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ABSTRACT

The goal of a transdermal drug delivery system (TDDS), which belongs to the controlled drug delivery category, is to  
distribute medications via the skin at a set and regulated rate. Extended therapeutic impact, fewer side effects, higher  
bioavailability, improved patient adherence, and easy medication termination are just a few advantages of this strategy. The 
stratum corneum, the skin's outermost layer, is crucial in regulating the transdermal entry of the majority of drugs. Drug 
penetration is facilitated by three primary pathways: intercellular, transcellular, and appendageal. It is crucial to take into 
account a variety of aspects while delivering medications via this route, such as the skin's age and health, physicochemical 
characteristics, and environmental impacts. A polymer matrix, membrane, drug, penetration enhancers, pressure-sensitive 
adhesives, backing laminates, and a release liner are essential components of Transdermal Drug Delivery Systems (TDDS). 
Reservoir systems, matrix systems, and micro-reservoir systems are some of the types of transdermal patches that are  
specifically designed to deliver active chemicals into the circulatory system through the skin. Stability, in vitro drug release, 
and adhesion characteristics are all assessed using a standardized method. The goal of studying the subject of transdermal 
drug delivery systems using patches is to thoroughly assess the developments, difficulties, and possible uses of this cutting-
edge drug delivery technique.
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INTRODUCTION

Transdermal drug delivery systems (TDDS) are designed to deliver therapeutic agents across the skin and, when 
sufficient  permeation is  achieved, into the systemic circulation. The approach has attracted considerable 
interest because it can provide sustained drug exposure, reduce dosing frequency, and offer a noninvasive 
alternative  to  oral  or  parenteral  administration.  By  avoiding  gastrointestinal  degradation  and  reducing 
presystemic  hepatic  metabolism, transdermal  delivery  may  also  improve  the  pharmacokinetic  profile  of 
selected drugs (Prausnitz & Langer, 2008; Alkilani et al., 2015).

Despite these advantages, the skin is not simply a convenient route for drug administration. Its primary 
biological function is to protect the body from external substances and prevent excessive water loss. The  
stratum corneum, in particular, represents a highly effective barrier to molecular transport and is the principal 
limitation to passive transdermal delivery. Consequently, only a relatively restricted range of drug molecules 
possesses the physicochemical characteristics required for effective delivery through intact skin (Alkilani et al., 
2015; Pastore et al., 2015). Drug molecular size, lipophilicity, solubility, dose requirement, and interaction with 
the formulation can substantially influence permeation and systemic availability.

The development of TDDS has therefore progressed beyond conventional passive patches toward formulation 
and device based strategies intended to modify or overcome the skin barrier. Chemical permeation enhancers,  
iontophoresis,  ultrasound,  thermal  methods,  and  microneedles  have  been  investigated  to  increase  drug 
transport and extend transdermal delivery to compounds that would otherwise have limited permeability 
(Prausnitz & Langer, 2008; Alkilani et al., 2015). However, improved permeability does not necessarily translate 
into improved clinical performance. Skin variability, irritation, adhesion, dose limitations, formulation stability, 
manufacturing requirements, and reproducibility remain important considerations in the development and 
use of transdermal systems (Pastore et al., 2015).

This review examines the fundamental principles of TDDS, with emphasis on skin structure, pathways of drug 
penetration, transdermal patch design, formulation components, and approaches used to evaluate system 
performance. It further considers the practical limitations that influence successful transdermal delivery and 
the technological developments being explored to address the biological and formulation barriers associated 
with conventional patch systems.

2. METHODS

This study was conducted as a narrative review of the literature on transdermal drug delivery systems, with  
emphasis on skin permeation, transdermal patch design, formulation components, drug release, and factors 
affecting delivery performance. Relevant literature was identified through searches of PubMed, Google Scholar, 
ScienceDirect,  and  other  scholarly  databases  using  combinations  of  terms  including  “transdermal  drug 
delivery,” “transdermal patch,” “skin permeation,” “stratum corneum,” “permeation enhancers,” “drug release,” 
and “transdermal systems.”

Articles were considered based on their relevance to the objectives of the review, with greater emphasis placed 
on  peer  reviewed  research  articles,  established  review  articles,  pharmaceutical  texts,  and  authoritative  
scientific  sources.  Literature  addressing  the  principles  of  transdermal  delivery,  skin  barrier  function, 
mechanisms of drug permeation, patch technologies, formulation strategies, and evaluation methods was 
examined.  Relevant  studies  were  reviewed  critically  to  identify  established  knowledge,  technological  
developments, limitations, and areas requiring further investigation.

The retrieved literature was synthesized narratively rather than statistically because the review addressed a  
broad  and  heterogeneous  body  of  evidence  involving  different  drug  molecules,  formulations,  delivery 
technologies,  experimental  models,  and  evaluation  methods.  The  findings  were  organized  thematically 
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according to skin structure and barrier function, drug penetration pathways, transdermal patch systems, 
formulation components, and evaluation of transdermal formulations. Particular attention was given to the gap 
between theoretical improvements in skin permeation and their practical and clinical applicability.

3. SKIN STRUCTURE AND THE SKIN BARRIER

The skin is the principal interface between a transdermal formulation and the systemic circulation. Although it 
provides an attractive route for drug administration, its protective architecture presents a substantial barrier to 
molecular transport. The skin consists of three principal layers, namely the epidermis, dermis, and hypodermis, 
together with specialized structures such as hair follicles, sweat glands, sebaceous glands, blood vessels, and 
sensory nerves. Their anatomical organization is illustrated in Figure 1. Understanding this organization is 
essential for explaining why some drugs can cross the skin effectively whereas others show limited or negligible 
permeation.

Figure 1. Anatomical structure of the skin and associated structures.

3.1 Epidermis

The epidermis is the outermost layer of the skin and consists predominantly of keratinocytes arranged in  
several  cellular  layers. As  keratinocytes  differentiate  and migrate  toward the  skin  surface, they undergo 
structural and biochemical changes that contribute to the formation of the epidermal barrier. The outermost  
region, the stratum corneum, has particular importance in transdermal drug delivery because it represents the 
major resistance to penetration through intact skin (Menon, 2002).

The  stratum  corneum  is  composed  mainly  of  flattened,  keratin  rich  corneocytes  embedded  within  an 
extracellular  lipid  matrix. Its  commonly described “brick  and mortar”  organization provides  mechanical 
protection  while  restricting  the  movement  of  many  exogenous  molecules.  The  lipid  domains  contain 
components such as ceramides, cholesterol, and free fatty acids, which contribute to the low permeability of the 
barrier. Consequently, drug molecules must partition into and diffuse through this highly organized structure 
before reaching the viable epidermis and deeper tissues.

The barrier is not completely uniform. Its permeability can vary according to anatomical site, hydration, age,  
disease, and environmental exposure. Such variability is important because changes in barrier function can  
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alter the rate and extent of drug absorption and may contribute to differences in transdermal performance  
between individuals (Danby, 2016).

3.2 Dermis

The dermis lies beneath the epidermis and contains connective tissue, blood vessels, nerves, hair follicles, and 
various  skin  appendages.  Unlike  the  relatively  impermeable  stratum  corneum,  the  dermis  is  highly 
vascularized and therefore provides an important interface between a permeating drug and the systemic  
circulation. Once a drug crosses the epidermal barrier and reaches the dermal microcirculation, it may be  
absorbed into the systemic circulation.

The dermis is structurally divided into papillary and reticular regions, with differences in connective tissue 
organization and vascularity. Its role in transdermal delivery extends beyond being a passive pathway because 
interactions between the permeating drug and dermal tissues can influence the rate at which the drug becomes 
systemically available.

3.3 Hypodermis

The hypodermis, or subcutaneous layer, is located beneath the dermis and consists largely of adipose and 
connective tissue. Its thickness varies substantially among individuals and across anatomical sites. Although it 
is not generally regarded as the principal barrier to transdermal penetration, its composition and thickness can 
influence drug distribution after passage through the upper skin layers.

