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Abstract

The delivery of drugs to a target site frequently involves crossing biological barriers. The degree
and nature of the impediment to flux, as well as the potential approaches to overcoming it, depend
on the tissue, the drug, and numerous other factors. Here we present an overview of approaches
that have been taken to crossing biological barriers, with special attention to transdermal drug
delivery. Technology and knowledge pertaining to addressing these issues in a variety of organs
could have a significant clinical impact.
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Biological barriersthroughout the body present challenges for drug delivery. Chemical, physical,
and biomolecule-mediated approaches to overcoming biological barriers have been developed for
a variety of anatomic locations. The mechanisms and applications of these approaches are
reviewed in this paper.
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1. Introduction

Drug delivery systems have been developed to address a wide range of problems in
pharmacokinetics. Often, those entail the drug crossing one or more biological barriers that
exist throughout the body - tissues and/or materials produced by tissues - which block the
exchange of matter. These barriers may be obvious physical entities, such as skin, or more
poorly defined, such as the connective tissue around a nerve and/or the various sheaths that
surround it (per-, epi-, and endoneurium), and/or the lipid-rich Schwann cells prominent
around some axon types. Barriers may not initially be recognized as being obstacles or as
being addressable by drug delivery systems. Barriers may be substantially free of living
cells, like the outer layer of skin, or may be composed of cells with connections that make
circumventing them difficult, as in the blood-brain barrier. The types of mechanisms that are
potentially available for crossing barriers are therefore very different from tissue to tissue;
penetration of some obstacles, where cells are not the primary impediment, are likely
amenable to manipulation by relatively straightforward physicochemical principles, while
cellular obstacles can entail receptor-mediated phenomena etc. Barriers may be water-rich
(cornea), or -poor (skin); thick or thin; local fluid turnover may be relatively static or non-
existent (skin) or a major factor (the cornea); the nature and degree of local vascularization
can be very variable. There may be additional factors preventing drug flux, such as
destruction of the drug before it has the chance to cross (e.g. proteolysis in the gut), or
ejection of the drug from the body after uptake by endogenous transport (efflux) systems.
There may be more than one barrier type in effect to transport across a barrier, and more
than one mechanism available to overcome them.

From the above, it is apparent that there are many potential parameters that can be important
in designing drug delivery systems to overcome specific barriers. The purpose of these
systems is to enable a drug to cross a barrier that it could not otherwise cross by reasonable
means at safe doses; their effect is therefore pharmacokinetic. The pharmacological effect
per se of the drug — i.e. its pharmacodynamic profile - should be unchanged. (There are
cases where the use of a drug delivery system may change what the drug appears to do. For
example, quaternary lidocaine derivatives produce both motor and sensory nerve blockade,
but chemical permeation enhancers [CPEs] can make them relatively senory-selective.[*] We
have speculated that this effect, which we termed “pseudopharmacodynamic*, was not due
to a change in the intrinsic effect of the drugs, but due to distribution toward myelinated
motor neurons and away from sensory ones under the influence of CPEs.) In some cases, the
ability to cross a barrier, such as skin, can reproduce the effect that the drug might have
when taken by a more conventional route, such as oral delivery. In such cases, the clinical
value will lie in some other potential attribute, such as convenience, avoidance of first-pass
hepatic metabolism (metabolism occurring when drug is taken up from the gastrointestinal
(GI) tract and delivered to the liver by portal blood flow), achievement of constant
therapeutic blood levels over extended periods, etc.

Perhaps the most obvious and important characteristic of the target site that affects design of
the drug delivery system is ease of access. One can, for example, readily place a drug
delivery system on the skin, and perhaps maintain it there with an occlusive dressing or in a
patch (a drug delivery device that adheres to the skin). Application is not as simple in
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locations deep inside the body. Moreover, for reasons alluded to above, the precise nature of
the problem to be overcome, and therefore the design characteristics of appropriate drug
delivery systems, depend in large part on the specific barrier, and the associated organ
systems. A review in depth of all the potential mechanisms in all anatomical locations
cannot be easily contained in one review article. Here we will provide an overview of the
major types of situations where drug delivery systems have been devised to cross biological
barriers (Figure 1). Transdermal drug delivery will receive special emphasis as it is the best
studied and understood, and has had by far the greatest penetration into clinical practice.
Delivery approaches across other barriers often derive from lessons learned from skin (e.g.,
CPEs to enhance drug penetration to nerve,[?] or across the tympanic membranel3]), or may
not (e.g., receptor-mediated delivery across the blood-brain barrier(4l). This review will
cover barriers to drug delivery at the tissue/organ level; delivery into cells or cellular
organelles has been reviewed elsewhere.[5-7]

This review will not be able to impart a perfect ability to predict what will work: the lessons
learned in one context do not always translate into others, even when one might expect them
to. For example, CPEs increase drug flux across skin,[®] and the tympanic membrane,[3. 9]
and dramatically enhance the local anesthetic effectiveness of tetrodotoxin in peripheral
nerve.[2] However, they do not have much effect on tetrodotoxin in topical corneal
anesthesia.l1% Such instances reflect the fact that our understanding of the processes in play
remains incomplete.

On occasion, we refer to technologies that are commercially available or are under
commercialization. We do so for purely illustrative purposes. Their mention is not an
endorsement, nor is omission to be taken as a negative judgement on a technology.
Moreover, we were limited by the reality that it is difficult to track down all compounds and
methods that are in clinical trials, or to give an objective appreciation of their merits.

2. Assessing Delivery across Biological Barriers

Delivery of a range of molecules and even particles is now possible, at least experimentally,
across a wide variety of barriers. There are a number of relatively standard or at least
common metrics that are used to study their effectiveness. Comparing systems based on the
literature remains difficult, due to the range of drugs studied (in type and quantity), specifics
of the animal models used, metrics used for success, etc. Comparison becomes even more
difficult when considering formulations undergoing commercialization, where key results
may not be in the public domain. (Here as in all branches of research, the fact that negative
results tend not to be published hinders a full understanding of the relevant science.)

In interpreting studies, it is important to bear in mind that the obvious reason for an observed
effect by a given technology may not actually be reason it occurs. For example, a change in
drug flux in an ultrasound-mediated drug delivery system may not just be due to the factors
described in Section 3.3.2.2, but also due to a change in interstitial pressure leading to an
alteration in the movement of interstitial fluids and solutes.[11]
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2.1. Benchtop Assessment of Flux

For biological barriers that can be physically defined — such as skin - flux is often measured
with a system analogous to a Franz diffusion cell: the test drug in a relevant formulation is
placed in a donor chamber on one side of the barrier, and drug is collected in an appropriate
fluid in the receptor chamber which is usually changed frequently to prevent diminution of
the concentration gradient across the barrier.[12-13] The “relevant” formulation is generally
the one in which the drug will be applied. The selection of an “appropriate” receptor fluid is
somewhat more difficult. It is rare for drugs to cross into a simple salt solution (they often
cross into very cellular environments) and the compaosition of the receptor fluid (e.g. the
presence of aloumin) will affect drug solubility therein, the concentration of free drug, etc.
Similar approaches can be used in in vitro systems such as Transwell® plates, assuming —
and this is a big assumption — that the cell-based models of tissue permeability have been
validated in a meaningful way; these have been reviewed elsewhere.[14-15]

Measurement of flux can be complicated when flux into the barrier itself is the goal, as in
treatment of skin or nail diseases. In such situations, the drug may be difficult to extract
uniformly from the tissue, and it is important to ensure that the entirety of the delivery
device is removed prior to measurement (to avoid overestimating flux), or that drug is not
eluted in efforts to remove it, e.g., by solvents (which would underestimate flux).

Such experiments generally also do not reflect other important ambient conditions on either
side of the barrier. There is often bulk fluid flow outside the barrier, which can act to
displace the drug and/or device, such as tears on the cornea or luminal flow of chyme in the
gut. Mechanical events, such as blinking, peristalsis, or limb movement, can have similar
effects. Fluid turnover on the side of the barrier inside the body is an almost ubiquitous

phenomenon. There have been numerous efforts to model fluid turnover in vitro or in
silico.[16-17]

Standard flux experiments may not be ideal if a prolonged duration of treatment is
important, e.g. if the goal is to treat for a period of days. For example, in middle ear
infections the current recommendation is to treat for 10 days. It may not be possible to
maintain the barrier/tissue (in this case the tympanic membrane) ex vivo in a diffusion
apparatus for several days due to decomposition and/or bacterial overgrowth. Demonstration
of effectiveness over time therefore may depend on in vivo studies. Standard flux studies
also usually do not speak to other crucial aspects of the design, such as whether formulations
adhere well to the surface to which they are applied, etc.

The effects of the device on tissue may not be seen in in vitro/ex vivo experiments. For
example, the device itself — or some component of it — may cause inflammation in vivo,
which may affect flux across the barrier (Sec. 3.1), or may adversely affect the device’s
biocompatibility in that location;[28] this would not be picked up ex vivo, where there is
usually no inflammatory response. Furthermore, the therapeutic effect of the drug itself may
affect drug flux, which might not be reflected in vitro. For example, delivery of an antibiotic
or an anti-inflammatory drug to a disease affecting the barrier itself (e.g., infection of skin,
tympanic membrane, cornea, etc.) may reduce the permeability of that barrier to the drug by
successfully treating the condition.
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Consequently, the data obtained in in vitro/ex vivo experiments may not reflect what will
actually happen in vivo, but an idealized flux under specific conditions where drug
concentration downstream does not limit flux. (For those familiar with the assessment of
other drug delivery systems, this is analogous to “infinite sink” studies.[*%]) Nonetheless,
such studies can be very useful for studying the effects on flux of differences between
formulations or iterations of a given formulation.

Assessing flux is even more difficult in situations where the anatomical location of the
barrier, or even its cellular and chemical nature, is not well understood (e.g. peripheral
nerve) and/or where it is not easy to isolate and study the barrier in vitro (e.g. peripheral
nerve and blood brain barrier). In such cases one may have to forgo in vitro testing, or rely
on in vitro systems that purport to mimic the tissue of interest if such exist.

The bottom line is that in vitro and ex vivo systems can show whether a device could work,
not whether they will.

2.2. In Vivo Studies

Imperfect as they are, in vivo studies come as close as one can to approximating human
outcomes experimentally short of doing human trials. Here again, it is important that the
animal model be validated — which is not always the same thing as being widely accepted —
and performed in a setting where reproducibility of results has been demonstrated.

In vivo testing usually pursues two primary objectives: demonstrating flux, and
demonstrating biological effect.

Demonstration of flux usually entails pharmacokinetics studies that vary depending on the
target organ. Typical studies include drug content of the barrier (e.g. skin) over time,
bioavailability (systemic blood levels) over time, and biodistribution (uptake of drugs into
various organs). Study of metabolism and elimination may also be necessary, depending on
the degree to which the fate of the drugs is known. In some cases, it may be necessary to do
comparable studies for the drug delivery system, or components thereof. In many cases,
semi-quantitative metrics, such as tracking of fluorescence, have been employed. These
studies can be instructive whether the device is intended for local or systemic drug
distribution. In the former case (e.g. local anesthetic delivery to the skin) the systemic
pharmacokinetics may address safety more than therapeutic effect. In the latter, it addresses
both. However, distribution of a fluorophore or other analyte into or across a tissue of
interest does not necessarily predict that a specific drug will be able to do so to a degree
sufficient to have a therapeutic effect.

Pharmacokinetic studies can provide reassurance that the resulting blood (or other tissue)
levels are consistent with what would be therapeutic in humans. This may be all that can be
done in cases where there is a large disparity between the concentrations that are required
for therapeutic effect in the subject species and in humans, or if the drug does not have the
desired effect in a given species. Such pharmacokinetic experiments can be useful if the
pharmacokinetics in humans are similar, and the drug’s therapeutic effect is predictable from
blood (or tissue) concentration. (For example, the glaucoma drug latanoprost does not
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reliably lower intraocular pressure in rabbits, but drug levels in the anterior chamber may be
useful in predicting effect in humans, since the rabbit eye is in many ways similar to the
human and the concentrations required for effect in humans are known.[20]) Nonetheless,
demonstrations of the actual effect of the drug are important confirmations of the
effectiveness of the system.

