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Abstract. This review highlights in vitro drug dissolution/permeation methods available for
topical and transdermal nanocarriers that have been designed to modulate the propensity of
drug release, drug penetration into skin, and permeation into systemic circulation. Presently,
a few of USFDA-approved in vitro dissolution/permeation methods are available for skin
product testing with no specific application to nanocarriers. Researchers are largely utilizing
the in-house dissolution/permeation testing methods of nanocarriers. These drug release and
permeation methods are pending to be standardized. Their biorelevance with reference to
in vivo plasma concentration—time profiles requires further exploration to enable translation
of in vitro data for in vivo or clinical performance prediction.
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SKIN

The skin is the largest human organ which accounts for
10 to 15% of body mass and covers nearly 2 m* of the body
(1-3). The primary function of the skin is to act as a physical
barrier that protects all other tissues from the external
environment, infections, and excessive water loss. In
addition, the skin helps to regulate body temperature and
acts as the primary sensory organ. The full thickness of
human skin consists of three principal layers: epidermis,
dermis, and hypodermis. The epidermis is the outermost
layer of skin constituting primarily of keratinocytes and is
nourished by blood capillaries located in the dermis (1). The
topmost epidermal layer is known as the stratum corneum
(horny layer). The stratum corneum is a nonviable epidermis
of 10 to 20 um thick and composes of dead, flattened, keratin-
rich cells, known as corneocytes (2,4). The corneocytes are
surrounded by a cell envelope stabilized by cross-linked
proteins and covalently bound lipids. These lipids are
comprised of ceramides, free fatty acids, and cholesterol.
The lipids and proteins located in this layer restrict the
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diffusion of most molecules due to the nature of their
structural organization resembling a “brick and mortar,” thus
rendering the stratum corneum as the primary absorption
barrier of the skin (2). The stratum corneum constitutes only
10% of the entire skin structure. Nonetheless, it represents a
significant cutaneous barrier to exogenous compounds spe-
cifically those polar in nature.

DRUG DIFFUSION PATHWAYS

Generally, there are three potential routes of passive
transport of drug molecules, from the surface of the skin to
reach the subepidermal tissue region: (I) transappendageal, (IT)
transcellular route and (III) intercellular pathway (2).

The transappendageal or shunt route involves the
diffusion of drugs into the skin through sweat gland pores
(diameter 40-80 um) (5) and hair follicle orifices (diameter
50-150 pm) (6). The drugs can directly reach the dermis
without having to traverse through the stratum corneum.
Hydrophilic and high molecular weight drug molecules, as
well as particulate drug delivery systems such as liposomes,
can adopt to the follicular penetration route (1,7-10). The
follicular penetration is promoted by the movement of hair
follicles which acts as a geared pump due to the zigzag
structure of the cuticular layers along the hair shaft. The
density of the skin appendages varies according to the body
regions (10). The fractional area offered, however, is minimal
and not more than 0.1% (1,2).

The intercellular pathway has the drugs diffused through
the continuous lipid domains of the stratum corneum between
the corneocytes and/or their surrounding aqueous pores into
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the viable epidermis and dermis. This route is considered
to be the predominant pathway for the penetration of
exogenous compounds through the skin (1,9). Most
lipophilic drugs are absorbed via the intercellular pathway.
This pathway is tortuous and indeed longer in distance
than the thickness of the stratum corneum (4). The
transcellular route is often regarded as a penetration
pathway for small polar drugs (11). The drugs diffuse
through the corneocytes passing through aqueous pores as
well as partitioning into the lipid layers by interacting with
their hydrophilic domains.

ANATOMICAL AND PHYSIOLOGICAL SKIN
BARRIERS

The epidermal thickness and its hydration level as
well as hair follicle density dictate the drug penetration
capacity across the skin (12,13). Further, the pH, enzy-
matic activity, and microflora of the skin can negate the
physicochemical stability of drugs, thereby reducing their
therapeutic effectiveness. The pH of human skin typically
ranges from 4.5 to 5.0 in the outer part of the stratum
corneum and approaches neutrality in the lower part of
the stratum corneum (14,15). The acidic characteristics of
the stratum corneum may bring about drug degradation or
unfavorable changes in its physicochemical properties
which in turn reduces drug diffusion and absorption. The
viable epidermis is composed of lytic enzymes (15,16). The
spectrum and metabolic reactions of the enzymes are
comparable to those found in other tissues such as the
liver. However, the skin enzymatic activity is low, typically
at 10% of the liver. A variety of endogenous enzymes such
as proteases, lipases, and hyaluronidase are present in the
extracellular compartment of the stratum corneum, seba-
ceous glands, and near hair follicles. The level of
enzymatic activity varies with different anatomical sites of
the skin (1). Healthy human skin is colonized by a range
of microorganisms including staphylococci, micrococci, and
propionibacterium (17). The skin flora possesses a wide
range of enzymes capable of metabolizing topically applied
molecules.

NANOCARRIERS FOR TOPICAL AND
TRANSDERMAL DELIVERY

The United States Food and Drug Administration
(USFDA) stated two “points to consider” in determining
whether an FDA-regulated product involves the application
of nanotechnology: (I) whether a material or end product is
engineered to have at least one external dimension or an
internal or surface structure, in the nanoscale range (approx-
imately 1 to 100 nm); or (II) whether a material or end
product is engineered to exhibit properties or phenomena,
including physical or chemical properties or biological effects,
that are attributable to its dimension(s), even if these
dimensions fall outside the nanoscale range, up to 1 um
(1000 nm) (18). In this review, the terms nanomedicines,
nanomaterials, nanoparticles, nanocarriers, and
nanopharmaceuticals refer to entities that conform to the
FDA’s “points to consider.”
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Nanocarriers are defined as entities that are constructed
using nanomaterials which add additional functionality to the
active drug (19). They span a variety of structures including
nanocrystals, nanosuspensions, nanoemulsions, liposomes,
micelles, and polymer-based nanoformulations (19,20). With
reference to skin drug delivery, the nanocarriers modulate the
drug performance topically (on or into the skin strata) or
transdermally (systemic exposure upon drug penetration
through skin layers) over conventional dosage forms by
offering features such as improved aqueous solubility and
increased specific surface area as well as site-targeted delivery
of drugs. Nanocarriers can be made of natural polysaccha-
rides derived from various sources, such as algae (alginate),
plants (pectin), microbes (dextran, xanthan gum), and
animals (chitosan) (21). They can be made up of physiological
lipids that are biodegradable and considered as well tolerated
at the cellular level (22). Loading of drugs in nanocarriers
protects them from premature chemical and enzymatic
degradation (21).

