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ABSTRACT

The transdermal drug delivery system (TDDS) is a suitable approach for drug delivery because of its advantages over
other drug delivery systems. The main advantages of this technique include sustained release, bypassing first-pass
metabolism, and enhancing patient compliance. However, the skin is composed of several layers through which the drug
must pass through to enter the systemic circulation for therapeutic activity and its limitations include poor skin
permeability. It works best when the medicine is put inside the patch and worn on the skin for a long time. By this
constant concentration of drug remain in blood for long time. TDDS could be applicable in not only pharmaceuticals but
also in the skin care industry, including cosmetics. Transdermal drug delivery provides a controlled release of the drug to
the patient, enhances a stable blood level profile, leading to a reduction in systemic side effects and, in some cases,
improved performance in other dosage forms. The main purpose of the transdermal drug delivery system is to bring drugs
into the circulation of the skin system at a predetermined level with minimal inter and interpatient variations.
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INTRODUCTION epidermis, dermis, and hypodermis, which have different
anatomical structures and functions. The skin structure
comprises of an intricate network that serves as the body's
initial barrier against pathogens, ultraviolet (UV) light,
chemicals, and mechanical injury. This organ also
regulates temperature and the amount of water released
into the environment [1]. The structure of the skin is
shown in Figure 1.

Skin and its Overview

The cutaneous drug delivery system plays major role to
produce local action through topical drug delivery and
systemic action through transdermal drug delivery. For the
both drug delivery systems, skin is primary source. The
skin is the largest organ in the body, covering its entire
external surface. The skin has three layers; those are
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Figure 1: Human structure of the skin

The skin covers the entire external surface of the human
body and is the principal site of interaction with the
surrounding world. It serves as a protective barrier that
prevents internal tissues from exposure to trauma, UV
radiation, temperature extremes, toxins, and bacteria.
Other important functions include sensory perception,
immunologic surveillance, thermoregulation, and control
of insensible fluid loss. The integument consists of three
mutually dependent layers, the epidermis, dermis and
hypodermis [2-3]. The hypodermis is rich in fatty tissue
known as the panniculus adiposus, which may be arranged
in clusters. It consists of five layers; the basal layer

(stratum Dbasale), spinous layer (stratum spinosum),
granular layer (stratum granulosum), stratum lucidum (in
acral skin of palms and soles), and the outermost layer
(stratum corneum). These layers facilitate keratinisation
and maintain the epidermal water barrier through lipid
envelopes and protein cross-linking processes [4-5]. The
current review aimed to focus on transdermal drug
delivery, which is to be a barrier function of stratum
corneum (SC) for the diffusion and transportation of drug
across it. Various functions of the skin is shown in Figure
2.
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Figure 2: Various functions of the skin

Cutaneous Route of Topical Drug Delivery Systems

Topical delivery can be defined as the application of a
drug formulation directly to the skin to treat cutaneous
disorders like acne, eczema, fungal infections, or the
cutaneous manifestations of a general disease like
psoriasis. The topical drug delivery has an important
advantage that it may attain maximum retention time of
drug product on the skin with maximum drug

concentration to produce prolonged action at the target
site. The topical delivery of drug is fail to achieve
systemic drug absorption and drug concentration in plasma
may be due to low diffusion of drug does not penetrate
into the deep layers of the skin. The suitability of dosage
forms to the topical route is creams, ointments, gels,
lotions, transdermal patches, microneedles and carrier
based nano drug delivery systems [6-7].
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The semi-solid formulation in all their diversity dominates
the system for topical delivery. An effective topical
formulation needs to provide a stable chemical
environment in a suitable dispensing container in order to
accommodate multiple compounds that may have
different, if not incompatible, physicochemical
characteristics. Once applied, a topical formulation must
interact with the skin environment, which can influence
the rate of the release of the compounds in order to
achieve adequate skin absorption. The excipients
themselves will exert additional physical effects on the
skin, such as drying, occluding, and moisturizing. Hence,
to develop a topical formulation the researcher must
consider the physics, chemistry, pharmacodynamic, and
pharmacokinetics for drugs to get tolerability and
acceptability. The state of the skin barrier, the choice of
delivery system for the bioactive, composition, and
individualized disease detection and dosing planning
influence the effectiveness of topical medications.
Nowadays, enhancing transdermal absorption of topically
applied drugs is the preliminary research area. However,
enhancing transdermal absorption of drugs is not the first
choice to improve the effectiveness of all drugs [8-9].