In vivo studies are perhaps the best predictors of safety — both local and systemic.
Approaches to studying biocompatibility have been reviewed extensively.[21-22] |t is
important to be mindful that local toxicity (i.e. at the site of device placement) can be due to
the presence of the drug in concentrations around the device that would never occur were
that drug given by its usual route. Occasionally, toxicological findings from in vivo studies
can be hard to interpret due to a lack of understanding of their significance. As examples,
one might not know what to make of transient disruption of the BBB - or even of what to
look for to establish that it is safe, or whether to worry about the presence of a given degree
of inflammation in skin or other tissues over an extended period, or whether it is harmful to
poke small holes in the gut.

In vivo studies should be designed with real-world application in mind. For example, ifa 1
cm x 2 cm patch is shown to be effective in a mouse, it might suggest that the device could
work in humans, but a commensurate device in humans might be 20 x 40 cm. That is
obviously impractical.

3. Transdermal Drug Delivery

Efforts in transdermal drug delivery date back to the topical application of substances, such
as ointments, in antiquity.[23] Transdermal drug delivery has become a common medical
practice, with the marketing of patches delivering a variety of drugs.[24] Transdermal drug
delivery has many advantages compared to other delivery routes. It is non-invasive, yet —
unlike oral delivery — avoids first-pass hepatic metabolism. It can be easy-to-use, as in a
patch, and can provide continuous drug administration, both of which can enhance
compliance. Treatment can be discontinued easily — simply by removing a topical device —
although there is likely to be a lag period between device removal and termination of effect.
(Similarly, there often is a lag between device application and initiation of effect.) In some
cases, such as in skin disorders, transdermal delivery provides direct access to the diseased
site with reduced systemic toxicity.[25-26] Skin is the most commonly studied biological
barrier and its structure is similar to some of others (such as the tympanic membrane).

Transdermal drug delivery can be intended to deliver drugs locally, i.e. to the skin itself. For
example, local anesthetics (e.g., lidocaine and prilocaine) can be delivered in a cream to
numb the skin.[271 More commonly, however, transdermal drug delivery is used to achieve
noninvasive systemic drug distribution. For example, many transdermal formulations can
deliver drugs affecting the central nervous system (CNS).[28]

3.1. Skin Structure and Drug Penetration

Skin is composed of the outer epidermis and the inner subjacent dermis (Figure 2a). The
outermost layer of the epidermis is the 10-20-um-thick stratum corneum (SC), consisting of
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densely packed and highly keratinized dead cells.[2%] The SC represents the primary barrier
to drug permeation. The remainder of the 50-120 pum-thick epidermis is an avascular
stratified squamous epithelium.

The SC can be described by a “brick and mortar” model (Figure 2b), where the bricks
represent dead corneocytes (primarily composed of cross-linked keratin), and the mortar
represents the lipids (composed mainly of cholesterol, free fatty acids, and ceramides)
organized in lamellar crystalline bilayers (Figure 2c), which fill the intercellular spaces.[30]
Permeation can occur through the lipid bilayers (intercellular path), across the corneocytes
(intracellular), or through hair follicles or sebaceous and/or sweat glands (transcellular).[31]

Most small molecules - drugs or CPEs - primarily traverse the SC via the intercellular path,
which winds around corneocytes (Figure 2a).[32] Due to the lipid-rich nature of the SC,
successful transdermal drugs are typically relatively lipophilic (see Section 3.2).

There are four layers between the SC and dermis (i.e., the stratum lucidum, the stratum
granulosum, the stratum spinosum, and the basal cell layer, Figure 2a). In the stratum
granulosum, cells are connected by tight junctions which present a secondary barrier to drug
permeation. In some diseases, such as atopic dermatitis, where the SC is disrupted, these
tight junctions can become the major barrier to drug permeation.[33

The epidermis is separated by a basement membrane from the dermis, a 1-2 mm thick
connective tissue containing a rich capillary bed. In general, the challenge in transdermal
delivery is in getting drugs across the epidermis — particularly the SC - to the dermal
capillaries from where they will achieve systemic distribution.

In the following sections, we will first discuss therapeutics that can cross the skin with no
enhancement, then the various enhancement mechanisms (i.e., chemical, physical, and
biological).

3.2. Drugs that Can Penetrate Skin

Most of the transdermal patches in clinical use today deliver drugs that have some capacity
to penetrate skin on their own.[32] The development of such delivery systems surged in 2001,
but tapered off since 2009 (Figure 3), reportedly because most of the drugs with suitable
properties had been used (Figure 3).[28. 32] Such drugs predominantly penetrate the SC
through the lipid bilayers. Although our understanding of the factors on the molecular level
that affect skin permeation remains imperfect, it seems that favorable drug attributes include
low molecular weight (MW) and a logP (i.e. the logarithm of the octanol-water partition
coefficient of a molecule) between 0 and 5[341; logAs of about 2 are considered most
suitable.[28] It has been hypothesized that such molecules can cross both the hydrophilic
head layer and the lipophilic tail layer of the lipid bilayers (Figure 2c) without being
trapped. Theory notwithstanding, some molecules with relatively high molecular weight and
high log~ can cross skin to some extent. Even small fluxes of such compounds can be
clinically effective if they are of high potency.[3%]

Opioids have been among the drugs most commonly delivered by the transdermal route.[34]
One of the most successful examples is fentanyl (MW = 336.5 Da, logP = 4.05).136] Fentany!
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is a very potent opioid analgesic with a relatively short plasma half-life.[37] The transdermal
patch allows the steady dosing of fentanyl (at serum fentanyl concentrations of 0.3 — 2 ng
mL"1) over a 72-hour period from a single application.[38] Such prolonged release extends
the in-patient acute use of fentanyl to the out-patient setting for chronic pain. The
broadening of the primary indication is thought to have led to its commercial success.
Patches containing sufentanil (MW = 386.5 Da, logP = 3.45), a more potent derivative of
fentanyl, have been in clinical trials.[39-40]

3.3. Permeation Enhancement

The library of drugs that can be delivered transdermally has been extended by various
methods of enhancing skin permeability. The delivery of hydrophilic drugs and
macromolecules has proven challenging, if at all possible, using chemical permeation
enhancement methods (Section 3.3.1).141] Some physical permeation enhancement
approaches (Section 3.3.2) can bring macromolecules, such as peptides,[42-431 DNA, [43-44]
or small-interfering RNA, [44] across skin via the transcellular or intercellular route.
Biomolecule-mediated enhancement (Section 3.3.3) has shown promise in delivering
biomacromolecules as well.[4%]

3.3.1. Chemical Permeation Enhancement—CPEs are molecules that can penetrate
skin and decrease the barrier effect reversibly. Numerous compounds have been screened for
penetration enhancing activity, yet their inclusion in clinical transdermal formulations is
limited (Table 1).146] Their underlying mechanisms of action are seldom clearly defined.

3.3.1.1. Small molecule CPEs

Theories of Transport and Enhancement: Quantitative characterization of transdermal
transport Kinetics has shed light on the underlying mechanisms, especially for small
molecules given their well-defined physicochemical properties. The rate of the transdermal
transport is limited by diffusion across the SC, which can be described by Fick’s second law
(Equation 1):
oC §2C
5 Ls—

} for 0<z<h and 0<t<co (1)

where Cis the concentration of the small molecule; x is the distance from the surface of the
SC to a given point in the skin measured normal to the SC; Dis the diffusion coefficient, ¢is
time, and £ is the thickness of the SC.

Real-world transdermal transport processes (e.g., when a patch is applied onto the skin of a
patient) are usually transient (i.e., concentrations in the patch and skin change over time) at
the beginning and the end of the transdermal application. The concentration profile of
therapeutics inside skin during a transient process can be described by solving Equation (1)
using the method of separation of variables and L’Hopital’s Rule (Equation 2):[47]
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2
where #e=(2k — 1) {Qh} , the constant of integration generated by separation of variables,
7t = 3.142, and A is the total mass of the molecule administered.

Equation (2) can be integrated from x =0 to x= Aat equally spaced time points from time
zero to tto give rise to the release profile over time (Equation 3):

t 7}1005

f C(x,t)dxdt= / f Z—coq(r Vir) e TP dxdt
o’ "=0k=1 ©)

where b is the cumulative mass of permeant that passes per unit area across the SC within
time ¢

The initial transient transport can last for 3—-9 hours after the application of a transdermal
formulation.[48] If this transient period does not result in a significant change in
concentration of the drug within the formulation (drug reservoir), i.e. it is a “pseudo-steady
state process”, Fick’s first law applies and can be simplified to (Equation 4):

db_DCq
& h @

where Cyis the concentration of diffusant in the first layer of SC at the skin surface
contacting the source of the penetrant. Cyis difficult to measure experimentally, but can be
calculated from Cjp’, the concentration of diffusant in the topical formulation/patch
(Equation 5):

Co=PCq  (5)

where Pis the partition coefficient of the diffusant between the formulation and the SC.
Combining Equation (4) and Equation (5), one can see that the rate of transdermal delivery
(ab/dy is governed by the partition of the molecules (drug or CPE) into the SC, and the
diffusion coefficient of the molecules in the SC.

Molecular transport theories attribute permeation enhancement by CPEs to their
physicochemical properties, described by the solubility parameters: hydrogen bonding (&),
polar interactions (i.e., dipole-dipole interactions; &), and dispersive interactions (i.e.,
temporarily induced dipole interactions; &,).14%! The cohesive energy density £, (i.e., the
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amount of energy needed to completely remove unit volume of molecules from their
neighbors to infinite separation) can be calculated as follows (Equation 6):

Ec:5%+5§+53 (6)

Small molecule CPEs can be categorized as ones that partition into SC lipids (“fluidizers”,
which increase both the partition and the diffusion coefficients by changing the properties of
the SC), and ones that extract lipids from the SC (“extractors”, which increase the diffusion
coefficient by creating pores). Most fluidizers are lipophilic. Their partition into the lipid
bilayers, and thus ability to enhance permeation, is determined by the lipophilicity,
quantified by logP. Some of the fluidizers (such as solvents [see Section 3.3.1.1a] and azone
[see Section 3.3.1.1¢e]) can form a separate phase inside the SC, acting as drug reservoirs for
sustained permeation enhancement; others (such as fatty acids [see Section 3.3.1.1b] and
terpenes [see Section 3.3.1.1d]) can insert themselves into the SC lipid bilayer and form a
pathway for drugs to go across the SC.[8 50-53] For extractors, hydrogen bonding is the main
known mechanism of extraction of lipids from the SC. The interaction between extractors
and lipids competes with the water-mediated intermolecular hydrogen bonding between
lipids inside the SC.[8] Therefore, a molecule’s usefulness as an extractor correlates with the
ratio of &5, to the square root of their cohesive energy density £..