The skin drug delivery by means of nanocarriers is
mediated via several mechanisms, namely (I) the drug
molecules are first released from the nanocarriers at the skin
surfaces followed by drug diffusion into the skin, (II) the
drug-loaded nanocarriers fuse with the stratum corneum at
the skin—air interface and release the drug molecules into the
skin thereafter, (III) the drug-loaded nanocarriers penetrate
into the skin and release the drug at deeper skin layers, or
(IV) a combination of any (1,23). The topical drug delivery
involves the accumulation of the drug and/or nanocarriers at
the epidermis and/or dermis layers, whereas transdermal drug
delivery has the drug and/or nanocarriers permeated into the
systemic circulation.

Size is regarded as one of the parameters influencing the
penetration depth of nanocarriers through the skin (8,24,25).
Being nano in size, the nanocarriers may traverse deeper into
the skin and facilitate the transport of drug molecules through
the skin tissue (1,26). It has been suggested that nanocarriers
with dimensions <20 nm may penetrate or permeate intact
skin (2), nanocarriers <45 nm may penetrate the damaged
skin, and larger particles may be translocated or stored in the
skin appendages (25). The nanocarriers possess a large
surface area-to-volume ratio (21,27). They can transport a
large amount of therapeutic cargo with a lesser volume (28).
The drug loading and release profiles of nanocarriers can be
easily tuned by altering their material composition and
physical characteristics. The smart nanocarriers, comprising
of stimulus-responsive building blocks as a part of the
polymeric structure, can be designed to release drugs in
response to skin microenvironmental stimuli such as temper-
ature and pH as a function of skin diseases (1,29). Alterna-
tively, the nanocarriers may serve as a skin depot releasing
the encapsulated drug molecules over time (26). The
nanocarriers can be decorated with targeting ligands for
site-specific drug delivery (30). The pharmacokinetics and
tissue biodistribution of drugs can be altered with the aim of
maximizing the therapeutic effects and reducing the adverse
effects of the drugs, specifically with reference to cancer
treatments (1,3). Further, the nanocarriers can also be
formulated to release drugs in a controlled manner by
creating reservoirs in the skin to enhance localized therapeu-
tic effects without developing systemic adverse effects (23,31).
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IN VITRO DRUG DISSOLUTION TESTS OF
NANOCARRIERS

The clinical bioavailability, efficacy, and safety of
active molecules are associated with their in vitro perfor-
mance with respect to drug dissolution and release (32-34).
As stated in the USFDA guidance for industry 2017 (35), a
fully validated in vitro drug dissolution/release testing
serves as an essential tool to assess the quality of a drug
product and to predict its in vivo performance (Fig. 1).
In vitro dissolution test measures the drug release from
nanocarriers as a function of time under a standardized
setup (e.g., type of membrane, temperature, pH and
volume of dissolution media, agitation/rotation speed, and
surfactant type and concentration) which simulates the
body conditions (35). Depending on drug solubility, the
dissolution medium may need to contain alcohol or
surfactant. The dissolution test may be conducted without
a synthetic membrane support as a function of drug
product characteristics. In the case of topical and transder-
mal drug products, the dissolution test temperature and pH
are typically set at 32 +1°C and 5.5, respectively, to reflect
the normal skin surface temperature and pH (37-39). A
temperature of 37°C, however, may be used in the case of
vaginal products.

Between 1970 and 2015, a total of 359 applications for
drug products containing nanomaterials were submitted to
the Center for Drug Evaluation and Research within the
FDA (30). Of these, approximately 4% of the submission
is intended for topical application. However, only several
submissions successfully gained regulatory approval
(Table I). Pharmacopeial testing of pharmaceutical prod-
ucts is a fundamental requirement for most regulatory
submissions around the world to ensure product quality,
safety, and efficacy. Pharmacopeial monographs such as the
US Pharmacopeia-National Formulary (USP/NF), the
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European Pharmacopoeia (EP), the Japanese Pharmaco-
poeia (JP), and the British Pharmacopoeia (BP) provide
standardized drug dissolution methods and specifications
for conventional dosage forms. The methods of drug
dissolution differ from drug permeation measurement
(45). The latter uses a biological tissue or a cell line
instead of a synthetic membrane as the interface between
the dosage form and the simulated systemic circulation.
The standard tests are essential to provide regulatory
authorities with the necessary data to allow a better
correlation between in vitro and in vivo settings. To the
best of our knowledge, compendial standards are available
to assess the drug dissolution/permeation profiles of topical
and transdermal dosage forms but with no specific appli-
cations to nanocarriers or nanomedicine.

