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Abstract

Prolonged-release transdermal systems represent a modern and minimally invasive alternative in the
pharmacological management of orofacial conditions characterized by chronic pain and neuroinflammation. By
ensuring steady-state drug levels and bypassing hepatic first-pass metabolism, these systems improve therapeutic
efficacy and reduce adverse effects associated with oral or injectable routes. Technological innovations, such as
microneedles, stimuli-responsive hydrogels, and lipid-based nanocarriers, have enabled precise control of
transdermal drug delivery and increased tissue targeting. Clinical applications include temporomandibular
disorders, trigeminal neuralgia, mucosal pain lesions, and refractory chronic orofacial pain. These platforms are
especially advantageous in patients with poor compliance or gastrointestinal intolerance. Recent advances also
include smart patches with biosensors that adjust release rates in real-time, representing a step toward adaptive,
personalized therapy. Despite their benefits, limitations such as skin permeability variability, cost, and lack of
standardized protocols remain challenges to widespread clinical adoption. Future directions focus on integrating
artificial intelligence and neuromodulation interfaces, aiming not only for symptom control but also for modifying
disease trajectories.
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Introduction

Extended-release transdermal In the last two decades, the
systems represent one of the most dynamic technological impulse given to advanced
directions of modern drug therapy, biomaterials, smart polymers, hybrid
overcoming the pharmacokinetic barriers of nanostructures, stimulus-responsive
conventional oral administration and the hydrogels, and microneedle systems has
limitations inherent in injectable therapy. In allowed a finer adaptation to the kinetics of
contrast to classical forms, transdermal the transported molecule, ensuring the
administration provides a controlled, stable gradual transition from simple occlusive
systemic or local intake without the peak- patches to "skin micro-devices" with dual
trough plasma fluctuations characteristic of function: transport and pharmacological
repeated oral administration, while regulation [2]. This progress has
reducing first-pass hepatic metabolism and considerably expanded the scope of clinical
gastrointestinal reactivity [1-3]. Thus, the indications, including areas  where
transdermal has evolved from an compliance and pharmacokinetics are
"alternative" form to a true therapeutic critical, such as neuropathic pain in
platform with major translational potential trigeminal neuralgia, temporomandibular
in orofacial pathology and chronic pain. dysfunctions with a persistent inflammatory
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component, as well as the management of
complications secondary to
oncological or autoimmune therapies.

mucosal

In orofacial pathology, the rationale
for using transdermal systems is twofold:
(1) avoiding saturation of peripheral

receptors by oral bolus doses and
maintaining a constant tissue concentration;
(2) offering a minimally invasive

therapeutic pathway, suitable for patients
with functional disorders associated with
anxiety, drug nausea, or gastrointestinal
disorders [3-5]. Also, for substances with a
narrow therapeutic window,
release systems ensure a superior safety
profile and a reduction in cumulative
adverse effects.

The interest in the wuse of
transdermals in the oro-maxillofacial sphere
is also supported by the emergence of

extended-

neuroinflammatory models, in which pain is
not just a mechanical consequence, but a
complex interaction between macrophages,
peripheral glia, local cytokines, and central
processing of nociception. Continuous
transdermal administration can modulate
these pathological way
inaccessible to oral sequential therapy [4].

axes in a

Pharmacokinetics and mechanisms of
penetration

Transdermal  absorption is a
complex, multistep process primarily based
on the ability of the active compound to
traverse  the stratum  corneum—the
outermost and most significant diffusional
barrier of the skin. Once this layer is
crossed, the molecule continues to migrate
through the viable epidermis and is
subsequently distributed into the dermal
microvascular plexus, where systemic or
local circulation facilitates its
pharmacodynamic effect. This delivery

46

pathway enables the establishment of a
slow-rising, sustained plasma concentration
profile, avoiding toxic peaks and
maintaining therapeutic tissue levels over
prolonged time intervals [5]. Such “plateau-
like” pharmacokinetics
clinical scenarios requiring stable drug
exposure, as they minimize inter-individual
variability commonly induced by hepatic
metabolism and enzymatic degradation in
the gastrointestinal tract.

Three major cutaneous penetration

are crucial in

routes have been characterized: a)
Transepidermal, involving both
intercellular diffusion through lipid-rich
spaces and transcellular movement across
corneocytes, is the most traditional and
passive delivery route. b) Transfollicular,
which  exploits the hair follicle
infundibulum, enhances rapid absorption of
lipophilic or nanosized particles, providing
localized action or faster systemic onset. c)
Eccrine/sweat gland pathway, although less
explored, is particularly relevant for
hydrophilic molecules with low molecular
weight, bypassing the lipophilic barrier of
the stratum corneum [6].

