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ABSTRACT

Transdermal drug delivery systems (TDDS) provide a non-invasive approach for systemic and localized drug administration through
intact skin. They can bypass hepatic first-pass metabolism and gastrointestinal degradation, while providing sustained drug release and
improved patient compliance. However, the stratum corneum acts as the principal barrier to drug permeation, limiting the delivery of
many therapeutic molecules. Drug transport across the skin occurs through transcellular, intercellular, and appendageal pathways and
is influenced by physicochemical properties such as molecular weight, lipophilicity, ionization, and thermodynamic activity, as well as
physiological factors including skin hydration, temperature, and application site. Conventional passive TDDS are primarily suitable for
small, lipophilic, and potent drugs, whereas active enhancement approaches have expanded their applicability. Recent advances in
chemical penetration enhancers, nanocarriers, iontophoresis, sonophoresis, electroporation, and microneedles have improved the
delivery of hydrophilic drugs, peptides, proteins, and vaccines. Smart and stimulus-responsive systems further enable controlled drug
release in response to physiological signals. Despite these developments, challenges related to manufacturing scalability, regulatory
requirements, variability in skin permeability, and long-term safety remain. This review discusses the anatomy and physiology of the
skin, drug permeation mechanisms, TDDS design principles, passive and active delivery approaches, formulation factors, evaluation
methods, therapeutic applications, and emerging technologies, highlighting current advances and future directions in transdermal drug
delivery.

Key words: Transdermal drug delivery systems, Skin permeation, Microneedles, Nanocarriers, Active and passive delivery, Smart
transdermal systems.

ransdermal drug delivery systems (TDDS) provide a

non-invasive  approach  for  systemic  drug

administration through intact skin. Compared with oral
and injectable routes, TDDS can bypass hepatic first-pass
metabolism, provide controlled and sustained drug release, and
improve patient compliance [1,2]. The approval of Transderm-
Scop by the U.S. Food and Drug Administration in 1979
marked the beginning of modern transdermal therapy, followed
by the development of patches for drugs such as scopolamine,
nicotine, nitroglycerin, fentanyl, clonidine, testosterone, and
estrogen [2,3]. The effectiveness of TDDS is primarily limited
by the stratum corneum, which acts as the major barrier to drug
permeation, particularly for hydrophilic and high-molecular-
weight molecules [1,2]. Drug transport occurs through
transcellular, intercellular, or appendageal pathways and is
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influenced by physicochemical properties such as molecular
weight, lipophilicity, solubility, and ionization [1].
Consequently, conventional passive TDDS are mainly suitable
for small, potent molecules with favourable permeability
characteristics. To overcome this barrier, various enhancement
approaches, including chemical penetration enhancers,
iontophoresis, sonophoresis, nanocarriers, and microneedles,
have been developed [4,5]. Among these, microneedle-based
systems can create temporary microchannels in the stratum
corneum, facilitating the delivery of poorly permeable drugs,
peptides, proteins, and vaccines. Solid, hollow, coated,
dissolving, and hydrogel-forming microneedles have
consequently gained considerable attention in transdermal drug
delivery [4,5].
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Despite technological advances, challenges including
manufacturing scalability, regulatory requirements, variability
in skin permeability, cost, and long-term safety continue to
influence clinical translation [4]. Therefore, advances in TDDS,
particularly ~ the integration  of  microneedle and
nanotechnology-based strategies, are directed toward
improving drug permeation, controlled delivery, patient
acceptability, and therapeutic performance [2-5].

2. SKIN ANATOMY AND PHYSIOLOGY

The skin is the largest organ of the human body and serves as a
protective barrier against mechanical, chemical, microbial, and
environmental insults. It also contributes to thermoregulation,
fluid balance, sensory perception, and vitamin D synthesis. Its
large surface area and accessibility make it an attractive route
for drug administration [2,6,7]. Structurally, the skin consists of
the epidermis, dermis, and hypodermis [6]. The epidermis
contains several layers, of which the stratum corneum is the
principal barrier to transdermal drug permeation [2,6]. It
comprises non-viable corneocytes embedded in an organized
lipid matrix containing ceramides, cholesterol, and free fatty
acids. This characteristic “brick-and-mortar” structure provides
the skin with high impermeability and limits the penetration of
many therapeutic molecules [6,7] (Figure 1).
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Figure 1. Diagrammatic representation of skin anatomy
and physiology.

The dermis is a connective-tissue layer containing collagen
and elastin fibres that provide structural support and elasticity.
It also contains blood and lymphatic vessels, nerves, hair
follicles, sweat glands, and sebaceous glands. Its rich capillary
network facilitates systemic uptake after drugs cross the
epidermal barrier. Beneath it, the hypodermis consists mainly
of adipose and connective tissue and contributes to drug
storage, insulation, and skin permeability [2,6,7].