From a drug delivery perspective, the skin should therefore be regarded as a dynamic biological barrier rather 
than  simply  a  physical  membrane.  The  stratum  corneum  provides  the  dominant  resistance  to  passive  
permeation, while the deeper viable tissues influence subsequent drug movement toward the circulation. This 
distinction is central to the design of transdermal systems because increasing drug release from a patch does  
not necessarily result in a proportional increase in systemic delivery if skin permeability remains the limiting 
step.

4. ROUTES OF DRUG PENETRATION THROUGH THE SKIN

Following application of a transdermal formulation, a drug must cross the skin barrier before it can reach the 
systemic circulation. Percutaneous transport is not a single process but involves several sequential events,  
including entry into the stratum corneum, partitioning between the drug and skin phases, diffusion through 
the viable epidermis and dermis, and eventual uptake into the cutaneous microcirculation. The efficiency of  
this process depends on the physicochemical characteristics of the drug, the properties of the formulation, and 
the permeability of the skin (Alkilani et al., 2015; Pastore et al., 2015).

Drug  molecules  can  cross  the  skin  through  transepidermal  and  transappendageal  pathways.  The 
transepidermal pathway involves movement across the stratum corneum and viable epidermis, whereas the  
transappendageal pathway involves structures such as hair follicles and sweat ducts. Although appendageal  
structures provide alternative pathways, their relatively small surface area means that they do not generally 
provide the principal route for sustained passive transdermal delivery. The stratum corneum therefore remains 
the  dominant  barrier  that  must  be considered in  the  development  of  conventional  transdermal  systems 
(Alkilani et al., 2015).

4.1 Transepidermal Pathway

The transepidermal pathway involves drug movement through the stratum corneum and the underlying viable 
epidermis. Within the stratum corneum, two principal mechanisms are commonly described: transcellular and 
intercellular  transport.  The  relative  contribution  of  these  pathways  depends  on  the  physicochemical 
characteristics of the permeating molecule and its interactions with the lipid and aqueous domains of the 
stratum corneum.
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The transcellular pathway involves repeated partitioning of the drug between corneocytes and the surrounding 
lipid domains. Because the drug must cross both relatively hydrophilic cellular regions and more lipophilic  
intercellular regions, this pathway can impose substantial resistance to permeation. It should therefore not be 
interpreted simply as a direct passage through individual skin cells.

The intercellular pathway involves movement through the lipid domains surrounding the corneocytes. This 
pathway is particularly important for many passive transdermal systems because the organized lipids of the 
stratum corneum provide a continuous but highly resistant diffusion environment. Drug partitioning into 
these  lipids  and  subsequent  diffusion  through  them  are  influenced  by  factors  such  as  molecular  size, 
lipophilicity, thermodynamic activity, and formulation composition (Alkilani et al., 2015).

The distinction between transcellular and intercellular transport is useful for understanding skin permeation, 
but the pathways should not be considered completely independent in practical drug delivery. A molecule may 
interact with several microenvironments as it crosses the heterogeneous structure of the stratum corneum. 
Consequently, the overall permeability of a drug cannot be predicted reliably from lipophilicity or molecular 
size alone. Drug melting point, solubility, partitioning, formulation composition, and the condition of the skin 
can also influence the resulting flux (Pastore et al., 2015).

4.2 Transappendageal Pathway

The transappendageal pathway involves drug movement through skin appendages, particularly hair follicles 
and  sweat  ducts.  These  structures  extend  through  the  epidermis  and  provide  aqueous  or  follicular 
environments that differ from the highly organized lipid barrier of the stratum corneum. They may therefore 
contribute to the penetration of some molecules and can become particularly relevant for delivery approaches 
that target hair follicles or intentionally alter the barrier properties of the skin.

However, the presence of these appendages should not be interpreted as evidence that they provide unrestricted 
access to the systemic circulation. Hair follicles and sweat ducts occupy only a small fraction of the total skin 
surface, and the pathway from an appendage to systemic circulation is biologically more complex than simple 
entry through an open pore. Their contribution to conventional passive transdermal delivery is consequently 
considered limited in comparison with transport across the stratum corneum (Alkilani et al., 2015).

The  transappendageal  route  nevertheless  has  important  implications  for  advanced  delivery  systems. 
Technologies designed to target hair follicles, as well as physical approaches that alter the skin barrier, may 
increase the relevance of appendageal pathways. Thus, the importance of this route depends not only on normal 
skin anatomy but also on the design and purpose of the delivery system.

4.3 From Skin Penetration to Systemic Absorption

Crossing the skin surface does not necessarily mean that systemic delivery has been achieved. Percutaneous  
absorption involves several stages, beginning with penetration into the skin and followed by movement through 
the viable tissues before uptake into the cutaneous microcirculation. The drug must therefore overcome both 
the barrier properties of the skin and the physiological processes that determine its subsequent availability in  
the circulation (Alkilani et al., 2015).

This distinction is important when evaluating transdermal formulations. A formulation may increase drug 
deposition within the skin without producing a corresponding increase in systemic exposure. Similarly, an  
increase in in vitro permeation does not automatically establish improved clinical performance. The ultimate 
objective of a systemic transdermal system is controlled delivery of a therapeutically useful amount of drug into 
the circulation while maintaining acceptable skin tolerability and reproducible dosing.

Therefore, the effectiveness of a transdermal delivery system should be evaluated in terms of the complete  
transport process rather than the ability of a formulation to release drug from the patch alone. Drug release,  
skin permeation, absorption into the circulation, and systemic pharmacokinetics  are related but distinct 
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processes.  This  distinction  provides  an  important  basis  for  understanding  the  factors  that  influence 
transdermal drug permeation and for evaluating strategies designed to overcome the skin barrier.

5. FACTORS AFFECTING TRANSDERMAL DRUG PERMEATION

The ability of a drug to cross the skin and reach the systemic circulation is determined by the interaction of  
drug properties, formulation characteristics, and biological properties of the skin. No single physicochemical  
parameter can reliably predict transdermal performance because permeation involves partitioning between 
the formulation and skin, diffusion through the stratum corneum, movement through viable skin, and uptake 
into the cutaneous circulation. Consequently, a  drug with apparently favorable properties  may still  show 
inadequate transdermal delivery if formulation or biological factors limit its flux (Pastore et al., 2015).

5.1 Molecular Size and Structure

Molecular size is an important determinant of passive transdermal permeation. As molecular size increases, 
diffusion through the highly organized structure of the stratum corneum generally becomes more difficult.  
This is one reason why conventional passive transdermal systems have predominantly been developed for 
relatively small drug molecules. A molecular weight of approximately 500 Da is frequently used as a practical 
guideline  during  candidate  selection, but  it  should  not  be  regarded  as  an  absolute  biological  threshold.  
Molecular shape, flexibility, hydrogen bonding capacity, and other structural characteristics also influence the 
ability of a molecule to partition into and diffuse through the skin (Brown et al., 2006; Wang et al., 2022).

The importance of molecular size becomes particularly apparent when larger therapeutic molecules such as  
peptides,  proteins,  and  nucleic  acids  are  considered.  These  molecules  generally  encounter  substantial 
resistance  to  passive  transport  through  intact  stratum  corneum. Their  delivery  therefore  often  requires 
strategies that modify or bypass the barrier rather than relying exclusively on conventional passive diffusion.

5.2 Lipophilicity and Partitioning

A drug must partition from its vehicle into the skin before it can diffuse through the barrier. Lipophilicity 
therefore has an important influence on transdermal delivery. However, excessive lipophilicity may also become 
disadvantageous because a highly lipophilic compound can partition strongly into the stratum corneum while 
exhibiting insufficient movement into the more aqueous viable epidermis and dermis. Transdermal delivery 
consequently requires a balance between affinity for the lipid domains of the stratum corneum and sufficient 
compatibility with the aqueous environments encountered during subsequent transport (Pastore et al., 2015).

