirm that domains align not only locally, but also macroscopically, we
paired PFM, which givesmainly local information, with amethod to obtain
a measurement of the piezoelectric effect on a larger scale to obtain more
accurate and averaged d33 values. To assess whether drug loading has any
influence on the piezoelectric behavior of the chitosan film, we fabricated
double-electrode thin devices out of the 16 treated samples (Fig. 3a) and
tested them with a custom-made setup to extract the d33 coefficient related
to the charge generatedby thedevice afteramechanical stimulus is applied33.
After the sample is prepared, it is connected to a custom-made charge
amplifier andplacedbetween a vibrating speaker,which applies forces in the
range of mN, and a load cell that simultaneously measures the applied
forces.Moreover, a pre-load is applied to the speaker to ensure that the stack
operates dynamically under full compressive load, avoiding contact losses
that could generate impulsive stimuli and triboelectric charges. The speaker
is actuated by increasing the voltage, which in turn increases the force
applied to the sample and, consequently, the charge generated. The mea-
sured charges are plotted as a function of the applied force, yielding a linear
relationship whose slope corresponds the d33 coefficient of the sample. At
least 3 replicates for each sample´s treatment aremeasured, and theird33 are
averaged. The measurements performed with this setup confirmed the
order of magnitude of the d₃₃ values previously obtained by PFM, thereby

Table 1 | The table schematizes the different combinations of
solutions loaded into the chitosanfilm to prepare the samples;
the three different pH solutions were prepared, affording an
acid buffer at pH 3 (BuA), a neutral buffer at pH 7.4 (BuN) and a
basic buffer at pH 10 (BuB).The three molecules were
dissolved in each buffer and also in deionizedwater (BuW) at a
concentration of 1mM

Buffer→
molecule ↓

Acid
buffer
(pH 3)

Neutral
buffer
(pH 7.4)

Basic
buffer
(pH 10)

Deionized
water

Fluorescein F-BuA F-BuN F-BuB F-BuW

Doxorubicin D-BuA D-BuN D-BuB D-BuW

Nile blue A N-BuA N-BuN N-BuB N-BuW

- BuA BuN BuB BuW

Some samples were treated with just plain buffer without any fluorophore as a control. The
nomenclature here can be used as a reference throughout the work.
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validating our earlier results. The results of thewhole analysis are depicted in
Fig. 3. All the samples loaded with the BuA solution experience a strong
reduction of piezoelectric efficiency compared to the previously reported
value of 15.56 pC/N19, irrespective of the presence or not and the type of
drugmodel used.This result is probably due to thedegradation of the crystal
structure because of the acidic pH, as reported in the literature26 and evi-
denced by the XRD measurements. In contrast, samples treated with the
BuB buffer show generally similar or higher piezoelectric efficiency than
15.56 pC/N and this result is in good agreement with our past analysis19.
However, deviation from this behavior is shown by the sample treated with
F-BuB, forwhich the piezoelectric efficiency is lowerdespite the basic buffer.
This means that the piezoelectric efficiency is influenced not only by the
crystal structure, but also byweak force interactions that are establishedwith
the drug molecules, as already observed in literature34. Indeed, based on the
pHof the loading solution, eachmodel drugwill develop different positively
or negatively charged groups, according to their pKa, that will in turn
interact differently with the polymer chains and the piezoelectric dipolar
domains (fluorescein pKa ~ 6.43, doxorubicin pKa between 7.2 and 9.6, Nile
blue pKa ~ 10)25,35–37. In particular, it is shown that the presence of a drug
with higher pKa, thus behaving as a stronger base, results in a higher pie-
zoelectric efficiency of the chitosan film. Indeed, doxorubicin-treated
samples show an increase in piezoelectric coefficient only at basic pH, while
Nile blue-treated samples show the same enhancement both at neutral and
basic pH, reaching an impressive d33 around 25 pC/N, much higher than
thepreviously obtained15.56 pC/N.Therefore, it emerges that in this typeof
polymers the piezoelectric efficiency could be influenced by a mix of an
appropriate crystal structure given by BuB treatment, the presence of basic
molecules with high pKa and the presence of small and negatively charged
counterions. The devices that satisfy those three conditions are the D-BuB,
N-BuN, and N-BuB, which indeed express the highest piezoelectric effi-
ciency among all.Moreover, this approach allowedus to shed light on a new
method to boost the piezoelectric efficiency of polymers by simply adding
basic molecules to the polymeric mesh.

