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Abstract

The management of hypertension necessitates long-term treatment since it significantly contributes to morbidity and
mortality on a global scale. The therapeutic potential of antihypertensive medications is constrained by their
frequent administration, inconsistent bioavailability, and significant first-pass metabolism. Transdermal drug
delivery systems (TDDS), which offer a continuous and controlled release of medications with enhanced
bioavailability and patient compliance, have emerged as a successful strategy to address these constraints.In this
review, we emphasise the most recent advancements and breakthroughs in the field of TDDS usage for
antihypertensive medication delivery. We present a comprehensive overview of various antihypertensive
transdermal patches, including timolol maleate, nicardipine hydrochloride, captopril, atenolol, metoprolol tartrate,
clonidine, indapamide, labetolol, pinacidil, verapamil hydrochloride, nitrendipine, nifedipine, nicorandil,
propranolol hydrochloride, diltiazem hydrochloride, amlodipine besilate, carvedilol, and lisinopril.Overall, this
study offers a thorough viewpoint on the newest transdermal drug delivery methods for the treatment of
hypertension. With better patient outcomes and quality of life, the use of TDDS for antihypertensive medications

has the potential to revolutionise the management of hypertension.

Keywords: Transdermal drug delivery systems, TDDS, antihypertensive drugs, hypertension, sustained release,

bioavailability, patient compliance, transdermal patches.
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Introduction

Historical Background of transdermal drug delivery system- Transdermal medication delivery has undergone
substantial investigation throughout the years and has made great strides recently. Transdermal drug delivery's major
goal is to administer medications to the bloodstream via the skin at a predefined pace while minimising patient
variance. This delivery approach provides a number of benefits over conventional oral administration, including less
stress on the liver and digestive system, improved patient compliance, and less unpleasant side effects brought on by
transient overdose.[1] Transdermal delivery enables the consistent provision of medications with brief biological
half-lives and delivers regulated and continuous drug administration. Additionally, this method of distribution
prevents medications from entering the circulation pulsatilely, which frequently has unintended adverse effects.[2]
The skin functions as a permeability barrier that limits the transdermal absorption of several chemical and biological
substances since it is the biggest organ in the body. It separates the surface environment from the underlying blood
circulation system and is thin (a few millimetres), making it easily accessible. The skin's roles include protecting
against UV light penetration, physical, chemical, and microbiological assaults, controlling blood pressure, and more.

Diffusional resistance of the skin is strongly influenced by its ultrastructure and morphology.[3]

The term "drug delivery system" (DDS) refers to a collection of technologies that control the distribution and release
of substances that are pharmacologically active into cells, tissues, and organs in order to maximise their efficacy
while minimising side effects [4, 5]. DDS focuses on drug formulations and delivery techniques that can efficiently
carry drugs. There are several administration techniques, including as oral administration, transdermal
administration, lung inhalation, mucosal administration, and intravenous injection, depending on the delivery route.

Transdermal drug delivery system (TDDS) stands up as a potential approach among these techniques.

A non-invasive drug delivery technique that has undergone substantial investigation is TDDS. It has had a
significant influence on how various medicinal chemicals are distributed, particularly in the treatment of
cardiovascular and central nervous system illnesses, hormone therapy, and pain management [6—9]. Due to TDDS's
ability to bypass the digestive tract, drugs can be delivered without being impeded by intestinal flora, pH, or
enzymes. Additionally, TDDS can control medicine release in accordance with consumption restrictions. The fact
that TDDS is a painless and practical method of giving drugs to patients, especially those who are elderly and

young, is one of its many advantages.[10—12]
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Figure-1 —Structure of the skin

However, due of the skin's natural barrier, TDDS still does not function to its full capacity. The skin, the body's
largest organ that is located on the outside, has several layers that shelter us from the elements by insulating us from
toxins, heat, and chemicals [13, 14] (Fig. 1). Each skin layer has elements that prevent transdermal distribution, such

as the epidermis' function as a barrier and the dermis' capacity to produce skin cells and blood vessels.