The commonly cited preference for moderate lipophilicity should therefore be interpreted as a development  
principle rather than a universal numerical requirement. The relationship between partition coefficient and 
permeability is influenced by molecular size, melting point, formulation composition, and the physicochemical 
environment of the skin (Moss et al., 2002).

5.3 Solubility and Thermodynamic Activity

Drug  solubility  influences  the  concentration  of  drug  that  can  be  maintained  in  the  formulation  and 
consequently the concentration gradient driving diffusion. A formulation with high drug loading does not 
necessarily produce greater transdermal delivery if the drug remains strongly associated with the formulation 
or crystallizes during storage or application. Conversely, increasing the thermodynamic activity of a drug 
within a formulation can increase the driving force for movement into the skin, provided that the resulting 
formulation remains physically and chemically stable.

This creates an important formulation balance. Increasing drug solubility may improve formulation stability  
but can sometimes reduce the thermodynamic activity responsible for partitioning into the skin. Transdermal 
formulation development therefore requires consideration of both drug solubility and the chemical potential of 
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the drug within the delivery system rather than simply maximizing the amount of drug incorporated into the  
patch.

5.4 Ionization and pH

The degree to which a drug is ionized can substantially affect its ability to partition into the stratum corneum. 
In many cases, the unionized form of a drug crosses the lipid-rich barrier more readily than its ionized  
counterpart. The pH of the formulation can therefore influence the proportion of drug present in different 
ionization states and consequently affect skin permeation.

However, manipulation of pH cannot be considered independently of skin tolerability. Large deviations from the 
physiological skin environment may alter barrier function or produce irritation. The optimum formulation pH 
must  therefore  balance  drug  ionization,  chemical  stability,  skin  compatibility,  and  the  intended  release 
characteristics.

5.5 Melting Point and Solid-State Properties

The melting point and solid-state characteristics of a drug can influence its thermodynamic activity and its 
tendency to leave the formulation and partition into the skin. Drugs with high lattice energy may have lower 
thermodynamic activity in the formulation and may consequently exhibit lower permeation than compounds 
with otherwise similar physicochemical characteristics. Experimental and modelling studies have therefore 
identified melting point, molecular weight, and lipophilicity as important variables in predicting passive skin 
permeability (Moss et al., 2002; Pastore et al., 2015).

This relationship illustrates why screening transdermal candidates using a single property can be misleading.  
Two  molecules  with  similar  molecular  weight  and  lipophilicity  may  display  substantially  different  skin 
permeability because of differences in their solid-state characteristics.

5.6 Skin Hydration

Hydration can alter the organization and permeability of the stratum corneum. Occlusion beneath a patch can 
increase hydration of the outer skin layers and may modify barrier properties and drug diffusion. This effect 
can contribute to increased permeation, but excessive or prolonged hydration may also influence skin integrity 
and tolerability.

Hydration is therefore both a potential facilitator of drug transport and a source of variability. The extent of  
hydration may depend on the formulation, backing material, environmental conditions, application duration, 
and anatomical site. Biological factors such as age and skin condition can further modify the response of the  
barrier to hydration (Shah et al., 2012).

5.7 Anatomical Site and Skin Variability

Skin permeability varies considerably among anatomical sites because the thickness of the stratum corneum, 
density of appendages, hydration, lipid composition, and blood flow are not uniform throughout the body. 
Consequently, a patch producing an acceptable delivery rate at one site may not produce identical performance 
at another.

Interindividual and intraindividual variation also represents an important limitation of transdermal delivery.  
Age, skin condition, hydration, temperature, and physiological differences can modify barrier function and 
therefore affect drug absorption. These variations have implications for dose reproducibility and should be 
considered during formulation development and clinical evaluation rather than treated solely as sources of 
experimental error (Shah et al., 2012).

5.8 Skin Condition and Barrier Integrity
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The integrity of  the stratum corneum is  a  critical  determinant of  transdermal  drug transport. Abrasion, 
inflammation, burns, dermatological disease, or other disruptions of the barrier can increase permeability.  
Although such changes may appear advantageous when greater drug delivery is desired, uncontrolled barrier 
disruption can produce unpredictable absorption and increase the risk of local irritation or systemic exposure.

For this reason, enhancement of permeability should not be judged solely by the magnitude of increased drug 
flux. An effective transdermal strategy must also preserve acceptable skin integrity and provide reproducible 
delivery. This is particularly important when permeation enhancers or physical barrier disruption techniques 
are incorporated into a formulation.

5.9 Formulation and Vehicle Characteristics

The formulation surrounding a drug strongly influences its release, partitioning, and subsequent movement 
through the skin. Polymers, solvents, plasticizers, adhesives, permeation enhancers, and other excipients can 
alter drug solubility, thermodynamic activity, partitioning, and diffusion. The composition of the formulation 
can therefore determine whether a drug is released efficiently from the dosage form or remains associated with 
the formulation.

The relationship between formulation composition and permeation is not necessarily linear. An excipient that 
increases drug solubility within the patch may reduce the drug's tendency to partition into the skin, whereas  
another  component  may  increase  partitioning  while  simultaneously  altering  skin  barrier  properties.  
Formulation optimization therefore requires evaluation of the complete drug formulation skin system rather  
than selection of excipients according to their individual properties alone.

5.10 Temperature and Environmental Conditions

Temperature can influence drug diffusion, skin hydration, formulation viscosity, and blood flow. Increased skin 
temperature may enhance molecular diffusion and alter cutaneous circulation, potentially changing the rate of 
drug  absorption.  Environmental  temperature  may  therefore  contribute  to  variability  in  transdermal 
performance.

This consideration is clinically relevant because a patch is applied to living skin rather than an inert membrane. 
External  heat  sources  may substantially  alter  drug  release  or  absorption  in  some systems. Transdermal 
products  must  consequently  be  evaluated  under  conditions  that  reflect  their  intended  clinical  use,  and 
appropriate precautions may be required when exposure to external heat is known to affect delivery.

5.11 Duration of Application and Contact Conditions

The duration of contact between the formulation and the skin affects the cumulative amount of drug available 
for absorption. Longer application does not necessarily produce proportionally greater systemic exposure 
because drug depletion, changes in the concentration gradient, skin adaptation, and formulation limitations 
may alter the delivery rate over time.

The physical conditions of application are also important. Patch adhesion, occlusion, skin preparation, and the 
presence  of  moisture  can  affect  the  effective  contact  area  and the  diffusion  environment. Consequently,  
consistent application conditions are important for achieving reproducible drug delivery.

In all, transdermal permeation is best understood as the outcome of a multidimensional interaction between 
drug  properties,  skin  properties,  formulation  design,  and  application  conditions.  Molecular  size  and 
lipophilicity provide useful initial criteria for identifying candidate drugs, but they cannot independently 
determine whether a drug will achieve therapeutically adequate delivery. The practical success of a transdermal 
system depends on maintaining sufficient drug activity, achieving appropriate partitioning and diffusion, 
preserving skin tolerability, and producing reproducible systemic exposure. These considerations provide the 
basis for examining how transdermal patches are designed and how their individual components regulate drug 
release and skin contact.



ISSN: 3093-4737Pan-African Journal of Health and Psychological Sciences

Review Article                                                       https://doi.org/10.64261/m6je9x94

6. TRANSDERMAL PATCH

A transdermal patch is a medicated dosage form designed to deliver an active pharmaceutical ingredient across 
the skin for either local or systemic therapeutic purposes. In systems intended for systemic delivery, the drug is 
released from the patch and subsequently passes through the skin before reaching the circulation. The patch 
therefore functions as more than a simple carrier because its construction, formulation, adhesive properties,  
and interaction with the skin collectively determine the extent and consistency of drug delivery (Alkilani et al., 
2015; Pastore et al., 2015).

