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Alkyl vitamin C derivatives (ASCn) combine in their structure a lipophilic and a hydrophilic moiety
and exhibit properties of typical surfactant molecules. Self-assembly properties of ASCn depend
on the length of n-alkyl fatty chain. ASCn start to aggregate at temperatures (CMT, Krafft point)
at which the solubility reaches the critical micellar concentration (CMC). Above this temperature,
ASCn can aggregate in micelles or gel phase, depending of alkyl side chain. Upon cooling, for
less soluble derivatives (ASC12, ASC14 and ASC16) liquid—crystal structures named coagels are
obtained. They are able to solubilize insoluble and unstable drugs, protect them from any possible
aggressive environment and promote their permeation through skin and mucosa. These systems
possess very interesting properties making ASCn coagels promising pharmaceutical platforms for
drug delivery. Results from investigations about all these properties will be described and analyzed
in the present review with particular emphasis on the use of these systems for drug administration
through ocular and transdermal routes.
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Polar lipids have been widely investigated as lyotropic
liquid crystal precursors. Among the most studied com-
pounds are fatty acid esthers such as monoglycerides and

1. INTRODUCTION

The use of active surface compounds (surfactants) in phar-
maceutical technology has been widely explored. They are

o A 3,4 ;
commonly utilized as emulgent, solubilizing agent, suspen- glyce;rates. In rec.ent years, LLC syste'ms have recew'ed
sion stabilizers, wetting agent, etc. In these cases, they are conmderable. attention because of their high potent%al
incorporated in the formulation in relative low concentra- as drug vehicles. Among these systems, reversed cubic,

tions where surfactant molecules remain disaggregated in a hexagonal and lamellar mesophases are the most impor-
subcolloidal estate at the interface. However, depending on ~ tant and they have been extensively investigated for their

chemical structure, concentration and temperature, surfac- ability to sustain the release of a wide range of bioactives,
tants are able to form supramolecular aggregates with very from low molecular weight drugs to proteins, peptides and
particular properties when the concentration is raised.' nucleic acids.’ Besides, these systems have shown promis-
sory pharmaceutical performance for drug administration
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From several years ago we have been studying a group
of polar lipids consisting of alkyl vitamin C derivatives
(ASCn).!%1* Their amphiphilic nature allows these com-
pounds to form aggregates, mainly lamellar mesophases.
By mean of these studies we were able to evaluate the
potential utility of this new liquid crystal system, which
has evidenced very interesting properties as pharmaceuti-
cal carrier. In this review, we focus on the description of
the general properties of these systems and the results con-
cerning their potential use for drug administration through
ophthalmic and dermal routes.

2. CHARACTERISTICS OF ASCn
2.1. Physicochemical Properties

Ascorbic acid (AA) is one of the most powerful natural
antioxidants but due to its poor solubility in hydrophobic
media, its usefulness is limited to aqueous environments.

Ascorbyl-6-O-alkanoates (ASCn) retain the same
radical-scavenging properties of ascorbic acid and their
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Fig. 1. Schematic chemical compositions of 6-O-alkyl ascorbic acid
derivatives. Reproduced with permission from [24], S. Palma, et al., 1l
Farmaco. 58, 1271 (2003). © 2003.

antioxidant efficiency is comparable to other natural
reducing agents, such as carotenes, polyphenols, and
tocopherols.'> ASCn are obtained through the estherifica-
tion of hydroxyl group in position 6 of AA with fatty acids
of variable length chain (Fig. 1).

The ASCn-water systems give liquid crystals on heat-
ing, which, on cooling, become gels with lamellar structure
that exhibit sharp X-ray diffraction patterns and optical
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birefringence (see next section). The semisolid consistency
of such gels is an interesting property in order to formu-
late pharmaceutical dosage forms able to solubilize and
stabilize different drugs for dermatological use. Therefore,
these amphiphiles combine the powerful antioxidant prop-
erties of ascorbic acid with the capability of producing
supramolecular aggregates.

The synthesis of ASCn was reported elsewhere.!® The
variation in side chain length has a direct influence on their
physico-chemical properties, for example the melting point
increases with the side chain length.!® The pKa values for
OH(3) and OH(2) are 4.2 and 11.6, respectively. Therefore,
ascorbyl-6-O-alkanoates behave as anionic surfactants in
pure water.!’

Their amphiphilic nature allows these vitamin C deriva-
tives to form aggregates (coagel) that provide an ideal
environment for the solubilization of hydrophobic and sen-
sitive drugs that might be otherwise easily degraded and
oxidized when exposed to light, heat, dissolved oxygen,
and other radical-producing species.

