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Abstract: Amorphous solid dispersion is a popular formulation approach for orally administered
poorly water-soluble drugs, especially for BCS class II. But oral delivery could not be an automatic
choice for some drugs with high first-pass metabolism susceptibility. In such cases, transdermal deliv-
ery is considered an alternative if the drug is potent and the dose is less than 10 mg. Amorphization
of drugs causes supersaturation and enhances the thermodynamic activity of the drugs. Hence, drug
transport through the skin could be improved. The stabilization of amorphous system is a persistent
challenge that restricts its application. A polymeric system, where amorphous drug is dispersed
in a polymeric carrier, helps its stability. However, high excipient load often becomes problematic
for the polymeric amorphous system. Coamorphous formulation is another approach, where one
drug is mixed with another drug or low molecular weight compound, which stabilizes each other,
restricts crystallization, and maintains a single-phase homogenous amorphous system. Prevention of
recrystallization along with enhanced skin permeation has been observed by the transdermal coamor-
phous system. But scalable manufacturing methods, extensive stability study and in-depth in vivo
evaluation are lacking. This review has critically studied the mechanistic aspects of amorphization
and transdermal permeation by analyzing recent researches in this field to propose a future direction.

Keywords: supersaturation; amorphous; transdermal; microneedle; controlled release; skin permeation

1. Introduction

It is beyond any doubt that the oral route is still the most accessible and popular mode
of drug administration. However, many drugs cannot be effectively delivered via the oral
route due to their inadequate oral bioavailability and instability in the gastrointestinal
tract. The low oral bioavailability of drugs occurs mainly due to three reasons; poor
aqueous solubility and dissolution of the drug (BCL class II and IV drugs, for example,
telmisartan, ibuprofen, etc.), low intestinal permeability (BCS class II and IV drugs) and
high first-pass metabolism (Example, raloxifene, artetether). A considerable percentage
(40–50%) of therapeutically active drugs in the market belong to Biopharmaceutical class
II and IV. Also, over 70% of new chemical entities under investigation are estimated to
have poor water solubility. Several techniques have been adopted by the researchers and
pharmaceutical industries to improve aqueous solubility of drugs, such as micronization
or particle size reduction [1], cyclodextrin complexation [2], soluble salt formation [3],
cocrystal formation [4], nanofibre [5], amorphous solid dispersion [6], etc. Drugs with low
solubility and high permeability (BCS II) could be effective targets of these methods.

However, such techniques would not be quite effective for the drugs with high first-
pass metabolism or gastrointestinal degradation. Commonly the first-pass effect is as-
sociated with the metabolism by the liver, but it may also happen in vasculature, lungs,
gastrointestinal tract, and other metabolically active organs. For the drugs with high first-
pass metabolism, regardless of poor or freely soluble, oral delivery is challenging because
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a significant fraction of the delivered and absorbed dose gets metabolized by the liver.
Hence, the availability of the drug in systemic circulation becomes low. High first-pass and
variable rate of liver metabolism may cause irregular systemic availability of a drug. Lipid-
containing formulations such as self-emulsifying drug delivery have been demonstrated as
a system that undergoes lymphatic transport after oral administration bypassing first-pass
metabolism [7]. However, administrations other than oral are the best possible alterna-
tives for high first-pass metabolism drugs. In such a context, transdermal route of drug
delivery bears extreme importance and has gained notable popularity among formulation
researchers. Apart from avoiding first-pass metabolism, transdermal delivery enjoys the
advantages of easy and painless application, controlled drug release, the possibility of zero
order drug release, avoidance of hostile gastric environment [8]. But, adequate permeability
of the drugs through the skin by crossing the stringent barrier of the stratum corneum is
the biggest challenge. High molecular weight and high hydrophilicity or lipophilicity of
drugs are considered negative towards skin permeation after transdermal application.

Modified formulations such as nanoemulsions or microemulsions [9], solid lipid
nanoparticles, nano lipid carriers [10], transfersomes [11], ethosomes [12], etc. are employed
frequently to promote drug transport across the skin. In this review, another formulation
approach has been focused on, which is an amorphous drug-containing system. In this
system, the drug is dispersed either as molecular dispersion or in an amorphous state
in a vehicle or carrier matrix, preferably hydrophilic. Solid dispersion, more specifically
amorphous solid dispersion (ASD) has been successfully employed in oral formulation
to enhance the bioavailability of poorly soluble drugs [13,14]. However, the concept of
amorphous drug dispersion can be applied to other routes of drug delivery apart from oral,
like in transdermal drug delivery. The idea of combining amorphous drugs and transder-
mal delivery has been experimented by some researchers for better drug permeation and
controlling the drug release [15]. Loading of amorphous drugs into a transdermal system
acts on the principle of supersaturation. While solvent evaporation is the most common
technique of preparing a supersaturated transdermal delivery system [16], reducing or-
ganic solvent usage also increases. An amorphous drug-loaded system designed by hot
melt extrusion could be a possible alternative. For the first time in this review, a critical
understanding of how transdermal delivery can benefit from amorphization of drugs is
presented. Both polymeric amorphous and coamorphous drug-loaded transdermal systems
have been analyzed, and the relevant benefits and challenges are presented. The clinical
and patent status of such systems has been studied. Finally, we have proposed a future
direction for the relevant research.

2. Overall Features of Transdermal Drug Delivery

Transdermal Drug Delivery System (TDDS) is an alternative approach that allows the
drug to permeate through skin and enter the systemic circulation, minimizing or avoiding
the limitations of oral and parenteral formulations. In the subsequent section, highlights
of various aspects of transdermal drug delivery and formulations have been presented
in a summarized manner. Readers can go through extensive reviews on the scope and
challenges of transdermal delivery published by other authors [17–19].

2.1. Skin as a Barrier to Transdermal Drug Delivery

The primary role of stratum corneum (SC) is protecting our body from external poten-
tially harmful substances. However, such a natural protective barrier restricts the systemic
entry of most therapeutic agents except those with fair lipophilicity (log P > 1.5) and molec-
ular weight < 500 Da. The stringency of the SC is originated from the tightly bound, rigid
keratinocytes cell. These ‘dead’ cells consist of keratin filaments and various cross-linked
proteins [20–22]. Due to their strong barrier nature, keratinocytes are popularly known
as the “brick-mortar” layer, where ‘mortar’ is the surrounding intracellular multilamellar
lipids. Around 10–20 of the corneocytes layer ultimately form the human upper strata or SC
layer, which has a variable thickness of approximately 15 microns [23]. The skin routinely
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permits water to transport in and out of the body. Additionally, it shows some biasness
to most of the small lipophilic molecules for transport in and out of the body. Challenges
occur mainly for the permeation of large size molecules, proteins, peptides, or different
biologics. That is why successful commercial transdermal delivery is still confined within a
short range of drug molecules.

2.2. Pathways of Drug Transport

There are detailed studies and in-depth reviews on the transport mechanism of drugs
by transdermal delivery. The studies revealed various drug transport pathways across
the skin, which are transcellular (through the stratum corneum), intercellular (through the
tight junctions of the cells), follicular or trans appendageal (sebum glands and sweat ducts)
pathways [24]. In another type, by stripping or microneedling, small portions of the skin
are removed to open up micro-sized pores for better drug penetration. Transdermal drug
delivery can utilize the hair follicle and sebum glands as soft spots for drug penetration.
Still, the appendages contribute to a minimum percentage (approximately 0.1%) of the total
skin surface area [25]. Therefore, the stratum corneum is considered the targeted area of
transdermal drug delivery. A summary of various pathways is presented in Figure 1.

Figure 1. Various pathways of drug transport across the skin (Adapted with permission from [24]
published by Elsevier, 2020.)

Transcellular—Drugs are transported directly across the stratum corneum, which
could be enabled by the electroporation technique.

Transappendageal—This pathway involves drug transport through hair follicles and
sweat ducts. Iontophoresis and specific particulate formulations utilize this pathway.