The stratum corneum, the skin's outermost layer, is crucial to the epidermis' ability to act as a barrier by blocking the
entry of outside elements. For the transport of substances with high molecular weights in the transdermal drug
delivery system (TDDS), the barrier effect is particularly crucial. Although it is generally known that the
intracellular pathway is used for medications with small molecular weights, other mechanisms and techniques, such

as the intercellular pathway, have been developed and used for substances with high molecular weights [15-17].

The lipid layer, which is positioned erratically yet often, contains cells as well as hydrophilic and hydrophobic
materials that make up the skin. The difficulty of transporting substances with high molecular weights via the skin is

influenced by this structural characteristic of the skin. [18]

Given the structural qualities of the skin, the physicochemical properties of pharmaceuticals are crucial for
enhancing drug transport through the skin. Transdermal medication distribution may potentially be hampered by the
vascular system of the dermal layer. A layer of endothelial cells one cell thick, which culminates in the papillary
loops of the superficial arteriovenous plexus close to the dermal-epidermal junction in the upper dermis, represents
the interface between the tissues encircling the skin and the human vascular. Similar to how the endothelium
functions throughout the body, the endothelium in the skin changes permeability and induces vasodilation or
constriction in response to pressure, shear, osmotic pressure, heat, chemokines, and cytokines. To transmit
medications to skin tissue and pass through cellular and vascular tissue to reach the target tissue, the stratum

corneum's barrier effect must be overcome. It is difficult to give more than a little dose of medication through skin
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tissue [19-21]. To get through the skin barrier and increase medication delivery effectiveness, active and passive
transdermal drug delivery methods have been developed. Transdermal distribution is facilitated by passive
approaches that take use of the drug's physicochemical characteristics, such as size and solubility. lontophoresis,
electroporation, and sonophoresis are examples of active procedures that employ outside energy sources to increase
medication penetration [25-28]. These techniques offer the potential to increase the number of medications that can
be given via the skin while also increasing the efficiency of drug administration. In addition to these approaches,
innovative TDDS products have been created, such as hydrogels, nanoparticles, and microneedles, to enhance drug
delivery effectiveness and get through the skin barrier [29]. Drugs can permeate the skin more readily thanks to
microneedles, which are small needles. Drugs can be enclosed in carriers like nanoparticles and liposomes and
delivered via the skin. Drugs may be released under regulated conditions using hydrogels, which are water-swollen
networks. These innovations have the potential to completely transform the transdermal medication delivery
industry and have demonstrated encouraging signs of increasing drug delivery effectiveness.nFuture forecasts
predict that the market for transdermal medication delivery will expand due to the development of personalised
medicine and tailored drug delivery systems.[30] According to a patient's genetic make-up, lifestyle, and other
circumstances, personalised medicine includes treating them differently. To minimise negative effects and increase
therapeutic efficacy, targeted drug delivery systems administer medications to certain cells or tissues. As they
provide a non-invasive and tailored medication delivery technique, transdermal drug delivery systems have the
ability to satisfy these objectives. [31] Contrary to topical administration, it has been demonstrated that external
stimuli like electrical, mechanical, or physical stimulation improve the skin's permeability for drug transport. Active
transdermal administration is a method that improves medication absorption via the skin by using specialised
equipment. When compared to passive transdermal administration, which just depends on diffusion, this approach is
different. Active transdermal delivery can transport drugs into the skin more quickly and reliably by applying
external stimulation, potentially hastening the commencement of their therapeutic effects. This method has been

thoroughly researched in the literature and shown to be efficient in delivering drugs and biomolecules. [73, 75-77]

Basic Principal of Transdermal permeation: Passive diffusion is essential for transdermal permeation, and the
skin is a highly accessible organ because just a little layer of tissue separates its surface from the capillary network
underneath it. A medicinal substance must go via a complicated, multi-step procedure from a formulation applied to

the skin's surface to the body's circulatory system.
Advantages of transdermal drug delivery:

» Transdermal drug delivery enables the avoidance of gastrointestinal absorption with its associated pitfalls
of enzymatic and pH associated deactivation.

» Avoidance of first pass metabolism.

» The lack of peaks in plasma concentration can reduce the risk of side effects, thus drugs that require
relatively consistent plasma levels are very good candidate for transdermal drug delivery.