2.2. Phase Behavior and Aggregation Properties

At room temperature the water solubility of alkanoyl-6-o-
ascorbic acids (ASCn) is poor, except for the short chained
ASCS8.'820 Their solubility increases with temperature,
so that depending on the side chain length, the surfactants
form clear micellar dispersions above a critical micellar
concentration (CMC) and at temperatures higher than their
critical micellar temperature (CMT).2! On cooling, a solu-
tion of ascorbyl alkanoate produces an opaque curd.?? Such
a phase is typically termed semicrystalline mesophase,
poorly hydrated crystal, or more usually coagel.

These supramolecular assemblies, in which the surfac-
tant molecules are arranged in closely packed lamellar
structures, undergo either a coagel-to-micelle or a coagel-
to-gel phase transition depending on the aliphatic side
chain length, as depicted in Figure 2.

The water in the system is in three different states.?
The first hydration layer is composed of about 11 water
molecules per surfactant molecule which are strongly
attached to the oxygen and the hydrogens of the —-OH
groups of the polar headgroups by hydrogen bonds and are
not detectable by DSC, included in a 3 A thick layer. The
second hydration layer is formed by about 50-60 water
molecules per surfactant one, which are associated with that
of the first hydration layer and are then affected enough
by the presence of the polar headgroups to have a different
melting peak from that of bulk water. The second hydration
layer is extended up to 9 A from the polar group. Water not
included in these two categories behaves as bulk water.

2.3. Rheology of Nanostructured Aggregates

The semisolid system formed from ASCn self-assembly
shows very particular rheological behavior.>* ASCS,
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Fig. 2. Schematic picture of a coagel in equilibrium with a micelle or
with a gel phase. Reproduced with permission from [10], S. Palma, et al.,
Langmuir 18, 9219 (2002). © 2002.

ASC12, ASC14, and ASC16 coagels show a complex
rheology, with the appearance of spur rheograms, while
coagels of ASC10 and ASCI11 exhibit pseudoplastic flow.
ASC11 also shows thixotropy.

Coagels of ASC12, ASC14 and ASCI16 form a ‘house
of cards’ structure, where swelling and strengthening of
the semisolid network occurs, due to the presence of water
pools between the amphiphilic bilayers. On the other hand,
for ASC10 and ASCI11 coagels, this kind of arrangement
apparently is not permitted and flexible bimolecular sheets
arrange parallel to each other.

When a spur value is reached, ASC12, ASC14 and
ASC16 coagels acquire pseudoplastic flow. In this way,
according to the handling of the semisolids, the rheological
properties of the system can change.

3. OCULAR DRUG DELIVERY SYSTEMS

Topical application on the eye’s surface is the common
method of drug administration to treat ocular diseases.
However, a pharmaceutical carrier used for this objective
has to be formulated according to the disease nature, as
different pathologies may affect the external (conjunctivi-
tis, blefaritis, dry eye syndrome, etc.) or internal (uveitis,
endophthalmitis, glaucoma, etc.) segments of the eye.

It has been reported that the intraocular bioavailability
is very low (< 5%) after topical application, mainly due
to the particular characteristics of the corneal epithelium.
Since precorneal area receives most of the administered
drug, it is expectable that high systemic absorption through
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Fig. 3. ESEM pictures of ASCn. (a) ASC8, 400x, RH 60%, 3.9 Torr. (b) ASC10, 1663x, RH 45%, 2.9 Torr. (c) ASC12, RH 70%, 12.4 Torr.
(d) ASC16, 800x, RH 85%, 5.7 Torr. Reproduced with permission from [10], S. Palma, et al., Langmuir 18, 9219 (2002). © 2002.

conjunctiva and nasolacrimal duct may occur.> The cornea
is practically impermeable and, therefore, behaves as a
very efficient barrier against chemical compounds.

In response, different strategies have been developed to
improve drug permeation through this membrane. Among
these, the use of absorption enhancers is perhaps one of
the most effective.?

Regarding usual ocular pathologies, glaucoma involves
progressive optic nerve damage associated with the loss
of visual function and is frequently related to elevated
intraocular pressure (IOP).?’

Such pathology is usually treated with the adminis-
tration of different classes of topical medications such
as prostaglandin analogs (latanoprost, travoprost, and
bimatoprost), selective B-adrenergic agonists (apracloni-
dine, brimonidine, and clonidine) and carbonic anhydrase
inhibitors (CAls; brinzolamide).