The development of transdermal patches has provided an alternative to oral and parenteral administration for 
selected drugs. Their principal advantage is the possibility of maintaining drug input over an extended period 
while avoiding gastrointestinal exposure and hepatic first pass metabolism. This can be particularly useful  
when fluctuations in plasma drug concentrations contribute to adverse effects or reduced therapeutic control. 
Transdermal delivery may also improve convenience because some patches can remain in place for several  
hours or days, thereby reducing the frequency of administration (Brown et al., 2006; Pastore et al., 2015).

However, these advantages should not be interpreted as evidence that transdermal patches are universally 
superior to other dosage forms. The skin is an effective biological barrier, and only drugs with appropriate  
physicochemical  and pharmacokinetic  characteristics  can readily  achieve  therapeutically  useful  systemic 
concentrations through passive transdermal delivery. Molecular size, lipophilicity, aqueous solubility, melting 
point, dose requirement, and skin permeability  all  influence whether  a  drug is  a  suitable  candidate  for  
transdermal administration (Alkilani et al., 2015; Williams & Barry, 2012).

The design of a patch must therefore address two related but distinct processes. The first is the release of the 
drug from the dosage form, while the second is its movement across the skin. A patch may release its drug 
efficiently without producing adequate systemic delivery if the drug has poor permeability through the stratum 
corneum. Conversely, increasing skin permeability without appropriate control of drug release may produce  
excessive  or  unpredictable  absorption. Effective  transdermal  design  consequently  requires  integration  of  
formulation science with an understanding of skin physiology.

Several patch architectures have been developed to address these challenges. Conventional systems include 
reservoir, matrix, and drug in adhesive designs, with each architecture providing a different mechanism for  
incorporating and releasing the active ingredient. In reservoir systems, the drug is contained within a separate 
compartment and its movement toward the skin may be regulated by a rate controlling membrane. Matrix 
systems incorporate the drug within a polymeric matrix, while drug in adhesive systems incorporate the active 
ingredient directly into the adhesive layer. These differences influence manufacturing, drug release, adhesion, 
stability, and the potential for dose control (Pastore et al., 2015).

The components of the patch must therefore be considered as an integrated delivery system rather than as  
independent materials. The drug containing layer provides the active ingredient, polymers can influence drug 
diffusion, the adhesive maintains contact with the skin, the backing layer protects the formulation, and the  
release liner protects the patch before application. In reservoir systems, the rate controlling membrane provides 
an additional mechanism for regulating drug release. The performance of the final system depends on the  
interactions among these components and their interaction with the skin.

An important limitation of conventional transdermal patches is that their performance can vary with biological 
and environmental conditions. Skin hydration, temperature, anatomical site, age, disease, blood flow, and 
integrity of the skin can influence permeability. Adhesion may also change with sweating, movement, and  
exposure to moisture. Consequently, laboratory measurements of drug release alone are insufficient to establish 
the clinical performance of a transdermal patch. Assessment should consider drug permeation, adhesion, skin 
tolerability, stability, and the consistency of delivery under conditions that approximate actual use (Singh & 
Morris, 2011; Wokovich et al., 2006).
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The therapeutic value of a transdermal patch therefore depends on achieving an appropriate balance between 
controlled release and effective skin permeation. The objective is not simply to maintain the drug in contact  
with the skin for a prolonged period but to ensure that sufficient drug crosses the biological barrier at a 
predictable and therapeutically appropriate rate. This distinction is central to the rational development and 
evaluation of transdermal drug delivery systems.

Components of Transdermal Patch

A conventional transdermal patch may contain several functional components, including a drug containing  
layer, polymeric material, adhesive, rate controlling membrane where applicable, backing layer, and release 
liner. Each component contributes to the physical integrity and drug delivery characteristics of the system. The 
existing manuscript identifies the liner, adhesive, membrane, drug, and polymer as principal components. 

The  release  liner protects  the  adhesive  and  drug  containing  surface  during  storage  and  is  removed 
immediately before application. Although it does not remain on the skin during treatment, its properties are 
important because inappropriate interaction between the liner and adhesive may interfere with application or 
damage the formulation.

The adhesive maintains contact between the patch and the skin. Common adhesive materials include acrylic, 
silicone, and rubber based polymers. Adequate adhesion is essential because loss of contact can reduce the  
effective area available for drug transfer and may contribute to variability in delivery. At the same time, 
excessive adhesion can cause discomfort or skin damage. Adhesive selection must therefore balance adhesion, 
flexibility, drug compatibility, and skin tolerability (Wokovich et al., 2006).

The membrane, particularly in reservoir systems, regulates movement of the drug from the reservoir toward 
the skin. Its permeability and thickness can influence the release rate. However, membrane controlled release 
should not be confused with complete control of systemic absorption because the drug must still cross the 
stratum corneum and viable skin before entering the circulation.

The drug containing layer provides the active pharmaceutical ingredient. Depending on the patch design, the 
drug may be incorporated within a polymeric matrix, dissolved or dispersed within an adhesive, or contained in 
a separate reservoir. The physical state of the drug within this layer is important because crystallization, poor 
solubility, or strong drug polymer interactions can reduce the amount of drug available for permeation.

The polymer matrix provides structural support and can determine the movement of the drug through the 
formulation. Polymer composition, molecular structure, drug compatibility, and matrix thickness can influence 
release.  A  suitable  polymer  must  therefore  provide  sufficient  mechanical  integrity  while  allowing  drug 
availability at the skin surface.

The backing layer protects the formulation from the external environment and contributes to the mechanical 
integrity of the patch. Its flexibility and permeability can also influence the microenvironment at the skin 
surface. Highly occlusive backing materials may increase skin hydration, which can alter the permeability of 
the stratum corneum and consequently affect drug transport.

Overall, these components function as a coordinated system. The effectiveness of a transdermal patch depends 
not  on the performance of  any single component but on how the components collectively regulate  drug 
availability, adhesion, release, skin interaction, and permeation. This systems perspective is essential when 
comparing different transdermal patch designs and evaluating their potential therapeutic performance.

7. TYPES OF TRANSDERMAL PATCHES

Transdermal patches can be classified according to the manner in which the drug is incorporated into the  
delivery system and the mechanism by which it becomes available for transport across the skin. The principal 
designs include reservoir systems, matrix systems, and drug in adhesive systems. Although these systems share 
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the objective of maintaining drug contact with the skin, their internal architecture differs substantially and can 
influence drug release, manufacturing complexity, adhesion, dose control, and the risk of unintended rapid 
drug delivery (Pastore et al., 2015).

7.1 Reservoir System

In a reservoir system, the active pharmaceutical ingredient is contained within a distinct drug reservoir that is 
separated from the skin by a rate controlling membrane. The membrane regulates movement of the drug from 
the reservoir toward the skin, while an adhesive component maintains contact between the system and the 
application site.

The principal theoretical advantage of the reservoir design is the possibility of obtaining a relatively controlled 
release profile. However, the presence of a separate liquid or semisolid reservoir increases formulation and 
manufacturing complexity. The membrane must maintain consistent permeability throughout the intended 
period of use, and the physical integrity of the reservoir is important for product safety and performance.

Reservoir systems also illustrate an important limitation of the concept of controlled drug delivery. Even when 
the membrane provides predictable drug release, systemic delivery remains dependent on the ability of the 
drug to cross the skin. Consequently, membrane controlled release does not eliminate the biological variability 
associated with skin permeability.

7.2 Matrix System

In a matrix system, the drug is dispersed or dissolved within a polymeric matrix rather than being maintained 
in  a  separate  reservoir.  Drug  release  occurs  as  the  active  ingredient  diffuses  through  the  matrix  and 
subsequently partitions into the skin.

Matrix systems can simplify patch construction because a separate reservoir and rate controlling membrane 
may not be required. The polymer therefore performs an important role in determining the physical properties 
and  release  behaviour  of  the  system.  Drug  solubility  within  the  polymer,  polymer  composition,  matrix 
thickness, drug concentration, and drug polymer interactions can all influence drug availability at the skin 
surface.