There are other enhancement mechanisms, such as altering the protein structure of keratin in
corneocytes. Such CPEs tend to have greater irritation potential and are less commonly used
in transdermal formulations.[49]

Case studies of common CPEs’ enhancement mechanisms: In this section, we discuss the
specific molecular interactions between common potent permeation enhancers and the lipid
bilayers in the SC. The molecular structures of all of the molecules mentioned below can be
found in Table 2.

a. Solvents: Solvents are small organic molecules which are liquid at room temperature,
usually inexpensive, and commonly use to dissolve substances. Commonly used solvent
CPEs include ethanol, pyrrolidones, and sulfoxides (Table 2). Ethanol is used in many
transdermal formulations and patches, such as the ones for estradiol and nitroglycerin. It
partitions into and permeates the SC with a steady state flux of ~1 mg cm™2 h~21.[54] Ethanol
is a hydrophilic fluidizer (logP= -0.3). It dissolves into and alters the solubility properties
of the SC, and increases the partition coefficients of drugs.[8]

At low concentrations, pyrrolidones (log”~-0.6 — 0.5) partition into and alter the solubility
properties of the SC. At higher concentrations, pyrrolidones can generate their own phase
inside the SC, which can serve as a reservoir for drugs and thus enable sustained release. 8]
Sodium pyrrolidone carboxylate has been approved by the US FDA for topical application
(Tables 1 and 2). Dimethyl sulfoxide (DMSO) and decyl methyl sulfoxide are also US FDA-
approved (Tables 1 and 2). Sulfoxides can change the intercellular keratin
confirmation,5-561 possibly interact with the hydrophilic head groups of lipids and distort
their bilayers, changing the solubility properties of the SC.[€l
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b. Fatty acids: Fatty acids refer to carboxylic acids with long aliphatic chains, which can be
saturated or unsaturated (Table 2). Fatty acids have long been used in transdermal delivery.
The most commonly used long-chain fatty acid CPE, oleic acid (logP= 7.7, Table 2) has
been approved by the US FDA for topical application at concentrations up to 25 % w/w
(Table 1). A saturated chain with 10 — 12 carbon atoms or an unsaturated chain with 18
carbon atoms and cis configuration appears to yield the most potent enhancers.[57-58] For
unsaturated chains, the ¢/s configuration can achieve greater permeation enhancement than
the #rans configuration, likely because of greater disturbance of intercellular lipid packing
from the bent structure.[8] Spectroscopic investigations and electron microscopic studies
revealed that oleic acid can insert itself into lipid bilayers, providing permeation pathways
for therapeutics.[1-52]

c. Surfactants: Surfactants are amphiphilic organic compounds, meaning they contain both
lipophilic and hydrophilic groups. Surfactants are found in many therapeutic and cosmetic
preparations. The anionic sodium lauryl sulfate (SLS, Table 2) is commonly used and has
been US FDA-approved for topical application at concentrations up to 40% w/v (Table 1).
SLS and similar anionic surfactants (such as SLS, sodium octyl sulfate, and sodium laureth
sulfate) tend to penetrate the SC poorly within the first few hours of contact, and
consequently have relatively little effect on drug permeation in that time frame. They do
increase drug permeation thereafter, possibly because of dissolution of the bilayer lipids and
their known interaction with intercellular keratin.[%] Non-ionic surfactants are considered
less toxic than their anionic and cationic counterparts.8] Nonoxynol-9, a non-ionic
surfactant approved by the US FDA at 0.01 % w/v (Table 1 and 2), can traverse human skin
slowly (at the rate of ~1 ug cm=2 h~1).[60]

d. Terpenes: Terpenes are compounds with the molecular formula of (CsHg),, and consisting
of isoprene linked together in linear chains or rings. They are commonly produced by plants
and have long been used as medicines, spices, and fragrances in essential oils (i.e.
concentrated hydrophobic liquids containing volatile aroma compounds), albeit with little
government regulation.[61]

Lower molecular weight terpenes enhance drug permeation to a greater degree than larger
ones. In addition, terpenes with polar groups promote the permeation of hydrophilic drugs
and non-polar groups promote the permeation of lipophilic drugs.[8] The observation that
terpenes modify the solubility characteristics and partition coefficients within the SC implies
that they are fluidizers, which was confirmed by small angle X-ray diffraction and steady-
state diffusion experiments.[53] Spectroscopic evidence suggested that terpenes can also
insert themselves into the SC, acting as a diffusion pathways for drugs.[53!

e. Azone: Azone (logP= 6.3, Table 2) was specifically designed as a skin penetration
enhancer.[521 Azone has been tested in several clinical trials, applied topically over a wide
range of concentrations and applied over extended periods (weeks).[63] It is not approved by
the US FDA, perhaps because it is an insecticide, fungicide, herbicide, and a plant growth
regulator, and has antiviral activity (which may make it hard to argue that it is an inactive
excipient).[64] Its mechanism of permeation enhancement is not clearly understood. Azone
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likely acts as a fluidizer, as electron diffraction studies have shown that it can form a distinct
phase within bilayer lipids.[50]

Some small-molecule CPEs can cause local “irritation”. The definition of “irritation” is
variable and hard to compare across different studies, and often bears only a vague relation
to the intuitive or common medical use of the term. Irritation has been defined based on in
vitro cytotoxicity,[491 or in vivo reactions such as inflammation and necrosis.[3] The balance
between effectiveness and irritation — however defined - is an important consideration when
choosing small molecule CPEs. Indices derived from the physicochemical properties of a
particular CPE (such as the cohesive energy density £, and dipole-dipole interactions &, see
above) have been proposed as potential predictors of effectiveness and irritation.[4%]
Discrepancies between in vitro and in vivo assessments of tissue reaction are not
uncommonl2l] (see Section 2).

One way to potentially enhance effectiveness without increasing irritation is to use a
combination of small-molecule CPEs, where the overall enhancement of flux by two (or
more) CPEs is greater than the additive total of their individual effects.[%] Thus, less CPE is
required to achieve the same level of permeation enhancement, potentially reducing tissue
toxicity.

A number of CPEs in the categories of solvents, fatty acids, terpenes, and surfactants have
been approved by the FDA for topical use (Table 1), while azones remain to be approved.

3.3.1.2. Macromolecule-based chemical permeation enhancement: The transdermal
delivery of hydrophilic and/or macromolecular therapeutics is an ongoing challenge.
Recently several macromolecules have been discovered to enhance drug permeation,
including hyaluronic acid (also called hyaluronan, HA), dendrimers, cyclodextrin, and
chitosan (Figure 4).

Hyaluronic acid: HA is a linear polysaccharide (Figure 4A) naturally produced by
humansl86] and found abundantly in the extracellular matrix.[871 It has been used in
transdermal drug delivery because of its biocompatibility, biodegradability, non-
immunogenicity, and low toxicity.[67-68] It was not until recently that HA was found to
enhance the permeation of small drug molecules,[67] such as diclofenac, ibuprofen,
clindamycin phosphate and cyclosporine. HA has been approved by the US FDA for
cosmetic use at 2.5% w/w.[46]

HA has also been used to chemically modify macromolecules and the surface of
nanoparticles to enhance their transdermal permeation. For example, the conjugate of HA
and human growth hormone (hGH) achieved greater permeation through mouse skin than
did free hGH.[%9] Conjugating HA to nanographene oxide or carbon dot-chlorin 6 particles
enhanced their permeation and/or retention in skin.l[7%-711 Transdermal immunotherapy has
been enabled by conjugating HA with antigenic peptides such as myostatin fragment[72] or
ovalbumin.[”3] HA can enhance the permeation of macromolecules to a greater degree than
some small-molecule CPEs,[74] but not as much as some combinations of small-molecule
CPEs.[*2]
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Several hypotheses exist to explain the mechanism of skin penetration by HA.[67-68. 75]
First, a very high fraction of surrounding water molecules interacts strongly with the
polymer backbone of HA via hydrogen bonding. HA formulations can thus promote the
hydration of SC and loosen up the lipid bilayers for greater permeability of hydrophilic
drugs. Second, the lipophilic domains in HA can interact with SC: contact with HA can
cause keratin in the SC to change from an a-helical structure to a p-sheet and the lipid
bilayers to become disordered.[5] It is also possible that HA receptors expressed on living
skin cells (e.g., keratinocytes and fibroblasts) may be involved in the active transport of HA
and conjugated therapeutics.[6°]

Dendrimers: Dendrimers are synthetic hyperbranched polymers (Figure 4B). Their core and
highly functionalized branches can encapsulate hydrophilic and lipophilic drugs via host-
guest interactions or chemical conjugation, giving rise to a versatile platform with high drug
loading and high monodispersity.

Polyamidoamine (PAMAM) dendrimers have frequently been studied as CPEs. They have
been used in the transdermal delivery of a variety of small molecule therapeutics including
tamsulosin hydrochloride (a selective a;a-adrenoceptor antagonist for urinary retention[7€l),
ketoprofen and diflunisall’”], 8-methoxypsoralenel”8] riboflavin[79, 5-fluorouracil,[8% and
indomethacin[®1] across rat or pig skin. Among them, indomethacin, a non-steroidal anti-
inflammatory drug, has the greatest log” (4.3) and minimal permeation across skin.
PAMAM dendrimers improved the transdermal delivery rate of indomethacin by a factor of
2-5 in vivo in rats, which resulted in reduced carrageenan-induced edema in the paws of rats
by 25-55%.181] PAMAM dendrimers can deliver genetic material transdermally. A
transdermal delivery patch for plasmid pCF1CAT, where pCF1CAT (negatively charged due
to the phosphate groups) was bound to PAMAM (positively charged due to the amine
groups) via electrostatic interactions, enhanced the expression of transgenic chloramphenicol
acetyl transferase in nude mice.[82]

Dendrimers can act by different mechanisms depending on their size (determined by the
number of branch generations) and charge. Small dendrimers with one or two generations
have high diffusion coefficients in the SC.[83] They can act as fluidizers by quickly diffusing
through the SCI84 and changing the solubility, polarity, and structural integrity of the lipid
bilayers.[83. 85-86] They have been reported to further improve the flux enhancement seen
with small molecule CPEs such as isopropyl myristate.[80: 831 Although coarse-grained
molecular dynamic simulation showed that larger dendrimers with generation numbers
greater than four can penetrate biomembranes,[87] this has not been borne out
experimentally.[83-84. 88] Cationic dendrimers can disrupt the lipid bilayers by forming
nanoscale pores.[8%] Dendrimers can also participate in transcellular penetration. For
example fluorescein isothiocyanate (FITC)-labeled PAMAM dendrimers exhibited
transcellular penetration (Figure 1) via hair follicles.[83. 9]

Cyclodextrins: Cyclodextrins (CDs) are cyclic oligosaccharides with the repeat unit of a-D-
glucopyranose connected via carbons at a-1 and a-4.192-931 CDs have a cone-like shape
with hydrophilic hydroxyl groups on the outside of the cone and lipophilic skeletal carbons
and ethereal oxygens on the surface of the internal cavity, where lipophilic guest molecules
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can be hosted (Figure 4C). The size of the cone can be tuned by including different numbers
of glucopyranose units (typically between six and eight).[94-96]

Despite CDs’ relatively low transdermal permeability resulting from their high MW and low
logP (-3 to 0.00),[97-981 they can increase the skin penetration rate of lipophilic molecules
with low solubility in the formulation. It is believed that CDs form complexes with drugs,
increasing their solubility and stability, but CDs are not believed to increase the permeability
of drugs across the SC.[99-101] Transdermal transport of CD-drug complexes remains
difficult.[292] One approach to increasing the permeability to the complexes is to
functionalize the surface of the “cone” with lipophilic moieties. Methylated -CDs can act
as extractors (Section 3.3.1.2) and increase the diffusion coefficients of the CD-drug
complexes in SC lipid bilayers.[103-104] Greater skin penetration can be achieved by
combining CDs with small molecule CPEs. For example, the penetration of testosterone in
mouse skin was accelerated when treated with both 2-hydroxyprolyl-B-CD and glycerol
monoether.[105]

Chitosan and derivatives: Chitosans are a group of cationic polysaccharides composed of -
(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine, randomly distributed along the
backbone.

Skin penetration can be accomplished only by chitosans with low MW. Baicalin, an
antitumor agent, has been delivered across mouse skin when mixed with low-MW chitosans.
The maximum flux enhancement was achieved at a pH around 7.5, at which the amino
groups in the chitosan were partially charged. Nuclear magnetic resonance (NMR)
spectroscopy showed no electrostatic interaction of chitosans with keratin and glycoproteins
in the SC, and the flux enhancement was therefore attributed to dipole-dipole and Van der
Waals interactions with lipid bilayers.[198] Chitosan derivatives, such as N-trimethy!
chitosans!107-108] and N-arginine chitosans,[10%] have also been used as CPEs. Chitosan can
also enhance trans-GI drug delivery (see Section 5.3).