Nowadays, acetazolamide (AZM), a CAI, can be orally
used for the reduction of IOP in patients suffering from
glaucoma, in the preoperative management of closed-angle
glaucoma, or as an adjuvant therapy in the treatment of
open-angle glaucoma.”®

However, in order to obtain the desired lowering in IOP,
large oral doses of AZM have to be administered, and can
lead to a wide range of side effects that usually appear due
to the extensive distribution of carbonic anhydrase in the
body’s organs.

4

These deleterious systemic side effects of AZM could
be avoided if AZM is topically administered to the eyes.
Nevertheless, the poor aqueous solubility (0.7 mg/mL) and
low corneal permeability (4.1 x 107% g-cm/s) limit the
ocular bioavailability of AZM.?

In a recent work®® we reported the results concerning
the potential utility of ASCn coagels for AZM ophthalmic
administration. These systems were evaluated in terms of
their in vitro permeability (isolated cornea), pharmacolog-
ical effectiveness (IOP reduction in normotensive rabbits)
and potential irritant effects.

Besides low permeability, the poor solubility of AZM
in water is also a limiting factor for drug absorption.
Regarding this, the lamellar structure of coagels may
increase the amount of solubilized drug in the system.
The highest AZM solubility (> 0.5% W/V) was observed
for 2% ASCI12 coagels, and in comparison to ringer’s
solutions, the apparent solubility of AZM was increased
4-fold.

Based on these results, for permeation studies, we used
2% ASCI12 coagel containing AZM at 2 different con-
centrations (0.1% and 0.4%) aiming to evaluate the influ-
ence of drug concentration on the therapeutical response.
Then, bearing in mind the pharmaceutical requirements
for ophthalmic formulations such as tonicity and pH, the
coagels were formulated using glucose isotonic solutions
as vehicle.

J. Biomater. Tissue Eng. 3, 1-9, 2013
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Fig. 4. Structural model of the hydrated aggregates (crystals and lamel-
lar mesophases). Reproduced with permission from [23], L. Benedini,
et al., Colloids Surf., A: Physicochemical and Engineering Aspect. 375,
178 (2011). © 2011.

The formulations obtained were slightly hypo-osmotic,
although in compliance studies on animals, we detected
neither discomfort nor histological evidence of mucosa
damage. The low pH observed may be aggressive for ocu-
lar mucosa. However, the normal pH value of lacrimal
fluid was rapidly restored (about 30 s) after administra-
tion of AZM coagel in rabbits, without any detectable side
effects (unpublished data).

3.1. In Vitro Drug Release

This assay was performed in order to evaluate the effect
of coagels on AZM release. Taking into account that a
drug permeable membrane was used, the observed release
kinetic should only be attributed to the influence of coagels
on drug diffusion.

ASCI12 coagels containing AZM showed to be able
to modulate drug release (Fig. 6). In both cases (0.1%
and 0.4%), a near-zero-order release was observed.
As expected, the drug release was higher for AZM 0.4%.

3.2. Evaluation of AZM Transcorneal Permeation

The corneal epithelium is less permeable compared with
other epithelial tissues (intestinal, nasal, bronchial, and

J. Biomater. Tissue Eng. 3, 1-9, 2013
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tracheal), although it is more permeable than the stra-
tum corneum.’! The results concerning AZM permeation
through the cornea are presented in Figure 7. In these
assays, we also evaluated the permeation of AZM sus-
pended in ringer’s solution (AZM-R) and the marketed
brinzolamide drug product AZOPT®. This marketed for-
mulation containing 1% w/w of brinzolamide, according
to the information provided by the producer (Alcon Lab-
oratories), was used as a reference. Although this latest is
a newer and lesser potent drug compared to AZM, nowa-
days is the selected drug for first instance treatment of
glaucoma.

AZM-loaded coagels were able to promote AZM per-
meation, which was higher compared to ringer solution.
This increase in permeation was proportional to AZM con-
centration according to the measured AZM steady-state
flux (J) and apparent permeation coefficient (P,,,) (J =
1.43 mg/min and P,,, =3.04 cm-s™").*

In this way, for AZM 0.1% the transcorneal permeation
was thrice higher than AZM-R for the same drug con-
centration. This increase was even higher in the case of
AZM 0.4% coagels, mainly due to the higher amount of
AZM available for absorption. In the case of AZM-R, drug
permeation was very low as consequence of the physico-
chemical properties of AZM. Similar results were observed
with brizolamide (AZOPT®), although this drug is quite
different to AZM. Therefore, based on these results, pre-
liminary in vitro permeation studies have demonstrated that
coagels could be an advantageous drug delivery system for
the ocular administration of AZM.

