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Abstract

In recent years, significant efforts have been thxvdo the application of nanotechnology for the
development of devices to be employed as drug elgligystems. The synergic combination of
polymeric science, drug delivery concepts and nalterchnology offers challenging and precious
opportunities for the achievement of new useful anals. In particular surfactants, lipids and
polymeric systems play an important role in moddmng delivery, where they may allow control of
the drug release rate, enhance effective drug #iojubminimize its degradation, contribute to
reduced its toxicity and facilitate control of itgptake. In all, they contribute significantly to

therapeutic efficiency.



Acknowledgments

| am grateful to my parents Rossella and Angelo =ydbrother Marco for having been

very understanding and for encouraging me during?mi research.

Lucio has been so close and careful, giving mesthength to go on with my doctorate.

Thank you, love!



Contents

IO [0 oo U T 1o o I PP PSRRI 9
1.1 Main CONtHBULIONS ... oo e e e 9
1.2 Structure of the theSiS. .. ..o e 9
1.3 A brief overview on Drug DeliVery..........oooi i s e e 10

1.3.1 Drug Delivery Carriers.......covuiveeiiieeieeiiiee i seiieeeienene snneneneeennnn L1

RETEIENCES. .. oo e 14
oY T U oY = ) 1= 0 15
2.0 DEFINITION. ...t et e e e e e e e e e 16
2.1 Materials and Methods ....... ..ot e e 16
2.1.1 Preparation of NIOSOMES.......iuiie et et e e ee e e ee e ae e e vena 16
2.1.2 Size and distribution analysis ..........c.ccoiii i 17
2.1.3 Transmission electron microscopy (TEM).......ccoooviricieee i, 17
2.1.4 Zeta-potential... ..o 10
2.1.5 Drug entrapment effiCiENCY.........oov i 18
2.1.6 Transdermal permeation StUdY............ocueie i e cem e 18

2.1.7 Release StUdY.......c.ve it e e e e e e e e e e 19

2.2 Advantages Of NIOSOMES. ... .. .iu et et e e e e e e e e een e 0.2

2.3 Advances in niosomes appliCation..........c.cooeeiit i e e s e 20
RS T N o (o= o[t =Y o | 1 U T PP 20
2.3.2 Anti-infeCtiVe @geNtS... ... i 21
2.3.3 Anti-inflammatory agents..........oooiiinii i 21
2.3.4 Diagnostic imaging with NIOSOMES..........civiiiieiii i e e a e 21



2.3.5 Ophthalmic drug delivery........ ..o e e 21

2.3.6 Transdermal drug deliVery..........cccviiiiii i e e e e vvemeee e 22

2.3.7 Niosomes in oral drug deliVery..........cccoovii it e e e 22

2.3.8 Niosome formulation as targeted deliveryeayst...............coevivininennnen. 23
RETEIEINCES. .. et e e e e e 23
2.4 Research projects 0N NIOSOMES .......iue ittt et ae e e et e et e e e 25

2.4.1 Characterization and permeation propertieplofonic surfactant vesicles as
carriers for transdermal deliVEIY .......ieee e e e 26
2.4.2 New sucrose cocoate based vesicles: prepareliaracterization and skin
PErMEAtiON StUAIES......cv ittt e e e e e e e e e et e 39

2.4.3Vesicle-polymer systems for controlled tramsdd drug delivery

A7
24.4 Niosomes from o,0-trioxyethylene-bis(sodium 2-dodecyloxy-
propylenesulfonate): preparation and charactedmati....................cccoeeeneenen. 59

2.4.5 N,N'-hexadecanoyl I-2-diaminomethyl-18-cro@rsurfactant: Synthesis and
Aggregation Features in AqQueous Solution .............ccooii i eie e, 68
2.4.6 Novel Glucuronic acid-based surfactant as approach for cancer therapy:
Synthesis, characterization and preparation of etary niosomal
FOrMUIALION. ... e e e e et e 85

2.4.7 Niosomes as photostability systems for Nagwi and Barnidipine liquid oral

(o [0 ST= o [CTR {0 1 1= 86

3. POIYMENC MAatErialS. . ... e e e e e 87
3.0 A brief introduction on polymeric materials............ooovii i, 88
RETEIEINCES. .. et e e 90

3.1 Research projects on polymeric materials...........coovvceevee i e, 91



3.1.1 Synthesis and properties of methacrylic fonetized Tween monomer
NEEWOTKS ... et ettt ettt et et e e e e et et et e e e e 92
3.1.2 Colon-specific devices based on methacrylictionalized Tween monomer
networks: swelling studies and in vitro drug refas..............cooveivv i e, 109
3.1.3 Rheological characterization of the thermaklation of poly(n-
isopropylacrylamide) and poly(n-isopropylacrylamicacrylic acid................ 124
3.1.4 Synthesis and antioxidant activity evaluatmha novel cellulose hydrogel
containing trans-ferulic acid...............cooiiii i 137
3.1.5 A novel dextran hydrogel linking trans-feculacid for the stabilization and
transdermal delivery of vitamin E...........c.co oo e 145

3.1.6 Synthesis and antibacterial activity evabratf a novel cotton fiber (gossypium

barbadense) Ampicillin derivative.............cooi i e, 162

4. LyotropiC liquid CrySTalS ... ... ..ot e e e e 168
4.1 Lyotropic liquid crystals for topical delivesystems. (Review)......................... 169

4.2 Research project on Lyotropic liquid crystalS.............ccoooiviiii i inenen. 187

4.2.1 Liquid crystalline Pluronic P105 pharmacogels drug delivery systems:
enhancement of transdermal delivery ... 188

5. Scientific collaboration with EUROCHEMICALS S.P.8.. ...ttt 201



Introduction

1.1Main contributions

Currently there is a growing interest in controllidig delivery systems, which release their drugs
in programmed ways. The general aim of this stedtpidesign and to realize new devices useful
for pharmaceutical applications and to evaluatepittential applications as drug delivery systems

through testin vitro.

1.2 Structure of the thesis

In the framework of a long—standing research agtiongoing in the Pharmaceutical Tecnology
groups, at the Department of Pharmaceutical Sceentdhe University of Calabria, the present
work is on the development of novel macromolecugstems for controlled drugs delivery. In
particular the focus of my PhD research was orptieparation of new drug carriers in the form of
vesicles (Il chapter), polymeric materials (lll pbar) and lyotopic liquid crystals (IV chapter)

aimed at the enhancement of their performanastro. In addiction a V chapter is present and it is
about a scientific research project performed irlaboration with a chemical company

(EUROCHEMICALS s.p.a.) on the development of nioabnpreparations carrying active

molecules for cosmetic applications.

The study carried out in this thesis was fundedheyEUROCHEMICALS s.p.a. and it is a wider
multidisciplinary research project which involvedfferent background researchers, such as

chemists, biologists and pharmaceutical techndiegis
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1.3 A brief overview on Drug Delivery

The method by which a drug is delivered can hagaaificant effect on its efficacy. Some drugs
have an optimum concentration range within whickximam benefit is derived, and concentrations
above or below this range can be toxic or produc¢herapeutic benefit at all. On the other hand,
the very slow progress in the efficacy of the ezt of severe diseases, has suggested a growing
need for a multidisciplinary approach to the delvef therapeutics to targets in tissues. From this
new ideas on controlling the pharmacokinetics, plamodynamics, non-specific toxicity,
immunogenicity, biorecognition, and efficacy of gsuwere generatédThese new strategies, often
called drug delivery systems (DDS), are based dardisciplinary approaches that combine
polymer science, pharmaceutics, bioconjugate chiemend molecular biology.

To minimize drug degradation and loss, to preveatntful side-effects and to increase drug
bioavailability and the fraction of the drug accuated in the required zone, various drug delivery
and drug targeting systems are currently underldpi@nt: the common feature of many current
controlled release devices is that they providertinuous release over a prolonged period of fime.
Among drug carriers one can name micelles, ves{tilgzssomes and niosomes), soluble polymers,
microparticles made of insoluble or biodegradaldéural and synthetic polymers, microcapsules
and liquid crystals. These carriers can be madelgldegradable, stimuli-reactive (e.g., pH- or
temperature-sensitive), and even targeted (Fig.{ely., by conjugating them with specific

antibodies or proteins against certain charactetismponents of the area of interé'st).

AAAAALSER L. MWLM,

Fig.1.1 Example of targeted drug delivery

Targeting is the ability to direct the drug-loadadtem to the site of interest. A strategy thatidtou
allow active targeting involves the surface functiization of drug carriers with ligands that are
selectively recognized by receptors on the surfafcthe cells of interest. Since ligand—receptor
interactions can be highly selective, this couldwala more precise targeting of the site of intefes
Controlled drug release and subsequent biodegoadatie important for developing successful
formulations. Potential release mechanisms involie:desorption of surface-bound/adsorbed

drugs; (ii) diffusion through the carrier matrixi)(diffusion (in the case of nanocapsules) thribug
10



the carrier wall; (iv) carrier matrix erosion; afd a combined erosion/diffusion process. The mode
of delivery can be the difference between a drugess and failure, as the choice of a drug is often
influenced by the way the substance is administeBedtained (or continuous) release of a drug
involves polymers that release the drug at a ciettoate due to diffusion out of the polymer or by

degradation of the polymer over time. Pulsatileask (Fig.1.2) is often the preferred method of
drug delivery, as it closely mimics the way by whitie body naturally produces hormones such as
insulin. It is achieved by using drug-carrying pobrs that respond to specific stimuli (e.g.,

exposure to light, changes in pH or temperatdre).

Fig.1.2 Example of pulsatile drug delivery system

1.3.1 Drug Delivery Carriers

Colloidal drug carrier systems such as micellautohs, vesicle and liquid crystal dispersions, as
well as nanoparticle dispersions consisting of smpaiticles of 10-400 nm diameter show great
promise as drug delivery systefngVhen developing these formulations, the goal isoltain
systems with optimized drug loading and releas@gnties, long shelf-life and low toxicity. The
incorporated drug participates in the microstruetof the system, and may even influence it due to
molecular interactions, especially if the drug gsses amphiphilic and/or mesogenic propefties.
Micelles formed by self-assembly of amphiphilic ditacopolymers (5-50 nm) in aqueous solutions
are of great interest for drug delivery applicasidRig.1.3). The drugs can be physically entrapped
in the core of micelles and transported at conegintis that can exceed their intrinsic water-
solubility. Moreover, the hydrophilic blocks canrfo hydrogen bonds with the aqueous
surroundings and form a tight shell around the Haicecore. As a result, the contents of the

hydrophobic core are effectively protected agaihgtrolysis and enzymatic degradation. In
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addition, the shell may prevent recognition by tliculoendothelial system and therefore
preliminary elimination of the micelles from theobbstream. A final feature that makes
amphiphilic block copolymers attractive for drudidery applications is the fact that their chemical
composition, total molecular weight and block ldngatios can be easily changed, which allows

control of the size and morphology of the micefles.

B

Fig.1.3 Micelles

Liposomes are a form of vesicles that consist eitthenany, few or just one phospholipid bilayers
(Fig.1.4)? The polar character of the liposomal core enalgetar drug molecules to be
encapsulated. Amphiphilic and lipophilic molecuéas solubilized within the phospholipid bilayer
according to their affinity towards the phosphalii

Reformulation of drugs in liposomes has providedpportunity to enhance the therapeutic indices
of various agents mainly through the alteratiorbiodistribution. They are versatile drug carriers,
which can be used to control retention of entrapgaeys in the presence of biological fluids,
controlled vesicle residence in the systemic cattoh or other compartments in the body and
enhanced vesicle uptake by target cEllsiposomes composed of natural lipids are biodeajvée
biologically inert, weakly immunogeni¢,produce no antigenic or pyrogenic reactions arsb@ss

limited intrinsic toxicity™?

Liposome

Fig.1.4 A liposome

12



Encouraging results of liposomal drugs in the treatt or prevention of a wide spectrum of
diseases in experimental animals and in humancatglithat more liposome-based products for
clinical and veternary applications may be forthaunt® These could include treatment of skin and
eye diseases, antimicrobial and anticancer therapgtal chelation, enzyme and hormone
replacement therapy, vaccine and diagnostic imatfing

Participation of nonionic surfactants instead obgfholipids in the bilayer formation results in
niosomes> Niosomes are preferred over liposomes becauseotimeer exhibit high chemical
stability and econom}f. Niosomes also exhibit special characteristics sagheasy handling and
storage'’

Liquid Crystals combine the properties of both iihand solid states. They can be made to form
different geometries, with alternative polar anchipmlar layers (i.e., a lamellar phase) where
aqueous drug solutions can be included.

Nanoparticles (including nanospheres and nanocepsidisize 10-200 nm) are in the solid state and
are either amorphous or crystalline (Fig.£%5Jhey are able to adsorb and/or encapsulate a drug,
thus protecting it against chemical and enzymatigradation. Nanocapsules are vesicular systems
in which the drug is confined to a cavity surrouthd®y a unique polymer membrane, while
nanospheres are matrix systems in which the drughigsically and uniformly dispersed.
Nanoparticles as drug carriers can be formed fraoth thiodegradable polymers and non-

biodegradable polymefs.

Fig.1.5 Nanoparticles

In recent years, biodegradable polymeric nanopestibave attracted considerable attention as
potential drug delivery devices in view of theirpéipations in the controlled release of drugs, in
targeting particular organs/tissues, as carrie@3NA in gene therapy and in their ability to delive
proteins, peptides and genes through the perons 7o

Hydrogels are three-dimensional, hydrophilic, podyim networks capable of imbibing large
amounts of water or biological fluidd. The networks are composed of homopolymers or

copolymers, and are insoluble due to the presehclamical crosslinks (tie-points, junctions), or

13



physical crosslinks, such as entanglements or alliges. Hydrogels exhibit a thermodynamic
compatibility with water, which allows them to sWwel aqueous media. They are used to regulate
drug release in reservoir-based, controlled relegstems or as carriers in swellable and swelling-
controlled release devicés.0n the forefront of controlled drug delivery, hydels as enviro-
intelligent and stimuli-sensitive systems moduledéease in response to pH, temperature, ionic
strength, electric field, or specific analyte camtcation difference®’ In these systems, release can
be designed to occur within specific areas of thdyb(e.g., within a certain pH of the digestive
tract) or also via specific sites (adhesive or-oateptor specific gels via tethered chains from th

hydrogel surface).
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Vesicular systems

This section reviews the scientific projects regagdhe niosomal formulations produced during my

research, including a first part in which | brieflptroduced this class of drug carriers, the

preparation method, the characterizations, the delgase and drug percutaneous permeation
procedureshat | used to performe these studies.
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2.0 Definition

Non-ionic surfactant based vesicles (niosomes)fanmed from the self-assembly of non-ionic
amphiphiles in aqueous media resulting in closddyér structures (Fig. 1). The assembly into
closed bilayers is rarely spontanebasd usually involves some input of energy such tasipal
agitation or heat. The result is an assembly inctvithe hydrophobic parts of the molecule are
shielded from the aqueous solvent and the hydraphédad groups enjoy maximum contact with
same. These structures are analogous to phosgholgsicles (liposomes) and are able to
encapsulate aqueous solutes and serve as drugrsaifihe low cost, greater stability and resultant
ease of storage of non-ionic surfactantss lead to the exploitation of these compounds as
alternatives to phospholipids. Niosomes were fiegiorted in the seventies as a feature of the

cosmetic industriibut have since been studied as drug targeting sgent

Fig.2.1 Schematic illustration of a niosome

Due to their structure, chemical composition anilbatal size, all of which can be well controlled
by preparation methods, niosomes exhibit severapgities which may be useful in various
applications. The most important properties ardowdl size, i.e. rather uniform particle size
distributions in the range from 100 nm to @@, and special membrane and surface characteristics
They include bilayer phase behavior, its mechanpcaperties and permeability, charge density,
presence of surface bound or grafted polymers,ttactament of special ligands, respectively.
Additionally, due to their amphiphilic characteipsomes are a powerful solubilising system for a
wide range of compounds. In addition to these mlnyshemical properties, niosomes exhibit many
special biological characteristics, including (dfiex interactions with biological membranes and

various cellé

2.1 Materials and Methods
2.1.1 Preparation of niosomes
Multilamellar lipid vesicles were prepared by filrrhydration method described by Bangtam.

Briefly, the lipids were dissolved in chloroformr(appropriate organic solvent) and mixed in a
16



round-bottom flask. A lipid film is formed on théa$k wall by removing solvent with a rotary
evaporation at 25° C under reduced pressure. Thtirgy film was dried under vacuum for at least
4 h.

-
L
L

Fig.2.2 Preparation of niosomes (A= lipid dissolvadn in chloroform, B= hydration, C= sonication)

The film was hydrated under mechanical stirrindg@t C for 30 minutes, with 10 mL of distilled
water (empty niosomes) or with 10 mL of drug aqueselution (loaded niosomes). In the case of
polymerized vesicles, an initiator of polymerizati(mmonium persulfate, AP, 1.3x1énol) was
added to the aqueous solution. After preparatiba, dispersion was left to equilibrate at room
ambient temperature overnight to allow completesating and partitioning of the drug between the
lipid bilayer and the aqueous phase. Small unillEameksicles (SUV) were prepared starting from
MLV by sonication in an ultrasonic bath for 30 miesiat 50° C.

The purification niosomes was also carried outXiyagistive dialysis for 4 h, using Visking tubing
(20/30), manipulated before use in according taéi®a method.

2.1.2 Size and distribution analysis

The autocorrelation function of the scattered lighdis acquired by means of a commercial
instrument (90 Plus Particle Size Analyzer, Broaldmalnstruments Corporation, New York, USA).
Data were acquired at T = 25°C utilizing a scatigrangle of 90°. The mean size and standard
deviation (+S.D.) was directly obtained from thetmment fitting data by the inverse “Laplace

transformation” method and by ConfiEach experiment was carried out in triplicate.

2.1.3 Transmission electron microscopy (TEM)

TEM observation of niosomedispersed in double distilled water was photogrdphih a ZEISS
EM 900 electron microscope at an accelerating geltaf 80 kV. A drop of the dispersion was
placed onto a carbon-coated copper grid, fornanipin liquid film. The films on the grid were

negatively stained by adding immediately a dro2%f (w/w) phosphotungstic acid, removing the

17



excess solution using a filter paper and followgdabthrough air-drying. Each experiment was

carried out in triplicate.

2.1.4 Zeta-potential

Zeta-potential of niosomes was measured by a @sppler electrophoretic mobility method using
the Zetasizer 2000 (Malvern Instruments Ltd., MatyeU.K.), at 25.0+ 0.1 °C). The laser was
operating at 630 nm. All experiments were in tdpte. Vesicular dispersions were diluted to 1 in
100 with doubly-distilled water. The dilute niosomlispersions were located in the Zeta meter cell,
equipped with gold-coated electrodes. The voltagmps were performed according to the
indications given by the purveyor (45). Tiny amauonf NaCl, usually less that 3.0 millimolar,
optimized the instrumental performances. The chasgethe vesicles and their average zeta
potential (ZP) values, together with standard dewia(+SD) were elaborated directly from the

instrument. Each mesure was carried out in trigica

2.1.5 Drug entrapment efficiency
Niosomes encapsulation efficiency was determinedguthe dialysis technique for separating the
non-entrapped drug from niosondés.
According to this method, 3 mL of drug-loaded niosd dispersion were placed into a dialysis bag
(Spectra/Por, MW cut-off 12,000, Spectrum, Canafeersed in distilled water and magnetically
stirred. Free drug was dialyzed for 30 min eactetim100 mL of distilled water and the dialysis
was complete when no drug was detectable in thpieet solution. The percent of encapsulation
efficiency (E%) was expressed as the percentagéhefdrug trapped in dialyzed niosomal
formulations referred to the non dialyzed onesiamehs determined by dissolving 1mL of dialyzed
and 1mL of non-dialyzed in 25mL of methanol respety, followed by the measurement of
absorbance of the clear solution at the drug wagghe Absorption spectra were recorded with a
UVzVIS JASCO V-530 spectrometer using 1 cm quartdiscat appropriate wavelengths. The
entrapment efficiency (E%) was calculated usingEhel
E% = b x100 Eq.1

ND
Where ND and D are the drug concentration befork after the dialysis. Each experiment was

carried out in triplicate.

2.1.6 Transdermal permeation study

18



In vitro skin permeation studies were performed using cartdiffusion Franz cells with an
effective diffusion area of 0.416 émThe experiments were carried out using rabbit siam,
obtained from a local slaughterhouse. The skinvipusly frozen at -18°C, was pre-equilibrated in
physiological solution at room temperature for Rdffiore the experiments.

A circular piece of this skin was sandwiched selgurbetween the receptor and donor
compartments: epidermal side of the skin was expts@ambient condition while dermal side was
kept facing to receptor solution. The donor compartt was charged with an appropriate volume of
niosomal dispersion, so that the drug moles werestemt. The receptor compartment was filled
with 5,5 mL of distilled water which was maintainatl 37 £ 05°C and stirred by magnetic bar.

Before starting the experiments the donor cell sesded with parafilm.

Donor compartment

~

—

—  Skin

Receptor compartment

Fig.2.3 Schematic illustration of a Franz cell

At regular intervals up to 24 h the receiver corpant was removed and replaced with an equal
volume of pre-thermostated (37 $£56C) fresh distilled water solution. The completib&itution of

the receiver compartment was needed to ensurecsindtitions and quantitative determination of

the small amounts of drug permeated. The contedtugf in the samples was analyzed by UV-Vis

spectrometry. Each experiment was carried ouipfidate and the results were in agreement within

+4% standard error.

2.1.7 Release study

The release of a model hydrophilic drug from niossnwas examined under sink conditions.
Aliquots of niosomal suspension was placed in diglpags (Visking dialysis tubes, 20/30), and
suspended in 50 mL of distilled water at 37 °C unglentle magnetic stirring. At predetermined
time intervals, 2 mL of the medium were withdrawrdahe volume of receptor compartment was
maintained with an equal volume of distilled wafEhe drug in withdrawn samples was estimated

by UV-Vis spectrometry and the drug release pereast determined using the following equation:

Mt
Drug releasé%) = IR %100 Eq.2
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where M and M are the initial amount of drug encapsulated inriftsomes and the amount of
drug released at the time t, respectively. All éxperimental procedure was repeated three times
and the results were in agreement within +4% stahderor. The release of the free drug was also
investigated in the same way.

2.2 Advantages of niosomes

The first report of non-ionic surfactant vesiclesame from the cosmetic
applications devised by L'OreHl. The application of non-ionic surfactant vesiclgstems in
cosmetics and for therapeutic purpose may offeersdadvantages:

e they exhibit special characteristics such as easgling and storage;

e they improve oral bioavailability of poorly absotbedrugs and enhance skin
penetration of drugs;

e they can be made to reach the site of action byl, oparenteral as well
as topical routes;

e they improve the therapeutic performance of the gdrmolecules by delayed
clearance from the circulation, protecting the drérgm biological environment
and restricting effects to target cells;

e they offer the possibility to control the vesicldacacteristics altering the vesicle
composition;

e they can be use as a depot, releasing the drugdnteolled manner;

e in addition, there is agreater availability of surfactant classes, thabwshgood

biocompatibility, biodegradability and non-immunogeproperties.

2.3 Advances in niosomes application

Although niosomal formulations have yet to be conmuiadly exploited, a number of studies have
demonstrated the potential of niosomes for indalstproductions both in pharmaceutical and
cosmetic applications.

Niosomes as delivery devices have also been studi#iu anticancer, anti-tubercular, anti-

leishmanial, anti-inflammatory, hormonal drugs amal vaccine*
2.3.1 Anti-cancer drug

Niosomes containing doxorubicin and based on Cl@aalkyl glycerol ether with or without

cholesterol exhibited an increased level of drutumor cells, serum and lungs, but not in liver and
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spleen and decreased the rate of proliferatiorumiot and increased life span of tumor bearing
mice. In addition the cardio toxicity effect of tlmaded drug was reducéd.

Another study confirmed that daunorubicin hydrocidle-loaded niosomes exhibited an enhanced
anti-tumor efficacy when compared to free drug.sThibsomal formulation was able to destroy the
Dalton’s ascitic lymphoma cells in the peritoneuiithim the third day of treatment, while free drug
took around six days and the process was incompfete

Azmin et al., quoted in their research article thatsomal formulation of methotrexate exhibits
higher AUC as compared to methotrexate solutiomiaidtered either intravenously or orally.
Tumoricidal activity of niosomally-formulated metheaxate is higher as compared to plain drug
solution™

Niosomal formulation of bleomycin containing 47.5%olesterol exhibits higher level drug in the
lever, spleen and tumour as compared to plan druisn in tumor bearing mice.

Vincristine loaded-niosomes exhibit higher tumatddi efficacy as compared to plain drug
formulation®®

Also, niosomal formulation of carboplatin exhibitégher tumoricidal efficacy in S-180 lung

carcinoma-bearing mice as compared to plan drugisaland also less bone marrow toxic efféct.

2.3.2 Anti-infective agents

Niosomal formulation of sodium stibogluconate, aoick drug for treatment of visceral
leshmaniasis, exhibits higher levels of antimong@spared to free drug solution in livér

thus like niosomal formulation of rifampicin exhibibetter antitubercular activity as compared to

plain drug®®

2.3.3 Anti-inflammatory agents

Niosomal formulation of diclofenac sodium with 7@¥olesterol exhibits greater anti-inflammation
activity as compared to free drufliosomal formulation of nimesulide and flurbiproferso
exhibits greater anti-inflammation activity as cargd to free drug.

Incorporating them into niosomes enhances theagffiof drug, such as diclofenac sodium,

nimesulide, flurbiprofen, piroxicar???

2.3.4 Diagnostic imaging with niosomes
Niosomal system can be used as diagnostic agenigu@ated niosomal formulation of gadobenate
dimeglcemine with [N-palmitoyl-glucosamine (NPGPEG 4400, and both PEG and NPG exhibit
significantly improved tumor targeting of an enaalpted paramagnetic agent assessed with MR
imaging %
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2.3.5 Ophthalmic drug delivery

Bioadhesive-coated niosomal formulation of acetanide prepared from Span 60, cholesterol
stearylamine or dicetyl phosphate exhibits moraléeay for reduction of intraocular pressure as
compared to marketed formulation (Dorzolamide). Tdfétosan-coated niosomal formulation
timolol maleate (0.25%) exhibits a relevant reduttof intraocular pressure as compared to a
marketed formulation with less chance of cardioulscside effects?

A modified form of niosomes, the discomes, are aised in ophthalmic drug delivery systefhs.
Discomes are large structures (12—-16 mm) deriveth fniosomes by the addition of non-ionic
surfactant, that is Solulan C24. They have pauicatlvantages for ocular drug delivery, since, as a
result of their larger size, they can prevent thiainage into the systemic pool; also their disc
shape could provide a better fit in the cul-de-sfitie eye?®

Discosomes have been reported successfully, aaroeehicles for cyclopentolate. In the vivo
study, these carriers, independent of their pHyiigantly improved the ocular bioavailability of
cyclopentolate, with respect to reference bufféutgmn, indicating that it can be used as an effiti

vehicle for ocular drug delivery.

2.3.6 Transdermal drug delivery

Several mechanisms has been used to explain thty afi niosomes to modulate drug transfer
through skin, e.g. (1) adsorption and fusion ofsnimes on the surface of skin leading to high
thermodynamic activity gradient of drug at the ifdee, which is the driving force for permeation
of lipophilic drug, (2) reduction of the barriergmerties of stratum corneum resulting from the
property of vesicles as a penetration enhaffcstany drugs such as estradfpltretinoir® and
dithranof* have been successfully encapsulated in niosomesofiical application and these
systems have been reported to give a considerabtgrdleasé”*® Moreover, it has been reported
in several studies that compared to conventionshge forms, vesicular formulations exhibited an

enhanced cutaneous drug bioavailabifty.

2.3.7 Niosomes in oral drug delivery

The oral delivery of drugs using niosomal formuas was first demonstrated by a study involving
methotrexate loaded niosomes: an oral administratidghese niosomal formulation exhibits higher
concentration of drug in serum with more uptakeghgyliver as compared to a free drug solution.

So it concludes that gastrointestinal tract absompaf drug increases in niosomal formulatin.
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Recently more gut labile compounds such as proteéne been administered by this route and in
one of the first studies of its kind sucrose esiesomes loaded with ovalbumin were found to
cause a significant increase in the level of speaiftibodies after oral administratidh.

Some proteins and peptides such as alpha-intefferogclosporine A% 9-desglycinamide-8-
arginine vasopressin (DGAVP) GnRH-based anti-fertility immunog® haemagglutinift,
influenza viral antigert, insulir®, Aciclovir*, paclitaxef® have been successfully encapsulated in

niosomes.

Pharynx~/ R || salivary Glands

Parotid
Submandibular
Sublingual

Esophagus

™~ Duodenum
+—— Jejunum

L~ lleurn

Fig.2.4 Schematic illustration of gastrointestinatract (GIT)

2.3.8 Niosome formulation as targeted deliveryesys
In additionthe performance of niosomal drug delivery systerighivbe further improved by active

targeting for tumor therapy, e.g., by using a ldy@oupled to the surface of niosomes, which could

be actively taken up via a receptor-mediated entitbpathway**’
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Abstract

Preparation of stable niosomes based on commensthimodified Pluronic surfactants as carriers
for the delivery of Diclofenac was investigated. particular the Pluronic surfactant was made
polymerizable by including the acryloil groups. Taeryloil groups were utilized for obtained also
polymerized vesicles The effect on the mean vestdikemeter, drug entrapment efficiency,
percutaneous permeation and release profile is toredi for a variety of vesicles with different
composition. The results indicate an increase iarmeesicle diameter and entrapment efficiency
with the increase of polymerizable moieties. Thesmperties were found to be more evident when
the vesicles were polymerized. Diclofenac as mattely was incorporate in the vesicles and
percutaneous permeation profile was carried outdiig Franz Diffusion cells at physiological
condition. Moreover the vitro release of incorporate drug was performed at gH& evaluate the
potential use of these new carrier in parenterainfdations. In addition cytotoxic effects was
estimated. The results of this study show thataormss based on commercial, functionalized or a
mixture of both Pluronic surfactant can be useddbieve retarded or enhanced release of drug,

without incurring unacceptable toxicity.

1. Introduction.

Copolymers consists of ethylene oxide (EO) and ylee oxide (PO) blocks arranged in a triblock
structure in which the hydrophobic PPO group is in the neddroviding the links to the two
hydrophilic PEO groups are known under a varietyradle names such &uronic, Synperonic, or
PoloxamerThe amphiphilic nature of the Pluronics makes thetnemely useful in various fields
as emulsifiers and stabilizers [1] affod pharmaceutical applications [2,4].