Paracellular—This tortuous pathway transports drugs primarily within the extra-
cellular lipids. Various permeation enhancing approaches in association with chemical,
biochemical and some physical enhancers are utilized by this pathway.
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2.3. Transdermal Permeation and Drug Characteristics

Drugs that are not well absorbed or undergoing first-pass metabolism via oral delivery
are the primary target of the transdermal systems. Zero-order drug release often remains
an objective of developing a transdermal system [26]. Controlled zero-order release kinetics
provides a constant rate of drug release for a longer duration. In in vivo study, zero order
release shows stable plasma concentration over a prolonged period. Some of the marketed
transdermal products and their desirable properties are outlined in Table 1.

Table 1. Marketed transdermal formulations and associated properties ([27,28]).

Transdermal Drug Year Molecular Weight (g/mol) Oral Bioavailability (%) Log Pow Dose/Day (mg)

Scopolamine 1979 303.35 27 0.98 0.3

Clonidine 1984 230.09 65 2.42 ± 0.52 0.1–0.3

Fentanyl 1990 336.47 92 4.05 0.288–2.400

Nicotine 1991 162.23 30 1.17 7–21

Testosterone 1993 288.42 <1 3.32 0.3–5

Lidocaine 1995 234.34 <1 2.84

Norelgestromin &
Ethinyl estradiol 2001 327 &

296.40 40–43 3.90 ± 0.47 3.67 0.2 & 0.034

Oxybutynin 2003 357.49 6 4.02 ± 0.52 3.9

Methylphenidate 2006 233.31 5–20 2.15 ± 0.42 10–30/9 h

Selegiline 2006 187.28 4–10 2.7 6–12

Rotigotine 2007 315.47 <1 4.58 ± 0.72 1–3

Rivastigmine 2007 250.34 40 2.34 ± 0.16 4.6–9.5

Granisetron 2008 312.41 60 2.55 ± 0.28 3.1

Buprenorphine 2010 467.64 10–15 4.98 0.12–0.68

Log{octanol-water partition coefficient (P)}: either experimental or calculated (mean
± SD) values.

The dose is an essential concern for transdermal delivery. The majority of the transder-
mal products are meant for low-dose drugs (less than 20 mg) with one or two exceptions
like methylphenidate patch (maximum dose 30 mg) [29]. Less potent and high-dose drugs
could face problems in loading into the patch. The molecular weight of the drug is another
primary concern. As shown in Table 1, marketed transdermal patches contain drugs with a
molecular weight of less than 500 Da. Specific exceptions for dermatotherapy are fusidic
acid (molecular weight 517 Da) and ketoconazole (531 Da) formulations. High molecular
weight drugs face problems in skin permeation.

Optimizing a formulation for therapeutic effects generally implies that drug flux
into the skin is maximized and obeys Fick’s first law. This requirement means that the
product of drug concentration in the vehicle and drug partition coefficient between stratum
corneum (SC) and vehicle be as large as possible [30]. For molecules to pass through
the SC, they need to exhibit specific physicochemical properties that influence the rate of
a drug’s permeation through the skin. Drugs with biphasic (water and lipid) solubility
better permeate than those with high monophasic (water or lipid) solubility [31]. Highly
hydrophilic drugs cannot penetrate the skin, while too lipophilic drugs have the propensity
to remain in the layers of the SC. While the SC is lipophilic and favors the permeation
of lipophilic drugs, the aqueous layers beneath the SC dictate that drugs should have
some hydrophilic properties to pass through them. Minor structural changes of a drug,
such as salt formation or esterification, can enhance aqueous or lipid solubility [3,32]. The
distribution coefficient, log D value of a compound, is usually a good indication of whether
a molecule would be a favorable candidate for transdermal permeation. Log D is the ratio
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of the sum of concentrations of a neutral and ionized compound in each of the two phases
(octanol and an aqueous buffer) [33]. Log P value gives the same partition value for the
neutral form of the substance.

The lipophilic nature of the SC had led to the belief that ionized drugs would be
poor candidates for transdermal delivery. The transcellular route is regarded as having
intermediate properties, whereas the intracellular route is mainly regarded for allowing the
delivery of lipophilic molecules. Ionized drugs cross the skin through the shunt route, but
the amount of molecules that pass through that route is significantly lesser than unionized
molecules that take the intracellular pathway. Drugs with very low or high partition
coefficients fail to reach the systemic circulation. Molecules with log P values in the range
of 1–3 are considered for good permeation enhancement [24].

An increase in the number of hydrogen bonding groups of the drug may inhibit its
permeation across the layers of the SC. An increase in the magnitude of hydrogen bonding
causes a considerable decrease in transdermal flux [34]. On another note, an indirect rela-
tionship exists between the melting point and the solubility of a drug. Hadgraft et al. [35]
developed a model that accurately estimates the solubility constraint in the SC by using
the melting point. Lowering the melting point of a drug increases solubility in the SC
and ultimately permeates the skin. Molecules with high melting points, due to their low
solubility both in water and fat, are generally problematic in transdermal drug delivery
(TDD) [36,37]. Apart from the criteria mentioned above, two other points need to consider;
cutaneous metabolism of a drug that can significantly reduce its pharmacological effect
and skin irritation that may reduce the patient compliance. Overall the drug properties
that are favorable for transdermal delivery are summarized below;

a. The dose should be less than 20 mg/day [38]
b. The melting point of a drug should be less than 200 ◦F [38]
c. The partition coefficient should be between 1 to 3 [39]
d. Molecular weight < 500 Da [40]
e. Non-skin irritating
f. Not metabolized in skin [41]

3. Mechanistic Aspects of Amorphous Drug Dispersion for Transdermal Delivery

The amorphous state of drugs has higher apparent solubility and increased dissolution
than its crystalline forms, improving the biopharmaceutical behavior of poorly water-
soluble drugs. In several BCS class II drugs, amorphization could significantly increase
the bioavailability while delivered orally. In the context of transdermal drug delivery,
amorphization of drug or amorphous drug dispersion in some carriers has made its mark
for better skin permeation.

Amorphous drug dispersion acts by forming a supersaturated drug reservoir on the
skin. To understand the role of supersaturation in skin permeation, we should look back to
Fick’s law and the theory proposed by Higuchi et al. [42].

As per Fick’s first law of diffusion, skin permeability and degree of supersaturation
are correlated by Equation (1) [43].

J =
cv

cs,v
.

D. cs,m

L
(1)

J is the permeation rate of a drug through skin barrier at steady-state condition, also
known as steady-state flux, cv is the drug concentration in the vehicle, cs,v, and cs,m are
the solubility of the drug in the vehicle and the membrane, respectively. The term cv/cs,v
represents the degree of saturation (DS); D and L stand for diffusivity of the drug and
thickness of the barrier membrane. It is clear from the equation that if DS increases in
the drug reservoir, permeation flux increases. J is directly proportional to the DS and
independent of the concentration of the drug that requires a desired degree of saturation.
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The relationship between DS and thermodynamic activity has been explained by
Higuchi et al. [42]. His theory revealed that J (expressed as mole/m2s) could be corre-
lated with a drug’s thermodynamic activity in the vehicle, expressed by ap in mole/L by
Equation (2).

J =
D . ap

γm. . h
(2)

where γm is the activity coefficient of a drug in the skin barrier with thickness h (m).
Activity (a) and mole fraction can be expressed by the following relationship (Equation (3)),

a = γ. x (3)

where γ is the activity coefficient and x = mole fraction of the drug.
Hence, the activity can be used to define J instead of the partitioning of the drug in

barrier membrane and vehicle. Where activity and DS can be correlated as,

ap = DS =
xp

xs
p

(4)

Xp is the mole fraction of the drug in the vehicle, and xs
p is the saturated solubility

or mole fraction of the drug in the saturated condition in a known vehicle. It is clearly
understood that as the value of xp increases, DS increases and hence the thermodynamic
activity. Now Equation (2) can be rewritten as,

J =
D. apxs

m

h
(5)

Steady-state flux is directly proportional to the thermodynamic activity, which again
depends on the DS. This linear relationship is valid when the drug and vehicle or polymer
do not alter the skin membrane barrier properties. In another way, it can be said that the
concentration gradient is the thermodynamic force that drives the molecular movement,
and diffusivity is the coefficient that expresses the diffusion kinetics [44]. The enhance-
ment of thermodynamic activity increases with the degree of supersaturation, resulting
improvement of drug diffusion. Several researchers have considered loading the drug
in the supersaturated state in a patch or semisolid gel for transdermal delivery. Various
methods have been undertaken to generate supersaturated drug solutions like solvent
evaporation, cosolvent addition, changing pH, etc. Weng et al. (2016) have developed
risperidone transdermal patch [45]. They have dissolved the drug and additives in ethanol,
coated, and then evaporated the organic solvent to make a supersaturated condition. An-
other model lipid compound was formulated in various cosolvents like propylene glycol,
ethanol, etc., to generate a two degree of supersaturation and studied the effect of DS in
skin permeation [43].