The  apparent  simplicity  of  matrix  systems,  however,  should  not  be  interpreted  as  evidence  of  superior  
performance. A matrix that retains the drug too strongly may restrict release, whereas a matrix that permits  
rapid drug movement may provide insufficient control. The formulation must therefore be optimized according 
to the physicochemical characteristics of the drug and the intended delivery rate.

7.3 Drug in Adhesive System

In drug in adhesive systems, the active pharmaceutical ingredient is incorporated directly into the pressure 
sensitive adhesive. The adhesive therefore performs two functions by maintaining contact with the skin and 
acting as the drug containing medium.

This architecture can permit relatively thin and flexible patches and may simplify manufacturing by reducing 
the number of separate functional layers. It can also improve conformity to the skin. However, incorporating a 
drug into an adhesive can alter the adhesive's mechanical and physicochemical properties. Drug concentration, 
solubility, crystallization, and interactions with the adhesive can influence both adhesion and drug release.

Drug in adhesive systems may be constructed as single layer or multilayer arrangements. In multilayer systems, 
different drug containing adhesive layers may be used to modify drug loading or release characteristics. The  
additional structural complexity may provide formulation flexibility, but it also requires careful control of the 
compatibility and performance of each layer.

7.4 Matrix Dispersion System
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A matrix dispersion system incorporates the drug uniformly within a hydrophilic or lipophilic polymer matrix. 
The drug containing matrix is generally supported by an occlusive backing layer, while an adhesive may be  
positioned around the matrix rather than being incorporated throughout the drug containing region. The 
existing manuscript describes this arrangement as a system in which the drug is dispersed in a polymer matrix 
and the adhesive forms a rim around the drug containing compartment. 

The distinction between matrix dispersion and other matrix based systems is relevant because the location of  
the adhesive can affect how the patch interacts mechanically with the skin. Separating the adhesive function  
from the drug containing matrix may provide greater flexibility in formulation design, but the resulting system 
still depends on appropriate drug diffusion from the polymer and subsequent permeation through the skin.

7.5 Comparative Consideration of Patch Designs

The different patch architectures should not be regarded as universally superior or inferior alternatives. Their 
suitability depends on the properties of the drug, the desired duration of treatment, required delivery rate, dose, 
adhesive requirements, manufacturing considerations, and skin compatibility.

Reservoir systems may provide greater control over drug release but involve greater structural complexity.  
Matrix systems can offer simpler construction and flexible formulation options, while drug in adhesive systems 
can produce thin and conformable dosage forms. Nevertheless, each design has potential limitations related to 
drug loading, crystallization, adhesion, stability, dose control, and skin permeation.

The  selection  of  a  patch  architecture  should  therefore  begin  with  the  therapeutic  and  physicochemical  
requirements of the drug rather than with the characteristics of the delivery technology alone. A sophisticated 
patch design cannot  compensate  for  a  drug that  has  inadequate permeability  or  requires  a  dose that  is  
impractical  for  transdermal  administration. Similarly,  a  formulation  that  demonstrates  satisfactory  drug 
release in vitro may not provide reliable systemic delivery if skin permeation is insufficient.

Figure 2. Types of transdermal delivery patches: (a) single layer drug in adhesive patch; (b) multilayer drug in adhesive  
patch; (c) drug reservoir in adhesive patch; and (d) drug matrix in adhesive patch.

8. EVALUATION OF TRANSDERMAL PATCHES

Evaluation of transdermal patches requires more than determining whether a formulation can release its drug 
content. Because transdermal systems must maintain physical integrity, remain attached to the skin, release 
the drug in a reproducible manner, and permit sufficient drug permeation through the skin, assessment should 
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address both pharmaceutical quality and biological performance. Regulatory considerations for transdermal 
and  topical  delivery  systems similarly  identify  multiple  critical  quality  attributes,  including  appearance, 
dimensions, dosage uniformity, assay, in vitro drug release, adhesion, tack, shear properties, release liner 
performance, moisture content, residual solvents, and package integrity (U.S. Food and Drug Administration 
[FDA], 2019).

The evaluation strategy should therefore be aligned with the intended function of the patch. A test that  
demonstrates acceptable physical appearance or drug release does not by itself establish that the system will 
provide reliable systemic delivery. This distinction is particularly important for transdermal systems because 
the skin, rather than the patch alone, represents a major barrier to drug transport. Consequently, evaluation 
should progress from basic physical and chemical characterization to drug release, skin permeation, adhesion, 
tolerability, and stability.

8.1 Physical Appearance

The  physical  appearance  of  a  transdermal  patch  provides  an  initial  indication  of  formulation  and 
manufacturing  quality.  Patches  should  be  examined  for  uniformity  of  colour,  surface  characteristics,  
transparency or opacity where relevant, flexibility, smoothness, visible  defects, air  bubbles, cracks, phase 
separation,  and  evidence  of  drug  crystallization.  The  original  evaluation  approach  in  the  manuscript 
appropriately  identifies  colour,  clarity,  opacity,  transparency,  flexibility,  and  smoothness  as  basic  visual 
characteristics to be assessed.

However, visual inspection should not be regarded as a sufficient quality assessment. The absence of visible  
defects does not demonstrate uniform drug distribution, chemical stability, appropriate adhesion, or adequate 
skin permeation. Of particular concern is drug crystallization, which may not always be detected reliably by 
simple  visual  inspection but  can reduce  the  amount  of  drug available  for  release  and alter  formulation 
performance. Appearance assessment is therefore best considered an initial screening test that should be 
supported by quantitative physicochemical and performance measurements.

8.2 Drug Content and Content Uniformity

Drug  content  determines  whether  the  patch  contains  the  intended  quantity  of  active  pharmaceutical 
ingredient,  while  content  uniformity  assesses  whether  drug  distribution  is  consistent  between  different  
portions or individual units of the dosage form. These measurements are important because variations in drug 
loading may result in variations in delivered dose.

Drug content  should  generally  be  determined using  a  validated  analytical  method capable  of  accurately 
quantifying  the  active  pharmaceutical  ingredient  in  the  presence  of  polymers,  adhesives,  permeation 
enhancers, and other excipients. High drug content alone, however, should not be interpreted as evidence of 
effective transdermal delivery. A patch may contain a large amount of drug while releasing or permeating only a 
limited proportion of that drug.

This distinction is important because residual drug can remain in a patch after the labelled wear period. The  
amount remaining is relevant to product performance and safety, particularly when the active ingredient is  
pharmacologically potent. Regulatory guidance therefore considers minimization and appropriate assessment 
of residual drug an important aspect of transdermal product development (FDA, 2011).

8.3 Drug and Excipient Compatibility

Compatibility studies are undertaken to determine whether the active pharmaceutical ingredient remains 
physically and chemically compatible with the polymers, adhesives, permeation enhancers, solvents, and other 
excipients used in the patch. The original manuscript identifies thermal analysis, ultraviolet spectroscopy, 
Fourier transform infrared spectroscopy, and chromatographic methods as approaches that may be used for 
interaction studies.
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These techniques can provide useful evidence of potential interactions, but interpretation should not rely on a 
single analytical method. A change in an infrared spectrum, thermal transition, or chromatographic profile 
does not automatically establish a clinically meaningful incompatibility. Conversely, the absence of a detectable 
interaction under a particular analytical condition does not guarantee long term formulation stability.

Compatibility assessment should therefore be integrated with physical stability, drug crystallization, assay, 
degradation,  and  release  testing.  This  is  particularly  important  for  transdermal  formulations  because 
excipients may simultaneously affect drug solubility, thermodynamic activity, adhesive performance, and skin 
permeability. The objective is  consequently not  simply to  demonstrate that  no interaction occurs, but  to  
establish that the interactions present do not adversely affect product quality or therapeutic performance.