Pluronic possesses specific pharmacological agtiongarticularthe dynamic PEO chaimmevent
particles opsonization and render thémrecognizable’ by reticulo-endothelial system RE

macrophageandoffer an interesting alternative to reduce sigaifichepatic uptake [5,7]
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Moreover Pluronic has been proposed as a carriengeeous graft material either topically or
systemically [8,9] andeveral studies reported the interaction of Pluravith liposomes [10-12]: in
particular these polymers have been used to slgristabilize vesicles [1314]and, hence,
prolonged their half-life [15].

These invaluable advantages have promae#nsive research to develop most attractive drug
carriers such as polymeric micelles formed by hgptabic—hydrophilic block copolymers, with the
hydrophilic blocks comprised of PEO chains, so faw, report has been published on utilizing
Pluronic surfactant to obtain niosomes.

In this light the aim of the present study was &sign unilamellar niosomal formulations of
Diclofenac based on Pluronic L64 to be applieddalby or intravenously.

In addition, to enhance the stabilization of vesschnd to prevent degradation caused by significant
dilution accompanying IV injection, polymerized s@mmes have been prepared as an alternative by
introducing acryloyl groups into Pluronic surfadtamhe concept of polymerized vesicles as an
important class of materials was introduced fromlyeB980s by numerous researchers, as reported
in literature [16-19], with the suggestion thatytlexhibit greater stability than conventional véssic

but they should also retain many of their importanbperties e.g., the ability to promote the
separation of charged photoproducts and entraglamdy release drugs [20-22].

In this study we prepared niosomes with differeatior between L64 and L64 acrylate and both
before and after the polymerization, we investidatize, morphology, drug encapsulationyitro

performance of these formulations and cytotoxie&f.

2. Materials and methods

2.1 Chemicals and instruments

Pluronic L64 was kindly donated by BASF (Mount @j\WNJ, USA).

All reagents were purchased from Sigma-Aldrich (Stuis, MO, USA). Acryloyl chloride was
distilled before being used while other reagentsewesed with no further purifications. The
solvents are of high performance liquid chromatpgyagrade. Water from a Millipore Milli-Q®
ultrapure water purification unit was used. RATrniortalized fibroblasts cells were purchased
from the American Type Culture Collection. Cultureedia were obtained from Invitrogen Life
Technologies, Italy. To ensure the synthetic qualR spectra were performed with a FT-IR
JASCO 4200 spectrometer, afid-NMR spectra were recorded with a Bruker 300 ACRIRN
spectrometer. The content of drug in the releasdiet was analyzed by UV+VIS JASCO V-530

spectrometer using 1 cm quartz cells at 264 nm.
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2.2 Preparation of L64 methacrylate monomer
The L64 acrylate monomer was synthesized accorttiegprocedure shown in the Fig.1 and
reported in literature [23].

a-li’-
HO{CH,CH,0) ;; {CH,CHO), {CH,CH,0) . H

l Et:M, acryloyl chloride

THF dry
CH,
an 4{ O{Gymzo)amzcnm,(cuzmzmﬂwﬁ ar,
0 0

Fig.1 Schematic representation of the synthesis b64 .

Triethylamine (E{N, 1,44x10° mol) was added to the stirred solution of L64 x8®'mol) in 100

ml of dry THF at 25°C. After 30 min a quantity ofrgloyl chloride equimolar to the amount of
Et3N was added dropwise to the surfactant soluto®°C and the reaction was left to proceed by
stirring for 24 hours at 25°C. The final productsafdtered remove triethylamine hydrochloride and
then the functionalized surfactant was obtainegbyring the filtrate into an excess of n-hexane.
Finally it was dried under reduced pressure foh24

The obtained functionalized L64 monomer was a quigeous ivory-like liquid and the yield was
90%.

IR values (on KBr) are are 3107, 1785 tnThese peaks are significant for the formation of
functionalized L64., in fact 3107 ci is the terminal olefins stretching and 1785'cia the
stretching C=0 of new esteric bonds.

The chemical shift values of the Lgd monomer protons (in ppm) performed in CRGit 300
MHz are reported in Fig.2.
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Fig.2 'H-NMR spectrum of L64a;.

2.3 Cell culture

RAT-1 immortalized fibroblasts (American Type CuéuCollection, Rockville, MD, USA) were
grown in MEM medium without antibiotics supplemeshteith 10% fetal calf serum and 2mM
glutamine. Cells were maintained in log phase lediey twice a week at density of 3x1ells/ml
at 37°C in a humidified atmosphere at 5%,@®air. Cell number has been estimated with a Burk

camera. Drug free niosomes suspension were dilateell culture media.

2.41n vitro evaluation of toxicity

The cytotoxic effects of the drug free niosomedR&T-1 cells were evaluated with the trypan blue
dye exclusion assay (cell mortality) and the MTE dgst (cell viability) RAT-1 were seeded at a
density of 3x16cells/ml in 12-well plastic culture dishes for tingpan blue dye exclusion test and
at a density of 2xT0cells/ml in 12-well tissue culture plates for tMTT test. After 24 h of
incubation, the culture medium was replaced witlusefree medium and free drug niosomes were
added at final scalar dilutions (0-4(M). The toxicity experiments were carried out ath24
incubation times. UntreateRAT-1 cells were used as the control and the blank saimpVarious
experiments, respectively. To perform the trypareldye exclusion assaRAT-1 were harvested
using trypsin/EDTA (1x) solution (2 ml), washed ¢@iwith phosphate buffer solution (2 ml) and
transferred into plastic centrifuge tubes with 4 Bdmples were then centrifuged with a ALC PK
120R at 1200 rpm at room temperature for 5 min. Jupeernatant was discarded and the pellet was
suspended in 200 of trypan blue buffer, for 30 seconds and the amt@f dead cells (blue stained
cells) was observed and counted with a Burker canusing an optical microscope (Olympus

CKX31). The percentage of cell mortality was cadtet! using the following equation:
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| C,
Mortality (%) = EXIOO Eq.3

where G is the number of dead cells and tBe total number of cells. Cell viability assay was
carried out following the MTT dye tedRAT-1 cells were seeded at a density of Zxddlis/ml in a
12-well culture plates for 24 h at 37°C and 5%,@®allow the adhesion of culture cells. After 24 h
of incubation, the culture medium was removed amosstuted with serum free fresh medium,
RAT-1 immortalized fibroblastsells were then treated with drug free niosomesthatend of the
incubation time 5Qu of MTT tetrazolium salt (5 mg/ml dissolved in PBfaffer) were added to
each well and aRAT-1 cells were incubated for additional 3 h, to alltve formation of violet
formazan crystals. A solutioof 0.04 N HCI in isopropanol (1 ml) was added tdubdize the
formazan crystalsin the cells. The absorbance was measured withUhespec 2100 pro
spectrophotometer (Amersham-Biosciences) at a westelength of 570 nm with a reference
wavelength of 690 nnmThe effect of drug treatment on the percentageialble cells, directly
proportional to the amount of formazan crystalsnfed, was calculated using the following

equation:

Cell viability(%) = Abs. x100 Eq.4
Abs,

where Abs is the absorbance of treated cells and Abghe absorbance of untreated cells. Values

of cell mortality and cell viability are expressasithe mean of six different experiments + SEM.

2.11 Statistical analyses
Statistical differences were determined by one-waglysis of variance (ANOVA). The results

were expressed as mean = SEM from three indepepdpetiments.

3. Results and discussion

Several studies have reported that niosome weretabimprove in vitro skin delivery of various
drugs [24-26] and to penetrate intact skin in vitransferring therapeutic amounts of drugs [27]
with efficiency comparable with subcutaneous adstiation [28].

In the present work, in order to provide new casriguitable for above mentioned drug, we have
prepared and tested niosomes made with differait t#4-L64,, to evaluate the influence of
surfactant structure as well as its ability to fomesicles. The presence of surfactant containing
acrylic groups prompted us to study also the nicd@ystems obtained after polymerization. In this

work these formulations will be reported with sxff.
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Table 1 shows all compositions of niosomes thatlingdormed under the conditions used in this
study. All preparations were stable when kept abiant temperature (25°C) over a period of 4

months.

Formulation | L64 L64r,, Ratio
Name (mg) (mg) | L64/L64r,

L64 290,0 0 1:0
L64-L64c,, | 1450| 150,4 1:1
L64-L64,,P | 1450/ 1504 1:1
L64ey: 0 300,8 0:1
L64¢, P 0 300,8 0:1

Table 1. Composition of the vesicular systems usefihe total concentration of surfactant was 1x10 M.

L64 and L64,, were both able to form vesicles: different rati64fL64-,, in the vesicular
suspensions leads to a variation of aggregateesigegpment efficiency and drug release profile.
Larger vesicles were obtained with g4 when the L64,, concentration was decreased from 1:0
to 0:1 (ratio L64,,/L64) a systematic decrease in niosomes size wsareed (Table 2). Moreover
polymerized niosomes showed bigger size than réispawn-polymerized.

On the basis of these results, we proposed thatfaélst may be due to the presence of acrylate
groups in the bilayer structure made from the d;64hain surfactant that produces rigid but
physically stable niosomal vesicles and could motfie microstructure of the vesicular membrane,
causing a increase in the vesicle diameter. In, fiacts possible hypothesize that when the
hydrophilic PEO chains present the acrylic moietiesy organized themselves withdrawing to the
inside, thanks to the better affinity for the lyfhdjc environment and this implies an increase of
niosomes diameter. A schematic model of Pluronimfamnation before and after the

functionalization is reported in Fig.3.

J/)L,(_

PRI
%@wm%:@?

/j[/\\i Acrylic mmt:s—»Ll

Fig.3 Model of Pluronic conformation into the bilayer before and after the functionalization.
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In order to study the influence of the loaded damgthe vesicle size, drug loaded vesicles were
prepared. The size of the drug-loaded niosomescieteby light scattering experiments are
reported in Table 2.

Formulation Empty niosomes Drug Loaded niosomes
Name hydrodynamic hydrodynamic
diameter (nm) diameter (nm)
L64 2955 Diclofenac 2685
L64-L64, 349415 Diclofenac 317415
L64-L64, P 473+20 Diclofenac 410420
L64c,n 44015 Diclofenac 353+10
L64g, P 512410 Diclofenac 428410

Table 2. Hydrodynamic diameter (nm) of empty and dug-loaded vesicular systems at 25°C.
Values represent mean + S.Dn(= 3).

Dynamic light scattering analyses pointed out tresticle sizes were affected by the inclusion of the
drug. In fact, empty niosomes based on L64 werdlsnthan the corresponding drug loaded ones.
On the other hand, L64-L64 ad L64,, samples were bigger than the Diclofenac-loaded anel

it is due to the presence of acrylic moieties dmel interaction between these portions and the
hydrophilic drug that involves an increase of catre®f the bilayer and a reduction in the vesicle
diameter.

Polydispersity was observed to be about 0.005 ft-hased niosomes, while other formulations
showed polidispersity values higher (about 0,2ks¢éh values were considered as evidence of

homogeneous distribution of colloidal vesiscles.

3.1 Transmission electron microscopy (TEM)

The morphology of the monomeric and polymerizeddipmes was observed using TEM and
images of the different niosomal formulations al®wn in Fig.4. TEM analysis shows some
similarity in the vesicular nature of the preparas$, in fact all vesicles were found to be sphérica
in shape. In particular the spherical shape of podymerized niosomes showed that the
polymerization technique has not affected the spakemorphology of the vesicles, even if the
edges are irregular.
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Fig.4 Photomicrographs of niosomal formulations aseen by TEM: a) L64, b) L64-L64., C) L64-L64, P, d) L64eun
and e) L64,, P.

3.2 Drug entrapment efficiency

The ability of DDS to entrap and retain a drugesyimportant to evaluate the potential therapeutic
use of certain carrier, particularly if the carrleas to be used for topical application. Diclofenac
incorporation efficiencies of all niosomal formutats are reported in Table 3, where it is evident

that the incorporation capability of all the stutlfermulations is very high.

Formulation Drug Entrapment

Name efficiency(%)
L64 Diclofenac 38.0:2.81
L64-L64¢, Diclofenac 43.00:1.66
L64-L64, P Diclofenac 63.0Qt1.57
L64c,n Diclofenac 50.0G:2.55
L64r,P Diclofenac 67.0¢:2.01

Table 3. Entrapment efficiency of drug-loaded vesidar systems.
Values represent mean + S.DnE3).

The L64 and L64-L64,, formulations encapsulated almost similar percemtzéghe drug (38% and
43% respectively). However 50% of Diclofenac wasagrsulated in the L4, formulation. This
suggest that the increase in the amount of:Lf6dd to an increase of Diclofenac incapsulation and

this is probably due to good affinity between nimsb matrix and drug.

33



Moreover the encapsulation efficiency of L64-EG® was higher than the non-polymerized ones
(63%), as found for the L&¢, and L64,,P formulations (50% and 67% respectively): probabé
rigid and robust structure of polymerized niosorhase better affinity for the Diclofenac than the
non-polymerized ones and could increased stalaifity protection of drug.

These results confirm that the entrapment of wetéuble molecules generally depend on the

composition of the bilayers.

3.3 Transdermal permeation study

The slow and controlled release of encapsulateénmabis one of the requirements for the delivery
of drugs [29]. In vitro percutaneous permeationDi€lofenac from different formulations was
carried out by using Franz diffusion cell and Figltows the results of our study. As reported the
permeation of Diclofenac from the solution throutfte stratum cornem was lower than that
obtained from vesicles. This is due to the fact tha bilayer structure of vesicles is made up of
surfactant that can behave as penetration enhatfugssallowing a temporary charge in packing

order of stratum corneum, enabling drug passagesacthe skin.
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Fig.5. Cumulative amount versus time of permeated iDlofenac: (@) L64, (®) L64-L64,, (©) L64-L64r,P, (®)
L64g,n, (®) L64¢,P and (@) Diclofenac.

Significant changes in cutaneous permeation wesergbd with change in surfactant content in the
bilayer of niosomes: L64 sample released 43% oktieapsulate drug in 24 hours, however, L64-
L64r,, and L64,, formulations released 18% and 20% respectiveiolofenac in the same time.
Polymerized samples (L64-L4P and L64,P) show an increase of released Diclofenac as
compared to non-polymerized ones. The permeatiadrug was about 41% and 46% respectively
within 24 h.

It is evident from these data that the polymerig$omes improve the permeation of Diclofenac as
compared to L64, L64-L64, and L64,, samples; most likely the polymerization of monomer
involved the formation of elution channels withimetniosomal matrix structure, thereby the drug

incorporated can be released rapidly, whereas iihg, @ntrapped in the internal aqueous core of
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non polymerized vesicles, permeated more slowlggesiit had first to overcome the acrylic
moieties barrier of the bilayer, free to move.

The percutaneous permeation profile was found tqdmtively dependent from the interaction
between skin and vesicles: in fact, the transdemfiffdision of Diclofenac from L64,,P, using

synthetic membrane was the lowest, as shown i Fig.

Cumulative Diclofenac amount

5 10 15 20 25 30
Time (h)

Fig.6. Cumulative amount versus time of released Biofenac:

(®) L64r,,P-membrane, @) Diclofenac and (') L64g,,P-skin.
3.4 Release studies
The cumulative amount of Diclofenac released froee fdrug solution and niosomal formulations is
shown in Fig.7.

In this study we reported only the formulations dsth®n commercial L64, L&4, and L64,P
surfactant.

Released drug (%)
]
)
')
1
m

Fig.7 In vitro release profile of Diclofenac-loadechiosomes at pH 7.4:
(@) Diclofenac, @) L64g,n (), L64r,nP and (@) L64.

In vitro studies revealed that the cumulative releaseofdbeclofenac from niosome preparations in
simulate plasmatic fluid was significantly sloweolwh compared with free solution and percent of
drug released was maximum for lgdbased niosomes and minimum for both L64 and:Lf4

based niosomes. Fig.7 show that a slow releaséctdfBnac from all samples was observed during
the first h. By 3h, about 85% of Diclofenac wasesed from free solution, while all the niosomal
formulations showed about 50% of release. Whentéisé is over, about 100% of solute was
released from free solution while only 53, 58 aBé6/of drug was released from L64, I-G# and

L64r,, niosomal formulations respectively.
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This may confirm the possible molecular conformatissumed by the modified surfactant before
the polymerization. In fact the in vitro cumulatixelease depends on the drug diffusion coefficient
across the niosomal bilayer and kgbased niosome is the sample with the higher druguam
released.

The release experiments clearly indicate that theumt of drug released from niosomal
formulations is effectively retarded.

3.5 Effect of niosomes on vitality of RAT-1 cells.

In order to examine the cytotoxic effect of thefeliént niosomal formulations on RAT-1 cells
vitality, the cells were cultured with all niosonfatmulations in a concentration range from 0 to 10
uM for 24 h as described in section 2.10, and MT3agswas carried out with cells cultured in
niosomes-free media as control. No significant geain viability was observed in RAT-1 treated in
a range of 0-0.1M for L64, L64-L64,, and L64-L64,,P (Fig.8a, 8b, 8d), while no change was
appreciated in cell viability for L64.,P (Fig.8e) in a concentration range of 0-1M. On the
contrary, a reduction of vitality was found in tbells incubated with L64, L64-L&4, and L64-
L64r,P at 1uM of 25%, 30% and 15% respectively (Fig.8a, 8b,. &)ksignificant reduction of
25% in vitality was found in the cells incubatediwlL64,, at concentrations of already QuM
increasing to 40% at IM (Fig.8c). After exposure to 1M concentrations cell viability was less
than 50% for L64 and L64-L&4P, about 70% for LG4, and L64-L64,, and less than 65% for
L64r,P (Fig.8e).

Fig.8 Influence of niosomal formulation on RAT-1 cé# line: a) L64, b) L64-L64g,, C) L64unP,
d) L64-L64r,P and e) L64-L64,.P.

The present results show that niosomes had a damdent effect on viability of RAT-1 cells and

were well tolerated for exposition at concentratignto 1uM.
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In summary in this paper new niosomal formulatibased on commercial and modified Pluronic
surfactant were introduced and the effects of pelynable groups on the vesicles particle sizes,
morphology, in vitro model drug release and pemedais permeation were illustrated.

The results show that dimensional and physicochalmimperties can be modulated by varying the
bilayer composition of vesicles: a systematic iasee in niosomes size was observed with an
increase of acrylic moieties amount. Also the gntrant efficiency of Diclofenac was enhanced by
the presence of polimerizable groups.

Increased percutaneous permeation across rat skoorapared to control drug solution suggests
that niosomal formulation has potential for transe® delivery and enhanced drug release
recommend them as possible novel long-circulatargiers for drug delivery.

These findings naturally lead to more diversifigglecations in pharmaceutical fields.
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Abstract.

A commercial sucrose cocoate surfactant was usetitton a new vesicular system for transdermal
drug delivery. The preparation, the dimensional ematphological characterizations and the skin
permeation profile of these new niosomes were etatli Moreover we studied the possible
employment of mixture of sucrose cocoate and cherelsat different weigh ratios for the vesicles
preparation and we analyzed the influence of cheleson niosomes properties. Diclofenac and
Sulfadiazine were used as model drugs.

Results suggest that sucrose cocoate was ablentoviesicles in the presence or not of cholesterol
and the addition of cholesterol leads to a vanmid size: larger vesicles were obtained in the
absence of cholesterol both in empty and drug-ldadesomes. All vesicles were spherical and
regular in shape.

In vitro skin permeation profiles were significgntigher than the free drug solution, indicating th
favourable relations between skin and niosomes. fak&er release of the drug was found for
niosomes with no cholesterol or with a reduced arhofi this membrane additive, in particular the
optimal formulation was that in which the cholestecontent was about 27% wt of total lipid
amount: probably this value is a good compromisevéen the membrane stability and its

deformation capacity, allowing a higher drug perniegaacross the skin.

1. Introduction.

Despite of the significant number of publicatiomssugar fatty acid esters (SFAE) beginning in the
mid-1950s, there is a renewed interest in thesepoomds with a noteworthy increase of studies in
the last two decades. These studies have been atemtivby their properties such as
biodegradability, biocompatibility, low toxicity @ntheir derivation from renewable sources [1-6].
Sugar fatty acid esters have a large number ofiGgijmins in many fields such as cosmetic and
pharmaceutic [7,8]. They are widely used in costngtoducts due to their low irritating properties

and to the improvement of the sensorial charatitered formulations in terms of skin feel and
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mildness. Moreover they can be applied in pharmizauechnology as emulsifiers, solubilizing
agents, lubricants, penetrating enhancers and fponging agents [9-15]. Also the raw materials
involved in their synthesis are low-cost and eamigilable.

Sucrose esters exhibit also important pharmacabdgimoperties: as reported in literature, in fact,
they are claimed to show antimicrobial and antintigc@ctivity [16-20]. Recently they were
classified as a new class of inhibitors of cancevetbpment because they inhibited TNF-alpha
release from KATO Il cells [21] and also exhibitsidnificant anti-tumor-promoting effects [22].
Thus, this study was designed to evaluate thelslifyaof a commercial sucrose cocoate surfactant
based niosomes as permeation enhancers for tramsidérug delivery. In this light we evaluated
the possible employment of mixture of sucrose ctecaad cholesterol at different molar ratios for
the vesicles preparation. The size, morphologygdencapsulation efficiency and loaded-drug
percutaneous permeation profitevitro were investigated. Non-steroidal anti-inflammatdryg as
Diclofenac sodium, widely used for the treatmentladal and chronic inflammatory, and an
antibiotic such as Sulfadiazine, used for the t@apaure of infected burns, were used as model

drugs.

2. Materials

Sucrose cocoate (TEGOSOFT LSE 65K®) was obtaineoh #.C.E.F. s.p.aDiclofenac sodium
salt and Sulfadiazine sodium salt were obtainedthfeigma and used as received. All the other
reagents were of analytical grade and were purchésen Sigma. The content of drug in the
release studies was analyzed by UV-VIS JASCO V-§3€ctrometer using 1 cm quartz cells at

appropriate wavelengths.

3. Results

The aim of this work was the preparation of newrgse cocoate based niosomal carriers suitable
for percutaneous permeation. Their ability to fovesicles with different amounts of cholesterol
was also evaluated. In fact, cholesterol is onéhefmost common additive included in vesicular
formulations in order to improve their stabilityp reduce or prevent leakage of drug and to
maximize their longevity [23-26]. The study of tledfects of cholesterol on the physical and
structural properties of vesicular bilayers is imtpot for understanding the mechanism of
interaction between cholesterol and non-ionic suiafats in vesicular systems, that could influence
the niosomes properties such as ion permeabiligymatic activity, aggregation, fusion processes,
elasticity, size and shape.

Table 1 shows the composition of different niosofoaiulations.
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Sucrose cocoate is a mixture of fatty acid sucreseers, produced through the chemical
esterification of coconut oil with sucrose. Cocoailtcontains fatty acid chains of different lengjth

as reported elsewhere [27]. Due to an inabilitykitmw exactly the sucrose cocoate molecular
weight, we decide to test different weight of thefactant to find the optimal amount for obtaining
usable niosomes. All preparations were stable whkept at ambient temperature (25°C) over a

period of 8 months.

Formulation| Surfactant, Ch Ratio Ch

Name mg mg | Surf/Ch| %
T1 36.9 0 1.0 --
T2 29.5 11.2  1:0.37 27
T3 24.8 18.1 1:0.73 45

Table 1. Composition of the vesicular systems

3.1 Size and distribution analysis

Addition of cholesterol into these vesicular sugpens leads to a variation of size: larger vesicles
were obtained in the absence of chlolesterol.

When the cholesterol amount was elevated from 4:Q:0.73 (weight ratio Surf/Ch, 0-45% Ch
weight) a systematic decrease in niosomes sizeolasrved. A 40% decrease in size was seen
when the weight ratio Surf/Ch was 1:0.37 (211 nAdditional 20% decrease in size was measured
when the cholesterol content was further incredsed 0.37 to 0.73 (Table 2).

The relationship observed between niosome sizebdager composition (cholesterol content) has
been attributed to the decrease in surface eneitfyyinereasing hydrophobicity [28] that results in
smaller vesicles: T1 formulation have a much lowsdrophobicity than those containing
cholesterol.

The polydispersity index was between 0,26 and 3€se values were considered as evidence of
homogeneous distribution of colloidal vesiscles.

The dimensions of niosomes entrapping drug werelasinto those of empty ones for all
formulation, as reported in Table 3. Both in emgiyl drug-loaded niosomes, the size decrease with

the presence of cholesterol.
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Formulation

name
T1
T2
T3

Diameter
Nm

34115
211+15
157+20

Polydispersity

Index
0.262
0.259
0.304

Table 2. Hydrodynamic diameter and polidispersity hdex of the empty niosomes

Formulation

Name
T1d
T2d
T3d
Tls
T2s
T3s

Drug

Diclofenac

Diclofenac

Diclofenac
Sulfadiazine
Sulfadiazine

Sulfadiazine

Diameter

(nm)

314410
162+20
150420
335410
234415

218+15

Table 3. Hydrodynamic diameter of loaded niosomes

This behavior is due both to the increased hydrbjaity of the systems and to the favourable

interactions (hydrogen bonding or Vdar Waaldorces) between niosomial matrix and drugs.

3.2 Drug entrapment efficiency

Under analogous preparation conditions, equal lefalrug were added with the aim to test the
effect of molecular structure on entrapment efficie Niosomes without cholesterol has certain
encapsulation and the quantity of entrapped Didadeor Sulfadiazine increased with increasing
cholesterol content (Table 4): this suggests tmatricrease in the amount of this additive ledrto a
increase of vesicle drug incorporation. Probably tlyid structure and low permeability could
prevent drug leak from T3 formulation. Moreover wheesicles were loaded with Sulfadiazine, the

E% values were lower than niosomes containing Beclac: in thiscase, he amount of drug
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entrapped into niosomes, could be dependent caffitdty toward surfactant, confirming that the

entrapment of water-soluble molecules generallyeddn the bilayers composition [29].

Formulation Drug E%
Name
Tld Diclofenac | 36.20+1.9C
T2d Diclofenac | 40.66+1.8%
T3d Diclofenac | 43.86+1.7%
Tls Sulfadiazine  13.60£2.70
T2s Sulfadiazine  17.26+2.50
T3s Sulfadiazine  18.60+2.25

Table 4. Entrapment efficiency (E% ) of the loadedhiosomes.

3.3 Trasmission electron microscopy (TEM)
The scanning electron microscopy images of theomes, prepared from different formulations,

were found to be spherical and regular in shape1Reported T1 formulation as example.

. 0,3 pm
.
.

Fig.1 TEM photomicrographs of T1 niosomal formulations.

3.4 In vitro permeation studies
For hydrophilic drugs, the penetration enhancirfgatfseems to play a more important role in the
enhanced skin delivery than in the case of lipaphdtugs (as for many penetration enhancers),

since permeation of hydrophilic molecules tendsdaelatively slower [30-34].
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Diclofenac release from niosomes is analogousabdhSulfadiazine and this trend is probably due
to their similar weight and interactions betweeanthand skin. As shown in Figures 2 and 3, the
drugs release rates, loaded in vesicles acrosskihe is significantly higher than the free drug
solution, showing the favourable relations betweskim and niosomes may be an important
contribution to the improvement of transdermal ddetjvery.

The faster release of the drug was found for ni@sowith no cholesterol or with a reduced amount
of this membrane additive (T2, ratio Surf/Ch 1/0;3Re increase of cholesterol content (T3, ratio
Surf/Ch 1/0,73) resulted in a reduction of membrpaameability, which led to lower drug elution
from the vesicles [35,36]. Cholesterol in fact ol to abolish the gel to liquid phase transitidn o

niosomal systems, resulting in niosomes that @ lEaky [37].
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Fig.2. In vitro percutaneous permeation of Diclofeac-loaded niosomes: free solutioril), T1d (@), T2d (¢) and T3d
(A) formulations.
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Fig.3. In vitro percutaneous permeation of Sulfadiaine-loaded niosomes: free solutiorl(), T1s @), T2s ¢) and T3s

(A) formulations.
Several mechanisms could be proposed to explaialitigy of niosomes to modulate drug transfer
across the skin: structure modification of the skine to the temporary loss of intercellular lipid
barrier properties of the stratum corneum follovilgdan increase in permeability; adsorption and
fusion of niosomes onto the surface of skin leadinbigh thermodynamic activity gradient of drug
at the interface, which is the driving force formeation of drug [38-41]. Furthermore, as reported

in literature, the cholesterol content affects meanb elasticity, making it more rigid [42]. This
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effect is most pronounced at determined cholestyntentration range. Our optimal formulation
was found to be which one the cholesterol conteas the 27% of total lipid amount. For this
formulation both the used model drug showed thédrigumulative permeation, in fact, during 24
h the released Diclofenac amount was total, whi¢e Sulfadiazine released was more than 75% of
the loaded one.

Indeed a higher content of cholesterol involvedlgpeater stability and lower deformability of the
niosomal membranes, which results into a lowerasseof the carried drug [42]. T3 formulation, in
fact, showed a cumulative permeation percent ofubl®0% for Diclofenac and 60% for
Sulfadiazine. This behaviour was probably due ® rffosomes greater resistance to deformation
that results in a higher vesicles stability, bus teffect implies also a higher rigidity that reduc
their flow through small capillaries in the micramilation and through other small apertures, for
instance hair follicles or sweat pores, and consetiytheir loaded drug release.

However all formulations can be considered as pan@ous permeation enhancers for the
hydrophilic drugs used as models. Our devices ¥iearad to be particularly useful for transdermal
release when the cholesterol content was about ®¥%f total lipid amount (T2 formulation):
probably this value is a good compromise betweenrtiembrane stability and its deformation

capacity, allowing a higher drug permeation actbesskin.