> As a substitute for oral route.
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» The patch also permit constant dosing rather than the peaks and valley in medication level associated with
orally administered medication.

» Rapid notifications of medication in the event of emergency as well as the capacity to terminate drug
effects rapidly via patch removal.

» Avoidance of  gastro intestinal incompatibility.

Convenience especially notable in patches that require only once weekly application, such a simple dosing regimen

can aid in patient adherence to drug therapy.

Minimizing undesirable side effects.

Provide utilization of drug with short biological half lives, narrow therapeutic window.
Avoiding in drug fluctuation drug levels.

Inter and intra patient variation.

Termination of therapy is easy at any point of time.

Provide suitability for self administration.

V V.V V V V V

They are non invasive, avoiding the inconvenience of parentral therapy.

The drug reservoir in the therapeutic delivery system and its regulated release help prolong the action of medications
with a short half-life.It has significant benefits for people who are queasy or unconscious. Transdermal patches are a
superior delivery method for medications that are significantly destroyed by the liver, poorly absorbed from the gut,

or broken down by the stomach.
The price of transdermal patches is reasonable.
Disadvantages of transdermal drug delivery:

Transdermal drug delivery system cannot deliver ionic drugs.

It cannot achieve high drug levels in blood.

It cannot develop for drugs of large molecular size.

It cannot deliver drugs in a pulsatile fashion.

It cannot develop if drug or formulation causes irritation to skin.
Possibility of local irritation at site of application.

May cause allergic reaction.

YV V.V V V V V V

Sufficient aqueous and lipid solubility, a log P (octanol/ water) between 1 and 3 is required for permeate to
transverse stratum corneum and underlying aqueous layer.
» Only potent drugs are suitable candidates for transdermal patch because of the natural limits of drug entry

imposed by the skin’s impermeability.
TRANSDERMAL DELIVERY ENHANCER

Table 1 The advantages and disadvantages of various transdermal delivery system.
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Advantages

Iontophoresis

* Improving the delivery of polar molecules as well as high
molecular weight compounds
» Faster and easier administration
* Enabling continuous or pulsatile delivery of drug

Sonophoresis

* Allows strict control of transdermal diffusion rates

» In many cases, greater patient approval

* Less risk of systemic absorption
* Helpful to break up blood clots

Electroporation

* Highly effective, reproducible, directed drug transfer
* Permits rapid termination of drug delivery through termination
* Not immensely sensitizing

Photomechanical waves

« Not appear to cause injury to the viable skin
* Do not cause pain or discomfort

Microneedle

« Faster healing at injection site

* No fear of needle

« Specific skin area can be targeted for proper drug delivery

Thermal ablation

» Can remove SC selectively without damaging deeper tissues

* Better control and reproducibility

* Low cost and disposable device

Vesicles

» Accomplish sustained drug release behavior

* Control the absorption rate through a multilayered structure
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Disadvantages

* Risk of burns if electrodes are used improperly

« Difficulty stabilizing the therapeutic agent in the
vehicle

» Complexity of the drug release system

« Can be prolonged to administer

* Minor tingling, irritation and burning
* SC must be unbroken for effective drug

penetration

« Impossible to use on a large area

« Can disturb the cargo if high voltage is used
* Possibility of cell damage
* Relatively nonspecific
» Can improve transfer of molecules across the
plasma membrane of cells in vitro without loss of
viability

 Lack of human clinical data

* Painless administration of the active

pharmaceutical ingredient

» Lower dosing accuracy than hypodermic needles
* Penetration depth of various particles depending
on the skin layer
* Possibility of venous collapse due to repeated
injections

* Avoid the pain, bleeding, and infection

» Structural changes in the skin must be evaluated
« Existing concerns about the use of extreme

temperatures and the logistics of such devices

* Chemically unstable

* Expensive of formulations
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e JONTOTHERAPY:

Tontophoresis is a method of administering drugs that improves skin penetration and speeds up the release of
substances from drugs with subpar absorption or permeation characteristics. This technique encourages ion
migration across the membrane by employing a tiny externally applied potential difference (less than 0.5 mA/cm2).
Using an electrochemical potential gradient, iontophoresis has been utilised to transport both ionic and nonionic
medicines in vivo. The polarity, valency, and mobility of the therapeutic molecule, the kind of electrical cycle
employed, and the drug formulation all have an impact on iontophoresis's efficacy. lontophoresis relies more on the
applied current than it does on biological variables, in contrast to other medication delivery techniques. To increase

patient compliance, this method may also include electronic reminders. (Fig. 2 1, 2) [25-28].
The experimental setup for skin permeation testing using iontophoresis is presented in Figure 2.
Figure 2 shows the in vitro drug release profiles of drug-loaded AuNP oleogels (d-AuNP) on skin.

