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Triggerable Patches for Medical Applications

Sofia Sirolli,* Daniele Guarnera, Leonardo Ricotti,* and Andrea Cafarelli

Medical patches have garnered increasing attention in recent decades for
several diagnostic and therapeutic applications. Advancements in material
science, manufacturing technologies, and bioengineering have significantly
widened their functionalities, rendering them highly versatile platforms for
wearable and implantable applications. Of particular interest are triggerable
patches designed for drug delivery and tissue regeneration purposes, whose
action can be controlled by an external signal. Stimuli-responsive patches are
particularly appealing as they may enable a high level of temporal and spatial
control over the therapy, allowing high therapeutic precision and the
possibility to adjust the treatment according to specific clinical and personal
needs. This review aims to provide a comprehensive overview of the existing
extensive literature on triggerable patches, emphasizing their potential for
diverse applications and highlighting the strengths and weaknesses of
different triggering stimuli. Additionally, the current open challenges related

are significantly larger than the third one;
iii) is ready in its final form at the mo-
ment of deposition on the tissue, namely
it is previously synthesized and only af-
terward put in contact with the tissue;
and iv) guarantees a therapeutic or diag-
nostic function, with respect to such a
tissue.

Medical patches have a millennial his-
tory: archaeological remains demonstrate
that ancient Egyptians already employed
rudimental plasters to bandage injured
skin, as the first kind of wound dressing.[?]
Starting from these very first forms of tra-
ditional patches used throughout the cen-
turies mainly for the treatment of wounds,
nowadays, patches are emerging as promis-

to the design and use of efficient triggerable patches, such as tuning their
mechanical and adhesive properties, ensuring an acceptable trade-off
between smartness and biocompatibility, endowing them with portability and
autonomy, accurately controlling their responsiveness to the triggering
stimulus and maximizing their therapeutic efficacy, are reviewed.

1. Introduction

According to the Cambridge Dictionary, a patch is defined as a
small piece of material sewn or stuck over something to cover it.[]
However, in the case of medical applications, this definition could
be narrowed as follows: a medical patch is a material that i) can
be laid over the surface of a tissue, adapting to the tissue’s shape
or curvature, but maintaining its own structure and integrity; ii)
is featured by a bidimensional geometry, as two of its dimensions
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ing platforms with multiple therapeutic
functions used in different anatomical ar-
eas; this is due to the advances in material
science and microfabrication technologies
that have improved their performance.®!
Nowadays, medical patches are used not
only as traditional protective coverings for
an injured site, but they also constitute
effective and safe medical treatments for
injured tissues and organs, as well as reliable monitoring tools
for acquiring physiological and pathophysiological signals from
the human body.[2*]

Despite a recent remarkable expansion of the application do-
main of medical patches in the last decades, wound healing
still remains an elective application. Application areas include
the skin, as in the case of infected wounds or diabetic ulcers,!®!
and the walls of internal organs, for example following surgery.
The current gold standard methods for closure of primary in-
cisions in clinical settings are sutures and staples, which may
cause additional trauma to the surrounding tissue and compli-
cations, such as inflammation, infection, and leakage of liquid
and air, especially in fragile organs, such as the lungs, liver, and
spleen.>”] In these cases, patches represent an alternative solu-
tion to seal and repair an injured visceral tissue without caus-
ing further trauma, having the double function of protecting the
lesion from further harm and promoting reconstruction of the
damaged tissue in a more harmonic manner.®! However, the use
of patches for tissue regeneration is not strictly limited to wound
closure (Figure 1a). For example, cardiac tissue repair following
myocardial infarction is a challenge that may benefit from the
use of patches:(*19 these systems could help in restoring func-
tional contractile tissue, thereby avoiding the insurgence of post-
infarction complications.['" Furthermore, patches for tissue re-
construction have also been investigated for muscles and tendons
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and to treat abnormalities and injuries in organs, such as the
bladder and endometrium.[1215]

Another flourishing application field for medical patches is
drug delivery. Many patches currently on the market are loaded
with specific agents for transdermal drug delivery; thus, overcom-
ing the limitations of systemic drug administration routes, such
as intravenous or oral ones. Therefore, transdermal drug delivery
allows a local and targeted delivery, achieving: i) higher concen-
trations of the drug at the target site and consequent minimiza-
tion of side effects in the other tissues; ii) a sustained and sta-
ble delivery over time; iii) an enhancement of the drug bioavail-
ability, since it does not require a transition in the bloodstream
or through the gastrointestinal tract; and iv) an improvement
of patient compliance.['*®] Transdermal patches are currently
used for the sustained release of therapeutics for the treatment
of chronic conditions, such as diabetes, and also for the delivery
of a variety of other therapeutics, including dermatological drugs
against psoriasis or atopic dermatitis and vaccines.!'*?’] However,
the drug delivery potential of patches is not only limited to trans-
dermal applications: it can also be extended to implantable solu-
tions for in situ delivery of therapeutic agents. In recent bioengi-
neering literature, different organs and body areas have been tar-
geted for this purpose, including i) the eyes, whose disorders are
challenging to treat through conventional methods due to poor
drug permeability and the eye’s softness and sensitivity, which
make patient compliance very low;!!#2! ii) the lungs, especially
for cancer treatment, which is extremely difficult to treat with
the current clinical approaches;??] and iii) the brain, whose treat-
ment using conventional procedures is heavily hampered by the
blood-brain barrier.[?*]

According to their degree of complexity and ability to interact
with the surrounding environment, patches can be classified into
two main categories: passive ones, which do not allow external
control over their action, and active ones, which can be controlled
through an external trigger (Figure 1b).

Majority of existing patches, especially the ones already avail-
able on the market, fall into the former category. Within the do-
main of passive patches, however, there are different levels of
complexity, and a further classification can be performed, distin-
guishing between drug-loaded patches and patches without any
drugs. The latter ones are the simplest and most commonly em-
ployed for non-specific applications: they can be plasters, gauzes,
or foams, which have the function of merely protecting the in-
jured site from further harm.[?*! However, they can occasionally
have an intrinsic ability to enhance the healing process in a le-
sioned tissue, due to the favorable properties of the materials em-
ployed. For example, patches based on decellularized extracellu-
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lar matrix are now attracting attention due to their natural bioac-
tivity: they are already commercially available for implantation
on cardiac infarcted tissues (CorMatrix) and have been demon-
strated to not only provide the infarcted tissue with mechanical
support but also to enhance ventricular wall remodeling and even
promote neovascularization.?*]

Instead, drug-loaded patches incorporate a drug or another
therapeutic agent for the topical treatment of a specific disorder
or disease, and they can release it passively through diffusion
across the patch material. Several patches in this category are al-
ready on the market. The FDA approval of the anti-vertigo scopo-
lamine patch (TransdermScop) for the treatment of motion sick-
ness dates back to 1979.261 However, drug-loaded passive patches
are still the object of intense studies, as they represent exciting
candidates for long-term therapies pursued in a minimally in-
vasive fashion. For example, a biodegradable three-dimensional
(3D)-printed cardiac patch has been recently proposed for the
treatment of myocardial infarction: the patch is loaded with two
drugs that are released with a sustained profile over five months
as the polymer material degrades, providing an improved solu-
tion for long-term therapy.!?’]

The abovementioned passive mechanism is the most common
delivery method when a predesigned dosage of drugs or other
therapeutic molecules is integrated within a patch. Although this
approach is simple, and in most cases, easily transferable to clin-
ics, it has a significant drawback of not addressing the complex
dynamic nature of many physiological processes of the human
body, which would benefit from a higher flexibility and control-
lability of the process. Semi-passive approaches have been intro-
duced to release therapeutic molecules, depending on endoge-
nous signals, such as pH, temperature, reactive oxygen species
(ROS) concentration, or glucose level.?*] In this case, responsive
materials are employed within the structure of the patch in or-
der to adjust the release rate based on the varying environmental
conditions in the treated area.?] Such patches are undoubtedly
advanced, but still, the lack of external control over their release
profile limits their flexibility of use.

Active patches allow an on-demand treatment by externally
triggering their action through the use of biophysical stimuli,
such as light, electric or magnetic fields, or ultrasound (US).
Additionally, in the active category, the discrimination between
non- and drug-loaded patches can be applied. In the case of
drug-loaded patches, their load can be released on-demand, in
response to an external trigger, exploiting stimuli-responsive ma-
terials that change their structure in a controllable way, thereby
enabling a precise temporal control of the release profiles.l®)
Instead, the active non-loaded patches presently represent a less

Figure 1. a) Patches can be employed for the treatment of numerous organs and body areas: the skin is the most targeted organ, but other common
organs include the heart, musculoskeletal system, gastrointestinal tract, eye, brain, lungs, bladder, endometrium, and liver. b) Classification of the
existing medical patches, according to their functionalities and their ability to interact with the surrounding environment: patches can be active or
passive, according to whether they carry out their action in response to an external trigger or not, and in both of these cases they can be loaded with
drugs or enable their function without relying on any drug. c) The number of publications in the last two decades concerning externally triggerable
patches. Source: Scopus. Keywords used for paper search: (TITLE-ABS-KEY (patch AND (medical OR treatment OR release) AND (light OR photo))
AND NOT TITLE-ABS-KEY (antenna OR soil OR vegetation OR macule OR “patch clamp” OR “patch test” OR pigmented)); (TITLE-ABS-KEY (patch
AND (medical OR treatment OR release) AND electric) AND NOT TITLE-ABS-KEY (antenna OR soil OR vegetation OR macule OR “patch clamp” OR
“patch test” OR pigmented)); (TITLE-ABS-KEY (patch AND (medical OR treatment OR release) AND magnetic) AND NOT TITLE-ABS-KEY (antenna
OR soil OR vegetation OR macule OR “patch clamp” OR “patch test” OR pigmented OR “magnetic resonance imaging”)); (TITLE-ABS-KEY (patch AND
(medical OR treatment OR release) AND (ultrasound OR ultrasonic)) AND NOT TITLE-ABS-KEY (antenna OR soil OR vegetation OR macule OR “patch
clamp” OR “patch test” OR pigmented)).
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investigated category whose response to an external trigger is
exploited to directly stimulate the target tissue. In this scenario,
the therapeutic effect is not enabled by a drug, but rather by a
physical input.

Patches can also be distinguished between acellular and cell-
laden ones. The latter relies on the therapeutic action and re-
generative capabilities of the cells embedded on board, although
the former exploits the properties of specific appropriate ma-
terials and potentially the effect of a physical stimulus to trig-
ger the self-regenerative mechanisms of the body.[*] In this re-
view, the focus will be exclusively on acellular active patches,
as they show the most intriguing potential for a multitude of
applications.[?] In fact, the possibility to externally control their
action opens avenues for tailored treatment of specific patho-
logical conditions, adapting to single patients’ features. Active
patches, due to their high controllability degree, allow mimick-
ing the pulsatile and context-dependent release of endogenous
molecules. Furthermore, they can minimize the insurgence of
tolerance to drugs, which may occur when a drug is continuously
present in the body.[*"]

In this paper, a comprehensive overview of the state of the
art of acellular triggerable patches is provided, mainly focus-
ing on the stimulus-responsive aspect. In fact, multiple reviews
can be found in the literature concerning patches, but their
focus is mainly limited to a specific application or medical
problem.2182] In contrast, other review papers focus on the
most advanced and promising biomaterials for certain innovative
medical applications,!>*! or on the effects of biophysical energies
on tissues and human health in general.32-*] Some works even
stand at the intersection of these fields, describing how physi-
cal stimuli can interact with biomaterials, such as polymers or
hydrogels.[*>-*"] However, to the best of our knowledge, no pa-
pers have reviewed the specific interaction of biophysical ener-
gies with patches, with a strong focus on their active and on-
demand feature rather than on their medical application. This
study aims to offer such a perspective in the field of triggerable
patches, which has seen a great evolution in the last decades
(Figure 1c) and holds high potential for even more exciting de-
velopments in the future.

The following sections give an overview of the existing active
patches, classifying them according to the triggering stimulus
they respond to and investigating the interaction mechanisms be-
tween the physical energy used and a patch. The focus is on all
patches whose responsive character lies in their constituent ma-
terials. Therefore, health monitoring patches are set aside, as the
core of their function is instead the integration of electronic com-
ponents, which makes them more complex. We also reviewed the
most important challenges that should be addressed for the de-
sign of an effective patch, either directly related or unrelated to its
stimulus-responsive character. Finally, conclusions were drawn,
also offering a glimpse of future perspectives in this study field.

2. Triggerable Patches

Active patches offer a high level of control over their action com-
pared to passive ones, owing to their responsiveness to an exter-
nal triggering signal. Due to this feature, active patches are often
defined as triggerable (this is the definition that will be used in
the text). In this chapter, the four main biophysical energies that
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can be used to trigger the on-demand action of patches are re-
viewed, with a focus on the possible interaction mechanisms of
such stimuli with smart materials and how they have been ex-
ploited to design responsive medical patches.

2.1. Photostimulation

Electromagnetic radiation is a form of energy based on a stream
of photons having different energy levels (corresponding to dif-
ferent wavelengths). The term light most commonly refers to the
visible spectrum, ranging between 380-780 nm; however, it is
also usually associated with ultraviolet (UV) and infrared (IR)
ranges (10-400 nm and 780 nm to 1 mm, respectively).[383]

Since the beginning of the 20" century, it has been found that
light can be used to trigger beneficial effects on human health.[*0]
Currently, it is widely used for different therapeutic purposes, ex-
ploiting its 3D spatial resolution, non-invasiveness, and minimal
side effects.[*142]

Photobiomodulation (PBM), or low-level light therapy, is an
example of such applications. It relies on light at low power
(up to 500 mW) in the visible and near-IR spectrum to modu-
late biological activities. In fact, photon absorption by photore-
ceptor molecules in the tissues (such as cytochrome-c oxidase)
and intracellular water converts light into biological signals that
can modulate specific signaling pathways, thereby producing bio-
chemical products, such as ROS, adenosine triphosphate, Ca?*,
and nitric oxide (NO). Evidence of PBM efficacy can be found
in the field of cancer treatment, wound healing, neuromodula-
tion, inflammation reduction, as well as in the treatment of oph-
thalmic disorders, dermatological conditions, tendinopathies,
and nerve injuries. PBM is also thought to have a beneficial ef-
fect on tissue healing, thereby promoting cell proliferation and
differentiation.[*3#4]

The action of light stimulation varies significantly with wave-
length. In fact, irradiation in the UV range (10400 nm) is much
more cytotoxic than longer wavelengths, and represents a possi-
ble hazard to healthy tissues, as it may cause damage and pho-
todestruction of active molecules, e.g., producing genotoxicity,
which limits the in vivo employment of this kind of radiation.[*’!
Furthermore, UV light is unable to penetrate deeply into tissues
due to its high absorption loss by endogenous chromophores
(such as oxy- and deoxy-hemoglobin, lipids, and water); therefore,
it is considered only suitable for superficial treatments involving
the skin and mucosa.[*®l Instead, near-infrared (NIR) light (650~
900 nm) is considered safer for tissues and it also possesses a
higher penetration ability (up to 3 mm in the muscle and brain
and >4.5 mm in less light-attenuating tissues, such as the breast),
as hemoglobin and water have their lowest absorption coefficient
in the region between 650-900 nm.!*’~*! Therefore, NIR light is
promising, especially for treatments involving deeper tissues and
internal organs, even though its penetration never exceeds a few
centimeters.

Besides the direct application on the above-mentioned tissues,
light can be also used in combination with photo-responsive
materials for therapeutic purposes, such as triggering drug
release from properly designed responsive carriers. Light-
responsiveness may rely on a variety of different interac-
tion mechanisms, such as photo-induced cleavage of bonds,
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photo-isomerization and reversible photo-crosslinking.*¢l In
bond photolysis, photocleavable covalent bonds can be broken
with a sufficient dose of wavelength-matched irradiation, forcing
molecular dissociation; this phenomenon can be exploited to
break the links between a therapeutic agent and its carrier or
to dissociate a light-sensitive polymer, whose structure relaxes,
thereby releasing a physically encapsulated drug. Among pho-
tocleavable molecules, nitrobenzyl and coumarin derivatives are
worth mentioning.*’] In photo-mediated isomerization, pho-
toexcitation can induce the reversible isomerization of selected
organic compounds, such as azobenzenes and spiropyrans (both
responsive to UV light), by providing the required energy to
switch from one stereoisomer to the other.*’] This reversible
isomerization can serve as a building block for the creation
of smart drug delivery systems by exploiting the non-identical
chemical affinities of different isomers. This mechanism can be
used to directly unbind and release a drug, or alternatively, to
modify the structure of a supramolecular construct, where one
of the components may change its relative affinity, causing a
decrease in the cross-linking density and consequent release of
the encapsulated drug.l>]

Furthermore, irradiation of tissues with light can also give rise
to secondary thermal effects, as in photothermal therapy (PTT),
which uses photothermal agents and converts light energy into
heat. Conductive materials, such as carbon nanostructures or
metal nanomaterials, are exploited for their ability to absorb inci-
dent photons in a specific wavelength window and convert their
energy by local heating via plasmonic mechanisms.[**! For a
single spherical nanoparticle (NP), the temperature distribution
within it and its surroundings can be obtained through the fol-
lowing Equation (1):

oT s

pcpﬁ—kv T+Q (1)
where Q is the local heat intensity due to the light dissipation
from the NP, which can be obtained by solving the Maxwell equa-
tions; p, c,, T, and k represent the density, specific heat, temper-
ature, and thermal conductivity of the NP, respectively, and ¢ is
time.’! Therefore, the temperature rise (¢t — oo) outside the NP
is described by Equation (2):

Q
4rkyr

AT (r) = )

with k, being the thermal conductivity of the matrix medium.[*!]

According to the intensity of the stimulus, the localized heat
increase can either kill diseased cells in the case of a strong hy-
perthermia, or operate a beneficial modulation action on tissues
in the case of a mild one.