Cutaneous
Systems
The TDDS falls under the controlled drug delivery
category, aiming to administer drugs through the skin at a
predetermined and controlled rate. This approach presents
numerous benefits, such as extended therapeutic impact,
reduced adverse effects, increased bioavailability,
enhanced  patient adherence, and convenient
discontinuation of medication. The SC plays a key role in
controlling the transdermal penetration of most substances.
There are appendageal, transcellular, and intercellular
routes to facilitate drug penetration. When the
administered drug passage is through these pathways, it is
essential to consider diverse factors, including the age and
condition of the skin, physicochemical properties, and
environmental factors. Crucial elements of TDDS include
a polymer matrix, membrane, drug, penetration enhancers,
pressure-sensitive adhesives, backing laminates, and a
release liner. Transdermal patches fall into categories such
as reservoir systems, matrix systems, and micro-reservoir
systems, all specifically engineered to introduce active
ingredients into the circulatory system via the skin. A
standardized approach is utilized to evaluate various
aspects, including adhesion properties, in vitro drug
release and stability. The purpose of reviewing the topic
of transdermal drug delivery system through patches is to
comprehensively evaluate the advancements, challenges,
and potential applications of this innovative drug delivery
method [10-11].

Route of Transdermal Drug Delivery

The TDDS refer to formulations created to administer an
appropriate medicinal dosage through a patient’s skin,
ensuring the delivery of a therapeutic dose of the drug into
the body. In order to achieve systemic effects by
transmitting therapeutic substances through human skin, it
is essential to consider the skin’s biophysical,
morphological, and  physicochemical  properties

comprehensively. TDDS presents notable advantages
compared to injectable and oral routes, as it improves
patient compliance and circumvents the first-pass
metabolism [6-7]. It ensures a controlled and consistent
drug administration, particularly beneficial for drugs with
short biological half-lives, preventing abrupt entry into the
systemic circulation that often leads to adverse effects. As
a result, various innovative drug delivery systems, such as
TDDS, transmucosal delivery systems, and controlled
release systems, have been developed. The benefits of
TDD include improved therapeutic efficiency, reduced
hepatic first-pass metabolism, and the maintenance of a
stable drug concentration in the bloodstream. The firstly
developed scopolamine patch (Transderm-Scop) was
FDA-approved in 1979 to prevent nausea and vomiting to
generate non-invasive and enculcate controlled drug
delivery for prolonged period of time [8-10]. It was a
decade in developing many transdermal products to avoid
liver metabolism of the drug, to enrich pain free delivery
with low complications.

Factors Affecting Cutaneous Drug Delivery System

The primary functional barrier for the cutaneous drug
delivery is the skin. The barrier properties of the skin may
alter various physicochemical factors that influence drug
distribution. The topical effects are mostly accomplished
with the drug in a vehicle by dissolving, and it is topically
applied in semisolid form to administer for the therapeutic
response as in the cover of a patch. The basic principle of
this system involves drug delivery via the surface of the
skin to cross the SC in the diffusion process to achieve
targeted therapeutic activity [12]. The drug concentration
and partition coefficient are key parameters effecting drug
diffusion into deep layers of the skin. Few factors are
described below:

1. Drug Concentration

The concentration of drug is a significant factor that
provides therapeutic activity when it reaches the targeted
site. The requirement for a drug-soluble concentration in
the vehicle as a driving force for percutaneous absorption
and the formulation of products is the prospect of higher
concentrations with higher potency [13].

2. Partition Coefficient

Since only a small amount of the drug passes through SC,
topically applied drugs are typically insufficient. As a
result, more drug is retained on the surface of the skin, and
a number of factors, including exfoliation, perspiration,
rub-off, adsorption or sweep onto garments, wash-off, and
photochemical or chemical degradation, may be
responsible for drug loss following the topical application
of TDDS. Transportation of drug across the skin is
affected by various factors, such as skin permeability, area,
and duration of application, as well as metabolic activity
of the skin. In fact, every drug has its unique properties,
which can affect transdermal delivery. To achieve adequate
skin absorption and penetration, the drug should be non-
ionic and relatively lipophilic to cross the skin barrier.
Molecules larger than 500 Daltons make it difficult to
cross the SC, and ideally the therapeutic dose of the drug
should also be less than 10 mg per day [14-15].
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3. Permeation Enhancers

The permeation enhancer is required to deliver and to
improve potentiality of the drug permeation flux. The
study of percutanecous absorption is essential to judge
penetration behaviour of drug molecules through various
layers of skin into the systemic circulation [16].

Various types of TDDS

1. Single-layer Drug-in-Adhesive System

In this type of patch the adhesive layer of this system
contains the drug. The adhesive layer not only serves to
adhere the various layers together, along with the entire
system to the skin, but it is also responsible for the
releasing the drug. The adhesive layer is surrounded by a
temporary liner and a backing [17-18].

