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ABSTRACT

Migraine is a prevalent and disabling neurological disorder characterized by recurrent headache attacks and associated
symptoms such as nausea, vomiting, photophobia, and phonophobia. Conventional oral therapies may be limited by
variable drug absorption, gastrointestinal disturbances, first-pass metabolism, delayed onset of action, and poor adher-
ence, highlighting the need for individualized therapeutic approaches. Personalized migraine therapy integrates patient-
specific factors, including genetic variability, hormonal status, comorbidities, migraine frequency, and treatment re-
sponse, to optimize clinical outcomes. Transdermal drug delivery systems (TDDS) offer a promising platform for
personalized migraine management by bypassing gastrointestinal and hepatic first-pass effects and enabling controlled
and sustained drug release. Conventional patches, microneedles, iontophoresis, sonophoresis, electroporation,
nanocarrier-based systems, and stimuli-responsive smart patches can enhance drug permeation and provide flexible
dosing strategies. Biomarker-guided treatment, pharmacogenomics, and digital monitoring may further facilitate patient
stratification and individualized patch selection. Emerging technologies integrating artificial intelligence, wearable
sensors, nanomedicine, and closed-loop drug delivery could enable real-time adaptation of therapy according to patient
needs. This review discusses the pathophysiological and molecular basis of migraine, principles of personalized
medicine, innovative TDDS technologies, current clinical developments, challenges, and future perspectives, empha-
sizing their potential to improve therapeutic efficacy, safety, adherence, and patient-centered migraine care.

Keywords: Migraine, Personalized Medicine, Transdermal Drug Delivery Systems (TDDS), Microneedle Patches,
Pharmacogenomics, Smart Drug Delivery Systems
INTRODUCTION: inflammatory drugs (NSAIDs), triptans, gepants,
ditans, calcitonin gene-related peptide (CGRP)-tar-

1.1 Overview of migraine and global burden geted therapies, and monoclonal antibodies. How-

Migraine is a common and significant primary
headache disorder marked by recurring bouts of
moderate to severe head pain, typically affecting one
side of the head. These headaches are characterized
by pulsating sensations that worsen with physical
activity and are frequently accompanied by symptoms
such as nausea, vomiting, sensitivity to light (photo-
phobia), and sound (phonophobia) [1] (fig 1) The
recent data from the Global Burden of Disease Study
underscore the widespread nature of migraine, rank-
ing it as the sixth most common disorder globally and
the second leading cause of years lived with disability
[2]. The management of migraine includes acute and
preventive pharmacotherapy using nonsteroidal anti-

ever, therapeutic response varies considerably among
patients because of differences in genetic makeup,
disease phenotype, comorbidities, age, sex, and drug
metabolism. Consequently, the concept of person-
alised migraine therapy has emerged, aiming to tailor
treatment according to individual patient characteris-
tics to maximize efficacy while minimizing adverse
effects. [3,4]

Despite significant advances in pharmacotherapy,
conventional oral dosage forms have several limita-
tions in migraine management. During migraine at-
tacks, nausea, vomiting, and delayed gastric emptying
(gastroparesis) may impair drug absorption, resulting
in delayed onset of action and inconsistent therapeutic
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outcomes. Injectable formulations can overcome
some of these challenges but are associated with pain,
poor patient acceptance, and reduced adherence.
These limitations have prompted the development of
alternative drug delivery systems capable of provid-
ing rapid, effective, and patient-friendly drug admin-
istration. [1,5] Transdermal drug delivery systems
(TDDS) provide an attractive alternative to conven-
tional dosage forms by delivering drugs across the
skin directly into the systemic circulation. This route

bypasses hepatic first-pass metabolism, offers sus-
tained plasma drug concentrations, improves patient
compliance, reduces dosing frequency, and enables
non-invasive drug administration. [6] Recent innova-
tions in transdermal technology, including micronee-
sonophoresis, nano
vesicles,

dle arrays, iontophoresis,
formulations, lipid-based
nanoparticles, and smart wearable patches, have sig-
nificantly enhanced skin permeability and expanded
the range of drugs suitable for transdermal adminis-
tration. [7,8]

polymeric

MIGRAINE HEADACHE
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Figure 1: Symptomatic Sites of Migraine Headache

1.2. Classification of migraine

Migraine is broadly classified into migraine without
aura and migraine with aura, based on the presence of
transient neurological symptoms. According to fre-
quency, it is categorized as episodic migraine and

Activated trigeminal

Pain signals reach
the cerebral cortex

Thalamus

chronic migraine. Other recognized forms include
menstrual migraine, vestibular migraine, and mi-
graine with brainstem aura. These classifications are
based on headache characteristics, aura symptoms,
frequency, and associated clinical features. Table: 1
summarises the classification of migraine.

Table 1: Classification of Migranine

Sr No. Classification Defination Symptoms Reference
-Visual changes
Lo . i igrai i - | -Sensory disturbances
1 Migraine with aura It is a type of migraine featur}ng t?mpo ry distu [9]
rary nervous system warning sign -Speech issues
-Movement or balance
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Sr No. Classification Defination Symptoms Reference
Th.e most frequent type qf migraine caus- | _gyo o b sickness
ing throbbing head pain, nausea and Licht sensitivit
2. Migraine without aura strong sensitivity to light and sound & VY [10]
. Lo -Sound sensitivity
without any warning signs before the 1 o
headache -Smell sensitivity
It is a neurological condition defined as -Severe throbbing
having headaches on 15 or more days -Head pain
3. Chronic migraine per month for at least three months, with | -Extreme sensitivity to [11]
at least 8 of those days featuring fall light
migraine features. -Cognitive fatigue
-Throbbing or pulsing
head pain, often on one
A type of severe throbbing headache side
N linked to a person periods. It is mostly -Strong dislike of
4. Menstrual migraine triggered by the sharp drop is estrogen bright light and loud [12]
level just before menstruation. sound
-Dizziness and extreme
tiredness
-Vertigo or a false spin-
. . . . ning sensation
It is neurological condition causing re-
. - . . . -Imbalance and un-
5. Vestibular migraine current episodes of vertigo, dizziness, . [13]
steadiness
and balance problems . )
-Sensitivity to light,
noise or motion.

1.3. Limitation of conventional oral and injectable
therapies

1. Lot of medications, especially those with hy-
drophilic components that penetrate the A skin too
slowly, might not work as intended. 2. Local ery-
thema, itching, and oedema can be brought on by the
medication, the adhesive, or any excipients in the
patch formulation. 3. Ionic medicines cannot be de-
livered using TDDS. 4. TDDS is unable to achieve
high drug concentrations in plasma or blood. 5. Drugs
with large molecular sizes cannot be created using
TDDS. 6. Pulsatile medication delivery is not possible
with TDDS. 7. If a medicine or formulation irritates
skin, TDDS cannot be established. 8. The barrier
function of the skin varies from one place to another
on the same individual, from person to person, and
also with age [14].