DRUG DISSOLUTION METHODS FOR TOPICAL AND
TRANSDERMAL NANOCARRIERS

The present compendial apparatus such as paddle over
disk/disk assembly method (USP apparatus 5/EP 2.9.4.1),
rotating cylinder (USP apparatus 6/EP 2.9.4.3), reciprocat-
ing disk (USP apparatus 7), and paddle over extraction cell
method (EP 2.9.4.2) have been used for analyzing the drug
dissolution profiles of transdermal products (38). In the
case of semisolid topical dosage forms, the drug release
rate profiles have been attained using the apparatus listed
in USP Chapter <1724> namely vertical diffusion cell
(Franz cell), immersion cell, and flow-through cell (USP
apparatus 4) (46). With reference to topical and transder-
mal nanocarriers, there are no official compendial methods.
The following sections highlight experimental approaches
related to in vitro drug dissolution testings that have been
adopted at the laboratory level for nanocarriers adminis-
tered via the skin.
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Fig. 1. The central roles of in vitro dissolution testing (early phases of product
development shaped in blue, late phases in orange, market phase in black; dotted red
arrows show the interplay of dissolution and black arrows show the interaction between the
different development phases). Adopted from Scheubel (36) with reprint permission
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Table I. Marketed Topical and Transdermal Nanomedicines

Reference

Manufacturer (country)

Year of approval/
regulatory agency

Nanocarrier

Therapeutic
indication

Dosage

Drug

Product name

form/route

(30,40-42)

Novavax, Inc. (USA)

2003/FDA

Micellar nanoparticles

Moderate to severe vasomotor

Estradiol hemihydrate Emulsion/transdermal

Estrasorb™

symptoms due to menopause
Moderate to severe vasomotor

(30,40,41)

BioSanté Pharmaceuticals,

2006/FDA

Calcium phosphate-

Gel/transdermal

Estradiol

Elestrin™

Inc. (USA)
Ferndale Pharmaceuticals

based nanoparticles

symptoms due to menopause
Local anesthetic to provide skin Liposome

(36,43)

2007/Medicines and

Cream/topical

LMX®4 (previously Lidocaine

Ltd. (USA)

Healthcare Products

surface anesthesia prior to
venous cannulation or

venipuncture
Treatment of actinic keratosis

known as

Regulatory Agency

(MHRA)
2016/FDA

ELA-Max)

(9,44)

Biofrontera Bioscience

Nanoemulsion

Gel/topical

Aminolevulinic acid

Ameluz®

GmbH (Germany)

of mild to moderate intensity

of the face and scalp

hydrochloride
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Membrane-Free Dissolution Method

The membrane-free method is simple and a direct
approach to determine the drug release from the
nanoparticulate systems. In membrane-free methods,
nanocarriers are directly introduced into the release medium
maintained at a constant temperature. Drug release is
assessed by physically separating the nanocarriers from the
release media at predetermined time intervals via sample
separation techniques (filtration/centrifugation/centrifugal ul-
trafiltration), and drug amount in the filtrate/supernatant is
subsequently quantified using a suitable analytical technique
(47,48).

Sabitha et al. (49) investigate in vitro drug dissolution
profiles of 5-fluorouracil-loaded chitin nanogels at two
different pH conditions, namely physiological (pH 7.4) and
acidic (pH 4.5), with the latter simulating the skin or tumor
site. The test proceeds by dispersing the pelleted samples
freely in the dissolution medium at 37°C and subjecting to
shaking at 50 rpm. Aliquots are withdrawn at specified time
intervals and assayed for dissolved drug content. Fresh
dissolution medium is replaced when applicable to maintain
the sink test condition.

The USP paddle method type II dissolution apparatus
has been employed to investigate the in vitro release rate of
skin product in a membrane-free manner (50,51). Phosphate
buffer pH 5.5 or 7.4 is used as the dissolution medium with its
temperature being kept at 32 +0.5°C and stirring speed at
50 rpm.

Modified USP Dissolution Apparatus

Elmowafy ef al. (52) analyze indomethacin release from
nanocapsules and nanospheres using a modified USP disso-
lution apparatus (type I) which is also known as a glass basket
dialysis method. The basket is replaced with a cylindrical
glass tube (2.5 cm in diameter and 6 cm in length with a
surface area of 4.9 cm?) which is tightly covered with a
cellulose acetate membrane (molecular weight cutoff
diameter 12,000-14,000 Da) at the bottom and attached to a
basket shaft (Fig. 2). About 2 mL of test formulations are
placed in the cylindrical tube and dipped into 200 mL
phosphate buffer saline pH 7.4. The apparatus temperature
is maintained at 32 + 0.5°C with a constant stirring speed of
100 rpm.

USP dissolution paddle method (type II) has been
adopted by Kelidari ef al. (54) and Moazeni et al. (55) to
examine the drug dissolution behavior of spironolactone and
fluconazole-loaded solid lipid nanoparticles, respectively
(23,24) and Somagoni et al. (56) from the nanomiemgel
containing aceclofenac and capsaicin (Fig. 2). Kelidari ef al.
(54) place the solid lipid nanoparticles directly into dissolu-
tion vessels containing the simulated intestinal fluid pH 6.8
(900 mL) of which it is maintained at 37°C with a paddle
rotation speed of 60 rpm. The USP dissolution method
resembles the membrane-free dissolution method. Moazeni
et al. (55), on the other hand, introduce the solid lipid
nanoparticulate dispersion into a dialysis bag (molecular
weight cutoff diameter 12500 Da) and have it placed in
500 mL of simulated intestinal fluid pH 6.8. Prior to drug
assay, the aliquots withdrawn are subjected to membrane
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Fig. 2. Schematic representations of USP dissolution apparatus: a type I (basket) and b
modified type I [adopted from D’Souza (47), copyright permitted for unrestricted use in
any medium] and ¢ type II (paddle) [adopted from Jug et al. (53) with reprint permission

from Elsevier]

filtration (pore size 0.22 pm) and centrifugation (30 min at
25,000 rpm) to isolate fractions with dissolved drugs (23,24).
Somagoni et al. (56) adopted a similar protocol as Moazeni
et al. (55) where the nanoformulations are introduced in a
cellulosic dialysis bag (molecular weight cutoff diameter
12,000 Da). With reference to the membrane-free method,
the nanocarriers are present in the aliquots. Processing of
aliquots by centrifugation or alternative separation tech-
niques may lead to drug leaching from the nanocarriers.
The extent and rate of drug release may be overestimated.