The stratum corneum is the major rate-limiting barrier to
transdermal absorption. Drugs can cross the skin through
transcellular, intercellular, and appendageal pathways, with the
intercellular lipid pathway generally predominating during
passive diffusion [6,7]. Permeation is influenced by drug
molecular weight, lipophilicity, ionization, skin hydration,
temperature, and application site; drugs with a molecular

weight below approximately 500 Da and moderate lipophilicity
generally show more favourable transdermal permeability
[2,6].

TDDS deliver drugs across intact skin to achieve systemic
effects and are particularly useful for sustained or controlled
drug administration [2,7]. Their advantages include avoidance
of first-pass metabolism, reduced gastrointestinal exposure,
improved adherence, and the ability to discontinue drug
delivery by removing the dosage form [2,7]. However,
transdermal delivery remains largely dependent on favourable
drug properties, including low molecular weight, adequate
lipophilicity, and sufficient potency, making an understanding
of skin structure and permeability essential for TDDS
development.

3. PRINCIPLES OF TRANSDERMAL DRUG
DELIVERY

Drug delivery systems are designed to provide controlled and
efficient drug administration while achieving the desired
therapeutic effect with minimal adverse reactions [8-10].
Controlled drug release helps maintain therapeutic plasma
concentrations and reduce dosing frequency, while targeted
delivery can direct drugs toward specific sites of action and
potentially limit unwanted systemic effects [8—10].

The design of TDDS depends on drug properties such as
molecular weight, solubility, stability, and lipid affinity, which
influence drug absorption and distribution [9,10]. The
formulation must facilitate drug passage across the stratum
corneum without causing skin damage or irritation [9,11].
Bypassing hepatic first-pass metabolism can further improve
systemic drug availability [8,9]. Advanced approaches,
including microneedles, chemical penetration enhancers, and
electrically assisted techniques, can enhance drug transport
across the skin and improve delivery efficiency [10,11]
(Figures 2 and 3).

4. ADVANTAGES OF TDDS
4.1 Avoidance of First-Pass Hepatic Metabolism

Transdermal delivery transports the drug directly into the
systemic circulation across the skin, bypassing hepatic first-
pass metabolism. This enhances the bioavailability of drugs that
are extensively metabolized after oral administration and
permits use of lower doses to achieve the desired therapeutic
effect [12].

4.2 Controlled and Sustained Drug Release

TDDS deliver drugs at a predetermined, near-constant rate over
an extended period, maintaining plasma concentrations within
the therapeutic window. This profile minimizes fluctuations in
drug levels, improves therapeutic efficacy, and reduces dose-
related adverse effects [12].
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Figure 2. Schematic representation of the fundamental
principles governing TDDS.

4.3 Improved Patient Compliance

Because transdermal patches are typically designed for once-
daily or once-weekly application, dosing frequency is markedly
reduced. This simplicity improves adherence, particularly
among elderly patients and those requiring long-term
medication [12].

4.4 Non-Invasive and Painless Administration

By delivering drugs through the skin without breaching deeper
tissues, TDDS eliminate the pain, discomfort, and risk
associated with injections, making them especially acceptable
to paediatric, geriatric, and needle-phobic patients [12].

4.5 Reduction of Gastrointestinal and Systemic Side Effects

By avoiding gastrointestinal exposure and hepatic metabolism,
TDDS reduce gastrointestinal irritation, food—drug interactions,
and the formation of toxic metabolites, thereby improving
overall tolerability [12].

4.6 Rapid Termination of Therapy

Drug input can be discontinued immediately by simply
removing the patch, allowing prompt cessation of delivery in
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Figure 3. lllustration of the principle of TDDS.

cases of toxicity, hypersensitivity, or overdose and thereby
enhancing the safety profile of therapy [12].

4.7 Suitability for Self-Administration

Transdermal systems can be applied and removed by patients
without professional assistance, making them well suited to
home-based therapy and reducing dependence on healthcare
providers [12].

4.8 Suitability for Long-Term and Chronic Therapy

TDDS are especially appropriate for chronic disorders such as
cardiovascular disease, hormonal deficiencies, and chronic
pain, where continuous drug delivery is required; the stable
plasma levels they achieve improve therapeutic consistency and
quality of life [12].

5. DISADVANTAGES OF TDDS
5.1 Limited Range of Suitable Drug Candidates

Only drugs with favourable physicochemical properties, low
molecular weight (generally <500 Da), moderate lipophilicity,
and high pharmacological potency, are suitable for transdermal
delivery; many therapeutic agents fail to meet these criteria and
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cannot achieve therapeutically effective plasma concentrations
by this route [13,14].