8.4 Thickness and Dimensional Uniformity

Patch thickness is an important physical characteristic because it may influence mechanical properties, drug  
diffusion,  flexibility,  and  the  overall  consistency  of  the  dosage  form. The  original  manuscript  describes  
measurement using instruments such as a travelling microscope, dial gauge, screw gauge, or micrometer, with 
measurements obtained from different points and an average value subsequently calculated.

Thickness should nevertheless be interpreted as a quality attribute rather than as a direct measure of drug 
delivery  performance. Two patches  with  similar  thickness  may exhibit  different  release  and permeation 
profiles because of differences in polymer composition, drug solubility, adhesive properties, or skin interaction. 
Conversely, a  small  difference in thickness may not  be clinically important if  the formulation maintains 
consistent drug delivery.

Dimensional uniformity should therefore be assessed alongside drug content, mechanical characteristics, and 
drug release. For systems manufactured as thin films, changes in thickness may also provide indirect evidence 
of manufacturing variability or uneven solvent evaporation during production.

8.5 In Vitro Drug Release

In vitro drug release testing is used to characterize the rate and extent at which drug becomes available from  
the  transdermal  formulation.  The  original  manuscript  describes  a  dissolution  based  procedure  using  a 
temperature of 37°C, agitation at 50 rpm, 900 mL of pH 7.4 phosphate buffer, sampling over 24 hours, and 
replacement of withdrawn samples.

These conditions may be  appropriate  for  a  particular  experimental  formulation, but  they should not  be 
presented as universal requirements for all transdermal patches. The release method should be scientifically 
justified according to the composition, design, drug properties, and intended use of the product. The objective is 
to develop a discriminatory and reproducible method capable of detecting meaningful changes in formulation 
or manufacturing quality.

Importantly, in vitro drug release should not be confused with skin permeation. A release test evaluates the  
availability of drug from the dosage form, whereas systemic transdermal delivery requires the drug to partition 
into and diffuse through the skin. Consequently, rapid or complete release from a patch does not necessarily 
indicate high systemic delivery. Regulatory discussions also recognize that in vitro release testing may be useful 
for quality control without necessarily predicting in vivo pharmacokinetic performance (FDA, 2019).

The interpretation of release data should therefore consider the complete delivery pathway. Where appropriate, 
release profiles can be analysed using kinetic models to investigate whether diffusion, matrix relaxation,  
erosion,  or  another  mechanism  contributes  to  drug  release.  Such  modelling  should  be  used  to  support 
mechanistic interpretation rather than simply to select the model producing the highest statistical fit.

8.6 In Vitro and Ex Vivo Skin Permeation
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Skin permeation testing is one of the most important components of transdermal product evaluation because 
the therapeutic objective is delivery of the active ingredient across the skin rather than release from the patch 
alone. In vitro permeation testing can be performed using appropriate diffusion cell systems with a biological  
membrane, including excised skin.

Permeation studies can provide information about cumulative drug permeation, steady state flux, permeability 
coefficient,  lag  time,  and  drug  retention  within  the  skin.  These  parameters  help  determine  whether  a  
formulation has sufficient capacity to overcome the barrier properties of the stratum corneum.

However, permeation results are strongly influenced by experimental conditions. Skin source, anatomical site, 
donor age, skin integrity, hydration, membrane thickness, receptor  medium, temperature, receptor  phase 
stirring, and experimental duration can all affect measured permeation. Results obtained using animal skin  
should therefore not automatically be assumed to represent human skin behaviour.

The value of permeation studies is consequently greatest when the experimental design is carefully controlled 
and the limitations of the model are acknowledged. Evidence from permeation testing can guide formulation 
optimization, but it does not eliminate the need for appropriate in vivo evaluation when clinical performance  
must be established. Research on transdermal in vitro and in vivo relationships also indicates that such 
correlations remain challenging and product dependent (Shah et al., 2015).

8.7 Adhesion Properties

Adhesion is a critical quality and performance attribute of transdermal patches because the system must 
remain in adequate contact with the skin throughout the intended wear period. Poor adhesion can reduce the  
effective  area  available  for  drug  transfer  and  may  result  in  variable  dosing.  Adhesion  failure  may  also 
compromise patient adherence when repeated replacement or additional fixation becomes necessary.

Adhesion should therefore be evaluated through appropriate measures of peel adhesion, tack, shear strength,  
and, where relevant, the proportion of the patch that remains attached during the intended wear period. 
Wokovich et al. (2006) identified adhesion as an important safety, efficacy, and quality attribute of transdermal 
systems and described several possible modes of adhesion failure.

Adhesion  must  nevertheless  be  balanced  against  skin  tolerability.  Maximizing  adhesive  strength  is  not 
necessarily desirable if strong adhesion results in painful removal, skin stripping, erythema, or irritation. The 
optimal adhesive is therefore one that maintains adequate contact under expected conditions of movement and 
environmental exposure while remaining acceptable to the patient.

Recent regulatory guidance further emphasizes systematic evaluation of adhesion performance in transdermal 
and  topical  delivery  systems,  reflecting  the  recognition  that  adhesion  is  directly  connected  to  product 
performance and patient use (FDA, 2026).

8.8 Mechanical Properties

Mechanical  evaluation  is  particularly  relevant  for  patches  intended  to  remain  on  flexible  and  mobile 
anatomical  sites. Tensile  strength, elongation, flexibility, folding endurance, and resistance to  tearing can 
provide information about whether a patch can withstand handling and movement during use.

Mechanical strength should not be evaluated independently of adhesion. A patch may possess high tensile  
strength but still fail clinically if its adhesive separates from the skin. Similarly, excessive rigidity may reduce 
conformity to the body and increase the likelihood of edge lifting. Mechanical evaluation should therefore be 
considered part of an integrated assessment of patch integrity and wear performance.

8.9 Skin Irritation and Sensitization

Because transdermal systems remain in prolonged contact with the skin, local tolerability is an essential 
component of evaluation. Irritation, erythema, itching, burning, sensitization, and other local reactions may 
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arise from the active ingredient, adhesive, permeation enhancer, solvent, residual manufacturing materials, or  
occlusive effects.

The potential for irritation is particularly important when permeation enhancers are used. An enhancer that 
substantially increases drug flux may be unsuitable if the same concentration disrupts the skin barrier or  
causes unacceptable irritation. Product development should therefore seek an appropriate balance between 
increased permeability and preservation of skin integrity.

Regulatory  considerations  similarly  identify  minimization  of  irritation  as  an  important  product  quality 
objective for transdermal and topical delivery systems (FDA, 2019).

8.10 Moisture and Occlusive Properties

Moisture content and moisture transmission may influence the physical stability and performance of a patch. 
Water can alter polymer swelling, drug solubility, adhesive characteristics, and the permeability of the skin. The 
backing layer can also create an occlusive environment that increases skin hydration.

Increased hydration of  the stratum corneum may increase permeability, which means that  the occlusive 
characteristics  of  the  patch  can  influence  drug  delivery  even when the  drug  formulation  itself  remains 
unchanged. Moisture should therefore be considered both as a formulation stability factor and as a variable 
that can modify the biological barrier.

8.11 Stability Studies

Stability testing determines whether a transdermal patch maintains its critical quality attributes throughout  
the  proposed  storage  period.  Relevant  assessments  may  include  appearance,  drug  content,  degradation 
products,  physical  integrity,  adhesion, drug  crystallization,  release  characteristics,  moisture  content,  and 
package integrity.

The original manuscript describes storage at 40°C ± 0.5°C and 75% ± 5% relative humidity for six months, with 
evaluations at 0, 30, 60, 90, and 180 days. These conditions correspond broadly to commonly used accelerated 
stability conditions, but the description should not imply that accelerated testing alone establishes the shelf life 
of a transdermal product. Stability programmes should include appropriately designed long term studies and 
should consider the intended packaging and storage conditions. ICH stability principles use long term and 
accelerated conditions to characterize degradation and establish product stability over time (International 
Council for Harmonisation, 2003).