Membrane-Modeled Dissolution Method

In view of the complications of the membrane-free
method, the membrane-modeled dissolution method is de-
vised to reduce the probability of nanocarriers entering into
the aliquots. Divya et al. (57) and Panonnummal et al. (58)
contain the chitin-based nanogels in a cellophane membrane
prior subjecting them to drug dissolution test as per the
membrane-free method. Through the use of a membrane
barrier, the donor (internal space of membrane tubing) and
receptor (external space of membrane tubing) compartments
are availed and the choice of the dissolution medium in the
donor and receptor compartments may be varied. Divya et al.
(57) disperse the nanogel pellets in donor fluid constituting
pH 5.5 buffer and introduce it into a receptor fluid containing
a mixture of pH 5.5 buffer and methanol (7:3) for acitretin
and pH 5.5 buffer alone for aloe emodin. Panonnummal et al.
(58), on the other hand, use phosphate buffer saline—ethanol
mixture (7:3) as the receptor fluid. The organic solvent is
introduced into the receptor fluids with the aim to promote
drug solubilization and ease its chemical assay. Membranes
such as cellophane (57-59) and cellulose (60,61) have been
used with critical pore sizes not less than the molecular
dimension of the dissolved drugs. Similar experimental
approaches are also adopted by various researchers for
investigating the dissolution characteristics of co-delivery of
clobitasol propionate and calcipotriol (59), loperamide (60),
benzocaine (61), amphotericin B (62), miconazole nitrate

(63), and triptolide (64). A schematic representation of the
membrane-modeled dissolution method is shown in Fig. 3.

The dialysis membrane has been used as the donor
compartment with USP paddle method type II dissolution
apparatus as the receptor compartment (66-72), apart from
being left floating in a beaker or a stoppered glass vessel
containing a receptor medium and stirred continuously at a
specific temperature (73-75). Phosphate buffer pH 5.5 or 7.4
is used as the dissolution medium with its temperature
typically being kept at 32 or 37°C and stirring speed at 50 to
500 rpm.

Diffusion Cell Method

Different types of diffusion cell apparatus, i.e., horizon-
tal, vertical, and flow-through diffusion cells have been used
in assessing the drug dissolution profiles of nanocarriers (47).
A typical apparatus is constituted of donor (top chamber) and
receptor (bottom chamber) compartments which are
partitioned by methylcellulose, nylon, cellophane, cellulose
nitrate, or polysulfone membrane as the support of the skin
products (76-79). The choice of membrane is governed by its
pore size and composition to enable the released drug to
diffuse into the receptor fluids (77). The membrane may be
treated by soaking in isopropyl myristate to introduce the
lipophilic property of the stratum corneum prior to mounting
it onto the diffusion cell (78). Nonetheless, such treatment
may complicate the drug dissolution with drug permeation
due to the presence of a skin-like membrane. The sample
(nanogels, solid lipid nanoparticles, nanoemulsion, nanostruc-
tured lipid carriers, and polymeric nanoparticles) is applied
uniformly on the membrane surfaces facing the donor
compartment (0.1-0.5 g). The dissolved drug passes through
the membrane into the receptor compartment which is filled
with a dissolution medium such as ethanol/water at 7:3
volume ratio, phosphate buffer pH 7.4, or a mixture of
phosphate buffer saline pH 7.4 and Tween 80 or polysorbate
80 (76-78,80). The dissolution medium is introduced to the
receptor compartment with care to avoid trapping the air
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Fig. 3. Schematic representation of the membrane-modeled dissolution method. Adopted
and modified from Deva Prasad (65) with reprint permission

pockets beneath the membrane which affect temperature
distribution and drug diffusion from the top to the bottom
chambers (8-10). The cell is maintained at a constant
temperature of 32 to 37°C to simulate the temperature of
human skin, and stirring speed is set at 600 to 800 rpm
throughout the experiment. An aliquot of sample (200 to
400 pL) is collected from the receptor compartment via a
sampling port at regular intervals for the quantification of
drug release using suitable analytical techniques such as UV-

Donor Chamber
(membrane not shown)

a4

o WA WA

Circulator Ports

visible spectrophotometry, high-performance liquid chroma-
tography, and liquid chromatography—mass spectrometry.
Vertical diffusion cell is the most commonly used
experimental apparatus to assess the drug release profiles of
nanosized dosage forms (Fig. 4). It is available in different
configurations such as the Franz diffusion cell, K-C cell
(Keshary and Chien), and J-L cell (Jhawar and Lordi)
(81,82). The vertical diffusion cell is constituted of amber or
clear glass with the receptor compartment characterized by a

Standard Cell Top
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Water Jacket

Media Replace Port

Bubble Trap
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Fig. 4. Schematic representation of vertical diffusion cell with varied receptor chamber volume capacities
(4, 7, and 12 mL). Hanson VDCs are compatible with synthetic, animal skin, cadaver skin, and Strat-M®
membranes. Adopted from Teledyne Hanson Research (81) with reprint permission
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customized volume capacity of 4, 7, or 12 mL. The Franz
diffusion cell, with a receptor compartment volume of 10—
12 mL, has an effective surface area of 1.5-5.0 cm? The
receptor temperature is usually set to 32°C to reflect normal
skin conditions. The J-L cell has 1 L USP dissolution vessel
as a receptor compartment and an effective contact area of
12.6 cm® The J-L cell is developed to evaluate the drug
dissolution profiles of suppositories. The K-C cell is devel-
oped with a receptor volume of 12 mL and a surface area of
3.14 cm®. The K-C cell has the common apparatus configu-
ration of vertical diffusion cell (Fig. 5) and is developed to
overcome the limitation of Franz diffusion cells such as poor
solution hydrodynamics, poor mixing, and temperature dif-
ference between donor and receptor compartments (83). The
K-C cell is installed with a stirrer system within the receptor
compartment to improve the efficiency of fluid mixing and
increase the content homogeneity of the receptor compart-
ment having larger volumes of dissolution medium (>15 mL)
(82). It assures sink condition and is critical in the evaluation
of diffusion profiles of water-insoluble drugs.