2. Reservoir System

In this system the drug reservoir is kept in between
backing layer and a rate controlling membrane and drug
releases through microporous rate controlled membrane.
The drug can be in the form of a solution, suspension, or
gel or dispersed in a solid polymer matrix in the reservoir
compartment [17-18].

3. Matrix System
The matrix system is again categorized into types:

a) Drug-in-Adhesive System:

For the formation of drug reservoir, the drug dispersed in
an adhesive polymer and then spreading the medicated
polymer adhesive by solvent casting or by melting the
adhesive (in the case of hot-melt adhesives) on to an
impervious backing layer [17-18].

b) Matrix-Dispersion System:

In this system the drug is dispersed homogeneously in a
hydrophilic or lipophilic polymer matrix. And this
containing polymer along with drug is fixed onto an
occlusive base plate in a compartment fabricated from a
drug- impermeable backing layer. In this system the
adhesive is spread along the circumference instead of
applying on the face of drug reservoir to form a strip of
adhesive rim [17-18].

4. Micro-Reservoir System

This system is a combination of reservoir and matrix-
dispersion systems. In which drug is suspended in an
aqueous solution of water-soluble polymer and then
dispersing the solution homogeneously in a lipophilic
polymer to form thousands of un-leachable, microscopic
spheres of drug reservoirs [17-18].

Novel usage of topical drug delivery:

Topical drug product development starts with the
consideration of its biomolecular target. As many
dermatological diseases are now better understood as
autoimmune disorders, the therapeutic targets have often
been refined down to cellular or even genetic levels. This
has opened the door to many new therapy modalities for
dermatological indications including but not limited to
signaling enzyme inhibitors, skin microbiome modulators,
and even cell-based and gene-editing treatments.
Furthermore, these new therapy modalities have opened

up specific drug repurposing opportunities, which are
often economically more attractive than de novel drug
development. Novel topical drug products should be
competitively priced between affordable topical steroids
and high-end injectable biologics in order to maintain a
sufficient cost-benefit ratio to ensure reimbursement from
insurers. At the other end of the spectrum, effective topical
generics are an important part of the strategy to improve
patient access and drug availability [19-20].

Novel Therapeutic agents:

There are few novel therapeutic agents in which the
primary area of novel usage is focussed on inflammatory
skin conditions, where new active pharmaceutical
ingredients (APIs) are being formulated for topical
application to minimize systemic side effects associated
with oral or injectable treatments [21-24].

e JAK Inhibitors: Topical ruxolitinib (Opzelura) has
emerged as a significant new treatment for atopic
dermatitis and vitiligo.

e PDE4 Inhibitors: Crisaborole (topical) and
roflumilast (topical) are non-steroidal options approved
for atopic dermatitis and psoriasis, respectively.

e Topical Esmolol: A novel usage for the beta-blocker
esmolol, traditionally used systemically, is in a topical
gel form to treat chronic diabetic foot ulcers.

Ideal properties for drug suitable for TDDS

Depending upon the following factors limitation, the drug
product can easily diffuse into the systemic circulation
across the skin [25-26].

1. Molecular Weight

Ideally < 500 Daltons for good passive skin permeation.
Higher weights generally show poor permeation because
of the dense skin barrier.

2. Lipophilicity

Moderate lipophilicity is optimal and it is typically Log P
~ 1-3 (or sometimes extended to 4). If the drug is too
hydrophilic, it cannot cross lipid-rich stratum corneum and
too lipophilic, it gets “stuck” in skin lipids and does not
reach systemic circulation efficiently.

3. Solubility
Good solubility in both lipid and aqueous environments
improves the concentration gradient and skin penetration.

4. Melting Point

Low melting point (< ~200°C) indicates higher solubility
in skin lipids and easier permeation. High melting point
leads to produce stronger intermolecular forces and poor
skin flux.

5. Hydrogen Bonding

Fewer hydrogen-bond donors/acceptors (i.e., low H-
bonding capacity) favours permeation by reducing
interactions that impede passive diffusion.

6. Ionization / pKa
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Drugs should preferably remain unionized at skin pH
because ionization reduces permeability; thus molecules
with pKa values compatible with the formulation pH are
favourable.

Physical Methods of Permeability Enhancement
Physical methods for enhancing permeability are
techniques based on the use of electric current or
mechanical impact on the skin [27-30].