Macromolecular CPEs can bring macromolecular therapeutics and nanoparticles across skin,
which is very challenging for small-molecule CPEs. Small-molecule CPEs are generally
more effective at delivering small-molecule drugs.

3.3.2. Permeation Enhancement by Physical Means—Methods such as lasers,
ultrasound, iontophoresis and electroporation, microneedles, and magnetophoresis (Figure 5)
have been used to deliver a range of therapeutics, including genetic materials and
vaccines.[110-134] |n addition to the SC, physical permeation enhancement has been applied
to the blood-brain barrier (BBB, see section 5.4),[135] tumors (see Section 4.2),[113] and the
Gl tract (see Section 5.3).[236] Table 3 lists a selection of FDA-approved physical means for
permeation enhancement.

3.3.2.1. Lasers. Laser can enhance the percutaneous permeation of drugs without extensive
damage to the viable epidermis.[*30] Several laser-skin interactions occur that promote the
transcutaneous flux of drugs, including direct ablation and generation of photomechanical
waves.[130] Direct ablation decomposes the SC by high energy (193 nm wavelength;
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irradiance from 70 mJ cm2 to 500 mJ cm™2 per 14 ns pulse);[2371 it is considered a primary
mechanism for laser-induced permeation enhancement.[129-130] photomechanical waves are
unipolar compressional waves which occur during intense laser radiation. These waves are
hundreds of atmospheres in magnitude and last nano- to micro-seconds.[12%-130] They may
cause cell deformation and therefore permeabilization, but the detailed interactions are not
well understood.[138]

The enhancement mechanisms also vary among the different types of light sources
employed, including ultraviolet, infrared (such as erbium:yttrium-gallium-garnet [Er:YAG]
lasers and CO,, laser), and ruby laser (694 nm).[130-132] Microwave (2450 MHz [wavelength
12 cm] for 10 minutes or 3985 MHz [wavelength 7.5 cm] for 5 minutes) has also been used
to deliver 5-fluorouracil encapsulated in chitosan nanoparticles (with ~100 nm diameter)
across rat skin ex vivo.[13%] 2450 MHz microwave increased skin permeation by the
nanoparticles by nearly 100%, and 3985 MHz microwave by about 25%.

Light from CO, (10600 nm) and Er:YAG lasers (2940 nm) can be absorbed by water
molecules and induce photothermal effects, during which microchannel arrays are created in
the SC due to the vaporization of water.[13%] However, the photothermal effect can cause
skin irritation and/or thermal damage at the exposure site and adjacent tissues. Laser-
induced permeation enhancement has been used to enhance the transport of prednisone and
methotrexate into the dermis, to treat inflammation and psoriasis, respectively.[129. 133]

3.3.2.2. Ultrasound: Ultrasound (US) is sound waves with frequencies above 20 kHz
(human hearing limit). US penetration depth is inversely proportional to the frequency.[140]

US-mediated permeation enhancement is achieved by cavitation: the formation, oscillation,
and collapse of bubbles at the formulation/tissue interface or inside the tissue.[141-144]
Bubbles oscillating in size can lead to acoustic streaming (fluid flow parallel to the gas/
liquid interface) which exerts shear stress on the skin and enhances drug
penetration.[143-146] Bubbles collapsing at the skin surface result in localized shock waves
that disrupt the SC and augment molecular transport for hours.[141. 144, 147] The fate of
bubbles can be controlled via US frequency, intensity, pulse duration, and the viscosity of
the coupling medium.[144]

Simultaneous treatment with high- (>1 MHz) and low- (20 kHz to 100 kHz) frequency US
(termed dual treatment) can enhance permeation to a greater degree than individual
treatments at the same intensities.[148] The boosted enhancement by dual treatment is
attributed to the simultaneous generation (under high-frequency US) and collapse (under
low-frequency US) of bubbles.

US has been used to enhance transport into numerous tissues and anatomic locations,
including skin,[149] tumor,[135] the GI tract,[150] cornea,[151] and the BBB.[13% 152] Damage
to epithelia from US has been reported, especially with low-frequency US, but seems to be
largely reversible.[143-144, 151]

3.3.2.3. lontophoresis and electropor ation: lontophoresis, where an electric current is
applied to the skin to drive the diffusive flow of ions through skin, can deliver hydrophilic
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and/or charged molecules across the SC.[115-118] A physical transdermal drug delivery
system for transcutaneous flux of lidocaine and epinephrine for local dermal analgesia via
iontophoresis was approved by the US FDA.[34. 153]

During iontophoresis, a small direct (DC) or alternating current (AC) is applied for several
minutes (with voltage typically less than 100 V and current density typically less than 0.5
mA cm~2). lontophoresis does not primarily change the properties of the SC. Charged
molecules (up to 12 kDa) are driven by an electric field and take the path of least resistance,
such as through hair follicles.[116-117. 1191 Charge-neutral molecules can be moved by the
electroosmotic flow of water (or other bulk solvent) in the presence of

electrolytes.[116-117. 119, 154] |ontophoresis enables dosing controllable by adjusting the
electric current. lontophoretic transdermal delivery has been commercialized for the delivery
of anesthetics and analgesics.[117. 120-121]

Electroporation refers to the use of high voltages (>100 V on skin; 0.3-1.0 V on cells) for
short durations (microseconds to milliseconds) to reversibly disrupt the SC and deliver large
compounds (e.g., nucleic acids, cytokines, peptides, and proteins, etc.).[114 122] Unlike
iontophoresis (which does not change the properties of the SC), electroporation is believed
to generate hydrophilic pores that can last for hours within the SC.[122] The disruption is
limited to the SC, where the electrical resistance is orders of magnitude greater than in the
rest of the skin. Structural changes in the SC are usually reversible and toxicologically
insignificant.[113-1141 However, long treatment sessions can cause extensive and irreversible
damage to the SC and the lowered SC resistance may allow the electric field to damage
sensory neurons in deeper tissues.[15°]

3.3.2.4. Microneedles: Microneedles were first introduced as a mechanism to promote the
transport of large and charged molecules that are difficult to deliver otherwise, through the
creation of micro-sized conduits across the skin. Microneedles were initially fabricated
using a silicon etching process.[133] Now, microneedles can be micro-fabricated from a
variety of materials, such as sugars,[1%6] silicon, metals, or biodegradable polymers.[157]

Microneedles differ from conventional subcutaneous injections in two ways: (1) they usually
only penetrate the epidermis instead of all the way through the dermis, and are thus
relatively painless;[111-112. 153] (2) transdermal drug transport relies on diffusion driven by a
difference in chemical potentials instead of convection driven by pressure

difference.[111. 158]

Microneedles are arranged in arrays or patches for ease of application, with a wide range of
needle densities per area (e.g., 200[159-160] and 20000[160-161] needles cm=2). Needles can
be hollow or solid. Hollow needles are often conduits for a non-pressurized drug reservoir.
Solid ones are used to merely create microscopic channels within the tissue; drug can be
dry-coated onto premade needles,[161] or incorporated within a dissolvable or biodegradable
needle (made of materials such as hydroxy-propyl-methylcellulosel62] and poly-lactide-co-
glycolide [PLGA]!1]) and eluted upon skin insertion.
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Microneedles can deliver macromolecules and hydrophilic small molecules, including
hormones, 111 1581 hydrophilic drugs,[153: 162] genetic material (DNA, siRNA),[111-112] anq
vaccines.[110-111] The drug molecules delivered via microneedles can enter the systemic
circulation by absorption into capillaries in the dermis. Donepezil hydrochloride, for
example, has been encapsulated within dissolvable needles and eluted into the blood stream
for the treatment of Alzheimer’s Disease.[162] In another example, silicon microneedle
arrays have delivered a cholesterol-modified housekeeping gene (Gapdh) siRNA across the
SC in vivo.[112] Greater plasma concentrations have been reported using microneedles than
those obtained by oral administration for the same dose.[162]

Potential limitations of microneedles include patient discomfort (pain scores vary from 5 to
40% of those from hypodermic needles[163]) and limited drug loading.[*1] Pain could be
addressed by optimizing the needle dimensions to avoid nerve endings.[111: 161-162] There js
an upper limit of drug loading per needle, beyond which needle breakage can occur.[111]
Therefore, microneedles are considered most appropriate for highly potent drugs. However,
high systemic drug concentrations (hundreds of micrograms per milliliter in plasma) of
small-molecule drugs (e.g. ibuprofen) can be achieved using needles that are designed to
break upon application and stay in skin after application.[164] This high plasma drug
concentration was achieved with needle patches of ~2 cm? applied to rats weighing ~340g.

3.3.2.5. Magnetophoresis. Magnetophoresis uses a stationary magnetic field (5-450 mT),
sometimes in combination with magnetic particles as drug carriers, to enhance transdermal
drug delivery.[126]

Under a stationary magnetic field, the following two mechanisms dominate skin
penetration.[126] Magnetorepulsion, the force exerted by the applied magnetic field on drug
carriers such as magnetic nanoparticlest126-1271 can push the drug through skin. Movement
of water and drug molecules under the external magnetic field is due to diamagnetism, a
quantum mechanical effect that occurs in all materials and induces magnetic fields in the
opposite direction to an externally applied magnetic field. This movement can carry
hydrophilic drugs across tissues such as the epidermis. Little, if any, lasting effect has been
observed on the SC.[126-127]

A magnetophoretic transdermal patch consisting of a drug reservoir with magnetic backing
has been used to deliver lidocaine across rat skin in vivo, and achieved about a two fold
increase in the SC permeability to lidocaine.[126. 128] Magnets have also been combined with
other physical enhancement mechanisms to increase molecular transport. In one example,
magnetophoresis and nanosecond pulsed lasers were employed simultaneously to promote
cellular transfection of siRNA.[125]

Permeation enhancement by physical means tends to be greater than by CPEs (Section
3.3.1), especially for macromolecules and nanoparticles. The physical means can also cause
pain. However, the potential damage and pain are usually transient. It is difficult to compare
the physical means among themselves, as the effectiveness/irritation depends on parameters
such as laser intensity, electric current, or needles per unit area, which cannot be easily
converted or translated from one method to another.
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3.3.3. Biomolecule-Mediated Enhancement—Many biomolecules can enhance drug
flux across skin. (They also affect flux across other tissues, often by different mechanisms,
as is described in the relevant sections.) They can do so by direct physicochemical effects on
skin (analogous to the effects of CPES), or by affecting its biochemistry so as to break down
skin components or inhibit repair, disrupt tight junctions, or digest proteins.

3.3.3.1. Peptides as skin permeation enhancers: Skin-penetrating peptides (SPPs) include
cell-penetrating peptides (CPPs), antimicrobial peptides (AMPs), and phage peptides. SPPs
can penetrate skin through the lipid bilayers, and/or through corneocytes, and/or though hair
follicles.[165] Peptides which can break down skin or inhibit repair of the SC also act as skin
permeation enhancers (See section 3.3.3.2).

Cell-Penetrating Peptides: Cell-penetrating peptides (CPPs) are usually around 30 amino
acids in length, positively charged, and/or amphipathic.[166] CPPs were first derived from the
transactivator of transcription (TAT) protein, which can cross cell membranes and cause
transactivation of a viral promotor.[166] CPPs are among the most studied SPPs.

CPPs have been successfully used to enhance skin penetration of therapeutics and cargoes
including proteins, oligonucleotides and nanoparticles.[265] Polyarginine (specifically, with 7
arginine amino acids, i.e. R7), one of the most studied CPPs, can penetrate the SC and reach
the dermis of mouse skin.[1671 R7 peptide has been used to enhance the transdermal delivery
of the drug cyclosporine A (CsA) by forming the conjugate R7-CsA with a pH-sensitive
covalent linker, which releases CsA at physiologic pH. R7-CsA applied topically can reach
dermal T lymphocytes and reduce cutaneous inflammation. Commonly studied CPPs
include polyarginine (with 7-9 arginine amino acids), TAT, YKA, YARA, RALA, and
penetratin (Figure 6).