The secondary thermal effects due to irradiation can also
be exploited for light-triggered drug delivery from temperature-
responsive materials. For example, thermo-responsive polymers
can switch their structure from a shrunk to a swollen structure
(or vice versa) in response to a change in temperature, accord-
ing to their critical solution temperature, which can be tuned
through chemical modifications.[*®] A heat-induced contraction
of the polymer network can correspond to a decrease in the free
volume in the hydrogel, which results, in turn, in an increase in
hydrostatic pressure inside the gel and squeezing action and con-

Adv. Mater. 2024, 36,2310110 2310110 (5 of 43)

www.advmat.de

sequent ejection of the drug-containing fluid. It is also possible
to engineer thermo-degradable polymers; for example, by cross-
linking their chains via thermo-degradable linkers. Such hydro-
gels can gradually degrade and therefore release the entrapped
cargo when the temperature rises above a specific critical thresh-
old, allowing a tunable on-demand drug release.®?] Moreover,
temperature changes can also alter the chemical affinity between
materials: hence, the possibility to exploit photothermal effects
to unbind a compound from its carrier by reducing their relative
affinity and trigger drug release.[>®! Finally, light can also inter-
act with photosensitizers in what is called photodynamic therapy.
Photosensitizers are materials that can be excited by wavelength-
specific light irradiation, and can transfer their energy to molec-
ular oxygen, thereby generating cytotoxic ROS, such as singlet
oxygen.>* Therefore, this therapy is mostly employed for tumor
ablation, as ROS can oxidize key cellular macromolecules lead-
ing to cell death, but it has also been exploited for killing bacteria
in chronic wounds, or to trigger drug release from ROS-sensitive
systems.>>] The most commonly used photosensitizers are usu-
ally porphyrin-based; however, several others exist and are already
approved for clinical use.l>]

Light stimulation systems have also been used in patches,
both for drug delivery and direct tissue stimulation purposes (see
Table 1). In some cases, the sources of the stimulus are integrated
on-board.

For example, Lee et al. developed a skin-adhesive patch for
the treatment of wounds through PBM.I®l In their study, a
hyaluronic acid (HA)-gelatin nanofibrous fabric with catechol
moieties (D-HA/Gel) was integrated with multiple light-emitting
diode (LED) arrays (Figure 2a). The NIR light (630 nm) selected
for this purpose proved to penetrate the dressing layer of the
patch and reach the skin with an acceptable decrease (%30%) in
power density. In vitro and in vivo tests were performed to inves-
tigate the synergistic effect of light exposure and dressing pres-
ence. Results demonstrated that this synergistic effect boosted
the proliferation of fibroblasts cultured on the nanofibrous mem-
brane, up to 500% with respect to the control, and accelerated
the wound healing process in rats. Similarly, a wearable PBM
patch for skin treatment was developed by Jeon et al., which in-
tegrated an organic LED (OLED) on the device surface as a stim-
ulation source.”] OLEDs were used due to their minimal thick-
ness and high flexibility compared to the more traditional LEDs
and lasers. Results on human fibroblasts showed no cytotoxic ef-
fects throughout the entire wavelength range (600-700 nm). Fur-
thermore, the patch promoted fibroblast proliferation (>58% of
control) and migration (>46% of control) at different stimulation
wavelengths.

Li et al. developed a light-activated antibacterial patch based on
photothermal pathogen inactivation.*! A flexible polyimide film
was modified by integrating an array of gold nanoholes, consist-
ing of a gold layer patterned with regularly spaced holes. This spe-
cific surface has the ability to generate heat when irradiated with
NIR light due to a plasmonic effect, and it was then post-coated
with a reduced graphene oxide (rGO) layer, which increased the
light absorption efficiency, thereby avoiding skin inflammation
and burning. The advantage of the proposed dressing, compared
to classical methods for the thermal treatment of wounds,
was the spatial localization of the effect that limited the side
effects on the intact skin. In vivo tests performed on mice with
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Figure 2. Light-triggered patches with tissue stimulation and drug delivery capabilities. a) Illustration of a multi-layered device composed of a flexible
multi-LED array and D-HA/Gel nanofibrous membrane and of its operating principle: the combined use of NIR irradiation and of the dressing favors
cell proliferation and wound healing. Reproduced under terms of the Creative Commons CC-BY-NC License.[>8] Copyright 2022, The Authors, published
by AAAS. b) Illustration of the mechanism for the treatment of biofilms with dissolving microneedles in infected wounds through the combined action
of enzymolysis, photothermal therapy, and chemotherapy: the application of this patch reduced biofilms to 12% and 31% for gram-positive and gram-
negative bacteria. Reproduced with permission.[3° Copyright 2022, Elsevier. c) Depiction of the structure and operating principle of a smart electronics-
integrated wound dressing, consisting of a PDMS-encapsulated flexible electronic layer and an antibiotic-loaded UV-responsive antibacterial hydrogel;
drug release can be modulated through photoactivation, resulting in an efficient antibacterial action and effectively lowering the wound temperature
in vivo. Reproduced under terms of the Creative Commons CC-BY License.[%%] Copyright 2020, The Authors, published by Wiley-VCH. d) Depiction of
an antibody-loaded photothermal responsive MN patch for psoriasis treatment: through hyperthermia and antibody delivery it produced a decrease in
epidermal thickness and reduced erythema and presence of scales. Reproduced with permission.[62] Copyright 2022, Wiley-VCH.

subcutaneous skin infections demonstrated improved healing of ~ with drug delivery to obtain an antibacterial effect on biofilms.">"!

the treated areas, without the insurgence of tissue necrosis, by =~ The authors designed a dissolving microneedle patch encap-

using 980 nm continuous wave laser stimulation, with a power
propetly adjusted to maintain surface temperature at around
50 °C. After 72 h of treatment, infected wounds showed only
traces of bacterial infiltration, with granulation tissue abundantly
formed beneath the muscular layer, suggesting active wound
healing. In the study by Yu et al., PTT was used in combination

Adv. Mater. 2024, 36,2310110 2310110 (7 of 43)

sulating a-amylase and levofloxacin-loaded polydopamine
(PDA@Levo) NPs: the microneedles destroyed the physical
barrier of the biofilm and released a-amylase to enzymatically
degrade the proteins featured by such a compact barrier, thereby
making the bacteria susceptible to antimicrobial therapies. The
PDA@Levo NPs were combined with antibiotics; the generated
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mild hyperthermia acted in synergy with them, killing bacteria
without the need of excessively high and potentially dangerous
temperatures (Figure 2b). Maximum efficacy was demonstrated
at 808 nm, as it caused microneedle dissolution, resulting in the
release of the load, acceleration of the levofloxacin release from
the NPs, and induction of the photothermal action of PDA. The
combined use of enzymolysis, antibiotics, and PTT effectively
removed the bio-films both in vitro and in vivo, reducing them
to 12% and 31% for gram-positive and gram-negative bacteria,
respectively. Additionally, this solution reduced inflammation
and facilitated healing in infected full-thickness wounds, which
resulted in complete closure at day 11, compared with untreated
wounds that still showed an area of 32% with respect to the
original size.

Different light-responsive mechanisms have also been ex-
ploited for drug delivery. For example, Pang et al. used UV irra-
diation (365 nm) to control the delivery of gentamicin through
photocleavage.[®) In their study, a multi-layered wound dress-
ing with monitoring and therapeutic capabilities was developed,
consisting of a UV-responsive drug-loaded antibacterial hydro-
gel, and equipped with flexible electronics, a temperature sensor,
and UV LEDs. Gentamicin was covalently grafted into the hydro-
gel through a UV-cleavable linker; its release was triggered by the
activation of an LED array integrated into the patch. In vivo tests
demonstrated the ability of this system to monitor the wound
temperature in real-time, communicate wirelessly with an exter-
nal device by Bluetooth, and deliver treatment on-demand. In-
deed, when the wound temperature rose above the safe limit
of 40 °C, UV irradiation was activated, lowering the infection
level through the delivered antibiotic treatment, as suggested by
the fact that the local temperature decreased to 38.9 °C for 6 h
(Figure 2c).

Kim et al.l’!l exploited the photothermal effect: a transder-
mal patch was developed by integrating hybrid hydrogel beads
that showed a reversible visible light-induced volume change.
They consisted of a drug-loaded temperature-responsive poly(N-
isopropylacrylamide) (PNIPAM)-based hydrogel and magnetite
NPs that acted as a photothermal conversion agent. The NPs
could heat up upon blue light irradiation, causing the on-demand
release of the encapsulated dexamethasone. In vitro tests con-
firmed a rapid and localized release only during the irradiation
time by locally controlling the volume change of the hydrogel
beads: only the beads in the irradiated area contracted, with a re-
versible volume decrease of 72%, although the diameter change
in non-irradiated areas was negligible. Similarly, Teodorescu et al.
developed a transdermal drug delivery system exploiting the NIR-
induced photothermal mechanism.[®! In this study, rGO was
used as the photoconversion agent by exploiting its extremely
rapid light-to-heat conversion capability under low-power NIR ir-
radiation. rGO nanosheets were impregnated with ondansetron
and incorporated in a flexible polyimide-based patch. Under ir-
radiation at 980 nm, rGO caused an increase in temperature
due to the photothermal effect, resulting in a decrease in the
affinity between rGO sheets and ondansetron, with a consequent
enhancement of drug release up to three times with respect
to non-stimulated conditions. In contrast, Wu et al. used MX-
ene, an emerging two-dimensional biodegradable niobium car-
bide material with excellent light-to-heat conversion properties,
as the photoconversion agent for photothermally triggered trans-
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dermal drug delivery applications.[®’] They developed an HA mi-
croneedle patch encapsulating MXene and the monoclonal anti-
body IL-17 for psoriasis treatment. Owing to the high photother-
mal conversion efficiency of the MXene additive, the patch could
rapidly melt and release the encapsulated IL-17 antibody into the
dermis under NIR light irradiation, achieving an effective anti-
inflammatory effect around the psoriasis lesions, as confirmed
by in vivo experiments on mice. The treatment produced a re-
duction in epidermal thickness of 60-70% with respect to an un-
treated psoriasis model, which is a symptom of alleviated psori-
atic skin inflammation, and decreased the presence of erythema
and scales (Figure 2d).

2.2. Electrical Stimulation (ES)

Electric field (EF) is defined as the force per unit charge that a
charge or a system of charges exerts at a given point; in other
words, it represents the physical effect of a charged particle on the
surrounding space, which can result in an attractive or repulsive
interaction if another charged particle enters such a space.[6364]
In most common applications, an EF is generated by applying a
voltage difference to conducting electrodes.®]

The use of ES for medical purposes has a long history, start-
ing from ancient Greece and Rome, where it was extensively
used to treat pain and improve blood circulation. Nowadays, ES
is employed through different stimulation types, such as direct
current, alternating current, high-voltage pulsed current, or low-
intensity direct current, and used for a plethora of clinical appli-
cations, such as fracture repair, pain management, neurostimu-
lation, and wound healing.[®®! In fact, ES plays a crucial role in
the human body: neural and muscle tissues are regularly stim-
ulated through biological electrical signals, but more in general,
any human cell can be depicted as an electrical unit, being its
biological function regulated by numerous electrochemical pro-
cesses, such as the direct current exchange of ions in the plasma
membrane.[] Therefore, it is not surprising that an EF can trig-
ger a broad variety of intracellular effects, which can be exploited
for therapeutic purposes.

There are several applications of ES described in medical liter-
ature to accelerate wound healing. Clinical evidence has shown
that ES reduces inflammation and infections and increases bac-
teria eradication. Additionally, EF delivered at a wound site has
been reported to guide the migration and proliferation of epithe-
lial cells and fibroblasts, mimicking what happens with endoge-
nous EFs, which play a key role in natural wound repair, guiding
the migration of fibroblasts and keratinocytes and downplaying
inflammation.[*7-°]

Furthermore, ES could be beneficial in the regeneration
and remodeling of other excitable tissues, such as nerves, my-
ocardium, bones, and muscles.”’! For this reason, approaches
involving conductive biomaterials with the ability to promote
the transmission of endogenous bioelectricity or provide exter-
nal ES to cells and tissues are of great interest. Some strate-
gies have been envisioned for improving the synchronous beat-
ing capability of regenerated cardiac tissue,’!! or for healing
skeletal muscle defects by promoting myoblasts proliferation and
differentiation.[” ES could also find application in reversing the
atrophy process of denervated skeletal muscles by transmitting

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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electrical signals and forcing them to contract.”*! For example,
functional ES is a technique used to restore movement in pa-
tients with central nervous system lesions, stimulating the neu-
romuscular junctions through electrodes that may be implanted
or more commonly placed on the skin surface.[”*]

An EF can also be used in combination with components fea-
turing a high resistance to produce a temperature increase. For
example, the amount of Joule heat (P) generated by a single metal
NP under an oscillating EF can be directly estimated by the fol-
lowing Equation (3):

P=o¢(w) adF? 3)

where o is the Drude model conductivity of the metal at the an-
gular frequency o, E is the magnitude of the EF, a is the cross-
sectional area of the NP, and d is its diameter. Assuming effi-
cient heat transfer from a multitude of NPs to the surrounding
medium, the volumetric-induced heating rate is given by Equa-
tion (4):

2
d_T= [a(w) ad|E| “
dt ve,

where vis the volume of the medium and c,, is its heat capacity.””!

Hyperthermia is in fact attracting a growing interest in clini-
cal practice due to its ability to increase blood flow, relieve pain,
and reduce joint stiffness. Even though electrically induced hy-
perthermia is not widely investigated, it could be a valid alterna-
tive to other strategies, such as PTT.l"®!

In combination with electrically-responsive biomaterials, EFs
can also be employed as a trigger for on-demand drug deliv-
ery. EF is highly tunable in terms of the applied voltage or cur-
rent amplitude, frequency, waveform shape, duty cycle, and elec-
trode configuration, thereby allowing pulsatile release profiles
or other complex release patterns.[*®”778] However, the use of
electro-responsive systems for drug administration in clinical set-
tings is mostly hindered by the need for an external power supply,
which is often bulky, and by the limited tissue penetration capa-
bility of EFs, which in most cases requires the use of implantable
electronics or invasive electrodes.[”%7°]

Nevertheless, the use of EFs as a trigger for externally con-
trolled drug delivery in combination with electro-responsive ma-
terials still remains appealing and it is widely investigated. The
main mechanisms responsible for drug release from electro-
responsive polymers are: electrophoresis, forced convection of
the drug out of the gel, alteration of the redox chemistry of the
delivery vehicle, and release of the drug upon erosion of electro-
erodible polymers.l””] In most cases, electrically triggered drug
delivery is the result of the interplay between two or more of
these phenomena, depending on the type of responsive material,
charge of the drug molecules, and the interaction between the
matrix and the drug.

Polyelectrolytes are the most widely used class of polymers that
exhibit electrosensitive behaviors, namely the ability to undergo
mechanical deformation when an EF is applied. Upon ES, poly-
electrolytes undergo a deswelling, which results in forced ejec-
tion of their water content along with the drug molecules en-
trapped in their pores.”®! This anisotropic contraction mecha-
nism is also often associated with the electro-osmotic flow of
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charged solutes and mobile counter-ions migrating towards the
cathode or anode, thereby dragging water and drug molecules
with them. 8]

In other cases, conductive systems are used as electro-
responsive drug delivery vehicles. For example, conductive poly-
mers (CPs), such as polypyrrole (PPy), show EF-induced changes
in their net charge due to their redox chemistry, which results in
the release of encapsulated drugs due to a decrease in their affin-
ity with the polymer chains, especially when the drug molecules
are themselves charged.l””! In other cases, drugs entrapped in the
pores of a CP can be released by an electrically driven increase
in the pore size, since the expansion and contraction of CPs de-
pend on their oxidation state, resulting in a physical ejection of
the drug out of the system.[8!] However, the conductivity of a bio-
material system may be derived not only from a CP matrix but
also from conductive fillers, such as carbon nanotubes, graphene,
and metal NPs. In this case, the conductivity (p) of the compos-
ite can be estimated through the following Equation (5) for the
resistivity[82l:

PmPr

p= (5)
(

1- Vf) pr+ Vfa)gpm

where p,, is the resistivity of the non-conducting matrix, p; is the
resistivity of the conductor, V;is the volume fraction of the con-
ductive phase, and w, is the weight fraction of the conductive
phase in an infinite cluster (a function of the number of contacts
per particle and probability of contact).

These materials have been studied as electrically responsive
components for drug delivery purposes, being able to release a
range of bioactive molecules, including anti-inflammatory and
chemotherapeutic agents upon ES.(81]

Finally, EFs may also be used to drive the scission of
supramolecular block copolymers by controlling their assem-
bly and disassembly behavior through the reversible associa-
tion and dissociation of the polymer components, which re-
sults in control of the drug release rate according to the applied
voltage.[®*]

Many of the ES systems described above have also been inves-
tigated in patch applications (see Table 2).

For example, Wang et al. developed a flexible electrode in the
form of a patch for ES of wounds.[®] A conductive hydrogel,
made by a methacrylated alginate matrix incorporating silver
nanowires, which show good conductivity, biocompatibility, and
intrinsic antibacterial properties, has been used in this regard
(Figure 3a). In vitro tests performed on fibroblasts showed an
enhancement of cellular migration and improvement in cell
alignment. The efficacy of the patch was also assessed in vivo
on an infected full-thickness wound model by exploiting a
pulsed EF stimulation (6 V, 10 Hz, and 1 ms of pulse duration)
through a portable pulse width modulator. Results showed a
significant reduction of the wound area, an angiogenesis en-
hancement, and lower inflammation and infection levels when
ES was delivered through the patch, ultimately resulting in total
wound closure in seven days instead of 20 days for control.
In another work, Wang et al. exploited ES and a responsive
patch to deliver hyperthermia therapy for targeting superficial
tumors and joint injuries.l’®! This hyperthermia patch was
endowed with excellent electrothermal characteristics due to
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Figure 3. Electrically triggered patches with tissue stimulation and drug delivery capabilities. a) Schematic illustration of the electrical patch fabrication
and structure and illustration of its biological activity; the application of the electrically stimulated patch in rats significatively reduced the wound area and
increased re-epithelialization. Reproduced with permission.[®®] Copyright 2022, Elsevier. b) Schematic illustration of the thin, soft, transparent, and high-
performance hyperthermia patch based on silver nanofibers network for subcutaneous tumor apoptosis: in seven days, the localized temperature increase
inhibited tumor growth by two folds with respect to a control. Reproduced with permission.”®! Copyright 2022, Wiley-VCH. c) Schematic illustration
of the electrically-controlled antibacterial patch, where a wireless near-field communication module stimulates a conductive polypyrrole membrane,
modulating the release of the encapsulated cefazolin antibiotics; this is due to the redox properties of polypyrrole, and the stimulated release was five
times higher with respect to natural release, which resulted in a faster wound healing in vivo. Reproduced with permission.[8] Copyright 2021, Wiley-
VCH. d) Schematic illustration of a multipurpose thread-based patch for transdermal drug delivery in which a hydrogel layer carrying thermo-responsive
particles is coated on a flexible thread-based heater; the system was used in vivo for the treatment of wounds, which showed a significant increase in

granulation tissue deposition in the wound bed. Reproduced with permission.[# Copyright 2017, Wiley-VCH.

unidirectional silver nanofibers, which acted as independent
conducting paths with the ability to induce a temperature
increase by the Joule heating effect. The hyperthermia patch
effectively treated subcutaneous tumors in nude mice, where tu-
mor growth was suppressed two-fold with respect to control after
mild-thermic (42 °C) treatment operated at an ultra-low voltage
(0.7 V), which induced cell apoptosis (Figure 3b). Additionally, ES
was exploited to chemically stimulate tissues through NO release
for wound healing applications in Lee et al.’s work.3*] In fact, NO
is endogenously produced, and it plays a dual role as a key agent
in signaling for cell stimulation, angiogenesis promotion, and
re-epithelialization and as a cytotoxic antimicrobial agent; its ex-
ogenous delivery could therefore promote the healing of chronic
wounds. A polydimethylsiloxane (PDMS) patch, equipped with
gold electrodes and a reservoir filled with nitrite and copper(I1)-
tri(2-pyridylmethyl)amine (CuTPMA) complex, was developed
for this purpose: upon ES, electrochemical reduction of nitrite
ions happens due to CuTPMA mediation, thereby producing
NO, which is then released in the tissue. In vitro tests showed
continuous NO release up to 4 days, resulting in an excellent
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antimicrobial effect on both gram-positive and gram-negative
bacteria.