Drug release under ultrasonic control
Drug release experiments were conducted to assess the release profile due to
the piezoelectric effect under ultrasonic stimulus. Chitosan films were loa-
ded with acidic and basic buffer series since they represent, respectively, the
least and the most piezoelectric samples and all three drug models were
tested.Half of the sampleswere subjected to simplediffusion,while theother
half were immersed in an ultrasonic bath at 45 kHz and subjected to 3 cycles
of ultrasound stimulation, as described in the “OnlineMethods” section and
in the caption of Fig. 4. The percentage of drug released byfilms subjected to
simple diffusion, loadedwith BuAor BuB solvent, was between 0.2 and 10%
(Fig. 4a–c). However, when subjected to ultrasound, all films can release
more than 50% of the loaded drug, indicating a marked enhanced release
(Fig. 4d–f). Moreover, only the samples with the highest piezoelectric
coefficient D-BuB and N-BuB show delivery control since their release is
higher during US application and lower or negligible when US is off,
resulting in a typical step-by-step trend. In contrast, F-BuB does not show
any clear trend (Fig. 4d). Notably, the samples loaded with BuA can release
an enhanced amount of drug compared to simple diffusion, but they show
the absence of control followingUS application (Fig. 4d–f). In particular, the
samples loaded with doxorubicin show a marked difference in controlling
the amount of drug released between D-BuB and D-BuA, reflecting their
piezoelectric coefficient (Fig. 4e). Moreover, only samples D-BuB and
N-BuB with the highest piezoelectric coefficient can release more than 80%
of the loaded drug in less than 3 h, following a step-by-step trend (Fig. 4e, f).
To confirm this trend, for each treatment, we calculated a piezoelectric
release index (PRI), which corresponds to the difference between the aver-
age of the slope of the release curve during US ON and the average of the
slope during US OFF intervals expressed in %/s. The higher the PRI, the
larger the differencebetween these two values, the better the control over the
release, since it means that the system shows enhanced release during US
application and it stops with US off. The obtained values of PRI (“Online
Methods”) are one order ofmagnitude higher for BuB samples compared to
BuA, only for doxorubicin and Nile blue loaded samples, while the same

Fig. 2 | Results from XRD analysis. a XRD spectrum of the samples prepared with
different pH buffer without fluorescent drugmolecules and control filmwithout any
loading treatment. b XRD spectrum of the chitosan film loaded with solution of
doxorubicin dissolved in different pH buffer. c XRD spectrum of the chitosan film
loadedwith solution ofNile blue A dissolved in different pHbuffer.dXRD spectrum
of the chitosan film loaded with solution of Fluorescein dissolved in different pH