3.3. In Vivo I0P Measurements

In order to evaluate the possible correlation of coagels
behavior observed in vitro with the in vivo effect, the varia-
tion of IOP in rabbits after formulation administration was
measured.

In Figure 8, we show the results concerning IOP diminu-
tion after the administration of the formulations under
investigation. In the case of coagels containing AZM,
the hipotensor effect (HE) was proportional to AZM
concentration, whereas for AZM-R, this correlation was
practically negligible. It was possible to appreciate the
maximum difference in HE (24.84%-2.02%) 2 h post-
administration for AZM 0.4% coagels in comparison to
AZM-R. This implies that the effect of a higher concen-
tration alone does not seem to be sufficient to explain this
observation, as AZM-R is a solution where AZM is imme-
diately available for absorption. Nevertheless, the corneal
permeation and HE were both lower.

With regard to HE of AZOPT, this was similar to that
observed for AZM 0.4% coagel during the first 2 h post-
administration. However, this effect rapidly diminished for
AZOPT after 2 h, whereas for AZM 0.4% coagel the HE
reached a maximum at 2 h and remained at similar values
during 3 h.
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Fig. 5. Rheograms for ASCn coagels: (a) ASCS8; (b) ASCI10; (c) ASCI11; (d) ASC12; (e) ASC14; and (f) ASC16. Reproduced with permission

from [24], S. Palma, et al., Il Farmaco. 58, 1271 (2003). © 2003.

The behavior of AZM 0.1% coagel was quite differ-
ent compared with earlier formulations. Its maximum HE
was lower and was reached 3 h postadministration. After
4 h, the HE value was similar to the values observed for
COA-AZM 0.4% and AZOPT at the same time. Evidently,
according to Figure 8, lower AZM concentrations did not
facilitate rapid drug absorption due to the low concentration
gradient that impelled the diffusion process. In this context,
it is important to analyze the results taking into account the
relative drug concentration in each formulation.

6

The AZM permeation from AZM 0.4% coagel and brin-
zolamide were initially similar. Although the AZM con-
centration from AZM 0.4% coagel was 2.5-fold lower than
brinzolamide concentration (AZOPT), the former was able
to permeate the drug more efficiently. Besides, brinzo-
lamide is known to be intrinsically more permeable than
AZM, implying that the promoter effect of coagels is really
remarkable.

In order to evaluate the potential irritant effects of the
formulations, we performed a histological examination by

J. Biomater. Tissue Eng. 3, 1-9, 2013
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Fig. 6. In vitro release profile of acetazolamide (AZM) from ASC12
coagels. B AZM 0.4%; ¢ AZM 0.1%. Reproduced with permission
from [30], L. L. Tartara, et al., Journal of Ocular Pharmacology and
Therapeutics 28, 102 (2012). © 2012.
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Fig. 7. Ex vivo permeation profile through isolated rabbit cornea.
Comparison between formulations of ASCI12 coagels containing AZM
and AZOPT commercial formulation. B AZM 0.4%; ¢ AZM 0.1%;
e AZM-R; A AZOPT®. Reproduced with permission from [30], L. L.
Tartara, et al., Journal of Ocular Pharmacology and Therapeutics 28,
102 (2012). © 2012.

light microscopy of the treated corneas.?! In all cases, the
intensity of irritation was time dependent.

The sodium dodecyl sulphate solution (SDS 2%)
used as positive control produced a serious injury after
30 min post-administration. Although this irritation grad-
ually decreased, at 180 min, it was still considerable. On
the other hand, as expected, the irritant effect of AZM-R
was practically negligible along the time of examination
(180 min). Finally, in the case of AZM 0.1% and AZM
0.4% coagels, a mild-to-moderate effect was observed.

4. TRANSDERMAL DRUG
DELIVERY SYSTEMS

Several factors may influence the skin permeation, and
consequently, the improvement in the therapeutic efficacy

J. Biomater. Tissue Eng. 3, 1-9, 2013
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of topically delivered drugs. Among these, the release of
drug from the formulation, drug penetration into the stra-
tum corneum and drug diffusion into the deeper skin layers
may be included.

The permeation of ASCn as well as its effect on
“in vitro” and “in vivo” drug diffusion through rat and
mice skin was evaluated.”> ASCn permeation through rat
skin epidermis was very fast and quantitatively significant.
ASC12 appears to be the compound that possesses the
highest capacity to enhance the penetration of the drug as
well as for self-penetration through the epidermis.