However, the majority of electro-responsive patches focus on
the application of EF for drug delivery purposes. For example, Xu
etal.l®! developed a smart wound dressing with closed-loop mon-
itoring and on-demand drug delivery abilities for wound treat-
ment. It consisted of a PPy membrane encapsulating cefazolin
antibiotics as anionic dopants that could be electrically controlled
by an integrated wireless near-field communication module to
modulate the release of its load. When a negative voltage stimu-
lation was applied, the PPy film switched from an oxidized to a
reduced state, and the drug molecules dissociated from the poly-
mer backbone, moving out of the patch under electrical and diffu-
sional forces. The release kinetics in the case of electrically con-
trolled stimulation was significantly faster than the natural re-
lease, with a delivered dose five times higher than the passive
release (Figure 3c). Furthermore, the efficacy of the patch was
also tested in vivo, resulting in an enhancement of wound heal-
ing, with reduced scabbing, abundant capillary regeneration un-
der the skin, and increased granulation tissue deposition on the
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wound bed, which was almost three times thicker than that in
a control group. In another work by Liu et al., a patch for drug
delivery was made electrically responsive by introducing rGO
nanosheets as a filler.3%] The system consisted of a poly(vinyl alco-
hol) (PVA) membrane incorporating rGO nanosheets and loaded
with lidocaine hydrochloride, which is linked to rGO through in-
termolecular interactions. The application of ES on this hydro-
gel system enhanced the release of lidocaine, as the applied EF
changed the charge of rGO nanosheets, causing the dissociation
of its interactions with drug molecules. This phenomenon was
thought to contribute to drug release in synergy with electro-
osmosis and electrophoresis. The amount of drug released from
the hydrogel increased with the applied voltage, up to three times,
while passive release in the absence of stimulation was remark-
ably low due to the dispersion of rGO nanosheets in the poly-
mer matrix; this formed a 3D physical barrier hindering the dif-
fusion of lidocaine molecules. Temporal control over the release
could be achieved by providing an on-off voltage, which triggered
a stepwise delivery profile; the higher the graphene concentration
in the composite, the more distinct and precise in following the
stimulation pulses.

In contrast, Sung et al. reported a flexible drug delivery
microdevice for controlled local administration of therapeutics
in the brain.¥”] Their patch consisted of a flexible polyethy-
lene terephthalate substrate, which allowed implantation on
the curved surface of the cerebral cortex, and an epoxy multi-
reservoir array loaded with a drug and covered by a gold sealing
membrane also acting as an electrode. This device can be trig-
gered by an EF through a wireless power transfer system employ-
ing near-field communication technology, and upon receiving a
constant bias, the gold sealing membrane dissolves via an elec-
trochemical reaction in human body fluid, freeing the drug in the
reservoir and allowing its delivery. The performance of the patch
was tested in vivo for the treatment of epilepsy and prevention
of seizure activity using an anti-epileptic drug: it was implanted
in the subdural space, filled with cerebrospinal fluid, and upon
external powering, a specific drug (muscimol) was successfully
administrated in the targeted brain area.

Electrically induced hyperthermia has also been investigated
for drug delivery purposes from patches, in combination with
thermo-responsive polymers. For example, an electroresistive
heater was exploited to trigger drug release from a thermo-
responsive polymer in a study by Tamayol et al.®¥ A biore-
sorbable heater, made of various metals, including silver, gold,
zinc, and magnesium, was directly patterned on top of a
poly(glycerol sebacate)-poly(caprolactone) (PGS-PCL) patch con-
taining PEGylated-chitosan-based drug nanocarriers. A micro-
controller was used to tune the voltage delivered to the heater,
and upon stimulation by the heating unit, the thermo-responsive
NPs released the encapsulated antibiotics due to the sol-gel tran-
sition that PEGylated chitosan undergoes at a critical tempera-
ture of ~#37 °C. Good control was achieved on this system, with
a drug release rate that was proportional to the applied voltage.
Furthermore, the drug release stopped when the ES was turned
off, owing to a decrease in the patch temperature, thereby al-
lowing drug delivery with a desired temporal profile. In a study
by Mostafalu et al., a very similar concept was explored with
the aim of achieving an on-demand release of different drugs
with controlled and independent temporal profiles.®! A wound
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dressing was fabricated by weaving composite fibers, each con-
sisting of a core electrical heater covered by a layer of hydro-
gel containing PNIPAM/poly(ethylene glycol) diacrylate thermo-
responsive drug carriers (Figure 3d). The fibers were loaded
with either antibiotic drugs or vascular endothelial growth factor
(VEGF); they could be individually triggered by a wireless micro-
controller, working as independent functional units to allow the
on-demand release of a specific drug. The effectiveness of the
patch in eliminating bacterial infection and inducing angiogene-
sis was tested in vitro; additionally, in vivo experiments were per-
formed to test the efficacy of VEGF release, producing a higher
than three-fold increase in granulation tissue and matrix deposi-
tion in the wound bed, compared to a control. Son et al.’s study
also focused on electrically induced thermal effect for transder-
mal drug delivery, exploiting silica NPs as the thermo-responsive
component.””l An electroresistive heater raised the temperature
of a polyimide patch incorporating drug-loaded mesoporous sil-
ica NPs, causing the degradation of the physical bonding between
the NPs and drugs, thereby accelerating drug release and skin
penetration. The system was then enriched with strain sensors
for the measurement of movement disorders, such as tremors,
and a memory device with the ability to feed recorded data to a
circuit controlling the heater.

2.3. Magnetic Stimulation

Magnetic field (MF) represents the physical effect generated by
a permanent magnet, a moving charge, or a changing EF in a
surrounding space, which can result in an interaction with a
moving charged particle entering the field space.’] In practi-
cal applications, MFs are created using permanent magnets, or
more frequently, electromagnets, i.e., wire coils or loops carrying
a current.]

For centuries, natural magnetic materials have been used for
therapeutic purposes; today, magnetotherapy is a clinically ac-
cepted treatment for various pathological conditions. Clinical
data suggest that exogenous magnetic and electromagnetic fields
can have remarkable effects on numerous biological processes.
For example, over the past several decades, both static and alter-
nating MFs have been successfully applied to treat therapeutically
resistant pathologies of the musculoskeletal system, such as bone
fractures, pseudo-arthroses, soft tissue edema, chronic tendini-
tis, and pain. However, a number of clinical studies and in vivo
animal experiments also suggest that magnetic and electromag-
netic stimulation can accelerate other kinds of healing processes,
such as wound healing, nerve repair and regeneration, and im-
mune and endocrine-related functions.’!l In fact, it has been
shown that electromagnetic fields can beneficially affect cell pro-
liferation and differentiation, expression of growth factors, and
biochemical signaling.[3*]

The attractiveness of magnetic therapy mainly comes from
its non-invasiveness and ease of application to any target site. In
fact, when delivering electromagnetic fields to the human body,
especially in a relatively low-frequency range (<100 kHz), the
electric and MF components behave differently: the EF generates
an electric current mostly along the application surface, while the
MF penetrates deeply into tissues, as the human body is mainly
transparent to it.*%2) Therefore, magnetotherapy represents
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an attractive method of treating deep tissues. However, despite
some definite advantages, clinical applications of magnetic and
electromagnetic fields must be performed cautiously due to
possible adverse effects, especially on DNA and cell replication;
therefore, it is essential to further investigate the underlying
mechanisms of MF- and electromagnetic field-induced effects
on human health.>*]

In clinical practice, MFs in the kHz to MHz range have also
been investigated for heat generation in combination with mag-
netic materials, which respond to an externally applied oscillating
MF by causing a localized temperature increase.®’! The trans-
formation of radio-frequency magnetic energy into heat by mag-
netic NPs (MNPs) has been attributed to Néel and Brown re-
laxation mechanisms occurring in single-domain superparamag-
netic materials related to the inner fluctuation of the magnetic
moment and rotation of the whole particle, respectively.®* To
characterize the heating of MNPs under alternating MF (AMF)
exposure, their specific absorption rate (SAR) can be computed
as heat generation per mass of NPs or iron content of NPs ac-
cording to Equation (6):

SAR = % (AT)

y \ar

(©)

where m; is the mass of the particle suspension, m,, is either
the mass of NPs or the mass of iron in the NPs, ¢, is the heat
capacity of the suspension, and (AT/At) is the initial slope of the
temperature rise versus time curve for NP heating. The power
generated in response to an applied AMF, resulting in thermal

energy, is described by the Rosensweig equation (Equation 7):(°%!

2rft

P = iy —L
1+ (Zﬂ'f‘l.')

)

where y, is the magnetic susceptibility of the particles, H is the
MEF strength, fis the frequency of the MF, and 7 is the relaxation
time of the particles.

Moderate magnetic hyperthermia can be effectively employed
for local stimulation of regenerative processes, including repair
of damaged tissues and modulation of immune reactions, which
benefit from thermal treatments.3* In majority of cases, super-
paramagnetic iron oxide nanoparticles (SPIONs) are utilized as
transducing material due to their excellent magnetic properties
and biocompatibility. Additionally, several other inorganic mag-
netic materials, such as gold and silver NPs, are currently used
in magnetically induced hyperthermia therapies.[”*%]

Furthermore, MFs are also largely employed to externally trig-
ger drug release from magnetically responsive delivery systems,
thereby incorporating magnetic materials generally in the form
of NPs. Drug release can be magnetically triggered using either
static or alternating MFs, exploiting different mechanisms. The
application of a static MF can be used to mechanically deform or
move parts of a composite delivery system, for example, to trigger
a compression of the carrier and therefore cause the drug to be
squeezed out of it. In contrast, AMFs can induce mainly two dif-
ferent effects according to the driving frequency: low-frequency
AMFs can locally shear the material adjacent to the MNPs, creat-
ing damage in the carrier that leads to enhanced drug release;
alternatively, the application of a high frequency (tens to hun-
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dreds of MHz) AMF results in the local generation of heat that
can induce drug release via thermal triggering when coupled to
thermo-responsive materials.[*37°]

The idea of using magnetic stimulation to activate drug
release dates back to the 1970s, when a study was con-
ducted on adriamycin-loaded magnetic microspheres for tumor
targeting;(®! since then, MFs have represented the most com-
mon method for external activation of injectable drug carri-
ers, such as NPs, micro and nanocapsules, polymersomes, and
liposomes.[”>7] Regarding macroscopic delivery systems, like
scaffolds and patches, magnetic triggering has been much less
investigated with respect to other triggering methods, such as
light and electric stimulation. However, some studies focus on
macroscopic magnetic delivery systems based on magnetic poly-
mer composites, which consist of a combination of hydrogels or
polymer films and MNPs;[°®%! they have been demonstrated to
activate a reversible on-off drug release upon application and re-
moval of an external MF (see Table 3).11%!

For example, Lee et al. developed a flexible magnetically re-
sponsive patch with the ability to provide in situ a prolonged drug
delivery to brain tumors.[?3! This device included a magnesium-
based bioresorbable heater, which could be activated wirelessly
through a radiofrequency MF (220 Hz, 360 A), and a polylac-
tic acid (PLA) layer acting as a drug reservoir, which encapsu-
lates doxorubicin. Upon external application of the AMF through
a coil, eddy currents, and Joule heating were generated in the
heater, causing mild hyperthermia that enhanced drug diffu-
sion from the reservoir and drug penetration, which is about
three times with respect to the natural diffusion of doxorubicin
(Figure 4a). The application of the patch in a mouse model con-
firmed an improved survival rate due to an actual tumor growth
suppression, with a tumor volume reduction of more than 10
times with respect to untreated tumors. Exploiting an analo-
gous mechanism, a biodegradable flexible device for breast can-
cer treatment was proposed by Li et al.['%!] It consisted of a zinc
energy receipt coil, which can be powered by an external AMF,
MgO insulating layer, and zinc heater, which converts the en-
ergy received by the coil to heat, all encapsulated in a drug-loaded
poly(lactic acid-trimethyl carbonate) layer. When the patch was
excited by an external AMF, its temperature increased, depend-
ing on the input power, allowing magnetothermal treatment of
cancer and boosting the release of the preloaded drug due to
enhanced diffusion. In vitro experiments on breast cancer cells
(MCF-7) showed that the combined effects of controlled drug re-
lease and hyperthermia induced a reduction of tumor cell viabil-
ity of 75% with respect to controls.

Lee et al. presented a mucoadhesive patch for controlled
drug release and hyperthermia treatment to the gastrointestinal
tract.l'2] Their device consisted of a PVA patch with a chitosan-
catechol layer loaded with doxorubicin and MNPs, which are re-
sponsible for the temperature rise upon the application of an ex-
ternal AMEF. In vitro tests on HT-29 tumor cells confirmed the
therapeutic efficacy of the proposed patch: the AMF-induced hy-
perthermia alone reduced cell viability from 90% to 37%, and the
synergistic effects of hyperthermia and magnetically enhanced
drug release resulted in an apoptosis of 25% for the loaded patch
under AMF application. Similarly, a magnetic nanofibrous patch
for controlled topical delivery of anti-psoriatic drugs was devel-
oped by Andryskovi et al.l'%! PCL nanofibers with embedded
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Table 3. Magnetically responsive patches and their working mechanisms.
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PLA, polylactic acid; MF, magnetic field; PVA, poly(vinyl alcohol); PCL, polycaprolactone; MNPs, magnetic nanoparticles; PNIPAM, poly(N-isopropylacrylamide); SPIONs, superparamagnetic iron oxide nanoparticles;

PVP, poly(vinyl pyrrolidone).
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MNPs were electrospun to form a smart hyperthermia patch, in
which the heat generated by the MNPs in response to an AMF in-
duced drug release from PCL, when its melting temperature was
reached. The magnetically triggered release of tazarotene and its
permeation through a skin sample were demonstrated in vitro:
the release increased up to 60% after 24 h under the effect of an
AMF compared to a passive release of just 5% in the absence of
the field. Hoare et al. described another device for drug delivery,
exploiting magnetic hyperthermia as well, but with a different
mechanism.['%] This device consisted of a composite membrane
containing both PNIPAM-based temperature-sensitive polymer
NPs and magnetically activated SPIONSs, which covered a reser-
voir filled with the drug solution. The SPIONs behave as local
heat sources activated by an oscillating MF; in response to the
thermal trigger, the PNIPAM NPs underwent a phase transition
and collapsed, generating an increase in the total free volume
inside the membrane and enhancing the transport of the drug
molecules from the reservoir and across the membrane. The
study showed that it was possible to precisely control drug dos-
ing by tuning the duration, frequency, or power of the pulsed MF
applied, and that a repeatable on-off switching of the drug flux
could be achieved. In fact, the drug release rate was shown to be
a function of the temperature, with a drug flux ratio through the
membrane between the on and off states of approximately eight
(Figure 4b).

Gongalves et al. proposed a magnetic patch for hyperther-
mia treatment of tumors.['% Hybrid microgels, consisting of
PNIPAM, chitosan, and iron oxide NPs, were incorporated in
poly(vinyl pyrrolidone) (PVP) fibers through colloidal electro-
spinning, forming a cross-linked membrane. Results of magnetic
hyperthermia assays demonstrated that incorporating SPIONs
into microgels and PVP membranes did not significantly affect
their heating ability. The membranes were shown to produce
a temperature variation adequate for cancer treatment through
magnetic hyperthermia, with a tumor cell viability reduction of
10% with respect to controls.

2.4. US Stimulation

Ultrasound is a mechanical wave with frequencies >20 kHz (that
is the upper limit of the human hearing range). US waves, unlike
the electromagnetic ones, cannot travel in vacuum, but necessar-
ily need a medium to be propagated. US propagation in a qui-
escent and isotropic medium can be described by the following
second-order equation (Equation 8):

5 1 0°Pys
VPUS_C_ZF_O 8)
0

where P is the acoustic pressure and ¢, represents the speed of
the wave in the medium.[3*1%]

In clinical practice, US is widely employed and accepted as an
imaging modality for diagnostic purposes due to its ease of use,
low cost, and non-invasiveness.*®] However, besides this well-
known use, US is recently emerging as a therapeutic tool to in-
duce beneficial bioeffects within the human body for a wide range
of applications.['%! The attractiveness of this kind of biophysical
energy for therapeutic purposes lies primarily in its highly effec-
tive penetration in most tissues in the human body, specifically
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Figure 4. Magnetically triggered patches with drug delivery capabilities. a) Schematic illustration of the localized drug delivery in deep glioblastoma
tissues through the bioresorbable patch with magnetic mild-thermic actuation; a temperature increase enhanced the release of doxorubicin, producing
a dramatic decrease of tumor volume with respect to control. Reproduced under terms of the Creative Commons CC-BY License.[?}] Copyright 2019, The
Authors, published by Springer Nature. b) Photograph and schematic illustration of the working mechanism of a membrane containing ferromagnetic
nanoparticles and nanogels: through magnetic actuation, a temperature increase can be obtained, resulting in an enhancement of drug release with
respect to the off states. Reproduced with permission.l'% Copyright 2011, American Chemical Society.

in soft tissues!”’l Therefore, US allows safe and non-invasive tar-
geting of most deep tissues.[*¢1%! Furthermore, US also allows a
good spatial resolution within the body due to its high focusing
capability and controllability.*?’]