1.4 Need for personalized medicine in migraine
management

1. To Diagnosing disease earlier in development
using optimal surveillance, thereby allowing
more effective interventions or treatment options.

2. Avoiding preventable drug related complications
and side effects resulting from generic “one size
fits all” drug prescribing.
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3. By ensuring appropriate drug is used and that the
dosing regimen takes into consideration any ge-
netic variants enhance the therapeutic efficacy
which may affect metabolism of the drug.

4. If someone is at increased risk of developing a
disease, followed by promotion of and support for
compliance with available prevention strategies.
[15]

5. Decreased health care cost.

6. Due to better targeted therapies, there will be
higher probability to get desired outcomes.

7. Mainly focus on prevention and prediction of
diseases rather than reaction.

8. Probability of negative side effects can be reduced.

9. Disease intervention will be earlier in comparison
to the past.[16]

1.5. Role of transdermal drug delivery system
(TDDS) in individualized treatment:

1. Transdermal delivery has a variety of advantages
compared with the oral route. In particular, it is
used when there is a significant first-pass effect of
the liver that can prematurely metabolize drugs.

2. Transdermal delivery also has advantages over
hypodermic injections, which are painful, gener-
ate dangerous medical waste and pose the risk of
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disease transmission by needle re-use, especially 2.1 Neurobiology of migraine

in developing countries .[17] 2.1.1. Central sensitization:

3. In addition, transdermal systems are non-invasive
and can be self-administered.

4. They can provide release for long periods of time
(up to one week). They also improve patient
compliance and the systems are generally inex-
pensive.

5. Perhaps the greatest challenge for transdermal
delivery is that only a limited number of drugs are
amenable to administration by this route.

6. With current delivery methods, successful trans-
dermal drugs have molecular masses that are only
up to a few hundred Daltons, exhibit octanol-wa-
ter partition coefficients that heavily favor lipids
and require doses of milligrams per day or less
[18,19]

7. It can provide a non-invasive alternative to par-
enteral routes, thus circumventing issues such as
needle phobia [20]

8. A large surface area of skin and ease of access
allows many placement options on the skin for
transdermal absorption.[21]

9. The pharmacokinetic profiles of drugs are more
uniform with fewer peaks, thus minimizing the
risk of toxic side effects [20]

10. It can improve patient compliance due to the
reduction of dosing frequencies and is also suit-
able for patients who are unconscious or vomit-
ing, or those who rely on self-administration [22]

11. TDD avoids pre-systemic metabolism, thus im-
proving bioavailability[23]

12. The use of the skin as a novel site for vaccination
strategies, this organ is known to be replete with
dendritic cells in both the epidermal and dermal
layers which play a central role in immune re-
sponses making TDD an attractive vaccination
route for therapeutic proteins and peptides [24,25]

2. Migraine pathophysiology and therapeutic
targets
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Figure 2: Central Sensitization Mechanism in Migraine [28]

Despite over three decades of research on CGRP, we
have likely only scratched the surface in our under-
standing of CGRP actions in the CNS. So far, it is
clear that CGRP contributes to central sensitization as
a neuromodulator of glutamatergic signaling and that
it works by both presynaptic and postsynaptic mech-
anisms [26] (fig.2). In general, this involves second
messenger-mediated activation of presynaptic cal-
cium channels and postsynaptic glutamate receptors
in multiple regions of the brain. These actions have
been studied in neurons of the spinal and medullary
dorsal horns, amygdala, and anterior cingulate and
insular cortices. To date, the evidence points to CGRP
acting via cCAMP-dependent pathways [27] that trig-
ger immediate and long-term changes in protein
function and gene expression, specifically those
changes that underlie the neuroplasticity of central
sensitization [29,30]. Organization is somewhat arbi-
trary, and there is certainly overlap. For example,
CGRP-mediated nociceptive and aversive actions
likely overlap in the transmission of sensations from
the posterior thalamus and PBN to the insular cortex
and amygdala .
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2.1.2. Neurogenic inflammation:

In animal models, the highly effective triptan antimi-
graine drugs (5-HT1B/1D/1F receptor agonists) in-
hibit release of vasoactive neuropeptides from
trigeminovascular nerve endings, and both neuro-
genic plasma extravasation and vasodilation in the
meninges. They also inhibit transmission of nocicep-
tive impulses to second-order neurons of the
trigeminocervical complex [31]. So, their pharmacol-
ogy is of limited use in trying to discriminate between
the different pain mechanisms. On the other hand,
effective inhibitors of plasma extravasation in animal
models (such as neurokinin-1 (NK-1) endothelin ET-
A/B receptor antagonists or conformationally re-
stricted triptan analogues) with no effect on trans-
mission in the trigeminocervical complex lack clinical
efficacy in the treatment of migraine. Substance P was
not found to be increased in the cranial venous circu-
lation during migraine attacks, and it is not even clear
whether plasma extravasation occurs in humans dur-
ing migraine [32] .

2.1.3. Trigeminovascular system :

A large body of indirect evidence indicates that the
development of migraine headache depends on the
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activation and sensitization of trigeminal sensory
afferents that innervate cranial tissues, in particular,
the meninges and their large blood vessels . [33] In
the rat these cranial perivascular fibers have similar
central projections terminating in the so-called
trigeminocervical complex (TCC) comprising the
ClandC2dorsal horns of the cervical spinal cord and
the caudal division of the spinal trigeminal nucleus
(TNC); the C-fiber terminals are located mainly in
superficial layers and the A-0 fiber terminals in deep
layers [34] The TCC makes direct ascending connec-
tions with different areas in the brain stem and with
higher structures, including several hypothalamic and
thalamic nuclei, which in turn make ascending con-
nections with the cortex [34] A large fraction of mi-
graineurs experience exacerbation of headache by
light (photophobia).Investigators recently uncovered
a neural mechanism for migraine photophobia [35].
Dura-sensitive thalamic neurons in the rat posterior
thalamus receive monosynaptic input from retinal
ganglion cells (mainly intrinsically photosensitive
cells involved in non-image-forming functions), and
light enhances the activity of dura-sensitive thalamic
neurons located in the same area. The idea that a non-
image-forming retinal pathway is involved in mi-
graine photophobia is supported by the finding that
exacerbation of headache by light was preserved in
blind migraineurs who could sense

light in the face of severe degeneration of rod and
cone photo receptors [35] The TCC receives de-
scending projections from brain stem and hypothala-
mic nociceptive modulatory nuclei that may mediate
descending modulation of trigeminovascular noci-
ceptive traffic [36] . Indeed, electrical stimulation of
the vIPAG or the nucleus raphae magnus in the RVM
results in inhibition of the response of trigeminovas-
cular TCC neurons to dural stimulation [37, 38].
Moreover, modulation of the response of trigemino-
vascular TCC neurons to dural stimulation [occurred
after injection of orexin A or B or a somatostatin
antagonist in the posterior hypothalamus [39,40].