Modern  transdermal  platforms
capitalize on advanced biomaterials and
nanotechnology  to  optimize  skin
permeability. These include stimuli-
responsive polymers, such as hydrogels
responsive to pH, temperature, or electric
potential, which alter their porosity and
hydration in real-time to control drug
diffusion. In addition, nanocarriers
(liposomes, ethosomes, nanoemulsions) can
either fluidize the lipid structure of the
stratum corneum or generate reversible
microchannels, thus increasing both the
depth and precision of molecule delivery.
From a pharmacokinetic
transdermal

perspective,

systems bypass first-pass
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hepatic metabolism, preserve molecular
bioavailability, and significantly reduce the
generation of reactive or toxic metabolites
commonly involved in systemic
effects. This route is particularly
advantageous in managing orofacial pain
disorders, where stable neural modulation is
essential. By maintaining a constant level of

side

neural excitability inhibition, these systems

attenuate peripheral and central
neuroinflammation, without the pulsatile
plasma surges often associated with oral
bolus therapy. Additionally, they help to
prevent the development of accelerated
pharmacodynamic tolerance, which is a
common drawback of repeated systemic

dosing [10].

Table 1. Transdermal penetration pathways and pharmacokinetic relevance [5-7,10]

Penetration route  Mechanis Transported
m molecules

Transepidermal Passive Lipophilic

(inter/transcellular  diffusion molecules,

) through the low—medium
stratum MW
corneum

Transfollicular Penetration = Lipophilic
via hair = agents &
follicles nanostructure

]

Eccrine/sweat Transport Hydrophilic,

gland route through low-MW
sweat ducts  molecules

Table 1 summarizes the principal
cutaneous penetration pathways involved in
transdermal drug delivery, their biophysical
mechanisms, the type of molecules
preferentially transported through each
route, and their translational relevance in
orofacial pain therapy.

Biomaterials used in modern
transdermal systems
The evolution of transdermal

systems has been made possible by the
development of a new generation of
biomaterials capable of combining
biocompatibility, controlled skin adhesion,
and predictable diffusion of the active
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Advantage Limitation Clinical
s s relevance
Stable High TMD: sustained
absorption,  variability =~ NSAID delivery
prolonged depending
exposure on skin
condition
Rapid onset Limited Neuropathic
of action surface area pain with
availability  peripheral
sensitization
Bypasses Lower flux Adjunct delivery
lipid barrier, comparedto for hydrophilic
no other routes neuromodulator
enhancers s

needed

molecule. The first generation polymers
(EVA, ethylene-vinyl-acetate, polyacrylate,
polyurethane) offered only a structural and
occlusive role; Instead, the current materials
are pharmacologically functionalized and

dynamically interact with the
integumentary microclimate.
The most important class is

represented by stimuli-responsive polymers
(hydrogels based on hyaluronic acid,
chitosan, PVA, or PEG), which modify their
degree of hydration and porosity depending
on temperature, pH, or electrical potential,
facilitating the sustained release of the
active substance [8]. In parallel, hybrid-

organic nanostructures (nanoemulsions,
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liposomes, ethosomes, transferosomes) are
used as diffusional "vehicles" that increase
the lipid permeability of the stratum
corneum and protect the active compound
from enzymatic degradation.

Composite materials used in modern
patches integrate  biodegradable
microneedles, made of polylactic acid,

can

dextran, or copolymerized polymers, which

create reversible microchannels that

accelerate permeation without damaging

the deep dermis [9-11]. Thus, the
biomaterial is no longer just a passive
support, but becomes an intelligent

therapeutic vector, capable of modulating
the kinetics and skin targeting of the
molecule in a manner impossible for
conventional oral administration.

Table 2. Types of biomaterials used in transdermal systems [1,8-12].

Biomaterial Examples Key properties
type
Polymeric PVA, PEG, Biocompatible,
chitosan flexible, hydration-
controlled release
Lipid-based Liposomes, High permeability
ethosomes protects the active
compound
Composite Hydrogel + Reservoir +
nanocarrier permeation
enhancement
Microneedle- Biodegradable Barrier bypass,
based PLA, precise penetration

dissolving tips

Table 2 provides the principal
classes of biomaterials, their key properties,
clinical applicability in orofacial pain
management, and additional advantages
and limitations to support evidence-based
selection in practice.