In general, depending on the stimulation parameters and the
nature of the tissue, therapeutic US is used to induce thermal or
mechanical effects in a target area.'%]

The main mechanical effects induced by US are acoustic cavi-
tation, radiation force, and microstreaming. The former involves
the formation, oscillation, and possible collapse of gas bubbles,
called cavitation nuclei, within tissues or fluids; the probability
of inducing such an effect is described by the mechanical index
(MI), which is defined as follows by Equation 9:

P
MI= £ 9)

i

where P, is the negative peak pressure and fis the frequency
of the US wave.[!®] Radiation force is derived from a pressure
gradient across the surface of the bubble and it results in bubble
translation in the direction of the sound field.['%] Microstream-
ing refers to flow induction in fluids through US due to the pro-
duction of shear forces near the surface of the oscillating gas
bubbles.[1%]

The thermal effect of US, also known as the hyperthermia ef-
fect, is due to the fact that when US passes through tissues, the
friction and absorption by the medium convert part of the ultra-
sonic energy into localized heat.[*1%] The absorbed US energy,
described in terms of the rate of heat deposition per unit volume
(Q), is given by the following Equation (10):

Q=ul (10)

It depends on the absorption coefficient (u) of the medium and
acoustic intensity (I) of the wave.[1%]
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US at high intensities, namely high-intensity focused US, is
used for destructive applications, such as cancer treatment and
surgery. It can induce high thermal effects, typically associated
with temperatures >56 °C, which lead to tissue necrosis.!'*! Fur-
thermore, it is also associated with lethal mechanical effects at
high MI, like inertial cavitation, where the high acoustic pres-
sure causes rapid collapse of microbubbles (MBs), producing ir-
reversible mechanical damage to tissues, such as cell membrane
rupture.l1%]

In contrast, low-intensity US (20-1000 mW cm~2) is exploited
in non-destructive applications for tissue modification and/or re-
pair, for example, in physiotherapy, regenerative medicine, and
targeted drug delivery.?*!%] For example, low-intensity pulsed
US (LIPUS), consisting of on/off cycles of US waves, induces
non-lethal mechanical effects at low MI, such as mild mi-
crostreaming and stable cavitation. In this case, bubbles period-
ically oscillate around their equilibrium radius without collaps-
ing and lead to mild localized stress on cell membranes, thereby
increasing the exchange of nutrients and promoting drug de-
livery and absorption.!'%] Low-intensity continuous US (LICUS)
can also induce mild hyperthermia besides the mechanical ef-
fects just mentioned, resulting in a low thermal rise in tissues,
typically lower than 43 °C.'%] Thus, LIPUS and LICUS have
been investigated as potential therapeutic means for a wide va-
riety of conditions. For example, their effectiveness is accepted
in promoting fracture healing, osteoporosis, and osteoarthritis,
but they have also been proved to accelerate regeneration and
healing of soft tissues, such as cartilage, ligaments, and tendons;
furthermore, US has been investigated for chronic wound heal-
ing purposes. Its regenerative efficacy is thought to be derived
from its effects on molecular and cellular pathways, which re-
sultin increased cell proliferation, differentiation, and migration,
and in the promotion of neovascularization.!1%610%1191 Addition-
ally, US stimulation has been suggested to modulate inflamma-
tion and infections and to be effective in pain management and
neuromodulation.?*111.112]
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Finally, US can also be employed in combination with piezo-
electric materials in order to generate localized EFs, combining
the therapeutic advantages of ES with the non-invasiveness and
penetration ability of US. Piezoelectric materials, owing to the
non-centrosymmetry of their crystal structure, can either gener-
ate electric dipole moments in response to the application of me-
chanical stress (direct piezoelectric effect) or produce mechan-
ical strain under the application of an EF (inverse piezoelec-
tric effect).'3] Therefore, ultrasonic stimulation of piezoelectric
nanostructures constitutes an appealing paradigm, enabling the
induction of electrical cues within the body in a localized, wire-
less, and minimally invasive fashion.[1%:114]

US has also been explored as a biophysical trigger for non-
invasive targeted drug delivery from US-responsive carriers, such
as MBs. MBs consist of a gas core, such as perfluorocarbons
(PEC), nitrogen, or air, surrounded by an outer shell of lipids,
polymers, or proteins,[“l and they are characterized by their abil-
ity to undergo compression and expansion in response to the
pressure created by US. The release of their payload can there-
fore be triggered through the mechanical action of US: by cavi-
tation, if oscillation at the MB’s resonance frequency causes the
vaporization of its gas core, or by microstreaming, if the ultra-
sonic oscillation of the MBs generates shear-field streamlines in
surrounding fluids, promoting drug release from the MBs.[*8] Al-
ternatively, US-induced heating can be used to trigger drug deliv-
ery from thermo-responsive vehicles.””]

Similar to MF, US is significantly investigated to trigger drug
release from intravenously-administered vehicles, such as mi-
croemulsions, polymer micelles, liposomes, and microcapsules,
thereby exploiting both thermal and mechanical effects.[107:115:116]
Some studies also reported the use of US stimulation to trig-
ger drug delivery from acoustically-responsive scaffolds, incorpo-
rating drug-loaded sonosensitive particles, such as emulsions or
MBs, 1771181 or from thermosensitive hydrogels.[''”] However, to
date, attempts to exploit US to control drug release from a patch
are quite limited (see Table 4).

One of the first attempts in this regard was made by Kost et al.,
who synthesized a drug-loaded polymer patch with the ability to
degrade on demand in response to US exposure.!'?%] The authors
tested several bioerodible polymers, including polyglycolides and
polylactides, which rapidly responded to an ultrasonic trigger,
thereby increasing their release rate due to US-induced cavita-
tion effects. In fact, the shock waves created during cavitation in-
duced the rupture of polymer chains and increased the penetra-
tion of water species into the polymer, thereby promoting its hy-
drolytic degradation. Under US stimulation, an increase of up to
five-fold in the degradation rate of the polymers was achieved, ac-
companied by an increase in the release rate of the incorporated
molecules of up to 20-fold. The drug-loaded disks were also sub-
cutaneously implanted in rats, thereby also confirming the effec-
tiveness of this approach in vivo. More recently, a wearable trans-
dermal patch for US-enhanced delivery of lidocaine was devel-
oped by Soto et al.!?!] This patch consisted of a flexible drug reser-
voir containing hundreds of micropores loaded with lidocaine
and PFC emulsion. US waves could trigger the vaporization of
the emulsions through acoustic droplet vaporization (ADV) phe-
nomena, resulting in enhanced lidocaine release. Furthermore,
the highly localized stress force produced by ADV also concurred
to enhance skin permeability by more than two times with re-
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spect to passive diffusion, reversibly breaching the dermal bar-
rier and effectively enabling the therapeutic payload to pass faster
through the skin, as shown by ex vivo drug release tests on pig
skin samples (Figure 5a). Huang et al. developed a drug deliv-
ery system in which US was employed both as a drug release
trigger and a means to improve penetration.['??) They designed
and fabricated a US-responsive transdermal patch by embed-
ding drug-loaded polyethylene glycol/poly(lactic-co-glycolic acid)
(PEG-PLGA) microcapsules into a PEG hydrogel patch. In vitro
release experiments validated the US-responsive behavior of the
patch, showing a stepwise release curve under intermittent US
stimulation and an enhancement in drug release of up to five-
fold under continuous US with respect to passive release. Ex vivo
and in vivo tests also demonstrated quick permeation of the drug
released by the patch through the skin and into subcutaneous
tissues due to the sonophoretic effect of US, which caused a tem-
porary disruption of the lipid bilayer structures in the stratum
corneum.

US has also been investigated in association with piezoelectric
patches for both externally controlled drug delivery and patch-
mediated tissue stimulation. For example, Vannozzi et al. de-
veloped a piezoelectric vascular nanopatch loaded with an anti-
restenotic drug with tunable drug release kinetics for the lo-
cal treatment of restenosis (Figure 5b).['2*] Their study reported
the fabrication of a polyelectrolyte layer-by-layer nanofilm, in the
middle of which the drug was embedded, deposited on a PLA-
supporting membrane incorporating barium titanate NPs, which
endowed the film with piezoelectric properties. In vitro tests
demonstrated enhanced drug release from the films upon US
triggering, with a 1.5-fold increase after 4 h, and a consequent ef-
fective inhibition of smooth muscle cell proliferation, suggesting
the possibility to prevent restenosis phenomena. Such enhanced
drug release was attributed to mechanical deformations of poly-
electrolytes, induced by US waves per se, and electrical effects
generated by US interactions with barium titanate NPs, which
generated local electrical potentials.

Gazvoda et al. developed a piezoelectric biodegradable
film composed of poly-L-lactide (PLLA) for antimicrobial
applications.['?*] Owing to the use of a piezoelectric polymer,
with high biocompatibility and biodegradability, the application
of US stimulation caused mechanical deformation of the patch,
thereby generating a surface charge modification that affected
the presence of bacteria. The film was shown to have an anti-
bacterial effect on both gram-positive and gram-negative bac-
teria in vitro and in vivo, as piezostimulation damaged the
bacterial membrane, without having any harmful effects on
the membranes of human cells, such as the red blood cells
(Figure 5c). Similarly, Shi et al. reported another piezoelectric
patch consisting of a piezoelectric copolymer, poly(vinylidene
fluoride-tri-fluoroethylene), incorporating a piezoelectric filler of
barium titanate (BaTiO;) NPs.['?] The ability of these mem-
branes to induce localized electrical stimuli under US ther-
apy was tested, also implanting them at different depths in
porcine tissue to assess the effective penetration of US in tis-
sues. It resulted that, even if the output voltage decreased with
increasing implantation depth, the membranes generated sig-
nificant voltages of >8 V even at depths of 4.5 cm, confirming
their remote activation. Furthermore, in vivo tests demonstrated
that US stimulation of these piezoelectric membranes could
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operational principle of ADV delivery; the application of ultrasound waves increased drug release and penetration through the skin more than two-fold.
Reproduced with permission.l’2l Copyright 2018, Wiley-VCH. b) Illustration of a piezoelectric nanofilm for the treatment of restenosis: its drug delivery
performances are shown to be enhanced under US stimulation with respect to non-stimulated conditions. Reproduced with permission.['2*] Copyright
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CC-BY-NC License.['24] Copyright 2022, The Authors, published by Royal Society of Chemistry. d) Photograph of the skin-conformable ultrasonic patch,
which accelerates wound healing, as shown by a higher production of the marker protein, Rac1l. Reproduced with permission.l'26l Copyright 2021,

Wiley-VCH.

facilitate the proliferation and migration of fibroblasts, with a mi-
gration rate of 92.6% after 24 h; in vivo, they accelerated wound
closure rate in mice, favoring complete re-epithelialization with-
out scabbing.

Furthermore, a patch that directly stimulates tissues through
US was developed by Lyu et al., who fabricated a US transducer,
shaping it in the form of a patch, with the ability to focus the gen-
erated sound beams according to its bending radius and adapt
itself properly to the skin surface due to its flexibility, unlike con-
ventional US transducers.['?] The device was made of piezoelec-
tric ceramic units, linearly arranged and integrated into a PDMS
flexible circuit substrate, which ensured US generation upon ex-
ternal supply of an electric stimulus (Figure 5d). Immunohisto-
chemical tests indicated that the generated US accelerated wound
closure, shortening healing time by approximately 40% through
the activation of Racl protein in both dermal and epidermal lay-
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ers, which plays an important role in new tissue formation and
wound healing.

2.5. Comparison between Stimuli

As reported in the above sections, light, ES, MFs and US have
all been investigated to control triggerable patches for different
applications.

Light and ES are mainly used for applications on superficial
tissues, such as wound healing and transdermal and subcuta-
neous drug delivery, due to their very limited ability to penetrate
human tissues. The only way to exploit this kind of biophysical
energies to target internal organs is to employ invasive stimu-
lation tools, such as optical fibers or needle electrodes bringing
the stimulus directly to the target site, or to design implantable
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devices integrating the source of the stimulus. For both light
and EF, stimulation systems are currently flexible and highly
miniaturized, which makes them easy to incorporate in a patch;
therefore, the latter option is not unfeasible at the state of the
art. However, to date, these two stimuli are mostly employed for
external applications.

EF is widely used, since it is quite safe, as something naturally
occurring in numerous processes in the human body, obviously
within intensity limits. Furthermore, it is particularly suitable for
closed-loop systems, since monitoring sensors can directly com-
municate with triggering systems through electrical signals.

Light has the advantage of allowing a very high focus, even with
simple and standard equipment (e.g., LED arrays and lasers),
permitting good spatial control over the stimulation. However, it
poses some concerns in terms of cytotoxicity, especially for UV
light. Even if NIR light is considered safer and has a slightly
higher penetration ability, UV is much more frequently em-
ployed in triggerable systems, mainly because majority of pho-
tosensitive materials and molecules are responsive to UV light,
which carries a higher energy per photon. However, it would be
possible to address this issue due to specific materials, such as
upconversion NPs, which can convert NIR light into UV or visi-
ble light, enabling UV-triggered technologies to be activated with
NIR light.[67%]

US and magnetic stimulation are most suited for internal ap-
plications, since they penetrate easily through most human tis-
sues. US propagation is only hindered by the hard tissues, such
as bones. This makes US hardly usable for targeting organs such
as the lungs, which are right behind the ribs, or the brain, which
is protected by the skull. In contrast, MF is mostly unaltered by
all tissues and can propagate in every body area with almost no
attenuation. However, it must be considered that magnetic stim-
ulation, unlike US, is not suitable for targeting very small organs
or body parts, as MFs do not have a high focusing ability, but usu-
ally invest relatively large regions.

From this summary, it shows that due to its physical nature,
each stimulus is more suited for some applications on specific
target organs than others. Therefore, having in mind a specific
clinical application, it is always recommended to perform a fea-
sibility study in order to understand whether a chosen stimulus
can be suitable for the said target. For example, this can be made
through appropriate simulation tools, which allow consideration
of parameters, such as the penetration ability of the stimulus in
the specific anatomic environment of the target, and its focusing
capability, which puts constraints on the spatial resolution of the
stimulation.

In Table 5, we report some parameters that could guide the pro-
cess of selecting the most fitting biophysical trigger for a specific
application. The penetration ability of each stimulus is reported
along with the focus that can be achieved with different kinds
of stimulation equipment available. “Standard” equipment refers
to stimulation devices that are commonly employed for trigger-
ing patches, while “advanced” equipment refers to devices that
are not currently employed in combination with patch systems,
but have been used for therapeutic stimulation and offer some
improvements with respect to the standard. Furthermore, safety
ranges are reported for the intensity of each stimulus, according
to the literature on biophysical stimulation. Finally, we report the
most common applications, which can be found in the state of
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the art, considering patches that are triggered by a specific stim-
ulus, but do not integrate the stimulus source on board.

3. Crucial and Desirable Patch Features: Currently
Available Technologies and Open Challenges

Besides endowing patches with the desired functional features to
carry out the meant therapeutic action, there are other essential
aspects that must be carefully taken into consideration during the
design process in view of a medical application (Figure 6). Clini-
cal patches must fulfill at least a few general requirements, such
as proper mechanical and adhesive properties, biocompatibility,
and in some cases, biodegradability. Addressing these issues is
still challenging in general, and even more so for active patches,
for which the tuning of these aspects should not interfere with
their functionality. Furthermore, there are other collateral aspects
(such as modeling, control, portability, sensing, delivery proce-
dures, and selection of a suitable therapy for the specific clinical
target), which are not as fundamental as the previous ones, but
could be of great help in guiding future study efforts, thereby
improving current performances and facilitating clinical transla-
tion. In the following, all these open challenges, both related to
general patches and strictly concerning active patches, are dis-
cussed in detail.

3.1. Tailoring Mechanical Properties

Tuning the mechanical properties of a patch is a crucial aspect.
In fact, as any patch must conform to the organ surface on which
it is applied to, it is of paramount importance that its mechanical
properties reflect, or at least are compatible with the mechanical
properties of the target tissue. A possible mismatch in mechan-
ical behaviors may cause unwanted stresses on either the patch
or the tissue, which could result in patch detachment, damage,
or undesired bioeffects.['*] For example, wearable patches are
required to conform and adhere to the skin, which is a highly
dynamic surface, and are expected to have high flexibility to tol-
erate skin stretching and straining, especially in correspondence
of joints, such as knees or elbows, where strain can reach up to
50%, and to maintain their characteristics while supporting phys-
iological loads. Furthermore, being exposed to the external envi-
ronment, they should also be tough enough to withstand com-
pression and stretching.*®] However, for other target organs,
the mechanical requirements could be very different. For exam-
ple, for cardiac applications, toughness and elastic modulus are
important parameters to allow the patch correctly withstand the
heart beating. In addition to patches having an elastic modulus in
the range of the human myocardium (between 20 and 500 kPa),
patches and scaffolds with higher Young’s moduli (between 7—
20 MPa) have also been proven to be suitable for cardiac applica-
tions, as they help retain the mechanical strength of the organ
until complete regeneration of heart tissue; however, it is im-
portant to always maintain a right balance between stiffness and
flexibility to support repeated stretch cycles, without constrain-
ing the contractions and relaxation of cardiac muscle.[14>:147:148]
In visceral wound healing applications, the degree of elasticity is
crucial, as patches need to bear the traction force of the organ
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Applications with patches
(to date)

External: wound healing

Equipment (stimulus source)
Focus

Standard
Piezoceramic transducers

Penetration
(order of magnitude)
cm (in soft tissues)

Safety
<3000 mW cm~24133]

Table 5. (Continued)

US stimulation
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Internal: arteries,

antibacterial effects on

Bulkiness

tissues

cm
Cost
1-10 k$

Focus

Advanced
Capacitive/piezoelectric

100 um
Cost

m
Bulkiness
100-1000 $

micromachined ultrasonic
transducers (CMUT/PMUT)
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walls while limiting their deformation to keep the wound edges
close at any moment.”]