Amorphization of drugs causes loss of the stable crystalline state or forms a metastable
state. Amorphous or metastable drugs provide higher solubility, remain in a high energy
state with higher molecular mobility and lead to supersaturation [46]. The degree of
supersaturation increases with the formation of the amorphous or metastable state of the
drug, and hence, drug permeation through skin increases.

4. Amorphous Drug Loaded Transdermal Systems

The main problem with an amorphous drug-based system is the thermodynamic
instability that leads to drug recrystallization. In an amorphous state or supersaturated
systems drug exists in a non-equilibrium condition and becomes thermodynamically
unstable. Molecular mobility increases within the drug, which initiates nucleation followed
by recrystallization [46]. Crystallization of drugs in the system reduces the degree of
saturation, and subsequently, thermodynamic activity is reduced [47]. The ultimate result
is the reduction of drug permeation.
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Another problem is the use of organic solvents to develop an amorphous system.
In most cases, ethanol, dichloromethane, or acetone are used as a solvent that needs
evaporation before the final formulation of the delivery system. Higher organic solvent
usage creates a negative impact on environmental sustainability,

4.1. Polymeric Amorphous System

Dispersing amorphous drugs in miscible hydrophilic polymers like hydroxypropyl
methyl cellulose, polyvinyl pyrrolidone (PVP), grafted copolymer like Soluplus® etc., is the
most common approaches to inhibit recrystallization [13,48,49]. It is like solid dispersion,
where amorphous drug is dispersed within a polymeric carrier when the carrier can be fully
or partially amorphous. For transdermal delivery, the solid dispersion of the drug should
exist as an amorphous solid dispersion containing hydrophilic polymers. These polymers
act in two ways; by forming intermolecular hydrogen bonding with the drugs and filling
the voids in the supersaturated solutions restricting molecular mobility. Both mechanisms
help retarding the nucleation rate and recrystallization. Polymers not only help to stabilize
the system but also help drug permeation from transdermal delivery. They help in a
massive increase of saturation by the drug increasing thermodynamic activity. Use of other
additives like acrylate polymer, Eudragit different grades like EPO, RLPO or RSPO is also
used as crystallization inhibitors in the amorphous transdermal systems [50,51]. Eudragit®

EPO and RLPO were shown to reduce the crystallization of estradiol in a transdermal patch
at 1:20 drug: Eudragit® [50].

Sometimes, apart from the solubilization effect of the polymer, enhancement of solu-
tion activity causes a remarkable increase in transdermal flux. The cumulative amount of
artemisin permeation through rabbit skin throughout 8 hrs was observed 5–10 times higher
in the case of PVP K30 containing solid dispersion [52]. The flux enhancement ratio of solid
dispersions, calculated concerning supersaturated pure drug solution, increased 5–11 folds.
The study also reported an increase in flux with increasing polymeric concentration. A
similar type of observation is noted on hydrophilic polymeric excipients [51]. Other aspects
of the permeation enhancing effect of PVP K30 are noted. PVP tends perturbation into
the hydrophobic region of the skin lipid bilayer and improves the fluidity of the region
and local drug concentration [53]. In the case of Eudragit®, permeation enhancement
has also been noted. Eudragit® EPO increased estradiol permeation in ex-vivo perme-
ation study through guineapig skin for all permeability parameters like steady-state flux,
diffusivity, permeability coefficient [50]. With increasing Eudragit® concentration, drug per-
meation was also enhanced. An increase in the rate of hydration is one cause of permeation
enhancement apart from maintaining the amorphous or metastable drug state.

4.2. Coamorphous System

A critical issue of polymer-based amorphous drug dispersion is the adequate quantity
of polymers or excipients required to prevent drug crystallization. Often it becomes high,
restricting the drug loading and hence the commercial feasibility of the formulation [54].
Coamorphous system can overcome this problem. One drug is mixed with another drug
or low molecular weight compound in this system, which stabilizes each other, restricts
crystallization, and maintains a single-phase homogenous amorphous system. The require-
ment of excipient usually remains lower than the amorphous solid dispersion due to the
presence of a low molecular weight compound used as coformer.

Recently few coamorphous systems have been reported where the poor soluble API
is mixed with another coformer and dispersed in a viscous vehicle, often PEG 400 [15,46].
Intermolecular interaction like hydrogen bonding and ionic interaction between the two
drugs or drug and coformer is the primary factor of forming a stable amorphous system.
Such interactions can be evidenced by FTiR and NMR studies. In FTiR, the absence or shift
in the hydrogen bond-forming group in coamorphous mixture may indicate intermolecular
interaction. Acyclovir coamorphous formulation was prepared where citric acid was used
as the coformer [55]. O–H peak at 3495 cm−1 vanished in the citric acid IR spectra while
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N–H stretching peak frequency was shifted to a higher side. Another O-H stretching peak
was not observed in coamoprhous mixture. Such absence or shift in IR peaks is evidence
of H bonding between acyclovir and citric acid. NMR analysis can be used to study the
interaction between drug and conformer, where a downshift of proton (1H1) signal can be
observed due to a change in electron density by intermolecular interaction [15]. Recrys-
tallization during storage of coamorphous materials can be easily identified by powder
X-ray diffraction study (PXRD), where the absence of drug crystal peaks at characteristic
2-theta angle establishes the drug amorphousness. Thermal analysis and detection of
glass transition (Tg) of the amorphous sample also indicate the recrystallization nature
and storage stability. It is considered that physical instability or recrystallization would be
negligible if storage temperature lies 50◦ below the glass transition [15].

For skin permeation enhancement, either enhanced thermodynamic activity due to
supersaturation and/or the presence of coformer (often acts as permeation enhancer) are
considered significant. In some cases, coformer used in the system also acts as a permeation
enhancer. Atenolol supersaturated coamrophous system was developed where urea was
used as coformer [15]. Skin permeation through mice skin was observed the highest
from the supersaturated coamoprhous system (Figure 2). Permeation flux of atenolol
was noted 2.9 and 6 folds higher in coamorphous system than pure atenolol saturated
suspension and atenolol- urea saturated suspension, respectively. Urea has played a dual
role of crystallization inhibitor and penetration enhancer in this study. In another recently
published study, piroxicam coamoprhous system was developed [46]. The cumulative
amount of piroxicum permeated and steady-state flux through mice skin was almost
doubled in coamorphous dispersion of piroxicum and citric acid (coformer) compared to a
pure drug suspension and physical mixture of drug-coformer. However, in this work, the
degree of supersaturation was primarily responsible for enhanced skin permeation rather
than the skin penetration-enhancing property of citric acid.

Figure 2. Transdermal permeation profile of atenolol (ATE) from each formulation (bars represent
standard deviation, n = 4). A: pure ATE saturated suspension; B: ATE-Urea (1:8) saturated suspension;
C: ATE-Urea (1:8) co-amorphous based supersaturated formulation. Figure adapted with permission
from [15], Elsevier, 2019.

4.2.1. Factors to Consider for Coamorphous Transdermal System Development

Apart from the increased drug loading compared to the polymeric amorphous system
or amorphous solid dispersion, the coamorphous drug-loaded transdermal system offers
some more advantages. These systems have higher conformational flexibility that helps the
drug and coformer to mix uniformly and prevents recrystallization. The molecular-level
mixing and interaction between drug-coformer offer higher stability of the system. Small
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molecules used as coformer often have antiplasticizing effect, hence reducing molecular
mobility [56]. The development of a transdermal coamorphous system needs critical
consideration on the following factors.