Among all designs, the Franz diffusion cell is the most
common apparatus used to examine the in vitro drug
dissolution profiles of nanocarriers. Table II summarizes the
types of drugs and nanocarriers and dissolution test param-
eters in association with skin dosage forms. With reference to
Franz diffusion cell application, synthetic membranes such as
polysulfone, cellulose, nylon, cellophane, cellulose nitrate
impregnated with lauryl alcohol, dialysis membrane, or
cellulose acetate in nature have been used as inert support
of nanocarriers during the drug dissolution test. Phosphate
buffer pH 5.5, 6.8, and 7.4, as well as HEPES buffer pH 7.4,
had been used as the dissolution media. The dissolution
medium is subjected to a wide range of stirring speed
between 50 and 600 rpm. The alcohol and/or surfactant may
be introduced in the receptor fluids to solubilize the released
drugs for ease of drug assay, while a preservative may be
added to retard the microbial growth in tests conducted over
a prolonged duration. The nanocarriers may be applied
directly or dispersed in a buffer solution prior to placing onto
the membrane. The skin surface temperature and pH of
human are 32°C and 5.5, respectively (106). The drug release
is commonly referred to as fractional drug dissolved and
deposited on the skin surfaces prior to its penetration into
deep skin layers and permeation into the systemic blood

Donor

Stirrer

Sampling port

A\

X
s

Receptor

—

Fig. 5. Schematic diagram of the modified K-C diffusion apparatus.
Adopted from Murthy and Hiremath (83) with reprint permission
from Springer
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circulation. With reference to the in vitro drug dissolution test
of nanocarriers applied onto the skin, the dissolution tests
nevertheless adopt human core body temperature and
systemic circulation pH of 37°C and 7.4, respectively. These
experimental conditions do not reflect the skin surface
conditions. It brings about a misinterpretation about the
dosage form performance specifically when pH-sensitive and/
or temperature-dependent materials are used in the develop-
ment of skin dosage forms.

Commercial Mini Dialysis Device

Inferring from diffusion cell and membrane-modeled
dissolution methods, commercial mini dialysis devices are
innovated with a unique polypropylene cup-like design at
various volume capacities of 0.1, 0.5, and 2 mL (Fig. 6). The
bottom of the cup is installed with a dialysis membrane with
pore sizes corresponding to molecular weight cutoff diameters
of 2000, 3500, 7000, 10,000, or 20,000 Da and low-binding
regenerated cellulose membrane being used due to its good
compatibility with common chemicals and buffer (107). Bose
et al. (103) have performed the release study of quercetin
formulated in the form of solid lipid nanoparticles using the
commercial mini dialysis device. The sample is introduced
into the cup which is denoted as the donor compartment. The
mixture of distilled water and absolute alcohol at the volume
ratio of 6.5:3.5 is used as the dissolution medium of the
receptor compartment in the conical tube. The experiment is
carried out at 37°C and a stirring speed of 100 rpm. The
aliquot can be easily accessed from the receptor compart-
ment, and replacement of fresh dissolution medium is
possible. In comparison to the conventional membrane-
modeled dissolution method, easy addition and removal of
samples using standard laboratory pipettes and ease of
testing multiple samples simultaneously with minimized
amounts of dialysis buffer are the primary advantages of
this innovation (107).

Drug-Selective Electrode Method

The drug-selective electrode method has been innovated
to circumvent the major hurdles of membrane-modeled and
membrane-free dissolution methods (108,109). The drug
dissolution is conducted without the use of a dialysis
membrane. It avoids drug-dialysis membrane interaction
and adsorption which in turn prevents underestimation of
the drug dissolution propensity and violation of the phenom-
enon of sink conditions due to the limitation imposed by the
membrane. Using the drug-selective electrode method, the
nanocarriers are freely available in a dissolution medium
without any containment by a membrane, and the step of
centrifugation can, however, be omitted as the drug assay is
conducted in situ during the process of dissolution. The risks
of overestimation of dissolved drug content can be reduced
through reducing drug expulsion from delivery vesicles that
are captured in the aliquot under the influence of centrifugal
forces when the membrane-free method is concerned.

A schematic representation of the drug-selective elec-
trode method is shown in Fig. 7. The test selectivity is brought
about by drugs being electroactive. The method utilizes
electrochemical analysis for measurement of drug release
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2. Place the device into the
conical tube containing the
buffer and cap the tube.

1. Add sample
into the device.

3. Shake gently on
an orbital shaker.

4. Replace dialysis buffer after
2-3 h and shake for an
additional 2-4 h or overnight.

5. Remove the device
from the conical tube
and recover the sample.

Fig. 6. Schematic representation of commercial mini dialysis device. Adopted and redrawn from Thermo Fischer Scientific (107)

under real-time conditions. A few approaches such as
potentiometric (104), repetitive square-wave voltammetric
(105), and differential pulse polarography (110,111) systems
are used to assess real-time drug release directly and
continuously from a dosage form. The drug-selective elec-
trode method is limited to electroactive drugs, requires
sensors specific to a particular drug, and is characterized by
varying sensitivities and responses with each technique or in
response to changes in pH or ionic strength of the dissolution
medium (47,108). In general, the drug-selective electrode
method is constituted of a double-walled jacketed vessel
containing a dissolution medium where the drug-loaded
nanocarriers are introduced for real-time measurement of
drug release, working electrode, reference electrode, and

Drug Selective Electrodes

Released drug

Medium

Nanocarrier
Electrochemically monitor
released drug

a

counter electrode. The whole setup is kept constant at 37°C, and
the dissolution medium is stirred continuously during the
measurements. The drug selectivity is mediated via a voltameter,
and electromotive force measurements are recorded.