buffer. e Plot describing the ratio 020/amorphous for the buffer-loaded samples.
f Plot describing the d-spacing of the plane (020) for the different samples. g Plot
describing the FWHM of the plane (020) for the different samples. h Scheme of the
possible distortion of the orthorhombic chitosan crystal cell after loading with acid
pH solutions.
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order of magnitude results for fluorescein loaded samples, irrespective of
whether they are loaded with BuB or BuA solvent. The trend of PRI is in
good agreementwith themeasurement of thed33 coefficient, confirming the
involvement of the piezoelectric effect in controlling the drug release
(Fig. 4g). Moreover, since the investigated films have been fabricated with
the same approach and have a comparable mechanical behavior but very
different piezoelectric efficiency, we can discriminate the contribution of the
sole piezoelectric effect in driving drug delivery. Furthermore, since it is
known that different release media could influence the release dynamics38,
and to evaluate the piezoelectric-controlled release in a physiologically
relevant fluid, samples D-BuB were submerged in a colon environment-
mimicking fluid and subjected to on/off US cycles or to simple diffusion.
The samples revealed the step-by-step trend release typical of piezoelectric-
controlled devices under US, compared to nearly null release by simple
diffusion (Fig. 4h). The “ON” intervals are represented on the plot with a
light blue background. In contrast, the “OFF” intervals have a white back-
ground. During the “OFF” intervals, negligible diffusion is observed, like in
simple diffusion samples, probably due to a short latency release period.
Also, the calculated PRI is 0, 48, indicating that the slope of the US ON
intervals is higher than the slope in the US OFF intervals, confirming that
D-BuB samples behave the same both in PBS and in colon environment-
mimicking fluid.

Moreover, preliminary tests were made by submerging the D-BuB
samples in Dulbecco’s Modified Eagle Medium (DMEM), a common
medium for cell culture, and in a 1%w/v agarose gel and subjecting them to
US for 1 or 2 h. The release was also effective in these conditions
(Figs. S1 and 4i). To exclude the presence of holes or leaks in the Parylene-C

layer due to US mechanical damage, we performed scanning electron
microscopy (SEM) and electrophoretic analysis on freshly prepared samples
before and after US stimulation on cellular medium. No holes are visible in
the Parylene-C cross-section, neither before nor after US applications
(Fig. 4j–l). Moreover, under application of an electric field during electro-
phoretic gels, no doxorubicin is leaking, indicating an intact Parylene-C
barrier also after US applications (Fig. 4m, n). These tests confirm that the
release takes place because of the piezoelectric effect.

Pharmacological effect on Caco-2 cells
A vitality cellular test was performed on Caco-2 cells24 to test whether
doxorubicin released from the chitosan film retains its pharmacological
effect after being loaded in a basic solution and released under ultrasound,
considering that the degradation of doxorubicin under ultrasound stimuli is
unlikely39. Therefore, cells were treated with the doxorubicin released by
freshly prepared films in DMEM after 1 and 2 h of US stimulation and
compared to a control of 100% drug release (free Doxo) plus a healthy
control. The 100% control represents the same amount ofmolecules loaded
on the film, but directly dissolved in themediumwithout facing the passage
through the piezoelectric film and the effect of ultrasound, acting as a
“negative” control without the influence of the piezoelectric film.

After 24 h from treatment, cells´ viability was reduced up to around
85% for both 1 and 2 h treatment (Fig. 5a), while after 48 h the viability
drastically decreased until about 50%, similarly to 100% release treatment
(Fig. 5b). These results demonstrate that it is possible to release a sufficient
dose of doxorubicin from the device to achieve pharmacological activity on
the Caco-2 cell line. After the test, cells were fixed and stained with the dye

Fig. 3 | Results on the piezoelectric efficiency (d33) of samples with different
treatments. Data are means ± sd from three independently prepared samples for
each treatment (n = 3), error bars represent the calculated standard deviation. One-
way ANOVA/Tukey’s tests was performed, and statistically significant comparisons
are indicated on the plot with *, while specific p-values are indicated in the caption
related to each plot. a Photograph of the chitosan film embedded in the top and
bottom electrodes (scale bar 8 mm). b Comparison of the piezoelectric efficiency of
samples treated with loading solution at different pH (in particular p = 0.008
between basic and acid, p = 0.02 between basic and neutral, p = 0.007 between basic
and water). c Comparison of the piezoelectric efficiency of samples treated with