Iontophoresis

Iontophoresis is a method of transdermal drug delivery
that uses an electrical current. A charged molecule is
placed on the skin with an electrode of the same charge.
Direct current drives the drug into the skin, where it is
absorbed into the bloodstream and deeper tissues. At its
core, IP operates on the principle of electro-migration,
electro-osmosis and the increased permeability of
membranes or skin due to the flow of electric current,
leveraging the charged ions' movement in an electric field
to drive the transport of agents across biological
membranes or skin. Electro-osmosis generates interstitial
fluid (ISF) flow from anode to cathode due to the
preferential movement of cations in the negatively charged
skin tissue. lontophoresis enhances transdermal drug
delivery by three mechanisms: (a) ion-electric field
interaction provides an additional force that drives ions
through the skin, (b) the flow of electric current increases
the permeability of the skin, and (c) electro-osmosis
produces bulk motion of solvent that carries ions or neutral
species with the solvent stream. Electro-osmotic flow
occurs in a variety of membranes and is in the same
direction as the flow of counter-ions. It may assist or
hinder drug transport. Since human skin is negatively
charged above pH 4, counter ions are positive ions and
electro-osmotic flow occurs from anode to cathode. Thus,
anodic delivery is assisted by electro-osmosis but cathodic
delivery is retarded. Because of the electro-osmotic flow,
transdermal delivery of a large anion (negatively charged
protein) from the anode compartment is more effective
than that from the cathode compartment [31].

Electroporation

Electroporation is a biophysical phenomenon in which an
external electric field generated around cell increases cell
permeability by disrupting the physical structure of the
cell membrane. This physical principle has been applied in
a wide range of applications, including in molecular
biology for mammalian and bacterial gene transfection in
bacteria deactivation for food sanitation; and in clinical
settings for increasing drug uptake and gene therapies,
ablating undesirable tissues, and stimulating immune
responses [32]. Long-term changes in TMV, persisting on
the time scale of minutes, can also be observed after brief
exposure to high-intensity pulsed electric field that result
in electroporation. Electroporation is a phenomenon
associated with increased plasma membrane permeability
due to the creation of hydrophilic pores in the membrane
lipid domains, lipid oxidation, and/or damage to
certain membrane proteins, all promoted by the intense
electric field.

Sonophoresis

Sonophoresis refers to the application of ultrasound waves
to deliver therapeutic agents through the skin membrane. It
is alternatively termed phonophoresis. Firstly, in 1954, a
hydrocortisone drug was delivered across the skin barrier
by ultrasound Technology to treat digital polyarthritis [33-
34]. Sonophoresis operates in a Wide frequency range, i.c.,
20 kHz to 16 MHz. According to frequency ranges, it is
broadly classified into two categories as follows:

a. Low-frequency sonophoresis 20 kHz to 100 kHz. B.

b. High (Therapeutic)-frequency sonophoresis 2 MHz to
16 MHz.

Microneedles arrays

Microneedles (MNs) are emerging as a promising tool in
the biomedical field, offering a minimally invasive and
effective approach to a variety of applications, including
drug delivery, cell transfection, and biosensing. MN
technology involves the miniaturization of a single needle
or an array of needles to micrometer-scale dimensions,
allowing for targeted delivery of therapeutics. MNs are
micro projections ranging 25-2500 um in height available
in different shapes with the attachment of a base for
support. MNs are used to sample fluid from the body and
deliver therapeutic agents to cells. MNs are tiny, unique,
novel, and promising devices made using microelectro-
mechanical systems to detect, diagnose, and treat several
diseases. Vaccines, nanoparticles, high or low molecular
weight drugs of various categories, high molecular weight
protein, and antibodies are easily loaded into MNs to
deliver it into different layers of skin and deep within the
skin to neutrophil Langerhans, dendritic cells for
immunological effect [35-36].

Nanoemulsions

Nanoemulsions are colloidal systems composed of oil-in-
water (O/W) or water-in-oil (W/O) emulsions, in which
the dispersed droplets range in size within the nanometric
scale (typically between 20 and 200 nm). These
formulations are produced using high-energy techniques,
such as high-pressure homogenization or ultrasonication.
Owing to the presence of surfactants and the small droplet
size, nanoemulsions exhibit good kinetic stability,
preventing phenomena such as droplet coalescence,
aggregation, or sedimentation. In the pharmaceutical field,
nanoemulsions have gained prominence due to their ability
to enhance the absorption of poorly soluble drugs, protect
active compounds from chemical and enzymatic
degradation, and facilitate tissue penetration and the
crossing of physiological barriers, such as the nasal
mucosa and, in certain cases, the blood-brain barrier [37-
38].