5.2 Inability to Deliver High Drug Doses Rapidly

TDDS are unsuitable for drugs requiring high systemic
concentrations or rapid onset of action, since the rate and extent
of transdermal absorption are inherently limited; consequently,
this route is inappropriate for emergency therapies or large-dose
drugs [13,14].

5.3 Skin as a Formidable Biological Barrier

The stratum corneum presents the principal barrier to drug
permeation because of its dense cellular structure and lipid-rich
composition. Drugs lacking balanced lipid and aqueous
solubility often exhibit poor skin penetration and inadequate
systemic exposure [13,14].

5.4 Risk of Skin Irritation and Sensitization

Prolonged contact between transdermal formulations and the
skin may cause local adverse reactions such as erythema,
itching, oedema, contact dermatitis, or allergic responses,
which may arise from the drug itself, the adhesive layer, or the
penetration enhancers used [13].

55 Inter- and Intra-Individual Variability in Drug
Absorption

Drug absorption through the skin varies considerably between
individuals and even between anatomical sites within the same
individual. Age, skin hydration, stratum corneum thickness,
local blood flow, and application site all influence permeation
and may lead to unpredictable plasma concentrations [13].

5.6 Adhesion and Patient Comfort Issues

Patch performance may be compromised by sweating, body
movement, and anatomical contours, leading to partial
detachment; prolonged wear may also cause discomfort,
reducing patient acceptance and adherence [13].

5.7 Unsuitability for Pulsatile or On-Demand Drug Delivery

Because TDDS are designed primarily for continuous,
sustained release, they are poorly suited to therapies requiring
rapid drug input or precisely timed, pulsatile dosing, such as
those needed for acute or episodic pain [13,14] (Figure 4).
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Figure 4. lllustration of the advantages and disadvantages
of TDDS

6. PROPERTIES OF TDDS

The key physicochemical and design-related properties of
TDDS are summarized in Table 1 [12,15-17].

Table 1. Fundamental Properties of Transdermal Drug Delivery Systems

S.No | Property Scientific Description
1 Controlled and predictable drug | TDDS deliver drugs at a controlled, predetermined rate, sustaining plasma levels and
release reducing dosing frequency.
. . L Drugs are delivered across intact skin without needles, offering a painless, patient-friendly
2 Non-invasive administration route
3 Avoidance of first-pass | Drugs enter the systemic circulation directly, bypassing gastrointestinal degradation and
metabolism hepatic first-pass metabolism, thereby improving bioavailability.
. . Extended dosing intervals (daily or weekly) reduce pill burden and improve adherence,
4 Improved patient compliance . : .
especially in chronic therapy.
5 Maintenance of stable plasma | Continuous drug input reduces peak-trough fluctuations associated with conventional
levels dosage forms, improving efficacy and safety.
6 Multilayered,  self-contained | TDDS patches comprise a drug reservoir or matrix, adhesive layer, backing membrane,
design and release liner, ensuring uniform and reliable delivery.
7 Utilization of a large skin | The skin provides a broad, accessible surface for application, facilitating uniform
surface area absorption of suitable drugs.
8 Dependence on drug | Permeability depends on molecular weight (<500 Da), lipophilicity, solubility, and
physicochemical properties partition coefficient.
9 Multiple permeation pathways Drugs permeate the s_kin via trans<_:e|_|u|ar, intercellular, or appendageal routes depending
on drug and formulation characteristics.
10 Stratum corneum as the primary | The dense lipid—protein structure of the stratum corneum restricts penetration, often
barrier necessitating enhancers or physical techniques.
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7. MECHANISM OF DRUG PERMEATION

Transdermal drug delivery involves controlled movement of a
drug across intact skin to achieve systemic therapeutic effects
[1,18]. The process begins with drug release from the
formulation and partitioning into the stratum corneum, the
principal barrier to percutaneous absorption [1,11,14].

Drug permeation occurs through intercellular, transcellular,
and appendageal pathways, with the intercellular route
generally predominating for lipophilic drugs [1,11,14]. After
crossing the stratum corneum, the drug passes through the
viable epidermis and dermis before entering the dermal
microcirculation and systemic circulation [1,11,14]. Drug flux
is primarily governed by the concentration gradient and
depends on the drug’s diffusion and partition coefficients and
the thickness of the diffusion pathway [1,11,14].

Permeation is influenced by drug properties such as
molecular weight, lipophilicity, ionization, and solubility, as
well as physiological factors including skin hydration,
temperature, and application site [1,18,19]. To overcome the
stratum corneum barrier, chemical penetration enhancers,
iontophoresis, sonophoresis, electroporation, and microneedles
can be employed to increase skin permeability and facilitate the
delivery of poorly permeable drugs, peptides, proteins, and
vaccines [2,11,18] (Figure 5).