loading solution containing water and the different fluorescent molecules (in par-
ticular p = 0.02 between water F and water D). d Comparison of the piezoelectric
efficiency of samples treated with loading solution containing Fluorescein at dif-
ferent pH. e Comparison of the piezoelectric efficiency of samples treated with
loading solution containing doxorubicin at different pH (in particular p = 0.02
between basic D and acidD, p = 0.007 between basicD and neutral D). fComparison
of the piezoelectric efficiency of samples treated with loading solution containing
Nile blue A at different pH (in particular p = 0.03 between basic NB and acid NB,
p = 0.01 between neutral NB and acid NB).
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Hoechst 33258 to be observed under fluorescent microscopy. Cells can be
easily distinguished by the presence of blue dye in their nuclei, while the
uptake of doxorubicin is highlighted by the intracellular red fluorescence
(Figs. 5c and S2). Interestingly, cells treated with doxorubicin released after
2 h of US treatment show an uptake similar to cells treated with free dox-
orubicin and higher than the sample treated with 1 h of US. This further

confirms the ability of the system to tune the amount of drug released.
However, this difference is not visible in the viability test. A possible
explanation for this is that the free drug concentration is around 7 µM and
slightly lower, around 4.7 µM, in the case of the released one, but it is
respectively much higher or close to the IC50 of doxorubicin on Caco-2
cells, which according to the literature, is around 4.97 µM40.
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Conclusions
The present work demonstrated the development of a highly controlled
drug release system based on sustainable chitosan piezoelectric thin film,
which can be remotely triggered by applying US. The dropping method
chosen to load the films was tested with three different drug models,
demonstrating a potential versatility in employing the system with diverse
drugs. It was shown that the system not only retains its piezoelectric
behavior after loading, as confirmedbyXRDstructural analysis, but it is also
possible to change it depending on the pH of the loading solution and the
molecule loaded, opening the possibility to tailor its efficiency based on the
application and the drug needed. In particular, we observed that films
loadedwithdoxorubicindissolved inbasic solution retain goodpiezoelectric
properties, while films loaded with Nile blue dissolved in basic solutions
demonstrate a marked increase in their piezoelectric properties. The high
degree of control over the release after US application was studied and fully
proved for films with the highest piezoelectric efficiency, confirming the
piezoelectricity as an enhanced on-demand release mechanism. Moreover,
the biological activity of the loaded doxorubicin is not influenced by the
release system, as confirmed by cellular viability tests. In conclusion, we
successfully implemented for the first time the development of a drug
delivery system remotely controlled by US application based on bio-
compatible piezoelectric chitosan thin film. The system is suitable for both
implantable and ingestible applications, envisioning on-demand and
wirelessly activated pharmaceutical treatments highly controlled in space
and time by US applications, paving the way for the next generation of
efficient, safe and personalized drug administration.

Online methods
Materials
Lactic acid (85%), sodium hydroxide pellets, phosphate-buffered saline
(PBS) in tablets, doxorubicin hydrochloride, Nile blue A, fluorescein, 2-
(N-morpholino)ethanesulfonic acid hydrate (MES) (99,5%), agarose,
Hoechst 33258, Dulbecco´s Modified Eagle Medium (DMEM) w/o
phenol red, paraformaldehyde, penicillin/streptomycin solution, non-
essential amino acids (NEAA), Triton-X 100 and TBE Buffer were
purchased from Sigma Aldrich. Fetal bovine serum (FBS) and
L-glutamine were purchased by Gibco. Chitosan molecular weight
890.000 g/mol was purchased by Glentham. Edible gelatin capsules “00”
were purchased from a local pharmacy. Gold pellets were purchased by
Kurt J. Lesker. Copper and Kapton tape were purchased by RS. Con-
nection boards were purchased by Cupersafety Srl.