4. Conclusion

The effects of different bilayer compositions (lhsen a commercial sucrose cocoate and
cholesterol) on the niosomes physical-chemical @rigs and in vitro drug percutaneous
permeation were illustrated. We found sucrose decahle to form vesicles both in the presence or
not of cholesterol. Cholesterol, used as membrtaisliger, strongly influenced the dimension, the
Diclofenac and Sulfadiazine sodium salts entrapneéiitiency and the percutaneous permeation
profile. Increased percutaneous permeation achessatbbit skin, respect to control drug solution,
suggests that niosomal formulation has potentiatrimsdermal delivery and enhanced drug release
from the carriers. In particular the formulatiorattwas found to be a good compromise between
niosomes stability and elastic properties of thsicles was that containing the lower cholesterol

amount. In fact, an higher quantity of this ladgtstance reduces the drug release from niosomes.
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Abstract

In this research project we decide to create afgeh drug delivery systems in wich niosomal
vesicles were mixed, but also to maximize the athgas of both systems. Our strategy consists of
a liquid solution with the drug loaded into the ietss that can be injected into the body and foams
gel at 37°C. Pluronic F127 (FDA approved) was uaedhermosensitive polymer thanks its well
know biocompatibility and Tween 60, widely usedpimarmaceutical, cosmetic, chemical and food
fields was used to obtained niosomes. Several tgobs were used to characterize the novel
systems and also to investigate the mechanismsgthatrn the thermogelation of the polymer
(rheological measurements, Differential Scannindofaetry (DSC), Dynamic Light Scattering
(DLS)), while vesicles were characterized in tewhsnorphological, dimensional and Diclofenac
sodium entrapment efficiency analysis. To evalubee sutability of the vesicle-polymer system
new carrier as potential transdermal drug deliv®rstems, percutaneous permeation study across
rabbit ear skin was performed used the Franz de#sults suggest that drug permeates faster when
the drug is entrapped in vesicles alone soluticth thie permeation decreases with increasing the
polymer concentration. This finding is ascribedthe fact that the drug loaded in the vesicles-
polymer systems has to overcome the niosomes bilbgeriers and then the polymeric gel
networks. In particular as confirmed by the rhealabdata, the gel network gets stronger when the
concentration of polymer increases, consequentty dfug presents more difficulties to move
around. In addiction the very slow Diclofenac péaoeous permeation showed by the system
prepared with the 18% of polymer was probably duehe worst affinity toward skin structure.
These results confirmed that the systems basedn@ed 60 vesicles and F127 could increase the
percutaneous permeation of an hydrophilic drughsgDiclofenac across the rabbit skin, when the
amount of polymer was only about 15%: the increafs@olymer content made the permeation
slower than the free drug solution. These findingturally lead to more diversified applications in

trandermal drug delivery.
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Materials and Methods

Pluronic F127 mixtures. Pluronic F127, (E&@POk(EO)7;, was a generous gift from BASF
(Ludwigshafen, Germany) and was used without artyéu purification.

Doubly distilled, filtered and deionized water wesed. The samples were prepared by weighing the
desired polymer and the water amounts in vials anintg a small magnetic stirring bar. The
concentrations are given in percentage by weiglgobfmer (Wt% F127) and range from 0.1 to 30
wt% of F127. The vial was sealed with an screw eapch was fitted with a Teflon-lined septum
to prevent any loss from solution, then were mikedortex. The prepared vials were placed in a
water bath at 5 °C where the mixtures were leftifeveek before measurements.

Vesicle-F127 Polymer mixtures

The polymer mixtures were prepared by dissolving the desired amount of polymer in the
stock solutions of vesicles. The concentrations are given in terms of weight percentage of
F127 and range from 0.1 to 30 wt% of F127. All samples were stored at 5°C for 1 week before

performing the experiments. All the prepared mixtures are listed and labeled in table 1.

Tween 60 vesicle-polymer systems Polymer Labels
Concentration
(Wt%)
Pluronic F127 12 F127
Pluronic F127 15
Pluronic F127 18
Pluronic F127 + Tween 60 vesicles 12 VT-F127
Pluronic F127 + Tween 60 vesicles 15
Pluronic F127 + Tween 60 vesicles 18
Pluronic F127 + drug entrapped Tween 60 vesicles 15 VT-F127*
Pluronic F127 + drug entrapped Tween 60 vesicles 18

Table 1: Prepared vesicle-polymer mixtures.

Rheological measurements were conducted using ar steain controlled rheometer RFS 1l
(Rheometrics, USA) equipped with a couette, cylingieometry (gap 1.06 mm, external and inner
radius 17 and 7 mm, respectively). The temperata® controlled by a water circulator apparatus
(x0.2°C). To prevent errors due to evaporation, sugag geometry was surrounded by a solvent
trap containing water.

All the experiments were performed during heatifidhe rheological behavior at different

temperatures was investigated by a time cure tebtia with a heating ramp rate of 1°C/min. The
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small amplitude dynamic tests provided information the linear viscoelastic behaviour of

materials through the determination of the comglesar modulus [1]:
G*(0)=G'(0)+iG"(w) 1)
or in terms of complex viscosity,
n*=G’ o/o 2

where G'@) is the in phase (or storage) componentwEi$ the out-of-phase (or loss) component,
and i is the imaginary unit of the complex numb@8hiw) is a measure of the reversible, elastic
energy, while G't§) represents the irreversible viscous dissipatibthe mechanical energy. The
dependence of these quantities on the oscillatiaguency gives rise to the so-called mechanical
spectrum, allowing the quantitative rheological releéerization of studied materials. The applied
strain amplitude for the viscoelastic measuremesals reduced until the linear response regime was
reached. This analysis was made by performing nsteaveep tests in all temperature range

investigated. Weak Gel Model [1] was also appleddme of the oscillatory spectra:

|G*[:(:):I| = G'[cj]z +G”|"c:|_]] :Am%
®)

where “A” is interpreted as the interaction stréndgetween the rheological units: a sort of
amplitude of cooperative interactions, and “z” faes toordination number, which corresponds to the
number of flow units interacting with each othegtge the observed flow response [2].

The rheological characterization of the samples alss carried out by using a generalised Maxwell
model [3] In such a scheme, the material’'s viscgiglabehavior is modeled by a number of
Maxwell elements in parallel. A Maxwell element sists of a spring and a dashpot in series,
characterized by a spring modulus G° and a relaxatme. In a dynamic shear experiment, the

generalized Maxwell model results into an equatmrG'(w) and G"@) of the form [3]:

G'(o) =S 2MG" )
7 1+ oA, )

Gul‘m':lzw\—- UJ:’LI.-G'E-':' (5)
T Fr+(en,)



In this study, appropriate spectra of the relaxatimes (G{, A;) were obtained by a best fit of the
observed viscoelastic moduli to equations (3) a#)d G° andA have been used as adjustable
parameters in an iterative procedure that minimikzesoverall standard deviatios(G")+c(G"). The

relaxation times were calculated with an accurdcyb86.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurersemere performed by using a Setaram micro
DSC 131 instrument. Samples (20-30 mg) were seéalatiminium-cells and brought to the initial
temperature. As a reference, a sealed pan witltdhesponding amount of water was used. To
check water evaporation, the pans were weigheddefod after the DSC measurements. The DSC
thermograms were recorded in the temperature riiagel0 to 90°C. The heating rate was 1°Cmin

! Thermograms were digitized and phase transigomperatures with the associated heat changes

were determinate by the use of the commercial so#vOrigin 7.5 (OriginLab, MA USA).

Results and Discussion

The phase diagram of F127 in water is reportedtémalture [5,6]. Micellar and cubic phases lie
within composition range 0.01 wt% < ¢ < 30 wt% df2F and temperature range 10-@) The
findings agree with previous reported studies [7,8]

According to previous observations, the aqueougures at 15 and 18 wt% of F127 are liquid-like
at low temperature (15 °C) whilst they are gel-ldtehigher temperature (37°C). That means they
do not flow under their own weight. All the polymeiixtures with concentration below 15 wt% are

a liquid-like over the entire investigated temperatrange.

Figure 1 shows images of selected polymer (1a)vasitles-polymer solutions (1b) at 25°C and
37°C. The mixtures with vesicles are opaque. Fromystematic visual observations thermal
gelation process seems to be not affected by thgepce of the vesicles. This means the gel phase
covers the same temperature and polymer concemtnathges.

In order to understand the effects of vesiclestenrhechanical properties of gel matrix, a deep

rheological characterization was made.
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Figure 1: (a) Pictures of selected F127 polymer sdlons; from left to right: 12, 15, 18 wt%,; (b) Pictures of selected
mixed F127-Tween 60 vesicles solutions; from lefb right: 12, 15, 18 wt% of polymer.

Figure 2 shows mechanical spectra of F127 solutigitis (2b) and without (2a) vesicles. The
dynamic rheological response evidences a pronoucicadge from liquid to solid with increasing
polymer concentration in both cases. This can berpreted in terms of transition from dilute to

semi-dilute regime, since the cubic phase is foramzbrding to the phase diagram of F127/Water

system.

je— o

Figure 2: (a) Frequency dependence of the storageodulus (G’) and loss modulus (G"), at different F27
concentrations (b) Frequency dependence of the saye modulus (G') and loss modulus (G"), for diffeent polymer
concentrations in polymer-vesicle mixtures. All meleanical spectra are performed at 25°C.The inset rapsents the
mechanical spectrum of stock vesicles dispersion 25°C.
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The vesicle dispersion alone (stock solution) hatr@ngly liquid-like response in all investigated
temperature range (see inset of the figure 2b) \ith viscosity values (I8 Pas at 25°C).
Obviously the addition of polymer has marked défezes: the vesicle system acquires the gel-like
properties of the polymer alone.

It is worthy to note that the polymer network i$eafed by the polymer-vesicles interactions. The
network becomes more solid with the addition of thefactant aggregates. In fact the storage
modulus is higher when the vesicles are addede@ttymer solutions. This effect is more evident
by considering the only G’ values.

The mechanical relaxation times were extracted ffimguency sweep experiments by fitting the
experimental data to the equations 3 and 4. A homade software package was used for the
purpose calculation of those parameters. The rétamsatimes comparison between solutions with
or without vesicles at 18 wt% of F127 are showfigare 3. While the elastic moduli are related to
the density of active links, the relaxation times associated with the strength of those activeslin
The relaxation spectra obtained for the mixturé&itwt% of polymer are dominated by relaxation
times on the order of 1-1000 s. However, on thes taoale of few milliseconds, a relevant second
region of relaxation times is present. In accor@anith the analysis on the relaxation processes thi
region refers to the local motion of a part of g@ymer chain of the order of the entanglement
length. The addition of vesicles seems to affaglitly relaxation spectrum: the weight of the long
relaxation times (1-100 s region) is higher thaa ohtained for the analogues vesicles-free polymer
solution (figure 3).

Temperature Diameter (nm) of Diameter (nm) of
VT-F127 15wt% VT-F127 15wt%
Micelle Vesicle Micelle Vesicle
15°C 12 438 12 442
20 °C 18 512 18 546
25°C 24 554 24 563

Figure 3: Structural relaxation times of samples atl8 wt% of polymer for F127 solution and for VT-F1Z solution at
25°C by a fitting of the generalized Maxwell equatins.

Even though the addition of vesicles does not &ffee polymer association process. The cubic
phase keeps his “phase existence range” [9], insabhat it makes stronger contacts (active links).
This could be due to more favorable interactionthbamong surfactant molecules and among
polymer-surfactant molecules.

Furthermore the effect of temperature has a stimpgct in the dynamics of the system.

52



The dynamic mechanical analysis (DMA) ability terggicomplex viscosity and G' and G" values for

each point in a temperature scan allows one tamesti the transition temperature and the
mechanical behavior.

This has the advantage of telling how much fluid thaterial is at any given temperature, so one
can determine mechanical moduli values change teittperature and transitions in materials. This
includes not only the phase transitions, but atkeraransitions that occur in the polymer matrix.

In figure 4 the temperature dependence of compieranhic viscosity for selected mixed vesicle-

polymer solutions is shown. Both systems presentlai cure profiles but the system containimng

vesicles shows higher viscosity values.
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Figure 4: Linear viscoelastic thermograms for F127and VT-F127 solutions. Temperature scan of complexXscosity,
obtained by a time-cure test frequency = 1 Hz. Heitg rate of the experiment was of 1°C/min.

Calorimetric measurements showed that the Fl127agong gels (semidiluted region) do not
present any change in the enthalpy at the gel&imperature.

No vesicle phase transition was detected within shelied temperature range, indicating that
vesicles are stable. The scans of a VT-F127 and FRiiRtures at 18 wt% are shown in figure 5.
The plots show the occurrence of an intense anddopeak centered at 15°C, ascribed to micellar
formation procesq5]. This can be considered complete at 24°C. Cgunsetly from this
temperature value, the increase of the complesosisccan be interpreted in terms of the micellar
growth.

The F127 and VT-F127 solutions show a Newtoniarabigt in the liquid region, (characterized by
an independency of viscosity with shear rate) hinfigure 6 we show the temperature dependence
of the Newtonian viscosity for both systems. Twievant features emerge: low viscosity values

and a progressive increase with increasing temperat hese findings clearly suggest the presence
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of a molecular solution at low temperature andrassformation in a micellar phase with spherical
aggregates that progressively grows upon a fuiti@ease of temperature. The mixtures, located
near the cubic phase, show also a Newtonian Heutiscosity is too high to correspond to a small
spherical aggregate (0.06 Pa s) and then it shbhalde a structure of big globular micellar

aggregates that become gel network in the cubisgoha

HeatFlow (mW)

Furnace temperature (°C)

Figure 5: DSC upscans of vesicle-F127 and F127 atosamples at 18 wt% of polymer.
Heating rate: 1.0°C/min.
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Figure 6: The Newtonian viscosity as a function dhe temperature for F127 and VT-F127 mixtures.

On the contrary in cubic phase the shear viscasity function of the applied shear rates. The
decrease of the viscosity with the increasing efghear rate is observed and it results in a shear-
induced orientation and deformation of the lyotoogiomains, with deformed and elongated

micelles aligned parallel to direction of the shield.
Weak Gel Model

The table 2 shows the composition and temperatepentience of weak gel model parameters, z

and A, as obtained by fitting the viscoelastic dataqgn. 3.
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Temp. (°C) A(x0.1)
F127 15% VT-F127 F127 18% VT-F127

15% 18%
15 0.1 0.1 0.2 0.1
20 0.2 0.3 0.4 0.1
25 0.4 0.7 3448.0 3211.0
30 6.3 94.5 3913.0 3740.0
35 253.0 362.1 4316.0 6881.0
40 172.3 240.2 4519.0 6728.0
45 114.0 206.7 4033.0 6092.0
50 126.0 253.2 3223.0 5048.2
55 132.0 269.3 2429.0 4503.4
60 72.0 161.6 1480.0 3802.0
65 37.0 86.0 833.0 1432.1
70 10.0 235

z (£ 0.01)
15 1.11 1.08 1.04 1.02
20 1.04 1.02 1.00 1.00
25 1.00 1.00 5.00 7.14
30 1.49 435 9.09 9.09
35 6.06 6.11 10.00 11.11
40 5.38 5.69 11.13 12.50
45 5.26 5.00 11.12 12.69
50 6.69 6.17 11.11 12.67
55 6.25 6.76 11.11 12.67
60 7.14 7.69 11.11 12.67
65 3.85 3.67 10.00 11.89
70 3.85 3.04

Table 2: Weak gel model parameters for different f27 and VT-F127 mixtures

Both systems exhibit a high flow coordination numtze and high interaction strength values, A, in
the cubic phase. Additionally, the data confirme gresence of a gel that becomes stronger with

increased polymer concentration. The flow coordimahumber jumps from value close to unity up
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to about 6 or 12 for mixtures at 15 wt% or 18 wtspectively when cubic phase is formed. This
means a hardening of the gel network and a diffesémictural organization in the cubic phase
marked by the increasing of A and z respectively.
Additionally it is worth noticing that:
< Avalues increase both with polymer and vesicletitamh in a gel phase respectively;
ez values increase with polymer addition while tregpear rather constant with the
vesicles addition;
This means a hardening of the gel network but ndhereasing of the flow units, that in turn means
similar structural organization with the used vks@oncentration.
Polymer impact on Vesicle stability. The figure foss the change in the size of the aggregates in
vesicles-polymer solutions, determined by NNLS wsial of the light scattering data. Two distinct
populations of aggregates of greatly differing simre observed and for each of them an average
diameter was computed.
Interestingly, the size of the larger of the twoesdsting populations (assumed to be vesicles)
changes with the addition of polymer. This obseéorasuggests that polymer F127 partitions into
the vesicles and either causes fusion of the \essiahd/or swells their volume. In contrast, the
smaller aggregates, assumed to be mixed F127/Té@enicelles, changes relatively little in size
upon increasing the concentration of polymer asnteg in literature for the vesicles free system
[7]. The sizes of these aggregates were not mugfedahan the size of polymer micelles at a
similar concentration (i.e. 18 nm radius at 20°€18 wt% mixture). However, depending upon the
number of molecules incorporated into each micélle to the low Tween 60 concentration, such

changes may be relatively small and not obsenialilee light scattering data.

Temperature Diameter (nm) of Diameter (nm) of VT-F127
VT-F127 15wt% 15wt%
Micelle Vesicle Micelle Vesicle
15 °C 12 438 12 442
20 °C 18 512 18 546
25 °C 24 554 24 563

Table 3: Weak gel model parameters for different f27 and VT-F127 mixtures

These findings are in agreement with the DMA arialy3he micellar aggregates grow with
temperature from 12 up to 24 nm within 15-25°C.sTabservation is in agreement with the data
reported in the referencfs7]. Besides the vesicles show an more pronouiregdase in the size
at lower temperature.

Transdermal permeation study
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The success of a transdermal drug delivery systepends on the ability of the drug to permeate
the skin in sufficient quantity to maintain the iidgeutic levels. An ideal drug candidate would have
sufficient lipophilicity to partition into the Sttreum Corneum, but also sufficient hydrophilicity to
enable the second partitioning step into the viabpedermis and, eventually, the systemic
circulation. Furthermore a slow and controlled ask of encapsulated molecules is one of the
requirements for the delivery of drugs [10].

Percutaneou permeation profiles across rabbitléaro$ Diclofenac as well as drug incorporated in
niosomesn or in polymer-vesicles mixtures are regpbin figure 7. Skin should be exposed to the
drug for a maximum of 24 h because of deterioratibskin integrity with time.

According to the literatur¢l1-13], a controlled and prolonged permeation affef niosomes
formulations in comparison with simple drug solagchas been found. Several mechanisms could
be proposed to explain the ability of niosomes tudutate drug transfer across the skin: structure
modification of the skin, due to the temporary lagsintercellular lipid barrier properties of the
stratum corneum followed by an increase in perntiégbadsorption and fusion of niosomes onto
the surface of skin leading to high thermodynanaiivily gradient of drug at the interface, which is

the driving force for permeation of drug [14,15].
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Figure 7: In vitro percutaneous permeation profileof Diclofenac loaded systems at 37°C.
Moreover, the figure 7 clearly shows that drug peates faster when the drug is entrapped in
vesicles alone solution. The permeation decreaghsnereasing the polymer concentration.
This finding is ascribed to the fact that the diogded in the vesicles-polymer systems has to
overcome the niosomes bilayer barriers and thenptiigmeric gel networks. In particular as
discussed analysing the rheological data, the geliark gets stronger when the concentration of

polymer increases, consequently the drug preseats difficulties to move around. In addiction
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the very slow Diclofenac percutaneous permeatiawshl by the system prepared with the 18% of
polymer was probably due to the worst affinity tesvakin structure. These results confirmed that
the systems based on Tween 60vesicles and F12d icmuéase the percutaneous permeation of an
hydrophilic drug, such as Diclofenac across théitagkin, when the amount of polymer was only
about 15%: the increase of polymer content madeéheeation slower than the free drug solution.
These findings naturally lead to more diversifiggplecations in trandermal drug delivery: the
systems prepared with the lower polymer contentdcaat as percutaneous permeation enhancers,
while systems containing the 18% of polymer coull recommend as retarded drug delivery

systems.
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Abstract

The synthesis and characterization of new surféetaith peculiar physical-chemical properties are
amongst the most promising and expanding issugsh@mmacological colloid science. The most
used vesicular carriers are liposomes prepared faomvide variety of natural and synthetic
phospholipids, but several ionic and non-ionic aippies have been used to form multilamellar
and/or unilamellar vesicles.

In the present study the synthesis [of a,o-trioxyethylene-bis(sodium 2-dodecyloxy-
propylenesulfonate), an anionic Gemini surfactant its ability to form niosomes are elucidated.
The compound forms vesicles with and without addedlesterol. The vesicular systems were
characterized by size, shape and drug entrapmiéeieaty. The compounds to be incorporated are
B-carotene and ferulic acid, as antioxidants, acltylic acid, as FANS, and the antineoplastic 5-
Flurouracil, widely used in dermatological disorsleThe results of this study show thgto-
trioxyethylene-bis(sodium 2-dodecyloxy-propylendsoate) can be used for the preparation of
niosomes entrapping lypophilic, amphiphilic or hyphilic substances. These niosomes may be

promising candidates as percutaneous carrierbiéoaforementioned drugs.

1. Introduction

Vesicular systems, such as liposomes and niosaanesjni- or multilamellar spheroidal structures
composed of amphiphilic molecules assembled intaybis. They are considered primitive cell
models, cell-like bioreactors and matrices for bisgpsulation. They play an increasingly important
role in drug delivery or drug toxicity reduction,odify pharmacokinetics and bioavailability and
are applied for the continuous release (1-5) ottahgeted delivery of drug molecules (6—11). For
the above reasons, vesicles are successfully dppliecosmetics and pharmaceutics (12-18).
Compared to other vesicular systems, niosomes raferped in topical delivery because they are

chemically stable, show low toxicity, improve drpgrformances through better availability and
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controlled delivery at a particular site, are bigdelable, biocompatible and non-immunogenic
(19). In addition, the great chemical stabilityseaf production and the extremely low costs make
niosomes attractive colloidal carriers. Niosomes arteresting drug delivery systems in the
treatment of dermatological disorders (20), enhathee residence time of drugs in the stratum
corneum and epidermis and improve penetration ef tthpped substances across the.skin
addition, these systems have been reported toatrde effects and to give a considerable drugs
release. (21).

The essential constituents of niosomes are membaddgives, such as cholesterol, in mixtures
with sugar-based, polyoxyethylene-based, polyghbicesr crown-ether based surfactants or with
Gemini ones. The properties of the latter speca tattracted the attention of chemists as far as
possible changes in molecular structure of the titoests are concerned and led to preparation of
new generation surfactants. Gemini surfactantsisbi$ two hydrophilic head groups and two
hydrophobic chains linked covalently by a spaceselto the head groups or joining together two

points of the respective alkyl chains (22). (Fig.1)

Fig.1 Schematic drawing of Gemini surfactants, indiating joints between polar head groups, on the lgfor in selected
positions along the main hydrocarbon chains.

The spacer can vary in length and chemical stractine flexible or rigid, hydrophilic or
hydrophobic, etc (23). Based on the polar head mroature, Gemini are classified as cationic,
anionic, non-ionic and zwitterionic species. Anmm@emini, in particular, have significant water
solubility, form micelles and substantially loweret surface tension compared to conventional
anionic homologues (24). Because of their higham@factivity, sulfonated Gemini are used as
emulsifiers, dispersants or hydrotropic agents ashing and cleaning technologies, laundry and
detergent formulations, soil clean up, and enhandagcovery (27).

Gemini are mild products to be used in personat €26), and are effective in the formulation of
cosmetics, shampoos, etc. (25). From such a vietypbe low CMC of Gemini ensures less skin
and eye irritation (28). Sulfoesther-based ani@genini, in particular, give rise to moderate protei
denaturation and no cases of redness or skin rdshes been reported (29). Sulphated Gemini

surfactants do not show irritancy on the abdomiegion of guinea pigs (30).
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Dispersed in water, Gemini surfactants form bilagleeets and are organized in such a way that the
ionic groups reside on the outside while the hydrbon tails extend into water-depleted bilayers
(31). For the above reasons Gemini are usefulriag dntrapment and percutaneous release.

In this work the synthesis and characterizatioarofinionic Gemini surfactant,o-trioxyethylene-
bis(sodium2-dodecyloxy-propylenesulfonate), terre€sS,, are dealt withEGs;S, was previously
investigated by some of us and its thermodynanmipenties in water or with progressive amounts
of different polymers were investigated (32). $50is similar to the analogue obtained by Renoulf
et al. (33,34) but presents an oxyethylene spawanecting the two surfactant moieties.

In this work we evaluated the ability of E® to form vesicular systems in the presence of
membrane additive, such as cholesterol (CH), andiest their capacity to entrap hydrophilic or
lipophilic drugs. Ferulic acid and] pB-carotene, acetyl salicylic acid and antineoplagic
Flurouracil were dissolved in such vesicular systefircarotene is a well-known lipophilic
antioxidant showing preventive effects in animated ehumans against cancer, cardiovascular
pathologies, atherosclerosis, macular degeneratimhage related diseases (35,36). Ferulic is an
hydroxycinnamic acid, largely present in naturs. biological properties and antioxidant activity
are well acquainted (37,38). Ferulic acid is a ppaottective ingredient in skin lotions and
sunscreens. Acetyl salicylic acid (Aspirin) hasi@latelet activity. Its long-term use, at low doses
prevents heart attacks and thrombus formation petgpagulable states. 5-Fluorouracil (5-FU) is
an anticancer agent used in the treatment of praliéd skin diseases, in actinic keratoses (39)
superficial basal cell carcinomas (40) and pswiddil). In this paper we suggest conjugating
innovative colloidal carriers from pharmaceuticanotechnology and therapeutically effective
natural compounds by traditional medicine, to bedus pharmaceutical and cosmetic formulations.
The vesicular systems obtained in this work areattarized by transmission electron microscopy
(TEM) to account for vesicles shape and morpholdgyydynamic laser light scattering, (DLS) to
detect mean vesicle sizes and size distributionan#iPLC to determine entrapment efficiency.
Additional electrophoretic mobility experiments givindications on the stability of such

biologically relevant colloidal dispersions.

2. Materials

2.1 Chemicals

All reagents from Sigma-Aldrich (St. Louis, MO, URAwvere used without further purifications.
The solvents are of high performance liquid chragedphy grade.
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2.2 Synthesis df a,w-trioxyethylene-bis(sodium2-dodecyloxy-propylenesiife)
The™l o,e-trioxyethylene-bis(sodium2-dodecyloxy-propylenesuokte), [) Gemini surfactant, was

synthesized by following the procedure reportelitémature (33,34) (Scheme 1) .

O _
AN, —————— /\/\/\/\/\;‘-3/@)

=} NaH
1 2-epoxydodacane baydronyather

an

bis-tolsensulfomyl aster
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bis-hycronyl ether

m

Scheme 1. Gemini synthesis

Briefly, Gemini () was obtained starting from 1,2-epoxydodecane #ftetr basic solvolysis of the
oxirane in benzyl alcohol, produced théydroxyether If ). Condensation of two equivalents of
the secondary alcohdll ) with bis-toluensulfonyl esthetl(), in refluxing dry dioxane, provided
the dibenzyl etherl{). Debenzylation by hydrogenolysis over Pd/C praduthe bis-hydroxyl
compoundV. The sulfonated compound) was directly prepared by reacting the diwl) (with
propane sultone and sodium hydride in refluxingxdite. Major synthetic details are reported in

the Appendix.

2.7 Drug entrapment efficiency
The amount of drug entrapped by niosomes was eeales drug mole fraction per cent (MF%),
partitioned into the drug-loaded niosomes and olted mount of lipid, as reported elsewhere. (42)

It was determined by HPLC after vesicles disruptigith methanol. The drug content of the
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samples was analyzed, at the respective wavelenghlys reverse-phase HPLC with

spectrophotometric detection on a Perkin-Elmer 195-2letector. The column was packed with
Alltech C18 Adsorbosphere HS materialuB in size, in a 15 cm x 0.46 cm cartridge format
(Alltech Associates, Deerfield, IL). A 1-cm carigel precolumn, containing 5um C18

Adsorbosphere packing was used. Mobile phaseslawd#tes for each drug are reported in Table
1

Drug Mobile phases Flow rate

90% methanol 0,5
10% phosphate buffer 5mM-pH 6.8 ml/min

60% acetonitrile
10% methanol

5-Fluorouracil

B-carotene 30% isopropanol 1 ml/min
Acetvl salicvlic 25% acetonitrile
yi salicy 75% water adjusted to pH 2.5 .
acid . . . 2 ml/min
with phosphoric acid
0,
Ferulic acid 95 % methanol 1 ml/min

5% formic acid

Table 1. HPLC analysis conditions. Indication of e mobile phases used to detect different drugs artlde respective
flow rates.

3. Results and Discussion
Some niosomal formulations (G1, G2, G3) with Gem{BiO;S,) and different amounts of

cholesterol were prepared (Table 2). The totalkentration of surfactant and cholesterol was
1x10% M.

Formulation Gemini CH Ratio
Name (mg) (mg) CH/Surf
G1 76.20+0.02 0 0.0/1.0
G2 45.72+0.03 12.87+0.08 0.5/1.0
G3 38.10+0.05 19.33+0.08 1.0/1.0

Table 2. Composition of the vesicular systems used.

The results reported in Table 2 indicate that nmledterol is required to form vesicles with 3.
All formulations are stable at room temperature rogbout twelve months. No sedimentation,

creaming or flocculation can be inferred. This @irect consequence of the vesicles surface charge
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density. Table 3 indicates the results from lagghtIscattering and zeta potential measurements.

According to the literature (43), the hydrodynandiameter is influenced by the amount of

cholesterol.
Name of the Ratio Hydrodinamic Zeta potential {)
Formulation CH/Gem diameter/nm mV
G1 0.0/1.0 380 +23 -51.5+1.6
G2 0.5/1.0 320 +14 -30.9+2.5
G3 1.0/1.0 240 +18 -38.0+2.3

Table 3. The hydrodynamic diameter (nm) and the zet potential (mV) of the vesicular systems at 25.@C°

The formulation with the highest CH amount (G3)nfigrniosomes of lower size compared to the
others; this effect is probably ascribed to thedemsing effect of cholesterol (44). Significant
amounts of the sterol, in fact, modify the molecwtanformation of the surfactant and promote
their more or less compressed state. In addittmp4OH group of CH could form intermolecular
hydrogen bonds with Gemini and enhance, thus, ithger stability (45) and membrane cohesion.
As expected, direct proportionality exists betwesta potential values and the vesicle charge
density. The latter quantity decreases in propoert@the amount of added cholesterol. It is worth
noticing that G2 e G3 formulations have comparabla potential values, quite lower than vesicles
made of EGS, only. Perhaps, the zeta potential values are suelnsure a significant stability to
all niosome dispersions. Even tiny amount of néuélactrolytes do not modify the above
behaviour. It is also reasonable to suppose tharpace of links between surface charge density
(denoted by the modulus of zeta potential) andedietol amount in niosomes. It is well acquainted
that the sterol gives rise to an increase in nias@rasicle) rigidity. Much less is known on itsesft

on the surface charge. However, thanks to the appihg of hydrogen bond effects and changes in
surfactant packing, it is possible to modulatestdace charge density with some accuracy. This is,
at present, a tentative hypothesis, since suchpagewrequires the independent determination of, at
least, ionic conductivity and ion activity and twally outside the purposes of the present paper.
Because of their stability and size, G3 formulagiamly were extensively used to incorporate the
different drugs. Niosomes containing, in ord&carotene, ferulic acid, acetyl salicylic acid &d

FU could be used for percutaneous formulationdali been reported, on this regard, that drug
transport by niosomes decreases side effects, gilease and improves the penetration of trapped
substances through the skin (46).
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In Table 4 are reported the entrapment efficienatadexpressed as drug mole fraction per cent

(MF%), and the hydrodynamic diameter of niosome<faolesterol/Gemini 1.0/1.0 ratios.