Figure 3 displays fluorescence spectroscopy images obtained from a skin permeation experiment after 1 hour of
application, with arrows marking the top surface of the skin segment treated with d-AuNP.Figure 4 provides a

schematic illustration of sonophoresis-assisted transdermal drug delivery.

Figure 5 demonstrates the penetration pathways of LaNO3 after treatment with low-frequency sonophoresis, along

with TEM images of SC before and after treatment.

Figure 7 presents a schematic illustration of the fabrication process of the MTX-loaded HA-based dissolving MN
patch.

Finally, Figure.6 provides a quantitative analysis.

The figures illustrate various aspects of transdermal drug delivery, including iontophoresis, sonophoresis, and
microneedle-based systems. The images show drug release profiles, penetration pathways, and fabrication processes
for drug delivery patches. The quantitative analysis in Figure 6 provides additional data on the effectiveness of the

drug delivery system.
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e ULTRASOUND-MEDIATED DRUG DELIVERY

Ultrasonic devices that generate the necessary range of ultrasound frequencies can improve transdermal medication
administration [30,31]. Low-frequency ultrasound is more effective because it establishes an aqueous route in the
disrupted bilayer through cavitation (Fig. 2C). To create an aqueous route, the drug is combined with a specialized
coupler, such as a gel or cream, which couples ultrasonic waves to the skin and disrupts the skin layers. Typically,
drugs move through channels created by applying ultrasonic waves with energies ranging from 20 kHz to 16 MHz.
Ultrasound also increases the local temperature of the skin, producing a thermal effect that aids in the uptake of
drugs. This technique has been used to deliver various medications from different classes, including those with poor
solubility, dissociation and ionisation constants, and electrical characteristics (including hydrophilicity), such as
mannitol and high molecular weight (MW) drugs like insulin. However, there are still challenges to overcome, such
as device accessibility, maximizing exposure time and treatment cycles for delivery, and unfavorable side effects

like burns. The exact mechanism of drug penetration using this approach is still not fully understood.
ELECTROPERMEABILIZATION

The process of electroporation includes delivering high-voltage electric pulses to the skin for milliseconds at a time.
As a result, the stratum corneum (SC) develops tiny holes that increase permeability and aid in drug diffusion [34,
35]. Using sparsely spaced electrodes, electric pulses are administered in a pleasant and secure manner. Both low
and large molecular weight medicines, such as oligonucleotides, the negatively charged anticoagulant heparin, and
antiangiogenic peptides, have been effectively delivered using this method. The poor delivery capacity, considerable
cellular disturbance, including cell death, drug degradation owing to heating, and denaturation of therapeutic

proteins and other biomacromolecules are some drawbacks of this approach, which is normally painless and safe.
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PHOTOMECHANICAL WAVES

Drugs can enter via temporary channels in the skin that can be created by photodynamic waves [37, 39]. With a
modest radiation dose of just 5-7 J/cm2, the incident wave generates limited ablation that can penetrate the skin to a
depth of 50-400 m. The parameters of the photodynamic wave need to be precisely adjusted in order to guarantee
that the medication is delivered to the desired depth in the skin. Compared to earlier direct ablation methods, this
restricted ablation has a longer peak and duration. Skin permeability increases minutes after a single laser pulse,
enabling macromolecules to diffuse into the skin. 40 kDa macromolecules and 20 nm latex particles may be