2.1.4. Cortical Spreading Depression:

Increasing evidence from animal studies supports the
idea that CSD, the underlying mechanism of aura, can

INTERNATIONAL JOURNAL DF SCIENTIFIC RESEARCH AND TECHNOLOGY

activate trigeminal nociception and thus trigger
headache mechanisms. A direct nociceptive effect of
CSD was demonstrated by the find in gthata single
CSD can lead to a long-lasting increase in ongoing
activity of dural nociceptors and central trigemino-
vascular neurons in superficial and deep laminae of
the TCC [41] . In most neurons activation occurred
with a delay consistent with that between the onset of
visual aura and the onset of headache; the delay as
well as the magnitude and duration of neuronal acti-
vation were similar in peripheral and central neurons,
suggesting that CSD-evoked activity of meningeal
nociceptors is sufficient to activate the central neu-
rons. Immediate neuronal activation by CSD was
observed in a fraction of neurons, mainly C nocicep-
tors and exclusively laminae I and II TCC neurons,
suggesting that such activation may be mediated by
peptidergic nociceptors with axon collaterals extend-
ing to the pia, where immediate activation may be
mediated by increased K+ or other noxious mediators
released in the wake of the CSD wave [42] This hy-
pothesis is supported by the demonstration that CS-
Dinduced CGRP release from perivascular trigeminal
fibers contributes to the transient dilation of pial ves-
sels measured during CSD [43]. A possible explana-
tion for the long-lasting activation 373
www.annualreviews.org * Migraine Annu. Rev.
Physiol.  2013.75:365-391. Downloaded from
www.annualreviews.org by Harvard University on
04/15/13. For personal use only. of the dural afferents
is that release of proinflammatory neuropeptides in
the dura promotes NI that sustains the activation of
meningeal nociceptors and leads to their sensitization
[44]

2.2 Molecular targets

Migraine involves multiple molecular pathways as-
sociated with trigeminovascular activation, neuro-
genic inflammation, and pain transmission. Key
molecular targets include -calcitonin gene-related
peptide (CGRP), serotonin (5-HT) receptors, PACAP,
TRPV1 channels, and voltage-gated sodium channels.
Targeting these pathways may reduce trigeminal ac-
tivation and migraine-related pain. Table 2 sum-
marises the molecular target in migraine.
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Table 2: Major Molecular Targets in Migraine

Molecular Target Role in migraine Therapeutic significance Reference
CGRP is a neuropeptide released CORP receptor antagonists
o . from trigeminal nerves that (Gepantsies and anti-CGRP are
Calcitonin Gene -related o . . .
. causes . vasodilation, neurogenic | effective in m treatment antibod- [45]
peptide (CGRP) . . . . .. .
in and lamination and pain trans- ies migraine prevention and
mission. treatement.
ot | Topuns (411D 1D agons)
Serotonin(HT/B/1D/F) . .. ’ . and ditans (5- HT1F agonist ) are [46]
pain transmission, and constricts widelv used as anti-mieraine dru
dilated cranial blood vessels. Y & &
PACAP (pituitary adenylate | | ~CAP contributes to vasodila- | ' - p 214 PACT receptor an-
. . v tion, neuroinflammation and acti- . .
cyclase activating peptide) . . . . tagonists are emerging targets for [47]
vation of trigeminal pain pathway L -
pathway . . L novel migraine therapies.
triggering migraine attacks
TRPV1 mediates pain Drugs targeting TRPV1 and
Ion channels TRPV1 and sensation ,while voltage -gated sodium channels may reduce 48]
sodium channels sodium channel regulate neuronal | migraine pain by decreasing neu-
excitability and pain signaling ronal hyperexcitability
Dopamine is involved in premon- Dopamine receptor antagonist
. . (eg.metochopramide,prochlorper- 4
. itory migraine symptoms such as - ) o [49]
Dopamine receptar . . azine) help relieve migraine asso-
nausea ,vomiting ,yawning ,and .
o ciated nausea and acute
hypersensitivity
symptoms

2.3 Factors influencing individual response:

Genetic factors: Genetic variations can affect
migraine susceptibility, severity, and response to
medications. [50]

Hormonal factors: Changes in estrogen and
other hormones may trigger or worsen migraine,
particularly around menstruation. [51]

Age and sex: Migraine characteristics and treat-
ment response can change with age and differ
between males and females. [52]

Migraine subtype: Migraine with aura, without
aura, chronic migraine, and menstrual migraine
may respond differently to treatment. [53]

Dietary factors: Skipping meals, dehydration,
caffeine, alcohol, and certain foods may influence
attacks. [54]

Sleep pattern: Sleep deprivation, excessive
sleep, or irregular sleep schedules can trigger
migraine. [55]

Stress and psychological factors: Stress, anxi-
ety, and emotional changes may increase attack
frequency and severity. [56]

Environmental triggers: Bright light, loud
sounds, strong smells, weather changes, and tem-
perature fluctuations may precipitate attacks.
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e Comorbidities: Conditions such as depression,
anxiety, sleep disorders, and cardiovascular dis-
orders can affect migraine outcomes.[57]

e Pharmacogenetic variability: Differences in
genes involved in drug metabolism and drug tar-
gets can influence efficacy and adverse effects.
[58]

e Drug-related factors :Dose, route of adminis-
tration, adherence, drug interactions, and previous
treatment history affect therapeutic response. [59]

e Gut-brain axis: Individual differences in gut
microbiota and microbial metabolites may influ-
ence inflammation, neurotransmitters, and mi-
graine susceptibility. [60]

e Central nervous system sensitivity: Differences
in neuronal excitability and trigeminovascular

3 Concept of personalized medicine in migraine:
3.1 Principles of personalized therapy

Precision medicine has gained increasing attention in
recent years and has largely replaced the term “per-
sonalised medicine” [62,63]. It incorporates individ-
clinical, lifestyle, genetic, and biomarker
information to improve patient-specific treatment
strategies [62,64]. Precision medicine may be defined

ual
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as treatments tailored to individual patient character-
istics, including genetic, biomarker, phenotypic, or
psychosocial factors [65]. It also involves integrating
diverse clinical and biological data to stratify patients
into subgroups, enabling more precise therapeutic
approaches [66,67].