Name of _the Drug Hydrodynamic MF %
Formulation diameter (nm)
G3-a 5-FU 195416 0.69+0.05
G3-b B-carotene 256121 0.14+0.02
G3-c Acetyl salicylic acid 234424 0.071+0.007
G3-d Ferulic acid 214+21 0.023+0.008

Table 4. The hydrodinamic diameter and the entraprant efficiency of selected G3 formulations.

The chemical structure of encapsulated drugs mapgly influence niosomes size, because highly
lipophilic B-carotene may intercalate into vesicles bilayegetber with cholesterol. This is why
G3-b formulations show larger hydrodynamic diameteompared to other. The partitioning and
location of other species into niosomes can beelgrdifferent from the aforementioned one.

The amount of drug entrapped into niosomes, is @ on its affinity toward Gemini. As
indicated in Table 4, formulations containifigcarotene and 5-Fluorouracil, which are by far the
most lipophilic and hydrophilic drugs, respectiveghow high entrapment efficiencies. Probably,
the latter effect depends on pKa values of 5-FUchSmolecules are unionized in the present
experimental conditions. Hence, unfavorable elstatic interations with E{3, could occur.
Conversely, ferulic and acetyl salicylic acids suffor a much lower trapping efficiency.

The vesicular systems were characterized by trasssoni electron microscopy (TEM) and light
scattering. Transmission electron micrographs conthe formation of vesicular structures, Fig. 2-
A and Fig.2-B, whereas laser light scattering ofteg. 3), allowed to determine the particle size
and the size distribution, as well.

According to both TEM and DLS, size polydispersgysignificant in almost all vesicular systems
which have been investigated, even though the teffecby far less relevant in G3-based

formulations.

Fig 2. Photomicrographs of G3 formulations as seelby TEM (transmission electronic microscopy). The ngrograph
indicated as A refers to vesicles containing 5-FWA}, that indicated as B, conversely, contains p-carotene.
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The latter, thus, are considered the most efficimnttures for pharmaceutical niosome-based
formulations. In particular, the packing efficieneywd the moderate sizes, as well, ensure the

attainment of high yields in the trapping efficigraf lipophilic drugs.
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Fig 3. Bimodal vesicle size distribution of niosomadispersions, inferred by a statistical cumulant aalysis based on
DLS findings. Data refer to mixtures belonging to he G3-b family, at 25.0 °C.

4. Conclusions

An anionic Gemini surfactant (BS, ) was synthesized and its ability to form niosormess
evaluated. Egh,-based vesicular systems were prepared with andoutit cholesterol. Smaller
sizes are observed by G3 formulation, which is areg in mixtures with the highest
cholesterol/surfactant ratio. In such vesicles s#vérugs were encapsulated: the highest trapping
efficiency is observed for formulations containiig-U and_l-carothene. Niosomes prepared with

EQsS; are promising candidates as percutaneous caofiipophilic and hydrophilic drugs.
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Abstract

Bolas surfactants can be inserted into bi-layerd anay operate as permanent holes in such
membranes. Significant synthetic work and an exinaisharacterisation of their properties in the
bulk was performed. On this purpose the phase amagf the system composed by water and
1,16-hexadecanoyl-bis-(2-aminomethyl)-18-crowr{térmed Bola A1§ was investigated in a
wide temperature and concentration range. No ligwydtalline phases were observed and a large
micellar solution is present, up to about 50 sudiacwt%. Surface tension experiments defined
adsorption and micelle formation The low obsergett value is important for pharmacological
applications, in fact, considering intravenous adstiation, only micelles with lowmcvalue can
exist in blood. Nuclear magnetic resonance exparisnéetermined both water and surfactant self-
diffusion. According to the aforementioned experitse slight, if any, modifications in the
structure of micelles were inferred on increaddada Al6content.

Dynamic rheological experiments probed the solutiioro-structure. The observed rheological
behaviour is newtonian. The solution viscosity athet shear relaxation processes were
rationalized assuming the presence of sphericateggtes, occurring up to high surfactant
content. The viscometric behaviour was rationalisederms of a former theory of flow as a
cooperative phenomenon. The number of micellesdinared each other during the viscous flow
and the interaction strength between them was mdadads a function ddola Al6concentration.
Such value is close to unity and practically indefsnt on surfactant content in the whole
concentration range we investigated. This behavjmints out that little, or not, interactions

among micellar aggregates occur.

68



The absence of shear induced changes in the aggrelgape implies no change in drug delivery
properties under flow, this is useful in the phacoydynamics field, since drug delivers usually
operate in mechanically stressed conditions.

Thanks to the above properties, the material resphrticularly suitable for application in
pharmaceutical field, may solubilize lipid membrarend selectively transport ions across them.

Ancillary effects, such as the uptake of countaisiin the crown ether, are to be considered.

1. INTRODUCTION

Surfactants are known to play a vital role in mamgcesses of interest in both fundamental and
applied science. One important property of surfastés the formation of colloidal-sized clusters in
solutions, known as micelles, which have particslgnificance in pharmacy because of their ability
to increase the solubility of sparingly soluble stalmces in water [1].

Micelles are known to have an anisotropic watetrithistion within their structure. In other words,
the water concentration decreases from the surfaeards the core of the micelle, with a
completely hydrophobic (water-excluded) core. Consatly, the spatial position of a solubilized
drug in a micelle will depend on its polarity: nahgr molecules will be solubilized in the micellar
core, and substances with intermediate polarity lvéldistributed along the surfactant molecules in
certain intermediate positions.

Furthermore, numerous drug delivery and drug targetystems have been studied in an attempt to
minimize drug degradation and loss, to prevent farmside effects and to increase drug
bioavailability [2-6].

Within this context, the utilization of micelles asug carriers presents some advantages when
compared to other alternatives such as solublenpaiy and liposomes. Micellar systems can
solubilize poorly soluble drugs and thus incredssirtbioavailability, they can stay in the body
(blood) long enough to provide gradual accumulaiiothe required area, and their sizes permit
them to accumulate in areas with leaky vasculdfjte

The synthesis and characterisation of new surfeetaith peculiar physical-chemical properties are
among the most promising and expanding issues amnpdicological colloid science. Particularly
interesting, on this regard, are species having/erethers as polar head groups joined to long alkyl
chains. The reasons for using crown ether basddcsants are many-fold and find application in
highly saline media, because of their selectiveacyp to complex ions. Crown ethers, in fact, are
macro-cycles possessing an outstanding capacigrtgplex ions or small organic molecules and to

selectively extract such species from multi-compdnénixtures, according to a key-lock
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mechanism. The process is controlled by the resmesizes of the crown cavity and of the
incoming species.

The first reports on crown ethers were publishedemithanforty years ago [8, 9]From a
surfactant science viewpoint, crown ethers funetised with pending alkyl groups are special
ionophores allowing ion transport across lipophilariers [10]. In the last years developments in
supra-molecular sciences resulted in significanigpsses of crown ethers chemistry. In supra-
molecular sciences, the stabilising effects areyg@aby a combination of non-covalent
contributions, due to hydrogen bonds, hydrophobit electrostatic interactions, etc., which are
responsible for the formation of associated spectsnbining high stability and flexible
geometry.

Addition of lipophilic long-chain alkyl groups ta@wn ethers results in the formation of crown
ether-based surfactants, forming micelles or complgra-molecular structures in water [11-14].
The production of new compounds possessing in émeesmolecule hydrophilic and lipophilic
parts, or regions of different polarity, is of gréaerest for both scientific and industrial pusps.
For instance, the supra-molecular structures formedifferent ligands (such as califrenes,
cryptands, crown ethers) and inclusion complexagaioing cyclodextrins, polyrotaxanes, and
molecular nano-tubes, are currently studied foepiidl use in host-guest chemistry [15-18].
Surfactants presenting two polar head groups hdidggether by a long hydrophobic chain are
defined bolaform [19-25]. These compounds have hibensubject of extensive research in the
past for their interesting properties [26-30]. Effowere made to design and synthesize bolaform
molecules with different structures and to chandsetheir aggregation behaviour in aqueous
solution [31-36]. When dispersed in water, thesdemdes organise into self-assembled vesicles,
which are stable over long times, insensitive tanges in temperature or ionic strength and can
be used in membrane mimetic chemistry. The fundsahgyhysicochemical aspects of these
compounds (such as micelle formation and surfatieitgy have been extensively investigated.
Usually, the surface tension of bolaform surfactasthigher and the aggregation number is lower
than conventional ones [37-39]. Compared to comswifactants, bolaforms occupy large areas
at the air/water interface, because, very preswnathleir alkyl chains adopt a looped
conformation [40-42]. This hypothesis is currerdlgcepted for alkyl chains longer than twelve
carbon atoms [43].

Understanding the phase behaviour of bolaform-stafd systems in water is important for
elucidating and controlling the component recounstih of biological membrane, as well as in the

optimisation of vesicular drug delivery. Some of heve formerly investigated this synthetic
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bolaform surfactant, as an antineoplastic drugvdgli in vesicular system, and the results are
reported in previous work [44].

Technical applications of crown ethers and of dmtisurfactants, including Bolas, in bio-
chemically oriented studies are many-fold and fayplications as ion carriers through lipid
bilayers,[45-47] and in a lot of membrane mimetiemistry effects.[48,49] Due to their peculiar
molecular properties, it is expected that alkylvanoethers may work in ion transport across
membranes, by flip-flop mechanism.[50,51]. Bolasrypresumably, keep their position into
bilayers and, thus, may operate as permanent hotee membrane. These are interesting aspects
to clarify and require, perhaps, significant sytithevork and an exhaustive characterisation of
their properties in the bulk. In particular, workin progress to determine whether, and to what
extent, they are soluble into lipid membranes, ahdlt it the selectivity in ion transport. Ancillary
effects, such as the uptake of counter-ions, aréofae solved, for instance. Thus, the promising
properties of such compounds need to be fully iigated. As a preliminary work, let us report
here the synthesis and some solution properties rafvel surfactant, 1,16-hexadecanoyl-bis-(2-
aminomethyl)-18-crown-6, hereafter termeé@bla Al16 The results, obtained through an
investigation of the binary phase diagram, surfaemsion, differential scanning calorimetry
(DSC) NMR self-diffusion and different rheological methodwdicate the occurrence of an
extended micellar solution. The observed propeitidiate moderate changes in micelle size and
little, if any, inter-micellar interactions up telatively high surfactant content. This behaviaur i
particularly evident in the rheological experimentghich have been performed in a wide

temperature and concentration range.

2 MATERIALS AND METHODS

2.1 Materials

Chemicals and reagents were from Sigma Aldrich ased without further purifications.
The 1,16-hexadecanoyl-bis-(2-aminomethyl)-18-crdyrBola A16§ was synthesized by

following previously reported routes [20,52], agsh in the following Scheme:
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Scheme: Simplified reaction scheme inherent to BalA 16 synthesis.

The a,0-hexadecane-dioic acid (1.70 mmol, 0.488 g) wassfamed, under stirring in refluxing
conditions for several hours, in the correspondiiagyl chloride by adding 5.0 n8OC}. 0.55 g
(vield 91.4%) of the diacyl chloride were evapodatend driedIR spectra were recorded orfr&-

IR Jasco 4200 spectrometéR v [Jvalues (onKBr): are 2928, 1795, and 1211 ¢niThe diacyl
chloride (1.55 mmol, 0.55 g), dissolved in dry trhe, was added drop-wise to a solution of 2-
aminomethyl-18-crown-6 (3.42 mmol, 1.00 g) in talae containing a nearly equivalent amount
of triethyl-amine (3.10 mmol, 0.314 @), at room parature under stirring for 20 h. The
suspension is refluxed for 24 h.

The final diamide was extracted with dichlorometawashed wittHCI (20 ml, 3M), Na,COs
(20 ml, 3M) and, finally, with distilled water. Thesidual organic layer is dried ovgigSQ and
evaporated under reduced pressure. The crude eesicawrified by chromatography on alumina
(with 3:7 2-propanol:hexane as eluent). The totallfproduct yield was 78.2 %. The compound is
a viscous yellow liquid at room temperature.

A 300-MHz Bruker determinetH NMR spectra of the product. The chemical shifalues of the
protons (in ppm) are: 6.40 (s, 2 protons, NH), 332D (m, 32 oxy-ethylene chain protons), 2.78
(s, 8 protons), 2.80 (s, 2 protons), 2.03-2.08} (protons) 1.49 (t, 4 protons) 1.12-1.46 (m, 20
aliphatic protons).IR (] v (inC film): 3033, 2882,1124-1049 ¢

2.2 Methods

2.2.1 Surface tension measurements
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Surface tension measurementémN ni*), were performed by a Du Noily ring tensiometemali
whose measuring vessel is thermostated to +0.ly°€rbulating water.

The uncertainty on values is + 0.2 mN th The surface tensions of doubly distilled wated an
absolute ethanol, at 25.0 °C, were used as cabbratandards. The time required to get stable
surface tension values is less than 5 min. Thearimicellar concentratiorgmg is determined
from abrupt changes in the surface tensisin (m) plots. The accuracy @amcis 3%. To test the
surfactant purity, several independent runs 6. In (m) plots were performed. The absence of
surface-active contaminants in the product is extsiny the absence of minimairvalues close

to thecmc[53, 54].

2.2.2 Rheological techniques

Rheological measurements were performed by usisgear strain controlled rheometer RFS Il

(Rheometrics, USA) equipped with a concentric ajiical geometry (inner radius 17 mm, gap 1.06
mm). A liquid circulator, JULABO F32 (Houston, USAjontrolled the temperature. Samples were
fully homogeneous and free from air bubbles duthmg rheological experiments. More details on

the apparatus and the measuring procedures are gigewhere [55]. Steady flow experiments

were performed in the shear rate range 0.02-1700s ensure steady flow conditions, the required
equilibration time was determined by transient expents, according to step-rate tests. 10 s
perturbations ensured steady flow conditions instygtem for the whole shear rate range.

Dynamic shear experiments were performed in thguiacy range 0.1-15.9 Hz. A strain sweep test
was carried out before the frequency sweep, torerthe linear visco-elastic behaviour during the
sweep test. All samples were sheared for 60 s a"1&heological experiments were performed

immediately before and after the steady shear.ifjtficant changes in viscosity were observed by

application of the steady shear treatment.

2.2.3 NMR measurements.

'H-NMR self-diffusion studies were performed using a Brukeance 300 NMR spectrometer,
working at a resonance frequency of 300 MHz. Siffission measurements were performed by
Fourier Transform PGSE techniques [56]. The expemnia errors on self-diffusion coefficients are
below + 4%. An airflow regulator, yielding a statyilof + 0.3 °C, controlled the temperature in the
measuring chamber. A spin-echo signal is induced B9°z-180° radio frequency pulse sequence.
A magnetic field gradient of intensity is applied during a tim8, as a twin pulse separated by a

time A, before and after the 180° pulse. The gradieength was calibrated with pure water, for
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which the self-diffusion is known. The attenuatiohthe echo amplitude is represented by the
equation [57]:
. L2 2 é
Algy=exp |—a"g"Dé" | A— <

I

1)

whereD is the self-diffusion coefficient andthe protons nuclear gyro-magnetic ratio. The diffa
term in the equation is proportional to the meamasgd displacement of the molecules over an
effective (A-1J 6(1/3JJtime scalél[] The experimental parameteks_jand] & were 30 and 1 ms,

respectively, and the gradient amplitugevaried from 10 to 200 Gauss ¢m

2.3.4 Optical methods.

Homemade polarizing units were used. The investigatas performed in a thermostatic bath. The
samples were sealed in glass tubes, equipped withl snagnetic stirrers. The temperature was
controlled to + 0.1 °C. A Heto programmable thestatic unit controlled heating and cooling
modes. Additional experiments were performed byirsgamall amounts of samples in thin glass
capillaries, which were flame sealed. A Ceti ogtjalarizing microscope, equipped with a heating
stage, performed additional studies. A Leitz micopse, equipped with a rotating stage, operating in
polarising mode or with Bertrand lenses, was alsedu Details on the apparatus set-up and

measuring procedures are given elsewhere [58].

3 RESULTS AND DISCUSSION

Phase diagram and Thermodynamic Characterisation.

In Figure 1 is sketched the phase sequence foBdte A16H,O system. No lyotropic liquid
crystalline phases are observed and a wide micedtzion follows the molecular solution one. At

low surfactant content the solutions have the saswosity as water.

Micellar
Molecular

region (L1)

. Temperature

S+011

0,05 % wt Concentration

Figure 1: Schematic picture showing the phase seguee observed in theBola A16-H,0 system.
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WhenBola Al6concentration exceeds 0.5 weight percent (wt%€) vikcosity gradually increases.
Some modifications in water self-diffusion were eh&d in the same concentration range. The
molecular and micellar region have significantlffetient transport and rheological properties. The
solutions are fluid and easily flowing; at concatittns below, or close to, theenc,they have the
same viscosity as neat water.

Thermodynamic information associated with the omgetipper consolute boundaries [59, 60] in
Bola Al6water mixtures were inferred bSC Scans on selected mixtures, at concentrations

below, close to or above tleencare reported in Figure 2.

Heat Flow(mW/mg)
s B

s

s
I

T T T T T T T T T T
2 0 2 4 6 8 10 12 14 16 18 20
Temperature (°C)

Figure 2: DSC thermograms, reported as heat flow (in mw mg) vs. T (°C) are relative to, 10.0 wt% (a) 0.5 wt% (b)
and 0.023 wt% (c)Bola A16 (from the bottom),. The heating rate is 1 °C mit.

At high surfactant content the occurrence of a sheansition peak is observed IBSC It is
ascribed to the melting enthalpy of hydratedla A16 (which is an oil) and to the subsequent
formation of the solution phase. As the surfactammtcentration approaches the regimes pertinent to
the molecular solution, theSCpeak vanishes and is hardly detected (Figure 2oyeNhformation

on the transition enthalpies and on the relatedpézatures are given in Table 1. The transition
temperatureTy, inferred by optical methods is close to the aiferred byDSC T, is a cloud point
defining a phase boundary between the one and hasepregions. Hereafter it is identified as a

critical solution temperature.

Bola A 16 (wi%) AHy (kJ mot®) Te (K)
2.0 10° -3.32+0.01 279.7+ 0.1
0.5 -5.43+ 0.01 279.9+ 0.1
10.0 -6.65+ 0.01 280.1+ 0.1

Table 1: Transition enthalpies,4AH, and temperatures, T, for selected Bola A 16-water mixtures.

In Figure 3 is reported the surface tensiovs. In (m) plot. As can be seeBpla Al6is adsorbed at
the air/water interface and the surface tensiomedses up to the critical micellar concentration. A

this point, micelle formation competes with int&itd adsorption and the slope of the plot abruptly
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decreases. The break point, represented by thaéaten of two straight lines, defines ttracand

is close to 4.7x1® mol kg*(about 0.5 wt%). The lower is thencvalue of a given surfactant, the
more stable are the micelles. This is especiallyartant from the pharmacological point of view,
since upon dilution with a large volume of the ldpgeonsidering intravenous administration, only
micelles of surfactants with loeamcvalue still exist, while micelles from surfactamtih highcmc
value may dissociate into monomers and their camtery precipitate in the blood [61]

The surface tension above ttracis nearly constant.

~ @
S 3
N

@
3

Surface Tension (mNm‘l)
8 3
!
>

©
S

Surfactant Concentration (m)

Figure 3: Surface tensiong, in mN m™, as a function ofBola A16 concentration, m (mol kg?), at 25 °C.
The links between the chemical structure and theelhei formation in systems containing
surfactants different from the mono-alkyl chaindygre not always immediately rationalised by an
univocal cmc value. In an effort to bring to convergence théaweour of structurally complex
surfactants, Zana derived a unified approach tandethe cmc in all surfactant systems,
independently from the number of chains, polar hgemups and counter-ions, whatever their

charge is [62,63]. Accordingly, the standard Gibhergy of micelle formation{G,,, is defined by

AG*\ =RT {(1 + ,6’i ) In cme
J J | Ze
+(i Bln (i )—l_ln ;)}
J J e J @)

wherei is the number of charged (or ionisable) groupsjathét of alkyl chainsg the counter-ion

the generalised equation

-
“s

Pl

binding degreezs andz the valency of surfactant ion and counter-ionpeesively. In non ionic
surfactants, as in the present case, Equatioref®)ces to the form predicted by the pseudo-phase
separation model [64]. The above equation has psrhasignificant predictive capacity in case of

ionisation of crown ether bolas, because the Gétezgy terms associated with charging the polar
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groups can be significant. It is expected thatdedicrown-ether bas@&blaformshavecmcvalues
largely different from those pertinent to the nonic form [23,25]. When the crown ethBplas

complexes sodium ions in aqueous NaCl solutionsakgn (2) reduces to

AG®M = RT[(1 4+ 2B8) In cmc + 28 1n 2] @)
and reasonable estimates of the electrostatic ibatitn to the Gibbs energy changes, associated
with micelle formationA Gy, can be made (providgtis known).

The questions pointed out above are crucial irati@ysis of crown ethdéolas since ion uptake in
their cavity is a true complexation equilibrium asdontrolled by the amount of free electrolyte in
the bulk. Actually, we do not know as to whethertighionisation of nitrogen groups in the crown
ether units is effective, or residual sodium ions @mapped in the aza-crown cavities. The crown
ether charging process (subsequent to complexagind)counter-ion binding, as well, depend on
the amount of salt in the bulk and can be ruledimtite present experimental conditions. Complete
or un-complete ion uptake by crown ether surfastaahdBolas as well, control the consolute
boundaries observed in selected systems [65]. Fonmation on the occurrence of such consolute
phenomena could be observed in the temperaturerrégvestigated in the present work, up to
about 50 °C.

NMR Self Diffusion measurements.

Fourier transformNMR self-diffusion provides insight into the solutiomicro-structure by
determining the long-range mobility of the compaseretection of motions over much longer
distances compared with molecules or micelles (somdarge), provides a sensitive probe for the
state of aggregates [66]. Owing to the long trarsveelaxation times dBola A16 protons, the
surfactant self-diffusion values could be measimettie whole investigated concentration range by
using a simplified relation, Equation (1). Selectdf-diffusion coefficients of the surfactant as a

function ofBola Al6concentration, at different temperatures, arentegan Figure 4.

® 298K
= 308K
318K

m
o

1E-10

1E11 3

Surfactant Self Diffusion Coefficients (m’s")

T T T T T
10° 10" 10° 10° 10" 10°

Surfactant Concentration (mol/l)

Figure 4: Surfactant self-diffusion coefficient,Ds, vs. Bola A16 concentration, (mol I%),
at 25.0 (diamonds), 35.0 (grey squares) and 45.0.°C
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Typical values of the molecular surfactant are elas 10 nm? s*. At concentrations close to the
cmcchanges in the diffusive trends are observed. &t the self diffusion values decrease more
significantly and the contribution ascribed to tmelecular species progressively vanishes. The
decrease in self-diffusion becomes more pronouratetigher concentration and is due to the
formation of aggregates. Concerning micelle diffitgi an apparent micelle radius,of 10.0 £0.5
nm may be inferred by the Stokes—Einstein equatiooording to:
KgT
T {Tj
3)
wherey is the solvent viscosity at the given temperatifery presumablyy values from self-
diffusion include a significant amount of bound dhgtion) water. Such values refer to the low
concentration limit, when inter-micellar interact®are negligible.
The big size of the micelles formed by this sudatibffers a big advantage for solubilization @ th
drugs. In fact it was observed that for alkyl sadisulfates and alkyl trimethylammonium
bromides, the solubilization @fArteether increases with the increase in the atkgin length, due
to the larger micellar size[67].
According to viscosity findings, (see below), nlieesizes are not expected to change much with
composition.
Water self-diffusion in surfactant solutions islirfnced by hydration and obstruction effects due to
micelles [68]. The increase in volume fractionlod dispersed phase, in aggregate size ad in micelle
hydration, as well, are concomitant to a decreaseaiter self-diffusion. In Figure 5 the normalised
water self-diffusion coefficients are reported daraction of surfactant content.
The results indicate the occurrence of two differ®mposition ranges: up tamcand above that

limit, respectively.

99 9g o %Y

D/Dyw
o
g
3

T T T T T T
10° 10° 10* 10° 10° 10"

Surfactant concentration (mol/l)

Figure 5: Normalized water self-diffusion coefficiats, Dw/Dow, vs. Bola A16 concentration, (mol %),
at 25.0 (diamonds), 35.0 (grey squares) and 45.0 °C
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The observed behaviour is reproducible and imghesoccurrence of significant variations in the
hindrance to diffusion. Concerning water diffusiats, self diffusion coefficient slightly decreases
with surfactant content (when no aggregates argepty and a significant change in slope occurs at
thecmg because of the presence of micelles. From that paward changes in relative water self-
diffusion values are analysed by assuming the apprhg of hydration with micelle size and shape
effects. In accordance with the ‘cell-diffusion neidhe measured water self-diffusion coefficient,
Dw, can be interpreted according to a two-site apgr@s [69,70 53, 54]:

Dw = f(1 — P)Dg + PDy, @)

where the observel,, is the mean average value resulting from the dmuttons due to freeD;,

and boundD,, water molecules. It is modulated by the relafwmeounts of bound watel, and by
the obstruction factorf, as well. The aforementioned relation is the timerage value resulting
from matter exchange from free to bound statesriamt with time. Changes in the above trends
may imply size transitions. As demonstrated inrtieplogical section, shape transition can be ruled
out, since the micelles keep a spherical shapeingtieasing the surfactant content.

Rheological Results.

In Figure 6 the dependence of viscosity,on shear ratey, for samples at different surfactant
concentrations is given. A newtonian behaviour lisesved for all mixtures, even though the
viscosity can be one order of magnitude higher tlvater, or more. In all cases reported here the
behaviour is newtonian, i.e. independent of shaar. r

® mixture with 50 wt%
% mixture with 25 wt%
A mixture with 5 wt%

e o000, L .
J ®%%®0c00000000 °°°

X KK XK K Xk KKK KX X KK X

Viscosity (Pa*s)

a
A A A A
P A S A S Aa,

Shear Rate (s")

Figure 6: Viscosity (Pa sys. shear rate (&) for Bola Al6-water mixtures containing
5.0, 25.0 and 50.0 wt% of surfactant at 25.0 °C.

The structural organisation in the above systeprésumably due to spherical and mono-disperse
micelles. According to the present findings no clirevidence of micelle growth can be inferred. In

addition, no flow-orientation phenomena were obsér(and no dependence of viscosity on shear
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rates). Thus, spherical aggregates very presumabtyr and no micelle entanglement, with
subsequent orientation phenomena in the flow, isepked. The high n values and the
independence of viscosity on shear rate demongtratemicelles soon grow above the cmc (i.e. no

intermediate association stages occur) and retginssly spherical shape.

Therefore it is worth underlining that in this mliee solution the molar drugs solubilization
capacity does not change under different flow ctimas because of no changes in the shape. The
extent of the drugs solubilization into a particulaicelle depends upon the locus of the
solubilization and therefore the shape of the riec@llhis makes this surfactant extremely versatile
like drugs carriers [71].

The dynamic strain sweep tests provide informatianthe linear visco-elastic behaviour of the

materials determining the complex shear moduluneia as [72]:
G (0)=G(w)+iG (w) (5)

where G'(w) is the in-phase (or storage) amél'(w) the out-of-phase (or loss) component,
respectively. The use of a generalised Maxwell rhatlews determining the rheological properties
of the solutions. The visco-elastic behaviour isdelled by a number of Maxwell elements in
parallel. Each element consists of a spring and<hbt in series, and is characterised by a spring
modulus,G°, and a relaxation timel. In dynamic shear experiments, the generalized vidtix

model gives the following equations fGf(w) andG"(w) [73]:

. 272G

Glw)= El%(w_/IIF 6)
. G?

GW)= Z7 0

whereow is the applied frequency.

The relaxation amplitudes and times were obtained best fit of the observed visco-elastic moduli

in Equations (6) and (7). The real and imaginarypléodes in the above equation were used as
adjustable parameters in an iterative procedurémmising the overall standard deviation, expressed

aso(G') + 6(G"). The accuracy on relaxation times is £5%.
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The experimental data were analysed accordingetéwierak gel” model, which considers flow as a
co-operative phenomenon [74]. The theory providéskabetween the solution microstructure and
its rheological properties. The most important pagter introduced by the weak gel model is the
‘co-ordination number’z, indicating how many flow units interact with easther in the process,
and quantifies how much co-operative is the flogpmnse. It can be demonstrated, on this regard,
that [75]
1

G* (w) = Aw? 8)
whereA s a proper constant, related to the ‘interactinargth’ between the rheological units in the
flow process. The micellar solution is modellechasensemble of such units, interacting each other
to establish a transient structure during the flmwcess. The co-ordination numbe} and the
amplitude of such interactions were obtained fl@mvs w plots, according to Equation (8). Quite
unexpectedly, no coordination is present among flonts, since the coordination number is close
to unity and does not change much wBbla A16 content. This is a preliminary, but strong,
evidence that micelles retain the same shape inwthele concentration range that has been
investigated.
The visco-elastic properties Bbla Al6water mixtures were analysed by oscillatory experits
in frequency and temperature sweep modes. To dé#fimdinear visco-elastic conditions several
strain-sweep tests were performed by applying sstedin amplitudes to the solutions. Pre-shear
tests €10 s* for 60 s) showed negligible effects on the visco-elastiafysuch mixtures. The
mechanical spectra as a function of frequency,5a® 2C, are shown in Figure 7 for different

concentrations.

Frequency (Hz)
Figure 7: Frequency sweep test, reported as G” (Pak. frequency, (Hz), at 25.0 °C. Data refer to 5.0 (osses), 25.0
(grey circles) and 50.0Bola A16 wt%. The applied strain is 100 %.
Significant information can be inferred from theosb rheological results. As previously
mentioned, mixtures can be considered as purelyaméan fluids. In such liquids, the viscosity is

shear-rate independent and no elastic contributipp®ar in the spectra. All mixtures are conform
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to the above statements and no storage modulusbeameasured, within the limits of the
instrumental resolution. The micellar solutions madf Bola Al6 behave as single-element
Maxwell fluids and their relaxation time is so shtrat much higher frequencies are required to
observe Maxwell-type curves and to define theiaxation times accordingly. In addition, the
absence of shear induced changes in the aggrdugie gives another reason for using this systems
in the pharmacological field. The flow behavioufleets structural modifications in the particles
morphology and its determination is of fundamemévance in pharmaco-dynamics, since drug

delivers usually operate in mechanically stressediitions.