supplied with a single 23 ns photodynamic laser pulse.
e MICRONEEDLE

The microneedle drug delivery system is a cutting-edge strategy that administers medicine into the circulatory
system using a needle [41]. One of the most popular approaches of transdermal medication administration, it is
being further refined via continuous study. This method includes puncturing the epidermal layer of the skin with tiny
needles to allow the drug to diffuse. Since microneedles are small and delicate, they provide the least amount of
discomfort for patients while still delivering medicine straight to the blood capillary region for active absorption
[42]. The geometric dimensions required for effective insertion of microneedles into human skin are the main areas
of research attention. In-depth research has been done on the development of microneedle devices, taking into
account the intended usage, drug kind, and dose [43]. Currently, photolithography and laser-mediated procedures are
the two most widely utilised processes for making microneedles. To construct the 3D structure of the microneedle,
laser-mediated processes entail cutting or ablating a flat metal or polymer surface. However, using etched
photoresist to create an inverse mould of the microneedle structure, photolithography makes it possible to construct
microneedles made of silicon or hydrogel that dissolve when exposed to water. The production of different
microneedle systems also makes use of 3D printing, microstereolithography, and two-photon polymerization. There
are several different kinds of microneedles that can be made, including hollow microneedles for drug storage and
administration (such as syringes) and solid microneedles that provide a physical pathway for drug absorption. Drug-
coated microneedles also deliver drugs as they penetrate the skin. The design, size, and form of these microneedles
may be tailored for different drug types and administration sites utilising a range of production methods, including

laser-mediated fabrication, photolithography, and 3D printing. [44-49]
ABLATION THROUGH HEAT

Thermophoresis, sometimes referred to as thermal ablation, is a procedure that has the potential to develop skin
microchannels for more effective drug administration by selectively destroying the stratum corneum's structural
integrity with focussed heat [55]. A temperature above 100°C is necessary to thermally ablate the stratum corneum
because it warms and vaporises keratin. The degree of the stratum corneum's structural alteration is closely
correlated with the area's raised temperature, which makes thermal ablation the perfect technique for precisely
controlling medicine delivery. The thermal exposure must be short (microseconds or fewer), producing a high

enough temperature gradient throughout the skin, in order to selectively ablate the stratum corneum without harming
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the healthy epidermis. As long as deeper tissue cells are uninjured, the ensuing micron-scale defects (50-100 nm in
diameter) are too tiny to cause pain, bleeding, irritation, or infection. Thermal ablation is more repeatable and
controlled than other techniques like mechanical abrasion, chemical etching, or tape-stripping. Both tiny and big
molecules may be delivered successfully using this technique. When employing additional energy to hasten the
diffusion of drug molecules, it is crucial to take into account the structural changes to the skin. Radiofrequency
technology can also be used to create thermal ablation procedures. A tiny electrode is introduced into the skin during
radiofrequency thermal ablation, which produces a high-frequency electric current that warms the skin and enlarges
the pores. Additionally, this method may be utilised to enhance medication distribution and promote skin diffusivity.
By altering the electrode size, temperature, and exposure time, the depth of ablation may be managed. It has been
demonstrated that radiofrequency thermal ablation enhances the transport of medicines, including macromolecules
like proteins and peptides, that are both hydrophilic and lipophilic [57, 59]. The development of microneedle-based
drug delivery systems can be facilitated by the use of laser and radiofrequency thermal ablation, both of which have
the potential to improve drug delivery. An array of metallic microelectrodes that are directly applied to the skin
during radiofrequency thermal ablation produce channels in the stratum corneum that are a few nanometers wide.
The skin is exposed to high-frequency electric current, which results in ionic vibrations and the generation of heat in
certain skin areas. As a result, the heat produced by the water evaporation ablates the epidermis cells underneath
each filament and creates microchannels that can be up to 50 m deep. In a matter of seconds, the procedure is
finished, and fluid-filled microchannels are created, allowing hydrophilic molecules to flow through. The depth of
the ablated skin is determined by the size and density of the microchannels, which are inversely correlated with the
rate of drug transport. With a low-cost, disposable device, radiofrequency thermal ablation can increase the transport
of numerous hydrophilic medicines, including macromolecules, and prolong drug release [59]. The use of chemical
substances that can boost drug penetration via the skin is known as passive administration of chemical enhancers.
The majority of these enhancers are tiny compounds with a high lipophilicity, which enables them to dissolve in the
stratum corneum and produce transient fluid-filled channels that allow medicines to flow through. By lessening the
cohesive forces between skin cells and so increasing the permeability of the skin barrier, chemical enhancers can

also alter the stratum corneum's structural integrity [64].