The skin-penetration mechanism of CPPs is unclear. Spectroscopy suggests that the RALA
peptide changes the lipid bilayers in the SC from a hexagonal arrangement (crystalline) to an
amorphous structure which could result in an enhancement of skin penetration.[168]

Antimicrobial Peptides: Antimicrobial peptides (AMPs) usually contain less than 100 amino
acids and can have broad-spectrum activity against bacteria, viruses, and fungi by creating
pores in their lipid membranes.[165] This property led to their application as permeation
enhancers for skin. For example, magainin, a 23-amino acid peptide (Figure 6), is believed
to form angstrom-scale pores in the lipid bilayers of the SC.[16%] A simple mixture of
magainin and the small molecule CPE N-lauroylsarcosine achieved 35- to 92-fold increase
in the delivery rate of fluorescein across human epidermis in vitro.[169-170]

Phage Peptides: Phage peptides are obtained by phage display technology,17X] where a
random peptide is displayed on each phage particle and libraries of such peptides can be
screened for skin penetration. The peptide’s amino acid sequence is critical to its
effectiveness for transdermal delivery.

Among the first transdermal phage peptides reported was TD-1, an 11-amino acid cyclic
peptide (ACSSSPSKHCG) identified by in vivo screening of peptide libraries for the ability
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to penetrate mouse skin.[172-1731 TD-1 could enhance the transdermal delivery of insulin
when co-administered topically, lowering the serum glucose level in rats. TD-1 peptide has
also been used to increase the transdermal delivery of other macromolecules such as
hGH,[172. 1741 siRNA, [175] botulinum neurotoxin type A (BoNT-A),[176] and CsA.[177] The
mechanism by which TD-1 penetrates the SC is unclear.[1”>] TD-1 has been shown to also
disrupt tight junctions (see Section 3.1) by interacting with the Na*/K*-ATPase beta-subunit
(ATP1B1) on keratinocytes.[178] TD-1 can also enable the transdermal delivery of
macromolecular drugs such as insulin through hair follicles.[172]

The skin penetrating and cell entering (SPACE) peptide (cyclic ACTGSTQHQCG) was
identified by screening peptide libraries for the ability to penetrate porcine skin in Franz
diffusion cells,[179 and was later proven effective in mice and humans. Cargoes such as
small molecules, proteins, and genetic materials can be conjugated to the SPACE peptide
and their biological function remains intact after penetrating skin. For example, the topically
delivered conjugate SPACE-siRNA led to efficient knockout of targeted proteins both in
vitro (in endothelial cells) and in vivo (in mouse skin).[1791 The SPACE peptide was found to
be less toxic than R7 and TD-1 to keratinocytes. A permeation study using CsA
demonstrated that SPACE can bind keratin and CsA concurrently, and thus enhance the
partitioning of CsA into the keratin-rich corneocytes and increase the permeation rate.[177]
Based on this mechanism, a computational algorithm was developed to generate and screen
virtual libraries of cyclic peptides containing disulfide bond(s) for affinity to both skin
keratin and CsA.[1809] A new cyclic peptide (ACNAHQARSTCG) selected using this method
showed significantly greater transdermal CsA delivery compared to the original SPACE
peptide.

A linear 6-amino acid peptide (T2 peptide, LVGVFH) was identified via ex vivo phage
display using porcine skin.[181] T2 peptide enhanced skin penetration of the hydrophilic drug
5-fluorouracil (5-FU). T2 peptide could interact with the lipid bilayers in the SC and cause
conformational changes in the acyl chains of the lipids, enhancing the partitioning of small
molecules with a range of lipophilicities into the skin. Another linear heptapeptide
(DRTTLTN) was recently selected via ex vivo phage display using human skin.[182] The
peptide could penetrate the SC lipids by fluidization of the lipid bilayers and/or penetrate
through corneocytes by altering the protein structure of keratin. Unfractionated heparin
(UFH) conjugated to the DRTTLTN peptide has been delivered across human skin.[182]

3.3.3.2. Molecules with specific biological functions: Molecules that break down
components of skin or inhibit the repair of skin can enhance transdermal permeability. The
barrier function of SC can be reduced by lipid synthesis inhibitors. Peptides and enzymes
that degrade keratin in the SC or tight junction proteins have also achieved skin permeation
enhancement.

Lipid Synthesis Inhibitors: The SC lipid bilayers are the major transport barrier for
transdermal drug delivery. Therefore, inhibition of lipid synthesis can delay the recovery of
the lipid barrier function after permeabilization.[183] Application of the fatty acid synthesis
inhibitor 5-(tetradecyloxy)-2-furancarboxylic acid and the cholesterol synthesis inhibitors
fluvastatin or cholesterol sulfate caused a significant increase in both duration and
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magnitude of transdermal delivery of lidocaine or caffeine after disruption of the skin barrier
by acetone or DMSO.[184]

Regulators of Tight Junctions: Tight junctions directly underneath the SC become the
major transport barrier when the SC is disrupted (e.g., in atopic dermatitis).[33] A short
synthetic peptide (FCIGRL, AT1002) was found to induce tight junction disassembly.[185]
Tight junction disruption by AT1002 increased transport of siRNA across the epithelial
barrier in vivo in mice whose SC had been removed by a tape-stripping method.[33]

Enzymes: Trypsin, a proteolytic enzyme, has been used to pre-treat skin before a patch
containing bovine insulin was applied. Trypsin enhanced the penetration of insulin, resulting
in reduction of blood glucose levels in rats.[186] Mechanistic studies suggested that trypsin
could disturb the structure of keratin in the SC via proteolysis but appeared to have no effect
on the lipid bilayers.[186] Trypsin can also enhance the transdermal permeation of other
macromolecules such as FITC-labelled dextrans and FITC-insulin.[287] Enzymes that
degrade other components of the epidermis (e.g. hyaluronidase to degrade hyaluronic acid)
have also been used to extend the spread through tissue of injected molecules such as local
anesthetics.[188]

Biomolecule-mediated enhancement has several advantages compare to physical/chemical
means: 1) the effect is often localized at the targeted location, with little to no damage to the
surrounding tissues; 2) the design of biomolecules can be adapted to overcome barrier at
other anatomic locations (see Sections 5.2 and 5.4 for more details). The development of
tissue-penetrating biomolecules is still in its infancy, with a long way ahead toward clinical
practice.

4. Nanoparticles

Encapsulation in nanoparticles has been used to enhance the penetration of drugs into
tissues. Also, there are conditions and approaches that can be exploited to enhance
nanoparticle penetration into tissues (Section 6), resulting in increased drug delivery. The
uses of nanoparticles in penetrating specific tissues are covered in the subsections pertaining
to those tissues.

4.1. Enhancement of Drug Delivery by Nanoencapsulation

Nanoparticles can enhance drug penetration in some contexts, particularly where enhanced
permeation and retention (EPR) is in effect (Section 4.2), and in porous structures such as
mucus (Section 5.2).[1891 |n skin, the ability to penetrate the SC and reach viable epidermis
is limited for most unmodified nanoparticles by themselves. The transcellular route along
hair follicles (Fig. 2) has been considered the main path of passive diffusion for
nanoparticles.[2°]

Nanoscale liposomes (vesicular structures composed of lipidsl19%) have demonstrated better
skin penetration than most other nanoparticles.[1%] Liposomes with the structural flexibility
to deform and squeeze through the intercellular lipid bilayers demonstrated greater skin
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penetration than rigid liposomes.[192-193] 5iRNA has been successfully delivered through
intact human SC using deformable liposomes.[194]

4.2. Enhancement of Drug Flux by Improving Nanoparticle Delivery

Disruption of normal tissue architecture can enhance penetration of nanoparticles, and
consequently of the encapsulated drugs. For example, the blood vessels of tumors are leaky
compared to normal blood vessels because the endothelial cells of tumor vessels have
intercellular openings (ranging from hundreds of nanometers to 1-2 micrometers) and loose
interconnections, and their lymphatics are defective.[195] These properties of tumors lead to
the EPR of macromolecules (including drugs and plasma proteins),[1%! lipid particles,[196]
and nanoparticles of a certain size (typically in the range of tens to hundreds of
nanometers).[197] The EPR effect has been commonly used to enhance penetration of
therapeutics into tumors in animal models,[198] although the effect is highly variable in
humans.[199] The use of EPR is intended to lead to a preferential accumulation of drug in
tumors (vs. in normal tissue); whether that occurs is controversial.[200] EPR-like effects have
also been observed in atherosclerosis, where chronic inflammation of arterial blood vessels
leads to rapid proliferation of endothelial cells and formation of leaky and defective blood
vessels,[201] and following experimental myocardial infarction, where disruption of the
vasculature presumably renders it leaky.[202]

The size and surface functionalization of nanoparticles both influence transport properties
within tissues. In general, smaller particles have shown better penetration through endothelia
and into tumor tissue, although sub-10-nm nanoparticles tend to have relatively short half-
lives after intravenous injection due to rapid renal clearance.[203-205] Nanoparticles tens to
hundreds of nanometers in diameter and with minimal surface charge can extravasate from
the abnormal vasculature found in tumors but not the normal vasculature (except, for
example, in organs which normally have a permeable vasculature, as in the liver).[1%8] One
clear demonstration of the effect of size was done with nanoparticles that could be induced
to shrink in situ from 150 to 40 nm in diameter upon UV irradiation. After UV irradiation,
greater penetration of the nanoparticles into tumors was observed.[204. 206] |nterestingly, the
particle shrinkage also enhanced nanoparticle penetration in intact rabbit corneas.210

Delivery of nanoparticles can be enhanced by reversible disruption of the SC. Surface
modification with macromolecular CPEs have been used for this purpose.[207] Hyaluronate-
modified nanorods (~16 nm diameter and ~91 nm in length) were used to deliver an anti-
tumor drug (death receptor 5 antibody) across the epidermis after topical application in
murine model of skin cancer.[207] The drug was conjugated to the nanoparticle surface.
Penetration of nanoparticles into the dermis was demonstrated by two-photon microscopy
using fluorescently-labeled death receptor 5 antibody. The antibody alone could not
penetrate the SC.

Physical methods have also been employed to enable nanoparticles to cross skin. Solid
silicon microneedles (150 um length and 80 um diameter) were applied to cadaver skin to
create microscopic pores. After the microneedles were removed, a solution of polystyrene
particles 50 nm in radius was applied to skin and shown to permeate skin at 1073-104 cm/h;
while no nanoparticles permeated skin without microneedles.[208] |ontophoresis (current
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density 0.50 mA/cm?; pulse frequency 2000 Hz; 1:1 pulse on/off interval ratio) was used to
deliver solid lipid nanoparticles (100-800 nm diameter) containing triamcinolone acetonide
acetate (a glucocorticoid agonist) across porcine skin. Delivery by iontophoresis of
nanoparticles enhanced flux across skin 3—7 fold over that for the free drug.[209]

Poly(ethylene glycol) (PEG) can be used to modify particle surfaces to enhance permeation
by minimizing interaction with the surrounding environment in vivo, such as in mucus.[210]
Surface modification with PEG has improved the rate of diffusion of polystyrene
nanoparticles ranging 100 to 500 nm in diameter in undiluted human mucus by up to 3
orders of magnitude, ex vivo.[210]

Barrier crossing by nanoparticles can be enhanced simply by making the particles more
available to cross. One very common example of this is nanoparticle PEGylation, which can
minimize the adsorption of serum proteins on the particle surface, reduce their uptake by the
reticuloendothelial systems, and prolong their blood circulation time.[211-212] The prolonged
residence time, when combined with targeting mechanisms, can result in greater amounts of
drugs that overcome a biological barrier, such as the BBB, than that of nanoparticles without
PEGylation. Therapeutic genes (e.g., antisense MRNA against the human epidermal growth
factor receptor gene) have been delivered into an intracranial mouse model of a brain tumor
by intravenous injection. The therapeutic genes were encapsulated in PEGylated liposomes
functionalized with receptor-specific monoclonal antibodies targeting the mouse transferrin
receptor that enables cross-BBB delivery.[213]

5. Breaching Biological Barriers other than Skin

Permeation enhancement methods other than those designed for skin have been employed to
cross other biological barriers. Here we discuss a selection of such tissues, chosen to provide
a broad perspective of the types of approaches that have been developed.