CONCLUSIONS

As a result of combined investigation some stradtinformation on the micellar solutions made by
Bola Al6were inferredDSC measurements indicate the occurrence of consbluadaries at low
temperatures. Themcis low and poorly dependent din Micelles retain a nearly globular shape in
a wide composition range and their size is simitamormal surfactants. Such hypotheses are
substantially supported hyMR.

At all concentrations the solutions are newtoniguitls andBola A16 micelles behave as rigid
spherical aggregates. They are not deformed byafidied shear. On increasing the surfactant
content the micelle structure is retained and spakaggregates are still present. The very short
relaxation times observed in the rheological experits may be ascribed to the breaking/forming
transient processes occurring during the applinabbshear stresses. The absence of visco-elastic
effects supports the aforementioned hypothesepluérical micelles and suggests that no inter-
micellar interactions do occur.

Further developments in the characterisation cdddimportant. In particular, given the strong
complexing capacity of the crown ether units towgaatkali ions, it is expected thBbla A16may
form charged aggregates and the solution strustweld be stabilised by electrostatic interactions.
The rheological properties of these systems allmwriprove their performances as drug delivers.
The rheological results underline spherical shapeall flow conditions and suggest possible

applications of such Bolas aggregates as colldio@bhilic drug carriers.
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2.4.6 Novel Glucuronic acid-based surfactant as neapproach for cancer therapy: Synthesis,

characterization and preparation of targeted niosoral formulation

(Work in progress).

Drugs used in humans to treat cancers are cytotiegéause kill normal cells as well as cancerous
cells. Furthermore, because of the blood circutatiothe body only a small fraction of the drug
gets to the target tumor; most of drug acts on abtiasues or is rapidly eliminated. Therefore, to
obtain a therapeutic effect, a relatively high daxfedrug must be administered and usual
formulations are a balance between killing the tuifedficacy) and killing the patient (toxicity).
One way to reduce the toxicity of the drug to tleenmal tissue is to direct the drug to the tumor
cells with a drug delivery system. This is similarconcept to the use of a cruise missile to only
destroy a military target. The bomb in this reskasccalled a niosome and since malignant cells are
known to have accelerated metabolism, high glucegeirements, and increased glucose uptake
compared with healthy cells, we propose to turnrimsome into a 'smart bomb' by attaching a
carbohydrate molecule (a sugar) to an alkylic clamid using this new surfactant to obtained target
niosomes. The sugar could target the liposomeetduimor.

Herein we report novel nonionic glucuronic aciddzhsurfactant, obtained by selective amidation
of previously synthesized N-decanoylesamethilendiama and 1,2,3,4-tetraacethoxy- glucuronic
acid (Fig 5). The obtained molecule was charaadriby infrared (FT-IR) and'H-NMR
spectroscopies and a preliminary study of its aggfien behaviour has been made. Moreover in
this study the suitability of this new glucuronicidtbased surfactant to form niosomes was
evaluated. Our results suggest that this surfastast able to form niosomes without membrane
additives, such as cholesterol and morphologicdldimensional analysis also suggest that vesicles
were regular and spherical in shape and show aaté@rof 350 nm.

Now we are evaluating the entrapment efficiencamfantitumoral model drug (X) widely used in
the treatment of breast cancer, and after theseeawill be testedn vitro in different tumor cell
lines. In particular, studies will be done to assd® cytotoxic and antiproliferative activity of
niosomes, their compartmentalisation at the callidael, and using different methods, the degree
of apoptotic induction will be studiedMoreover the applicability of the obtained new
nanomaterials, will be evaluated by testing theasé of carried active molecules in the different

districts of the body.
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2.4.7 Niosomes as photostability systems for Nifguihe and Barnidipine liquid oral dosage

forms

(Work in progress).

Nifedipine and Barnidipine, belonging to the 1,#ndiropyridine class of antihypertensive drugs,
are photosensitive since light catalyzes their atxah to pyridine derivatives, lacking any
therapeutic effect. Accordingly, many new technglbgsed pharmaceutical systems are proposed
in order to enhance stability, such as vesiculatesys. Nifedipine and Barnidipine are usually
administered as solid oral dosage forms and notriquid formulations are available. In this light
we decide to carry out a scientific collaborationthwthe research group of Prof. Ragno,
(Department of Pharmaceutical Science, Universify Galabria) involved in the study of
photodegradation of 1,4-dihydropyridine class ofitgpertensive drugs, for the design of an
innovative Nifedipine and Barnidipine liquid oraloshge forms based on niosomes. We
characterized these systems in terms of dimensiamél morphological analysis and entrapment
efficiency. Results suggest that vesicle were @gaihd spherical in shape, they showed diameter of
about 200-300 nm and the polydispersity index &l(@21) were considered as evidence of
homogeneous distribution of colloidal vesisclestelipine and Barnidipine-containing niosomes
were subjected to stressed degradation studiesrding to the ICH (International Conference on
Armonization) rules, by comparison of their degtaatakinetics to that of the drug in solution and
analytical determination of drugs was performedrmasuring the absorbance at the maximum peak
in the zone 350-370 nm, that is a typical signathe&f 1,4-dihydropyridine structure. Preliminary
results showed that the drug entrapment into niesostrongly reduced the photodegradation
process, both in the case of Nifedipine and Bapiméi niosomes. All the studied systems have
shown a high degree of protection, with a degradatite always lower than in the drug solution. In
particular niosomal systems may double the drulii@l Now we are optimizing the properties of
these vesicular systems and the applicability es¢hnew nanomaterials, will be evaluated by

testing the release of druisvitro in fluid simulating the gastrointestinal tract.
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Polymeric materials

This section reviews the polymeric materials (gélhers or polymers) generated during my PhD

researchincluding a first part in which | briefly introdudethis class of drug carriers.
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3.0 A brief introduction on Polymeric materialsimug Delivery

Polymers find broad uses in drug delivery applaradi Reasons include their surfaces activity,
which makes them efficient stabilizers of colloiddilug delivery systems, their gel forming
capacity, which allows many opportunities in druglieery, and their formation of self-assembly
structures analogous to those formed by low moteonkight surfactartt.

Moreover polymeric materials exhibit several ddsigaproperties for drug carrier use including
biocompatibility, biodegradability, and functionedtion capability. Through functionalization and
structural manipulation of polymer materials, drowlecules can be incorporated within the
polymer. Entrapping or encapsulating the drug withipolymer allows for greater control of its
pharmacokinetic behaviour that maintains more gmpte steady levels of the drug at the site of
delivery? Techniques that are used to couple the drug iéh golymer include sequestering,
conjugation, and micelle formatidriNanostructure formation of polymers has been aptishred
through mold replicatiofi, colloidal lithography, interfacial polymerization, nanoprecipitation,
multiple solvent emulsion evaporatfomnd electrospinning.

This class of materials presents seemingly endlesssity in topology and chemisthybesides the
several class of polymeric materials used in dreigvdry, block copolymer, consisting of blocks of
two or several polymers, and the polysaccharide® faund widespread use in pharmaceutical
field. In the last case this is due to the formatid gels in aqueous solution containing also low
amounts of polymer. In addition the classificatisnnot complete without mentioning hybrid
materials such as modified biopolymers (e.g. medifthitosans or cellulose) or modified synthetic
polymers (e.g. polymer peptide conjugates). Manthebe polymers were designed in such a way
that their natural and positive properties remainsstant throughout an applicatibn.

The field is usually characterised by the termdypwr therapeutics’ or ‘nanomedicinés™

Fig.3.1 Examples of nanoparticles (a) and bio-degdable matrices (b).

Polymeric materials are being used as drug deliwstems as a polymeric drug itself or in

combination with small molecule drugs or with biar@molecules.
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If the polymer is not a drug itself, it often prdes a passive function as a drug carrier, reducing
immunogenicity, toxicity or degradation, whilst ingging circulation time and potentially a passive
targeting function. In this case the polymer haddowater-soluble, non-toxic, non-immunogenic
and it needs to be safe at all stages of the deligedy process (e.g. before and after the drug has
been released) including a safe excretion.

An aspect which has been highlighted in the retatiothe use of polymers in drug delivery is their
biodegradation, due the possibility to control ttegradation rate of polymers over wide ranges
through, e.g., the polymer structure and compasitibiodegradation has been found to provide an
interesting way to obtain a controlled drug releager a prolonged time, and to protect sensitive
compound from harsh environment, e.g., in the sttm# the polymer is non-degradable (e.g.
poly(meth)acrylates), the size needs to be belo rénal threshold ensuring that it is not
accumulated in the body. If the polymer is degréelgb.g. polyesters), the toxicity and/or immune
response of the degradation products have to beidened as weff?

Besides its application in a passive fashion, stittpolymers often adopt a more active role such
as releasing a drug molecule, peptide or oligofuiglieic acid) upon an external stimufdsn this
case, we consider these polymers as stimuli regpomolymers. Stimuli-responsive polymers
mimic biological systems in a crude way where atemmal stimulus (e.g. change in pH or
temperature) results in a change in propeffighis can be a change in conformation, change in
solubility, alteration of the hydrophilic/hydrophiclbalance or release of a bioactive molecule (e.g.
drug molecule). This also includes a combinationsefieral responses at the same time. In
medicine, stimuli-responsive polymers and hydrogelge to show their response properties within
the setting of biological conditions, hence thera large variety of different approaches.

Typical stimuli are temperaturépH,'®*" light*® and redox potentidf*°The obvious change in pH
along the Gl traét*from acidic in the stomach (pH=2) to basic in theestine (pH=5-8) has to be
considered for oral delivery of any kind of drugjtlihere are also more subtle changes within
different tissue. Certain cancers as well as infldrar wound tissue exhibit a pH different from 7.4

as it is in circulatiorf®

Protein

Mesh Size

swollen state Crosslink deswollen state
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Fig.3.2 Example pH-responsive system.

In addition, the combination of a pH-responsiveteys with a thermo-responsive polymer can
further alter the hydrophilic/hydrophobic balandéis allows a polymer to become membrane

active at a specific temperatétand/or a specific p£?®
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Abstract

Tweer™ surfactants possess very interesting properties as biodegradability, biocompatibility
and low toxicity. The synthesis of acrylate monosnby means of the chemical modification of
polysorbate surfactants Tween 20, 40!*6@ith unsaturated groups is described. Monomers wer
obtained owing to the reaction of methacrylic anigel with different grades of Twe8h
surfactants. Further polymerization was carried iautetrahydrofuran, dimethylformamide and a
mixture of water-tetrahydrofuran. Physical-chenyisproperties of the polymer networks were
investigated and the obtained results reveal thay strongly depend on the type of solvent used
during the polymerization, as well as on the cotration of the casting solution. In particular, our
study demonstrated that, depending on the solveiinp point, i.e. the facility to remove the
solvent from the polymer matrix, it is possiblept@dict properties of the network morphology.
Moreover,in vitro studies on controlled release were accomplishel@oonstrate the possibility of
utilizing these new materials as drug delivery sys.

All resulting networks represent a novel class mfss-linked polymeric materials useful both in

pharmaceutical and chemical applications.

1. Introduction

Polysorbates are a group of non-ionic surfactanéd tonsist primarily of fatty acid esters of
sorbitol-derived cyclic ethers (sorbitans and sieb) condensed with approximately 20 mol of
ethylene oxide per mol (polyethoxy sorbitan). Therdduction of ethylene oxide improves their
water solubility, thereby expanding their applioas.

The use of polysorbate surfactants depends onc¢heimical nature, as dictated by the structure of
the sorbitol derivative core, the alkyl chain lemgf the fatty acid, the degree of esterificatiand

the number of polymerized oxyethylene residues.

92



These polysorbates are marketed under a varietyade names such as Sorl&te Tweed",
Monitan™ and they find widespread use as emulsifiers, deéos, dispersants, and stabilizers in
food and cosmetics, to solubilise essential oils imater based products and biodegradation media
[1,2]. In particular Tweel' surfactants are used successfully as additiveaoynfiood as well as
cosmetic preparations. Properties such as emaualSdit foaming, water binding capacity,
spreading and wetting are efficiently utilized malustry [3-5].

In addition, to their well established chemical laggiions like remediation of toluene-contaminated
groundwatef, they are also being tested for novel medical amatpaceutical applications, such as
drug delivery devices due to their very interestimgperties of biodegradability, biocompatibility,
low toxicity and moreover they show derivation freasily available materials [7,8].

Many surfactants, in particular conditions (such @mcentration or temperature) or upon
functionalization form gels that could find widespd applications in industry. Gels defined in
terms of rheological characteristics as describbgwhere [9,10] can be considered as two
component systems exhibiting a solid-like behavimader small deformation.

In general, polymer gels are found in industrial domestic applications such as in ion exchangers,
coatings, diapers, etc., and in analytical equignfery., in gel permeation chromatography); they
are also interesting for medical applications sashdrug delivery devices, artificial muscle and
organs, chemical memories and valves [11,14] (dog..eye drops, skin care products, insulin
controlled delivery, etc.). Additionally the use pélymeric materials as chemical sensors for the
control of air pollution (NO, N@ H,S, CO, etc.) or for storage purposes (freshnedsatf, by
detection of alcohols, esters, amines, etc.) waglyinvestigated [15-20].

In this light, we decided to carry out the chemicabdification of some grades of Twe&n
surfactants by introducing unsaturated groups #&edet molecules were used as monomers for
obtaining networks owing to a radical polymerizatio

Hence, one would expect that these new TWédrased networks keep on one side the important
bio-affinity characteristics of precursor monomansl on the other side the great advantages typical
of gel systems.

For these reasons, the physical-chemistry progefgeg. mechanical properties, solvent affinity,
morphology) of these novel networks were charaoterito evaluate their employment in
pharmaceutical and medical fields. SEM images altRNanalysis allowed obtaining information
on the morphology of the polymer networks and a@nititeractions network/solvent.

In particular, this paper concerns with a deep attarization of the Tween 8&-based polymer
network and this study is preliminary of a furtlder characterization of other grades Tweékn

based polymer gels.
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2. Materials and methods

2.1 Materials

Chemicals and reagents, Tween ™0 Tween 40", Tween 60", ethanol, acetone,
dimethylformamide (DMF), chloroform, isopropanokrilic acid, toluene and benzene were
supplied by Sigma Aldrich and used without furtparifications. Methacrylic anhydride (MA) was
distiled before using. Triethylamine, @&f), azobis(isobutyronitrile) (AIBN), ammonium

persulphate (PA), diethyl ether were supplied lgn®&i Aldrich and used after purifications.

2.2 Synthesis of the monomers

Different grades of Tweél surfactants were modified by the reaction with laetylic anhydride
(MA), in order to obtain methacrylate monomers gecprsors of polymer networks.

Details on synthesized monomers as well as theestsvand the additive used are listed in Table 1.

Labels indicating the samples will be used throudhibe text.

Samples Surfactant Surfactant Trietylamine MA Surf/MA
mol-102 mol-10 mol-10 mole ratio
A2 Tween 26" 0.65 1.30 1.30 1:2
A3 Tween2d™ 0.65 1.90 1.90 1:3
A4 Tween 20" 0.65 2.60 2.60 1:4
B2 Tween 46" 0.62 1.24 1.24 1:2
B3 Tween 46" 0.62 1.86 1.86 1:3
B4 Tween 40" 0.62 2.48 2.48 1:4
c2 Tweens(" 0.61 1.22 1.22 1:2
C3 Tween 60" 0.61 1.86 1.86 1:3
c4 Tween 60" 0.61 2.48 2.48 1:4

Table 1. Details on the type and concentration of egents used for the synthesis of the monomers

The procedure for the synthesis of methacrylic fionalized TweeH" monomers is shown in the
Scheme 1.

Dry triethylamine (E4N) was added to the stirred solution of TwE&in 100 ml of dry diethyl
ether at 25°C. After 30 min a quantity of MA equiaroto the amount of Bl was added dropwise
to the Tweef" solution at 0°C and the reaction was left to prddeg stirring for 24 hours at 25°C.
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The final product was extracted by diethyl ethed amshed with 50 ml of a 3M HCI solution, then

with 50 ml of a 3M NgCO; solution, finally with water up to neutralization.
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R=methacryloyl groups

Scheme 1. Schematic representation of the synthesismethacrylic monomers.

Afterwards, the resulting organic solution was driever NaSQ, and left alone overnight and
finally evaporated under reduced pressure. Theirdtafunctionalized Tweél monomer was a
quite viscous ivory-like liquid at room temperatuféde yields of the reactions were 85%, 70%, and
86% for Tween 28", Tween 46" and Tween 60, respectively. IR values (on KBr) are 3107,
1785, 947 cm. These peaks are significant for the formatiorfusfctionalized TweelY, in fact
3107 cn is the terminal olefins stretching, 1785 tis the stretching C=0 of new esteric bonds
and 947 cni is the typical methacrylic band. (Supporting Imf@tion)

The chemical shift values of the Tween"6Gnonomer protons (in ppm) are: (CRCB00 MHz),
6.15 (m, 3H), 5.68 (m, 3H), 4.1 (m, 8H), 3.60-3#% 84H), 2.15 (t, 2H), 1.87 (d, 9H), 1.77 (m,
2H), 1.1 (m, 28 H), 0.74 (t, 3H).

The others Tweélf NMR spectra are similar to TweenBbones. The only difference is the alkylic
chain protons number, in fact the chemical shift.&tppm is a multiplet of 16H and 24H for Tween
20™ and Tween 40, respectively.

2.3 Polymerization of functionalized monomers

The polymerization of the functionalized monomerswvearried out in different solvents as well as
their mixture, under a nitrogen atmosphere usir®ga2pbisisobutyronitrile (2.4x10mol, AIBN)
before recrystallization from methanol. In the case water and THF mixture, ammonium

persulphate (1.3x10mol, AP) was used as initiator. The reactions weneied out for 3 hours at
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temperatures reported in Table 2. The obtained wel® crushed, purified and washed several
times with (in the order), chloroform, ethanol, emt@nd acetone and furthermore dried under
reduced pressure at room temperature for at |dalst 2

Details on the experimental conditions used fomtblymerization process are listed in Table 2.

Monomer Monomer Solvent Initiators Cross-linking Networks

samples mol 10° Temperature °C Samples
A4 1.62 DMF AIBN 85 A4N1
A4 1.62 THF AIBN 65 A4N2
A4 1.62 THF-Water A. P. 80 A4N3
B4 1.55 DMF AIBN 85 B4N1
B4 1.55 THF AIBN 65 B4N2
B4 1.55 THF-Water A. P. 80 B4N3
C4 1.52 DMF AIBN 85 C4N1
C4 1.52 THF AIBN 65 C4N2
C4 1.52 THF-Water A. P. 80 C4N3

Table 2. Details on the type and concentration of egents used for the synthesis of the networks.

2.4 Differential Scanning Calorimetry (DSC)

Thermal stability of the networks was checked byCD¥he experiments were performed by using
a Setaram DSC-131 instrument, using indium to catébthe temperature and the energy scales.
Samples (20-30 mg) were sealed in aluminium-ceitsteeated to the initial temperature. An empty
pan was used as reference for the measurementpledawere heated from -30 °C at 150 °C and
the scan rate temperature was 10 °C'mBefore each test, the samples were carefullyddde 72
hours under vacuum in the presence &P The glass transition temperaturey, Was determined

as the temperature corresponding to the slope eharthe specific heat-temperature plot.

2.5 Morphological analysis

Surfaces of the polymer networks were observed kycanning Electron Microscope (SEM)
(Cambridge Stereoscan 360) at 20 kV. The analyasdpkes were not subjected to any drying
process in order to remove the residual solventrd@fre, a certain amount of solvent is retained in
the bulk of the polymer network. Sample specimeaseveryogenically fractured in liquid nitrogen
to guarantee a sharp brittle fracture, and wereeasively sputter coated with a thin gold film prio
to SEM observation. The dimensions of the obsepawliliarities on the surface were directly read

from the SEM image.
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2.6 Rheological measurements

The polymerization temperatures of the monomespatised in different solvents, were evaluated
by dynamic rheological measurements.

Rheological measurements were conducted using ar-strain controlled rheometer RFS Il
(Rheometrics, USA) equipped with a concentric adingeometry (inner radius 17 mm, gap 1.06
mm). The temperature was controlled by a wateutator heating apparatus (+0.1°C). To prevent
errors due to evaporation, the measuring geomewig® surrounded by an evaporation trap.
Measurements were obtained by imposing a sinusdefairmation f ) y0 sinwt) to the samples,
wherew is the frequency ang, the maximum strain amplitude. The resulting st@asponent in
phase with the deformation defines the storagdastie modulus, G whereas the stress component
out-of-phase with the strain defines the loss scaiis modulus, ‘G The applied strain amplitude
for the viscoelastic measurements was reduced tingtilinear response regime was reached. This
analysis was made by performing strain sweep tasédl temperature range investigated. All the
samples, in fact, were tested by strain sweep &stsHz, to define the presence of a linear sweep-

strain range.

2.7 Relaxation time measurements

NMR relaxation experiments were performed on thakBr NMR spectrometer (AVANCE 300
Wide Bore) working at 300 MHz ofH, equipped with a 25 mm (inner diameter) radi@iency
bird-cage coil. The experimental conditions wergisXor the 90° radio-frequency pulses, 1.5 kHz
spectral width, 1.9 kHz filter bandwidth, acquisitiof 1024 complex data point per transient (in 8
s), accumulation of 128 free induction decdy$:NMR relaxation times (J) were obtained from
DMF N-methyl protons and THF (3.4 methylen) protons bgans of signal decay on Hahn spin
echo sequences[21].

In the case of NMR relaxation experiments the pagmation of the functionalized monomer was
carried out in DMF and THF solvents using AIBN agiator with 1:2, 1:0.5 and 1:0.25 mass ratios
be Tweef™ monomer and solvent. Vial containing approximatifdyg of sample was sealed off, to
prevent loss of solvent, hence it was heated atogpjate cross-linking temperatures and then was
placed in the NMR probe and directly analyzed.Almaar least-squares fitting procedure was used
to get T, values. The temperature was controlled to £0.23€ calibrated with a copper—constantan

thermocouple. Sample rotation was set at 20 Hz.
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2.8 Gel behavior to swell.

Aliquots (170-200 mg) of the dried networks weraqeld in tared 5 ml sintered glass filters
(diameter 10 mm; porosity, G3) and left to swellibymersion in a beaker containing the solvent.
After different times (1, 3 and 24 h), the exceksalvent in the filters was removed by percolation
at atmospheric pressure, then filter were centeiugt 3500 rpm for 15 min and weighed. Weights

recorded were averaged and used to give the wgaght(WG) by the following equation:

W) = (e Ve - W ) x100 (1)

Where W and W, are the masses of the swollen and dried netwadsectively. Each experiment

was carried out in triplicate and the results weragreement within £4% standard error.

2.9 Drug loading efficiency

Ferulic acid was used as model drug to evaluatedthg loading efficiency of the gel network.
Incorporation of drug into gel was performed adofek: 500 mg of C4AN1 dry gel (prepared as
described above) was wetted with 25ml in chlorof@wtution of drug (2.2x1&M). After 3 days,
under slow stirring at 37 °C, the gel was filteaattl dried at reduced pressure in presence®@f P
to constant weight. The loading efficiency perc@ri, %) of sample is determined by UV/VIS
spectrometer analysis at wavelength of 311 nmltréid solvent. Loading efficiency percent is
expressed as the percentage of the drug trapplribohgel referred to the total amount of drug used
in according to Eq.(2).

C C
LE(%) = —<—x100 @

Here C; was the concentration of drug in solution befdre bading studyC the concentration of

drug in solution after the loading study.

2.10 Drug release
In order to study the drug release profile, sohgi@at pH 1.0, 6.8 and 7.4 were prepared, to

reproduce the physiological conditions of the gastestinal tract. Pre-weighed drug loaded
sample was placed in each water solution at a prgbe and continuously stirred at the
physiological temperature of 37 °C. At scheduledetintervals, 2ml of solution is withdrawn and
an equal volume of the same type of solution iseddd the mother solution to maintain a constant

volume. The drug release percent was determinedj tise following equation:
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Drugrelease(%M M, )x100 ()

whereM; andM; are the initial amount of drug entrapped in thiengéwork and the amount of drug
released at the time t. All the experimental procedvas repeated three times. The release of the
free drug was also investigated in the same way,thmi ferulic acid solution was preliminary
transferred into Visking dialysis tubes (20/30)dahen placed into the different water media.
Release profiles of the drug from the gel, deteedirby UV/VIS spectrometer analysis at
wavelength of 311 nm, were obtained by plotting dh@ount of released ferulic acid (moles) as a

function of time (h).

3. Results and discussion

3.1 Polymerization of functionalized monomers

The cross-linking temperature strongly dependshensblvent type as will explained later, in fact,
rheological temperature ramp tests allowed to itigate the polymerization process and to
determine its temperatures for each solvent.

As confirmed by IR and NMR spectroscopic analyRigroups of A4, B4, C4 monomers were only
methacryloyl groups. Indeed, IR spectra of the dasgo not show the typical peak of the free OH
group.

It is worthy emphasizing that only A4, B4, C4 mores) ensure a complete formation of the
polymer networks, as a consequence we focusedtmntian on these monomers prepared with a
mole ratio of 1/4 surfactant/MA.

The polymerization of monomers was studied in déifé conditions to investigate how both
solvents and their amounts influence the physibahtical properties of the gels systems.

For the purpose of this study we will focus on @ series as it seems to be the most representative
of the whole class of these new materials. A cotapidaracterization involving the other series
will be performed in the future.

As example, the polymerization of C4 monomer cdroet with 1:2, 1:0.5 and 1:0.25 mass ratios

between monomer and solvent respectively, was sliwwable 3.

3.2 CAN series characterizations.

3.2.1 NMR characterization

C4N networks were characterized by NMR spectroscopyrder to evaluate the spin-spin
relaxation times (J) of all protons present in the sample and sefisdibn of DMF and THF still
present in the networks after the polymerizatioocpss. NMR parameters are resumed in Table 3

where T, and solvent self diffusion coefficients (D) arpoeed for different samples at 25°C.
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T, is predominantly affected by interactions and owtbver short distances. Long fimes are to
ascribe to the absence of static dipole-dipoleramtttons which means that in a short time,
compared to the inverse of dipole-dipole interattithe proton vectors take up all direction with

respect to the external magnetic field.

Solvent Network:SoI_venl Ts D2 Label
mass ratio ms cm/s

DMF 1:2 680 3.56 18 C4N1
DMF 1:0.5 430 1.18 16 C4Nla
DMF 1:0.25 160 2.51 10 C4N1b
THF 1:2 210 4.70 16 C4N2
THF 1:0.5 37 4.0910 C4N2a
THF 1:0.25 20 - C4N2b

Table 3. Relaxation times and diffusion coefficientsf C4N networks in different solvents.

In fact, T, results in a loss of phase coherence and a dét¢hg DIMR signal. The rate of relaxation
is sensitive to the magnitude of the various spieractions and also to their rate of fluctuation.
C4N1 sample presents high relaxation time (680 mis)s value is comparable to, Bf the pure
solvent (700 ms). It means that the motion overtstistances is completely free, namely, network
matrix is solvated by a small fraction of solverttilst the most part is free and it behaves as ik bu
solvent. A decrease in solvent leads to a decrigaie T,. The structure becomes more compact
and the motion of proton vector is blocked. The sdrand is observed for networks obtained from
THF. In this case C4N2 sample shows av@lue lower than that of pure solvent (645 ms)isTh
suggests that THF solvent once entrapped in thenpal matrix is hard to remove. The strong

interaction between THF and the polymer matriX$® @onfirmed by the low self-diffusion values.

3.2.2. Rheological and mechanical properties

The dynamic mechanical analysis (DMA) ability targgicomplex viscosity and G' and G" viscosity

and modulus values for each point in a temperatcam allows one to estimate the polymerization
temperature and the kinetic behaviour as a fundfdhe viscosity.

This has the advantage of telling how much fluid thaterial is at any given temperature, so one
can determine mechanical moduli values change teittperature and transitions in materials. This
includes not only the glass transition and the malit also other transitions that occur in the

polymer matrix
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The cast solution cure profiles for CAN1 and C4Nthg DMF and THF as solvents in the mass

ratio of 1:2 are shown in Figure 1.
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Figure 1. Complex viscosity (Pa s) vs. temperatur€C) for C4N1 (grey circle) and C4N2 (black circle) Linear viscoelastic
thermogram for C4N1 and C4N2. Temperature scan of stage modulus G’ and loss modulus G' obtained by time-cure test
frequency = 1 Hz. Heating rate of the experiment waof 1 °C/min and the equilibration time of 2 s.

From these scans one can determine the minimurosigdy* min), the temperature tg* min the
onset of cure and the point of gelation where th& solution changes from a viscous liquid to a
solid network.

As the viscosity begins to increase, we can seewarsion of the G and G values as the material
becomes more solid-like. This crossover point keitato be the main cross-linking point, where the
cross-links have progressed to form a long netveaross the specimen. At this point, the sample
will no longer dissolved in the solvent. The obsehpolymerization temperatures were 85 and 65
°C for C4N1 and C4N2 networks respectively (Figlye

In brief, DMA gave information about the polymetipa temperatures for different solvents that
are listed in Table 2.

The storage modulus G’ values are almost constdr@nwhe polymer networks are formed as
expected. The plateau value seems to depend @olvent type. Taking in account the effect of the
studied solvents, it decreases in according tdbthiking point of the solvent, in fact the lower the
boiling point is the more solid the network becomasagreement with this, the plateau of G’ of the
C4N gel obtained without solvent is the highesa @@nsequence of a collapse of the structure when

the polymerization starts (data not shown). This ba ascribed to the higher number of formed

cross-linkers.
3.2.3. Morphology characterization

It is well known[22] that the morphology of a polgmnetwork strongly depends on both the type of
solvent used for the polymerization of the precuraonomer and on the cross-linking temperature.
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In this light, the first investigation of the netiks obtained from the systems C4N/DMF and
CAN/THF at 85 and 65°C respectively, regarded thalys of their surface morphology in
conjunction with the solvents used for the polymation.