The development
transdermal systems has surpassed the
traditional passive patch concept, evolving
into sophisticated bioengineered platforms
capable of dynamic drug modulation.
Among the most advanced technologies,
microneedles, either biodegradable or
water-soluble, stand out as minimally

of modern

invasive devices that penetrate the stratum
corneum without triggering nociceptors.
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Clinical
applicability

Advantages/limitations

TMD: sustained
NSAID delivery

Adv: safe + versatile
Lim: slower onset

Trigeminal Adv: excellent
neuralgia: local

neuromodulation

penetration
Lim: stability issues

Adv: controlled dual
delivery

Refractory
chronic orofacial

pain Lim: costly tech
Targeted therapy, Adv: rapid effect
stable kinetic Lim: manufacturing
profile complexity
These devices create transient

microchannels in the epidermis, enabling
deep dermal delivery of active agents with
slow and sustained pharmacokinetics,
which is especially critical in the long-term
management of chronic orofacial pain and
neuropathies [10]. Their precise penetration
depth and reduced patient discomfort make
them ideal for and
analgesic delivery, where compliance and
tissue targeting are essential.

In parallel, the emergence of smart

neuromodulator

transdermal  patches equipped  with
electrochemical or  thermoresponsive
biosensors represents a leap toward
personalized medicine. These systems
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continuously monitor skin temperature, pH,
hydration levels, or inflammatory markers,
adjusting the drug release rate in real time
to reflect the physiological state of the tissue
[11]. This adaptive feedback mechanism
transforms the patch into an intelligent
therapeutic interface, capable of fine-tuning
the pharmacological response for optimized
pain control and minimal side effects.
Furthermore, the incorporation of
solid lipid nanoparticles (SLNs) and
deformable liposomes offers a "stealth"
delivery mechanism, enhancing skin
permeation while avoiding
degradation or rapid clearance.
nanocarriers

enzymatic
These
are often combined with
hydrogels,
reservoirs

matrix-based forming
transdermal that  ensure
controlled diffusion over 24 to 72 hours,
maintaining therapeutic plasma levels
without the need for frequent reapplication.
Their biocompatibility, occlusive effect,
and sustained-release profile make them
highly suitable for patients with sensitive or
inflamed orofacial tissues [12]. Such hybrid
systems represent the convergence of
materials science, nanotechnology, and
pharmacology, opening new avenues in
non-invasive, precision-targeted therapies.
Clinical orofacial
pathology

In the orofacial sphere, extended-
release transdermal systems have become a
therapeutic option of particular interest for
painful conditions with a chronic
neuroinflammatory = component, where

applications in
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pharmacokinetic stability has a direct
impact on excitability. In
temporomandibular dysfunctions (TMD),
transdermal administration of NSAIDs or

neuronal

neuromodulators reduces the need for
repeated doses and prevents
fluctuations  responsible
hyperalgesia and tolerance [13]. The effect
is amplified by maintaining continuous
inhibition on the peripheral and trigeminal

plasma

for rebound

pathways.

In trigeminal neuralgia and other
cranial neuropathies, sustained-release
lidocaine or transdermal capsaicin-based
systems tend to reduce ectopic discharges
and terminal sensitization without the
hepatic load associated with prolonged oral
therapy [14]. In mucosal pathology — such
as mucositis, chronic ulcers, and oral
neuropathic burns — transdermal becomes a
valuable adjuvant for pain control, when
direct local application is limited by
tolerance or compliance.

In a real-world observational study,
5% lidocaine patches were shown to be both
effective and well-tolerated in managing
localized neuropathic and inflammatory
orofacial pain, further supporting their use
as a non-invasive alternative in clinical
practice [15].

Through the ability to maintain
stable concentrations in the long term,
transdermals  offer a
continuous, and neuro-protective platform,
outlining a therapeutic model with clinical
relevance in the rehabilitation of patients
with chronic refractory orofacial pain.

non-invasive,
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Table 3. Clinical applications of prolonged-release transdermal systems in orofacial
pathology [1,4,13-15]

Targeted condition Substances used Main therapeutic Specific clinical
mechanism advantages
Temporomandibular NSAIDs, Continuous inhibition = Reduces oral dosing needs,
disorders (TMD) neuromodulators of the peripheral and prevents rebound
trigeminal pathways hyperalgesia and tolerance
[13]
Trigeminal neuralgia / Lidocaine, Reduction of ectopic Safer profile than oral
cranial neuropathies capsaicin discharges and terminal = therapy, long-lasting effects
sensitization [14]
Painful mucosal Lidocaine, Indirect transdermal Useful alternative in
lesions NSAIDs, delivery when direct patients intolerant to direct
capsaicin local application is topical treatments
limited
Refractory chronic Combined Sustained Non-invasive platform with
orofacial pain therapies neuroprotection and potential to modulate
pharmacokinetic peripheral nociceptive
stability pathways
Table 3 summarizes the main cranial neuropathic pain, with an extended

clinical indications of prolonged-release
transdermal systems in orofacial pathology.
It includes targeted conditions, commonly
used substances, therapeutic mechanisms,
and key clinical advantages. Transdermal

systems provide a non-invasive and
continuous drug delivery platform, with
applications in  pain  management,
neuromodulation, and chronic

inflammation control, especially in patients
with low compliance to oral or topical
therapies.