5.1. Trans-Tympanic Drug Delivery

Drug delivery across the tympanic membrane (TM) can be done via methods similar to those
developed for skin. The TM is a tri-layer membrane whose outer layer is a stratified
squamous Keratinizing epithelium continuous with the skin of the external auditory canal.
The innermost layer is a simple cuboidal mucosal epithelium. Between these epithelia is a
layer of fibro-elastic connective tissue and associated blood vessels and nerves. The human
TM is only about 100 um-thick, but the 6-10 cell layer outer epithelium forms an
impenetrable barrier against all but small and moderately lipophilic molecules due to its
keratin- and lipid-rich SC.[214] Because of this structural similarity to skin, the delivery
platforms developed for transdermal delivery may be transferrable to trans-tympanic
delivery.

Localized and sustained drug delivery directly to the middle ear (Figure 7) for conditions
such as otitis media have several advantages over systemic application. Since the drug would
go directly to the middle ear, there would be much less systemic distribution of drug and
therefore fewer side effects (which can limit therapy) and perhaps less inducement for
antibiotic resistant bacteria. If it were possible to pack an entire treatment regimen into one

Adv Mater. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 23

applied dose, it would not be necessary for parents to struggle to deliver an oral dose to
uncooperative toddlers three times a day for ten days. However, otic gel preparations for
non-invasive drug delivery across the TM have not been explored until recently due to the
impermeability of the TM. (Similar considerations apply to the inner ear and Méniére's
disease, with the round window being the principal barrier to drug delivery, assuming the
drug is placed in the middle ear.) CPEs have been used to deliver drugs across the TM,[°]
where a broad-spectrum antibiotic, ciprofloxacin, was delivered directly into the middle ear
to treat otitis media (Figure 7B).[3] Sustained trans-tympanic drug transport has been
realized with CPEs contained within a hydrogel (Figure 7).[3 91 Peptides that can cross the
TM of rats with otitis media (induced by nontypeable Haemophilus influenza) have also
been identified via phage display.[21°]

Iron oxide nanoparticles have been encapsulated in PLGA and used to deliver therapeutics
such as dexamethasone across the round window and into the inner ear under an external
magnetic field (0.26 mT).[216-217]

5.2. Mucus-Penetrating Nanoparticles

Mucus is commonly found on surfaces of the respiratory tract, Gl tract, female genital tract,
nasal passages, and eyes. Drug delivery across mucus and to mucosal surfaces can be
important in the local treatment of numerous conditions.[218]

Human mucus is on average tens to hundreds of micrometers thick and composed of
disulfide bond cross-linked fibers composed of 0.5 to 50 MDa mucins, entangled with other
biomacromolecules including DNA and glycoproteins.[219] Despite having over 90% water

content, mucus has a viscosity that is 103 to 104 times higher than that of water at low shear
rates.[218, 220]

Mucins are high molecular weight glycoproteins, where blocks of serine, threonine, or
proline (glycosylated with, for example, fucose, galactose, sialic acid, N-acetylglucosamine,
and N-acetylgalactosamine) make up ~80% of the protein backbones.[221-222] The
glycosylated regions of mucins are hydrophilic and negatively charged, allowing small
hydrophilic molecules, such as glucuronic acid and mannitol, to pass through mucus
quickly.[223] Interestingly, given the anionic domains of the mucins, the charge of molecules
does not have a clear effect on their diffusivity in mucus.[223-224] The non-glycosylated
regions are hydrophobic and can trap hydrophobic molecules (such as testosterone) or
hydrophobic particles.[223. 225]

Some viruses, particularly ones less than 100 nm in diameter, of neutral charge, and with
hydrophilic surfaces (e.g., human papilloma virus, 55 nm in size), can diffuse through mucus
as easily as through water).[226] This rapid penetration has been explained by envisioning
mucus as a “sticky” net with a pore size of 100 nm.[226-227] Diffusion coefficients in mucus
decrease rapidly as the particle diameter rises above 100 nm.[224. 226] Consequently,
nanoparticles smaller than 100 nm are most commonly used. The permeability of particles
with diameters of 270 nm or 490 nm is only 18% or 3% respectively of particles 70 nm in
diameter.[224]
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Nanoparticles used as mucus-penetrating delivery vehicles are generally hydrophilic and
neutrally charged;[218] the same is true of drugs that penetrated mucus (in contrast to the
properties that are advantageous in crossing skin). Modification of the surface of
nanoparticles with hydrophilic and neutrally charged PEG improved their penetration of
mucus.[218] For example, poloxamer 407 (a block copolymer rich in PEG blocks) coating of
65 nm nanoparticles containing acyclovir monophosphate greatly enhanced penetration into
mucus.[228]

Mucolytic agents, such as N-acetylcysteine,[229] nacystelyn,[230] and gelsolin,[231] may be
used to enhance particle transport. Mucolytics disentangle the cross-linked mucus network
and reduce the viscoelasticity of mucus.[232] However, mucolytics tend to have an
unpleasant odor.[233] There is considerable variability from patient to patient in the
effectiveness of mucolytics in breaking down mucus.[234-235]

Hydrophilic nanoparticles that can penetrate mucus are in clinical trials to deliver
loteprednol etabonate to the eye for the treatment of dry eye disease and for post-surgical
inflammation and pain.[236]

5.3. Trans-GlI Tract Delivery

The human Gl tract consists of the stomach, small intestine, and large intestine. The small
intestine has a large surface area (200 m2) and is the main site of absorption for most drugs
taken orally.[237] However, the absorption of macromolecules (such as insulin, antibodies,
and genetic materials) in the Gl tract is challenging because the cells of the intestinal
epithelium are connected by tight junctions.[238]1 Macromolecules are also susceptible to
enzymatic degradation in the Gl tract. (Proteins are normally a chopped up by peptidases in
the intestinal lumen and the resulting peptides are absorbed; the body then synthesizes what
proteins are needed de novo.)[238] Flux of many drugs into the body is counteracted by
efflux transporters on the apical (luminal) membrane of Gl epithelial cells, such as the p-
glycoprotein multidrug transporter, which actively eject drugs from the body after uptake
into enterocytes (see below for methods of overcoming).[239-241]

Orally-administered fatty acids have been used for trans-GI drug delivery.[42] For example,
sodium caprate has been demonstrated to disrupt tight junctions transiently in the Gl tract in
several animal models, and caused no tissue damage even after repeated oral
administration.[243-245] |t may also function as a conventional CPE.[246] Sodium caprate is
approved by the FDA as a direct food additive for human consumption.[2471 It was well-
tolerated and effective in humans in a number of clinical studies, where the GI absorption of
various drugs (e.g., alendronate, zoledronic acid, ampicillin, cefoxitin, ceftizoxime, acyline,
and oligonucleotides) were enhanced.[242] Sodium caprate has been used to deliver antisense
oligonucleotides. For example, the antisense oligonucleotide to tumor necrosis factor a
mRNA was formulated with sodium caprate in a tablet and administered to healthy
volunteers orally, resulting in a plasma bioavailability of around 9.5%.[248] This formulation
[presumably] has undergone a Phase 3 clinical trial in gastrointestinal autoimmune
disease.[249]
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An amino acid derivative of sodium caprylate (sodium N-[8-(2-hydroxybenzoyl) amino]
caprylate [SNAC]) has also been tested in clinical trials for the oral delivery of a variety of
substances including ibandronate,[250] cyanocobalamin (Vitamin B-12),[251] glucagon-like
peptide 1,[2521 and insulin.[253] For example, glucagon-like peptide 1 and peptide Y'Y 3-36
(both of which reduce food consumption) have been mixed with SNAC and formulated into
a tablet administered orally to healthy volunteers.[252] This oral formulation led to peak
plasma concentrations of ~30 pmol/L and 398 pg/mL respectively for glucagon-like peptide
1 (dosed at 2 mg) and peptide Y'Y 3-36 (dosed at 1 mg) and reduced total energy intake by
21.5% on average in humans.[252] The mechanism of permeation enhancement for SNAC is
unclear. One theory is that it can form a non-covalent complex with the therapeutic agent,
providing protection against intestinal degradation while also promoting absorption in the Gl
tract.[254-255] CPEs undergoing clinical trials for trans-Gl delivery have been reviewed
elsewhere.[254]

Chitosan can also enhance trans-Gl drug delivery by loosening tight junctions via
electrostatic interactions with negatively charged Gl mucosal epithelia.l25¢] Insulin has been
conjugated to trimethyl chitosan and administered orally to healthy rats, which induced
hypoglycemia (with blood glucose levels reduced to 80% those of rats not given the drug)
for 8 hours after administration.[257]

Flux of proteins across the Gl tract can also be enhanced by immobilization of a drug
delivery system within the lumen. For example, insulin-loaded polymeric microparticles
containing magnetic particles were maintained in the intestines of mice by having them wear
a miniature magnetic vest.[258] This approach resulted in increased insulin uptake compared
to the same formulation without the magnetic vest.

Ultrasound can induce transient cavitation in tight junctions in the rectal epithelium and
enhance trans-GI delivery of therapeutics, as indicated in a number of pre-clinical studies.
For example, a more than 20-fold enhancement of drug permeation compared to a
conventional enema has been achieved by applying a 1-minute treatment of low-frequency
ultrasound generated by a rectal probe in Yorkshire pigs.[259] Similar enhancement can be
achieved for the delivery of hydrocortisone and mesalamine.[136]

Microneedle-based approaches have been suggested for GI delivery of drugs. For example, a
pill concept has been reported that would deploy microneedles.[260]

Nanoparticles have been used to deliver drugs via the Gl tract.[261] For example, the
hydrophobic molecule quercetin has been loaded in solid lipid nanoparticles made of
glyceryl monostearate and soya lecithin, with a diameter of ~155 nm, and administered
orally in healthy rats.[262] The peak plasma concentration of quercetin was doubled and the
elimination half-life tripled when delivered in the lipid nanoparticles compared to free drug
at the same dose.[262]

Efflux inhibitors can reduce the efflux of drugs by p-glycoprotein transporters located on the
apical cell membranes of the Gl epithelia and improve overall trans-GI permeation of
therapeutics. P-glycoprotein inhibitors have been under investigation for more than three
decades.[2391 However, the commonly used inhibitors, such as verapamil, dexverapamil,
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dexniguldipin, and tariquidar, have not been successful in clinical trials due to severe side
effects observed in cancer patients (such as acute congestive heart failure, nausea, vomiting,
and depression in the case of dexverapamil, dexniguldipin, and tariquidar) and/or lack of
beneficial effect (verapamil).[239. 263]

There has been a recent focus on screening products of natural origin (e.g. flavonoids from
fruits), inspired by the observation that grapefruit juice can increase the oral bioavailability
and effects, both adverse and advantageous, of the dihydropyridine calcium channel
antagonists, felodipine and nifedipine.[264] For example quercetin, a flavonoid found in
fruits, vegetables, leaves and grains, increased the bioavailability of oral doxorubicin in rats,
which was attributed to enhanced absorption in the Gl tract via inhibition of p-
glycoprotein.[263]

The administration of biomacromolecules via the oral route remains a major challenge in
drug delivery. In current clinical practice, oral administration of biomacromolecules is
limited to low-MW peptides. Oral administration of macromolecules with MW above 5000
Da, such as insulin, remains a challenge.