Figure 2a shows the SEM photograph of the C4N gtdined without solvent. In this case, the gel
surface shows regular and spaced protuberancesigyobtue to the formation of Nduring the
thermal polymerization of the monomer using AIBNimitiator. The surface morphology of the gel
systems strongly varies as a function of the typeé amount of the solvents used. Indeed, both
dense and very wrinkle networks are obtained. hiqudar, totally dense surface was obtained by

using DMF as solvent in the mass ratio 1:2 (Figiake

e

Figure 2. SEM images of surface of network from whout solvent (a), from DMF in solvent mass ratio .25 (b),
from DMF in solvent mass ratio 1:2 (c), from THF insolvent mass ratio 1:0.25 (d), from THF in solventass ratio 1:2

(e)

Apparently the complete swelling of the polymerwerk by DMF created a perfectly dense surface
which presents defects typical of the solvent-fievork when the concentration of the solvent is
low, mass ratio 1:0.25. Hence, with the decreasirifpe solvent concentration, some flakes start to
appear (Figure 2b). On the contrary, in the cas€Hf as solvent, wrinkle surfaces were always

obtained independently from the solvent concemmatiFigure 2d and 2e).
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The different effect of DMF and THF on the netwanbrphologies is probably to ascribe to their
different boiling points (BP): 153 °C and 65 °Cpestively. The cross-linking temperature is an
important parameter to consider in order to understthe solvent behaviour within and on the
surface the polymer matrix and the resulting molpdw of the network. In the case of THF, the
solvent is removed easily from the network surfsioee the temperature of cross-linking is 65 °C.
Analogously, in the case of DMF, the cross-linkibgmperature was lower than its BP,
consequently the solvent is entrapped inside th&ibxmahe lower BP of THF allow its faster
removal from the polymer matrix resulting in a ihjmcrease of the monomer concentration and,
consequently, in the formation of wrinkles and defeAt the same way, the slow diffusion of DMF
through the polymer matrix arises to a dense orlyeanse surface structure.

Further information about gel structure was obtdityy DSC. The thermograms showed the
absence of melting peaks both in the sample CANILGH#NZ2. In fact, they are in the amorphous
state and the g values are of 17.0 °C and independent of the sblw#ilized during the

polymerization.

3.2.4 Swelling of C4N networks series.
The swelling and deswelling behaviours of the otdimaterials were studied under the influence
of water at different pH values and many solveris DMF, toluene and isopropanol) at room

temperature. The variation of the swelling ratiohwime is shown in Tables 4a and 4b.

Samples AR B? N#

C4N1 45 510 91
C4N2 43 869 64
C4N3 39 377 38

Table 4a. Weight gain (WG%) of C4N network seriesn different water media.
@ AatpH=1.0, B at pH=7.4 and N at pH=6.8

Samples DMF (%) Toluene (%) Isopropanol (%)
C4N1 367 298 48
C4N2 657 379 67
C4N3 307 218 112

Table 4b. Weight gain (WG %) of C4N networks seriesn various organic media.
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The swelling ratios at various pH environments depepon the available free volume of the
expanded polymer networks, polymer chain relaxationd availability of ionizable groups able to
form hydrogen bonds with water.

As show in Table 3a, C4N1, C4N2 and C4N3 swelledenio alkaline conditions rather than in
acid or neutral ones: for example, for C4AN2 samiple swelling ratios of the gel increases from 43
to 869 weight percent (wt%) with the increase ef piv.

Probably this is due to the partial basic hydrayaf ester bonds: in fact, as reported in litegtur
methacryloyl/acryloyl functionalized lipids are sagtible to hydrolysis [23].

In order to confirm this hypothesis, we performédIR spectra of network gels after swelling: in
the case of alkaline media the characteristic lErdCOO group at 1550 cthis present (Figure
3c), whist no bands are evident in both acid ortnaéwnes (Figure 3a,b). This is an indication of
partial hydrolysis of ester bond and consequemhé&dion of carboxyl anion.

The C4N gels are expanded in alkaline conditioims;es—COOR groups are dissociated into
carboxyl anion resulting in ionic repulsions amoagionic groups and consequently in the

conformational stretching.

\

U

Figure 3. FT-IR spectra in (a) acid, (b) neutral ad (c) alkaline media.
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Hence, C4N network series are pH sensitive devitbis suggests that they could be used as
colon-specific oral delivery system. They may emtége drug almost protected in acidic and
neutral environment due to minimum swelling, thefease the maximum amount of drug when
the pH is slightly alkaline. In order to confirmighthe release of drug-loaded C4N1 samples was

studied in media at pH 1.0, and 6.8 and 7.4 al3@< discussed below.
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Therefore, these new devices can be potentiallg @sechemical sensors for the control of air
pollution, as bio-remediation tools of organic campds contaminating groundwater or for storage
purposes.

As shown in Table 4b, the swelling ratio for orgasolvent is higher than that one observed for
water, probably due to a better affinity betweencfional groups of gel and solvent. In particular,
all the samples showed the most notable weight @&iG%) when the DMF solvent was used as
medium, with toluene producing a remarkable swelfiatio as well.

In order to confirm this, a simple experiment wasried out: an amount of dried C4N samples was
put in atmosphere of toluene or benzene vapour24br following the same procedure indicated
for the determination of swelling behaviour in ligumedium. Afterwards, the organic solvent
vapours absorption property was evaluated. Reshlbsv that CAN series samples were able to

capture remarkable amount of the aromatic compdguadtle 5).

Samples Toluene vapour (%) Benzene vapour (%)
C4N1 42.13 172.5
C4N2 47.88 186.34
C4N3 42.34 123.80

Table 5. Weight gain% (WG%) of C4N networks seriesn various organic vapour media after 24 hours.

3.2.5.Loading efficiency of C4N1 network

In order to evaluate the possibility to use ounmeks as colon-specific oral delivery systems and
as encapsulating agent for a model drug (ferulid)ads in vitro release rates were preliminary
studied for C4AN1 sample and its loading efficiepeycent was 34.83%.

The nature of the drug influences its loading éficy and it is strongly dependent on its affinity
toward polymeric matrix sample.

In the present case, as the drug ferulic acid @rdphilic in nature and rich in ionisable groups,
such as -COOH, it could have happened that thevldues of LE% were affected by unfavourable
electrostatic interactions between the drug mo&scand the functional groups present along the

macromolecular chains inside the gel network.

3.2.6 Drug Release Study.
In the presence of anionic group, the swellingosatncrease in alkaline condition, which increase

the released amount of drug. So, the swellingadriportant rate-determining step in the controlled

release processes in release systems.
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In the C4N1 samples, it is found that the preseriadkaline media can affect the drug release rate
significantly. In all the samples drug release @ages, as the pH of the medium is increased from 1
to 7.4. This is consistent with the percentagewedléng which shows that water uptake by the
network increases with increasing the pH of the iomad These observations are related to the
anionic characteristics of the polymer networks.igrease in the pH of the release medium results
in the basic hydrolysis of ester bonds in the mom@nstructure and the consequent repulsion
between polymer chains. Then extensive ionizatiothe functional groups at pH 7.4 significantly
influences the polymer chain relaxation and consatjy, the drug transport mechanism.

The ferulic acid release was tested in selectedlitons to simulate the pH and time intervals
likely to be encountered during transit from stomaa colon. Results for the this simulation are

reported in the Figure 4.
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Figure 4. In vitro release profile of ferulic acidioaded gels at 37°C under different pH conditions:
pH1(A), pH6.8 @) and pH 7.4 @).
When the dry sample is placed in the medium ofiag#l we can see that a small release (30.0%
of total release amount) is observed in 1 hourabse the diffusion of solvent into the interior
structure of gel was restricted, consequently @didndrug release was observed. As expected, at
pH 6.8, ferulic acid was released constantly andilsi for 1h (34% of total release amount). When
the drug-loaded device is placed in the mediumkat7pd, the hydrolysis of ester groups was
observed along with the repulsion between the anlgilcharged —COQgroups giving an increase
of swelling ratio. Under these conditions, the dmglecules diffused at a fast rate into the media
and in conjunction with a fast release of feruliida When these samples were put in the pH 7.4
solution, the C4N1 kept the highest accumulativease percent (96%) in 1 hour.
In addition, it was not observed noticeable diffexebetween the total released drug from C4N1 in
the different media after 8 hours. Values of 6880 and 98.% were respectively measured.
The nature of the drug, encapsulated within themel matrix, obviously influences its release.
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Ferulic acid is a hydrophilic molecule with &Kpvalue equal to 4.8 and since the release
experiments was carried at the pH 7.4 the proliglufi electrostatic interactions between the drug
molecules and the gel is quite high. For this reagerulic acid molecules associated with the
network, were quickly released from the formulatiaich reflected repulsions between the drug,
the gel and charged anionic groups.

Finally the release rates of drug from C4N1 samplese significantly lower than the one free in
solution. In fact, the free drug in solution relesscompletely ferulic acid-loaded in acid media
within two hours, while all devices release only2@®f loaded drug In vitro release profile of
model drug implies that the C4AN1 gels can be w@iilizas potential carriers for colon-specific

retarded drug delivery.

4. Conclusions

Synthesis of new Tweé&fi-based network gels, with good gel characteristias achieved. Several
physical chemistry properties were investigatedoider to characterize their microstructure,
stability and solvent affinity.

The mechanical properties confirmed the formatibrobust and high cross-linked gels with strong
elastic component with potential use in practigaplecations. Most importantly, it was observed
that these gels can be used as drug delivery desgevell as drying agents for organic solvents.

It should be added that these networks represemwaclass of cross-linked polymeric materials
which have shown interesting properties for usphiarmaceutical field as well as organic vapours
and humidity sensors.

It has been demonstrated that these novel gelbegotentially used for drug release applications
in alkaline media and can be also used as “moist@moving agents due to their good swelling

capacity in organic solvents.
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Abstract

Colon-targeted delivery devices based on methacfylinctionalized Tween monomer networks,
useful for 5-FU or Ferulic acid site-specific redeawere synthesized. The basic design consists of
methacrylic functionalized Tween monomer-based agts/ prepared with or without acrylic acid
as co-monomer. The swelling behaviour and loadedgrelease from these gels was studied as a
function of pH. The devices showed a strong pH-ddpat swelling behaviour, allowing a
maximum release at pH 7.4. The acrylic acid intadiden increased the polymeric gels pores size,
as evidenced by the loading efficiency increase,ab&o reduced the amount of released drug in
basic media compared to analogous network not oongathe co-monomer. This behaviour,
already found in the matrix swelling, could beibtited to a slower hydrolysis kinetics of the ester
bond in functionalized Tween monomers, which inpléereduced ability to absorb water from a
basic medium, resulting in a lower capacity toaskethe loaded drug.

Since our device possesses a maximum drug releae imedia at pH 7.4, it could be used for
colon-targeted drug delivery of both 5-FU and Feratid.

1. Introduction

In recent years, many efforts have been made teewsehdrug selective delivery to the colon
following oral administration. Colonic drug deliyetmay be useful for the local treatment of
ulcerative caolitis, irritable bowel syndrome andchaaso be used for colon cancer treatment or for
systemic administration of drugs that are adveraéfiscted by the upper gastro-intestinal (Gl) tract
[1-3].

Thus colon-specific drug delivery systems (CDDS)yehébeen developed to improve drugs
bioavailability, therapeutic efficacy and to redube necessary dose for optimal treatment and, at
the same time, to decrease the amount of sideteffermally encountered when these drugs are

released and absorbed in the upper Gl tract.
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In addition, these systems offer various pharmaeld advantages such as maintenance of
constant therapeutic levels over a prolonged pesiotiime and reduction of the therapeutic levels
fluctuation thus minimizing the risk of resistarespecially in the case of antibiotics [4-8].

Oral colon targeting requires minimal drug releasethe upper Gl tract (stomach and small
intestine) and a complete and rapid release icalen [9]. Various approaches have been proposed
for colon-targeted drug delivery, such as time-aejgat delivery [10], pH-dependent systems [11,
12] and delivery systems based on utilization oftéaa (or enzymes produced by them) that
specifically colonize the colori B-26].

These hydrogels, three-dimensional polymeric netajoexhibiting a thermodynamic compatibility
with water as determined by water swelling and slioking density, are suitable as drug carriers in
the controlled release of pharmaceuticals [27fabt, the controlled release of active agents from
the polymeric matrix to the Gl tract has been earout successfully by various scientists [28-33].
In our previous work, we synthesized and studiedsthelling of methacrylic functionalized Tween
monomer networks and we found that these gels shoatural, excellent pH-dependent swelling
behaviour, thus exhibiting minimum swelling at pH Aind maximum swelling in the pH range 7-8
of the external media. Based on the differenceHnlpoughout the Gl tract, we proposed these pH-
dependent devices for colonic targeting, to achtbeeselective delivery of drugs to the colon.

The aims of this paper were to investigate: i) thiuence of polymeric matrix composition,
following the addition of acrylic acid, as pH-seh& molecule; ii) the chemical structures
influence of two different model drugs, Ferulic @d@nd 5-Fluoruracil (5-FU), on the swelling
properties of the obtained hydrogels in aqueousiume@nd on the drug release profile at different

pH of networks series based on functionalized Twaenomer.

Materials and Instruments

2.1 Materials and Instruments

Chemicals and reagents, Tween ™0 Tween 40", Tween 60", ethanol, acetone,
dimethylformamide (DMF), chloroform, isopropanolgrklic acid, toluene and benzene were
supplied by Sigma Aldrich and used without furthmrrifications. All solvents were of high
performance liquid chromatography grade. Methacrgihhydride (MA) and Acrylic acid (AA)
were distilled before use. Triethylamine, {f), 2,2-azobisisobutyronitrile (AIBN), ammonium
persulphate (AP), diethyl ether were supplied bgn®& Aldrich and used after purifications. IR

spectra were recorded on FT-IR Jasco 4200 spediorid NMR spectra of the products were
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obtained by a 300-MHz Bruker instrument (AVANCE 300de Bore). Absorption spectra were
recorded with a UVzVIS JASCO V-530 spectrometengsl cm quartz cells.

2.2 Synthesis of the monomers

Methacrylic functionalized Tween monomers were kgaized by a previously reported procedure

[34] as shown in Figure 1. The synthesis detagdliated in Table 1.
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Fig.1 Schematic representation of the methacrylic pnomers synthesis.

Surfactant Surf Et;N MA Mole ratio Label
mol 10° mol 10° Mol 10° Surf/MA

Tween 20 6.5 2.60 2.60 1:4 A4

Tween 40 6.2 2.48 2.48 1:4 B4

Tween 60 6.1 2.44 2.44 1:4 C4

Table 1. Details on the type and concentration ofesagents used for the monomers synthesis

Briefly, dry triethylamine (EN) was added to a diethyl ether Tween solutioroatrr temperature.
After 30 min, a quantity of MA equimolar to the anmb of E§N was added, at 0°C, to the Tween
solution and the reaction was left to proceed byirsg for 24 hours at 25°C.

The methacrylate monomers were characterizedHslMR and FT-IR spectrometry and details
are given elsewhere [34]. The complete Tween fonefization by MA was evident by FT-IR
spectra. In fact, in these spectra the typical toygrband at 3330 cthis absent, whilst we found
the terminal olefins stretching, the C=0 stretchifignew esteric bonds and the typical methacrylic
band at 3107 citl, 785 crit and 947 cr, respectively.
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2.3 Polymerization of functionalized monomers

Gels were prepared by the radical polymerizatiofiuottionalized Tween monomers both in the
presence or not of AA, in different solvents, ustg-azobisisobutyronitrile (2.4xF0mol, AIBN)

or ammonium persulphate (1.3x1@nol, AP) as initiators. In addition, the reactiomere carried
out for a period of 3 hours at appropriate tempeest, as shown in Table 2. The resulting semi-

transparent gels were cut into small pieces, thashed several times with chloroform, ethanol,

water and acetone and finally dried under vacuunafoeriod of 24 h until constant weight.

a)
Monomer Monomer AA Initiator Solvent Cross-linking Networks
mol 10° mol 10° Temperature Samples
°C
Tween 26 1,62 - AIBN DMF 85 A4N1
Tween 26 1,62 - AIBN THF 60 A4N2
Tween 26 1,62 - AP THF-Water 80 A4N3
Tween 26 1,62 0,61 AIBN DMF 85 A4Nla
Tween 26 1,62 0,61 AIBN THF 60 A4N2a
Tween 26 1,62 0,61 AP THF-Water 80 A4N3a
b)
Monomer Monomer AA Initiator Solvent Cross-linking Networks
mol 10° mol 10° Temperature Samples
°C
Tween 46 1,55 - AIBN DMF 85 B4N1
Tween 46 1,55 - AIBN THF 60 B4N2
Tween 46 1,55 - AP THF-Water 80 B4N3
Tween 46 1,55 0,59 AIBN DMF 85 B4N1la
Tween 46 1,55 0,59 AIBN THF 60 B4N2a
Tween 46 1,55 0,59 AP THF-Water 80 B4N3a
c)
Monomer Monomer AA initiator Solvent Cross-linking Networks
mol 10° mol 10 Temperature Samples
3 °C
Tween 66" 1,52 - AIBN DMF 85 C4N1
Tween 66" 1,52 - AIBN THF 65 C4N2
Tween 66" 1,52 - AP THF-Water 80 C4N3
Tween 66" 1,52 0,58 AIBN DMF 85 C4Nla
Tween 66" 1,52 0,58 AIBN THF 65 C4N2a
Tween 66" 1,52 0,58 AP THF-Water 80 C4N3a

Tables 2a, b, and c. Details on the type and condeation of reagents used for the networks synthesis
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2.4 Gel behaviour to swell

Swelling studies of the polymeric networks wereriear out in aqueous medium by gravimetric
method. Known amount of dried gel (0.5 g) were gthin tared 5 ml sintered glass filters (diameter
10 mm; porosity, G3) and immersed in excess ofesulfor 24 h at room temperature to attain
equilibrium swelling. At predetermined time intelvd1, 3 and 24 h) filters were taken out, wiped
with tissue paper to remove excess of solventvegighed immediately after centrifugation at 5000
rpm for 15 min. The difference in weight of the géler swelling correspond to the amount of water
taken by the network. Swelling behaviour of theypméric networks was studied as function of pH
and swelling was taken as the difference betweerinitial and the final weight of polymers after
fixed interval. The media for the swelling studigere 0.1 M HCI (pH 1.0) or phosphate-buffered
solutions (pH 6.8 and 7.4),

Swelling characteristics of the networks were egpee as the weight gain (WG) as shown in the
Equation 1 where Wand W, are the masses of the swollen and dried netwasectively. Each
experiment was carried out in triplicate and thsulis were in agreement within +4% standard

error.

W) = (25 x100 0

d

2.5 Drug loading efficiency

Loading of a drug onto gels was carried out byshelling equilibrium method. Dried gels (500
mg) were allowed to swell in the drug solution abkvn concentration for 24 h at 37 °C and than
dried to obtain the release device. Details onettigerimental conditions used for the drug loading

process are listed in Table 3.

Solvent Drug M drug solution mol/L
10°
Chloroform Ferulic acid 2,28
Water 5-FU 2,28

Table 3. Details on the experimental conditions usefor the drug loading process.

After 3 days, under slow stirring at 37 °C, the gels filtered and dried at reduced pressure in the
presence of s to constant weight. The sample loading efficieqmrcentage (LE %) was
determined by UV/VIS spectrometer analysis at askength of 311 nm (Ferulic acid) and 266 nm
(5-FU) of filtered solvent. Loading efficiency pert was expressed as the percentage of the drug

trapped in dried gel, referred to the total amafrdrug used, according to Eq. 2:
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C C
LE(%) = ——x100 @)

I
Here,C; was the concentration of the drug solution befbeeloading study an@ the concentration
of the drug solution after the loading study. Ea&periment was carried out in triplicate and the

results are the mean of three determinations.

2.6 Drug release

The in-vitro release studies of entrapped drugsjlieeacid and 5-FU, were carried out by placing

an accurate amount of the dried gel (0.5 g) loadi#u the drug in a 200 mL solution of phosphate
buffer (pH 6.8 and 7.4) or 0.1 M HCI (pH 1.0) sadut, simulating gastrointestinal tract conditions.

At periodic intervals, 2 mL of the release solutimas withdrawn and the drugs release was
determined using UV-VIS spectrophotometer,iat, 311 and 266 for Ferulic acid and 5-FU,

respectively. The release media were replacedamtequal volume of fresh dissolution medium to
maintain a constant volume. The amount of drugassld from the matrix was determined using
Eq. 3 whereM; andM, are the initial amount of drug entrapped in therggwork and the amount

of drug released at the time t, respectively.
Drug reIease(%)z(Mt/M , )x100 (3)
Results are the mean of three determinations flveetdifferent experiments. The release of the

free drug was also investigated in the same watythHeudrug solution was preliminary transferred

into Visking dialysis tubes (20/30), and then ptha#o the different water media.

3. Results and Discussion

Swelling studies.

The chemical structure of the polymer affects thwelbng ratio of the network gels, which is
directly related to the loading of drug into thelymers and to the release of the drug from the
polymeric matrix.

The chemical structure and the behaviour depengded the composition of the polymeric matrix:
highly cross-linked gels have a tighter structund aill swell less compared to the same network
with lower cross-linking ratios, because crossitigkhinders the mobility of the polymer chains.

In this work, the swelling behaviours of polymenetworks were studied at time interval of 24 h.
The effect of medium pH on water uptake of theseia#s, prepared in the presence or not of

acrylic acid, as ionisable molecules, is presemtdte Table 4.
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Samples A N B

A4N1 39 44 1059

A4N2 59 61 1103
A4N3 36 38 507

A4Nla 29 38 805
A4N2a 32 38 884
A4N3a 22 31 335

Table 4a. Weight gain (WG%) of Tween 20 network sees in different water media.
A pH=1.0, N pH=6.8 and B pH=7.4

A N B

Samples
B4N1 46 66 783
B4N2 19 29 957
B4N3 11 29 508
B4Nla 22 41 501
B4N2a 16 25 657

B4N3a 27 20 314

Table 4b. Weight gain (WG%) of Tween 40 network:éss4in different water media. A pH=1.0, N pH=6.8 ad B
pH=7.

Samples A N B
C4N1 45 91 510
C4N2 43 64 869
C4N3 38 39 377

C4Nla 19 20 193
C4N2a 33 41 275
C4N3a 62 80 122

Table 4c. Weight gain (WG%) of Tween 60 network sées in different water media.
A pH=1.0, N pH=6.8 and B pH=7.4

In particular, it has been observed that the ndtsjodue to their natural pH-sensitive properties,
swelled more in alkaline condition than in acidicneutral ones, either in the presence or absence
of AA.

As previously reported, this behaviour can belatted attributable to the natural partial hydradysi

of methacrylate monomers that leads to the geweradf new water interaction centres and
especially new ion dipole interactions in the potyrahains, resulting in significant changes in the
water uptake of these networks. At lower pH, thdrblysis reaction does not occur and hence, the

—COOH groups are not present so the networks ateincollapsed state. By contrast, at high pH,
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when a partial hydrolysis reaction takes placertéivorks are partially ionized, and the charged
COQO groups repel each other, leading to the polymeallswg [35]. Furthermore, as reported in

Table 4, the gels without acrylic acid swelled mtvan the networks containing the co-monomer,
although acrylic acid created a less tight striecthiat should be result in a higher swelling ratio.
No difference between networks based on Tween @@ef 40 and Tween 60 was achieved: in all

cases we found a remarkable diversity on swellingHal and pH 7.4.

Loading efficiency

Release profiles were made only for functionaliZeseen 20 and Tween 60 monomer-based
networks, since it was decided to test systems different hydrophilic-lipophilic balance.

Loading efficiency (LE%) values for the tested netks are shown in Table 5. The drug content
was found to be dependent from the network comipaosiin particular, samples based on Tween 60
functionalized monomer showed higher LE% than Tw2@mnes, and networks containing acrylic
acid as co-monomer exhibited in all cases a mdevaat loading efficiency than those prepared

without this molecule.

Samples LE% LE%
5-FU Ferulic acid
A4N1 15.00+2.81 18.67+2.21
A4N1la 25.50+1.67 38.24+2.72
C4N1 19.13+2.04 34.83+1.45
C4N1la 42.13+1.98 65.9+2.25

Table 5. Loading efficiency of 5-FU and Ferulic ad in selected matrices.

This confirms the hypothesis of a less tight stitetproduced by the presence of the co-monomer.
Moreover both formulations can load an higher amatirFerulic acid than 5-FU: probably this is
due to a major affinity of matrices for Ferulic @ahemical structure and to its higher solubility i

the solvent used during the loading process.

Release

The release of water-soluble drugs, entrapped gelaoccurs only after water penetration in the
polymeric networks, by diffusion along the aqueqethways to the surface of the device.
Moreover the release of drug is closely relatethéoswelling characteristics of the networks, which

is a function of the chemical architecture of thatmces.
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As mentioned in our previous work, the proposed gystems showed a natural pH-dependent
swelling tendency probably due to the partial basydrolysis of ester bonds, thus exhibiting
minimum swelling in the acidic pH and maximum imghtly alkaline one. In fact, the FT-IR spectra
of polymeric networks after swelling showed, in tiase of alkaline media, a characteristic band of
—COO group at 1550 cih while no bands were evident in acidic or neutras. This is consistent
with the percentage swelling which shows that wafgtake by the polymer increases by enhancing
the pH of medium.

In this paper, in addition to the behaviour stugiesormed on the networks obtained from Tween
20, Tween 40 and Tween 60, we introduced the acmgdid, as pH sensitive co-monomer, to
evaluated how the matrices changes their perforesanc

At lower pH values, the —COOH groups of the polyimenatrix do not ionize and keep the
polymeric networks at their collapsed state. Tlaistnicts the movement of polymeric segments,
discourages the diffusion of drug from the devicel aesults in limited drug release. When the
drug-loaded device is placed in the medium at p# the solvent diffuses into the outermost
surface and so macromolecular chains in the draddd device undergo extensive chain-
relaxation due to the electrostatic repulsion amthrgcharged —COQyroups. This produces an
extensive device swelling, followed by release le# trug through water-filled macro pores of
exterior swollen core.

As stated above, the effect of pH on the releastenpaof two different drugs was studied in
different pH media and the release kinetics fromnhtworks obtained from functionalized Tween
20 and Tween 60 monomers were evaluated with anldouti acrylic acid. In particular, the
network used were obtained by polymerization ufiMf as solvent.

In Figures 2 and 3 the release profile of 5-FU Badilic acid from A4N1 network are shown.
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Fig.2 In vitro release profile of 5-FU-loaded gel#4N1 at 37°C under different pH conditions:
pH 1(A), pH 6.8 ), and pH 7.4 ().
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The 5-FU release from A4N1 was found to be in amesg with our expectation: when the dry
sample is placed in the acidic medium, a smallasdgabout 20.0%) occurs. This behaviour is due
to the reduced solvent diffusion into the inneusture of the gel. As expected, at pH 6.8, 5-FU was
released slowly (about 25%). When the drug-loadadce was placed in the medium at pH 7.4, the
hydrolysis of ester groups occurred and, consetjyesuh increase of swelling ratio, due to the
repulsion between the similarly charged —C@@ups, was observed. Under these conditions, the

drug molecules diffused at a fast rate into theimegsulting in a 5-FU fast release.

<}

Released Ferulic acid (%)

0 5 10 15 20 25 30
time (h)

Fig.3 In vitro release profile of Ferulic acid-loadd gels A4N1 at 37°C under different pH conditions:
pH 1(A), pH 6.8 @), and pH 7.4 ()

When these samples were put in the pH 7.4 solutlm,network kept the highest cumulative
release percent (55%) in 24 hours. The Ferulic edehse showed a behaviour depending not only
on the polymeric network but also on the natur¢hefloaded drug. Ferulic acid is a hydrophilic
molecule with a K, value equal to 4.8 and since the release expetsmesre carried at pH 7.4 the
probability of electrostatic interactions betweée trug molecules and the gel is quite high. For
this reason, the Ferulic acid kinetic release veeastef than that of 5-FU one, with it&pvalue
equal to 8.

Similarly, the release profile of 5-FU from the CUMevices was found to be pH-sensitive, as
reported for AAN1 sample, with the highest cumulatielease percent in basic media (about 54%)

in 24 hours.
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Fig.4 In vitro release profile of 5-FU-loaded gel€4N1 at 37°C under different pH conditions:
pH 1(A), pH 6.8 ), and pH 7.4 ()
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Ferulic acid release from C4N1 was analogous to ddained with A4N1, as reported in our
previous work [34].

The introduction of acrylic acid as co-monomerhia polymeric network results in an improvement
of the colon-specific properties of the gels, esdBcin the case of Ferulic acid. In particulare w
observed that Ferulic acid release in acid andrakenedia, was lower than that obtained in the case
of a network prepared without acrylic acid. Therefove do not have relevant drug loss in the
upper Gl tract, but a drug colon specific rele@e.the contrary, when the loaded drug was the 5-
FU, the presence of acrylic acid did not influetice network properties. In fact, the amount of 5-
FU released or lost in acid or neutral media, fimoth networks, was low. This behaviour makes
the system suitable for the colon-specific drugaeé but we did not observe the expected drug loss
decrease in acidic or neutral media when the nétwontains acrylic acid, as reported in literature
for hydrogels loaded with 5-FU, and including ardam-monomer [35-37]

Moreover, both 5-FU and Ferulic acid release indasedia, from the networks obtained in the
presence of acrylic acid, showed a cumulative selggercent lower than the previously described
network series. As reported in Figures 5 and 6,AéN1a and Figures 7 and 8, for C4N1a, the
cumulative release showed a pH-sensitive behavimuirexperimental data showed a lower total
amount of released drug. In particular, at pH ¥adues of 40, 23, 39 and 37, respectively in 24 h,
were obtained.
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Fig.5 In vitro release profile of 5-FU-loaded gel®\4N1a at 37°C under different pH conditions:
pH 1(A), pH 6.8 @), and pH 7.4 )

—~ g

10 15 20 25 30
time (h)

N
a1

=N
(S =]

o o
o ‘DQE%
(4]

Released Ferulic acid (%)
=
o

Fig.6 In vitro release profile of Ferulic acid-loadd gels A4N1a at 37°C under different pH conditions
pH 1(A), pH 6.8 ), and pH 7.4 ()
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Indeed, the introduction of acrylic acid increasieel pores size of the polymeric gels, as evidenced
by a higher loading efficiency, which is about tevithat of corresponding networks that do not
contain the co-monomer. This effect should alsaltés a higher release at least in basic medium.
The obtained data, however, indicated that in tresence of acrylic acid the total amount of

released drug in basic environment was lower tham teleased by the network missing the co-
monomer. This behaviour, already found in the masivelling, could be attributed to a slower

hydrolysis kinetic of the ester bond in functiomali Tween, which implies both a reduced ability to
absorb water from a basic medium, and a low capagitelease the loaded drug. These findings
suggest that the presence of acrylic acid, whikingithe pH-sensitive characteristic to the studied
material, limited the intrinsic properties of thetimacrylate Tween, protecting it from the hydraysi

reaction or decreasing the hydrolysis kinetic rieact
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Fig.7 In vitro release profile of 5-FU-loaded gel€4N1a at 37°C under different pH conditions:
pH 1(A), pH 6.8 {), and pH 7.4 1)
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Fig.8 In vitro release profile of Ferulic acid-loadd gels C4N1a at 37°C under different pH conditions
pH 1(A), pH 6.8 ), and pH 7.4 ()

Conclusions
Colon targeting requires minimal drug release i tipper Gl tract (stomach and small intestine)

and complete and rapid release in the colon.
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In order to design new potential colon-targetedvaey devices, methacrylic functionalized Tween
monomer networks were prepared through free radimation polymerization also in the presence
of acrylic acid, as co-monomer. The swelling ratbslifferent networks were studied as a function
of pH, simulating the fluids in the gastrointestitract. Results indicated significant water uptake
and suggest their use them as drug delivery devindsis light the gels were loaded with Ferulic
acid or 5-FU and the drug content was found to &eeddent from the network composition. In
particular, samples based on Tween 60 functiordiimenomer showed higher LE% than Tween 20
ones and networks containing acrylic acid as coenwer exhibited in all cases a more relevant
loading efficiency than those prepared without thidecule.