Chitosan film preparation and loading
Chitosan thin films were prepared according to a previously reported sol-
vent casting protocol19. When still wet, chitosan films were placed on the
bottom of a plastic petri dish and let dry. After, they were cut into pieces of
1 cm× 1 cm with a scalpel and loaded with the different solutions. MES
bufferswereprepared at different pHvalues, startingwith a concentrationof

100mMand bringing them at pH3, 7.4 or 10 by adding dropwise a solution
of NaOH at 5 and 1M until the desired pH is reached. Only one type of
buffermolecule was chosen to avoid variability and being able to investigate
only the results from differences in pH and drug model chosen. The buffer
“BuW”was simple deionizedwater. Then, the different buffers were used to
prepare the loading solutions by dissolving the fluorescent molecules at a
concentration of 1mM each. Only in the case of the fluorescein solution, it
was addedPBS solution in a concentrationof 4%(v/v) to thebuffer solution.
When ready, 20 µl of loading solution was dropped in the middle of the
chitosan cut square and let dry. Finally, films were covered with 1 µm thin
layer of Parylene-C by a parylene deposition system (Model 2010, Special
Coating System).

X-ray diffraction (XRD)
X-ray diffraction analysis was carried out on a Malvern-PANalytical 3rd-
generation Empyrean X-ray powder diffractometer. The instrument was
equipped with a 1.8 kW CuKα ceramic X-ray tube operating at 45 kV and
40mA, iCore and dCore automated PreFIX optical modules and solid-state
hybrid pixel PIXcel3D operating in 1D mode. The XRD patterns were
collected from 5° to 40° with a step size of 0.052° in Bragg-Brentano geo-
metry. The acquisition was carried out in air at room temperature. Data
analysis was carried out using HighScore Plus v5.2.

Device fabrication and d33 testing
To analyze the piezoelectric efficiency of the samples, they were prepared
according to a protocol described elsewhere33. For each type of drug-loading
solution, devices were fabricated in triplicate. First, chitosan film were
prepared according to the protocol described in section above and then,
when still wet, was deposited on the bottom electrode made of a 1 µm thick
electrode printed with silver-based ink (AgCite, Nanodimension) from the
3D printer (DragonFly LDM System 3D printer) and then covered by
200 nm of a blend of PEDOT: PSS and glycerol at 4% (v/v) cured at 120 °C
for 30min. After drying, the loading solutions were dropped in the same
way described above and let dry. After, the top gold electrode 100 nm thick
was e-beam evaporated by an Electron beam evaporator (Thermoionics
Laboratory Inc.) through a Kapton shadow mask cut with a laser cutter
(VLS2.30DT, Universal Laser Systems). Then, the device is connectorized
by copper tape and connection boards and covered by a 1 µm thick
Parylene-C layer. Each device is then measured with a custom-made setup
carefully described with the corresponding data analysis elsewhere33. Basi-
cally, a known force is applied on the device and the corresponding charge
generated by the material is registered. For each of the 16 treatments, 3
devices were prepared andmeasured singularly and then the average of the
d33 measured was plotted.

Drug release
For the drug release study, films were prepared as previously reported, but
only 500 nmofParylene-Cwas deposited after the drug loading.Then,films

Fig. 4 |Drug release experiments.Data of release study are calculated asmeans ± sd
from three independently prepared samples for each treatment (n = 3). Error bars
represent the calculated standard deviation. No further statistical test has been
applied. aDrug release after diffusion on fluorescein-loaded samples with basic and
acid solution. The inset shows data expressed with a logarithmic Y axis. b Drug
release after diffusion on doxorubicin-loaded samples with basic and acid solution.
The inset shows data expressed with a logarithmic Y axis. c Drug release after
diffusion onNile blueA loaded sampleswith basic and acid solution. The inset shows
data expressedwith a logarithmic Y axis. Drug release offluorescein (d), doxorubicin
(e) and Nile blue (f) during on/off US treatment according to the following pattern:
US on for 1 h, US off for 1 h, US on for 1 h, US off for 2 h and US on for 2 h. All
samples were constantly kept at 37 °C tomimic the physiological temperature and to
exclude any temperature influence on the drug release profiles. gDirect comparison
of the piezoelectric efficiency, represented as d33, and delivery control, represented as
PRI. d33 data are means ± sd from three independently prepared samples for each