Concerns have been raised about the safety of enhancing the permeability of the GI. The
incidence of autoimmune diseases has been correlated with the consumption of food
additives that increase intestinal permeability.[266] It has been hypothesized that increased
permeability of the Gl tract results in the entry ofimmunogenic antigens and causes
autoimmunity.[266] Surfactant CPEs can impair the protective mucus layer, facilitating the
diffusion of luminal bacteria to the intestinal epithelium and ultimately disturbing the host
microbiota. For example, CPEs polysorbate-80 and carboxymethyl cellulose have been
shown to disturb microbiota composition and induce obesity in mice.[267] Repeated
administration of the macromolecular CPE chitosan (Section 3.3.1.2) caused alterations in
gut microbiota in healthy volunteers.[268]

5.4. Enhancement of Drug Permeation of the Blood-Brain Barrier

The BBB is the capillary bed of the brain, which controls the exchange of substances
between the blood and the fluids (cerebrospinal fluid and brain interstitial fluid) bathing the
central nervous system (CNS).[269] The capillary endothelial cells are connected by tight
junctions, which provide the barrier function.[4 2701

For a substance to enter the CNS, it must traverse the endothelium and partition into the
aqueous environment of the cerebrospinal fluid and/or brain interstitial fluid. The degree to
which a substance can undergo passive diffusion across the BBB is dictated by its molecular
weight and logP.[271] Macromolecules or small molecules with low logP (i.e. hydrophilic)
cannot cross the BBB passively; molecules with high log P also have difficulty crossing as
they tend to be trapped in the cell membranes. The ideal molecular weights and log/ for
crossing the BBB are less than 400-500 Dal272] and between 1 and 2 respectively.[269]
Charge also has an effect on diffusion across BBB by the changing partition of the substance
between aqueous and lipid environments; molecules with obligate charge can have difficult
crossing the BBB. Uptake of weak bases by the cerebrospinal fluid is favored compared to
acids because the cerebrospinal fluid is slightly more acidic than plasma.[26% In silico
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models have been developed for predicting the effect of physicochemical properties of a
substance on its BBB permeability.[273-274]

Some of the strategies discussed in Sections 3 and 4 have been use to disrupt the BBB for
drug delivery.[269] Ultrasound alone applied to the skull in rabbits increased the permeation
of MRI contrast agent across the BBB.[275] Ultrasound combined with intravenously
injected 1.1-3.3 um microbubbles (a proprietary formulation of octafluoropropane [gas] in a
lipid shell, to enhance the effect of ultrasound on BBB permeability) have been used to
induce BBB disruption in monkeys enhanced permeation of MRI contrast agent (Gd-DPTA)
into the brain was demonstrated.[276]

The structural integrity of tight junctions can be broken transiently and reversibly by
shrinkage of BBB endothelial cells by osmotic shock.[277] Hypertonic solutions, such as a
solution of mannitol, have been administered via intra-arterial infusion for this purpose. The
resulting separation of endothelial cells enhanced permeability across the BBB.[277]
Carboplatin and etoposide delivered in conjunction with osmotic shock (from mannitol
infused in the vertebral artery) seemed to have — according to the authors — some therapeutic
benefit, but many of the patients experienced irreversible hearing loss.[277-278] The
permeation enhancement achieved by physical effects is non-selective with respect to
compounds that are allowed to cross the BBB and could theoretically let in circulating
substances that are toxic to the CNS.

Approaches taking advantage of the BBB’s own mechanisms for taking up specific
substances could achieve selective delivery of therapeutics across the BBB without letting in
other substances. These strategies include: 1) adsorptive transcytosis and 2) receptor-
mediated transcytosis.

Adsorptive transcytosis is induced by the binding of highly positively charged molecules
(such as cell-penetrating peptides; Section 3.3.3.1) to negatively charged regions on the BBB
endothelial cell membrane (e.g. glycoproteins), which leads to the formation of vesicles
routed into the cell with subsequent exocytosis on the abluminal surface.[279] Many cationic
molecules, including cell-penetrating peptides (Section 3.3.3.1), hexamethylenediamine,
protamine, and poly-L-lysine, have been mixed with or conjugated onto proteins (e.g.,
albumin, insulin, histone, and antibodies) and enhanced the flux of these proteins across the
BBB /n vivo in pre-clinical studies.[279-280] For example, B-galactosidase has been fused to
a TAT (trans-activator of transcription)-derived peptide and administered into mice by
intraperitoneal injection. The biologically active fusion protein was delivered to all tissues
including the brain; the enzymatic activity of the fusion protein in the brain was confirmed
by the X-Gal assay.[280]

To the best of our knowledge, drug delivery across the BBB based on adsorptive transcytosis
has not entered human clinical trials. Drawbacks of this approach can include that adsorptive
transcytosis is not cell-or even tissue-specific, which can cause systemic toxicity.[27%] For
example, poly-L-arginine peptides have been shown to induce inflammation in rat lungs
after intraperitoneal injection.[281]
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Receptor-mediated transcytosis utilizes transporters in the BBB to carry therapeutics across.
Transporters are proteins found on both apical and luminal surfaces of BBB endothelial cells
that allow specific substances to be carried from one side of the BBB to the other.[4] The
endogenous transporters can be categorized into 1) carrier-mediated transporters; 2)
receptor-mediated transporters; 3) active efflux transporters.[4]

Carrier-mediated transporters are responsible for transporting small-molecule nutrients and
endogenous compounds into the brain[282-2831 including, separately, hexose sugars, neutral
amino acids, acidic amino acids, basic amino acids, p-amino acids, monocarboxylic acids,
choline and thiamine, nucleosides, peptides, and others. Carrier-mediated transporter
systems have been used for drug delivery. For example, L-dopa uses the large neutral amino
acid type 1 transporter (LAT1) to cross the BBB.[284-285] Once inside the brain, L-dopa is
decarboxylated by aromatic amino acid decarboxylase to generate the native dopamine.

Receptor-mediated transporters can transport macromolecules (e.g., insulin, iron-transferrin,
low-density lipoprotein, cytokines, oligonucleotide analogues,[4: 269 2791y across the BBB.
Therapeutic molecules (usually macromolecules) can be conjugated to these
macromolecular ligands to the receptor-mediated transporters, enabling their transport across
the BBB. Numerous analogues of the endogenous ligands, or of peptidomimetic antibodies
(i.e. antibodies designed to mimic a peptide) that bind and activate the receptor-mediated
transporters have been developed for drug delivery over three decades of research,[286] with
numerous animal studies performed including in primates. (Such ligands are sometimes
referred to as “molecular Trojan horses” because of their ability to ferry conjugated drugs
across the BBB.) In one example, an antibody against p-secretase (BACEL) for the treatment
of Alzheimer’s disease has been delivered to the brains of mice and non-human primates by
conjugation with an antibody against transferrin receptors in the BBB.[287] Intravenous
injection of the protein conjugate resulted in sustained reductions in Ap concentrations in
the central nervous system in mice and monkeys.[287] In another example of a molecular
Trojan horse, the enzyme iduronate 2-sulfatase, used to treat mucopolysaccharidosis Type Il
has been fused with a monoclonal antibody targeted to the human insulin receptor so that the
enzyme would be transported across the BBB. The brain uptake of the enzyme was 1% of
the injected dose, 34-fold that without the conjugated antibody.[288] After 26 weeks of
weekly intravenous administration in juvenile male Rhesus monkeys, no adverse events
(e.g., immune response, tissue injury) were observed.[289]

Concerns have been raised over the potential effects of impairing or competing with function
of the transporters. It has been suggested that a ligand (e.g. an antibody) targeted to a region
of the transporter that is not directly involved in binding to the endogenous ligand may
resolve this issue. By doing this, the delivery system (e.g. therapeutic proteins fused with
targeting antibodies) will not interfere with the normal function of the transporters.[286. 290]

Efflux transporters (brain-to-blood transporters) have been discovered for a large variety of
molecules, including ions, amino acids, peptides, and cytokines.[269] The efflux caused by
these transporters may be so robust that they may not be overcome by some flux
enhancement methods (e.g. via BBB disruption).[291-292] p_glycoprotein, which can cause
efflux of molecules ranging from lipids and peptides to anticancer drugs (such as
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anthracyclines and taxanes) and immunosuppressive agents (e.g. CsA), is a major cause of
failure for many therapeutics targeted at the CNS. Inhibition of P-glycoprotein by verapamil
has been used with drugs that are known to be efflux substrates of P-glycoprotein (including
phenobarbital, topiramate, levetiracetam, phenytoin, and lamotrigine). In an epileptic dog
model, verapamil was ineffective as it did not affect phenobarbital concentrations in plasma
or cerebrospinal fluid, and caused side effects including bradycardia, decreased blood
pressure, and worsening of seizure control;[293] it has been speculated that the worsened
seizure control could be due to impairment of the removal of toxic metabolites from brain to
blood inhibition by P-glycoprotein.[29] Nevertheless, verapamil, when taken with
topiramate, levetiracetam, phenytoin, lamotrigine, reduced the frequency of seizures in
pediatric patients.[294] Future research in this area may address inhibition of more specific
efflux systems (e.g. ones that influence a narrower range of molecules).

Another example of inhibiting an efflux systems is seen in using an antisense
oligonucleotide to the PTS-6 efflux transporter. Use of that oligonucleotide enabled delivery
to the brain of intravenously administered pituitary adenylate cyclase-activating polypeptide
27 (PACAP27). Brain retention of PACAP27 increased by about fourfold and there was a
30-40% reduction in the number of trials a mouse needed to avoid foot shock in a maze in
murine models of stroke and Alzheimer disease.[29°]

6. Conditions with Altered Tissue Permeability

The penetration of therapeutics or delivery vehicles (Section 4.1) into tissues can be
enhanced by the disruption of normal tissue structure in some diseased states.

Skin infections often disrupt the structural integrity of the SC and lead to increased
transdermal permeation. Atopic dermatitis has been shown to cause a nearly 10-fold increase
in SC permeability in patients aged 4 months to 18 years.[29] Interestingly, the uninvolved
skin areas (i.e., skin without visible infection and/or inflammation) of atopic dermatitis
patients have a permeability twice that of skin in healthy volunteers.[296] Increased
permeability to drugs has also been observed in the tympanic membranes of animals with
otitis media.[3] In a chinchilla animal model, the diffusion coefficient of the tympanic
membranes with otitis increased to 10- to 15-fold of that in healthy tympanic membranes.

Increased permeation in diseased states has been observed for the BBB as well.[269] Many
meningeal pathogens can induce an inflammatory response, such as increased expression of
TNF-a systemically, which correlates with enhanced permeability of the BBB, allowing
enhanced cross-BBB permeaiton of drugs.[297-298] A transient increase in BBB permeability
to Evans Blue has been observed following traumatic brain injury in rats.[2%] The BBB also
becomes disrupted in diabetic humans and animal models.[390-301] |ncreased mitochondrial
oxidative stress, which is commonly observed in diabetes, can induce loss of BBB
pericytes,[300-301] ce|ls that regulate the BBB and whose loss induces BBB disruption and
increased permeability of the BBB to water, small molecules (e.g. Evans Blue), and
macromolecules (e.g. dextran, bovine serum albumin, and 1gG).[302]
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Altered tissue permeability can also be induced. For example, penetration of the cationic
local anesthetic tetrodotoxin into peripheral nerves was enhanced by osmotic shock with
hypertonic saline.[303]

7. Conclusions

The transdermal delivery of small, moderately lipophilic therapeutics has become a common
clinical practice. The US FDA has approved more than a dozen CPEs as safe excipients, and
physical enhancement methods, such as iontophoresis and ultrasound, have also made their
way to the clinic for the treatment of inflammation and pain.[34 In general, the most
successful systems are likely to be the simplest, and/or those that also address a secondary
need (secondary to the delivery of the drug itself). As an example of such as secondary goal,
patches may be advantageous in settings where patient compliance is inconvenient or oral
delivery is difficult for practical (e.g. inability to eat/drink) or pharmacological (e.g.
avoiding first-pass effect) reasons. More complex or inconvenient approaches, perhaps even
requiring contact with the medical system, may be necessary with payloads that are difficult
to get across biological barriers, as they may require more specialized equipment.