All networks displayed a strong pH-dependent releaksdrug at physiological temperature: the
matrices obtained only by functionalized Tween sbdthe highest cumulative percent drug release
at pH 7.4.

The introduction of acrylic acid as co-monomerhia polymeric network results in an improvement
of the colon-specific properties of the gels, egbcin the case of Ferulic acid, since it did not
give a relevant drug loss in the upper Gl tract,eboolon-specific drug release, while no significa
differences were found in the case of 5-FU.

The presence of acrylic acid decreased the cumealgtércent drug release, because it seems to
protect the networks from the reaction of hydraysi to decrease the hydrolysis kinetic reaction.
Taken together, our results indicate that all theppred Tween-based networks could be a potential

pH-sensitive carrier for colon- specific drug deliy systems.
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Abstract

The combined effect of charged addition and mokaculeight (Mw) on the thermal gelation and
gel dissolution of poly(N-isopropylacrylamide) chai was explored by using Rheological
techniques. The synthesized charged derivativeolg(lg-isopropylacrylamide co-Acrylic acid).
The rheological behavior of the two macromolecigedearly different: the thermal gelation of the
high Mw and charged macromolecule is much morerdoeged. This suggests that the gelation at
high temperatures only occurs when the inter polyaggregate distance is sufficiently short to
allow polymer bridging; this situation can be aciei@ by different approaches, such as increasing

polymer concentration and increasing polymer pemsce length and polymer Mw.

Introduction

Some systems show high miscibility in water at lewperatures while they phase separate at high
temperatures. Before the macroscopic phase separtdiere is a strong turbidity, defined as
clouding [1,2]. At certain circumstances, hamelpwba critical concentration, the polymer system
stays turbid with a gel-like appearance, without aracroscopic phase separation [3]. Gels defined
in terms of rheological characteristics can be aied as two component systems exhibiting a
solid-like behaviour under small deformation. Thatmeversible gelation upon heating is relatively
rare and is reported in some nonionic polymer systesuch as hydroxypropylmethylcellulose [4-
9], poly(N-isopropylacrylamide) derivatives [10-17]and block copolymers composed of
poly(ethylene oxide) and poly(propylene oxide), wmo as Pluronics [18-22]. These
macromolecules, containing both hydrophilic andrbpthobic segments, may build-up core-shell-
like nanoparticles in polar solvents, consistingadfiydrophobic core surrounded by a hydrophilic
shell.

Although many attempts have been made to clardyniechanisms behind thermal gelation, this is

still a controversial field. While it is clear thidtese polymers associate better at higher tempesat
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[5, 23], the molecular details regarding the ptyarthange are not fully consensual. The
thermogelation mechanisms include partial cry#afion, coil-to-helix transition, hydrophobic
association, and micelle packing [12, 22, 24, d%iis leads to a temperature dependent polymer
network formation and an increased viscosity [11), 16].

This investigation reports the combined effect barge and Mw on the thermal gelation. The
selected polymer was Poly(N-isopropylacrylamideNIfPAA) and a charged derivative of
PNIPAA, poly(N-isopropylacrylamide co-Acrylic aci@PNIPAAcoAAC).

PNIPAA is a thermo responsive water-soluble polythat exhibits a cloud point at approximately
32°C [24]. Because of the swelling and shrinkingesponse to environmental stimuli, PNIPAA
belong to a category of polymers widely exploredrf@any biomedical applications, including drug
delivery and tissue engineering [24, 26], artifiodmgans [27], on—off switches [28], and other
temperature-pH sensitive smart hydrogels [29-32].tefmperatures well below the cloud point,
PNIPAA is hydrophilic, while at temperatures abdke cloud point the polymer chain backbone
becomes hydrophobic and collapses into globuleanaltichain aggregates [24]. Above this
temperature, PNIPAA solutions have a turbid appesgaand a more viscous solution is formed.
This viscous solution may shrink if the polymer centration is not sufficiently high. The cloud
point of PNIPAA can be controlled by copolymerizingth other monomers with different
hydrophobicity. The more hydrophobic the co-monarttex lower the resulting cloud point.

The polymer association that drives the thermahtgm in aqueous solutions is of hydrophobic
nature. Ordering PNIPAA in water results from soonentations required to hydrogen bond with
the already arranged water molecules [33]. WhenPRMXI gets more hydrophobic, the water
molecules must reorient around nonpolar regionthefpolymer, being unable to hydrogen bond
with them. This is called the hydrophobic effecd][and results in decreased entropy upon mixing.
At higher temperatures, the entropy term domin#itesenthalpy of the hydrogen bonds formed
between the polymer polar groups and water molecatel the consequence is phase separation
above the cloud point. At high polymer concentnadiothe replacement of polymer-water
association with polymer-polymer and water-watesoagmtion is seen by precipitation or gel
formation [24].

Some studies confirmed this PNIPAA association igh htemperatures. One of them deals with
added pyrene as fluorescence probe into PNIPAfeBystBelow the cloud point the pyrene spectra
are identical to that of each probe in polymer-fsedution, indicate that PNIPAA itself does not
have any hydrophobic binding sites. However, amibshift in pyrene emission spectra is seen in
above the cloud point, suggesting that pyrene nutdscare incorporated into the hydrophobic core

region upon micellar aggregation [24].
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Below the cloud point PNIPAA exists as a flexiblat highly extended coil approaching a rod-like
conformation in dilute aqueous solutions [35, 3&hile heated, it was reported that the apparent
Mw increases 4.5 times upon increasing the temperatrom 25°C to 33°C, which suggests
polymer aggregation [35]. In very dilute solutidhge polymer has a transition from coil to globule
while heating [36]. Greater understanding of polyroenformation may be obtained by using the
Mark-Houwink equation:if] = KM a, [n] being the intrinsic viscosity and M the moleculegight.
This equation predicts the shape of polymer mog&sini solution. When the exponent a is 0.50, the
polymer is in theta conditions. When the exponeathes 0.6-0.8 the polymer is stretched out in a
good solvent, while an exponent higher than 1 mdélaaisthe polymer is in rod-like conformation
[37]. The coefficients found for PNIPAA, at low teeratures, are all above 0.5 [24]. Viscosity
dependence on temperature of PNIPAA systems shopesak around the cloud point. This was
explained as being due to intermicellar associdtidowed by contraction [10].

With this study we want to explore the thermal gjeta of PNIPAA and the effect of charge
addition and increased Mw by using a charged PNIPdérivative, PNIPAAcoAAc. The
incorporation of low amounts of charge and thedgased of Mw was found to dramatically increase

the magnitude of the thermal gelation.

2 Experimental

Materials

PNIPAA (average Mn=20000-25000), Acrylic Acid (AA@nd 2,2'-azobisisobutyronitrile (AIBN)
were purchased from Sigma Chemicals (Steinheimm@ey). All Chemicals and reagents were

used without further purifications.

Polymer synthesis

Polymers composed of NIPAA monomers with AAc (2 #oh feed, Mw ~ 1000000KD) were
synthesized by free radical polymerization of NIPAAbenzene with AIBN as initiator (7x10-3
mole/mole monomer). The monomer solutions were lagbkvith dried nitrogen gas for 30 min.
After the addition of AIBN, mixtures were degasskmt 30 min by applying vacuum. The
polymerization was performed at 60°C for 16 h undieed nitrogen gas pressure; polymers have
precipitated in the solvent during polymerizatidie precipitate was dissolved in a 90/10 v/iv%
acetone/methanol mixture, and it was precipitatedri excess amount of diethyl ether. Finally, it
was dried in vacuum for 3 days. The high obtainestage molecular weight was due to the radical
chain transfer reaction to the solvent moleculainduolymerization [38]. The relative acrylic acid
content of PNIPAAcoAAc was 1.4 obtained by acidib&sration method.
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Figure 1 shows the molecular structure of NIPAA &HPAAcCOAAC monomers.

NH T]l
CH\ C}‘I\
H;C CH; H,C CH;
PNIPAA PNIPAACO-AAC

Figure 1 — Molecular structure of PNIPAA (left) and PNIPAAcoOAAc (right) monomers.

Methods

Polymer solutions were prepared by weighting theirdd amount of polymer and water in vials
containing a small magnetic stirring bar. All trergples were mixed by a vortex 708 (ASAL, Italy)
and were homogenized in a liquid state at 25°CerAfibomogenization the mixtures were stored at
5°C for 1 week before being tested.

Rheological measurements were conducted using ar steain controlled rheometer RFS 1l
(Rheometrics, USA) equipped with a couette, cylingieometry (gap 1.06 mm, external and inner
radius 17 and 7 mm, respectively). The temperatae controlled by a water circulator apparatus
(x0.2°C). To prevent errors due to evaporation,sugag geometries were surrounded by a solvent
trap containing water. Two different kinds of expsnts were carried out: a) Steady flow
experiments; b) Dynamic shear experiments wereopegd in a frequency range between 0.1 and
15.9 Hz. The small amplitude dynamic tests providefrmation on the linear viscoelastic

behaviour of materials through the determinatiothefcomplex shear modulus [39]:

G*(0)=G'(0)+IG"( ) 1

or in terms of complex viscosity,

n*=G’ o/o 2

where G'@) is the in phase (or storage) component ando)ci§ the out-of-phase (or loss)
component. GY) is a measure of the reversible, elastic energlyilewG"(®) represents the
irreversible viscous dissipation of the mechan@#rgy. The dependence of these quantities on the
oscillating frequency gives rise to the so-calledchanical spectrum, allowing the quantitative

rheological characterization of studied materidlse applied strain amplitude for the viscoelastic
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measurements was reduced until the linear respeggae was reached. This analysis was made by
performing strain sweep tests in all temperatungeanvestigated. Weak Gel Model [39] was also

applied to some of the oscillatory spectra:

|G*[:(:):I| = G'[cj]z +G”|"c:|_]] :Am% 3
where “A” is interpreted as the interaction stréndgetween the rheological units: a sort of
amplitude of cooperative interactions, and “z” faes toordination number, which corresponds to the
number of flow units interacting with each othegtee the observed flow response [40].

Differential scanning calorimetry (DSC) measurersentere performed by using a Setaram micro
DSC Il instrument. Samples (20-30 mg) were seahedluminium-cells and heated to the initial
temperature. As a reference, a sealed pan witltdhesponding amount of water was used. To
check water evaporation, the pans were weighed®efod after the DSC measurements. The DSC
thermograms were recorded in the temperature rdraja 5 to 80°C. The heating rate was

1°Cmin™.

3 Results and discussion

PNIPAA mixtures

Figure 2shows the dependence of complex viscosity, on temperature, at different PNIPAA
concentrations. The rheological behavior of PNIPAAlutions was studied in diluted and
semidiluted concentration regimes, i.e. below anova the overlap concentration of the polymer.
The overlap concentration (c*) is defined as thacemtration where the monomer density inside
the coil is equal to the overall monomer densitythia solution. Empirically, c* is usually at a
polymer concentration where its zero-shear visgo@jb) is about twice as high as that of the
solvent [41].

In the dilute polymer samples, containing 0.1, 12wt% of polymer, the viscosity decreases by
heating, disclosing a broad transition peak at23a35°C. For the concentrated sample, containing
5wt% of polymer, the picture is clearly differeimstead of a peak, a jump in viscosity around the
cloud point is seen. We will start the discussiocuking the dilute polymer situation.

Below 33°C the solutions are transparent and theosgity decreases on temperature. This can be
explained by a concomitant effect of increased dyina and also by the shrinkage of the polymer
chains, which become less hydrophilic and self-gias® into aggregates, as described above. This
transformation gets increasingly relevance as thstem is being heated up. Therefore, a
consequence of the gradual weakness of the saluetity is a progressively smaller polymer size

due to better intra-association. Immediately abthe cloud point the viscosity dependence on
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temperature has a peak, explained to be due tngstissociation and network formation followed
by contraction [10, 15]. The network collapsesnsky a decreased viscosity, may be explained by

a lower number of inter-aggregate chains becautieecshorter polymer globule size.

PNIPAA 0.1 wi%| PNIPAA 1.0 wt%

n* (Pas)
n* (Pas)

] m— n -—\_J\

. ) . ; T T 154 v ; r v . T b
10 15 20 25 30 35 @0 45 10 15 0 25 0 35 40 4
Temperature (°C) Temperature (°C)
01
PNIPAA 2.0 wt%) PNIPAA 5.0 wis

M 2 0]

n*(Pas)

5
n#(Pas)
/_.

T T T T T T T T T T T T
10 15 20 25 30 35 40 45 1 15 20 23 30 35 40 45
Temperature (°C) Temperature (°C)

Figure 2 — Dependence of complex viscosity on tempaure, for different PNIPAA concentrations (0.1-5wt%).

This profile is, however, not seen above the polyawerlap concentration, as can be seen in Figure
2d. Above the jump in viscosity at cloud point, network collapse is detected. Instead, the
viscosity jumps and keeps the high values at teatpers well above the cloud point. This
phenomenon is better illustrated in Figure 3, whbeetemperature dependence of storage and loss
moduli of PNIPAA, both below and above the overapcentration, is displayed.

While at 2wt% of polymer G” is always higher th&i, i.e., the system is liquid-like within the
entire temperature studied, at 5wt% of polymer, giistem has solid properties above the 33°C.
This difference has to be addressed to the impoetasf polymer entanglements in the gel
formation. Such issue was already pointed out asalrin other clouding system [5].

Figure 4 reports the linear viscoelasticty for tmixtures (c=5 and 10 wt.% PNIPAA) at 35°C in
the frequency range 0.1-15 Hz. Frequency spectw shviscoelastic response, which is typical of
a weak gel material [40]. The storage modulus, €xteeds the loss modulus, G” and they are
slightly linear dependent on the frequency overithvestigated frequency range. As observed by
Winter42 this power law behavior indicates thatgleéstructure is self-similar over a wide range of
length scale. It is worthy to note how both moduk higher for the more concentrated sample due
to network enhancement.
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Figure 3 — Dependence of storage and loss moduli temperature, at 2wt% and 5wt% PNIPAA.
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Figure 4 — Variation of dynamic moduli with oscillaing frequency, of mixtures of 5 wt% and 10 wt% PNPAA, at 35
°C.

A minimum concentration is required in order to westhe presence of crosslinks between the
aggregates well above the cloud point. Thus theldgécal consequences and thermal gelation
effects are dramatically different if one has aamnrated or dilute polymer solution. However,
those differences only happen at rest: high stegasrinhibit thermal gelation. This can be seen in

Figure 5, where shear viscosity at high shear rates (10is{lotted as a function of temperature.
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Fig.5 Shear viscosity dependence on temperature, Hds-1.
PNIPAA concentration was varied from 0.1wt% to 5wb.

At high shear rates, the viscosity decreases maigatly with temperature, even at high
concentrations. This suggests that the growth aofhptexes, as well as the crosslinks between
complexes, is suppressed under the influence odrsfiew. Results in literature confirm this
explanation [5, 10].

One of the highlights taken from the above disaurs$ that a liquid-gel phase transition occurs at
high temperatures if the polymer concentrationighhlenough. The network formed by polymer
aggregates can only be established if the interemgge distance is not much longer than the
permitted for polymer bridging. If such distanceté® long, aggregates work only as individual
obstacles to the deformation and the viscosityois. IHowever, if they are bridged by other
polymers, the formed network gives rise to muchhéigviscosity. The polymer concentration has to
be close to the overlap concentration of the polyahdiigh temperatures.

The question that arises here is how the thernlatige would behave if one decreases the overlap
concentration of the polymer? This could be achiebg increasing the molecular weight of the
polymer and/or by converting PNIPAA into a polydtetyte, PNIPAAcoAAc. Charging the
polymer leads to longer polymer gyration radius dwe charge repulsion. Such coil-rod

transformation decreases the overlap concentrafitime polymer.

Comparison between PNIPAA and PNIPAAcoAAc solutions

PNIPAAcoAAc was synthesized with 1.4% of acryliogps at pH 7.4 (1.4 negative charges per
100 monomer units). The overlap concentration *PNIPAAcoAAc was determined at around
0.5wt% by steady viscosity measurements. The &&HPAAcCOAAC solution (single phase) at low
temperatures also becomes a gel as the temperaaatees 30°C. At 43°C the gel starts to shrink by

expelling water.
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Rheological response upon heating of 5wt% of tlilyglectrolyte is compared with the one from

PNIPAA in Figure 6.

| & PNIPAAcoAAE 50w
2 PNIPAA 5.0W%

T T T T T
10 15 2 25 30 3 40 45 500 85
Terperawre (°C)

Figure 6 — Dependence of complex viscosity (at 1Ha) temperature, for PNIPAA and PNIPAAcoAAc.
The polymer concentration was kept constant at 5wt%Heating rate was 1°C/min.

The differences are clear: considering the polysadution at 5 wt% the thermal gelation is much
more pronounced in the charged polymer, with ame@®e on complex viscosity upon heating of
c.a. 4 orders of magnitude. Much more than thederoof magnitude increase when dealing with
PNIPAA aqueous systems. The viscosity does notabtve the maximum in viscosity, which
indicates that the network is preserved, even vthempolymer chains are even more compacted due
to increased hydrophobicity. The inter-polymer aliste is small enough for polymer bridging.
These differences can be addressed to changes potyimer size, induced both by Mw effect and
by charge effect. PNIPAAcOAAc has c.a. 40 timeshhigMw than PNIPAA. An increase of Mw
can be associated to a decreased overlap conéemtazid to a facilitated bridging. By charging a
PNIPAA coil, the polymer becomes more rod-like amith a longer gyration radius. This also
affects the polymer overlap concentration and thigmer ability to form networks. When clusters
are formed due to an increased hydrophobicity ghdti temperatures, the clusters composed of
PNIPAA are smaller due to shorter polymer chain ardract only weakly with other clusters.
Thus, the polymer network is only weakly built aea absent, and the rheological response is of a
weak gel or liquid-like. On the other hand, clustbuilt up by rodlike charged polymers with higher
Mw are bigger and some of the polymers may bridge or more clusters due to a small inter-
cluster distance. Current work has been done ierai evaluate the contributions from Mw and
charge separately. The Mw seems to be criticalesirry short chains of PNIPAAcoAAc do not
exhibit gel phase [11].
The onset of the complex viscosity jump in PNIPAAé®@ occurs approximately 3°C below that of
the uncharged polymer. This is probably due to higher Mw of PNIPAAcoAAc and the

consequent lower polymer entropy of mixing. Figirehows DSC curves for the two polymer
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systems. It is shown the presence of a shift oretitwthermic peak to lower temperatures when the

charged polymer is measured.
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Figure 7 — DSC upscans of PNIPAA and PNIPAAcoAAc saples. Heating rate: 1.0°C/min.

From this result it also comes out that the chalgesity of the polymer is not sufficiently high for
the expected shift of the clouding to higher terapgnes, due to the entropy of counterions.
A deeper rheological characterization of 5 and 1% vaqueous solution of PNIPAAcoOAAcC is

shown in Figure 8.
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Figure 8 — Dependence of storage modulus, loss mdasiand complex modulus on temperature, for PNIPAAGAAC
samples.

Figure 8a illustrates the dependence of G’ and dd”temperature. While G” is higher than G’

within 15°C and 33°C, the situation becomes invabeve 33°C, with a solid-like character
permanent in the material response. Figure 8b shbeislependence of G* with temperature at
different frequencies. When the gel is formed, tmmplex modulus jumps c.a. 3 orders of
magnitude. Above 40°C there is a sudden decreasé, ithis being associated to the gel-shrinking

temperature. Once the gel is formed, it does ns$alve or change water content until the gel
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shrinking temperature is reached. This processinegia high molecular weight, high concentration

and/or high gyration radius of the polymer for thain entanglement.

Weak gel model

The weak gel model provides a direct link betwele@ microstructure of the material and its
rheological properties. Introduced parameters laee‘toordination number”, z, and the interaction
strength, A, defined above. Figure shows A and z dependence on temperature, for 5 wt%

PNIPAAcoAAc and PNIPAA solutions.
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Figure 9 — A and z parameters versus temperature f wt% solutions of PNIPAA and PNIPAAcoAAc.

Below the gel temperature, both solutions haveow ftoordination number close to the unit and
low values of “A”. This can be ascribed to the atmse of entanglements, evidencing that no
interaction occurs among polymer coils. At 25°Ctha PNIPAAcoAAc system, z and A are 0.96
and 0.045, respectively. At 40°C, these valueser#is 2.02 and 195. These data confirm the

presence of the gel that gets more consistentingtieasing the temperature.

4 Conclusions

A derivative of poly(N-isopropylacrylamide) was $lgasized in order to investigate the effect of
molecular weight and charge on the rheological biehaof poly(N-isopropylacrylamide). The
differences between the rheological responseseofitio systems are critical; the higher molecular
weight and ionic system shows a much more evidarhtal gelation above the cloud point. While
the lower Mw and nonionic system shows, above therlap concentration, a weak increase in
complex viscosity, detected slightly above the dlguwint, the higher Mw and charged polymer
shows a markedly increase in complex viscosity. [alter keeps a gel-like structure well above the
cloud point.

The difference is attributed to a decreased oveartaqentration of the polyelectrolyte system and a
consequent increase of inter cluster associatibe. thermal gelation is sensitive to the degree of

connectivity between polymer clusters above thedlpoint and can be achieved by different ways,
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as by increasing the polymer concentration or Mwbyprincreasing the persistence length of the
polymer by charging its chains. Thermal gelatiortiase systems only occurs when the polymer
concentration is high enough and the intercluststadce is small enough to allow polymer

bridging.
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Abstract

In the present work, we report the synthesis diuttde hydrogel containing ferulic moieties and
the evaluation of its antioxidant and scavengeawist Acrylic groups were inserted onto cellulose
backbone by a heterogeneous synthesis to producediiulose monomers with different degree
of substitution (DS). The radical copolymerizatioof acrylcellulose (AcrC) with N,N-
dimethylacrylamide (DMAA) was carried out in NKrea aqueous solution, in a range of
composition between 24 and 60 wt% of AcrC. The iolet hydrogels were characterized by
infrared spectroscopy (FT-IR). Their equilibrium edling degree ¢%) was evaluated. They
showed good swelling behavior in simulating gastritracellular and intestinal fluids and no more
different at various pH. The ferulic moieties welieectly grafted on the free hydroxylic groups of
cellulose hydrogel by acylation, using dicycloheaybodiimide (DCC) and 4-
hydroxybenzotriazole (HBT) as condensation agdfitglly, the antioxidant activity in inhibiting
the lipid peroxidation, in rat-liver microsomal mberanes, induced in vitro by two different
sources of free radicals, 2@zobis (2-amidinopropane) (AAPH) andrt-butyl hydroperoxide
(tert-BOOH), was evaluated. The effects of scavengind®®R21,1-diphenyl-2-picrylhydrazyl)
radicals were also investigated. Hydrogel was fotmde very efficient scavengers of DPPH
radicals. The results strongly suggested that tti@xadant hydrogel neutralize free radicals. This
biomaterial could be successfully applied in pharewtical field both as prodrug transferulic

acid than as carrier for photo and thermo-degradahigs to improve their stability.

1. Introduction

Hydrogels are presently under investigation as ioesrfor the controlled release of bioactive

molecules. They are based on crosslinked hydraphiktrix insoluble in water which absorb and

retain large amounts of water and biological flyiddeasing the drugs by slow diffusion. There are

many studies on natural (e.g. alginate and chijogalysaccharide based hydrogels. These
138



materials are biocompatible, biodegradable, andtagic and used as drug delivery systems [1,2].
Recently, hydrogels based on commercial chemicatigslinked cellulose derivatives were studied
for the production of dietary bulking agents [3].fact, cellulose is the most abundant polymer in
nature and its derivatives are very popular dubeda biocompatibility with tissues and blood, non-
toxicity [4] and low price. They are already us@dpharmaceutical formulations as inert matrix
towards the incorporated drugs [5,6]. Over the dastde, a great deal of researches has focused on
the application of antioxidants to medical treatteefr-10] to prevent free radicals formation.
Antioxidant polymers have received ever-increasttgntion, from both academic and cosmetic
and pharmaceutical industries point of view. To feorantioxidant and free radical scavenger
properties to hydrogels both acrylic or vinylic neomer bearing vitamin E as side groups than
vinylic monomer binding eugenol were employed [2].,IMoreover, in a previous paper, we
reported the synthesis and characterization ofilosk, with antioxidant efficiency, bearing ferulic
lipoic and tocopherol moieties. This study showéattthe designed systems, preserve the
antioxidant activity of the free substrates and tha cellulose ferulate is the best antioxidant to
protect against lipid peroxidation induced by twifedent sources of free radicals[13].

For such reason the idea to link ferulic moietes¢llulose hydrogels by covalent bond (Scheme
1) to produce a carrier that protects unstable slagginst oxidative stress and then could be useful
in preparations for topical and oral administrasioRarticularly, in this work we reported on the
antioxidant compounds covalently linked to a hyadogellulose-based. The ferulic groups do not
leach out of the polymer matrix. Furthermore, timniobilization of the antioxidant also improves
its long-term stability. The synthesis disclosedhis paper proceeded under mild conditions and
resulted in highly selective coupling of the antétant compounds to hydrogels, which ensured an
effective dispersion of the antioxidant throughting materials.

The present paper reports on (i) the synthesisydfdgels cellulose-based, carried out by radical
copolymerization of AcrC with DMAA,; (ii) the swellig characteristics of the hydrogels by
measurements ef at various pH values; (iii) the grafting reactiofitrans-ferulic acid on cellulose
hydrogel that showed the best(iv) the evaluation of its antioxidant activity inhibiting the lipid
peroxidation in rat-liver microsomal membranes [1#jduced in vitro by 2/2azobis (2-
amidinopropane) (AAPH), which exogenously produceeroxyl radicals by thermal
decomposition, antert-butyl hydroperoxidetért-BOOH), which endogenously produces alkoxyl
radicals by Fenton reactions; (v) the evaluationt®©tcavenging effects on DPPH radical by the

decoloration method.
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Scheme 1. Synthesis of ferulate hydrogel.
2. Cellulose acrylate (AcrC)

Cellulose monomer AcrC (1) was obtained by hetamegas synthesis [15] with acryloyl chloride
(Scheme 1). Briefly, microcrystalline cellulose wagollen in acetonitrile at room temperature for
1 h. The solution of potassiutart-butoxide in acetonitrile was added and the reaatiixture was
allowed to react at room temperature for 4 h. Aness of acryloyl chloride in acetonitrile was
added dropwise to the stirred reaction mixtureoanT temperature. Stirring was continued under
reflux overnight. The product was filtered, washbdroughly with water, ethanol, acetone, and
diethyl ether and then dried in vacuum at 50 °C:IRT(KBr) spectra showed an absorption at
1721 cm* and the presence of pendant vinyl groups at 80%. dfarying molar ratio and reaction
time (Table 1) were obtained two derivatives witffiedent degree of substitution (DS) determined
by volumetric analysis[7]. Briefly, a sample of 6@ of ester derivative was dispersed in 5 ml of
0.25 M ethanolic sodium hydroxide solution unddituse for 17 h. The dosing, in return of the
excess of soda, was realized by titration withN.HCI (first equivalent point). The moles of
chloride acid used between the first and secondsalgmce correspond to the moles of free esters.
The degree of substitution (DS) was determinechbyRq. (1):

—_ MM glucose unit
(gsample/ nfree ester) - (MM free ester ~ MM Hzo)
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In EQ. (1)Nfee ester= (V2 ep = Vi ep) X [HCI]; MM giucoseunit IS the molecular mass of a glucose unit;
Osample IS the weight of the sampl@jee esteriS the number of moles of free ester; MW geris the

molecular mass of free ester; and MiMlis the molecular mass of water.

Molar ratio Reaction time | DS
cellulosetert-butoxide/acryloyl chloride (h)
1:3:3 8 0.28
1:3:10 20 0.68

Table 1. Reaction conditions and degree of substifon (DS) values

3. AcrC/DMAA hydrogel

Preparation of hydrogels (2) was carried out bycadpolymerization of AcrC, the crosslinking
agent, with DMAA (Scheme 1). Cellulose monomer @xwas swollen under stirring for 10 min
in 2.5 ml of NH (30%)/Urea (12%) aqueous solvent, cooled at -5C@nonomer (DMAA) and
ammonium persulfate, the polymerization initiateere added. The mixture was heated to 70 °C
for few minutes, until the crosslinking took plaaed the mixture became like gel. The hydrogels
were washed with several aliquots of hot water urddiering, filtered, deswollen with acetone,
dried under vacuum at 50 °C and then investigated=B-IR spectroscopy that confirmed the
copolymerization. Precisely, was observed a deerefpeak intensity in the double bonds region
at 805 cr" and the appearance of a new ester band at 1732dom to a formation of hydrogel
between AcrC and DMAA. Carrying out the polymeriaatin N,N-dimethylacetamide and lithium
chloride (DMAV/LICI) solvent system were obtaineddnggels with loweg.