Furthermore, patch stiffness is also a crucial factor in deter-
mining the foreign body response, which is a recurrent phe-
nomenon that risks impairing the functionality of implantable
devices.'*] The stiffness of the implant influences the behavior
of a wide variety of cells involved in the fibrotic reaction: fibrob-
lasts and macrophages have been shown to adhere more sub-
stantially to the surface of stiffer materials,!'>° which also favor
the polarization of macrophages toward a pro-inflammatory phe-
notype. Similarly, neutrophil activation can also be modulated
through stiffness: their migration speed was found to decrease
on stiff (100 kPa) polyacrylamide hydrogels compared to softer
(5 kPa) ones.[151

In the literature, several solutions are proposed to tune the de-
sired mechanical properties of patches, according to the specific
application. A common strategy consists of integrating the bulk
structure with additive materials, chosen specifically for their me-
chanical properties, besides the “functional” ones selected for
their intelligent behavior. For example, the introduction of low
molecular weight plasticizers, which can be interposed between
polymer strands, has been shown to improve patch flexibility and
toughness. In the study by Pushp et al., glycerol or propylene gly-
col reduced tensile strength and Young’s modulus of PVA-PVP
patches, allowing it to fall in the required mechanical range for
cardiac patches, and also increased the percentage elongation at
break by nearly two times.l'*”] In another study, to limit the de-
formation of a suture-free adhesive patch for visceral wounds, a
strengthening layer of PLLA was added to the patch structure:
this addition produced a 50% increase in the tensile strength of
the patch with respect to the bare matrix and increased the elastic
modulus up to 84 MPa.l’]

To increase the toughness of a matrix (besides the employ-
ment of interpenetrating double networks) formed by the inter-
locking of two different polymer chains, it is also possible to
modulate the crosslinking density of chains.l*¢] For example,
the mechanical properties of PGS are directly associated with
the cross-linking degree and are easily tunable by altering curing
time: cross-linking of ester bonds in the PGS backbone forms a
3D network of random thermoset coils, which has a rubber-like
elastic behavior, and an increase in cross-linking makes it ideal
for targeting soft tissues in dynamic environments, such as the
cardiac tissue.l'” Additionally, Yekrang et al. used cross-linking
modulation to obtain a significant increase in tensile strength
and Young’s modulus of pure chitosan/PVA patches, which ex-
hibited low mechanical stability (Figure 7a).l'>?] Similarly, PVP
microneedle patches were prepared using gamma-ray crosslink-
ing technique, which can induce a cross-linking reaction with-
out chemical additives and allows simultaneous sterilization to
compensate for their mechanical properties while maintaining
biocompatibility (Figure 7b).[1%¢]

Introducing a filler in the matrix is another common strat-
egy for strengthening, as the mechanical properties of the filler
elements, such as graphene sheets, carbon nanotubes, NPs,
or fibers, affect the composite mechanical properties. For ex-
ample, the integration of cellulose nanofibrils in a PGS patch
has been proven to produce a three-fold increase in Young’s
modulus,?”] while the addition of graphene, graphene oxide, or
rGO nanosheets to a polymer matrix, such as PVA or chitosan,
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Figure 6. Key aspects to be addressed in the pathway towards clinical adoption of active patches. Crucial aspects that must necessarily be addressed in
the design of a patch are: mechanical properties tailoring, to match the target tissue ones;!'3¢! integration of an adhesion strategy, to efficiently adhere to
the target tissue;l’>’! and use of biocompatible materials.['*3] Moreover, there are further aspects that, albeit not fundamental to applicability, could be
of significant help in improving patch performances: modeling of its response, for an easier performance optimization;[13®l accurate control of the dose
of the triggering stimulus that is delivered to the patch to obtain the desired therapeutic response;['4%l monitoring of the action of the patch;['4' careful
definition of the clinical needs of the target disease, in order to maximize therapeutic efficiency.['?] Finally, some secondary issues are anyway significant
for improving patients compliance towards the use of these devices: in particular, the development of technologies to make triggerable patches portable
and usable in daily life;l™3] and the development of minimally invasive procedures to avoid open surgeries for the delivery of implantable patches.[44]

has been shown in various studies to improve both tensile
strength and elasticity of the nanocomposite in a concentration-
dependent manner (Figure 7¢,d).5*] However, in some cases,
increasing the concentration of the filler could interfere with
other mechanisms within the matrix, such as the ability to form
cross-links, which is, in turn, a strengthening mechanism; for ex-
ample, in some cases, an increase in graphene oxide content has
been associated with a decrease of compressive strength.[136]
Each of the aforementioned approaches used alone or in com-
bination with other approaches, can be employed for a fine tun-
ing of patch mechanical properties. However, careful consider-
ation must be given when using a combination of strengthen-
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ing factors. The beneficial effects of individual tuning strategies
are not necessarily synergistic when combined; indeed, they may
downplay each other due to an unexpected interplay of different
phenomena. Furthermore, it is worth stressing how the mechan-
ical tuning should not interfere with the functionality of a patch.
This is especially challenging for smart ones, whose stimulus-
responsive character is often based on the use of specific materi-
als or fillers, whose presence and concentration usually also affect
the mechanical properties of the structure.

To date, the main challenge from a mechanical point of view
is probably the need to closely replicate the mechanical proper-
ties of target tissues, which still represents an open challenge for
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Figure 7. Some of the possible strategies to achieve modulation of the mechanical properties of patches. To increase the toughness of a matrix, it is
possible to modulate the cross-linking density of the polymer chains, a) through chemical or b) physical mechanisms, such as irradiation. Reproduced
with permission.l36.1521 Copyright a) 2023 and b) 2022, Elsevier. Another possibility for strengthening comprises introducing filler elements in the matrix,
such as c) cellulose nanofibrils or d) carbon-based nanomaterials like reduced graphene oxide. Reproduced with permission.[?7.143] Copyright 2020, c)

Wiley-VCH and d) American Chemical Society.

many human body tissues. In this regard, a promising approach
that has gained attention in the last decade is the optimiza-
tion of the micro- and nano-architecture of biomaterials used
for scaffolds and patches using additive manufacturing technolo-
gies, which allow for an easy modification of multiple structural
parameters.['*?] In particular, 3D printing techniques are emerg-
ing as extremely promising in this field. For example, materi-
als with a heterogeneous microstructure obtained through dual-
material 3D printing were found to accurately mimic the strain-
stiffening behavior of soft tissues, with a mechanical behavior, de-
pending on the design parameters.!'> Similarly, precise tuning
of tissue-mimicking properties has been recently achieved by ex-
ploiting multi-material jetting techniques; for example, changing
the relative concentration of the materials employed,***] or inves-
tigating different crystal lattice-like microstructure designs.!*¢
Exploring these manufacturing techniques further, along with ex-
amining how design parameters and the use of different materi-
als combinations affect the properties of the final products, is an
important and timely subject that warrants attention.
Furthermore, it must be considered that the properties of a
target tissue may change during the treatment; for example, dur-
ing the transition from a pathological condition to a healthy one
(i.e., during healing). Therefore, the ideal patch should have dy-
namic properties that change in harmony with the state of the
target organ, adapting to the process and facilitating the cou-
pling with the tissue in every phase. This aspect is clearly even
more challenging, but there are some interesting perspectives in
this regard. For example, techniques such as four-dimensional
printing enable the development of structures that can display
micro- and nano-scale dynamic patterns, whose features change
in time and space in response to an external stimulus and ac-
cording to selected programs.!*>’] Phototunable materials are cur-
rently the most explored category to achieve this goal, since many
light-sensitive moieties are already used to functionalize tradi-
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tional polymeric materials, endowing them with the ability to be
crosslinked in situ in a spatio-temporally controllable manner.!*’]
For example, functionalization of HA with methacrylates has
been demonstrated to enable sequential crosslinking, giving the
possibility to obtain a partially gelated hydrogel that can be fur-
ther stiffened in situ at a user-defined time by exposing it to UV
light.18] The exploration of innovative photo-responsive mate-
rials is an exciting avenue that deserves further investigation.
Other stimuli, such as EFs, mechanical stimuli, or endogenous
signals are also worth exploring in combination with innovative
biomaterial formulations able to respond by changing some of
their structural properties, thereby achieving a dynamic control
of their stiffness.

3.2. Adhesiveness to the Target Tissue

The ability of a patch to adhere to the target tissue for the whole
duration of its diagnostic/therapeutic action is a crucial feature
for its medical use. For wearable patches, the self-adherence to
the skin during everyday activities without the need for addi-
tional adhesives and tapes is desirable; in the case of implantable
patches, the need for intrinsic adhesive properties is more essen-
tial but also more challenging. In fact, the patch integration with
internal organ walls is commonly achieved through sutures, but
this practice may cause damage to the diseased organs, such as
bleeding, further injury, and risk of infection.['*”] Additionally,
many tissue surfaces, such as the intestinal epithelium and mu-
cosa, are wet, slippery, and dynamic, and blood at the interfaces,
in general, limits the ability of many materials to adhere.[1*]

In recent years, some alternatives to surgical stitching have
been identified, and various biological glues, such as medical-
grade cyanoacrylates or fibrin sealants, are currently available
in clinical practice. However, some of them seem to be easily
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washed out in dynamic conditions, and therefore cannot be used
in some applications, such as inside the cardiac chambers or in
major blood vessels. Conversely, stronger glues have been associ-
ated with some degree of toxicity and tissue stiffening, which can
lead to undesired inflammatory and fibrotic events.[**”1] There-
fore, the search for new safe and suture-free approaches for the
attachment of patches to internal organs is an active and chal-
lenging process.

Some polymers, such as chitosan and poly(acrylic acid), have
been found to be mucoadhesive, as they are capable of forming
electrostatic interactions with the mucosa, which makes them
particularly suitable for applications, such as oral, nasal, and vagi-
nal drug delivery.!14¢]

Other strategies are mainly bioinspired, as many sophisticated
architectures can be found in numerous living beings with the
ability to stick to very different surfaces in diverse environments.
Some of these strategies consist of the chemical functionalization
of the patch surface through the integration of specific molecules
present in the secretions of some animals.?l For example, ma-
rine mussels have been widely studied for their ability to bond
to any type of organic and inorganic substrate, which relies on
their byssal threads’ secretion of particular proteins rich in cate-
chol moieties; therefore, molecules containing catechol groups,
such as dopamine and the 3,4-dihydroxyphenyl-alanine (DOPA)
residue, have been used to functionalize polymers.['®l Thus,
DOPA-modified PEG hydrogels have been shown to adhere to
external liver surfaces for up to one year.!'®!] Dopamine moieties
were employed to modify HA in a multi-layered structure, result-
ing in increased cellular adhesion and proliferation,'°! or inte-
grated into polyacrylamide hydrogels, endowing them with the
ability to adhere firmly to the curved joints of the hand during the
motion of the fingers (Figure 8a).l'%?! Tough adhesives were also
inspired by the viscous mucus secreted by slugs, which consists
of two main components acting synergistically; similarly, these
adhesives have a surface consisting of a positively charged poly-
mer with the ability to form covalent bonds across tissue surfaces
and a matrix capable of effectively dissipating energy when the
interface is stressed. They showed remarkably high peeling ener-
gies (~1000 ] m~2) on different tissues, such as porcine skin, car-
tilage, heart, arteries, and liver, and displayed high adhesion en-
ergies on wet surfaces, independent of blood exposure and com-
patibly with in vivo dynamic movements.[163164]

Other adhesion strategies rely on physical modifications of the
material surface in order to mimic some complex morphologi-
cal architectures that can be found in nature. For example, gecko
lizards and beetles are characterized by nano- and micro-scaled
hairy structures (setae) with protruding thin-film tips (spatulas)
on their feet, which enable a strong and reversible adhesion to
various surfaces due to van der Waals interactions and with-
out leaving any chemical residues.['’] Kwak et al. took inspira-
tion from this unique structure to create a skin adhesive patch
equipped with micropillars with bulged tips of soft PDMS, with
the ability to maximize normal and shear adhesion on rough
skin surfaces (Figure 8b, top left);'®*] in a following work, the
same bioinspired adhesive patch was employed to monitor elec-
trocardiography over 48 h at two locations of a volunteer’s skin
(i-e., chest and wrist), showing no observable side effects, such
as redness or allergic responses (Figure 8b, bottom left and
right).[1%¢] However, these gecko-inspired solutions, although ex-
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tremely effective on dry surfaces, perform poorly in wet condi-
tions. Adhesives inspired by octopi suckers are more suitable to
adhere to blood-wet surfaces, being capable of adhering to slip-
pery, rough, and irregular surfaces, such as the marine intertidal
zones.'”] Mimicking this functionality, film surfaces have been
functionalized with artificial sucker arrays, which can generate
negative pressure at the contact point with the target surface:
Chen et al. presented a deformable PDMS-coated nanosucker
array patterned on a silicon substrate, displaying optimal adhe-
sive capabilities on both micro-rough and flat surfaces in dry
and wet environments (e.g., porcine heart; Figure 8c, bottom left
and right).'%] Similarly, Choi et al. proposed a wearable patch
endowed with cephalopod-inspired miniaturized suction cups,
which promote adhesion to mice skin while being breathable
and comfortable due to a soft interfacial layer on the cups that
reduces the strain on the skin (Figure 8c, top left).['%] Zhu et al.
investigated blue-ringed octopus-inspired suction cups to achieve
effective wet adhesion of a silk fibroin patch.['®] Such hydrogel
cups were designed to remain stable for days on wet tissues,
such as oral mucosa, resisting tear tests performed with forces
>10 kPa. Their remarkable performance is due to a dual phys-
ical and chemical joint bonding ability: their flexible structure
can achieve physical adhesion because of air pressure difference,
while the modification with tannic acid of their inner walls guar-
antees a chemical bonding with the tissue surface.

Equipping patches with microneedles is another intriguing
strategy for guaranteeing adhesion through mechanical inter-
locking with the tissue in a minimally invasive way. This strategy
has been shown to work suitably on both dry and wet surfaces
in both static and dynamic conditions. A cardiac patch, endowed
with a conical microneedles array, has been proved to adhere ef-
fectively to a beating heart, even not penetrating the tissue due to
an increased contact area and roughness (Figure 8d, top left).['7"]
Swelling microneedles have been used in the study by Yang et al.,
which was inspired by the behavior of needle-like proboscides of
an endoparasite.l'”!] The biphasic microneedles consist of a sup-
porting core and water-responsive outer layer capable of penetrat-
ing tissue with minimal insertion force and depth and swelling
upon skin penetration by absorbing body liquids, which guar-
antees a stable attachment to intestinal mucous surfaces with
minimal damage and easy removal (Figure 8d, bottom left and
right). The use of swellable microneedles provides higher adhe-
sion strength and lower invasiveness with respect to conventional
practices, such as suture and staple fixation, reducing the risk of
site infection; however, it represents a slightly more aggressive
adhesion strategy when compared to the ones mentioned above.

Some patches can even become adhesive upon the applica-
tion of some kind of physical stimulus, which means that they
can be triggered to adhere to their target right at the moment
of their delivery. For example, poly(glycerol sebacate acrylate), a
degradable and biocompatible elastomer that cures in five sec-
onds under UV light, has been used as a light-responsive glue, ca-
pable of retaining high adhesive strength also during prolonged
contact with blood on a tissue surface, even in dynamic envi-
ronments (Figure 8e, right).'>! Similarly, a light-controlled ad-
hesive patch modified by photosensitive N-(2-aminoethyl)-4-(4-
(hydroxymethyl)-2-methoxy-5-nitrosophenoxy) butanamide (NB)
groups on the surface proved to be suitable for suture-free
wound closure and full-thickness repair of the stomach walls in
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Figure 8. Some examples of the adhesive strategies that have been employed to favor the adhesion of medical patches to tissue. a) A in situ bioinspired
strategy, based on the chemical modification of the patch surface, incorporating an adhesive layer based on the molecules typical of mussels secretions.
Reproduced with permission.['®2] Copyright 2020, Springer Nature. b) Physical modification of the patch surface to mimic the structures present on
gecko feet, or c) the suction cups on octopus tentacles. Reproduced with permission.[165-168] Copyright 2011, Wiley-VCH (b, top left); Copyright 2013,
Wiley-VCH (b, right and bottom left); Copyright 2017, American Chemical Society (c, right and bottom left); Copyright 2015, Wiley-VCH (c, top left).
d) Integration of a microneedle array on the patch surface, to favor interlocking with the tissue. Reproduced with permission.['7%171Copyright 2021,
Elsevier (top left); Copyright 2013, Springer Nature (right and bottom left). ) Integration of light-sensitive components on the patch surface to achieve
photo-triggered adhesion upon delivery. Reproduced with permission.[’3”15°] Copyright 2022, American Chemical Society (left); Copyright 2014, AAAS

(right).
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rabbits due to the conversion of o-nitrobenzene groups of NB to
o-nitrosobenzeldehyde under UV light irradiation; this can react
with the amino groups on the tissue surface.l”l Gold nanorods
were employed in a cardiac patch to favor sealing to the my-
ocardium under irradiation with a NIR laser, as they can con-
vert absorbed light into thermal energy, which locally changes
the structure of the scaffold, engrafting it with the heart walls
(Figure 8e, left).[137]

As highlighted in the previous paragraph, several innovative
solutions exist for endowing patches with effective adhesive prop-
erties, bypassing more invasive clinical practices, such as sutur-
ing. Of course, it is essential to select the most suitable adhesion
strategy on the basis of the application, taking into account the
nature of the target tissue and type of biological environment the
patch is destined to. Furthermore, it is worth highlighting that the
choice of the functionalization strategy must also be compatible
with the choice of materials and fabrication techniques employed
for the functional core of the patch.

A recently emerging trend proposes the use of machine learn-
ing algorithms to optimize the topography of bioadhesive sur-
faces, thereby enhancing adhesive performance. For example,
a machine-learning-based approach has been proposed in com-
bination with finite-element-method-based mechanical simula-
tions to automatically optimize the design of 3D fibrillar struc-
tures in terms of shear; this resulted in an adhesive surface that
outperformed predefined standard fibril designs.['”?] Addition-
ally, the application of machine learning techniques to the other
above-mentioned adhesion strategies based on the physical mod-
ification of surfaces is an exciting study topic that may allow con-
siderable adhesion improvement.

Another cutting-edge strategy is synthetic biology. This ap-
proach allows to build highly customizable materials, starting
from the assembly of elementary building blocks, combining
monomers with proteins, nucleic acids, and other natural and
artificially designed modules, which can endow the final ma-
terial with potentially any desired feature.['73] Synthetic biology
has been exploited to obtain ultra-strong underwater adhesives
by rationally assembling different adhesive domain-containing
proteins, giving rise to hybrid materials that hierarchically self-
assemble into higher-order structures with suitably exposed ad-
hesive domains.['7#17] This strategy appears extremely promis-
ing for developing materials with tuned properties, particularly
in terms of adhesiveness, that are difficult to achieve with con-
ventional materials engineering techniques.