Coformer Selection

A coamorphous system can compose two pharmacologically active molecules, which
means drug-drug system or a drug with another excipient acting as coformer. In a drug-
drug coamorphous system both the drugs should mix uniformly and form a glassy system.
Often that does not become possible by two drugs meant for combination or synergistic
therapy. The use of another excipient as a coformer is a rather more feasible approach. Vari-
ous amino acids, citric acid, urea, saccharine, nicotinamide, etc. are used as coamorphous
drug excipients. The selection of coformer, capable of making intermolecular interaction
with the drug, is the basis for developing a stable coamorphous system. As discussed earlier,
intermolecular H bonding can be identified by FTiR, NMR or raman spectra study [47,57].
DSC can study miscibility between drug-coformer. Generation of a single glass transition
peak (Tg) in DSC indicates a single-phase mixture. The selection of coformer is a complex
process involving multiple analyses. There are specific theoretical approaches used to
predict miscibility between various components. Solubility parameter (δ) derived from
physicochemical properties and molecular weight of an element can predict the miscibility.
Elements with likely values of δ are considered miscible. A difference of δ value less than
7 (MPa)0.5 predicts adequate [58]. The Flory-Huggins interaction parameter, derived from
the melting point depression method, can also be used in molecular interaction studies
between two components [59].

Preparation Method Selection

As discussed in the later Section 5, preparation methods can affect the structural
property of coamorphous drug products, hence storage stability. Therefore, one needs to
identify the suitable mode of preparation based on the thermal stability, drug-excipient
miscibility, the feasibility of commercial preparation etc.

Selection of Vehicle

Coamorphous drugs need to dissolve in a suitable vehicle and be loaded into the
delivery system, such as patch or gel. Interaction between the coamorphous drug and
vehicle needs to be studied. PEG 400 is reported as a vehicle by several researchers [46,59].
The degree of supersaturation may vary in different vehicles. It needs to ensure that precip-
itation of drugs does not occur in the desirable vehicle. Apart from these specific factors of
common factors of selecting drugs for transdermal delivery must be considered [24].

5. Method of Preparing Transdermal Coamorphous System

In lab scale, coamoprhous formulation can be prepared by various methods, catego-
rized into melt-quenching, milling, solvent evaporation. In the thermal process that is
melt-quenching, both drugs or drug and coformer must be heat stable. They are melted
together at elevated temperatures, followed by rapid cooling. Although this method is
easy, user-friendly, and there is no use of organic solvent, this method is not suitable for
many drugs due to high heat stress. This method is also difficult for industrial scale. In
milling, ball mill or cryo mill have been used. This technique enjoys the advantages of
non-complexity, lesser chances of chemical degradation, easy to scale-up characteristics.
Milling can form stable coamorphous. In cryo-mill, the milling temperature is kept very
low by liquid nitrogen, allowing the technique suitable for low glass transition materials.
Cryo milling, can be used as a mechanochemcial activated process and successfully applied
for preparing amorphous dispersion [60]. However, chances of contamination, time and
labor consumption, percentage loss, limited capacity of amorphization compared to the
other two methods are the disadvantages of the ball milling method.
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Solvent-based methods are the third category that could be suitable for heat-sensitive
drugs. In this method, drug-coformer mixture is dissolved in a vehicle, primarily organic,
and then dried by spray drying or vacuum drying. This method is effective for convert-
ing the crystalline drug to amorphous. Spray drying is also a widely used and adopted
technique in the industry. So the scalability of the solvent evaporation method is adequate.
The product comes as free-flowing powder, which is attractive for further downstream
processing. In a recent study, Ruponen et al. [61] have formulated large scale furosemide-
arginine coamoprhous where no sign of crystallinity was noted in the formulation. How-
ever, selecting a common solvent for both of the components often becomes a challenge
to the formulation scientist. There is a negative environmental impact of high organic
solvent use in large-scale manufacturing. Lastly, residual solvents present in the product
may initiate crystal growth during storage.

At present, melt extrusion method, named hot-melt extrusion (HME), a thermal
method, is gaining popularity for the processing of coamorphous products. In the latter
section, the implementation of HME technique for transdermal amorphous formulation
has been discussed. Preparation methods and their process variables affect the structural
property and final product characteristics significantly. In a study by Lim et al. [62], thermal
method, dry milling, and solvent-based methods were compared to prepare cimetidine-
indomethacin and cimetidine-naproxen coamorphous. Coamorphous drugs, prepared by
all methods, retained their amorphousness over six months of storage at 40 ◦C. However,
a mechanistic study found higher molecular mobility in both coamorphous prepared by
dry ball milling or cogrinding of both drugs. Therefore, the selection of a suitable method
is very critical for preparing coamorphous system. An overall summary of coamorphous
preparation methods is presented in Figure 3.

Figure 3. Various method of formulating coamorphous drug loaded transdermal system.

While solvent free methods of preparing amorphous drug formulation are in demand,
HME has emerged as a possible alternative. HME is considered a ‘green’ approach in
industrial applications. Apart from no use of organic solvents, continuous processing
one-step manufacturing are some of its advantages. In pharmaceutical industries, HME is
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widely used to successfully apply various formulation approaches like cocrystals, ASD, melt
granulations, co-extruded formulation, micronized system, 3D printing, and coamorphous
systems, polymeric film, etc. [63]. Broadly, this equipment consists of a barrel and an
extruder. The barrel consists of various zones, providing the formulator the flexibility
of adding materials in any zone and playing with a different temperature range. Such
flexibility helps the formulator optimizing the residence time of certain materials in a
particular zone controlling the heat exposure of drug and other excipients. Different features
and applications of HME have been reviewed recently by various other researchers [63,
64]. HME’s application has largely propagated to formulate ASD and to enhance oral
bioavailability of poorly water-soluble drugs, mainly BCS class II [65,66]. This technique’s
clinical and commercial success is indicated by the presence of several melt-extruded ASD
products in the market [66].

HME method has been applied to develop several coamorphous formulations with
or without polymeric stabilizer. Lenz et al. (2017), reported coamorphous formation of in-
domethacin with arginine coformer and a polymer [67]. For transdermal application, HME
has been applied to formulate carvedilol containing extrudate based gel with soluplus®

and cyclodextrin [68], eudragit RS PO based extruded film [51], etc. A ketoprofen trans-
dermal gel is also reported where amorphous dispersion of ketoprofen was obtained in
poloxamer carrier by HME technique [69]. In all cases, enhancement of skin permeation
and retaining drug amorphousness have been reported. The outcome of these researches is
presented in Table 2. Drugs in molecular dispersion increases effective concentration and
hence thermodynamic activity, resulting enhanced skin permeation. A sustained zero order
drug diffusion through skin is also observed. Despite several advantages, high processing
temperature, not much availability of suitable polymers is some of the challenges that HME
still needs to overcome.

Table 2. Transdermal amorphous drug-loaded delivery system formulated by HME.

Name of the Drug and
Type of the Formulation

HME (Polymer and Processing
Condition) Outcomes Discussion

Indoemthacin-arginine
coamorphous [67]

Components: Copovidone (20%)
Indomethacin (IND) 53.8%
Arginine (ARG) 26.2%,
Extruder temperature: 70 ◦C,
Speed at 50 RPM for 20 min.
The product was a viscous
yellowish gel.

• Stable coamorphous
product

• No sign of crystallinity
upto 6 months of storage
in at 23 ◦C or 40 ◦C over
silica gel.

• An immediate and high
supersaturation (cmax
about 101 mg/L) in
in vitro dissolution

• Ionic interaction between
copovidone and
IND-ARG occurred

• Amorphousnesss of
ARG is maintained by
copovidone.

• Ex-vivo or In-vivo study
was not reported.

Ketoprofen gel [69]

Components: Ketoprofen (KTP)
was extruded by a Twin screw
extruder containing poloxamer
407 (30–40%).
Temperature range for various
zones of the extruder were 97 to
70 ◦C, screw speed at 50 RPM.