treatment (n = 3). Error bars represent the calculated standard deviation. h Release
of doxorubicin from D-BuB samples during on/off US treatment (blue curve) and
under simple diffusion (yellow curve) in a colon environment- mimicking fluid.
i Fluorescence of doxorubicin-loaded chitosan film immersed in agarose gel on the
bottom of a 15 ml centrifuge tube and subjected to diffusion or US for 1 h or US for
2 h. Measurements are performed with a Western blot reader. j SEM image of the
cross-section of the parylene on freshly prepared chitosan/Parylene-C samples (scale
bar 2 µm). k SEM image of the cross-section of the parylene on samples after dif-
fusion in DMEM w/o phenol red (scale bar 2 µm). l SEM image of the cross-section
of the parylene on samples afterUS on/off treatment inDMEMw/o phenol red (scale
bar 2 µm). m, n Electrophoresis on chitosan film in agarose gel at 80 V for 20 min.
Samples indicated with “no parylene” tag are made only by chitosan loaded with
doxorubicin, the other are also covered by Parylene-C and subjected to simple
diffusion in DMEM w/o phenol red or to US treatment.
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were glued with edible glue on the surface of a gelatine pill previously
covered internally and externally by Parylene-C, and, after drying, a second
deposition of 500 nm of Parylene-C was performed on the entire system to
reach the final thickness of 1 µm. Then, the pills were filled with 1mL of
phosphate-buffered saline solution and closed to avoid floating and
immersed in 3ml of PBS in a 15ml centrifuge tube.Half of the sampleswere
subjected to simple diffusion in an incubator at 37 °C (EuroClone) and the
other half was immersed in an ultrasonic cleaner (USC-TH,VWR), 45 kHz,
80W and subjected to a cycle of on/off ultrasound stimulation according to
the following pattern: US on for 1 h, US off for 1 h, US on for 1 h, US off for
2 h andUSon for 2 h. Theultrasonic cleanerwas chosen since it represents a
wireless ultrasonic stimulation approach and, moreover, allows for the
processing of a high number of samples under the same conditions to
improve the statistics and thus confirming the repeatability of the results.
Wecarefully check that theultrasounddensity is below the threshold for safe
ultrasound application to the body. The frequency of 45 kHz belongs to the
low-frequency ultrasound range, which generally goes from 20 to 200 kHz
and is also suggested for drug delivery applications41.Moreover, considering
that the power of 80W is applied on an area of 317.58 cm2, due to the
internal dimensions of the tank 23.7 × 13.4 cm, the power density is 0.25W/
cm2, well below the safety limit of 3W/cm2 42. The distance between the
origin of ultrasound and the samplesfloating inside the tank is around 5 cm,
representing a valid example ofwireless stimulation,which canbe applied to
numerous body compartments. For both types of samples, at each time
course, 200 µl of PBS were collected and replaced by another 200 µl of fresh
PBS. Then, 150 of the 200 µl collected were placed in a flat-bottom black 96-

well plate, and its corresponding fluorescence was measured by a plate
reader (infinite m200 PRO, TECAN). For doxorubicin, it was selected an
excitation at 450 nm and fluorescence was read at 600 nm, for fluorescein
was selected an excitation at 489 nm and read at 517 nm, while for Nile blue
A was selected an excitation at 590 nm and read at 670 nm. As a control, a
sample of free doxorubicin was prepared by diluting 20 µl of the 1mM
doxorubicin solution in 3ml of fresh PBS in order to obtain a final con-
centration of 6.67 µM and mimic the final concentration that we would
obtain in case of 100% release from the film. Counts were used to calculate
the cumulative release. Considering that the quantity of released drug,
present in the main compartment at time tn, is:

Qn ¼ CnV

where cn is the concentration measured at time tn and V the volume of the
compartment, and considering that the quantity of drug collected for
fluorescence for each measurement is:

qn ¼ cnv

where cn is the concentration measured at time tn on a collected volume v,
then the total released drug quantity ΔKn released between time tn− 1 and
time tn, is