3.3. Biocompatibility and Biodegradability

Biocompatibility is clearly an essential requirement for medical
patches, which need to be in direct contact with tissues. Con-
sequently, in the development phase of a new patch, extreme
attention must be paid to all aspects related to cytotoxicity and
other possible adverse reactions of the target cell types. The use
of materials, such as collagen, chitosan, fibrin, alginate, gelatin,
and other natural polymers is a safe choice for ensuring compli-
ance with biocompatibility requirements. Many polymers of bio-
logical origin have been proven to be biocompatible and rich in
cell-adhesive chemical moieties, which promote integration with
tissues.['7] However, some animal-derived biomaterials, such as
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collagen, may evoke adverse immune responses, albeit rare. This
is due to the fact that collagen may include epitopes extraneous to
the human species, which, depending on the donor species, may
induce weaker or stronger antigenic reactions.!'””] Furthermore,
most of the natural polymers show poor mechanical properties
and do not exhibit significant stimulus-sensitive behaviors. This
is why most of the currently developed smart patch systems em-
ploy other types of materials in addition to the aforementioned
natural polymers, such as synthetic and smart polymers and ce-
ramic, metallic, or carbon-based micro and nanofillers, which can
provide the system with the desired functional properties. Un-
fortunately, toxicity issues still need to be effectively addressed
for many of these smart materials; this is one of the reasons
hindering the clinical translation of smart therapeutic devices,
such as patches, which struggle to fit the biosafety regulatory
standards.l””) This is even more critical in the presence of nano-
materials, which show entirely different properties with respect
to their bulk counterparts and raise concerns about toxicity and
biosafety that are often not envisioned by standard protocols./1%!
Oxide NPs, metal NPs, polymeric NPs, and quantum dots, which
are often used due to their outstanding functional properties,
have been extensively studied, and many efforts have been con-
ducted to understand their potential toxicity mechanisms on di-
verse cell lines and mitigate them (for example, by providing
them with protective coatings). However, their clinical applica-
tions are still in their infancy, owing to biosafety concerns.[*!
Toxicity strongly depends on physiochemical parameters, such as
particle size, shape, surface charge, and chemistry, composition,
and stability. Therefore, assessing the biocompatibility of a whole
class of materials is a challenge, as these properties may also vary
within the same class, depending on the synthesis parameters,
starting materials or functionalization. This makes NPs hazard
identification not straightforward.['7]

Gold is known to be safe and chemically inert, and gold NPs
were shown not to elicit immune reactions below the concentra-
tion limit of 1% w/v, although some structures based on elec-
troconductive polymers, such as PPy and polyaniline, seem to
sometimes induce some level of cytotoxicity in a dose-dependent
manner.'!] Silica NPs demonstrated a good degree of biocom-
patibility both in vitro and in vivo, showing the ability to enter
cells without affecting their survival. SPIONs are usually classi-
fied as biocompatible, showing no severe toxic effects in vitro and
in vivo, nor immunomodulatory effects on human macrophages.
However, other studies found that when murine macrophages
were exposed to dextran-coated SPIONS, an increased secretion
of pro-inflammatory cytokines occurred.'®! Carbon nanotubes
have been shown to cause high inflammatory and cell injury ef-
fects in the lungs at high concentrations (5 mg kg™!), but to date,
there are no defined standards on their maximum safe concen-
tration in tissues.['”]

The high caution towards these materials is also due to the
fact that majority of biocompatibility studies aim to assess very
short-term effects, and only rarely consider medium-term effects
of nanomaterials. Long-term clinical effects have rarely been in-
vestigated, which severely hampers the clinical translation of for-
mulations employing this kind of materials. In this regard, long-
term preclinical studies using appropriate large animal mod-
els are required to confirm their biocompatibility at a higher
level.[178]
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Furthermore, the onset and severity of toxicity and assessment
of safe dosages strongly depend on the mode of administration
and the way cells and tissues are exposed to these materials.
There is a significant difference between injecting NPs into the
bloodstream, allowing them to circulate freely in the body, and
implanting a patch structure incorporating a nanofiller. Major-
ity of the biocompatibility studies mentioned above focus on the
effects of nanomaterials in direct contact with cells, which repre-
sents a riskier scenario compared to cases where the tissue is in
direct contact with the patch matrix but not with the filler. In this
scenario, potential minor toxicity effects that nanomaterials may
have when in direct contact with cells are mitigated by the em-
bedding matrix. Of course, it is essential to ensure that there is
no risk of leakages of the filler during the lifetime of the device.
A small number of studies have proved the biocompatibility of
patch formulations incorporating different types of smart fillers,
such as SPIONs,[%] rGO,[®%] silver nanorods,!'®) PDA NPs,[>]
and Mxene.[1%]

That being said, the selection of the stimulus-responsive mate-
rials to include in the patch must be not only driven by the appli-
cation, but should also consider biocompatibility issues, as they
are crucial for a potential clinical translation. In contrast, there is
an urgent need for updating the current clinical regulatory stan-
dards. Furthermore, in the case of active patches triggered by ex-
ternal stimuli, it is also important to ensure that the stimulus
dose that is meant to drive the therapeutic response falls within
the safety ranges established for clinical use.

Obviously, it would be beneficial to find safer alternatives
to some nanomaterials that have raised concerns and con-
troversies regarding cytotoxicity. For example, magnetic parti-
cles are among the most discussed smart materials: they are
widely employed in magnetic-responsive biomaterials, although
they have been sometimes reported to pose safety hazards.
In this regard, there have been some attempts to engineer
soft, metal-free, intrinsically magnetic polymers, based on sta-
ble organic free radicals. These polymers exhibit good para-
magnetic properties while showcasing better biocompatibility
than traditional magnetic materials.'8!] Following this trend, it
would be interesting to engineer innovative stimuli-responsive
materials working at a molecular level through bottom-up
techniques.

Beyond biocompatibility, biodegradability is not a compulsory
requirement for medical patches, but it could be a desirable fea-
ture in particular applications, such as for implantable patches.
In fact, in the case of non-permanent implants, the use of patches
fabricated with materials that naturally hydrolyze into biocompat-
ible metabolites after a certain lifetime in a biological environ-
ment makes the retrieval surgery unnecessary, which would be
clinically beneficial for short or medium-term applications.!?>7]
An ideal implantable patch should therefore maintain its shape
and structure to perform its intended function on the target tis-
sue for a given period, and only afterward should start to grad-
ually degrade in the body, to be either naturally excreted or
absorbed.[18.182]

Generally, degradable devices are made of polymers, such as
PCL, PGS, polyglycolic acid, PLA, PLLA, or PLGA, which contain
unstable bonds that are easily degraded by water or enzymes.['8]
Among them, polyesters of lactic and glycolic acids are the most
widely studied, mainly because they are already approved by
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the FDA as delivery systems for a variety of drugs but also
because they offer good customizability in terms of degrada-
tion profile through the control of the ratio of their individual
constituents.[7]

For example, for PGS, a common polymer used for patches,
especially for cardiac applications, mechanical and degradation
properties can be controlled by tuning the ratio of glycerol and
sebacic acid, leading to an easily customizable polymer.'83] Tt is
also possible to combine different polymers in a complex patch
structure for achieving the desired degradation profile. For ex-
ample, Pok et al. developed a multi-layered cardiac patch with
a core of PCL coated with a chitosan and extra-cellular matrix
gel, which was implanted and monitored for eight weeks in a
full-thickness post-myocardial infarction rat model, showing a
fast degradation of the gel portion at week four, and a much
slower successive degradation of the PCL core, whose thickness
decreased by 40% after eight weeks.['3*] Another tunable param-
eter that can be considered to modulate the degradation pro-
file of a polymer is crystallinity. For example, in order to ex-
tend the life of PLLA, its crystallinity can be tuned by reduc-
ing the amorphous content, being more susceptible to hydroly-
sis, while degradation of the crystalline structures is much less
significant.'’®l In contrast, Temiral et al. explored the degra-
dation profile of an alginate patch modified with two differ-
ent biocompatible nanofillers, cellulose nanocrystals, and cellu-
lose nanofibrils.'8? The alginate-nanofibrils composite showed a
30% erosion, in terms of weight loss in the first 2 days, afterward
slowing down and reaching only a 50% degradation after 30 days.
The alginate-nanocrystals composite showed a much slower ini-
tial degradation of 18% in the first two days, and then remained
always within the 30% weight loss threshold for a period of 15
days, proving to have a more favorable behavior in terms of sta-
bility in the first period of the patch lifetime; afterward, the degra-
dation rate significantly picked up, reaching 90% erosion after
30 days.

As highlighted by this last study, when using naturally degrad-
able polymers, although tunable degradation profiles can be ob-
tained, it is in general challenging to guarantee unaltered me-
chanical and functional properties for the whole time needed
to perform their therapeutic action before starting the degra-
dation process. To solve this issue, it could be useful to em-
ploy materials that start to degrade upon a cue, like an exter-
nal physical stimulus, which offers the advantage of precise spa-
tiotemporal control over degradation. For example, photodegrad-
able hydrogels can be obtained through the integration of pho-
tocleavable motifs, such as the nitrobenzyloxycarbonyl group,
which can degrade into an aldehyde and carboxylic acid parts
upon UV light activation. Johnson et al. investigated the pho-
todegradation of PEG hydrogels that contained nitrobenzyloxy-
carbonyl linkages, and confirmed the fragmentation of the poly-
mer structures after photoinduced cleavage of the networks.['%]
Of course, for active patches, triggered degradation strategies
should not interfere with the functionality of the patch: the stim-
ulus triggering degradation should be different and have no in-
terference with the one triggering the therapeutic action. More-
over, for patches to be implanted in deep tissues, it is crucial
that this stimulus has good tissue penetration ability, in or-
der to induce degradation in the patch through non-invasive
procedures.
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Finally, it is worth highlighting that in the case of active
patches, the biodegradability issue is even more challenging
due to smart materials selected for functional purposes, which
may not be inherently degradable. To endow a smart patch with
biodegradability properties, the selection of proper materials is
therefore even more crucial, requiring a trade-off between re-
sponsiveness and degradability of all of their components. For
example, when employing specific micro or nanofillers, it is nec-
essary to establish that they do not cause cytotoxicity not only
when embedded in the patch structure but also when in direct
contact with the biological environment, as they are to be released
during the patch degradation. This represents a more demand-
ing biocompatibility requirement.[®¢] In fact, NPs can permeate
cell membranes, accumulate in certain tissues, and spread along
nerve cell synapses, blood vessels, and lymphatic vascular sys-
tem, thereby giving rise to potential health threats when circulat-
ing through the body in direct contact with cells and tissues.!1”8]
Therefore, it is important to carefully consider the clearance of
these fillers, assessing the time required for the human body to
expel them, their biodistribution, potential accumulation in spe-
cific tissues during this time, and the effects on the organs in-
volved in their expulsion.

An interesting study field is the development of biodegradable
smart nanomaterials. To date, there have been some successful
efforts in this direction, but achieving biodegradable materials
with the same level of responsiveness as their non-biodegradable
counterparts is still challenging. For example, there is some evi-
dence of biodegradable piezoelectric materials, such as ZnO NPs,
PLLA, silk, collagen, and amino acids, but their piezoelectric out-
put is still inferior compared to conventional ones, limiting their
use.[1¥] A possible route to overcome this bottleneck and increase
the stimulus-responsiveness, while guaranteeing degradability,
could rely on optimizing the micro and nanostructure of these
materials, especially at the atomic level. This is because the re-
sponsiveness to biophysical stimuli mainly depends on param-
eters, such as crystallinity and alignment, which are intimately
linked to the atomic structure of materials. In this sense, artificial
intelligence (Al) is recently emerging as an extremely powerful
tool that may revolutionize the future of material science. There-
fore, Al-based algorithms are being employed to help in material
design, performance prediction, and synthesis, overcoming the
traditional but inefficient trial-and-error methods for studying
new materials. Powerful machine learning algorithms can pre-
dict specific properties of materials, such as conductivity, piezo-
electric coefficients, or magnetic permeability, starting from their
atomic structure based on the use of large materials datasets. Sev-
eral libraries of materials have been developed in the last decade,
mainly concerning materials for energy, gas storage, and elec-
tronics applications. However, this kind of tool holds great poten-
tial for health applications as well.[1¥7188] So far, these algorithms
perform well only for perfect crystal structures, which are only
a small part of the materials that may be interesting to investi-
gate for biomedical applications. Future development of Al-based
tools in combination with the constant increase of computational
power can pave the way for more complex algorithms with the
ability to take into account more variables and explore a higher
number of material types.
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3.4. Modeling

Mathematical modeling may play an important role in all med-
ical patches-based applications involving drug delivery and bio-
physical energy transmission. Accurate models could represent
a valuable tool during the design phase of a new patch, with
the goal of predicting how design parameters affect the patch
behavior."®! In particular, in drug delivery systems, modeling
can be the driver for elucidating the underlying release mecha-
nisms, both for passive and active mechanisms. A modeling step
would facilitate the development of new drug-loaded devices by a
systematic, rather than trial-and-error, approach, and could also
help in the optimization of the stimulation parameters in the case
of active patches.') Modeling can also be useful for explaining
and predicting how the application of an external triggering stim-
ulus can modify materials properties, such as mechanical or mor-
phological, or induce them to convert the applied stimulus into
another one.

Passive drug release has been extensively investigated in the
past from a modeling viewpoint: a large number of mathemati-
cal models have been proposed to describe the release of drugs
from inert matrix systems. Among them, it is possible to distin-
guish between empirical/semi-empirical models and mechanis-
tic ones. The former aims to describe the release profiles without
necessarily taking into account the underlying mechanisms, and
they are employed to empirically summarize and evaluate exper-
imental data; in contrast, the latter strives to explain the release
on the basis of physical and chemical processes that control the
release rate, which makes them suitable for predicting release
profiles from new formulations.[!%]

One of the most commonly used semi-empirical models is the
Korsmeyer—Peppas power law, reported by Equation 11, where
the ratio between the amount of drug released at time ¢ and the
amount of drug released in the equilibrium state (M,/M_,) is gov-
erned by the release rate constant K and by the release exponent
n, whose value is related to the diffusion mechanism.[191192]

Mt

— = Kt" 11
- (11)

e}

In contrast, the mechanistic model of drug release is described
by the well-known Higuchi’s law, expressed by the Equation 12:

Mt

- =VP (2¢)—¢,) cit (12)
where M, is the cumulative amount of drug released at time
t, A is the surface area of the matrix exposed to the release
medium, D is the drug diffusivity in the matrix, and ¢, and c, are
the initial drug concentration and drug solubility in the matrix,
respectively.[193194]

Some of the existing models are analytical, meaning that by
using equations, they relate a response variable (e.g., the amount
of released drug) to an independent variable (e.g., time) and to
one or more parameters, such as the diffusion coefficient, drug
solubility, and initial drug loading. However, many problems of
practical interest are too complicated to be solved by analytical
methods due to non-linearities or complex geometries; in these
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Figure 9. Examples of analytical and numerical modeling efforts. a) The passive diffusion of a drug from a matrix has been extensively modeled through
variations of the Fick’s law, depending on the type and shape of the reservoir. Image reproduced with permission.l'®>] Copyright 2011, Elsevier. Modeling
efforts have also been spent to predict the behavior of several smart materials in response to a stimulation: b) the swelling of an electro-responsive
hydrogel; image reproduced with permission,[2°1] Copyright 2007, Wiley; c) the voltage generated by a piezoelectric particle upon US stimulation; image
reproduced with permission,[20%] Copyright 2020, Wiley-VCH; d) the deformation of a degradable polymeric capsule in response to a mechanical stimulus;
e) image reproduced with permission,['3*] Copyright 2020, Elsevier; the cavitation dynamics of microbubbles upon the application of a pressure field;

image reproduced with permission,[2%°l Copyright 2021, Elsevier.

cases, numerical analyses are needed, such as finite difference
methods or finite elements methods (FEM).['8]

The existing models describing drug diffusion are in large part
derived from the Fick’s law, which has already been solved for
various geometries and initial and boundary conditions, giving
rise to a large number of more or less complex diffusion mod-
els (Figure 9a). Many reviews explore them in detail, classifying
them on the basis of the type of loaded system (such as reservoir
or matrix system), the characteristics of the polymer matrix (ho-
mogeneous or porous), and rate-controlling release mechanism
(such as diffusion, erosion, and swelling).[18:190:195]

Multiple efforts have also been spent to model the behavior of
a wide variety of stimulus-responsive materials, with the aim of
predicting their response to the application of chemical or phys-
ical energy.

The smart features of photo-responsive materials have been
mainly investigated through small-scale, particle-based simula-
tion methods.%®! For example, Choi et al. performed molecular
dynamics (MD) simulations to investigate the isomerization be-
havior of azobenzene photoswitches and how it affects the stiff-
ness of a polymer composite,['””! while Zheng et al. studied the
photo-controlled assembly and disassembly of responsive mi-
celles through coarse-grained MD.['%®) Ghani et al., developed
a thermodynamic model based on Hansen solubility parame-
ters, to estimate the work of adhesion between drug and poly-
mer network. This model was used to optimize polymer com-
position and estimate how its affinity to a loaded drug changed
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upon light-triggered alteration of the polymer structure, thereby
helping in predicting the measure drug desorption caused by
irradiation.[*%]

A chemo-electromechanical model has been developed by Bas-
setti et al. (Equation 13) to predict the swelling and deswelling
kinetics of hydrogels in response to an EF, based on the Nernst—
Planck and Poisson equations, which describe the flux of the k-th
ionic species in a direction (x):!2%")

= do, o
IN,=o _Dk$ - ukzkcka +¢. U, (13)

where @ is the gel porosity, D, is the effective diffusivity of the
k-th ion inside the hydrogel, ¢, 1, and z, are the concentration,
ionic mobility, and valence of the k-th ion, respectively, ¥ is the
electric potential, and U, is the fluid velocity in the x-direction.

A similar model was developed by Luo et al., who found a
very good agreement between their simulated results and experi-
mental data extracted from literature,[?°!] although more recently,
Boas et al. proposed a numerical model to describe the electri-
cally induced deformation of a fibrous polyelectrolyte membrane
in terms of its geometry, porosity, and elastic modulus and of the
applied ES (Figure 9b).[20%]

The interaction of US waves with piezoelectric materials, such
as NPs, which generate electrical charges in response to mechani-
cal stimulation, has been modeled as well. For example, an analyt-
ical model of the behavior of barium titanate NPs was developed
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by Marino et al. (Equation 14), describing the voltage generated at
the surface as linearly proportional to the radius of the spherical
particle and US wave pressure:[23]

Pr=- (14)

R (se, +2¢,) ( Pus >
SE,, sy + 2a
where R is the particle radius, ¢,, and e,, are the piezoelectric co-
efficients, ¢,, is the dielectric constant of the NP, «, y, and s are
known expressions, depending on the elastic properties of the NP
(the Young modulus and Poisson ratio), and p s is the maximum
pressure associated with the US wave.