For transdermal systems, stability assessment is particularly important because degradation may affect not  
only drug potency but also adhesive performance, polymer integrity, drug crystallization, permeation, and 
release. A formulation that retains its drug content but loses adhesion or develops structural defects cannot be 
considered fully stable.

8.12 Integrated Evaluation of Transdermal Patch Performance

The evaluation of transdermal patches should ultimately be viewed as an integrated process rather than a  
collection of independent tests. Physical appearance and thickness provide information about manufacturing 
consistency,  while  drug  content  and  compatibility  studies  establish  formulation  quality.  In  vitro  release 
characterizes drug availability from the dosage form, whereas skin permeation testing addresses the biological 
barrier that ultimately determines transdermal delivery. Adhesion and mechanical testing establish whether 
the system can maintain functional contact with the skin, while irritation studies address patient safety and 
acceptability.

This integrated approach is important because satisfactory performance in one domain does not compensate 
for failure in another. A patch may demonstrate uniform drug content but inadequate skin permeation. It may 
show excellent permeation in vitro but poor adhesion during use. It  may remain physically stable while 
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generating unacceptable skin irritation. Similarly, a formulation may release most of its drug during an in vitro 
experiment without demonstrating equivalent systemic exposure in vivo.

The most meaningful evaluation strategy is therefore one that links critical quality attributes to the intended  
clinical  function of  the transdermal system. Current regulatory thinking emphasizes this  relationship by 
identifying product attributes such as assay, dosage uniformity, drug release, adhesion, tack, shear, crystal 
formation, moisture, and package integrity as potentially critical to the quality and performance of transdermal 
systems (FDA, 2019).

Consequently, the evaluation of a transdermal patch should move beyond a simple demonstration that the 
formulation is physically acceptable and capable of releasing its drug. A scientifically robust evaluation should 
establish whether the patch can consistently deliver the intended drug dose, maintain contact with the skin, 
preserve skin integrity, remain stable during storage and use, and produce a reproducible permeation profile.  
This broader perspective provides a stronger basis for judging whether a transdermal formulation has genuine 
therapeutic potential.

9.  CURRENT CHALLENGES AND FUTURE DIRECTIONS IN TRANSDERMAL DRUG 
DELIVERY

Despite  substantial  advances  in  transdermal  drug  delivery,  the  technology  remains  constrained  by  the 
biological  properties  of  the  skin  and by  the  physicochemical  requirements  of  drugs  suitable  for  passive 
transport. The principal challenge is that the same barrier function that protects the body from environmental 
exposure  also  restricts  the  entry  of  therapeutic  molecules.  The  stratum  corneum  presents  substantial  
resistance to the permeation of many drugs, particularly molecules that are large, hydrophilic, highly ionized, or 
insufficiently lipophilic (Williams & Barry, 2012). Consequently, the development of a transdermal system 
cannot be based solely on improving the patch itself. It requires simultaneous consideration of drug properties, 
formulation behaviour, skin physiology, delivery technology, and therapeutic requirements.

9.1 Limitations Related to Drug Properties

The physicochemical  characteristics of  the active pharmaceutical  ingredient remain among the strongest 
determinants of transdermal feasibility. Drugs intended for passive transdermal delivery generally need to  
possess sufficient potency because only a limited quantity can cross the skin over a clinically acceptable period. 
Molecular size, lipophilicity, aqueous solubility, melting point, ionization, and partitioning behaviour can all  
influence the ability of a drug to move through the stratum corneum (Pastore et al., 2015).

This creates an important limitation for drug development. A drug may demonstrate excellent therapeutic 
activity when administered orally or parenterally but may not be suitable for passive transdermal delivery.  
Increasing the amount of drug incorporated into a patch does not necessarily solve this problem because the 
limiting factor may be skin permeability rather than drug availability within the formulation.

The implication is that transdermal delivery should be considered during drug and formulation development 
rather than treated only as an alternative dosage form after conventional formulations have already been 
developed.  Early  assessment  of  permeability  and  formulation  feasibility  can  help  determine  whether  a 
candidate drug is realistically suited to the transdermal route.

9.2 Variability in Skin Permeability

Human  skin  is  not  a  uniform  membrane.  Permeability  can  vary  according  to  anatomical  location, age, 
hydration, temperature, disease state, barrier integrity, and individual biological characteristics. The thickness 
and composition of the stratum corneum also differ across body sites, creating variation in drug transport  
(Pastore et al., 2015).
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This biological variability presents a significant challenge for achieving predictable systemic exposure. A patch 
may produce reproducible drug release under controlled laboratory conditions while actual absorption varies  
between individuals or between application sites. Damage to the skin barrier can further increase permeability 
and potentially alter systemic exposure.

For this reason, transdermal product development should not assume that results obtained from a single skin 
model  or  anatomical  site  will  necessarily  predict  clinical  behaviour. Greater  emphasis  on physiologically  
relevant experimental models and appropriate clinical pharmacokinetic evaluation remains necessary.

9.3 Use of Chemical Permeation Enhancers

Chemical permeation enhancers have been investigated extensively as a means of increasing drug transport 
through the skin. These substances may alter lipid organization within the stratum corneum, interact with 
keratin, increase drug partitioning into the skin, or modify the thermodynamic activity of the drug (Williams & 
Barry, 2012).

Although permeation enhancement can expand the range of drugs that may be delivered transdermally, it  
introduces a fundamental formulation trade off. The same mechanism that increases permeability may also 
disrupt the protective barrier of the skin and produce irritation. An enhancer that generates a large increase in 
drug flux under laboratory conditions may therefore have limited practical value if the required concentration 
produces unacceptable skin effects.

The development of permeation enhancers should consequently focus on achieving adequate therapeutic 
delivery  while  preserving  barrier  function.  The  objective  should  not  be  maximum  permeability  but  an 
appropriate and reproducible permeability profile.

9.4 Physical Enhancement Technologies

Physical approaches have been developed to overcome the limitations of  passive diffusion. These include 
iontophoresis,  electroporation,  sonophoresis,  microneedles,  thermal  approaches,  and  other  technologies 
capable of temporarily modifying the skin barrier or creating pathways for drug transport.

These technologies have expanded the theoretical range of compounds that may be delivered through the skin. 
In particular, microneedle systems have attracted considerable interest because they can create microscopic 
pathways through the stratum corneum while potentially reducing the pain and invasiveness associated with 
conventional hypodermic needles.

However, increased technological  sophistication does not  automatically  translate  into clinical  superiority.  
Device complexity, manufacturing reproducibility, cost, patient acceptability, safety, regulatory requirements, 
and long term stability can all influence clinical adoption. The future development of physical enhancement 
technologies must therefore demonstrate not only increased drug transport but also meaningful therapeutic  
and practical advantages over existing treatment options.

9.5 Delivery of Macromolecules and Biologics

One of the major areas of interest in transdermal research is the delivery of peptides, proteins, vaccines, nucleic 
acids, and other macromolecules. Conventional passive diffusion through intact stratum corneum is generally 
inadequate for many of these substances because of their molecular size and physicochemical characteristics.

The development of microneedles and other barrier disruption technologies has created opportunities for  
delivering  larger  therapeutic  molecules  through  the  skin.  Nevertheless,  these  systems  face  additional 
challenges  related  to  molecular  stability,  dose  requirements,  manufacturing,  device  performance,  and 
immunological responses.

The significance of these approaches is therefore considerable, but they should not be described as simply 
extending conventional transdermal patches. Many emerging systems represent hybrid drug device platforms 
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in which the mechanism of delivery differs fundamentally from passive diffusion through an intact stratum 
corneum.

9.6 Adhesion and Patient Acceptability

Adhesion remains an important determinant of real world transdermal performance. A patch may demonstrate 
an appropriate release profile and satisfactory permeation under laboratory conditions but fail to deliver its 
intended dose if it detaches prematurely from the skin.