ΔKn ¼ Qn � Qn�1 þ qn�1

Fig. 5 | Viability test on Caco-2 cells. a Viability of
treated cells after 24 h. T-student two-sided test is
employed to assess the statistical significance of data
(* indicates a p < 0.05, in particular 0.00007 between
US 1 h and Free Doxo, 0.0006 between US 2 h and
Free Doxo). Error bars indicate the standard devia-
tion between 6 wells expressed in percentage (n = 6).
b Viability of treated cells after 48 h. The T-student
two-sided test is employed to assess the statistical
significance of data. Calculated p-values are
non significant between US 1 h and Free Doxo and
between US 2 h and Free Doxo. Error bars indicate
the standard deviation between 6 wells expressed in
percentage. c Fluorescent images of the cells after
48 h treatments. Blue indicates the presence of
Hoechst 33258, red indicates the presence of dox-
orubicin. On the lower part of the image the two
colors channels are merged (scale bar 400 µm).
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therefore, the cumulativequantity releasedby the systemsKn is calculated as:

Kn ¼ ΔKn þ
Xn�1

i

ΔKi

which in turn can be expressed as:

Kn ¼
Xn

i

ΔKi

that represents the sum of all the amount released in time.
The obtained values are then converted in percentage considering that

it is known the amount of doxorubicin in the control solution. To mathe-
matically describe the staircase trend, we defined a PRI coefficient obtained
by the difference between the slope average in USON intervals and the one
inUSOFF intervals. Values obtained for each treatment are indicated in the
table below:

BuB BuA

Fluorescein-loaded samples −0, 01 0, 07

Doxorubicin-loaded samples 0, 1 0, 02

Nile blue-loaded samples 0, 1 0, 01

Only for samples with the highest piezoelectric efficiency (D-BuB and
N-BuB), the PRI is one order of magnitude higher than their acid coun-
terpart, indicating that the slope in theUSON interval is significantly higher
than in the USOFF intervals, reflecting a good control over the release and,
consequently, a staircase trend. Contrarily, fluorescein-loaded samples do
not show a significant difference between BuB and BuA samples, and this
could be addressed to the fact that both show a low piezoelectric efficiency.

To study the release in a physiologically relevant medium, a fluid that
simulates the human fasted state colonic environment was prepared by
dissolving FaSSCoF powder (from Biorelevant) in PBS according to the
manufacturer’s instructions. Samples were prepared according to the same
protocol employed for PBS release studies.

To study the release in the cellular medium, the same preparation was
employed to fabricate chitosan thin film, and then they were submerged in
3ml of DMEM. For analyzing the release in solid, a solution 1% (w/v) of
agarose was prepared and 3ml were poured on the bottom of a 15ml
centrifuge tube and let chill. Then, a cut was made in the middle with a
scalpel and chitosan filmwas inserted. Then, two sampleswere incubated at
37 °C, and the other were placed in the ultrasonic bath and subjected to US
for 1or 2 h. Images of the releaseddoxorubicinwere collectedwith awestern
blot reader (iBrightTM FL1500 Imaging System).

Scanning electron microscopy (SEM)
Samples before and after the release in DMEM were analyzed by SEM/FIB
HeliosNanolab600iDualBeamsystem(FEICompany) after a fewnmthick
gold layer was deposited on top by means of a sputter coater. Then, the FIB
technique was employed to dig into the Parylene-C layer until the complete
cross-section was exposed. Samples were analyzed with electronic beam
parameters of 1–10 kV and at 0.34 nA with a tilt of 52°.

Electrophoresis
An agarose gel 1% (w/v) was prepared, and small cuts were made to locate
chitosan films parallel to the electrodes. The gel was immersed in Tris-boric
acid-ethylenediaminetetraacetic acid (TBE) Buffer diluted 10 times with
deionized water. Then, the electrophoretic chamber (BioRad) was assem-
bled, and the electrophoresis was run at 80 V for 20min.