Summary of recent clinical trials

Recent clinical studies have shown
that transdermals are not only an alternative
to administration but a therapeutic platform
with efficiency comparable to or superior to
sequential oral therapy in orofacial pain
pathologies. Randomized controlled trials
of transdermal application of lidocaine have
shown a rapid reduction in the intensity of
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12-24-hour window of action and a
significantly superior safety profile to oral
treatment [15]. In TMD, the use of
transdermal patches with NSAIDs resulted
in decreased muscle sensitivity indices and
improved mandibular mobility, with
reduced adjuvant consumption of systemic
analgesics [16].

In trigeminal neuropathy, extended-
release transdermal capsaicin-based
therapies have demonstrated a persistent
decrease in peripheral ectopic discharges
and a reduction in the frequency of painful
relapses, validating the concept of
continuous neuromodulation [17]. Phase II
and III studies are currently exploring
nanocarrier-integrated microneedles for
targeted delivery of gabapentinoids or
sodium channel inhibitors, with promising
preliminary results on the reduction of
central hyperalgesia.

Implementation barriers and limitations
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Despite technological
advancements, the wide clinical use of
extended-release transdermals is limited by
both biological and technological factors.
the
individual variability of skin permeability,
influenced by the thickness of the stratum
corneum, local microinflammation, skin
hydration, and the presence of microlesions
[18]. This heterogeneity causes differences
in absorption kinetics and may affect
therapeutic predictability,

The main barrier remains inter-

especially in
patients with dermatoses or hyperseborrheic
skin.

From a technological point of view,
the cost of stimuli-responsive materials and
microtechnology (microneedles,
nanocarriers) limits the accessibility of
advanced products, maintaining the
predominance of conventional solutions. In
addition, certain molecules with high
molecular weight or thermal instability
require very sophisticated vehicles, which
delay translation into daily practice [19].

Clinically, therapeutic acceptance is
determined by the patient's perception:
although painless, transdermal devices are
sometimes confused with "cosmetic
formats", which generates underutilization
in complex chronic pain. Another barrier is
the lack of standardization of clinical
guidelines for their use in TMD or
trigeminal neuropathy, where most of the
data come from pilot studies or extrapolated
protocols [20].

Future directions and translational
medicine

The future directions of transdermal
systems follow the shift from passive-
release devices to bio-interactive and
customizable  platforms capable of
integrating real-time biological feedback.
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The development of "electronic patches"
with integrated micro-sensors allows the
monitoring of local microinflammation,
skin  conductance, and temperature,
adapting the release rate according to the
physiological status of the tissue [21]. In
craniofacial neuropathies, this could allow
for "adaptive dosing", reducing
hyperalgesic episodes without increasing
systemic exposure.

Another major translational vector is
represented by hybrid microneedle—
nanocarrier systems, which not
permeability but
transport to the peripheral
microvasculature, optimizing the delivery
of neurally targeted substances. Al-based
platforms are already being explored for
personalized kinetic profile modeling, using
skin phenotypic data and pharmacodynamic
variables [22].

In the medium term, a convergence
between transdermal therapy and peripheral
neuromodulation is anticipated, in which
the delivery system becomes not just a
vehicle, but an active mediator of trigeminal
nociceptive homeostasis. Beyond simply
relieving symptoms, this approach aims to
remodel the peripheral-central
neuroinflammatory which

naturally alter the history of the disease.

only
increase also direct

dermal

axces, can

Conclusions

Extended-release transdermal
systems  represent a  fundamental
therapeutic  transition from episodic
administration to sustained and adaptive
pharmacological delivery, capable of
maintaining the stability of tissue

concentration and actively modulating
peripheral neuroinflammatory processes. In
orofacial pathology, this pharmacokinetic
continuity has direct clinical relevance
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because pain is not a punctual phenomenon
but the result of a progressive sensitization
that prolonged control
neuronal excitability. Thus, transdermals
act not only analgesic, but also neuro-
protective, reducing the frequency of
recurrences and the risk of progression to
refractory phenotypes.

requires over

The integration of  stimuli-
responsive biomaterials, nanocarriers, and
applied microtechnologies allowed a
refinement of the skin vectors, transforming
the device from a simple "vehicle" into a
biofunctional platform. However, wide
clinical adoption remains conditional on
customization of dosing algorithms and

extensive validation in multicenter studies.
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