With the same aim, FEM simulations have also been recently
proposed (Figure 9¢).[2042%] Sciurti et al. also used the COMSOL
Multiphysics FEM simulations to identify the resonant frequen-
cies of PLGA microparticles, in order to maximize their mechan-
ical deformation and degradation, thereby optimizing drug re-
lease (Figure 9d).[3%) Other US-driven phenomena, such as ADV
of low-boiling point compounds, such as PFCs, or inertial cavita-
tion of MBs, have been extensively modeled on the base of a va-
riety of physical theories. For example, Lacour first and Ghasemi
later have modeled ADV dynamics by means of a three-phase
model,[296:207] while Aliabouzar et al. reported a model for the
same phenomenon based on classical nucleation theory,[2%] pre-
dicting the acoustic pressure needed to trigger the vaporization
(p)) by solving Equation (15) for the nucleation rate:

ﬂ'O'3
]n =¢ exp (_m_f“%) (15)
3ksT(p, — p1)

where ¢ is a kinetic pre-factor, o is the liquid—vapor interfacial
tension, f(®) is a geometric factor taking into account the prob-
ability of a heterogeneous nucleation, kj is the Boltzmann'’s con-
stant, T is the temperature, and p, is the total pressure inside a
critical bubble nucleus.

Inertial cavitation has as well been extensively studied, with a
large number of models developed to predict the cavitation pres-
sure threshold as a function of diverse variable parameters, both
empirical and analytical, the majority of which were based on the
Rayleigh—Plesset’s equation (Figure 9e).[20%-210]

The effect of MF on magnetically responsive materials, such
as ferrogels, has been investigated mainly through particle-based
models, such as MD and Monte Carlo methods, which allow to
predict the structural deformation and amount of volume change
and shrinkage under an applied MF.?''-213] Analytical and nu-
merical methods have also been employed to model the interac-
tion between AMFs and MNPs; for example, in predicting the
power or temperature increase generated by these magnetically
responsive particles.®3214]

From the overview provided above, it clearly shows that drug
release from carriers and stimulus-responsive behaviors of smart
materials have been modeled in multiple ways. However, in spite
of the large number of published models, there is a clear lack of
models in the literature, aiming to predict the stimulus-triggered
drug release behavior of active matrices. To the best of our knowl-
edge, from a modeling and simulation viewpoint, no study has
integrated the action of an external stimulus in combination with
drug release phenomena. In contrast, nobody has described the
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diffusive behavior of a drug within the matrix in a model investi-
gating the stimulus-responsive character of a material. In some
experimental studies concerning drug release triggered by exter-
nal stimuli, efforts have been devoted to fit the measured release
data with semi-empirical models, such as Peppas, both in the ab-
sence and presence of the triggering stimulus.[86123:215216] How-
ever, this is an analysis of the experimental data performed to try
and better understand the mechanisms behind the drug release,
but it cannot be considered a step forward towards the prediction
of the behavior of new systems.

In addition to these considerations, the in vivo use of smart
patches presents further challenges that could be addressed by
mathematical modeling. First, prediction of the release behavior
from the patch system should be accompanied by modeling of
the drug diffusion through the tissues, to optimize the therapeu-
tic efficiency of the active principle. In recent years, modeling of
in vitro drug release profiles has been combined with compu-
tational fluid dynamics simulations to predict drug transport in
living tissues, such as the brain, liver, and bone.[!*"]

3.5. Control of Energy Dose

As the therapeutic action performed by active patches is a re-
sponse to a triggering stimulus, the first crucial step for increas-
ing efficiency and repeatability of the procedure is to have accu-
rate control of the energy actually released at the target site. This
means finding a precise quantitative relationship between the ex-
act dose of stimulus the patch is exposed to and the entity of the
observed response. A lack of this kind of control also compro-
mises the reliability and possibility of comparing different exper-
iments performed through different setup configurations, both
in vitro and in vivo, and this obviously slows down the transla-
tion to clinical reality.!'%!

Therefore, in in vitro studies, it is needed to measure, or at
least correctly estimate the stimulus dose the patch materials are
exposed to. This might seem trivial, but it can actually be quite
challenging. First, it is necessary to make sure that no spurious
signals from the environment interfere with the triggering sig-
nal, altering the dose actually reaching the target; this generally
applies to many biophysical energies, such as light and electro-
magnetic fields, and it can be avoided by performing the in vitro
tests in suitable and controllable environments. Furthermore, it
is crucial to calibrate the stimulating device in order to know its
exact output in terms of field intensity and distribution, and the
exact intensity of the signal in the target area, where the patch
under test is placed. For example, in the case of US transducers,
it is possible to measure the generated pressure field for a given
input electric signal using a calibrated hydrophone;!?!”! for a coil
system, the MF distribution can be calculated from the known
distribution of currents, or the generated field can be experimen-
tally mapped by scanning the 3D space through an appropriate
magnetometer.[2!®] Finally, for stimuli that are not applied in di-
rect contact with the patch, but propagate through free space,
there is one more factor to be kept under control. In fact, the setup
employed for the stimulation tests must be carefully designed to
avoid altering the field measured during calibration. This may
apply to MFs, which can be distorted by disturbing elements,
but is even more problematic for US fields. This is because US
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waves are sensitive to many elements commonly present along
the acoustic path in the testing setups, such as water/air inter-
faces and glass plates and tubes, which results in multiple and
uncontrolled reflection, diffraction, and attenuation phenomena
that can alter the actual US dose delivered to the target up to 700%
with respect to the expected one.[2!]

In addition to these issues, the in vivo translation poses fur-
ther challenges in terms of control. The optimal stimulus dose
found in vitro should be translated in vivo in the desired target
area within the human body, which is not straightforward. The
dose reaching the target can be substantially different from the
dose applied externally due to the effects of different tissues on
the propagation of the stimulus through the body, especially for
implantable patches. For example, light stimuli cannot propagate
more than a few centimeters due to tissue absorption; therefore,
they are not suitable for targeting deep tissues, while US waves
can be propagated through most human tissues, generating at-
tenuation and reflection phenomena that must be kept under
careful consideration.[**7°] The control and metering of the inten-
sity of the external signal required to safely deliver a desired stim-
ulus dose in vivo, thereby inducing the desired therapeutic action,
is a key challenge that must be addressed in order to success-
fully move towards clinical translation.[”® Currently, although it
is rather challenging to directly measure the dose reaching a tar-
get in deep human tissues, analytical models and FEM analysis
are fundamental tools that could help in predicting the stimu-
lus propagation as a way to tackle this challenge.l'®! For exam-
ple, light transport in tissues has been mainly modeled through
Monte Carlo simulations, which allow calculation of reflection,
transmission, and fluence rates in tissue through a detailed book-
keeping of the scattering and absorption experiences of indi-
vidual photons.[229221 Acoustic propagation of ultrasonic fields
through heterogeneous media, such as soft tissues, has been
addressed through analytical and numerical techniques.[?22223]
However, there are still very few studies addressing the issue of
stimuli propagation through realistic tissue models, and greater
efforts should be attempted in this regard. This kind of modeling
can significantly help in correctly tuning the output of the ex-
ternal stimulation devices in order to reach the target inside the
body with the desired stimulus dose, which represents a pivotal
information for enabling an effective in vivo translation.

3.6. Portability and Autonomy

The use of triggerable materials within medical patches implies
the need for a device able to activate stimulus. Often, such stim-
ulating devices (e.g., electromagnetic coils and US transducers)
are bulky, and they need a power supply and require specialized
operators to handle them. This implies that the treatments need
to be performed in specialized laboratories or hospitals, hinder-
ing the diffusion of such devices. It would be highly favorable
to miniaturize these stimulating devices, making them portable
and available to non-expert users. For example, the enormous
advancements in microelectronics have led to the development
of portable, patient-friendly, and personalized ES platforms, of-
fering a concrete and promising alternative to bulky clinical
equipment.””) The same is now happening for US stimulation,
as an important study area in US technologies presently focuses
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on producing smaller and smaller transducers, also making them
user-friendly. Concrete efforts are ongoing toward the develop-
ment of thin and flexible transducers in a wearable form.[!2°] Ad-
ditionally, light sources can be easily integrated into miniaturized
portable devices, and several examples of flexible and wearable
LED patches already exist.®%°) However, this is more difficult
for magnetic stimulation, as the miniaturization of coil systems
or permanent magnets is an open challenge: even if efforts in
this direction have recently been made, it is still hard to reach the
values of MF intensity needed for activating materials inside the
body by means of small devices.[?2422%]

For skin-wearable patches, the integration of the stimulus
source in the therapeutic patch itself would be an optimal so-
lution to portability issues, resulting in a single compact de-
vice of limited size. This has already been achieved, for exam-
ple, for electrically-triggered patches, which can easily integrate
printed electronic circuits with the ability to trigger the actua-
tion system on the basis of commands received wirelessly by
a computer or a smartphone.®>!®] In this regard, recent ad-
vancements in ultrathin, stretchable, and organic electronics are
particularly intriguing, as they move towards creating soft, con-
formable, and highly flexible electronic circuits for a plethora of
health applications.!?22?’] For other types of stimulation, such as
US or MFs, the integration goal is still far from being entirely
achieved. For example, flexible patch-like US transducers have
been developed, exploiting thin-film structural design strate-
gies and micromachining techniques borrowed from the micro-
electro-mechanical-systems (MEMS) field. However, this design
approach that makes them flexible also affects their performance
by reducing their quality factor and narrowing their bandwidth.
One of the main technical challenges for flexible transducers lies
in the integration of the damping layer, which normally consists
of a thick layer of rigid materials and absorbs the backward US
energy; to this aim, an exciting perspective could be the develop-
ment of new materials endowed with good flexibility and suitable
acoustic impedance, even at low thicknesses.[??8] However, easy-
to-use portable devices, small enough to be carried around or kept
at home without excessive hindrance, even if not wearable, could
be a great improvement to promote the diffusion of such smart
devices.

For implantable patches, the issue is even more complicated.
First, some stimuli, such as electric and optical stimuli, are char-
acterized by a small penetration ability in human tissues. There-
fore, in the case of a deep tissue target, it would not be feasible
to provide the stimulation externally through a wearable device,
as it could be done for US or magnetic stimulation approaches.
In this case, the possible solutions would be to either make the
implantable device self-sufficient, with its own stimulus and
power source integrated, or to leave exposed ports, even after the
implantation surgery, such as long needle electrodes penetrating
in the tissue or catheters transporting light to the target.[*8] The
second solution is clearly not ideal in terms of safety and patient
compliance, and would significantly hinder clinical translation.
The first solution appears to be less prohibitive, but is not ideal
as well, since batteries could require replacement, if their oper-
ating life is shorter than the meant therapeutic life of the patch.
However, recent advancements in electronics miniaturization
and wireless technologies are opening the door to the possi-
bility of powering implantable devices from the outside in a
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non-invasive manner, especially for electrically-triggered
patches.I*8) However, it is worth highlighting that such patches
should anyhow include some on-board electronics to be able to
wirelessly communicate with the external world and generate
the triggering signal, which would impose stricter requirements
from a regulatory point of view. This kind of battery-free systems
would represent a significant improvement with respect to the
current state of the art.

An emerging and promising study field concerns biore-
sorbable electronics aimed at creating electronic implants capa-
ble of dissolving at controlled rates or triggered times. This can be
achieved through engineered chemical or physical processes af-
ter a required period of operation, without the need for secondary
removal surgeries. The chemistry of constituent materials is cur-
rently under investigation, with the aim to balance performance
durability during the desired lifetime and suitable degradation
rates afterward. To tackle this challenge, two main paths have re-
cently emerged: on the one hand, the development of biodegrad-
able functional materials, such as inorganic (e.g., alkali-earth and
transition metals, such as magnesium, molybdenum and zinc,
silicon and germanium nanostructures, and MgO thin films) and
organic (e.g., PPy, polyaniline, poly[3,4-ethylenedioxythiophene],
silk, wax, PLA, PEG, and polyanhydride) compounds, hybrids
and composites (e.g., Fe/PCL, Mg/PLA, and PPy/silk fibroin)
for semiconductors, and conductors and insulators; on the other
hand, the development of encapsulation materials (e.g., layered
structures alternating organic films made of PLGA, polyanhy-
dride, or polyurethane, with inorganic layers made of silicon diox-
ide [SiO,], silicon nitride [SiN,], or silicon oxynitrides [SION])
with good water barrier performances to protect the embed-
ded electronics, while also having suitable degradation behavior
aligned with desired operational lifetimes of the device.??>2% To
date, bioresorbable transistors, inductors, sensors, antennas, and
even power supplies have been developed. Notably, biodegrad-
able piezoelectric powering systems and energy harvesters are
worth mentioning, as they can generate power for small elec-
tronics deeply seated inside the body by harvesting ultrasonic
waves. 23]

3.7. Minimally Invasive Application Procedures

Patches, with respect to hydrogel scaffolds, are more suitable for
the treatment of certain anatomical targets, such as the heart or
walls of organs like the stomach or intestine. In fact, their 2D
shape and highly organized morphological structure can help
the integration and regeneration of target tissues by mimicking
their native structure and reproducing their functional proper-
ties. However, placing a functional patch onto an internal or-
gan usually requires open surgery.?32l Although hydrogels are
easily injectable due to their gel-like form and shape-changing
ability, patches have a fixed shape with an area typically in the
range of square centimeters, thereby requiring relatively large in-
cisions for introduction into the body. Furthermore, they often
need to be delivered through narrow spaces and adhere to wet
surfaces in the presence of blood, which further complicates sur-
gical procedures.[?*]

The need for invasive surgery for patch implantation mainly
limits their applicability in the clinical practice.l?®?] These types
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of procedures carry risk with respect to minimally invasive de-
livery methods, which offer higher success rates with a lower
risk of complications and reduced costs due to smaller incision
size, shorter duration, and faster patient recovery.['**] Therefore,
the adoption of minimally invasive surgery in patch delivery is
expected to be promising in reducing the risks associated with
implantation, thereby improving patients’ compliance and accep-
tance and facilitating clinical translation.[?3]

In this regard, in the last decade, there have been efforts to
design patches with certain properties that enable their applica-
tion through minimally invasive methods. For example, Fan et al.
proposed a cardiac PVA-GO patch that can be placed in the chest
through a tiny incision (4 mm) due to its ability to fold for the
insertion and then quickly recover its original shape upon irradi-
ation with NIR light for 10 s.1234] This NIR-triggered shape mem-
ory property is due to the presence of GO, which heats the PVA
upon light absorption, causing its relaxation and unfolding of the
patch on the heart walls (Figure 10a). In this case, the size of the
incision and surgery duration (1 min) are significantly reduced,
and the surgical procedure could be performed using microsurgi-
cal tools, as the unfolding and placement on the target are essen-
tially autonomous, not requiring complex intervention by the sur-
geon. However, this method appears to be only applicable to rel-
atively easily accessible targets, such as the chest cavity. Another
strategy has been proposed by Montgomery et al. who developed
an elastic shape-memory patch that can be delivered through a
1 mm diameter needle, which unfolds spontaneously after in-
jection due to the properties of its microfabricated lattice design
(Figure 10D).[232] The study reported how the injection did not al-
ter the patch functionalities, as the results from in vivo tests were
equivalent to those obtained by delivering the patch through tra-
ditional open surgery. Similarly, Mei et al. designed a heart pouch
with self-unfolding properties conferred by the shape memory
properties of its lattice structure inspired by origami, which has
been proven to be deliverable by means of a flexible needle, simi-
lar to a catheter in rodent and swine models.[?**] In both of these
studies, the intended target was the heart, but this injection tech-
nique is likely to be also exploitable for other internal targets,
even the less accessible ones, which could be reached with rela-
tive ease through flexible catheters. A bioadhesive origami patch
was also developed by Wu et al., and it can be integrated with
a variety of minimally invasive tools, such as a balloon catheter
or a surgical stapler, offering interesting opportunities for var-
ious clinical scenarios (Figure 10c). For example, the use of a
catheter could be useful for intraluminal sealing of tube-shaped
organs, such as the trachea, esophagus, and blood vessels, while
endoscopic staplers can successfully operate linear seals in resec-
tions and anastomoses.[2**] The origami-based fabrication strate-
gies employed in this study allow the patch to remain folded
while integrated with the surgical tools, and then transition to
a rubbery state upon contact with wet tissues, thereby releasing
the plastic deformation and spontaneously unfolding to conform
to the tissue surface. Furthermore, Lee et al. proposed an inno-
vative delivery strategy using an ingestible magnetically-driven
capsule.[*] The capsule, measuring 13 mm, contains three mi-
croneedle patches attached to a permanent magnet. The capsule
can be guided toward the target through an external electromag-
netic field and then release the patches one by one, again through
magnetic actuation, so that they can adhere to lesions at various
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Figure 10. Some examples of minimally invasive procedures that have been proposed for the delivery of implantable patches. a) Unfolding upon implan-
tation can be controlled through an external triggering stimulus, such as NIR light. Image reproduced with permission.l?34] Copyright 2021, American
Chemical Society. b) Shape-memory patches with self-unfolding capabilities have been delivered through needles, or c) through balloon catheters and
endoscopic staplers. Reproduced with permission.[232233] b) Copyright 2017, Springer Nature; c) Copyright 2021, Wiley-VCH. d) Patches to be implanted
in the gastrointestinal tract can also be delivered through an ingestible capsule, which can expel them at the desired locations by magnetic actuation.

Reproduced with permission.[23¢] Copyright 2020, Elsevier.

locations (Figure 10d). In this study, the target was the small in-
testine, which is a scarcely accessible tissue through conventional
surgical tools, but this method can be an interesting solution for
patch delivery to the entire gastrointestinal tract.

The use of smart materials with the ability to curve, fold, or
roll-up in a dynamic and controllable manner has yielded sev-
eral encouraging and promising results toward achieving mini-
mally invasive delivery of implantable patches. This goal seems
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within reach in the coming decades. However, to promote the
clinical translation and introduction of these techniques into rou-
tine clinical procedures, more extensive in vivo investigations,
particularly in large animal models, are necessary to demonstrate
their safety, feasibility, and efficacy.['**] Additionally, refinement
of these techniques is necessary before their translation to clin-
ical practice. For example, identifying the optimal site for patch
injection, which is still under investigation in many studies, and
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training clinicians to maneuver the delivery instruments in vivo
are important aspects to consider.?3’] At the same time, it is es-
sential to ensure that the functionality of the patches is preserved
through these delivery procedures, which should not excessively
stress the patch structure or compromise its functional integrity.
In this regard, a possible solution to ensure patch integrity dur-
ing minimally-invasive insertion procedures, at the same time
facilitating patch delivery, is to fabricate the patch ex situ, with-
out completing its crosslinking/solidification, thus without con-
solidating its final mechanical properties. This allows easy inser-
tion of the patch in a delivery tool and to release it in the target
area, exploiting its flexibility. Once released, the constituent ma-
terials can be directly cross-linked in situ to obtain the final patch
features. An example of pre-manufactured (not crosslinked) 3D
structure was reported by Luo et al. They developed a stent made
of shape memory copolymers incorporating catalyst-free cross-
linkable functional groups. This structure could undergo signif-
icant mechanical deformation during insertion due to the weak
bonding strength of each printed layer. Subsequently, the device
was strengthened in situ by activating the cross-linking sites via
light irradiation.(2%]

3.8. Sensing and Monitoring

When delivering a treatment through a patch, it could be helpful
to know in real-time how the treatment is progressing, whether
the patch is functioning as expected, and how the target tissue is
responding.