• For 40% poloxamer gels,
the cumulative amount
of drug permeated/unit
area of the porcine
epidermis from the
extruded gel was
2.86 ± 0.31 µg/cm2

compared to
1.54 ± 0.27 µg/cm2 from
the control gel.

• KTP was converted to
fully amorphous form in
the gel.

• Supersaturated state of
the drug promoted the
skin permeation with
enhanced steady
state flux.
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Table 2. Cont.

Name of the Drug and
Type of the Formulation

HME (Polymer and Processing
Condition) Outcomes Discussion

Carvedilol supramolecular
gel [68]

Components: Carvedilol, either α-
cyclodextrin or β-cyclodextrin,
Soluplus® and PEG 400
Twin screw extruder at a
temperature gradient of
150/160/170 ◦C, speed at
150 rpm.

• No drug melting event
was recorded at 117.4 ◦C.

• Supramolecular gel
showed the lowest
47.75% and the highest
80.49% of in vitro drug
release from α

cylcodextrin and β

cyclodextrin,
respectively.

• HME induced
amoprhization favoured
carvedilol to form
inclusion complex with
cyclodextrin.

• Molecular level
dispersion and
amorphization induced
supersaturation occurred
in the gel.

6. Clinical/Preclinical Studies and Patents with Amorphous Drug Based
Transdermal System

Clinical trial search on the transdermal system from Clinical Trials registry revealed
478 study titles, which used ‘transdermal’ keyword [70]. However, the total number of
molecules studied under the trials is limited to not more than ten. The maximum number
of trials examined nicotine, fentanyl, estradiol, buprenorphine, testosterone, rotigotine,
rivastigmine, etc. The lesser number of therapeutic molecules under trials are in line
with the lesser number molecules commercialized as transdermal product. Watkinson has
reviewed the classes of drugs undergone clinical trials as well as marketed [71]. The author
explained that smaller molecules with considerable log P value and high potency were
only the target for successful transdermal delivery. Amorphous drug-loaded transdermal
systems have not been studied clinically. Major problem associated with such system is the
stability of the amorphous drugs. Loading of an amorphous dispersion into transdermal
patch requires some further steps, which include solvent evaporation or long exposure to
environmental condition. These steps might initiate the recrystallization of drugs. Once
the amorphous nature is lost, the supersaturation characteristics would be compromised.
Moreover, polymeric amorphous dispersion contains higher amount of polymeric carrier,
which restricts the drug loading into transdermal patch. This is the major reason behind
the lacking of clinical studies of amorphous dispersion loaded transdermal patch.

While solvent evaporation-based supersaturated transdermal systems are studied
for in vivo parameters, preclinical in vivo or pharmacokinetic evaluation with polymeric
amorphous or coamorphous transdermal systems have not been reported. Most of the
studies are restricted to ex-vivo skin permeation or skin uptake studies. Ex-vivo skin
permeation study provides an idea on the potential of transdermal formulation for uptake
of the drug, its deposition in the skin, and systemic absorption. But, ex-vivo skin permeation
study should be correlated with in vivo pharmacokinetics and their desired therapeutic
responses in animal models. Several inventions on transdermal delivery system have been
published or protected by patents. However, transdermal drug delivery based on the
amorphization of drugs has not been patented exclusively. Only a few patents have been
published depicting such inventions. A summary of the relevant patents is presented in
Table 3.
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Table 3. Patents on transdermal amorphous drug loaded system.

Patent No Title, Filed/Approved Year Invention Detail

US20130316996A1 [72]

Transdermal delivery rate
control using amorphous
pharmaceutical
compositions, 2014

• A transdermal delivery system where amorphous drug
deposits are formed in situ, in the stratum corneum due to
solvent evaporation.

• The composition is claimed 0.1% to about 10% of the drug
or active agent, from about 0.1% to about 10% of a
non-volatile dermal penetration enhancer, and from about
85% to about 99.8% of the volatile solvent by weight.

• A zero order drug release has been achieved for maximum
10 h.

US9925150B2 [73]

Polyvinylpyrrolidone for the
stabilization of a solid
dispersion of the
non-crystalline form of
rotigotine, 2018

• A polymeric amorphous solid dispersion system for
transdermal drug delivery of rotigotine with
Polyvinylpyrrolidone (PVP) as polymeric stabilizer.

• The ratio of rotigotine: PVP has been varied from 9:3.5 to
about 9:6 (w/w).

• Rotigotine free base and PVP forms ‘microreservoir’ in a
suitable dispersion medium.

EP252233 3 [74]

Amorphous drug transdermal
systems, manufacturing
methods, and stabilization,
Published in 2014

• A transdermal supersaturated system of oxybutynin.
• The system comprises of a backing layer, and an adhesive

layer in which amorphous active agent is dispersed and a
release liner.

7. Future Direction

Amorphous drug-loaded supersaturable system can be a promising approach in
transdermal drug delivery shortly. But imparting stability (prevention of recrystallization)
would be a significant hurdle. The future development of transdermal drug delivery
with the drug amorphization concept would be directed towards a stable transdermal
patch. Stable polymeric amorphous systems can be prepared, but the drug load becomes
low. Therefore, the direction of research would be developing a new carrier system for
improving drug load. A porous carrier such as mesoporous silica with high drug loading
capacity with the ability to prevent nucleation of the loaded drug is an upcoming interest.
Industrially feasible HME method is already adopted for processing amorphous systems.
But the application of melt-extruded products for transdermal delivery is to be explored.
The future development in this field could be the implementation of HME based amorphous
drug-loaded transdermal gel. But finding suitable polymers with adequate glass transition
temperature would be a prerequisite. Coamorphous systems should optimize the drug-
coformer ratio targeting high drug loading and better stability.

Loading the coamorphous system into the suitable vehicle and converting it to the final
applicable dosage form, either patch or gel should be of significant interest. Coformers like
urea, citric acid can absorb moisture easily if exposed to the open environment. Therefore
processing of such coamorphous system requires special attention. It is essential to study
the stability of the amorphous drugs after dispersing them into suitable carriers, followed
by loading them into the patch. Future studies with coamorphous transdermal systems
should focus on in vivo studies. The systemic availability and the concentration of drugs
in the blood vs. time profile must be developed. Such a profile can determine how long the
drug concentration remains above the minimum effective concentration for a therapeutic
response. Then, the controlled and sustained drug release can be justified.

8. Conclusions

Overall mechanisms of drug permeation through skin have been studied by this re-
view article. A glimpse of various approaches of promoting drug transport overcoming the
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skin barrier has also been given. Supersaturated drug systems have a higher thermody-
namic activity which helps their diffusion through the skin barrier. Polymeric amorphous
systems and coamorphous systems both possess a higher degree of supersaturation, hence
providing better drug permeation. Prevention of drug recrystallization is the main target
of both systems. However, a detailed stability study as per the regulatory guidelines
and in vivo pharmacokinetics and pharmacodynamic studies can provide more in-depth
knowledge required to further the amorphous drug-loaded supersaturated transdermal
delivery system.
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Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chatterjee, B.; Pal, T.K. Development and in vitro evaluation of micronized sustained release matrix tablet of carvedilol. Int. J.

Pharm. Sci. Res. 2010, 1, 96–102.
2. Liu, T.; Wan, X.; Luo, Z.; Liu, C.; Quan, P.; Cun, D.; Fang, L. A donepezil/cyclodextrin complexation orodispersible film: Effect of

cyclodextrin on taste-masking based on dynamic process and in vivo drug absorption. Asian J. Pharm. Sci. 2019, 14, 183–192.
[CrossRef] [PubMed]

3. Serajuddin, A.T.M. Salt formation to improve drug solubility. Adv. Drug Deliv. Rev. 2007, 59, 603–616. [CrossRef]
4. Luo, Y.; Chen, S.; Zhou, J.; Chen, J.; Tian, L.; Gao, W.; Zhang, Y.; Ma, A.; Li, L.; Zhou, Z. Luteolin cocrystals: Characterization,

evaluation of solubility, oral bioavailability and theoretical calculation. J. Drug Deliv. Sci. Technol. 2019, 50, 248–254. [CrossRef]
5. Celebioglu, A.; Uyar, T. Electrospun formulation of acyclovir/cyclodextrin nanofibers for fast-dissolving antiviral drug delivery.