3.1.2. Patient stratification

The expanding therapeutic options for migraine pro-

vide clinicians and patients with a wide range of
treatment choices [68,69]. Although guidelines rec-
ommend approaches for selecting and sequencing
acute treatments, these recommendations may lack
empirical evidence [70]. Early initiation of effective
treatment is essential to minimize pain and disability
[69]. Three acute treatment strategies have been pro-
posed: step care across attacks, step care within at-
tacks, and stratified care. Step care across attacks
begins with nonspecific therapy, with treatment esca-
lation if the response is inadequate [71]. In step care
within attacks, patients initially use nonspecific ther-
apy and reassess their response after approximately 2
hours, adding a migraine-specific treatment if re-
quired [72].

3.1.3. Biomarker guided treatment

To studies have reported higher baseline concentra-
tions of CGRP in individuals with migraine who sub-
sequently benefited from preventive treatment with
botulinum toxin A compared to those who did not
receive therapeutic benefit.[ 73] However, this finding
was not reproduced in a subsequent validation study.
[74] Recently, new large-scale plasma metabolome
and proteome analyses are possible with high
throughput screening. As an example, in a recent
study, plasma samples from over 10.000 participants
were profiled on a 1H-NMR-based metabolomics
platform, to quantify almost 150 individual metabo-
lites and metabolite ratios (e.g., lipids, fatty acids, and
lipoproteins), and revealed alterations in HDL me-
tabolism in migraine. [75].

3.2. Biomarkers for personalized therapy:

Biomarkers are defined as, “measurable indicators of
normal or abnormal biological processes, and they can
be used to diagnose diseases, monitor disease pro-
gression, and guide treatment decisions.” (Table 3).

Table 3: Biomarkers for Personalized Therapy
Biomarker Type Examples What it indi- Ro.le in personal- | Potential cll'nlcal appli- Reference
cates ized therapy cation
CGRP-related Gen.e‘qc. Sus- Help s identify Selection and optimiza-
ceptibility to | patients who may | . ¢ .
Genetic biomark- | 5" (CALCA, migraine and | have different tion of preventiv e/acute
ers CALCB, RAMP1), differences in | suscentibility or therapies; prediction of [76]
TRPMS, MTHFR, drug re- res oise to z o treatment response and
HTRI1F, KCNK18 & P P adverse effects
sponse cific treatments
Neurogenic
inflammation | May help identify | Evaluation of response
Inflammator CGRP, IL-1B, IL-6 and inflam- inflammatory | to CGRP-targeted thera-
biomarkersy TNF—(x’ IL-1 0’ CRI; matory activ- | phenotypes and | pies, anti-inflammatory [77]
’ ’ ity associated | monitor response | approaches and disease
with mi- to therapy activity
graine
MRI, fMRI, PET, 2;?%‘;?1 Helps characterize
DTI; functional tional individual neuro- Patient stratification,
Neuroimaging | connectivity; corti- chanees in logical phenotype | treatment-response pre- [78]
biomarkers cal thickness; mi ra%ne—re- and potentially | diction and monitoring
brainstem/hypotha- la%’e d brain predict treatment | of changes after therapy
lamic activity response
networks
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Biomarker Type Examples What it indi- Ro.le in personal- | Potential cll'nlcal appli- Reference
cates ized therapy cation
Headache-diary iri%i:;?:ﬂ
data, smartphone/ Enables continu- | Early detection of at-
about R . . .
- . app data, wearable ous, individual- | tacks, identification of
Digital biomark- headache . . . o
ers heart-rate and sleep frequenc ized monitoring triggers, monitoring [79]
data, activity pat- d Y> | and adjustment of | adherence and treatment
. . triggers, .
terns, digital pain treatment effectiveness
scores sleep, stress
and lifestyle

3.3. Pharmacogenomics:

The fact that only the 50% of migraine patients ade-

quately respond to acute and prophylaxis therapies
suggest that migraine patients react differently to
given drugs [80]. The patient’s response (efficacy and
toxicity) to a drug is affected by DNA and RNA
variations in that patient, resulting in different rates of
therapeutic effect as in different risk of adverse
events, also burdening the health expenses [81]. The
genomic characterization of the allelic variants car-
ried by the patients allows identification of drug-in-
teracting proteins (metabolic enzymes, transporters,
targets) with an altered activity. Since alteration of the
drug-protein interactions can change both the phar-
macokinetic and pharmacodynamic profiles of the
administered drug, recognition of such alteration may
be used to avoid administration of non-appropriate
drugs, choosing an alternative medication in the same
pharmacological class. Moreover, in the next future it
will be possible to design new drugs targeted on a
patient’s genetic trait. By cross-referencing the data
relating to each drug used in a politreated patient, it is
possible to predict drug-drug interactions using web-
based knowledgebases. The same interactions impact
differently on the metabolic destiny of each of the
other drugs included in the therapy, so it is possible,
in light of the patient’s genomic profile, to optimize
the therapeutic choices by entrusting treatment to
drugs that do not interfere with each other and do not
interfere with the profile of the patient in question.
Many drugs are metabolized by isoforms of Cy-
tochrome P450, membrane-associated proteins in the
endoplasmic reticulum [82], and different studies
show as they are particularly important in drugs used
in migraine therapy.

4. Transdermal Drug Delivery System:

TDD is a painless method of delivering drugs sys-
temically by applying a drug formulation onto intact
and healthy skin[83] The drug initially penetrates
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through the stratum corneum and then passes through
the deeper epidermis and dermis without drug accu-
mulation in the dermal layer. When drug reaches the
dermal layer, it becomes available for systemic ab-
sorption via the dermal microcirculation[84] . TDD
has many advantages over other conventional routes
of drug delivery. It can provide a non-invasive alter-
native to parenteral routes, thus circumventing issues
such as needle phobia . A large surface area of skin
and ease of access allows many placement options on
the skin for transdermal absorption [85]. Furthermore,
the pharmacokinetic profiles of drugs are more uni-
form with fewer peaks, thus minimizing the risk of
toxic side effects . It can improve patient compliance
due to the reduction of dosing frequencies and is also
suitable for patients who are unconscious or vomiting,
or those who rely on self-administration [86]. TDD
avoids pre-systemic metabolism, thus improving
bioavailability . With reference to the use of the skin
as a novel site for vaccination strategies, this organ is
known to be replete with dendritic cells in both the
epidermal and dermal layers which play a central role
in immune responses making TDD an attractive vac-
cination route for therapeutic proteins and peptides
[87].