Microemulsions
Microemulsions, comprising oil, water and a surfactant, in
association with some co-surfactant, are

thermodynamically stable systems. They have found
applications in a large number of chemical and
pharmacological processes due to their unique properties
such as large interfacial area, low interfacial tension, and
most importantly, the ability to solubilise and deliver
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hydrophobic drugs. In addition to the oral and intravenous
route, they are suitable for drug delivery through the
ophthalmic, vaginal, pulmonary, dental, and topical routes.
This review highlights the properties and several recent
developments in the use of microemulsions for medical
treatment purposes including targeted drug delivery.
Microemulsions are merely alike emulsions that are a
different class of colloidal systems [39].

Transferosomes

Transferosomes are elastic bilayer vesicles that further
extend the drug delivery capability of liposomes.
Transferosomes are structurally similar to liposomes, but
the bilayer structure is rendered elastic by incorporation of
an “edge-activator”, which may be a surfactant, such as
Tween® 80 and Span® 80, or a bile acid, such as sodium
cholate, that significantly reduces the elastic modulus of
the phospholipid backbone. The ultra-deformable and
stress-responsive properties of TFS have been shown to
facilitate skin penetration due to their ability to undergo
reversible deformation and squeeze through intercellular
pores that are smaller than their vesicle size [40].

Liposomes

Liposomes are spherical nanocarriers composed of one or
more concentric lipid bilayer enclosing an aqueous core.
Their amphiphilic nature allows them to encapsulate a
wide variety of therapeutic agents, including small
hydrophobic drugs, hydrophilic macromolecules, nucleic
acids, and peptides. This unique capability positions
liposomes as ideal vehicles for improving drug solubility,
stability, and site specific delivery. These advantages are
particularly relevant when considering the challenges of
drug delivery across biological barriers. Biological barriers

for drugs include the gastrointestinal tract, which limits
absorption due to acidic pH, digestive enzymes, and the
protective mucus layer. The blood brain barrier (BBB)
presents another major challenge, as it tightly regulates the
passage of substances into the central nervous system
through tight junctions and efflux transporters. A liposome
is a tiny bubble, with a membrane composed of a
phospholipid bilayer. Membranes are usually made of
phospholipids  like  phosphatidylet-hanolamine  and
phosphatidylcholine. Phospholipids are amphiphilic with
its polar head as hydrophilic and hydrocarbon tail as
hydrophobic [41].

Ethosomes

Ethosomes are very good at delivering hydrophilic and
lipophilic drugs because of this unique structural
advantage, increasing bioavailability and therapeutic
efficacy. Compared to traditional transdermal carriers,
ethosomes offer superior encapsulation efficiency,
prolonged drug retention, low irritation, the capability to
carry active components deeper into the skin, reduced
systemic side effects, and improved patient compliance,
making them an advanced and viable alternative to
conventional transdermal drug delivery systems. While
ethosomes, as a transdermal drug delivery system, are
designed to deliver drugs into systemic circulation, recent
rescarch has expanded their applications beyond
dermatological conditions to include systemic treatments
for a wide range of diseases, such as cancer, diabetes, and
chronic pain. Studies have shown that ethosomal
transdermal delivery is effective in treating and managing
metabolic and chronic diseases [42]. The list of few
dosage forms effective in inflammatory therapy is shown
below Table 1.

Table 1: List of few dosage forms with Tapentadol and their outcomes for effective skin drug delivery

S. No Dosage Form Treatment QOutcome Reference
1. Oral Pain Effective analgesic 43
2. Oral delivery Pain PK differences observed 44
3. Transdermal & Oral | Chronic pain Comparable efficacy 45
4. Controlled release Pain Improved bioavailability 46
5. Vesicular TDDS Pain Enhanced permeability 47
6. Transdermal Gel Pain Enhanced permeation 48
CONCLUSION skin biology with precision engineering using biomarker

Cutaneous drug delivery has matured into a versatile and
patient friendly platform that bridges topical therapy and
systemic administration by leveraging the skin’s
accessibility, rich vasculature, and immunological
functions. Advances in formulation science ranging from
lipid based carriers and polymeric nanoparticles to
microneedle arrays and iontophoresis have expanded the
range of molecules that can be delivered effectively while
enabling controlled release, targeted action, and reduced
systemic side effects. Despite these gains, successful
translation requires continued attention to skin barrier
variability, long-term safety, and scalable manufacturing,
as well as harmonized regulatory pathways that reflect the
unique attributes of transdermal and intradermal systems.
Future progress will depend on integrating mechanistic

guided designs, responsive materials, and patient-centric
devices to tailor therapies for specific indications and
populations. By addressing formulation stability,
penetration control, and real-world usability in parallel,
cutaneous delivery can fulfill its promise of improving
therapeutic outcomes, enhancing adherence, and opening
new avenues for both local and systemic treatment.
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