There have been studies on a variety of chemical enhancers, including surfactants, fatty acids, alcohols, and
terpenes. To boost medication distribution, these enhancers can be employed separately or in combination. For
instance, it is possible to reduce the melting point and improve the solubility of medications in the skin by
combining two or more chemicals in a eutectic mixture. Similar to this, medications can be enclosed in self-

assembled vesicles comprised of nanoparticle composites to improve their distribution through the skin [65, 66].

Researchers have studied the skin lipid barrier and the transport of penetration enhancers using molecular modelling
approaches in order to better understand the processes that control drug penetration across the skin. These
techniques can aid in the prediction of the effectiveness and safety of various transdermal drug delivery schemes by

modelling the interaction of medicines and enhancers with skin lipids and proteins.
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VESICLES

The use of chemical substances that can boost drug penetration via the skin is known as passive administration of
chemical enhancers. The majority of these enhancers are tiny compounds with a high lipophilicity, which enables
them to dissolve in the stratum corneum and produce transient fluid-filled channels that allow medicines to flow
through. By weakening the forces that hold skin cells together, chemical enhancers can also change the structure of
the stratum corneum, increasing the permeability of the skin barrier. [64]. There have been studies on a variety of
chemical enhancers, including surfactants, fatty acids, alcohols, and terpenes. To boost medication distribution,
these enhancers can be employed separately or in combination. For instance, it is possible to reduce the melting
point and improve the solubility of medications in the skin by combining two or more chemicals in a eutectic
mixture. Drugs can also be enclosed in self-assembled vesicles comprised of nanoparticle composites to improve
their transport over the skin. [65, 66]. Researchers have studied the skin lipid barrier and the transport of penetration
enhancers using molecular modelling approaches in order to better understand the processes that control drug
penetration across the skin. These techniques can aid in the prediction of the effectiveness and safety of various
transdermal drug delivery schemes by modelling the interaction of medicines and enhancers with skin lipids and
proteins. Transfersomes are a type of vesicle that has been developed to improve drug delivery through the skin.
They are also known as deformable liposomes or elastic liposomes, and their defining characteristic is their high
flexibility. This flexibility is due to the inclusion of single-chain surfactants, which transform the phospholipid
bilayer and make the vesicles highly malleable. There are three generations of transfersomes, each with different
compositions. First-generation transfersomes are composed of phospholipids and single-chain surfactants. Second-
generation transfersomes contain at least two or more polar lipophilic molecules and at least one basic bilayer
building component, typically fluid-phase phosphatidylcholine lipids. Third-generation transfersomes are made up
of amphiphilic surfactants, either alone or in combination with phospholipids. Transfersomes are highly deformable,
which allows them to penetrate through small pores in the skin. This property makes them an excellent choice for
delivering macromolecular medications such as peptides and proteins. Compared to liposomes, transfersomes have
higher skin permeation properties, which leads to increased drug absorption and efficacy. Transfersomes have been
shown to improve the skin penetration of a variety of drugs, making them a promising technology for transdermal
drug delivery.[62] Ethosomes are composed of phospholipids, alcohols, and water, with a higher alcohol
concentration compared to liposomes. Both phospholipids and ethosomal formulations are known to facilitate the
percutaneous delivery of drugs. As ethanol molecules replace water molecules near the lipid headgroup, the
structure of the ethosome becomes more fluid and elastic. Due to their small particle size, stable structure, and high
drug capture efficiency, ethosomes are capable of delivering medications deeply into the skin and even through it,
leading to increased drug absorption and efficacy. Ethosomes are a type of multiphase dispersion system for skin-
penetrating drugs with a molecular weight of up to 1000 kDa. Moreover, TDDS using transfersomes can provide

more stable and longer retention time for these vesicles, enhancing their effectiveness in drug delivery. [63].
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e HYBRID NANOPARTICLES