Mater. Sci. Eng. C 2021, 118, 111514. [CrossRef]
6. Chatterjee, B.; Al-Japairai, K.A.S.; Alkhalidi, H.M.; Mahmood, S.; Almurisi, S.H.; Doolaanea, A.A.; Al-Sindi, T.A. Lyophilized

amorphous dispersion of telmisartan in a combined carrier−alkalizer system: Formulation development and in vivo study. ACS
Omega 2020, 5, 32466–32480. [CrossRef]

7. Chatterjee, B.; Hamed Almurisi, S.; Ahmed Mahdi Dukhan, A.; Mandal, U.K.; Sengupta, P. Controversies with self-emulsifying
drug delivery system from pharmacokinetic point of view. Drug Deliv. 2016, 23, 3639–3652. [CrossRef]

8. Marwah, H.; Garg, T.; Goyal, A.K.; Rath, G. Permeation enhancer strategies in transdermal drug delivery. Drug Deliv. 2016, 23,
564–578. [CrossRef]

9. Sood, J.; Sapra, B.; Tiwary, A.K. Microemulsion transdermal formulation for simultaneous delivery of valsartan and nifedipine:
Formulation by design. AAPS PharmSciTech 2017, 18, 1901–1916. [CrossRef]

10. Souto, E.B.; Baldim, I.; Oliveira, W.P.; Rao, R.; Yadav, N.; Gama, F.M.; Mahant, S. SLN and NLC for topical, dermal, and
transdermal drug delivery. Expert Opin. Drug Deliv. 2020, 17, 357–377. [CrossRef] [PubMed]

11. Mahmood, S.; Chatterjee, B.; Mandal, U.K. Pharmacokinetic evaluation of the synergistic effect of Raloxifene loaded transfersomes
for transdermal delivery. J. Drug Deliv. Sci. Technol. 2021, 63, 102545. [CrossRef]

12. Mahmood, S.; Mandal, U.K.; Chatterjee, B. Transdermal delivery of raloxifene HCl via ethosomal system: Formulation, advanced
characterizations and pharmacokinetic evaluation. Int. J. Pharm. 2018, 542, 36–46. [CrossRef]

13. Kyaw Oo, M.; Mandal, U.K.; Chatterjee, B. Polymeric behavior evaluation of PVP K30-poloxamer binary carrier for solid dispersed
nisoldipine by experimental design. Pharm. Dev. Technol. 2017, 22, 2–12. [CrossRef] [PubMed]

14. Bremmell, K.E.; Prestidge, C.A. Enhancing oral bioavailability of poorly soluble drugs with mesoporous silica based systems:
Opportunities and challenges. Drug Dev. Ind. Pharm. 2019, 45, 349–358. [CrossRef] [PubMed]

15. Hirakawa, Y.; Ueda, H.; Miyano, T.; Kamiya, N.; Goto, M. New insight into transdermal drug delivery with supersaturated
formulation based on co-amorphous system. Int. J. Pharm. 2019, 569, 118582. [CrossRef]

16. Otterbach, A.; Lamprecht, A. Enhanced Skin Permeation of Estradiol by Dimethyl Sulfoxide Containing Transdermal Patches.
Pharmaceutics 2021, 13, 320. [CrossRef] [PubMed]

17. Alkilani, A.Z.; McCrudden, M.T.C.; Donnelly, R.F. Transdermal drug delivery: Innovative pharmaceutical developments based
on disruption of the barrier properties of the stratum corneum. Pharmaceutics 2015, 7, 438–470. [CrossRef]

18. Todo, H. Transdermal permeation of drugs in various animal species. Pharmaceutics 2017, 9, 33. [CrossRef]
19. Neupane, R.; Boddu, S.H.S.; Abou-Dahech, M.S.; Bachu, R.D.; Terrero, D.; Babu, R.J.; Tiwari, A.K. Transdermal delivery of

chemotherapeutics: Strategies, requirements, and opportunities. Pharmaceutics 2021, 13, 960. [CrossRef]
20. Tagami, H. Location-related differences in structure and function of the stratum corneum with special emphasis on those of the

facial skin. Int. J. Cosmet. Sci. 2008, 30, 413–434. [CrossRef]
21. Egawa, M.; Hirao, T.; Takahashi, M. In vivo estimation of stratum corneum thickness from water concentration profiles obtained

with Raman spectroscopy. Acta Derm. Venereol. 2007, 87, 4–8. [CrossRef]
22. Matsui, T.; Amagai, M. Dissecting the formation, structure and barrier function of the stratum corneum. Int. Immunol. 2015, 27,

269–280. [CrossRef]

http://doi.org/10.1016/j.ajps.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/32104450
http://doi.org/10.1016/j.addr.2007.05.010
http://doi.org/10.1016/j.jddst.2019.02.004
http://doi.org/10.1016/j.msec.2020.111514
http://doi.org/10.1021/acsomega.0c04588
http://doi.org/10.1080/10717544.2016.1214990
http://doi.org/10.3109/10717544.2014.935532
http://doi.org/10.1208/s12249-016-0658-0
http://doi.org/10.1080/17425247.2020.1727883
http://www.ncbi.nlm.nih.gov/pubmed/32064958
http://doi.org/10.1016/j.jddst.2021.102545
http://doi.org/10.1016/j.ijpharm.2018.02.044
http://doi.org/10.3109/10837450.2015.1116568
http://www.ncbi.nlm.nih.gov/pubmed/26616399
http://doi.org/10.1080/03639045.2018.1542709
http://www.ncbi.nlm.nih.gov/pubmed/30411991
http://doi.org/10.1016/j.ijpharm.2019.118582
http://doi.org/10.3390/pharmaceutics13030320
http://www.ncbi.nlm.nih.gov/pubmed/33804395
http://doi.org/10.3390/pharmaceutics7040438
http://doi.org/10.3390/pharmaceutics9030033
http://doi.org/10.3390/pharmaceutics13070960
http://doi.org/10.1111/j.1468-2494.2008.00459.x
http://doi.org/10.2340/00015555-0183
http://doi.org/10.1093/intimm/dxv013


Pharmaceutics 2022, 14, 983 15 of 16

23. Karande, P.; Mitragotri, S. Enhancement of transdermal drug delivery via synergistic action of chemicals. Biochim. Biophys. Acta
(BBA)-Biomembr. 2009, 1788, 2362–2373. [CrossRef] [PubMed]

24. Qindeel, M.; Ullah, M.H.; ud Din, F.; Ahmed, N.; Rehman, A. Recent trends, challenges and future outlook of transdermal drug
delivery systems for rheumatoid arthritis therapy. J. Control. Release 2020, 327, 595–615. [CrossRef]

25. Gelker, M.; Müller-Goymann, C.C.; Viöl, W. Permeabilization of human stratum corneum and full-thickness skin samples by a
direct dielectric barrier discharge. Clin. Plasma Med. 2018, 9, 34–40. [CrossRef]

26. Ananda, P.W.R.; Elim, D.; Zaman, H.S.; Muslimin, W.; Tunggeng, M.G.R.; Permana, A.D. Combination of transdermal patches
and solid microneedles for improved transdermal delivery of primaquine. Int. J. Pharm. 2021, 609, 121204. [CrossRef] [PubMed]

27. Hanumanaik, M.; Patil, U.; Kumar, G.; Patel, K.; Singh, I.; Jadatkar, K. Design, evaluation and recent trends in transdermal drug
delivery system: A review. Artic. Int. J. Pharm. Sci. Res. 2012, 3, 8.

28. Wiedersberg, S.; Guy, R.H. Transdermal drug delivery: 30 + years of war and still fighting! J. Control. Release 2014, 190, 150–156.
[CrossRef] [PubMed]

29. USFDA DAYTRANA®(Methylphenidate Transdermal System). Available online: https://www.accessdata.fda.gov/drugsatfda_
docs/label/2015/021514s023lbl.pdf (accessed on 30 April 2021).