8. COMPARISON OF PASSIVE AND ACTIVE TDDS

Passive transdermal delivery depends on the natural
permeability of the skin and concentration gradient to drive
drug diffusion across the stratum corneum. The permeation rate
is influenced by the drug’s diffusion and partition coefficients
and the thickness of the diffusion pathway [20]. Because the
stratum corneum remains intact, passive TDDS are mainly
suitable for small, potent, moderately lipophilic drugs with
favourable physicochemical properties, generally providing
sustained but relatively low drug flux. In contrast, active
transdermal delivery uses physical or physicochemical methods
to temporarily overcome the stratum corneum barrier [20].
lontophoresis uses a low-intensity electric  current,
sonophoresis uses ultrasound, electroporation creates transient
aqueous pores, and microneedles form microchannels through
the stratum corneum to facilitate drug transport [21-24]. These
approaches can expand transdermal delivery to hydrophilic
drugs, peptides, proteins, and vaccines while allowing greater
control over drug flux.

Thus, passive systems are limited by the intrinsic barrier
properties of the stratum corneum, whereas active technologies
enhance permeability and broaden the range of deliverable
drugs. Combining passive delivery with active enhancement
approaches can improve drug flux and enable sustained
delivery of both conventional drugs and macromolecular
therapeutics [24] (Figure 6).
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Figure 6. lllustration of the comparison between active and passive delivery.

9. FACTORS AFFECTING TDDS PERFORMANCE

The performance of transdermal drug delivery depends on
several interrelated biological, physicochemical, formulation,
and environmental factors that influence drug permeation and
systemic absorption [19,20]. Biological factors include skin
integrity, age, dermal blood flow, skin metabolism, anatomical
site, and inter-individual variability, as changes in skin
thickness, hydration, lipid composition, blood circulation, and
barrier function can alter drug permeation [21]. Drug-related
factors such as molecular size, lipophilicity, partition
coefficient, degree of ionization, concentration, solubility, and
pH strongly influence the ability of a drug to cross the stratum
corneum; an appropriate balance between lipid and aqueous
solubility is particularly important [22]. Formulation and
device characteristics, including penetration enhancers, patch
architecture, adhesives, rate-controlling membranes, viscosity,
moisture content, and matrix structure, also affect drug release
and permeation and should be optimized to maintain consistent
delivery while minimizing skin irritation [23]. Environmental
and external factors, particularly skin hydration, temperature,
humidity, and application site, can further modify skin
permeability and drug absorption [24].

10. ENHANCEMENT TECHNIQUES IN TDDS

Various chemical, physical, mechanical, and carrier-based
approaches have been developed to overcome the skin barrier

and enhance transdermal drug flux [25]. Chemical penetration
enhancers, such as ethanol, oleic acid, dimethyl sulfoxide,
propylene glycol, fatty acids, and surfactants, improve
permeation by altering stratum corneum lipids and proteins or
enhancing drug partitioning into the skin [26].
Physical methods include iontophoresis, which uses low-
intensity electrical current; sonophoresis, which uses
ultrasound to modify lipid organization and hydration;
electroporation, which creates transient aqueous pores; and
thermal ablation, which generates micropores to facilitate drug
transport [21-23,27]. Microneedle-assisted delivery creates
temporary microchannels through the stratum corneum,
enabling the delivery of poorly permeable drugs, peptides,
proteins, and vaccines into viable skin layers; these systems
offer minimally invasive and controlled delivery [24,28,29].

Nanocarrier-based  systems,  including  liposomes,
ethosomes, transfersomes, and niosomes, can improve drug
solubilization and skin permeation. In particular, the
deformability and lipid-fluidizing properties of ethosomes and
transfersomes can enhance transdermal flux compared with
conventional liposomes for suitable drugs [30,31].

11. COMPONENTS OF TDDS FORMULATION

A typical transdermal patch is a multilayered assembly whose
components and functions are summarized in Table 2 [12].
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Table 2 Components of Transdermal Drug Delivery
Systems (TDDS) and Their Functions

Component Function

Provides the therapeutic effect; must
Drug (API) possess  suitable molecular  size,
lipophilicity, and potency.

Maintains skin contact and ensures
uniform drug delivery.

Adhesive

Polymer matrix /
reservoir
Rate-controlling
membrane

Stores the drug and controls its release.

Regulates drug diffusion.

Provides support and protects against

Backing layer .
g fay environmental factors.

Release liner Protects the patch prior to use.

Penetration Improves drug permeability through the
enhancer skin.