This is why wearable patches, particularly those used for trans-
dermal drug delivery or wound healing, are often endowed with
sensing capabilities to monitor physiological parameters that
provide insights into the patient’s health status. For example,
temperature, pH, or concentration of specific biomarkers are cru-
cial indicators of inflammation or bacterial infection in a wound
site,!?] while glucose concentration in blood, the concentration of
specific analytes in sweat, or the presence of skin tremors can
aid in monitoring particular diseases.'’”] In the last decade, ad-
vancements in printable and flexible microelectronics have led
to the development of various miniaturized and wearable elec-
tronic and electrochemical sensors for measuring these mark-
ers. For example, in a recent study, Sani et al. demonstrated the
effectiveness of a wearable bioelectronic system integrating an
electrochemical biosensor array, capable of wirelessly and con-
tinuously monitoring a panel of wound biomarkers, such as tem-
perature, pH, ammonium, glucose, lactate, and uric acid levels,
thereby revealing the infection, metabolic, and inflammatory sta-
tus of a chronic wound during different healing stages.[?*®] In
contrast, Lee et al. developed a wearable device for diabetes mon-
itoring and treatment, equipped not only with glucose, pH, and
humidity sensors for monitoring pathological symptoms butalso
with a temperature sensor to monitor skin temperature during
the thermal actuation of the device, serving as a feedback control
system to prevent overheating and skin damage.['*!l Some bio-
logical markers can also be detected using sensors that rely on
the properties of specific molecules or dyes without integrated
electronics, such as colorimetric sensors.[?®) Mirani et al. incor-
porated color-changing resin beads doped with a pH-responsive
dye into an alginate wound dressing. The color changes of these
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beads could be easily detected with a smartphone and custom-
made app, which autonomously provided quantitative informa-
tion about the infection status of the wound through image ac-
quisition and processing.[?*] In another study, silica NPs modi-
fied with cyanine dyes (Cy3, Cy5) were embedded in a hydrogel
to act as fluorescent probes for detecting bacterial infection based
on the FRET effect between Cy3 and Cy5.2*°! Besides pH, oxygen
levels can also be detected using colorimetric methods, such as
employing a reference dye and porphyrin-dendrimer phosphor
that fluoresces in oxygen.[?*1]

The information obtained from monitoring the status of the
target site could be of particular interest in active patches, which
could allow implementing a closed-loop treatment. In fact, com-
munication between a sensing system and an actuation system,
which controls the triggering of the patch, would enable mod-
ulation and adjustment of the timing and dosage of therapeu-
tic actions based on the specific real-time needs of a patient.[*!]
To date, substantial efforts have been made to integrate various
biosensors and therapeutic platforms into skin-conformal mul-
ticomponent packaging formats.[?®) Specifically, numerous stud-
ies have successfully investigated feedback-controlled drug deliv-
ery. For example, Pang et al. developed a dressing that integrates
a temperature sensor capable of detecting wound infection and
activating UV-triggered antibiotics release on-demand.[®) Simi-
larly, Mostafalu et al. developed an electrically-responsive wound
dressing that is automatically activated by an electrochemical pH
sensor.14]

However, for implantable patches, the implementation of
sensing and monitoring strategies is significantly more complex
and less widespread due to difficulties related to accessing inter-
nal tissues for information collection and transmission.

Non-invasive imaging techniques, such as US or magnetic res-
onance could be of significant help for certain purposes. For ex-
ample, they can be used to assess whether the patch remains in
the correct position after a certain time, or whether it adheres
properly to the target tissue. This monitoring function can also
be achieved by integrating in advance labeling or contrast agents
into the patch, which aid in detecting its position or orientation in
vivo. For example, MNPs can serve as both magnetic resonance
imaging probes and functional components of a patch.3*#21

Some mechanical properties of target tissues or a patch can
also be non-invasively monitored, aiding in assessing the pro-
gression of the delivered treatment and functionality of the patch
over time. Techniques, such as US elastography, enable a non-
invasive, non-destructive, quantitative, and real-time assessment
of several mechanical parameters of tissues and implanted bio-
materials in vivo. US elastography has been employed to evaluate
the stiffness and viscoelastic properties of soft tissues, which are
key parameters reflecting alterations in cellular and extracellular
components, and ultimately, the health status of the tissue.[?*?]
Additionally, it is commonly used to evaluate biomaterial degra-
dation in vivo by measuring changes in mechanical parameters.
It can also be employed to assess the viability of implanted cells,
which is applicable in monitoring the proliferation status in im-
planted cell-based patches.[?*]

Currently, non-invasive external observation is the extent to
which it is possible to monitor the activity of an implanted patch
in vivo. The use of proper sensors, such as the wearable ones
described above, to be implanted on the target tissue is still
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prohibitive. For the case of implantable solutions, sensors with-
out integrated electronics would be preferable, but reading their
output in a non-invasive manner from outside represents a
challenging issue. Alternatively, implantable electronic sensors,
while raising safety concerns and complicating device design and
fabrication due to the need for circuitry and a power source, can
more easily communicate with external devices. Wireless com-
munication and powering technologies are rapidly developing
and starting to be applied in the field of implantable and in-
gestible medical devices, which can integrate radiofrequency an-
tennas for wireless transmission of physiological measurements
from internal tissues to external control equipment.[?**] Although
such technologies have been integrated into some implants, such
as brain implants and ocular and bladder pressure sensors,>*
their development is still in an early stage, and their applica-
tion is limited. Presently, we are still far from the development
of closed-loop implantable patches that monitor the status of in-
ternal tissues with sufficient precision and time resolution to the
on-demand delivery of treatment based on acquired data. How-
ever, this is an exciting perspective for future study efforts.

3.9. Clinic-Derived Specifications and the Perspective of Multiple
Drug Delivery

Driven by the specific treatment needs, when developing a new
patch formulation, a crucial step is represented by the choice of
the type of active agent to be delivered, release profile to be im-
plemented, or stimulation protocol and parameters, in the case
of tissue-stimulating patches.

For the treatment of common and widespread diseases, infor-
mation regarding best clinical and pharmacological approaches
are readily available in the literature. For example, it is well-
known that an ideal treatment for diabetes would require a sus-
tained baseline insulin delivery accompanied by pulsatile release
at specific times.[2*¢] Similarly, for disorders related to the circa-
dian rhythm, a therapy synchronized with the onset of symptoms
is required. In this case, a pulsatile drug delivery profile to be
triggered on-demand is highly preferable.?*’] In these cases, the
ideal therapeutic approach is relatively well-defined, and efforts
can focus on finding technological solutions to achieve practical
implementation. However, for less common diseases, especially
in the tissue regeneration field, there is limited knowledge re-
garding the ultimate treatment to be applied. In the last decades,
a better understanding of the molecular and biochemical path-
ways involved in the different regeneration processes has led
to the development of novel therapeutic solutions, even though
comprehension of the exact role of all the biological mechanisms
involved in these complex processes is still incomplete.[>?*8] Se-
lecting the appropriate growth factor combinations and deter-
mining crucial variables, such as effective dosages, timing, and
delivery sequences still remain major challenges in tissue engi-
neering. An improper growth factor combination or an unbal-
anced dosing schedule can activate signaling cascades that lead
to undesirable outcomes.!?*?>%l The scarcity of standard thera-
peutic protocols and practical approaches for tissue regeneration
in the literature is a critical issue that hinders the development
of innovative and highly-efficient therapeutic devices for tissue
regeneration and their practical application.
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In general, it is widely recognized that natural tissue regener-
ation processes rely on a well-controlled cascade of sequential ex-
posures to different growth factors, as each phase of regeneration
involves different signaling pathways, biological molecules, and
cell types.3% Therefore, achieving a controlled spatiotemporal de-
livery of multiple and suitable factors can guide tissue regenera-
tion by mimicking the natural processes of the human body.[*>?>!]
Several studies have reported enhanced regeneration of various
tissues, such as nerves, bones, muscles, and blood vessels, upon
temporally organized co-administration of multiple growth fac-
tors compared to delivery of single factors. Chen et al. inves-
tigated the efficacy of sequential release of VEGF and platelet-
derived growth factor (PDGF) on angiogenesis. They found that
VEGF plays a role in initiating the formation of new vessels,
while PDGF promotes their stabilization and maturation.!?!]
Thus, sequential exposure to VEGF followed by PDGF induced
the growth of mature and well-developed vessels, while expo-
sure to VEGF alone resulted in more numerous but smaller and
immature vessels. Similarly, Kempen et al. proposed a strategy
for bone regeneration based on the burst delivery of VEGF fol-
lowed by sustained delivery of bone morphogenic protein (BMP-
2). This approach aims to re-establish vascularity before inducing
bone formation through BMP-2, and it has shown encouraging
results.[?2] In another study, Raiche et al. suggested an alterna-
tive approach for inducing osteogenesis based on the observation
of temporal differences in the appearance of various members
of the BMP family during fracture healing.?>°! They found that
sequential delivery of BMP-2 and insulin-like growth factor re-
sulted in the most favorable cell behavior, while simultaneous
or reversed sequential delivery had significantly lower efficacy in
promoting bone healing.

Furthermore, the combined delivery of different agents has
also been demonstrated to be promising for cancer treatment.
Combination chemotherapy is emerging as a strategy to promote
synergistic effects, overcoming multi-drug resistance and reduc-
ing side effects.[*3] For example, the delivery of both vascular
disrupting agents, which undermine the tumor microenviron-
ment, and chemotherapeutic drugs have effectively inhibited tu-
mor growth and metastasis.[2*]

In light of the above considerations, it is evident that patch sys-
tems with dual drug delivery capabilities may be beneficial for a
vast number of applications, holding great potential for increas-
ing the therapeutic efficacy of current treatment modalities.>”’
In this context, various strategies are being employed to tackle
the challenge of designing systems capable of delivering multi-
ple therapeutics in a controlled manner and with different release
kinetics.!?*! For example, passive sequential delivery of two dif-
ferent molecules has been achieved in a fibrous patch by loading
a first agent in the sheath region of the fibers, which is rapidly
released in an initial burst, and a second agent in the fiber core,
which is released with a sustained profile over time.[2*] A similar
dual delivery profile was obtained by incorporating the first drug
directly into a hydrogel and loading the second one in polymer
microspheres embedded within it, providing them with a double
encapsulation level to ensure slower release (Figure 11a).[252 Al-
ternatively, Cao et al. developed a semi-passive system in which
hydrophilic and hydrophobic molecules were loaded into a hy-
drogel through different links. These links can be cleaved by dif-
ferent endogenous stimuli, namely pH and high concentrations
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Figure 11. Some of the strategies employed for releasing multiple drugs from a single device. a) In a passive system, a drug was incorporated directly
into the hydrogel to have a fast release, while a second drug was loaded in polymer microspheres embedded in the same matrix to ensure a slower
release. Image reproduced with permission.[252] Copyright 2009, Elsevier. b) The independent release of two drugs has been achieved in a semi-passive
system by loading them into a hydrogel matrix through two different links, which can be cleaved by different endogenous stimuli. Image reproduced with
permission.[2°3] Copyright 2016, American Chemical Society. c) A scaffold composed of two thermo-responsive hydrogels with different critical tempera-
tures, each encapsulating a different therapeutic, has been developed for their sequential release: in an early phase, characterized by higher endogenous
temperatures, only the first agent was released, and only afterwards, when the temperature decreased, the second was delivered as well. Reproduced
with permission.[233] Copyright 2020, Elsevier. d) In a photo-responsive system, two different proteins have been incorporated into a hydrogel through
different photocleavable bonds, selectively triggerable, depending on the wavelength of the excitation light, allowing a controllable and independent
delivery of the two molecules. Reproduced with permission.[25¢] Copyright 2013, Wiley-VCH.

of redox species. This allows the release of the two drugs at dif-  a different therapeutic agent. In the early inflammatory phases,
ferent times, corresponding to specific conditions of the target  at higher endogenous temperatures, only the first agent was re-
environment (Figure 11b).[°3] In contrast, Lin et al. proposed a  leased, and only after overcoming the acute inflammatory phase,
hybrid scaffold composed of two different thermo-responsive hy-  characterized by a lower temperature, the second drug was re-
drogels with different critical temperatures, each encapsulating  leased (Figure 11c).>] Furthermore, some studies attempted
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to develop active systems with the ability to release two drugs
with different profiles in a controlled and externally triggerable
manner. For example, two different proteins have been incorpo-
rated into a single hydrogel through two different photocleavable
bonds, so that the release of one over the other depended on the
wavelength of the excitation light (Figure 11d).[°°) In another
study, two drugs were loaded into different thermo-responsive
fibers, which could be selectively heated by an electronic control
system, allowing an independent release of the two therapeutic
agents.[®]

Some of the above-mentioned technologies have already been
exploited to develop smart and innovative patch formulations,
while to the best of our knowledge, others have only been em-
ployed in other types of therapeutic systems, such as 3D scaffolds
or injectable hydrogels. However, they are all mostly compatible
with the integration into a patch structure and could offer inter-
esting possibilities to further advance efforts aimed at including
multifunctionality features in patch systems. This, in turn, could
contribute to improving their therapeutic efficacy for a broader
range of clinical needs.

To achieve multifunctionality, an interesting prospect lies in
the development of highly tunable stimuli-responsive materials.
These materials can be functionalized in multiple ways to re-
spond to various stimuli, including different types of stimula-
tion within the same category. For example, metal-organic frame-
works (MOFs) are garnering increasing attention in this context.
They are porous hybrid solids composed of metal clusters con-
nected by organic ligands. Recently, they have been intensely
studied as promising drug carriers due to their high surface
area and porosity, which guarantee a high drug-loading capa-
bility, high chemical stability, and relatively easy synthesis.!?’]
Additionally, MOFs are characterized by a very versatile compo-
sition, enabling the integration of a wide variety of metal ions
and organic molecules with very different properties in their
structure, which are transferred to the MOF. This functionaliza-
tion versatility makes them extremely tunable, allowing them to
change their properties upon exposure to specific stimuli.?%®! To
date, majority of the stimuli-responsive MOFs currently inves-
tigated for therapeutic applications are light-responsive, which
include functional groups as azobenzenes and photosensitiz-
ers, such as porphyrin.[?°l Recently, photo-responsive MOFs
have been frequently employed in patch systems, especially
for photodynamic therapy purposes.[**-2621 Additionally, other
types of responsive MOFs were already investigated, such as
thermo-responsive ones, incorporating thermo-labile bonds, or
possessing a crystal structure that undergoes a phase transi-
tion upon temperature increase.[?! There are also mechanically-
responsive MOFs whose highly porous crystalline structure re-
arranges under the application of pressure, electrically respon-
sive ones, usually incorporating redox-sensitive units, conductor
atoms, or electrochromic groups,?®*l and magnetically respon-
sive ones, including magnetic atoms or NPs.[?6*] Recent study ef-
forts have also focused on the development of multi-responsive
MOFs. This can be achieved by functionalizing their structure
with multiple types of functional ions and groups to be trig-
gered by different stimuli.[?*2%4] Multi-functionalization of a sin-
gle MOF platform is a field that is still in its early stage, but that
may lead to great advancements in the next decades.
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4, Conclusions

Medical patches have garnered increasing attention over the last
few decades for a broad variety of therapeutic applications and
clinical targets due to their versatility and relative simplicity
of use. Particularly, externally triggerable smart patches appear
nowadays to hold the most interesting potential, as their action
can be carefully controlled through the application of biophysi-
cal energies. These devices enable the release of drugs or direct
stimulation of tissues, either chemically or physically in a con-
trolled and carefully temporized manner, maximizing the ther-
apeutic efficacy of the treatment. This review analyzed the main
triggering stimuli, namely light, electric, and magnetic fields and
US, highlighting their strengths and weaknesses for different ap-
plications in terms of tissue penetration ability, tunability, safety,
and control. Moreover, significant attention has been given to the
interaction mechanisms between these stimuli and specific re-
sponsive materials, which are the key enabling features of the
smart character of triggerable patches. Advances in material sci-
ence, biochemistry, and fabrication technologies have improved
their functionalities by employing increasingly performant ma-
terials, and ongoing studies continue to propose innovative com-
binations of smart materials to overcome the current limitations.

Apart from maximizing responsiveness to the triggering sig-
nal, several other aspects deserve consideration during the design
of a patch. Ensuring total biocompatibility of these devices is cru-
cial. In some cases, biodegradability is a desirable feature as well.
Properly tuning the mechanical properties of a patch to favor its
interaction with a target tissue, and endowing the patch’s surface
with adhesive properties to avoid the need for glues or stitches
are also essential aspects to be considered. Additionally, other de-
tails, though less critical, can still improve patch performances
and guide further developmentin this field. Modeling the interac-
tion mechanisms between smart patches and triggering stimuli
may facilitate a more rational design of new formulations, while
carefully controlling the stimulation dose in vitro and in vivo im-
proves the reliability and repeatability of the results. Integrating
sensing and monitoring functions in the patch could also offer
the possibility to “close the loop,” delivering the treatment based
on the real-time needs. Furthermore, making the patches mul-
tifunctional, such as endowing them with the ability to release
two different drugs in a controllable manner, would greatly ben-
efit therapeutic efficacy for a wide range of pathologies. Finally,
ensuring the portability of these devices and identifying mini-
mally invasive delivery techniques, particularly for implantable
patches, could significantly improve usability and patients’ com-
pliance.

Several recent efforts tried to address many of the above-
mentioned issues, leading to important advancements in the
field. However, some aspects remain challenging, and concur-
rently addressing multiple issues in the design of a single patch is
currently quite ambitious. Furthermore, majority of existing trig-
gerable patches are currently meant as wearable devices for exter-
nal applications. Their potential as implantable devices to target
internal organs is still largely underexplored, albeit significant.
Thus, there is still considerable potential to uncover in trigger-
able patches, and collaborative efforts from different fields, such
as material science, bioengineering, chemistry, electronics, and
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pharmaceutics, are required to facilitate the translation of these
devices to clinics and markets.
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