30. Surber, C.; Wilhelm, K.P.; Hori, M.; Maibach, H.I.; Guy, R.H. Optimization of Topical Therapy: Partitioning of Drugs into Stratum
Corneum. Pharm. Res. An Off. J. Am. Assoc. Pharm. Sci. 1990, 7, 1320–1324. [CrossRef]

31. Sloan, K.B. Prodrugs for dermal delivery. Adv. Drug Deliv. Rev. 1989, 3, 67–101. [CrossRef]
32. Jornada, D.; dos Santos Fernandes, G.; Chiba, D.; de Melo, T.; dos Santos, J.; Chung, M. The Prodrug Approach: A Successful Tool

for Improving Drug Solubility. Molecules 2015, 21, 42. [CrossRef] [PubMed]
33. Distribution Coefficient Calculator|ACD/LogD Software. Available online: https://www.acdlabs.com/products/percepta/

predictors/logd/index.php (accessed on 30 April 2021).
34. Du Plessis, J.; Pugh, W.J.; Judefeind, A.; Hadgraft, J. The effect of hydrogen bonding on diffusion across model membranes:

Consideration of the number of H-bonding groups. Eur. J. Pharm. Sci. 2001, 13, 135–141. [CrossRef]
35. Hadgraft, J.; Cordes, G.; Wolff, M. Prediction of the Transdermal Delivery of ß-blockers. In Die Haut als Transportorgan für

Arzneistoffe; Rietbrock, N., Ed.; Steinkopff: Dresden, Germany, 1990; pp. 133–143.
36. Golla, S.; Neely, B.J.; Whitebay, E.; Madihally, S.; Robinson, R.L.; Gasem, K.A.M. Virtual Design of Chemical Penetration Enhancers

for Transdermal Drug Delivery. Chem. Biol. Drug Des. 2012, 79, 478–487. [CrossRef]
37. Kumar, R.; Philip, A. Modified Transdermal Technologies: Breaking the Barriers of Drug Permeation via the Skin. Trop. J. Pharm.

Res. 2007, 6, 633. [CrossRef]
38. Finnin, B.C.; Morgan, T.M. Transdermal penetration enhancers: Applications, limitations, and potential. J. Pharm. Sci. 1999, 88,

955–958. [CrossRef] [PubMed]
39. David, D. N’Da Prodrug Strategies for Enhancing the Percutaneous Absorption of Drugs. Molecules 2014, 19, 20780–20807.
40. Bos, J.D.; Meinardi, M.M.H.M. The 500 Dalton rule for the skin penetration of chemical compounds and drugs. Exp. Dermatol.

2000, 9, 165–169. [CrossRef]
41. Zhang, Q.; Grice, J.; Wang, G.; Roberts, M. Cutaneous Metabolism in Transdermal Drug Delivery. Curr. Drug Metab. 2009, 10,

227–235. [CrossRef]
42. Higuchi, T. Physical chemical analysis of percutaneous absorption process from creams and ointments. J. Soc. Cosmet. Chem. 1960,

11, 85–97.
43. Moser, K.; Kriwet, K.; Kalia, Y.N.; Guy, R.H. Enhanced skin permeation of a lipophilic drug using supersaturated formulations. J.

Control. Release 2001, 73, 245–253. [CrossRef]
44. Mauro, J.C. Fick’s Laws of Diffusion. In Materials Kinetics; Elsevier: Amsterdam, The Netherlands, 2021; pp. 39–58.
45. Weng, W.; Quan, P.; Liu, C.; Zhao, H.; Fang, L. Design of a Drug-in-Adhesive Transdermal Patch for Risperidone: Effect of

Drug-Additive Interactions on the Crystallization Inhibition and In Vitro/In Vivo Correlation Study. J. Pharm. Sci. 2016, 105,
3153–3161. [CrossRef]

46. Hirakawa, Y.; Ueda, H.; Takata, Y.; Minamihata, K.; Wakabayashi, R.; Kamiya, N.; Goto, M. Co-amorphous formation of
piroxicam-citric acid to generate supersaturation and improve skin permeation. Eur. J. Pharm. Sci. 2021, 158, 105667. [CrossRef]

47. Ameen, D.; Michniak-Kohn, B. Development and in vitro evaluation of pressure sensitive adhesive patch for the transdermal
delivery of galantamine: Effect of penetration enhancers and crystallization inhibition. Eur. J. Pharm. Biopharm. 2019, 139, 262–271.
[CrossRef] [PubMed]

48. Al-Zoubi, N.; Odah, F.; Obeidat, W.; Al-Jaberi, A.; Partheniadis, I.; Nikolakakis, I. Evaluation of Spironolactone Solid Dispersions
Prepared by Co-Spray Drying with Soluplus ®and Polyvinylpyrrolidone and Influence of Tableting on Drug Release. J. Pharm.
Sci. 2018, 107, P2385–P2398. [CrossRef] [PubMed]

49. Chavan, R.B.; Thipparaboina, R.; Kumar, D.; Shastri, N.R. Evaluation of the inhibitory potential of HPMC, PVP and HPC polymers
on nucleation and crystal growth. RSC Adv. 2016, 6, 77569–77576. [CrossRef]

50. Kotiyan, P.N.; Vavia, P.R. Eudragits: Role as crystallization inhibitors in drug-in-adhesive transdermal systems of estradiol. Eur. J.
Pharm. Biopharm. 2001, 52, 173–180. [CrossRef]

51. Albarahmieh, E.; Qi, S.; Craig, D.Q.M. Hot melt extruded transdermal films based on amorphous solid dispersions in Eudragit
RS PO: The inclusion of hydrophilic additives to develop moisture-activated release systems. Int. J. Pharm. 2016, 514, 270–281.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.bbamem.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19733150
http://doi.org/10.1016/j.jconrel.2020.09.016
http://doi.org/10.1016/j.cpme.2018.02.001
http://doi.org/10.1016/j.ijpharm.2021.121204
http://www.ncbi.nlm.nih.gov/pubmed/34662646
http://doi.org/10.1016/j.jconrel.2014.05.022
http://www.ncbi.nlm.nih.gov/pubmed/24852092
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/021514s023lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/021514s023lbl.pdf
http://doi.org/10.1023/A:1015958526423
http://doi.org/10.1016/0169-409X(89)90005-7
http://doi.org/10.3390/molecules21010042
http://www.ncbi.nlm.nih.gov/pubmed/26729077
https://www.acdlabs.com/products/percepta/predictors/logd/index.php
https://www.acdlabs.com/products/percepta/predictors/logd/index.php
http://doi.org/10.1016/S0928-0987(00)00199-8
http://doi.org/10.1111/j.1747-0285.2011.01293.x
http://doi.org/10.4314/tjpr.v6i1.14641
http://doi.org/10.1021/js990154g
http://www.ncbi.nlm.nih.gov/pubmed/10514338
http://doi.org/10.1034/j.1600-0625.2000.009003165.x
http://doi.org/10.2174/138920009787846350
http://doi.org/10.1016/S0168-3659(01)00290-5
http://doi.org/10.1016/j.xphs.2016.07.003
http://doi.org/10.1016/j.ejps.2020.105667
http://doi.org/10.1016/j.ejpb.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/30981946
http://doi.org/10.1016/j.xphs.2018.04.028
http://www.ncbi.nlm.nih.gov/pubmed/29752945
http://doi.org/10.1039/C6RA19746A
http://doi.org/10.1016/S0939-6411(01)00174-6
http://doi.org/10.1016/j.ijpharm.2016.06.137
http://www.ncbi.nlm.nih.gov/pubmed/27863672


Pharmaceutics 2022, 14, 983 16 of 16

52. Shahzad, Y.; Sohail, S.; Arshad, M.S.; Hussain, T.; Shah, S.N.H. Development of solid dispersions of artemisinin for transdermal
delivery. Int. J. Pharm. 2013, 457, 197–205. [CrossRef] [PubMed]

53. Southwell, D.; Barry, B.W. Penetration enhancers for human skin: Mode of action of 2-pyrrolidone and dimethylformamide on
partition and diffusion of model compounds water, n-alcohols, and caffeine. J. Investig. Dermatol. 1983, 80, 507–514. [CrossRef]
[PubMed]