Tan et al. (104) analyze procaine hydrochloride and
imipramine hydrochloride release from methacrylic acid-
ethyl acrylate nanogels using drug-selective electrode. The
electrochemical system arrangement is Ag/AgBr/internal
solution/membrane/test solution/Ag/AgCl reference elec-
trode. The internal solution in a Teflon tubing contains
1 mM procaine hydrochloride or 1 mM imipramine hydro-
chloride and 10 mM sodium bromide. Procaine
hydrochloride-loaded nanogel particles are added into a
double-walled jacketed vessel containing 100 cm® 10 mM

Reference electrode:
Ag/AgCl electrode

l ‘ RE
Working electrode: WE
Glassy-carbon electrode

CE Counter electrode:
Platinum wire

Voltammogram

-0'5 -07
E(V)

b

Fig. 7. Schematic representation of drug-selective electrode method where the drug release is monitored
electrochemically. a Potentiometric [adopted from Shen and Burgess (48) with reprint permission] and b
repetitive square-wave voltammetric [adopted from Mora et al. (105) with reprint permission]
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_1 r_ q Nanocarriers O-ring
« Transwell insert Round glass
coverslip
« Upper compartment >
| Paraffin seal
Internal mesh/membrane — Well of a six-well plate
«—1—— Lower compartment/ >
receiving chamber ==
Well of a six-well plate Stir bar

a

Strat-M membrane
Phosphate buffer
solution pH 7.4

Fig. 8. Schematic representation of Transwell insert: a unmodified and b modified Transwell insert.
Adopted and modified from Carmona-Moran et al. (101) with reprint permission

sodium chloride solution (test solution) and imipramine
hydrochloride-loaded nanogel particles are added into
20 cm® 10 mM phosphate buffer solution (test solution) at
37°C. A membrane disk of 12 mm in diameter is fixed onto
the Teflon tubing of the electrode. Electromotive force
measurements are recorded by the Radiometer ABU93 Tri-
burette titration system with a built-in micro-voltameter at a
regular interval of 5 min. According to Mora et al. (105), a
repetitive square-wave voltammetric system comprises of a
5-mL electrochemical cell of which is constituted of a 2-mm
diameter glassy-carbon working electrode, a 1-mm diameter
platinum wire counter electrode, and an Ag/AgCl reference
electrode. The cell is closed with a Teflon cover, and the test
solution is bubbled with nitrogen. A square-wave voltamm-
etry has been used to record the voltammograms of
doxorubicin released from the liposomes at pH 7.4 over —
0.3 to —0.9 V range. The differential pulse polarography
system consists of an EG & G 303A static electrode mercury
with an Ag/AgCl reference electrode, a platinum counter
electrode, and an EG & G 264A polarographic analyzer
(111). Polarograms of pyroxicam have been obtained over —
0.8 to — 1.8 V range.

Fiber optic
probes (x6)

Dissolution w=
vessel I

= — -

Modified Transwell Insert

A modified Transwell diffusion system has been used to
investigate the diclofenac transport from temperature-
responsive nanogels (101). The Transwell diffusion system is
constituted of an upper compartment and a lower compart-
ment, separated by an internal mesh (Fig. 8). The internal
mesh at the bottom of the Transwell insert is removed and
replaced with a membrane such as Strat-M membrane. The
small gap between the Transwell insert and the membrane is
sealed using molten paraffin. The insert is placed in the well
of a six-well plate. An O-ring is added between the Transwell
insert and the well to raise the Transwell insert in the
receiving chamber, enabling the receptor compartment to
accommodate an increased volume of dissolution medium.
Phosphate buffer solution pH 7.4 is used as the dissolution
medium with its temperature and agitation speed kept at 32 +
0.5°C and 100 rpm, respectively. The upper level of the buffer
is constantly in contact with the bottom surfaces of the
membrane. The nanocarriers are applied onto the top
surfaces of the membrane within an insert. They are spread
uniformly and covered with a glass coverslip to prevent

= —

CPU

o Photodiode
Grating “ Array (PDA)

oM E Photodiode
Grating ‘ Array (PDA)

s f Photodiode
= Gmﬁk‘ Array (PDA)

i Photodiode
Gra%‘ Array (PDA)

Lamp

,‘.i Photodiode Ai Photodiode
Graﬁk‘ Array (PDA) Grating .| Array (PDA)

Fig. 9. Schematic diagram of in situ fiber optic probe dissolution system with photodiode array
detector. Adopted and amended from Martin (112) and Nir and Lu (114) with reprint permission
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moisture loss from the sample. The aliquots are withdrawn
from the receiving chamber and subjected to drug assay using
analytical techniques similar to dissolution tests of topical
nanocarriers.

Microcentrifuge Tube

The release rate of clonidine from nanoparticles has
been determined using a microcentrifuge tube system (102).
Phosphate buffered saline pH 7.4 with 0.1% sodium azide and
0.1% Tween 80 is used as the dissolution medium. The
dissolution temperature is kept at 37°C. The suspended
nanoparticles in the dissolution medium are subjected to
vortex with drug dissolution determined by means of the
liquid-scintillation counting technique.

In Situ Fiber Optic Probe Dissolution Apparatus

The modern automated fiber optic probe dissolution
apparatus allows the in situ measurement of dissolved drug
directly in the dissolution vessel by the fiber optic probe
system. The probes are available in a variety of shapes, sizes,
orientations (placing through the vessel cover or on a
manifold), and designs (arch, in shaft, in resident, in resident
but partially out during sampling). The system essentially
transmits the light from a spectrophotometer (UV-visible/
photodiode array spectrophotometers) to a dissolution vessel,
and then the light is returned to the spectrophotometer where
the absorbance of analyte is measured (112,113) (Fig. 9). This
setup real-time monitors the drug dissolution profile and
provides instant information on the product performance.
Undissolved particles (excipients) from a dosage form may
induce spectrophotometric interference by blocking light
transmission, which shines through the sample for measure-
ment. The absorbance incurred by excipients may be added
to the absorbance of the dissolved analyte during the real-
time sample analysis (115). Skin and powder-based products
with no excipients to interfere with the analysis as well as
modified parenteral products (nanospheres and liposomes)
may be more appropriate to be characterized using this
apparatus.