4.1. Principles of transdermal drug delivery:
4.1.1. Skin anatomy:

Epidermis :The epidermis is the outermost layer of
the skin and varies in thickness with approximately
0.8 mm on the palms of the hands and soles of the feet.
It consists of multi-layered regions of epithelial cells
and the viable epidermis is often referred to as the
epidermal layers below the stratum corneum [88] The
cellular content of the epidermis consists predomi-
nantly of keratinocytes (approximately 95% of cells),
with other cells of the epidermal layers including
melanocytes, Langerhans cells and merkel cells [89]
The stratum corneum is the most superficial layer of
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the epidermis [88]. Dermis: The dermis is approxi-
mately 2-3 mm thick and consists of collagenous
(70%) and elastin fibres which give strength and
elasticity to the skin [90]. Blood vessels found in the
dermis provide nutrients for both the dermis and epi-
dermis. Nerves, macrophages and lymphatic vessels
are also present in the dermis layer. Hypodermis: The
hypodermis or subcutaneous layer is the deepest layer

Stratum corneum _
15-20 pm

Viable epidermis |
130-180 pm

Dermis
2000 pm

Subcutaneous |
fat tissue

of the skin and consists of a network of fat cells . It is
the contact layer between the skin and the underlying
tissues of the body, such as muscles and bone.
Therefore, the major functions of the hypodermis are
protection against physical shock, heat insulation and
support and conductance of the vascular and neural
signals of the skin [91].(fig.3)

7 Sweat gland

Hair follicle/
/ sebaceous gland

Figure 3: Anatomy of the Skin.

4.1.2 Drug permeation pathway:

There are two possible routes of drug penetration
across the intact skin, namely the transepidermal and
transappendegeal pathways, The transepidermal
pathway involves the passage of molecules through
the stratum corneum, an architecturally diverse,
multi-layered and multi-cellular barrier. Transepider-
mal penetration can be termed intra- or inter-cellular

. INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

[92]. The intra-cellular route through corneocytes,
terminally differentiated keratinocytes, allows the
transport of hydrophilic or polar solutes. Transport via
inter-cellular spaces allows diffusion of lipophilic or
non-polar solutes through the continuous lipid matrix.
The transappendegeal route involves the passage of
molecules through sweat glands and across the hair
follicles [93]. (fig.4)
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Figure 4: Possible Drug Permeation Pathway Across Human Skin.

4.2. Advantages of Transdermal drug delivery

system in migraines

1.Bypasses gastrointestinal tract.
2.Avoid First-pass metabolism.

3. Sustained drug release

4. Improved Patient compliance

5. Useful during nausea.

6. Reduced dosing frequency.

7. More consistent plasma concentration

8. Non-invasive and painless

9. Treatment can be stopped easily.

10. Potential for personalized therapy.

4.3. Limitation of Transdermal drug delivery sys-

tem in migraines

1. Limited drug permeability

2. Skin barrier effect

3. Skin irritation

4. Slow onset of action

5. Unsuitable for high dose drugs

6. Variable absorption

7. Manufacturing cost
5. Innovative transdermal drug delivery technolo-
gies:
5.1. Conventional transdermal patches:

Conventional transdermal patches are adhesive
dosage forms designed to deliver a drug through the
skin into the systemic circulation at a controlled rate
for a prolonged period. Table 4 summarises the types

of conventional transdermal patches.

Table 4: Types of Conventional Transdermal Patches

with a rate-controlling membrane.

patches

Types Description Examples Reference
Drug-in-adhesive patch Drug is 1ncorporateq directly into the Nicotine patch [94]
adhesive
Reservoir patch Drug is present in a separate reservoir Some older hormone [94]
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Types Description Examples Reference
Matrix patch Drug is dispersed thrqughout a poly- Fentanyl matrix patch [94]
mer matrix
Releases volatile substances or Certain aromatherapy
Vapour patch vapours through the skin patches [94]

5.2. Microneedle- based systems:

MN arrays, minimally invasive drug delivery sys-
tems, were developed to overcome some of the dis-
advantages commonly associated with hypodermic
needle usage and in order to address and improve
patient compliance. MN arrays have the potential to
be used as an alternative to hypodermic and subcuta-
neous needle technologies [95]. MN technologies
have been subject to intensive research and develop-

ment efforts by both academic and industrial re-
searchers with some devices currently in clinical de-
velopment and others awaiting FDA approval. Also
the number of publications describing MN as novel
minimally invasive devices for drug delivery pur-
poses has grown exponentially in recent years.[96] As
MN combine the ease of use of a transdermal patch
with the effectiveness of delivery achieved using
conventional hypodermic needle and syringes, they
continue to elicit interest and investment [97]. Types
of microneedles summarises in table 5.

Table 5: Types of Microneedles

Types of mi- Description Mecham.sm of Advantages Limitations | Reference
croneedles drug delivery
First, the skin is
pierced to create Simple design; en- Usually re-
Solid micronce- Solid, needle-like struc- | microchannels; the | hances skin perme- | quires a two-
tures that create micro- | drug is then ap- ability; suitable for | step applica- [98]
dles . . . . . .
scopic pores in the skin. | plied through a poorly permeable tion; possible
patch or formula- drugs. skin irritation.
tion.
More complex
. . Drug SOl'ut.IOI’l 'S | Precise and controlled and expensive
. Microneedles contain- | directly injected . . to manufac-
Hollow mi- . . drug delivery; suit- .
ing a hollow internal | through the hollow ture; risk of [98]
croneedles . able for larger mole- .
channel. needle into the clogging or
. cules.
skin. needle break-
age.
Drug loading
Microneedles made Needles penetrate | Painless/minimally may be lim-
Dissolving mi- from water-soluble/ | the skin and gradu- | invasive; no sharps | ited; stability [99]
croneedles biodegradable polymers | ally dissolve, re- waste; good patient of drug and
containing the drug. leasing the drug. acceptability. polymer can
be a concern
More complex
. After insertion, the Can provide sus- formulation;
Microneedles made .
. needles swell and | tained/controlled de- | slower drug
Hydrogel-form- | from cross-linked poly- .
. 5 create pathways livery; useful for release may
ing micronee- mers that swell and . [100]
through which the | larger molecules; gen-| occur; me-
dles form a hydrogel after . .
. : . drug diffuses from | erally leaves no poly- chanical
absorbing skin fluid. ) . L
a drug reservoir. mer residue in skin. | strength must
be optimized.