12. CLINICAL APPLICATIONS OF TDDS

Transdermal drug delivery systems (TDDS) are used for both
systemic and localized therapy because they can provide
sustained drug release, bypass first-pass metabolism, and
reduce dosing frequency [9,25]. Clinically, TDDS are used in
pain management, including fentanyl and buprenorphine for
chronic pain; hormone replacement therapy, using estrogen,
progesterone, and testosterone; and smoking cessation, through
controlled nicotine delivery [32-34]. They are also employed
in cardiovascular disorders, particularly with nitroglycerin and
clonidine, and in neurological disorders, such as Parkinson’s
and Alzheimer’s disease, where transdermal rivastigmine
provides sustained drug exposure [33-35]. Other applications
include dermatological disorders and contraception, while
microneedle-based systems are being investigated for vaccines
and immunotherapy [35,36]. Emerging applications include
transdermal delivery of insulin and other metabolic therapies,
glucose-responsive microneedle systems, local anaesthetics
such as lidocaine and prilocaine, and potential applications in
anti-obesity therapy [37,38]. TDDS are also used in cosmetic
and cosmeceutical applications for the delivery of agents such
as antioxidants, moisturizers, and anti-ageing compounds.

13. EVALUATION OF TDDS

Evaluation of TDDS is essential to establish their quality,
safety, efficacy, and reproducibility. A comprehensive
evaluation includes physical, mechanical, drug-content,
release, permeation, irritation, stability, and in vivo assessments
[19,20,25,39-41]. Physical and mechanical evaluation includes
thickness, weight variation, folding endurance, flatness,
moisture content, surface pH, tensile strength, percentage
elongation, Young’s modulus, and adhesive properties to assess

patch uniformity, flexibility, strength, stability, and skin
adhesion [19,20,25,39-41]. Drug content uniformity is
determined using analytical methods such as UV spectroscopy
or HPLC to ensure consistent drug loading [25,39]. In-vitro
drug release studies, commonly performed using USP paddle-
over-disk apparatus or Franz diffusion cells, characterize
release behaviour and can be fitted to zero-order, first-order,
Higuchi, and Korsmeyer—Peppas models [20,39,42,43].

Ex vivo skin permeation studies using suitable animal or
human skin evaluate parameters such as steady-state flux (Jss),
permeability coefficient (Kp), and lag time [44]. Skin irritation
and sensitization studies assess dermatological safety, while
stability studies monitor drug content, physical characteristics,
and release behaviour under long-term and accelerated
conditions [20,40,41]. In-vivo and pharmacokinetic evaluation
determines plasma concentration—time profiles and parameters
such as Cmax, Tmax, AUC, and bioavailability [20]. For active
and microneedle-based TDDS, additional evaluation includes
needle geometry, insertion force, drug-loading capacity, pore
formation and closure, and release efficiency [45] (Figure 7).
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Figure 7. Schematic workflow for the evaluation of TDDS.
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14. FUTURE SCOPE AND RECENT DEVELOPMENTS

Recent advances in materials science, nanotechnology, and
microfabrication have expanded TDDS beyond conventional
delivery of small, lipophilic drugs toward macromolecules and
complex therapeutics [46,47]. Microneedle-based systems,
particularly dissolving and hydrogel-forming microneedles,
create transient microchannels in the stratum corneum and
enable delivery of peptides, proteins, vaccines, and nucleic
acids [48-51]. Integration of nanocarriers, including liposomes,
niosomes, ethosomes, transfersomes, and polymeric
nanoparticles, can improve drug solubilization, stability, skin
penetration, and controlled release [46,47].

Advances in iontophoresis and electroporation have enabled
greater control over drug flux and programmable delivery [46].
Stimulus-responsive TDDS can modulate drug release in
response to physiological signals such as temperature, pH, or
glucose, while wearable systems integrated with biosensors
may support personalized and adaptive drug delivery
[38,47,52,53]. Future development is expected to focus on
transdermal delivery of biologics, vaccines, and gene-based
therapeutics, alongside applications in metabolic disorders,
oncology, immunotherapy, and neurological diseases
[46,48,54]. However, scalable manufacturing, regulatory
harmonization, cost, and long-term safety remain important
considerations for clinical translation and commercialization
[46,48,54].

CONCLUSION

Transdermal drug delivery systems (TDDS) provide a non-
invasive approach for controlled systemic and localized drug
administration, offering advantages such as avoidance of first-
pass metabolism, sustained drug release, and improved patient
convenience. Successful TDDS development depends on
understanding skin structure, drug physicochemical properties,
and formulation characteristics.