Interest in crossing specific barriers tends to shift as new technologies are discovered and
investigators try to use them to address a particular problem. Another potent driving force is
probably entrepreneurial zeal: when study of delivery to a particular tissue or of a class of
drug is saturated, there is often a push to discover opportunities in new areas. However, the
success of transdermal systems in penetrating into clinical practice has not always been seen
with other types of systems in other organs. One of the more perplexing questions for
researchers who are casually interested in technologies that help drugs cross barriers is why
formulations that seems so promising in one or more publications seem to vanish without a
trace, and the corollary to that, which is why — if an approach is really so promising — it has
not penetrated into clinical practice yet. There are many relatively tangible potential reasons
for failure to achieve clinical application. Some of the potential scientific reasons have been
outlined above, including that the efficacy and toxicity of treatments may be poorly
understood. What is cool science is not always practical medicine, and what seemed a good
idea at the bench actually may not have been. (It would be interesting to study the
relationship between the impact factor or other metric of the journal that a new technology is
published in and the extent of the technology’s penetration into the clinical arena.) In many
cases, the payloads that one might want to deliver across a barrier (such as protein drugs,
nucleic acids, nanoparticles) might themselves be relatively new or even under development
themselves. In some such cases, the technologies are therefore essentially in search of an
application. In other circumstances, a technology may fail simply because there is an
existing method that is generally good enough (a pill or even a subcutaneous injection).

There are numerous non-biomedical factors that can slow clinical adoption of these
technologies. There is the Scylla and Charybdis of patentability and regulatory
considerations; both are fairly opaque matters to the uninitiated. The more novel an
approach, the easier to patent and therefore the easier to build a company, reassure investors,
etc. However, the same novelty may result in a longer regulatory pathway, which may entail
more extensive toxicity studies, more numerous and more extensive clinical trials — all of
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which translate into increased cost (money) and longer time to market (and time, as we all
know, is money). The medical system tends to be slow to accept novel technologies, and
there is often the issue of whether a third-party payer would pay for this technology were it
to be commercialized.

There are other reasons that technologies vanish which we can only refer to anecdotally.
There is a portion of scientific inquiry that is irreproducible, but that lack of reproducibility
is rarely documented. Even if the lack of reproducibility is identified, it may not be possible
to elucidate why it happens. Sometimes particular results are dominated by the technical
idiosyncrasies of an investigator (e.g. an injection technique that inadvertently injects drug
directly into a nerve, not next to it, giving the incorrect impression that a formulation works
well). There is also a tendency in some to publish only the experiments that worked, not the
entire set of experiments; this gives the misleading impression that something that
sometimes works is a proven approach. Part of the problem is laxity in deciding which data
points count (i.e. deciding which data can be excluded as “outliers” — always a decision
potentially fraught with bias). Another potential problem is a misunderstanding of what
constitutes proof. These difficulties rarely make their way into print, partly because there is
little motivation for people to reproduce others’ work unless it is of intense and widespread
interest and/or there is suspicion of fraud.

The balance between effectiveness and toxicity is an important consideration in designing
drug delivery systems to overcome biological barriers. For virtually all of the approaches
discussed in Section 3, the more effective ones resulted in more tissue toxicity. One potential
way to address this dilemma might be to use a combination of approaches that each increase
flux but have different toxicities. Such systems could potentially have additive or even
synergistic activity without a commensurate increase in toxicity. It bears mentioning that
many reports cite the synergistic nature of observed interactions without actually doing the
experimentation and analysis needed to use that term properly.[304]

Approaches to getting drugs across barriers within the body other than skin tend to be more
complex. A major problem with many of these approaches is in proving that they actually
work, which in a medical context means that they achieve a therapeutic goal without too
much toxicity. (The related concept in medicine is the therapeutic index, the ratio between
the drug dose/concentration needed for effect and the dose/concentration that causes toxicity
however defined.) In transdermal delivery, such issues are relatively simple since metrics of
success (e.g. blood levels of drug) are relatively well-understood and easy to measure, as is
the toxicity (e.g. histological changes). Moreover, skin is a relatively tough and resilient
tissue. In contrast, it may be hard to understand the significance of a given drug level in a
particular part of other organs (e.g. brain), and the significance of induced local disruptions
in tissue architecture (e.g. loosening of the blood-brain barrier). These difficulties may be
part of the reason why, despite decades of research, means of enhancing drug flux into some
tissues have not entered clinical practice.

Another obstacle to translation is that some systems are not tested in vivo, where they may
not perform as ideally as they did in vitro. (In this respect, this field has been somewhat
better than others, perhaps because of the relative simplicity of some of the models, such as
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transdermal delivery.) It is also obviously important to ensure relevance of a model to its
human analogue; e.g. in the magnitude to which it presents a barrier to penetration, whether
it has the same receptor systems for drug uptake, etc.

Delivery of macromolecules across biological barriers remains a challenge. It is difficult for
small-molecule CPEs to create the relatively large pores that would allow the diffusion of
macromolecules. Physical methods such as ultrasound can enable the delivery of
macromolecules by causing micron-scale disruptions in the tissue. Even with such methods
however, the relatively low diffusivity of high molecular weight compounds can impede
delivery.[395] The combination of various modalities of enhancing flux may be beneficial.
For example, the combination of micron-scale disruption (e.g. by microneedles) with an
added driving force, such as ultrasound has been described.[30¢]

Drug delivery systems in general are becoming more sophisticated, and it is likely that the
same will be true of formulations that help drugs cross barriers.[32] For example, there is
considerable interest in systems that allow on-demand drug delivery and/or
programmability.[307-309] These systems, often referred to as stimulus-responsive or
triggered, could employ a wide variety of energy sources to initiate drug release — from
lasers and ultrasound to manual contact.[307-3091 They have recently been applied to
transdermal drug delivery. For example, a patch has been developed where the microneedles
are melted by application of near infrared light, inducing on-demand delivery of doxorubicin
hydrochloride across rat skin.[319] Also, a patch made of temperature sensitive poly (N-vinyl
caprolactam) was used to encapsulate acetamidophenol and etoricoxib; local heating led to
delivery across rat skin.[3111 Moreover, the energy sources used as stimuli could enhance the
effectiveness of more traditional approaches such as CPEs.[312] For example, electroporation
(100 V; 1Hz; 1 ms duration; 5 pulses in total) increased the permeation enhancement ratio of
0.2% w/v SDS from 1.8 to 37.3, measured by the cumulative glucose permeated across
porcine epidermis in 12 hours.[313]

As the complexity of the delivery systems increases, it is possible that regulatory hurdles
will increase accordingly. In developing new systems, it will be important to maintain focus
on simplicity (to the extent possible), cost-effectiveness, and patient-friendliness. The latter
is particularly important since the primary motivations behind many formulations described
in this review were convenience, avoidance of pain, and improvement of patient compliance.
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CPEs Physical means Biomolecules Nanoparticles and Activation/inhibition
EPR effect of transporters

Figure 1.
Summary of strategies to overcome biological barriers. CPESs: chemical permeation

enhancers.
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Figure 2.

Drug transport across skin. (a) The stratum corneum (SC) is the outermost layer of skin and
the major barrier to transport. Molecules can permeate via the intercellular, transcellular, and
intracellular routes. The cell layers discussed in the text are in black. (b) Permeation across
the SC is primarily limited by lipids (mortar), which fill the spaces between corneocytes
(bricks). (c) Lipids filling the spaces between corneocytes are arranged in a bilayer structure,
with hydrophobic tails on the inside and polar head groups on the outside. Lipids are mainly
cholesterol (yellow), free fatty acids (blue), and ceramides (green). (c) is adapted with
permission from[314]. Copyright 2011 American Chemical Society.
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Total number of US FDA-approved transdermal drug formulations over time. Data were

obtained from the FDA Orange Book.[34]

Figure 3.
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Figure 4.
Drug loading of macromolecule-based chemical permeation enhancers. (A) hyaluronic acid-

drug conjugate; (B) drug-encapsulating dendrimer; (C) cyclodextrin-drug complex. The red
spheres represent the drugs.
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Figureb.
Physical mechanisms to enhance transdermal drug delivery. Blue dots represent therapeutics;

white circies under single/dual frequency ultrasound represent microbubbles.
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Figure 6.
Selected peptide sequences of the three categories of skin penetrating peptides: cell-

penetrating peptides, antimicrobial peptides, and phage peptides.
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Figure7.
Schematic representation of an in-situ forming antibiotic-loaded hydrogel at the tympanic

membrane (TM). Antibiotics diffuse out of the gel, across the TM (with the assistance of
CPEs), and into the infected middle ear. From [9]. Permission obtained from Elsevier.
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Table 1

Excipients with permeation-enhancing activity approved by the US FDA.[46]

Chemical abstract FDA-approved
Name service (CAS) number  concentration upper limit
Decyl methyl sulfoxide 3079285 0.13 w/iv%
Diethyl sebacate 110407 24 wiv%
Dimethyl sulfoxide 67685 45.5 wiw%
Limonene, (+/-) 138863 10 wiv%
Isopropyl palmitate 142916 7.3 W%
Isopropyl myristate 110270 31.35w/w%
Methyl Laurate 111820 0.25 w/w%
Nonoxynol-9 26027383 0.01 wv%
Octoxynol-9 9002931 0.12 w/w%
Octyldodecanol 5333426 13.5 wiv%
Oleic acid 112801 25 wiv%
Polysorbate 20 9005645 15 wiw%
Polysorbate 40 9005667 3 wiw%
Sodium lauryl sulfate 151213 40 wiv%
Sodium lauroyl sarcosinate 137166 0.75 wiv%
Sodium polyacrylate (2500000 MW) 9003047 NA
Sodium pyrrolidone carboxylate 54571674 5.2 W%
Sorbitan Monooleate 1338438 7 wiw%
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Table 2

Chemical permeation enhancers and their molecular structures.

Page 52

Name Molecular structure Molecular  Class LogP
weight
[Da]
Pyrrolidone 85.1 Solvent -0.9
HN
Sodium pyrrolidone carboxylate 151.1 Solvent n.a.
H
o]
5
Dimethyl sulfoxide Ci' 78.1 Solvent -1.4
H,c” CH,

Decyl methyl sulfoxide H3C\Q/WW\CH 204.4 Solvent 3.8

ii ¢

0
Oleic acid j\/\/\/w\/v\/ 2825 Fatty acid 7.7

HO - Lt
Sodium lauryl sulfate ‘I)I 288.4 Anionic surfactant 1.6
—5=0
1.
0
H4C

Sodium octyl sulfate e O CH 232.3 Anionic surfactant n.a.

0/
Sodium laureth sulfate 5 332.4 Anionic surfactant n.a.

Ij/o%
Nonoxynol-9 0/\/0\/\0:4 616.8 Non-ionic surfactant 3.4
\_/\J/\/U\/\ﬂ
T
Limonene (terpene) H; 136.2 Terpene 46
H. H.
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*
Data were obtained from the PubChem Open Chemistry Database by the National Center for Biotechnology Information (http://
www.nchi.nlm.nih.gov/pccompound).
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Table 3

Physical enhancement methods approved by the US FDA

Mechanism Product name Marketing company Year of initial
commercialization
Microneedle Macroflux® Zosano Pharma 2002
Micronjet® NanoPass Techonolgies 2009
Ultrasound SonoPrep® Sontra Medical 2004
lontophoresis lontocaine® lomed 1995
Phoresor®, LidoSite™  Chattanooga Group 2000
E-trans® Vyteris 2004
Zecuity® Alza Coorporation 2004
lonsys® NuPathe Inc. 2015
Hybresis® Alza Coorporation 2006
lomed/EMPI 2007
Electroporation  Cellectra® lonvio 2013
ViaDerm®
Laser P.L.EAS.E® Pantec Biosolutions 2008
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