5.3 Iontophoresis:

Iontophoresis involves the application of physiologi-
cally acceptable electrical currents (0.1-1.0 mA/cm?2)
to drive charged permeants into the skin through
electrostatic effects and make ionic drugs pass

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

through the skin into the body by its potential gradient
(fig.5). Unlike other transdermal enhancement
methodologies, it acts mainly by involving a second
driving force, the electrical potential gradient as
companion to the concentration gradient across the
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skin since uncharged species can also be delivered

through electroosmosis [101].

Controller

Anode

=1l
I

BLOOD Q ¢

>

Cathode

D

Figure 5: Schematic Representation of an Iontophoresis Patch

5.4. Electroporation:

The two major means of electrically-facilitated TDD
are iontophoresis and electroporation [. In electropo-
ration, cells are temporarily exposed to high intensi-
ties of electric pulses that lead to the formation of
aqueous pores in the lipid bilayers of the stratum
corneum, thus allowing the diffusion of drugs across
skin [101]. The technique was first described by
Neumann et al. in 1982 [102]. Usage of high voltage
pulses (50-500 V) for short times of only one second
have been shown to increase transport across the skin
for different molecular weight drugs ranging from
small e.g., fentanyl, timolol , orcalcein [62], to high
molecular weight drugs such as LHRH, calcitonin,
heparin or FITC—dextran with molecular weights up
to 40 kDa . However, the main drawbacks are the lack
of quantitative delivery, cell death with high fields
and potential damage to labile drugs, e.g., those of
protein origin [103]

5.5. Sonophoresis:

The term “sonophoresis” (“phonophoresis™) is used to
describe the effects of ultrasound on the movement of
drugs through intact living skin and into the soft tis-
sues [104]. Iontophoresis primarily involves delivery

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

of “ions” (as well as some molecules through the
process of electro endo osmosis) whereas sonophore-
sis involves the delivery of “molecules”. Although the
exact mechanism is not known, drug absorption may
involve a disruption of the stratum corneum lipids
allowing the drug to pass through the skin.

5.6. Nanocarrier based system:

Nanocarrier-based systems utilize engineered submi-
cron materials (ranging from 1 to 1000 nm)—such as
liposomes, polymeric nanoparticles, micelles, den-
drimers, and solid lipid nanoparticles—to revolution-
ize therapeutic delivery by significantly enhancing
drug solubility, stability, and bioavailability (Fig 6).
These sophisticated vehicles improve pharmacoki-
netics and prolong plasma half-life through passive
mechanisms like the enhanced permeability and re-
tention (EPR) effect or active targeting strategies
using surface ligands, antibodies, and peptides. By
enabling controlled, sustained, or stimuli-responsive
release and effectively crossing complex biological
barriers (such as the blood-brain barrier), nanocarriers
maximize site-specific therapeutic efficacy in cancer
therapy, gene delivery, and infectious diseases while
minimizing systemic toxicity.
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NANOCARRIER-BASED SYSTEMS FOR DRUG DELIVERY

Advanced Nanocarriers for Targeted, Controlled and Efficient Therapeutic Outcomes

LIPOSOMES TRANSFERSOMES
- Phasphalipid
Phaspholipid i
hi‘ﬂy:I P bilayer
Ed) tivatol
:ﬂf;w i) tsu?;a?tzr:; :
— Drug

= Ultra-deformable vesicles

vesicles with p id bilayer

= Can encapsulate ydraphilic (core) and
lipophilic (Bllayer) drugs

= Biocompatible and biodegradable

= Used in cancer, vaccines, gene delivery

+ Contain edge activators for high flexibility
* Enhance penetration through skin
= Useful in transdermal drug delivery

NANOEMULSIONS

G\Eﬁﬁg@_ Surfactant

POLYMERIC NANOPARTICLES

layer Polymer
P matrix
é‘g N % i .
Aguecus phase
K

= Oil-in-water (or water-in-oil) nano-sized
emulsians (20-200 nm)

= Made of natural or synthetic polymers
¥ N o = Protect drugs from degradation

+ High surface area and kinetic stability « Cortrolladand sustsined drog relasss
= Impreve solubility and bioavailabélity

« Used in oral, topical and parenteral delivery

@ Targeted Delivery @

# Used in cancer therapy, vaccines, gene delivery

Improved
Stability

KEY ADVANTAGES
OF NANOCARRIERS

ETHOSOMES

Phospholipid
bilayer

Ethanol

Agueous core
drug

= Liposames with high ethancl content

= Ethanal enhances fluidity and permeability
« Improve skin penetration and drug delivery
= Usad in transdermal and topical delivery

SOLID LIPID NANOPARTICLES (SLNs)

NIOSOMES

Nan-ionic
surfactant
bilayer

Agqueous core
drug

* Vesicles made of non-ionic surfactants
* More stable and cost-effective than liposomes
« Good encapsulation efficiency

* Used in drug delivery, cosmetics, veccines

NANOSTRUCTURED LIPID CARRIERS (NLCs)

dﬁ?w}?p Lipid layer
i _ Lipid layer {monclayer)
B S “a? (monolayer)
oo Uiquid lipid
= Salid lpid ”
ot Solid lipid
Drug

+ Made from physiological lipids
= Solid matrix at reom and body temperature
= Pratects drugs and allows controlled release

= Used in oral, parenteral and topical detivery

= Blend of sofid and lkquid fipids

= Higher drug loading and less expulsion

= Improved stability and controlled release

= Used in oral, topical and parenterz| delfivery

Enhanced
Solubility

Nanocarrier-based systems are transforming madem
pharmacotharay by improving drsg efficacy, safety
and patlent complience.

L Controlled Reduced
Release Toxicity

Figure 6: Nanocarrier Based Systems for Drug Delivery

5.7 Stimuli — Responsive (Smart) patches:

Stimuli-responsive or “smart” patches are advanced
transdermal systems that respond to internal or exter-
nal stimuli to provide controlled or on-demand drug
release. They can enhance therapeutic effectiveness
by adapting drug delivery to physiological changes.
pH-responsive patches use polymers or drug carriers
that respond to pH changes by swelling, shrinking,
dissolving, or altering permeability, thereby control-
ling drug release.