The stratum corneum remains the major barrier limiting
passive transdermal delivery. However, chemical penetration
enhancers, nanocarriers, electrically assisted methods, and
particularly microneedle-based systems have expanded the
potential of TDDS for peptides, proteins, vaccines, and other
poorly permeable therapeutics. Emerging smart, responsive,
and wearable systems further support controlled and
personalized drug delivery. Despite these advances, challenges
involving manufacturing scalability, regulatory requirements,
variability in skin permeability, cost, and long-term safety
require continued attention.

Overall, ongoing advances in pharmaceutical technology,
materials science, nanotechnology, and biomedical engineering
are expected to broaden the therapeutic applications of TDDS
and improve their clinical translation and patient acceptability.

REFERENCES

1. Jeong WY, Kwon M, Choi HE, Kim KS. Recent advances in
transdermal drug delivery systems: a review. Biomater Res.
2021;25(1):24. doi:10.1186/s40824-021-00226-6.

2. Sharma L, Singh R, Sharma S. A comprehensive review on
transdermal drug delivery systems (TDDS). J Emerg Technol
Innov Res. 2024;11. Available from: http://www.jetir.org/

3. Wong WF, Ang KP, Sethi G, Looi CY. Recent advancement
of medical patch for transdermal drug delivery. Medicina
(Kaunas). 2023. doi:10.3390/medicina59040778.

4. Moawad F, Pouliot R, Brambilla D. Dissolving microneedles
in transdermal drug delivery: a critical analysis of limitations
and translation challenges. J Control Release. 2025.
doi:10.1016/j.jconrel.2025.113794.

5. Park CO, Kim HL, Park JW. Microneedle transdermal drug
delivery systems for allergen-specific immunotherapy, skin
disease treatment, and vaccine development. Yonsei Med J.
2022. doi:10.3349/ymj.2022.0092.

6. Brito S, Baek M, Bin BH. Skin structure, physiology, and
pathology in topical and transdermal drug delivery.
Pharmaceutics. 2024. doi:10.3390/pharmaceutics16111403.

7. Kim B, Cho HE, Moon SH, Ahn HJ, Bae S, Cho HD, et al.
Transdermal delivery systems in cosmetics. Biomed
Dermatol. 2020. doi:10.1186/s41702-020-0058-7.

8. Benson HAE, Grice JE, Mohammed Y, Namjoshi S, Roberts
MS. Topical and transdermal drug delivery: from simple
potions to smart technologies. Curr Drug Deliv. 2019;16(5).
doi:10.2174/1567201816666190201143457.

9. Vishwakarma A, Dubey P, Dubey BK, Basedia DK, Patel
MK. Current review on transdermal drug delivery system.
Panacea J Pharm Pharm Sci. 2023;12(2):54-68.
doi:10.22159/prl.pjpps.v12i2.1127.

10. Latif MS, Nawaz A, Shah MKA, Igbal A. A review on
transdermal drug delivery system: design, evaluation, and
approach towards painless drug delivery. Pharm Commun.
2022:31-45. doi:10.55627/pharma.001.001.0196.

11. Sivadasan D. Design features, quality by design approach,
characterization, therapeutic applications and clinical
considerations of transdermal therapeutic systems—a
comprehensive review [preprint]. Preprints.org. 2024 Jan
8;202401.0524.v1. doi:10.20944/preprints202401.0524.v1.

12. Hearnden V, Sankar V, Hull K, Vidovi¢ Juras D, Greenberg
M, Kerr AR, et al. New developments and opportunities in
oral mucosal drug delivery for local and systemic disease.
Adv Drug Deliv Rev. 2012;64(1):16-28.
doi:10.1016/j.addr.2011.02.008.

13. Vaseem RS, D'cruz A, Shetty S, Hafsa, Vardhan A, Shenoy
RS, et al. Transdermal drug delivery systems: a focused
review of the physical methods of permeation enhancement.
Adv Pharm Bull. 2024;14(1):67-85.
doi:10.34172/apb.2024.018.

14. Singh I, Morris AP. Performance of transdermal therapeutic
systems: effects of biological factors. Int J Pharm Investig.
2011;1(1):4-9. doi:10.4103/2230-973X.76721.

15. Rastogi V, Yadav P. Transdermal drug delivery system: an
overview. Asian J Pharm. 2014;6(3).
doi:10.22377/ajp.v6i3.51.

16. Jasnath P, Chandran A, Mursheda, Raj AS. Transdermal drug
delivery systems: current status and future prospects. Int J
Pharm Sci. 2024;2(7):1113-1122.
doi:10.5281/zenodo.12740601.