54. Newman, A.; Hastedt, J.E.; Yazdanian, M. New directions in pharmaceutical amorphous materials and amorphous solid
dispersions, a tribute to Professor George Zografi—Proceedings of the June 2016 Land O’Lakes Conference. AAPS Open 2017, 3,
1–14. [CrossRef]

55. Masuda, T.; Yoshihashi, Y.; Yonemochi, E.; Fujii, K.; Uekusa, H.; Terada, K. Cocrystallization and amorphization induced by
drug-excipient interaction improves the physical properties of acyclovir. Int. J. Pharm. 2012, 422, 160–169. [CrossRef] [PubMed]

56. Chavan, R.B.; Thipparaboina, R.; Kumar, D.; Shastri, N.R. Co amorphous systems: A product development perspective. Int. J.
Pharm. 2016, 515, 403–415. [CrossRef]

57. Qian, S.; Heng, W.; Wei, Y.; Zhang, J.; Gao, Y. Coamorphous lurasidone hydrochloride-saccharin with charge-assisted hydrogen
bonding interaction shows improved physical stability and enhanced dissolution with ph-independent solubility behavior. Cryst.
Growth Des. 2015, 15, 2920–2928. [CrossRef]

58. Lakshman, D.; Chegireddy, M.; Hanegave, G.K.; Sree, K.N.; Kumar, N.; Lewis, S.A.; Dengale, S.J. Investigation of drug-polymer
miscibility, biorelevant dissolution, and bioavailability improvement of Dolutegravir-polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol graft copolymer solid dispersions. Eur. J. Pharm. Sci. 2020, 142, 105137. [CrossRef]

59. Sarpal, K.; Munson, E.J. Amorphous Solid Dispersions of Felodipine and Nifedipine with Soluplus®: Drug-Polymer Miscibility
and Intermolecular Interactions. J. Pharm. Sci. 2021, 110, 1457–1469. [CrossRef]

60. Pas, T.; Bergonzi, A.; Michiels, E.; Rousseau, F.; Schymkowitz, J.; Koekoekx, R.; Clasen, C.; Vergauwen, B.; Van Den Mooter, G.
Preparation of Amorphous Solid Dispersions by Cryomilling: Chemical and Physical Concerns Related to Active Pharmaceutical
Ingredients and Carriers. Mol. Pharm. 2020, 17, 1001–1013. [CrossRef]

61. Ruponen, M.; Kettunen, K.; Pires, M.S.; Laitinen, R. Co-amorphous formulations of furosemide with arginine and p-glycoprotein
inhibitor drugs. Pharmaceutics 2021, 13, 171. [CrossRef]

62. Lim, A.W.; Löbmann, K.; Grohganz, H.; Rades, T.; Chieng, N. Investigation of physical properties and stability of indomethacin-
cimetidine and naproxen-cimetidine co-amorphous systems prepared by quench cooling, coprecipitation and ball milling. J.
Pharm. Pharmacol. 2016, 68, 36–45. [CrossRef]

63. Tambe, S.; Jain, D.; Agarwal, Y.; Amin, P. Hot-melt extrusion: Highlighting recent advances in pharmaceutical applications. J.
Drug Deliv. Sci. Technol. 2021, 63, 102452. [CrossRef]

64. Bandari, S.; Nyavanandi, D.; Dumpa, N.; Repka, M.A. Coupling hot melt extrusion and fused deposition modeling: Critical
properties for successful performance. Adv. Drug Deliv. Rev. 2021, 172, 52–63. [CrossRef]

65. Chivate, A.; Garkal, A.; Hariharan, K.; Mehta, T. Exploring novel carrier for improving bioavailability of Itraconazole; Solid
dispersion through Hot Melt extrusion. J. Drug Deliv. Sci. Technol. 2021, 63, 102541. [CrossRef]

66. Giri, B.R.; Kwon, J.; Vo, A.Q.; Bhagurkar, A.M.; Bandari, S.; Kim, D.W. Hot-melt extruded amorphous solid dispersion for
solubility, stability, and bioavailability enhancement of telmisartan. Pharmaceuticals 2021, 14, 73. [CrossRef]

67. Lenz, E.; Löbmann, K.; Rades, T.; Knop, K.; Kleinebudde, P. Hot Melt Extrusion and Spray Drying of Co-amorphous Indomethacin-
Arginine with Polymers. J. Pharm. Sci. 2017, 106, 302–312. [CrossRef]

68. Marreto, R.N.; Cardoso, G.; dos Santos Souza, B.; Martin-Pastor, M.; Cunha-Filho, M.; Taveira, S.F.; Concheiro, A.; Alvarez-
Lorenzo, C. Hot melt-extrusion improves the properties of cyclodextrin-based poly(pseudo)rotaxanes for transdermal formulation.
Int. J. Pharm. 2020, 586, 119510. [CrossRef]

69. Mendonsa, N.S.; Murthy, S.N.; Hashemnejad, S.M.; Kundu, S.; Zhang, F.; Repka, M.A. Development of poloxamer gel formulations
via hot-melt extrusion technology. Int. J. Pharm. 2018, 537, 122–131. [CrossRef]

70. Home—ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ (accessed on 10 May 2021).
71. Watkinson, A.C. A commentary on transdermal drug delivery systems in clinical trials. J. Pharm. Sci. 2013, 102, 3082–3088.

[CrossRef] [PubMed]
72. Morgan, T.M.; Wilkins, N.F.; Leonard, K.T.-J.F.; Barry, B.C. Transdermal Delivery Rate Control Using Amorphous Pharmaceutical

Compositions. US20130316996A1, 22 July 2014.
73. Müller, H.-M.W.; Arth, C.; Quere, L.; Walter, M. Polyvinylpyrrolidone for the Stabilization of a Solid Dispersion of the Non-

Crystalline Form of Rotigotine. US9925150B2, 27 March 2018.
74. Tang, J.; Deverich, J.M.; Miller, K.J.I.; Beste, R. Amorphous Drug Transdermal Systems, Manufacturing Methods, and Stabilization.

WO2008115371A3, 27 August 2009.

http://doi.org/10.1016/j.ijpharm.2013.09.027
http://www.ncbi.nlm.nih.gov/pubmed/24084449
http://doi.org/10.1111/1523-1747.ep12535090
http://www.ncbi.nlm.nih.gov/pubmed/6854051
http://doi.org/10.1186/s41120-017-0017-6
http://doi.org/10.1016/j.ijpharm.2011.10.046
http://www.ncbi.nlm.nih.gov/pubmed/22079714
http://doi.org/10.1016/j.ijpharm.2016.10.043
http://doi.org/10.1021/acs.cgd.5b00349
http://doi.org/10.1016/j.ejps.2019.105137
http://doi.org/10.1016/j.xphs.2020.12.022
http://doi.org/10.1021/acs.molpharmaceut.9b01265
http://doi.org/10.3390/pharmaceutics13020171
http://doi.org/10.1111/jphp.12494
http://doi.org/10.1016/j.jddst.2021.102452
http://doi.org/10.1016/j.addr.2021.02.006
http://doi.org/10.1016/j.jddst.2021.102541
http://doi.org/10.3390/ph14010073
http://doi.org/10.1016/j.xphs.2016.09.027
http://doi.org/10.1016/j.ijpharm.2020.119510
http://doi.org/10.1016/j.ijpharm.2017.12.008
https://clinicaltrials.gov/
http://doi.org/10.1002/jps.23490
http://www.ncbi.nlm.nih.gov/pubmed/23468246

	Introduction 
	Overall Features of Transdermal Drug Delivery 
	Skin as a Barrier to Transdermal Drug Delivery 
	Pathways of Drug Transport 
	Transdermal Permeation and Drug Characteristics 

	Mechanistic Aspects of Amorphous Drug Dispersion for Transdermal Delivery 
	Amorphous Drug Loaded Transdermal Systems 
	Polymeric Amorphous System 
	Coamorphous System 
	Factors to Consider for Coamorphous Transdermal System Development 


	Method of Preparing Transdermal Coamorphous System 
	Clinical/Preclinical Studies and Patents with Amorphous Drug Based Transdermal System 
	Future Direction 
	Conclusions 
	References