Temperature-responsive patches contain thermosen-
sitive polymers that undergo structural changes at
specific temperatures, regulating drug diffusion and
release. They may be useful for conditions involving
changes in skin temperature, inflammation, or fever.
Electrically responsive patches use electrical stimu-
lation, such as iontophoresis, to enhance drug trans-
port across the skin and regulate drug delivery
according to therapeutic needs. Wearable-controlled

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

systems integrate transdermal patches with sensors,
smartwatches, or electronic controllers to monitor
physiological parameters and regulate drug release in
real time. These systems offer potential for personal-
ized and on-demand therapies, including future mi-
graine management [ 105].

6. Personalized Transdermal therapeutics for Mi-
graine:

Personalized transdermal therapeutics for migraine
refers to the development of transdermal drug-deliv-
ery systems tailored to an individual patient’s mi-
graine characteristics, treatment response, severity,
and therapeutic needs. Transdermal delivery can pro-
vide controlled drug release, avoid gastrointestinal
degradation and reduce first-pass metabolism. It may
also be useful for patients who experience nausea or
vomiting during migraine attacks and have difficulty
taking oral medicines. The table 6 summarises the
acute migraine treatment.
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Table 6: Acute Migraine Treatment

Druil/e'lll":eat- Use in migraine Mechanism / Role Advantages Disadvantages | Reference
Avoids oral admin- | Fossible skin irri-
Selective 5-HT:1B/iD ) . tation; skin pene-
Used for acute . istration; useful .
receptor agonist; re- tration may be
. treatment of moder- ; . when nausea/vom- | . .
Sumatriptan . duces trigeminal o limited; formula- [106]
ate-to-severe mi- = iting is present; can | . .
) nerve activity and . tion requires spe-
graine attacks. . o provide controlled oy
cranial vasodilation. . cialized
drug delivery.
technology.
Variable skin ab-
Used for acute re- | 5-HT:B/iD receptor Non-qral .route; sorptlop; P os'51b'le
lief of migraine agonist that sup- convenient; poten- | local irritation;
Zolmitriptan . - . . tial for sustained transdermal for- [107]
with or without presses trigeminal . .
.. and controlled re- | mulations require
aura. neurotransmission.
lease. further develop-
ment.
Used for mild-to- Can avoid oral ad- Srlg: p‘s: ?;?ctlle:(in
NSAIDs (Di- Inhibit COX enzymes | ministration; poten- Y .
moderate acute . quate; systemic
clofenac, . . and reduce tially prolonged
migraine pain and . ) NSAID adverse [108]
Ibuprofen, . . prostaglandin synthe- drug exposure; .
associated inflam- . . effects can still
Naproxen) . sis. convenient for se- o
mation. . occur; irritation is
lected patients .
possible.
Transdermal use
Used for acute Potential for per- i;S S;ilé;nsligﬁerg;
. Block CGRP signal- | sonalized and con- & . P
treatment of mi- . Lo . meability and
CGREP antago- . ing involved in mi- trolled delivery; .
. graine; some agents . . formulation chal- [109]
nists (Gepants) graine pain may be useful L.
are also used for L lenges; limited
. transmission. when oral treat- s .
prevention. . . clinical evidence
ment is unsuitable
for many transder-
mal approaches

6.1 Preventive Therapy :

Preventive therapy is used in patients who experience
frequent or severe migraine attacks with the aim of
reducing the frequency, intensity, and duration of
migraine episodes. Transdermal drug delivery pro-
vides an alternative route for administering preventive
drugs by allowing the drug to pass through the skin
and enter systemic circulation. It can help avoid gas-
trointestinal degradation and first-pass hepatic me-
tabolism and may provide more consistent drug
concentrations.

B-Blockers such as propranolol and metoprolol are
established preventive medicines for migraine. They
are thought to reduce migraine susceptibility by
modulating adrenergic activity and neuronal ex-
citability. Their incorporation into transdermal sys-
tems may provide prolonged drug release; however,
appropriate drug loading and enhancement of skin
permeation are required.

INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY

Calcium channel blockers, particularly agents such
as flunarizine and verapamil, may be used for mi-
graine prevention by reducing calcium-dependent
neuronal excitability and vascular responses. Their
application in transdermal systems is a potential area
of research, although formulation and permeation
characteristics must be carefully optimized.

Antiepileptic drugs, such as topiramate and val-
proate, are used as preventive treatments because they
decrease neuronal hyperexcitability through mecha-
nisms involving ion channels and neurotransmitter
systems. Transdermal delivery could potentially pro-
vide sustained drug exposure and improve adherence,
but the relatively high therapeutic doses and physico-
chemical properties of these drugs can present chal-
lenges for conventional patches.

CGRP monoclonal antibodies such as erenumab,
fremanezumab, galcanezumab and eptinezumab rep-
resent an important modern approach to migraine
prevention. They specifically target the calcitonin
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gene-related peptide pathway involved in migraine
pathophysiology. However, because monoclonal an-
tibodies are large biological molecules, they have very
poor penetration through intact skin and are therefore
not suitable for conventional passive transdermal
patches. Advanced approaches such as microneedles
may provide a future route for transdermal or mini-
mally invasive delivery.

Natural compounds such as curcumin, ginger con-
stituents, peppermint/menthol and rosemary-derived
compounds have attracted interest because of their
potential anti-inflammatory, antioxidant and neuro-
modulatory activities. Advanced transdermal tech-
nologies such as nanoemulsions, liposomes,
ethosomes, transfersomes and microneedles may
improve their skin penetration and controlled deliv-
ery. However, stronger clinical evidence is required

1. Based on migraine
frequency
Frequent (24/month): Long-acting,
sustained-release patch (e.g., 24-72 h).
e Episodic (<3/month): On-demand,
fast-acting patch.
® Chronic: Continuous delivery patch
for stable plasma levels. .

3. Skin condition

Individualized Patch Selection

O’ersonalized transdermal therapy for effective migraine management )

before these compounds can be considered estab-
lished preventive migraine therapies.[110]

6.2. Individualized patch selection:

Individualized patch selection for migraine requires
matching a patient's specific symptoms and clinical
history with the appropriate technology, such as
choosing non-medicated cooling gel patches for in-
stant, drug-free localized comfort, or utilizing pre-
scription  transdermal systems to bypass the
gastrointestinal tract if severe nausea or vomiting
prevents the absorption of oral medications. Addi-
tionally, advanced neuromodulation "smart" patches
offer a high-tech, wireless alternative by using elec-
trical stimulation to trigger the brain's natural pain-
relieving mechanisms, though final selection must
strictly account for individual contraindications like
cardiovascular disease, uncontrolled hypertension, or

localized skin sensitivities (Fig 7).
L5
r(ﬂ;?f

—
OOO 2. Patient age
Mo -

® Adults: Standard dose and patch size.