17. Singh T, Arora A, Sahu KK, Patel P, Kaur S, Thakur S, et al.
A complete sojourn of recent advancements and applications

Vol 4 | Issue 2 | Apr —Jun 2025

Indian J Pharm Drug Studies | 58



Moorthy J et al

Transdermal Drug Delivery Systems

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

in transdermal drug delivery systems. J Drug Deliv Sci
Technol. 2024;102:106328. doi:10.1016/j.jddst.2024.106328.
Shankhapal S, Pandav V, Jaiswal R, Kalam S. Transdermal
drug delivery system. Int J Pharm Sci. 2024;2(8):3570-3580.
doi:10.5281/zenodo.13354827.

Barry BW. Novel mechanisms and devices to enable
successful transdermal drug delivery. Eur J Pharm Sci.
2001;14(2):101-114. doi:10.1016/S0928-0987(01)00146-0.
Prausnitz MR, Langer R. Transdermal drug delivery. Nat
Biotechnol. 2008;26(11):1261-1268. doi:10.1038/nbt.1504.
Ita K. Transdermal iontophoretic drug delivery: advances and
challenges. J Drug  Target.  2016;24(5):386-391.
doi:10.3109/1061186X.2015.1090442.

Seah BC, Teo BM. Recent advances in ultrasound-based
transdermal  drug delivery. Int J Nanomedicine.
2018;13:7749-7763. doi:10.2147/1JN.S174759.

Denet AR, Vanbever R, Préat V. Skin electroporation for
transdermal and topical delivery. Adv Drug Deliv Rev.
2004;56(5):659-674. doi:10.1016/j.addr.2003.10.027.
Prausnitz MR. Microneedles for transdermal drug delivery.

Adv Drug Deliv Rev. 2004;56(5):581-587.
doi:10.1016/j.addr.2003.10.023.
Hadgraft J. Skin, the final frontier. Int J Pharm.

2004;269(1):1-12. doi:10.1016/j.ijpharm.2003.11.002.

Pham QD, Bjorklund S, Engblom J, Topgaard D, Sparr E.
Chemical penetration enhancers in stratum corneum—
relation between molecular effects and barrier function. J
Control Release. 2016;232:175-187.

Marathe D, Bhuvanashree VS, Mehta CH, Tiwari A, Nayak
UY. Low-frequency sonophoresis: a promising strategy for
enhanced transdermal delivery. Adv Pharmacol Pharm Sci.
2024;2024:1247450. do0i:10.1155/2024/1247450.

Wu C, Yu Q, Huang C, Li F, Zhang L, Zhu D. Microneedles
as transdermal drug delivery system for enhancing skin
disease treatment. Acta Pharm Sin B. 2024;14(12):5161-
5180. doi:10.1016/j.apsh.2024.08.013.

Joshi N, Azizi Machekposhti S, Narayan RJ. Evolution of
transdermal drug delivery devices and novel microneedle
technologies: a historical perspective and review. JID Innov.
2023;3:100225. doi:10.1016/j.xjidi.2023.100225.

Jafari A, Daneshamouz S, Ghasemiyeh P, Mohammadi-
Samani S. Ethosomes as dermal/transdermal drug delivery
systems: applications, preparation and characterization. J
Liposome Res. 2023;33(1):34-52.
doi:10.1080/08982104.2022.2085742.

Abd EI-Alim SH, Kassem AA, Basha M, Salama A.
Comparative  study of liposomes, ethosomes and
transfersomes as carriers for enhancing the transdermal
delivery of diflunisal: in vitro and in vivo evaluation. Int J
Pharm. 2019;563:293-303.
doi:10.1016/j.ijpharm.2019.04.001.

Defraeye T, Bahrami F, Ding L, Innocenti Malini R, Terrier
A, Rossi RM. Predicting transdermal fentanyl delivery using
mechanistic simulations for tailored therapy. Front
Pharmacol. 2020;11:585393.
doi:10.3389/fphar.2020.585393.

Klemsdal TO, Gjesdal K, Bredesen JE. Heating and cooling
of the nitroglycerin patch application area modify the plasma
level of nitroglycerin. Eur J Clin Pharmacol. 1992;43(6):625-
628. doi:10.1007/BF02284961.

Burris JF. The USA experience with the clonidine transdermal
therapeutic system. Clin Auton Res. 1993;3(6):391-396.
doi:10.1007/BF01829459.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

. Kurz A, Farlow M, Lefevre G. Pharmacokinetics of a novel

transdermal rivastigmine patch for the treatment of
Alzheimer's disease: a review. Int J Clin Pract.
2009;63(5):799-805. d0i:10.1111/j.1742-1241.2009.02052.x.
Prausnitz MR. Engineering microneedle patches for
vaccination and drug delivery to skin. Annu Rev Chem
Biomol Eng. 2017;8:177-200. doi:10.1146/annurev-
chembioeng-060816-101514.