Cellular culture of Caco-2 cells
Caco-2 cells (ATCC n. HTB-37™) were cultivated until confluence in
DMEM with 2 mM L-glutamine, 10% (v/v) FBS, 100 µg/mL penicillin-
streptomycin and 1% (v/v) nonessential amino acids (NEAA). Cells were
incubated in 5% CO2, 95% humidity, and 37 °C in incubator (Thermo
Scientific). Then, cells were seeded in 96-well optical bottom plates with a
density of 1 × 105 cells/well. Cellular treatmentswere prepared inBDFalcon
sterile conical centrifuge 15mL tubes. The healthy control was prepared by
placing 3ml of complete DMEMw/o phenol red in a 15ml centrifuge tube,
100%release doxorubicin control (freeDoxo)waspreparedbydiluting20 µl
of basic solution 1mM of doxorubicin in 3ml of complete DMEM w/o
phenol red in another 15ml centrifuge tube to obtain a final concentration
of 6.67 µM. Samples to be tested were prepared by submerging doxorubicin
chitosan-loadedfilms coveredbyParylene-Cand sterilizedbyUVtreatment
in 3ml of complete DMEM w/o phenol red in 15ml centrifuge tubes.
Control, free doxorubicin and “US 1 h” centrifuge tubes were kept for 1 h in
the US bath by keeping the temperature around 37 °C, while the 15ml
centrifuge tube “US2 h”was kept in the same conditions for 2 h. The release
of the doxorubicin was assessed by collecting 150 µl from each centrifuge
tube and measuring the fluorescence with the plate reader. The T-student
testwas performed to assess the significanceof the results. Then, 200 µl from
the release medium and from the two controls centrifuge tubes were added
to each well and cells were incubated for 24 and 48 h.

Viability assay
To perform a viability test, Cell Counting Kit-8 (Sigma Aldrich) was
employed. Briefly, after 24 and 48 h, the incubating medium is discarded,
replacedby the reagent, a highlywater-soluble tetrazoliumsalt, and the plate
is incubated for another 2 h. Then, the absorbance is measured by the plate
reader at 450 nm to assess the amount of reacted product, in the form of
formazan, indicating the number of viable cells in the sample. T-student
statistical test was performed to assess the significance of the tested samples
compared to the free doxorubicin control.

Staining and fluorescent microscopy
Nuclei counterstaining was performed with Hoechst 33258 in Caco-2 cells
treated with fluorescent doxorubicin. The following protocol was utilized:

1. Fixation: after treatment, cells were fixed using 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS) for 15min at room tem-
perature. This step preserves cell morphology and stabilizes cellular
proteins.

2. Permeabilization: following fixation, cells were washed three times
with PBS to remove excess PFA. Cells were then permeabilized with 0.1%
Triton X-100 in PBS for 10min at room temperature, facilitating Hoechst
dye entry into the nuclei.

3. Washing: cells were washed three times with PBS to eliminate
residual Triton X−100.

4. Hoechst staining: cells were incubated with a 1:1000 dilution of
Hoechst 33258 solution in PBS for 30min at room temperature in the dark.
This concentration allows for optimal nuclear visualization alongside the
fluorescent doxorubicin signal.

5. Final washing: after staining, cells were washed three timeswith PBS
to remove unbound Hoechst dye.

6. Imaging: nuclei were visualized using the EVOS FLmicroscope. For
imaging, the DAPI filter set (ex/em: 350/461 nm) was used to detect
Hoechst-stained nuclei, while the RFP filter set (ex/em: [insert specific
wavelengths, e.g., 561/615 nm]) was employed to visualize the fluorescent
doxorubicin signal. Digital images were captured, and nuclei were analyzed
using [insert software ormethod, e.g., ImageJ] to evaluate cellular responses
to treatment. 10× objective.

Data availability
All the relevant data that support thefindings of this study are available from
the corresponding author, Gaia de Marzo (gdema@dtu.dk), upon reason-
able request.
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