Nanoparticles (NPs) are nanocarriers with diameters ranging from 1 to 1000 nm that can be classified into different
types based on their composition. Drug delivery using NPs provides targeted and controlled release, modifications to
drug dynamics in vivo, and prolonged drug circulation, all of which enhance medication bioavailability and reduce
toxicity and adverse effects. Traditional methods for manufacturing NPs involve polymerization and crosslinking,
with biodegradable polymeric materials such as gelatin and polylactic acid (PLA) commonly used [67, 69, 70].
Polymeric NPs are gaining popularity in transdermal drug delivery systems because they can overcome the
limitations of lipid-based systems. For instance, they can protect unstable drugs from degradation and denaturation,
and facilitate continuous drug release to minimize side effects. The concentration gradient of drug permeation across
the skin is enhanced by transdermal delivery. Depending on their structure and manufacturing process, polymeric
NPs can be classified as nanospheres, nanocapsules, or polymer micelles. Chitosan, gelatin, alginate, poly(D,L-
lactide-co-glycolide) (PLGA), polycaprolactone, and polyacrylic acid are among the commonly used natural
polyesters and polymers. In certain conditions where a synthetic membrane resembling the cellular lipid bilayer
membrane exists, these polymer chains can be formed by covalently linking two or more single polymeric units.
Due to their high molecular weight, these polymers can form complex structures. However, the polymer membrane
is highly structured, making it impossible for polymeric NPs, which have high mechanical strength and non-
deformability, to pass through pores smaller than or equal to their size. Nevertheless, medications can be stored for a
prolonged period before being released from the NPs and diffused into the deeper layers of the skin because these

NPs can be difficult to degrade[68, 78-80].
e NANOEMULSION

Nanoemulsions are a type of mixture that exhibit low viscosity, isotropy, thermodynamic, and dynamic stability
[71]. They consist of tiny, transparent or translucent oil droplets that are dispersed in an aqueous phase and
stabilized by a surfactant or co-surfactant layer. The droplet size of nanoemulsions ranges from 100 to 1000 nm,
with an upper limit proposed due to its nanoscale dimensions. Nanoemulsions have a high specific surface area, low
surface tension, and small particle size, which make them highly wettable and provide close contact with the skin.
They offer several advantages over other topical skin therapies, including great solubilization capacity, physical
stability, enhanced bioavailability, simplicity of manufacture, low energy requirement, and long shelf life.
Additionally, nanoemulsions have a shorter transdermal time and greater transdermal absorption compared to other
topical therapies. They can be classified into oil-in-water (O/W) nanoemulsions, water-in-oil (W/O) nanoemulsions,
and bicontinuous/multiphasic nanoemulsions, with O/W nanoemulsions being more commonly used in
pharmaceuticals due to their ability to encapsulate lipophilic components [58, 68]. These unique characteristics
make nanoemulsions a promising candidate for use in transdermal drug delivery systems and could lead to

significant advancements in pharmaceutical applications.
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e CHARACTERIZATION TECHNIQUES FOR TDDS

To ensure that TDDS is effective and efficient, an important step is to evaluate the delivery of the medication.
Different techniques are used depending on the type and purpose of the medication. Three popular techniques for
evaluation are microscopic and spectroscopic examination, tape stripping, and diffusion cells. Each technique uses a
different method of analysis, but all are based on the principle of measuring drug concentration in each layer of the
surface as it is absorbed, or using an imaging material instead of the drug to visually confirm the absorption pattern.

These techniques are well documented in the literature, with references provided for further reading [81, 82].

When it comes to evaluating TDDS efficiency, diffusion cell tests are considered the standard method, with Franz
diffusion cells being the most commonly used configuration (Fig. 4) [84, 85]. This technique enables critical links to
be established between the skin, active pharmaceutical ingredients, and formulation characteristics. The diffusion
cell comprises an application chamber for the drug, a membrane for the drug to diffuse through, and an acceptor
media chamber from which samples can be examined. Two main types of diffusion cells exist, namely static and
flow-through cells. In static cells, such as the widely used Franz diffusion cell, the donor, membrane, and acceptor
modules can be arranged vertically or horizontally. Some Franz cells open upward, using ambient pressure for
measurement. However, most cells are top-closed, resulting in higher pressure that could lead to overestimated
penetration values. Recently, automated samplers have replaced Franz diffusion cells used in "hand-sampler"

experiments. These automated devices simplify researchers' work and reduce experimental errors.
e TAPE STRIPPING