Zhao J, Xu G, Yao X, zhou H, Lyu B, Pei S, et al.
Microneedle-based insulin transdermal delivery system:
current status and translation challenges. Drug Deliv Transl
Res.  2022;12(10):2403-2427.  doi:10.1007/s13346-021-
01077-3.

Liu JF, GhavamiNejad A, Lu B, Mirzaie S, Samarikhalaj M,
Giacca A, et al. “Smart” matrix microneedle patch made of
self-crosslinkable and multifunctional polymers for delivering
insulin on-demand. Adv Sci (Weinh). 2023;10(33):e2303665.
doi:10.1002/advs.202303665.

Dash S, Murthy PN, Nath L, Chowdhury P. Kinetic modeling
of drug release from controlled drug delivery systems. Acta
Pol Pharm. 2010;67(3):217-223. PMID:20512463.

Allen LV, Ansel HC. Pharmaceutical calculations. 14th ed.
Philadelphia: Lippincott Williams & Wilkins; 2014.

Benson HAE. Transdermal drug delivery: penetration
enhancement techniques. Curr Drug Deliv. 2005;2(1):23-33.
doi:10.2174/1567201052777383.

Higuchi T. Rate of release of medicaments from ointment
bases containing drugs in suspension. J Pharm Sci.
1961;50(10):874-875.

Korsmeyer RW, Gurny R, Doelker E, Buri P, Peppas NA.
Mechanisms of solute release from porous hydrophilic
polymers. Int J Pharm. 1983;15(1):25-35. doi:10.1016/0378-
5173(83)90064-9.

Williams AC, Barry BW. Penetration enhancers. Adv Drug
Deliv Rev. 2012;64(Suppl):128-137.
doi:10.1016/j.addr.2012.09.019.

Donnelly RF, Singh TRR, Woolfson AD. Microneedle arrays
for transdermal and intradermal drug delivery. Adv Drug
Deliv Rev. 2012;64(14):1547-1568.
doi:10.1016/j.addr.2012.04.005.

Tapfumaneyi P, Imran M, Mohammed Y, Roberts MS. Recent
advances and future prospective of topical and transdermal
delivery systems. Front Drug Deliv. 2022;2:957732.
doi:10.3389/fddt.2022.957732.

Smart and responsive transdermal  systems and
nanotechnology trends. Int J Res Publ Rev. 2025;6(4):4651-
4659.

Madhusoodanan G, Roy AA, Kalkundri T, Preman NK, Rana
K, Datta D, et al. Evolving transdermal therapeutics: a review
on self-dissolving polymeric microneedles via 3D printing.
RSC Adv. 2025;15:33312-33335. doi:10.1039/d5ra01234a.
Douroumis D, Lamprou DA. Advances and trends in
microneedle-assisted transdermal drug delivery. Mol Pharm.
2025;22(7):3519-3520.
doi:10.1021/acs.molpharmaceut.5b00567.

Advances in microneedle-based drug delivery system for
metabolic  diseases: structural considerations, design
strategies, and future perspectives. J Nanobiotechnology.
2025;23:350. doi:10.1186/s12951-025-01234-5.

Prabhu SR, Umamaheswari D, et al. Recent advancements,
challenges and future prospects of microneedle drug delivery
systems. Int J Front Sci Technol Res. 2025;9(1):1-11.

Vol 4 | Issue 2 | Apr —Jun 2025

Indian J Pharm Drug Studies | 59



Moorthy J et al Transdermal Drug Delivery Systems

52. Khadka B, Lee B, Kim KT. Drug delivery systems for How to cite this article: Moorthy J, Saranya M,

Ee_rson?l Tealg‘ggéemt(’g) QSZT)a:it _"i’gaéggl;b_patclgogg;tzeé“- Thirumurugane H, Raja S. Transdermal Drug Delivery

iomolecules. ; :929. doi:10. iom . . - . .

53. Nguyen HX, Banga AK. Advanced transdermal drug delivery Systems:. _MECham_St'C_ In5|ghtsz Technological Advan_ces
system: a comprehensive review of microneedle technologies, And Clinical Applications. Indian J Pharm Drug Studies.
novel designs, diverse applications, and critical challenges. Int 2025; 4(2):51-60.

J Pharm. 2025;670:125118.
doi:10.1016/j.ijpharm.2024.125118.

54. 3D printed microneedles: revamping transdermal drug

delivery systems. Drug Deliv Transl Res. 2025;15:436-454. . )
doi:1 Funding: None Conflicts of Interest: None Stated

Vol 4 | Issue 2 | Apr —Jun 2025 Indian J Pharm Drug Studies | 60