The ability of these compounds to permeate the rat skin
is related to their chemical composition, since the flux of
ASCn decreases as alkyl chain length increases. Further-
more, a burst effect was observed with ASC12. Also, the
permeation of anthralin from ASCn coagels applied on rat
skin was very increased compared to other pharmaceutical
systems such as liposomal and niosomal carriers,* being
ASC12 the most effective enhancer.

In line with this, a subsequent study was conducted with
the goal of characterizing the transdermal permeation of
ibuprofen (IBU).>*35 In the case of ASCI2 and ASC16
coagels, IBU release was sustained as indicated by the
diffusion coefficient (n). IBU release from ASC16 was
slightly lower than that of ASC12. This difference could
be attributed to the higher viscosity of the former.?

Regarding IBU permeation through hairless mouse skin,
we observed a noticeable increment in permeation in the
case of ASCn coagels, especially for ASC12. The per-
meation of IBU from Arfen® (marketed formulation con-
taining IBU 0.1%) was lower than ASC12 and ASCI6.
Considering lag time, Arfen® needed 4.5 h to saturate the
skin, while ASC16 and ASCI12 could cross the skin in
45 min and 60 min, respectively. We have previously cor-
roborated the enhancing activity of ASC12 without notice-
able injurious effects on the skin.> The influence of a
co-solvent (PEG 400) was also evaluated.

ASC12 and ASC16 coagels increased IBU transder-
mal permeation about 21 and 12-fold compared to Arfen®
(p < 0.05), respectively; demonstrating the ability of
coagels to improve IBU skin permeation (Fig. 9). The
addition of PEG to ASCn coagels produced a remarkable
increase in IBU permeation compared to ASCn coagels.*
This observation can be explained by the known enhancer
properties of PEG. This polymer shows biocompatibility
more suitable to the cutaneous administration with respect
to short-chain alkanols also used as enhancers.

According to the attained results, both the in vitro test
to characterize the drug partition from the vehicles and the
ex vivo drug rat skin diffusion test to analyze the com-
plexes interactions that occur between skin and excipients
proved the efficacy of this new series of derivatives of
6-Oascorbic acid alkanoate.

The studied ASC16 and ASC12 coagels, defined as sta-
ble supramolecular assemblies in water or in water/PEG
mixtures, allowed the solubilization of IBU (0.85%) and
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Fig. 8. In vivo profile variation of intraocular pressure in rabbits. Comparison between formulations of coagels containing acetazolamide and marketed
formulation. ¢ AZM-R; ¢ COA-AZM 0.1%; B COA-AZM 0.4%; A AZOPT®. Reproduced with permission from [30], L. 1. Tartara, et al., Journal

of Ocular Pharmacology and Therapeutics 28, 102 (2012). © 2012.
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Fig. 9. Permeation profile through rat skin of IBU from ACS12PEG/C
(s), ACS12/C (d), CS16PEG/C (h), ACS16/C (j) coagels and reference
commercial formulation (4) (mean SE, n = 6). Reproduced with permis-
sion from [35], V. Saino, et al., European Journal of Pharmaceutics and
Biopharmaceutics 76, 443 (2010). © 2010.

controlled the drug release rate. Our results demonstrated
that ASC16 and ASCI12 coagels and in particular those
vehicles containing PEG, producing a higher amount of
permeated drug through the skin compared to commercial
Arfen®, are a promising tool as carriers for cutaneous IBU
delivery.

5. SUMMARY AND PERSPECTIVE

The nanostructured systems derived from the self-
assembly properties of ASCn showed appropriated char-
acteristics as pharmaceutical platform for drug delivery,

8

especially through administration routes where perme-
ation enhancement is necessary. In this way, coagels of
ASC16 and ASCI12 were able to increase drug perme-
ation in formulation intended for ocular and transdermal
administration.

According to our studies carried out so far, ocular
hypotensive drugs such as AZM were more effective when
vehiculized in ASC12 coagels comparatively to other phar-
maceutical systems or marketed formulations. Similar con-
clusions were obtained in the case of NASDs such as
ibuprofen incorporated in ASCI2 coagels and adminis-
trated topically on to the skin. Besides, other properties
such as drug release modulation, antioxidant activity and
adequate rheology make this kind of systems very promis-
sory as pharmaceutical dosage form.

Based on these observations, very interesting perspec-
tives are derived for the potential utility of ASCn coagels,
since there is a wide range of relevant pharmaceutical
drugs whose therapeutic effectiveness is dependent on its
penetration capacity across mucoses.
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