Tape stripping is a minimally invasive method to evaluate the penetration of topically applied formulations through
the SC layer. This technique involves removing a layer of the SC with an adhesive tape and then analyzing the skin
layer on the tape [74, 83, 86, 87]. After applying the test formulation topically and allowing it to incubate for a
specific time, the tape is removed. The composition can be removed or left on the skin to provide the initial quantity
of components for measurement. The adhesive tape is applied to the skin surface and removed from the same area to
avoid creases and recesses affecting the results. The elimination rate is also a critical factor. The amount of skin
removed from the patch increases proportionally to the slow removal of the adhesive tape because the SC layer
adheres to the patch with more strength. The sticky tape removed contains both the SC layer and the mixture present
in use. Various techniques can be used to analyze samples collected with adhesive tape. Spectroscopic techniques
provide semiquantitative insights, whereas results from high-performance liquid chromatography (HPLC) analysis
are quantitative. During HPLC analysis, the test substance on the adhesive tape is extracted and subjected to
chromatographic separation for analysis. Active compounds can also be identified using atomic absorption

spectroscopy.[88]

The analysis of skin obtained via tape stripping is commonly performed using attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR), which is based on changes in oscillations and atom-bonding angles

resulting from the absorption or scattering of infrared light. The measurement involves plotting the transmitted
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radiation as a function of wavelength/wavenumber to determine the change in radiation as it passes through the
sample. The resulting spectrum provides both qualitative and quantitative data. The depth of penetration is
influenced by the infrared radiation's wavelength, the refractive index of the ATR crystal, the material being
measured, and the angle of reflection. The use of tape stripping in conjunction with ATR-FTIR spectroscopy enables
the detection of various exogenous compounds in particular layers of the SC. However, the technique has

limitations, such as overlapping peaks between the drug and skin characteristic peaks, which may hinder detection.
CONCLUSION AND PROSPECTIVE FUTURE

TDDS technology has revolutionized drug delivery, becoming the preferred method for transdermal delivery across
different skin types, while avoiding first-pass metabolism and other issues associated with alternative drug
administration routes. TDDSs offer consistent and secure drug administration, with stable drug formulation until
they reach the target area. They allow for controlled and uniform drug distribution, making them noninvasive,
nonallergenic, and easy to administer. New and old formulations have improved bioavailability for drugs with low
absorption rates, with simple administration routes allowing for larger dosages over an extended period. TDDS
technology is expanding rapidly in the pharmaceutical industry and gaining critical value in biomedical applications,

due to its ability to enhance drug delivery through topical channels.

Despite years of research, passive approaches such as chemical enhancers have only provided moderate
improvements in the transdermal transport of small molecules and slightly improved transport of macromolecules in
potentially clinically acceptable situations. Active transport methods using external devices have significantly
improved the transdermal delivery of medicines and macromolecules, but their effectiveness is partially offset by
their dependency on electronic control systems, which require energy sources and have limited usefulness and
expense. Microneedle-based techniques can greatly increase transdermal distribution, but further research is needed
to ensure increased safety, minimal skin injury, and cost-effectiveness. The TDDS technology has witnessed
significant growth in recent years, as indicated by the rise in research studies, patents, and available products from
various firms and research institutions. Among the different TDDS modalities, microneedles have gained significant
attention due to their ability to combine the benefits of existing simple application and patch-type needles with the
advantages of microneedles to enhance treatment effectiveness and outcomes. To achieve this, production and
commercialization techniques are being developed, leveraging cutting-edge technologies such as 3D bioprinting.
Advancements in TDDSs have the potential to drive progress in vaccination and encourage patient self-
administration of medications for long-term treatment. Furthermore, they could serve as a means of reducing the
prevalence of various diseases, including those related to the cardiovascular and central nervous systems, diabetes,

neuromuscular diseases, genetic diseases, and infectious diseases.
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