The fiber optic probe system is applicable to the analysis
of both immediate- and controlled-release formulations
(113,116). Bijlani et al. (117) monitor the fraction of drug
released from immediate- and prolonged-release
microparticulate spheroids containing ibuprofen. The disso-
lution profiles obtained by the fiber optic probe system are
more accurate with lower and consistent standard deviations
particularly for immediate-release multiparticulates, faster in
operation, and less labor intensive when compared to the
high-performance liquid chromatography method. Voisine
et al. (118) test the in vitro release of cefazolin from
poly(lactic-co-glycolic) acid microspheres using USP appara-
tus 2 and 4 coupled with in situ UV fiber optic probe. The use
of USP apparatus 2 coupled with in situ UV fiber optic probe
is found to have microspheres accumulated at the probe and
interfere with the probe detection window. Liu er al. (119)
measure 24-h drug release from extended-release tablets
containing compound A using in situ fiber optics dissolution
method and conclude that the method is simple and
convenient for producing precise, accurate, reproducible,
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and robust dissolution data. Till today, none of the skin
nanoproducts are characterized using a fiber optic probe
system with respect to drug dissolution.

DRUG PERMEATION METHODS FOR
NANOCARRIERS

The availability of drugs in the epidermis and dermis as
well as in systemic circulation is essential for the treatment or
prevention of localized and systemic diseases, respectively
(120). The drug availability is brought about by penetration
of dissolved drug from the skin surfaces or nanocarriers
bringing the drug load into the skin tissues and/or blood
(121,122). The skin drug/nanocarrier penetration leads to
drug retention in skin tissues and/or permeation in the
bloodstream. The topical nanocarriers are designed to deliver
drugs into the skin tissues, whereas the transdermal
nanocarriers are primarily designated to introduce the drugs
in the systemic circulation. The characterization of drug
permeation profiles of transdermal carriers is imperative to
enable one to understand the drug pharmacokinetics and
pharmacodynamics properties. The same characterization
may be conducted with reference to topical nanocarriers
to profile local as well as systemic drug levels. The latter
is indeed critical when local therapy is advocated to
minimize the systemic adverse effects of therapeutics such
as anticancer drugs.

The local drug retention in the skin is commonly
examined by chemical or radiation assay of skin treated
with nanocarriers, with Fourier transform infrared imaging
being employed in recent years (86). The drug permeation
profiles of topical and transdermal nanocarriers are
evaluated using similar methods as drug dissolution tests.
The major difference lies in the replacement of synthetic
membrane with skin tissue (full-thickness skin, epidermis,
or stratum corneum) from rat, mice, pig, goat, and human
(82). Table III summarizes the types of drugs and
nanocarriers and permeation test parameters in associa-
tion with skin dosage forms. Porcine abdominal skin is
highly preferred as the model membrane for drug
permeation study because of its similarity to human skin
in terms of skin layer thickness, morphology (follicular
structure, vascular anatomy, and arrangement of dermal
collagen fibers), contents of glycosphingolipids and
ceramides, and permeability of drugs compared to several
other animal species (49,123-125,159-165). The thickness
of the model skin plays a major role in the drug
permeation study (124). Full-thickness skin may not be
physiologically relevant as a barrier to the diffusion of
lipophilic drugs. Split thickness or strongly dermatomed
skin is recommended for permeation studies of lipophilic
drugs (166). However, the shortcomings observed with
thin skin samples are the irregular and inconsistent
increase in drug fluxes over time. The small aberrations
that occurred during dermatomation of the skin to thin
layers may be attributed to variation of results. It is
suggested that a compromise on suitable skin thickness is
needed where homogeneous skin samples devoid of any
aberrations and without creating an unphysiologically
strong barrier for water-insoluble drugs is required.
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The composition of a receptor medium must be
innocuous to the skin (82). Ethanol has been shown to
increase skin drug permeation in comparison to ethanol-
free buffer (124). The ethanol is deemed to be able to
extract the skin lipids thus facilitating skin drug permeation
and giving rise to artifacts in drug permeation evaluation.
Nonionic surfactants are reported to incur less changes to
the physicochemical states of the skin and influence the
process of skin drug permeation minimally (167). The
receptor medium must be available in sink condition where
its drug concentration should not be more than 10% of
drug saturation to avoid receptor fluid acting as a rate-
limiting step in skin drug permeation (168-170). Typically,
physiological saline or phosphate buffer is used as a
receptor medium. Current OECD guidelines recommend
normal saline as a receptor medium for hydrophilic
compounds and mixture of normal saline and nonionic
surfactants (Tween 80) or other solvents such as ethanol
and water (50% aqueous ethanol solution),
polyoxyethelene (20), oleyl ether (<6%) in water, or 5%
bovine serum albumin for lipophilic compounds in skin
permeation studies with Franz diffusion cells (170-172).
The incorporation of additives in the receptor medium is a
prerequisite in some cases to increase the drug’s solubility.
However, these additives should not alter the integrity of
the model skin and drug permeability rate. To prevent
microbiological growth in the receptor medium, preserva-
tives such as gentamicin, sodium azide (0.02 to 0.05%), and
formaldehyde (0.1%) may be added (82). Overall, pure
phosphate buffer represents the receptor medium of choice
on the note that undesired interactions with skin constit-
uents or dosage forms can be avoided.