Adhesive  performance must  also  be  considered in  relation to  patient  comfort  and skin  health. Stronger  
adhesion is not necessarily better because excessive adhesive strength can cause discomfort during removal or 
damage the superficial layers of the skin. Conversely, insufficient adhesion can result in partial detachment and 
inconsistent dosing.

Future patch development should therefore emphasize adhesives that maintain reliable attachment under 
movement, perspiration, temperature changes, and routine daily activity while minimizing irritation and 
discomfort. This is particularly relevant for systems intended for prolonged wear.

9.7 Safety of Long Term Skin Exposure

Long duration exposure to adhesives, permeation enhancers, solvents, and other formulation components 
raises questions concerning local tolerability. Repeated exposure may produce irritation or sensitization even 
when an individual application appears well tolerated.

The potential effects of chronic occlusion also require consideration because modification of skin hydration 
and barrier function may influence drug absorption and local skin physiology. Consequently, long term safety  
evaluation should consider not only the active pharmaceutical ingredient but also the complete formulation  
and its interaction with the skin.

9.8 Manufacturing and Quality Control Challenges

Transdermal  systems require  precise  control  of  multiple  formulation and manufacturing variables. Drug 
concentration,  polymer  composition,  adhesive  properties,  layer  thickness,  solvent  removal,  membrane 
characteristics, and packaging can influence product performance.

Manufacturing variability may be particularly important when small changes in formulation structure result 
in meaningful changes in drug release or adhesion. Quality control therefore needs to focus on critical quality  
attributes that are directly related to product performance rather than relying solely on conventional physical 
tests.

The  increasing  complexity  of  modern  transdermal  systems  makes  process  understanding  increasingly 
important. Quality by design approaches can help identify critical material attributes and critical process 
parameters and establish their relationship with critical quality attributes.

9.9 Packaging and Stability

Packaging plays an important role in maintaining the quality of transdermal systems during storage. Moisture, 
oxygen, temperature, and light can affect drug stability, polymer characteristics, adhesive performance, and the 
physical integrity of the patch.

Packaging  must  therefore  provide  appropriate  protection  throughout  the  proposed  shelf  life.  Stability 
evaluation  should  assess  not  only  chemical  potency  but  also  changes  in  adhesion,  appearance,  drug 
crystallization,  mechanical  properties,  and  release  performance.  This  broader  approach  is  particularly 
important because a patch can remain chemically stable while becoming physically unsuitable for application.

9.10 Future Directions
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The future  of  transdermal  drug delivery  is  likely  to  involve  greater  integration  between pharmaceutical 
formulation  science,  biomaterials,  drug  delivery  devices,  and  digital  technologies.  Advanced  polymers, 
nanostructured formulations, microneedles, responsive delivery systems, and improved permeation strategies 
may expand the range of drugs that can be administered through the skin.

However, technological novelty should not be confused with therapeutic progress. A new delivery system should 
ultimately demonstrate advantages that are meaningful to patients and healthcare systems. These may include 
improved therapeutic outcomes, reduced adverse effects, more convenient dosing, better adherence, reduced 
administration burden, or improved access to treatment.

Future research should therefore place greater emphasis on clinically relevant endpoints and on establishing 
relationships  between  formulation  characteristics,  skin  permeation,  pharmacokinetics,  and  therapeutic 
outcomes. Greater standardization of experimental methods may also improve comparison between studies,  
particularly for in vitro and ex vivo permeation investigations.

An  important  future  direction  is  the  development  of  predictive  models  that  integrate  drug  properties,  
formulation characteristics, and skin permeability. Such approaches could reduce dependence on empirical  
trial  and error  during  formulation development. However, predictive  models  should be validated  against 
sufficiently representative biological and clinical data before they are used to guide therapeutic decisions.

Taken together, the future development of transdermal drug delivery will depend less on simply increasing the 
amount of drug that can cross the skin and more on achieving controlled, reproducible, safe, and clinically 
meaningful delivery. The most successful systems are likely to be those that address the biological limitations of 
the skin while maintaining acceptable formulation complexity, manufacturing feasibility, patient comfort, and 
regulatory quality.

10. CONCLUSION

Transdermal drug delivery has developed from a relatively simple alternative to conventional dosage forms into 
a sophisticated approach for achieving sustained and controlled drug administration through the skin. Its 
principal advantages include avoidance of gastrointestinal degradation and first pass hepatic metabolism, 
reduction in dosing frequency, improved convenience, and the potential to maintain relatively consistent drug 
exposure. These characteristics make transdermal delivery particularly valuable for selected therapeutic agents 
for which prolonged systemic administration is desirable.

Nevertheless, the potential of transdermal delivery is fundamentally constrained by the barrier properties of 
the skin. The stratum corneum remains the principal obstacle to the movement of many therapeutic molecules, 
and  successful  delivery  depends  on  a  combination  of  drug  properties,  formulation  characteristics,  skin 
permeability, patch design, and duration of application. Consequently, the presence of a controlled release 
mechanism within a patch does not necessarily guarantee controlled systemic drug delivery. Drug release from 
the dosage form and drug absorption through the skin are distinct processes that must be evaluated separately.

The development of an effective transdermal system therefore requires an integrated formulation strategy.  
Selection of  the drug, polymer, adhesive, permeation enhancer, backing material, release liner, and other  
excipients must be based on their combined effects on drug stability, release, permeation, adhesion, mechanical 
integrity, and skin tolerability. Evaluation should similarly extend beyond basic physical characterization to 
include drug content, compatibility, in vitro release, skin permeation, adhesion, mechanical performance,  
irritation, and stability.

Recent developments in permeation enhancement, microneedle technology, advanced polymers, and other 
delivery approaches have created opportunities to extend transdermal administration to drugs that were 
previously unsuitable for conventional passive delivery. However, increased technological complexity does not  
by itself establish therapeutic superiority. Emerging systems must demonstrate reproducible performance, 
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acceptable safety, practical manufacturability, patient acceptability, and meaningful clinical benefit before they 
can provide a genuine advantage over established treatment routes.

The future of transdermal drug delivery will therefore depend on a more integrated understanding of the 
relationship between drug characteristics, formulation design, skin biology, device performance, and clinical 
outcomes. Greater  use  of  physiologically  relevant  models,  predictive  approaches,  standardized  evaluation 
methods, and clinically meaningful endpoints may improve the translation of laboratory findings into effective 
products.  Ultimately,  the  value  of  a  transdermal  system  should  be  determined  not  by  its  technological 
complexity  but  by its  ability  to  provide safe, reliable, reproducible, and therapeutically  meaningful  drug 
delivery to patients.
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	ABSTRACT
	The goal of a transdermal drug delivery system (TDDS), which belongs to the controlled drug delivery category, is to distribute medications via the skin at a set and regulated rate. Extended therapeutic impact, fewer side effects, higher bioavailability, improved patient adherence, and easy medication termination are just a few advantages of this strategy. The stratum corneum, the skin's outermost layer, is crucial in regulating the transdermal entry of the majority of drugs. Drug penetration is facilitated by three primary pathways: intercellular, transcellular, and appendageal. It is crucial to take into account a variety of aspects while delivering medications via this route, such as the skin's age and health, physicochemical characteristics, and environmental impacts. A polymer matrix, membrane, drug, penetration enhancers, pressure-sensitive adhesives, backing laminates, and a release liner are essential components of Transdermal Drug Delivery Systems (TDDS). Reservoir systems, matrix systems, and micro-reservoir systems are some of the types of transdermal patches that are specifically designed to deliver active chemicals into the circulatory system through the skin. Stability, in vitro drug release, and adhesion characteristics are all assessed using a standardized method. The goal of studying the subject of transdermal drug delivery systems using patches is to thoroughly assess the developments, difficulties, and possible uses of this cutting-edge drug delivery technique.
	Figure 2. Types of transdermal delivery patches: (a) single layer drug in adhesive patch; (b) multilayer drug in adhesive patch; (c) drug reservoir in adhesive patch; and (d) drug matrix in adhesive patch.