® Elderly: Lower dose, higher skin
permeability — gentle formulation.

® Children / Adolescents: Smaller dose,

K safety-tested patch.
'\

4. Hormonal status

® Intact, healthy skin: Optimal
absorption.

® Dry or sensitive skin: Hypoallergenic,
moisturizing patch.

® Dermatitis / lesions: Avoid patch or
use alternative site. Yy,

Individualized
Patch Selection

@& Right patient

« Right formulation
 Right dose

& Better migraine relief
v Fewer side effects

e Pre-menstrual / menstrual phase:
Higher migraine risk — prefer faster
onset patch.

® Pregnancy / lactation: Use safer,
hormone-compatible formulation.

® Menopause: Adjust dose for
changing vascular response.

S
f% 5. Comorbidities

e Hypertension / CVD: Avoid vasoconstrictive
drugs - choose safer patch.
@ Liver / kidney disease: Prefer low-metabolism,
transdermal route.
® CNS disorders (anxiety, depression): Select
drugs with favorable CNS safety.
N g Y.

<

D A Y

6. Previous treatment
%

® Good response to triptans: Consider
similar action via patch.

® Poor oral tolerance: Prefer transdermal
delivery.

® Side effects from past therapy: Choose
alternative drugs/formulations.

( @ Goal: Personalize patch choice based on individual patient factors for safe, effective and long-lasting migraine relief. )

Figure 7: Individualized Patch Selection

7. Clinical Evidence and current developments:
Table 7 summarizes various approved transder-
mal products.
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Table 7: Approved Transdermal Products

Product API Technology Indication Status
Acute migraine FDA approved in

Iontophoretic trans-

ZECUITY® Sumatriptan dermal svstem with/without aura in | 2013; approval with-
4 adults drawn in 2020
Dose delivery 6.5 mg sumatriptan Low-level electrical Delivered over 4 h Discontinued [111]

current

8. Challenges in personalized transdermal mi- migraine drugs penetrate the skin's stratum corneum
graine therapy: barrier. This anatomical variance can cause unpre-

.. . dictable plasma concentrations, making it difficult to
Personalizing transdermal migraine therapy faces

.. . . . . . achieve the rapid, reliable therapeutic levels required
significant barriers due to inter-individual skin vari- p P d

- . . : . k quickly (Fig 8).
ability, which directly alters how consistently anti- to stop an acute attack quickly (Fig 8)

[ Skin Irritation with Topical & Transdermal Drug Delivery ]
I

2 ¥
Major Advantage ] [ Potential Disadvantage ]
» Reduction of systemic side effects o Adds the potential for skin irritation
compared to other routes of drug delivery. at the delivery site.
[ |
~ ¥ -~ \
Types of Skin Irritation Factors Contributing to Skin Irritation
Irritant Contact Dermatitis (ICD) | Allergic Contact Dermatitis (ACD) | | Physiological pH changes of the skin.
« Inflammatory response due * Delayed, T-cell-mediated « Disruption of stratum corneum barrier
to repeated or direct exposure inflammatory response to (delipidization, hydration, disruption of lipid packing).
to weak irritants. a specific allergen. A ol .
' « Reactions: Erythema, edema « [mmunological and physiological reactions.
+ TG Ebrythema L aling and occasionally vesiculation. « Bacteria proliferation at the delivery site.
to necrotic burns. * Onset is highly variable (depends
on irritant and individual). ¢ Chemical / pharmacological features of drug or vehicle,
8 J J
[ Features of Topical & Transdermal Systems That Contribute to Irritation

* Active pharmaceutical ingredient (API). »  Occlusion of the skin. e Patch adhesives and membranes.

+ Formulation (skin permeation enhancers | * Duration of device application.  Solvents, enhancers.

and excipients). » Type of delivery device used * Active drug.
]
Strategies to Minimize or Manage Skin Irritation
During Device & Formulation Design Additional Methods
. o »  Pretreatment with corticosteroid before application.
& Car.eful selection an.d optimization of * Inclusion of corticosteroids in the formulation.
device and formulation components. *  Structural alterations of chemical permeation enhancer.
¥
[ API is the major cause of ACD in patients [112]. ]

Figure 8: Challenges in Personalized Transdermal Migraine Therapy

9. Future Perspective : -Gene-guided drug delivery: Pharmacogenomic

. inf( i help select th i
-Al-integrated smart patches: Al can help adjust information may help select the most appropriate drug

drug delivery according to individual patient needs
and migraine patterns. -Continuous biomarker monitoring: Wearable

patches may continuously monitor biomarkers asso-
ciated with migraine onset and progression.

and dosage for individual patients.

-Personalized nanomedicine: Nanocarriers can im-

prove drug penetration through the skin and enable
patient-specific therapy. -Closed-loop drug delivery systems: Sensors can

detect physiological changes and automatically regu-

-3D-printed transdermal patches: 3D printing can
P P P g late drug release.

provide precise control over drug dose, release rate,
and patch design.
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-Digital therapeutics integration: Smart patches
may be combined with mobile applications and digi-
tal therapeutics for comprehensive migraine manage-
ment.

CONCLUSION:

Personalized migraine therapy represents a promising
shift from conventional, one-size-fits-all treatment
toward individualized management based on patient-
specific clinical, genetic, biological, hormonal, and
lifestyle factors. Innovative transdermal drug delivery
systems provide an attractive platform for achieving
this goal by offering non-invasive, sustained, and
potentially patient-tailored drug administration while
avoiding gastrointestinal limitations and first-pass
metabolism. Technologies such as microneedles,
iontophoresis, sonophoresis, electroporation,
nanocarriers, and stimuli-responsive smart patches
can enhance drug permeation and provide greater
control over drug release.The integration of transder-
mal delivery with pharmacogenomics, biomarkers,
wearable sensors, artificial intelligence, and digital
therapeutics may further enable selection of appro-
priate drugs, doses, and delivery patterns according to
individual migraine characteristics. Although chal-
lenges such as skin variability, limited drug loading,
patch adhesion, manufacturing complexity, cost, reg-
ulatory requirements, and long-term safety remain,
advances in materials science and personalized
medicine are progressively addressing these limita-
tions. Future development of Al-enabled, biomarker-
responsive, closed-loop, and 3D-printed transdermal
systems could facilitate real-time and adaptive mi-
graine management. Thus, personalized transdermal
drug delivery has considerable potential to improve
therapeutic efficacy, tolerability, adherence, and
quality of life in patients with migraine and may be-
come an important component of precision migraine
therapy.
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