Different from in vitro drug dissolution study, the drug
permeation tests of skin nanocarriers use biological tissue as
the model membrane. The skin tissue needs to be thawed and
hydrated by the receptor medium prior to skin drug
permeation analysis (123,148). The epidermis or stratum
corneum of the skin tissue must face the donor compartment,
and the dermis or lower surface of epidermis or stratum
corneum must face the receptor compartment (173). Klang
et al. (124) conduct comparative experiments with occluded
condition of the donor compartment and sampling arm to
prevent evaporation and nonoccluded condition with an open
donor compartment. Skin drug permeation with large stan-
dard deviations is attained when nonoccluded conditions are
adopted in all the drug doses applied (5, 50, and 500 mg/cm?).
In another study by Bose et al. (103), the use of occluded
donor compartment of vertical Franz diffusion cell prevents
full-thickness human skin from moisture loss by evaporation.
A higher skin drug retention is observed against the case of
using the nonoccluded donor compartment, due to increased
hydration of the stratum corneum under occluded conditions.

BRIEF COMMENTS ON IN VITRO-IN VIVO
CORRELATION OF NANOSIZED DOSAGE FORMS

In vitro—in vivo correlation (IVIVC) is a predictive
mathematical approach describing the relationship between
in vitro drug dissolution (drug release profile) and in vivo
performance (plasma concentration—time profile) of the same
dosage form (174). An overestimation and underestimation
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of product dissolution profiles using nonstandard in vitro
methods result in an inaccurate prediction of in vivo perfor-
mance and lead to failure in clinical trials (175). As described
by the USFDA, there are four levels of IVIVC which include
level A (in vitro dissolution vs. in vivo absorption), level B
(in vitro mean dissolution time vs. in vivo mean residence
time or mean absorption time), level C (in vitro Tsoe, Vvs.
in vivo Tyax), and multiple level C (relationship between one
or more pharmacokinetic parameters, i.e., Cpax, Tmax, OF
AUC, and amount dissolved at several time points, i.e., at
least 3 dissolution time points at early, middle, and late stages
of dissolution profile). Among the four, level A and multiple
level C correlations are considered the useful and most
informative. Level A IVIVC is preferred and recommended
as it represents a point-to-point relationship between in vitro
dissolution rate and in vivo absorption rate of the drug from a
dosage form compared to correlation of a few time points in
multiple level C. This allows a thorough in vivo prediction of
dosage form which accelerates the drug development process
and also assists in regulatory agency approvals (176). Level B
and level C are limited in predicting in vivo performance of a
drug product as level B is not a point-to-point correlation and
level C is a single-point analysis. Developing a standard
in vitro dissolution test that accurately correlates the in vivo
product performance not only augments the utility of an
in vitro study but also serves as a good quality control tool as
an indicator of in vivo performance (177). The literature
survey reveals that IVIVC has been performed for several
oral-based nanosized preparations using animal models such
as indomethacin gelatin nanoparticles (178), silybin
meglumine silica nanoparticles (179), simvastatin nanostruc-
ture lipid carriers (180), and fenofibrate nanosuspension
(181). It has been performed for conventional transdermal
delivery systems of drugs but not in the form of nanosized
dosage forms, ie., estradiol drug in adhesive (182), lidocaine
patch (183), and pentoxifylline gel (184). Despite IVIVC
having a great value in the development of
biopharmaceuticals, to the best of our knowledge, no reports
on IVIVC with respect to topical and transdermal-based
nanosized dosage forms have been found and no regulatory
IVIVC guidance is available for complex nonoral drug
products. The major challenge to develop IVIVC for
topical/transdermal novel dosage forms is complexity of drug
release/penetration/permeation mechanisms. The present rec-
ommended compendial in vitro dissolution apparatus for skin
drug products such as the paddle over disk/disk assembly
method (USP apparatus 5), rotating cylinder (USP apparatus
6), reciprocating disk (USP apparatus 7), and paddle over
extraction cell method may not reflect accurately the complex
mechanisms of penetration/permeation/diffusion of
nanocarriers across the skin (185). It is necessary to focus
on a suitable IVIVC model that can precisely correlate the
in vitro and in vivo data during the development of topical
and transdermal nanodrug delivery systems in order to
maximize the development and commercialization potential
of nanosized formulations through reducing the drug devel-
opment timeframe and cost. Through examining the current
status of in vitro drug dissolution and permeation tests of skin
nanocarrier systems, one realizes that there is no appropriate
and robust biorelevant in vitro method for successful IVIVC;
at least efforts to identify one have yet to be demonstrated.
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The main hurdle is the challenges associated with accurate
characterization of penetration, retention, and permeation
profiles of drugs in vivo.

CHALLENGES AND FUTURE PROSPECTIVE

Over the past few decades, an extensive level of
research activities has taken place with the aim to achieve
breakthroughs in topical and transdermal delivery of various
pharmaceutical actives through the advancement of nano-
technology. Nevertheless, several challenges have yet to be
addressed. Currently, only a few of USFDA-approved
in vitro dissolution methods are available for conventional
topical/transdermal drug products and a few other methods
are developed as a part of research activities. The present
regulatory guidelines offer partially standardized methods
such as Franz diffusion cell for in vitro skin permeation
studies using human/cadaver/animal skin as the biological
membrane. This leads to researchers exploring and utilizing
various experimental protocols in terms of equipment
design, nature of the dissolution medium, nature of the
membrane, sampling intervals, temperature, and rotational
speed. These experimental setups lack validation against
in vitro dissolution and in vitro skin penetration/permeation
correlation status. Their biorelevance with reference to
in vivo plasma concentration-time profiles (IVIVC) is not
known. Such gaps render the interrelation of various in vitro
studies being not comparable and the translation of in vitro
data for in vivo or clinical performance prediction impossi-
ble. Future focus should emphasize on fully validated
improved versions of existing in vitro testing methods and
development of new technologies like automated fiber optic
probe-based dissolution system combined with spectroscopy
for standardized in vitro dissolution and permeation testing
of topical/transdermal-based formulations containing
nanomaterials with accurate, precise, and reliable data which
are biorelevant and contributive to IVIVC.
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