4. Swelling studies

The swelling behavior of hydrogels was determinearider to check their hydrophilic affinity.
Typically, aliquots (40-50 mg) of materials dried donstant weight were placed in a tared 5-ml
sintered glass filterd 10 mm; porosity G3), weighed, and left to swellilbynersing the filter in a
beaker containing the swelling media (acidic solutpH 1, simulated gastric fluid; phosphate
buffer pH 6.8, simulated intercellular fluid; basiolution pH 8, simulated intestinal fluid). At
predetermined times (1, 4 and 24 h), the excesgatdr was removed by percolation and then the
filter was centrifuged at 3500 rpm for 15 min andighed. The filter tare was determined after
centrifugation with only water. The weights recatds different times were averaged and used to
give the equilibrium swelling degree%) by the Eq. (2). In Eq. (2); andWj; are the weights of
swollen and dried hydrogels, respectively. Eacheerpent was carried out in triplicate and the
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results were in agreement within +4% standard effbe amount of monomer and crosslinking
agent used for hydrogels preparation and the velati(%) values were reported in Table 2 and
Table 3. All prepared hydrogels showed no moreediffit swelling behaviors at various pH values.
By changing the amount of comonomer hydrogels ditferent swelling behavior were obtained.
Particularly, hydrogels synthesized by AcrC witgher DS showed lower due to formation of a
network with higher density. The larger amount dfi/A can increase the length of PDMAA

segments which decreases the network density, ctaplg.

Molar ratio AcrC/IDMAA | Equilibrium swelling degree % (a)

pH 1 pH 6.8 pH 8
1.3 - - -
1:6 706 533 778
1:9 759 772 891

Table 2. Equilibrium swelling degree % of hydroge$ prepared by AcrC with DS =0.28

A“ﬁfé%m‘l\ Swelling degree % &)
pH1 | pH6.8| pHS8
1:3 364 266 570
1.6 680 557 646
1:9 652 562 700

Table 3. Equilibrium swelling degree % of hydrogelgrepared by AcrC with DS = 0.68
5. Cellulose hydrogel containing trans-ferulic acid

With the aim of taking advantage of the antioxidartperties of théransferulic acid, an hydrogel
containing this residue has been synthesized. ifkind of antioxidant groups on the preformed
hydrogel rather than on its precursor was effettedvoid the inhibitory action afrans{ferulic
acid, a scavenger of radicals species, on theabgalymerization process. The grafting reaction
of ferulic acid (FA) (Scheme 1) was carried out bydrogel, synthesized by ArcC (DS
0.28)/DMAA with 1:9 molar ratio, that showed higher value. The dry hydrogel (0.4 g
corresponding to 3.3 mmol of free hydroxylic groupss swollen in DMA/LICI solvent system at
130 °C for 2 h. The mixture was cooled to room terafure then a catalytic amount NfN-
dimethylaminopyridine, an excess of FA and condémsagents (DCC, HBT) were added under
stirring, heating to 100 °C for 4 h and to room pemature overnight. The solid was initially

filtered and washed with water, methanol, tetrabfidhane and acetone to remove the reaction
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sub-products as dicyclohexylurea, and unreacted After that, it was dried under vacuum at
50 °C and characterized by FT-IR that confirmsftiienation of a new ester bond (1698 ¢m

6. Determination of FA content in ferulate AcrC/DMAA hydrogel
DS value of ferulic portion was determined by thelif~Ciocalteu (FC) method [16-18], a
colorimetric assay that requires few reagents aligés on the use of the free ferulic acid as

standard compound.
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Fig. 1.Calibration curve obtained with six varyingconcentrations oftrans-ferulic acid.

Fig. 1 shows the calibration curve used to obtah\alue of the ferulic moieties onto hydrogel.
The calibration curve was obtained witlans-ferulic acid solutions ranging from 1.68 x 1o
2.81 x 10° mol/L, and the results are given as moles of plegeooups per grams of hydrogel. The

results furnished a value of 2.36x1énol of ferulic moietied.

Radicals scavenging activity of ferulate hydrogel

The ability of prepared hydrogel to act as radisahvengers was considered. The radical
scavenging ability of ferulate hydrogel was assgkdfeough their reaction with stable DPPH
radicals, using the methodology of Wang [19]. DPfypically extracts a proton to form DPPH
during the reaction [20]. Briefly, in an ethanollig®mn of DPPH radical (final concentration
1.1x10* M), hydrogels was added, and their concentrativese 5, 10, 20, and 40 mg/ml. The
reaction mixtures were soaken vigorously and thegst kn the dark for 30 min. Their absorbances
were then measured in 1lcm cuvettes using a UV-yectsophotometer (V-530 JASCO) at
516 nm against a blank, in which DPPH was abselhteAts were run in triplicate and averaged.
Ferulate hydrogel was found to be very efficierav@ngers of DPPH radicals as showed in the

inhibition curve
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Fig. 2.Scavenging effects of ferulate hydrogel ohé DPPH free radical. The results represent meansSEM of three
determinations.

8. Antioxidant properties of hydrogels

Finally, we evaluated the antioxidant activity ogllalose hydrogels in inhibiting the lipid
peroxidation in rat-liver microsomal membranes [1d]ring 120 min of incubation, induced in
vitro by two different sources of free radicals liming AAPH andtert-BOOH. The same
experiment was performed on a non-derivatized tyelrand on a commercitdans{ferulic acid
(data not shown). The results revealed that thedye without ferulic groups has no antioxidant
activity. The effects of cellulose derivatives dre tlipid peroxidation were time-dependent and
brought as nmol/mg proteins of MDA inhibition (Fi@). Ferulate hydrogel was a stronger
antioxidant in protecting the membranes fraert-BOOH- than from AAPH-induced lipid
peroxidation, showing in either case higher efficie at 30 min of incubation (Fig. 4) and the

preservation of antioxidant activity up to 2 h domfng results found previously [13].

A
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Fig. 3. Effects of ferulate hydrogel on MDA producion induced by (A) tert-BOOH and (B) AAPH in rat-liver
microsomal membranes. The microsomal membranes wetacubated with 0.25 x 10° M tert-BOOH or 25 x 10° M

AAPH at 37 °C under air in the dark. The results reoresent means + SEM of six separate experiments.
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Fig. 4. Percentage of inhibition oftert-BOOH- and AAPH-induced MDA formation in the preserce of ferulate

hydrogel in rat-liver microsomal membranes after 30min of incubation. The microsomal membranes were
incubated with 0.25 x 10° M tert-BOOH or 25 x 10° M AAPH at 37 °C under air in the dark. The resultsrepresent

means + SEM of six separate experiments.

9. Conclusion

Antioxidant cellulose hydrogel was successfullypaeed introducing FA moieties onto cellulose
backbone. Two in vitro tests, the DPPH test, foectifree radical scavenging action, and the lipid
peroxidation assay, for antioxidant activity, weised to assess its antioxidant properties. In fact,
together both tests provide a better assessmamttiofkidant properties.

The results suggested that ferulate material pamses<cellent antioxidant and radical scavenger
activity. For this reason, it could be well suitedd sound approach to obtain carrier that could
preserve drugs that tend to be unstable after pgaled exposure to air and light, during their
vesiculation and release. On the other hand, otioxagant hydrogel could also act as prodrug
allowing a delivery of thetransferulic acid by means specific esterase. The staindd
antioxidant biopolymer could be used in cosmetid goharmaceutical fields and would

substantially reduce free radical damage and oxggeietion.
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Abstract

Long-term exposure of the skin to UV light causegeherative effects, which can be minimized
by using antioxidant formulations. The major chadle in this regard is that a significant amount
of antioxidant should reach at the site for effeefphotoprotection. However, barrier properties of
the skin limit their use. In the present studyaritn E (-tocopherol) was loaded into a dextran
hydrogel containing ferulic moieties, covalentlgked, to improve its topical delivery, and also to
increase its relative poor stability, which is daedirect exposure to UV light. Methacrylic groups
were first introduced onto the dextran polymer lmacies, then the obtained methacrylated dextran
was copolymerized with aminoethyl methacrylate, smbisequently esterificated wittans-ferulic
acid. The new biopolymer was characterized by Eoumiansform infrared spectroscopy. The
values of content of phenolic groups were deterthitis ability in inhibiting lipid peroxidation in
rat liver microsomal membranes induced in vitro dgource of free radicals, thattert-butyl
hydroperoxide, was studied. Hydrogel was also charaed for swelling behaviour, vitamin E
loading efficiency, release, and deposition onrddgbit skin. Additionally, vitamin E deposition
was compared through hydrogels, respectively, @in and not containingrans-ferulic acid.
The results showed that ferulate hydrogel was araffective carrier in protecting vitamin E from
photodegradation than hydrogel without antioxidatieties. Then antioxidant hydrogel could be
of potential use for cosmetic and pharmaceuticapgses as carrier of vitamin E that is an
antioxidant that reduces erythema, photoaging, qu@otinogenesis, edema, and skin
hypersensitivity associated with exposure to ulbi@ B (UVB) radiation, because of its

protective effects.

1. Introduction

Dextran hydrogels have received an increased mitedtie to their variety of biotechnological and
biomedical applications. Owing to their low tisstaxicity and high enzymatic degradability at
desired sites, dextran hydrogels have been frelyueobsidered as a potential matrix system for

controlled release of bioactive agents. Severatagmhes to prepare dextran hydrogels have been
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adopted. Hydrogels were obtained by crosslinkingtrde with either 1,6-hexanediisocyanate or
glutaraldehyde [1] and [2]; reaction of dextranhgflycidyl acrylate followed by polymerization of
acrylated dextran [3]; methacrylation of dextrantiansesterification of glycidyl methacrylate, and
radical polymerization of methacrylated dextran agueous solution, using ammonium
peroxydisulfate andN,N,N’,N'-tetramethylethylenediamine (TMEDA) as initiatorsssm [4,5];
methacrylation and acrylation of dextrans by resctwith methacrylic anhydride, and with
bromoacetyl bromide and sodium acrylate, respdgtife7]. Dextran hydrogels have been studied
extensively in various areas, such as drug cariizwe to their good tissue biocompatibility and the
possibility of to transport specific drugs, theypapr to be a viable alternative to the existinggdru
carriers [8-11]. Recently, researchers have realiaed studied a variety of different dextran
hydrogels as transdermal-delivery systems [12,IBgse hydrogels enhance the drug penetration
improving the resulting pharmacological effectsfubéor the transdermal drug delivery that has
always been challenged by the formidable barrieperty of the intercellular lipid bilayer in the
stratum corneum. For this reason, the idea is #éodextran hydrogel as a carrier of vitamin E, a
topically administered antioxidant, that reduceghema, photoaging, photocarcinogenesis, edema,
and skin hypersensitivity associated with expodorailtraviolet B (UVB) radiation [14,17]. It
inhibits lipid peroxidation by preventing free radi generation, and/or reducing malondialdehyde
[18]. Recently, the vitamin E is widely used in owtic products due to its obvious advantages for
the skin [19]. However, its delivery through topigaeparations such as creams, gels, lotions, and
emulsion limits its effectiveness due to barrieogarties of the skin, which hinder the drug
deposition, and relative poor stability of vitandoe to direct exposure to UV light. Thus, the aim
of this paper was to prepare and investigate araextydrogel as a carrier to increase vitamin E
deposition [20] and flux [21] on the skin. Moreoyr increase ulteriorly the stability of the vitenm

E to the light, heat etc., we covalently linkedns-ferulic acid onto the dextran hydrogel, trapped
vitamin E, and explored its topical delivery frohetantioxidant carrier. The linking of antioxidant
groups on the preformed hydrogel rather than oprgsursor was effected to avoid the inhibitory
action oftrans<erulic acid, a scavenger of radical species, @nrtidical polymerization process.
We submitted both antioxidant hydrogel and noneaidiant hydrogel to the insult with a radical
source such aert-butyl hydroperoxide, and verified the stability\afamin E after this treatment.
Finally, we compared the vitamin E deposition oa #kin with that of analogous hydrogel not
containing ferulic groups. In agreement with oupentations, the ferulate hydrogel was a more
effective carrier in protecting vitamin E from pbdegradation than hydrogel without antioxidant

moieties.
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2. Experimental

2.1. Materials

Dextran (Dex) (Fluka)Nl, = 15,000-25,000), vitamin E{Tocopherol ¢T)) (Sigma), ferulic acid
(FA) (Sigma), Folin-Ciocalteu reagent (FC reageff)uka), and ammonium peroxydisulfate
(APS) (Sigma) were used as received without furtheification.N,N-dimethylformamide (DMF),
pyridine (Py) aminoethyl methacrylate (AEMA), ancetfmacryloyl chloride were supplied by
Sigma, and were purified by the standard proceduréghium chloride (LiCl),
dicyclohexylcarbodiimide (DCC), 4-hydroxybenzotiéz (HBT), N,N-dimethylaminopyridine
(DMAP), potassium chloride (KCI), ethylenediamirted@cetic acid (EDTA), sucrose, 4-2-
hydroxyethyl-1-piperazineethanesulfonic acid (HEREBSchloroacetic acid (TCA), hydrochloric
acid, butylated hydroxytoluene (BHTgrt-butyl hydroperoxidetért-BOOH), and 2-thiobarbituric
acid (TBA) were supplied by Sigma (Sigma Chemical, Gt. Louis, MO), and were used as
received. Methanol, ethanol, dihydrogen sodium phate, phosphoric acid, and acetonitrile were
obtained from Fluka Chemika-Biochemika (Buchs, 3eritand) and Carlo Erba Reagents (Milan,

Italy), and were used as received.

2.2. Measurements

'H NMR and**C NMR spectra of dextran, dextran-methacrylate, &# AEMA were acquired on
Bruker VM-300 ACP. Dextran, dextran methacrylatel &ydrogels, containing and not containing
ferulic acid, were analyzed by FT-IR spectroscopgs¢o 4200) using KBr disks. Estimation of
vitamin E was carried out using Hewlett Packard KBSP 5972, UV-Vis spectrophotometer (V-
530 JASCO), and HPLC (Jasco BIP-I pump and JascdELBA100-V detector). Digital
Micrometer Carl Mahr D7300 Essilingen A.N. was uded measurement of the membranes

thickness.

2.3. Synthesis of dextran-methacrylate (Dex-MA)

A fixed amount (0.5 g) of dextrai)(was added to a LICI/DMF (4% w/v) solvent mixtunside a
reaction flask maintained under a dry nitrogen emment. The temperature of the oil bath was
raised from room temperature to 120 °C over a peoib2 h, and the resultant mixture became a
homogeneous gold-colored solution. The solution e@sled to room temperature, and pyridine
was added as an acid acceptor. After 15 min, aulzdéd amount of methacryloyl chloride in a
DMF solution was added slowly into the flask withnstant stirring. The reaction was conducted
at room temperature until completion. The reactiurture was precipitated in an excess amount
of cold ethanol. The product was filtered, washexksal times with cold ethanol, dried at 40 °C in
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a vacuum oven for 2 days [22], and was characetizeFT-IR and*C NMR spectroscopy. Yield
0.64 g; substitution degree (DS) = 0.28. Varying tkaction conditions (time, temperature, and
concentration), hydrogels with higher DS were afgdi

2.4. Preparation of the Dex-MA/AEMA hydrogel

The Dex-MA/AEMA hydrogel was obtained by free-raicpolymerization of dextran-
methacrylate Z) (0.500 g) and AEMA (0.209 g) using APS as aniatithtn system in an aqueous
solution of NH/urea 2/12% w/w (2.5 g), a good solvent for polyegisidic systems, at 60 °C [23-
25]. Briefly, dextran-methacrylate and AEMA weresblved in an aqueous solution of Midea

to obtain a final homogenous solution. Then, APQmsnitiator was added to this solution, and
mixed well for few minutes until a tacky hydroge&svobtained. The hydrogel was first washed
with deionized water, and after with acetone to oeenthe unreacted dextran-methacrylate,
AEMA, and solvents. Finally, the hydrogel was drigtler vacuum at 50 °C for several days, and

characterized by FT-IR spectroscopy. Yield 0.67 g.

2.5. Preparation of dextran hydrogels containing tans-ferulic acid

The dry hydrogel (0.5 g) was swollen in DMF/LiClgent system at 130 °C for 2 h. The mixture
was cooled to room temperature, then a catalyticueninofN,N-dimethylaminopyridine, an excess
of FA, and condensation agents (DCC, HBT) were dddwler stirring, heated to 100 °C for 4 h,
and then to room temperature overnight. The so#d filtered and washed with hot methanol, then
with tetrahydrofurane, and acetone to remove tlaetien sub-products as dicyclohexylurea and
unreacted FA. The removal of all impurities wasfoamed by HPLC and GC/MS analysis of the
washing solvents. The antioxidant hydrogel wasdddaeder vacuum at 50 °C, and characterized by

FT-IR spectroscopy. Yield: 1.32 g. Amount of fecutjroups: 2.28 x I® moles/g polymer.

2.6. Vitamin E loading by soaking procedure

Dex-MA/AEMA (0.1 g) hydrogels, containing and naintaining ferulic moieties, were soaked,
for 3 days at room temperature, and under magsétiéing, in a drug solution. Vitamin E was
solubilized in ethanol/water (4/1). The amount afiglsolubilized was chosen in order to have a
drug loading of 20% (w/w). After filtration, the Hyogels were dried at 10.1 mmHg until a

constant weight was reached.
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2.7. In vitro skin permeation

Permeation studyn(= 3) was performed on the excised skin of saerficabbit (New Zealand
rabbits of 2.9-3.1 kg), which was obtained fronoaal slaughter’s house, using Franz Diffusion
cells. Ear skin of rabbit was shaved, and the skas carefully separated. Subcutaneous fat was
cautiously removed using a bistoury, and the sampes were washed with saline solution (NaCl
0.9%), and frozen at —20 °C. The skin thus obtaiwed allowed to equilibrate with dissolution
medium (ethanol/distilled water 20/80 solution) & h before using it for permeation studies, and
was mounted on Franz Diffusion cells having a siefarea of 0.4614 dmand on receptor
compartment having a capacity of 5.5 ml. Epiderside of the skin was exposed to ambient
condition while dermal side was kept facing theepor solution. The receptor compartment was
filled with double distilled water containing etl@r{ethanol/double distilled water 20/80 solution)
as diffusion medium (37 + 0.5 °C). Reservoir santiwas stirred, and the diffusion cells were
protected from light. Skin was saturated with disson medium for 1 h before the application of

sample.

2.8. Swelling studies

Hydrogel without vitamin E was placed on the stnatoorneum side of the skin. The donor
compartment of the cell was covered with laborafiny (Parafilni®) to prevent dehydration of the
gel. At predetermined times, the swelling degné® (vas obtained by withdrawing the hydrogel,
lightly drying it with filter paper, and by weighinit quickly in a tared sample bottle by means of
an electronic balance (+10g), then the hydrogel was placed back in the wecel; was
calculated by using Eq. (1) [26,27], where Ws and &¥e the weights of the swollen, and initial
dry hydrogels, respectively. The extent of equilibr swelling of the hydrogel was reached when
the weight of the swollen hydrogel was constane Tlbid volume of the receiver department was
maintained constant by the addition of double kikstiwater/ethanol 80/20. Each experiment was

carried out in triplicater(= 3).

W, W
Wit(%) = (ST“) x100

d

2.9. Permeability of vitamin E

Vitamin E (0.0459, 1.04 x Ibmol) that was adequately dissolved in double ltsti
water/ethanol 80/20 solution was applied on theodotompartment, and was covered with
laboratory film (Parafilfl). At specific intervals of time (0.5, 1.5, 2.5534.5, 5.5, 6.5, and 24 h),
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100l of receiver solution was withdrawn from the reegicompartment, and replaced with fresh
distilled water/ethanol 80/20 solution in ordernbaintain the chemical gradient of the vitamin E
between the two compartments, and to favour theasb(samples were kept in a freezer (=20 °C)
until analyzed by UV-Vis spectrophotometer). Vitarai amount released on the skin was assayed

by UV-Vis spectrophotometry. Permeability measunetmevere performed in triplicata € 3).

2.10. Skin permeation of vitamin E from hydrogels

Vitamin E-loaded hydrogels, containing and not aanng ferulic acid, were placed on the stratum
corneum side of the skin, and the donor compartmeas covered with laboratory film
(Parafilnf). The surface area of hydrogel was the activeusiifin area. At specific intervals (1, 2,
3, 4, 6, and 24 h), 10d of receiver solution was withdrawn from the reegi compartment, and
replaced with fresh double distilled water/etharf8D/20). After 24 h, the hydrogels were
recovered, and the still present vitamin E that &l present extracted in ethanol under
sonication, and its amount was estimated by UV-sgisctrophotometer. The drug concentration in
the receiver solution samples was assayed by UVspétrophotometry. The concentration of
vitamin E in the receiver medium was always less1th5% of the maximum solubility of vitamin
E in the solvent system (22 mg/ml in 20/80 ethamatér), thus sink conditions were maintained.

All experiments were performed in triplicate £ 3).

2.11. Prooxidant test

Antioxidant and non-antioxidant vitamin E-loadeddhygels (0.1 g) were soaked for 2 h at room
temperature, and under magnetic stirring, in 5 ilwater containing 50Q1 of tert-BOOH
(0.25 x 10° M). After filtration, the excess of solvent wasn@ved by evaporation under reduced
pressure, and the hydrogels were dried at 10.1 mmitiya constant weight was reached. After
freezing and lyophilization, the effect of prooxidavas evaluated. Precisely, insulted vitamin E-
loaded hydrogels, linking and not linking ferulicoieties, were divided into three equal portions
and were placed in three round-bottomed flask,ainimg a solution of water/ethanol 80/20, under
stirring for 30, 60, and 120 min, respectively.ekfthe selected times, the solvent contained in the
different flasks was recovered by filtration, amblyzed through mass spectrometry and HPLC

™  column

that was effected using as stationary phase a C18 SUPELCOSI
(150 mm x 4.6 mm), and as eluent 0.01 M dihydrogetium phosphate/0.01 M phosphoric acid
with acetonitrile (88:12 v/v), pH 2.3. The flow eatvas set at 0.5 ml/min, and the detector

wavelength was 292 nm.
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The vitamin E standards of 1-100@/ml were run for the external standardisation, &ndar
curves, with a correlation coefficient of 0.999, revegenerated from the area under the peak

measurements. The vitamin E retention time was314.0.2 min.

2.12. Determination of FA contents in ferulate DexMA/AEMA hydrogel

Folin-Ciocalteu (FC) method, based on the reductiba phosphowolframate-phosphomolybdate
complex by phenolics to blue reaction products, used to determine phenolic compounds [28],
[29] and [30]. The sample was allowed to react wiblin-Ciocalteu’s reagent and sodium
carbonate solution at room temperature for 48 théndark. Absorption at 725 nm was measured,
and the total phenolic content calculated as feratid equivalents. An absorbance was measured

twice for our sample against blank using 2 **¥@mol/L ferulic acid as the standaref (= 0.9916)

2.13. MA contents in Dex-MA by volumetric analysis

A sample of 50 mg ester derivative was disperse8 im of 0.25 M ethanolic sodium hydroxide
solution under reflux for 17 h. The dosing in retaf the excess of soda was realized by titration
with 0.1 N HCI (first equivalent point). The mole$ chloride acid used between the first and
second equivalence correspond to the moles ofdsters. The degree of substitution (DS) was
determined by Eq. (2) [31], Whengee estedS (V2o e.p.= Vicep) * [HCI]; MM gicose unitiS the molecular
mass of glucose unitsampieis the weight of sampleree estedS the mol of free ester; MM esterdS

the molecular mass of free ester, and MMs the molecular mass of water.

MM glucose unit
- @
(gsample/ nfree ester) - (MM free ester ~ MM Hzo)

DS

2.14. Microsomal suspensions preparation

Liver microsomes were prepared from Wistar ratsigsgue homogenization with 5 volumes of ice-
cold 0.25 M sucrose containing 5 mM Hepes, 0.5 mMTE, pH 7.5 in a Potter-Elvehjem
homogenizer [32]. Microsomal membranes were isdlate the removal of the nuclear fraction at
800@y for 10 min, and by the removal of the mitochondfiaction at 18,009 for 10 min. The
microsomal fraction was sedimented at 105¢fa® 60 min, and the fraction was washed once in
0.15 M KCI, and was collected again at 105@@&r 30 min [33]. The membranes, suspended in
0.1 M potassium phosphate buffer, pH 7.5, wereestaxt —80 °C. Microsomal proteins were
determined by the Bio-Rad method [34].
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2.15. Addition of Dex-MA/AEMA hydrogel to microsomes
Aliquots of hydrogel containing and not containifg in the range of 0.5-6 mg/ml were added to
the microsomes. The microsomes were gently suspeloge@ Dounce homogenizer, and then the

suspensions were incubated at 37 °C in a shakithguvaler air in the dark.

2.16. Malondialdehyde formation

Malondialdehyde (MDA) was extracted and analyzedhd&ated [35]. Briefly, aliquots of 1 mL
of microsomal suspension (0.5 mg proteins) wereethiwith 3 mL of 0.5% TCA and 0.5 mL of
TBA solution (two parts 0.4% TBA in 0.2 M HCI andhe part distilled water), and 0.07 mL of
0.2% BHT in 95% ethanol. Samples were then incubatea 90 °C bath for 45 min. After
incubation, the TBA-MDA complex was extracted w&hmL of isobutyl alcohol. The absorbances
of the extracts were measured by the use of UVtsgawmwtometry at 535 nm, and the results were

expressed as mmol per mg of protein, using an&idim coefficient of 1.56 x 0 mmol* cm™.

3. Results and discussion

3.1. Synthesis of dextran-methacrylate

With the aim of taking advantage of the antioxidpriperties of the FA, a hydrogel containing
this residue has been synthesized. The synthekigdobgel precursor was carried out with dextran
and methacryloyl chloride in the presence of pyedias catalyst (Fig. 1). The methacrylated
dextran was isolated, purified, and characterizgdFi-IR spectroscopy. Depending on the
reaction conditions (time, temperature, and come&inh), methacrylic derivatives with different
DS were obtained (from 0.28 to 0.82) and evalubtedolumetric analysis, and the derivative with
lower DS was used. In fact, the literature datawskimat the highly substituted hydrogels reach
equilibrium swelling faster than the other hydragedwelling ratios depend very much upon the
DS of the dextran-methacrylate. As the DS of thetrd@-methacrylate hydrogels increases, their

swelling ratios decreased in all pH ranges [36].

Dﬁj\
OH HO a o RO
o A i ;
- o 0 0 e — 0
HO ) oH \f "HO 0~ o
0H  HO o HO D
1 2

Fig. 1. Representative route to Dex-MA.
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3.2. Preparation of ferulate hydrogel

NHs/urea aqueous solution of dextran-methacrylate {Bé&y with DS of 0.28 has been
crosslinked in the presence of aminoethyl methatey(AEMA) by free-radical polymerization
using APS, to initiate the formation of radicals eeported in Fig. 2. To make the obtained
hydrogel antioxidant, characterized by FT-IR, FAsvimonded. The synthesis was carried out from
transferulic acid and hydrogel, by condensation in phesence oN,N-dimethylaminopyridine as
catalyst using DCC and HBT as condensing agentg. (B). After purification, antioxidant
hydrogel was characterized by FT-IR spectroscopydetailed study of its content of ferulic
moieties was performed by the FC test, a colorimessay that requires few reagents and relies on
the use of the free ferulic acid as the standardpound. Our results showed a value-09.4%

that corresponds to 2.36 x1@nol of ferulic groups.
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Fig. 2. Schematic representation of the polymerizain of Dex-MA with AEMA.
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Fig. 3. Synthesis of ferulate hydrogel.
3.3. Characterization

The Dex, Dex-MA, Dex-MA/AEMA hydrogel, and hydrogebntaining FA were analyzed by FT-
IR spectroscopy. All samples were tested as corapceKBr pellets (polymer: KBr 51: 10 w/w).
Dex-MA with DS of 0.28 showed an ester FT-IR baridla35 cm'. Clearly, this ester band
increased sharply with an increase in the degresubstitution of the methacrylate group to

dextran. The presence of pendant vinyl groups kirde-methacrylate was confirmed by the FT-
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IR bands at 1636 cth(C=C) and 803 cfit (C—C-H). The presence of pendant vinyl groups in
dextran-methacrylate, was confirmed further by tHeN\MR spectrum. There were two distinctive
peaks in the double bond region (5.690 and 6.11%) pghich correspond with the two hydrogens
adjacent to double bond £ CH,). These two peaks were not present in the spectiuthe
original dextran. The hydrogens of the methyl sitilotst (CH) in the methacrylate group also were
observed as a single peak, at 1.903 ppm.

The polymerization of Dex-MA with AEMA was confirrdeby FT-IR spectra that showed the
consumption of double bonds as a result of crddslin Precisely, a decrease in peak intensity in
the double bond region at 1636 and 803’camd the appearance of a new ester band at 1722 cm
due to a formation of hydrogel between Dex-MA arieM¥ was observed.

The functionalization of amino groups of the hyd¥bgith FA gave a material that when analyzed

by infrared spectroscopy showed an additional aharistic peak of carboxylic group of amide at
1650 cm’.

3.4. Swelling behaviour

Swelling behaviour of Dex-MA/AEMA hydrogel, throughe ear skin of rabbits, was measured at
a constant temperature of 37 °C. In this kind gfeziment, Franz diffusion cells are mainly used,
and the skin was mounted on the receptor compattmih the stratum corneum side facing
upwards into the donor compartment containing vietieanol solution 80/20.

1000 7

%‘:’1 _—'——_'__'___‘
&' 500 - o
'EU "/ R

0- T T T )

0] 5 10 15 20 25 30
time {min} Fig. 4. Swelling degree of Dex-MA/AEMA
hydrogel.

Fig. 4 shows the sorption of solution with the tiofetreatment. The curve plot clearly indicated

that the swelling degree of the hydrogel slowlyr@ased until 24 h.

3.5. Antioxidant properties of Hydrogels
The ability of ferulate hydrogel to protect agailigid peroxidation induced by thert-BOOH, a

source of free radicals, was examined in rat-limeécrosomal membranes during an incubation
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period of 120 min [37]. In order to evaluate thei@idant properties of the non-derivatized
polymeric structure, the same experiment was pesdron hydrogel without ferulic moieties. The
data revealed that this last material has no aid@mt activity. The effects of antioxidant hydrogel
on the lipid peroxidation were time-dependent affecéed as the MDA production (in nmol ilg
protein) (Fig. 5). Our ferulate material was a str@ntioxidant in protecting the membranes from
tert-BOOH-induced lipid peroxidation showing a heglefficiency at 30 min of incubation, and the

preservation of antioxidant activity up to 2 h.

1 5
—e— control
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L

MDA nmoles/mg prot

0 10 15 30 60 120
incubation time (min) Fig. 5. Effects of ferulate hydrogel on malondialdeyde (MDA) production

induced by tert-BOOH in rat liver microsomal membranes. The microsomal membranes were incubated with
0.25 x 10° M tert-BOOH at 37 °C under air in the dark. The results represent the mean + SEM of six separate

experiments.

3.6. Prooxidant test remarks

We exposed hydrogels bearing vitamin E and bondim@ynot bonding ferulic acids tert-BOOH

a free radical generator. The antioxidant activifyboth ferulate and not hydrogels vitamin E-
loaded was evaluated after their prooxidation wignt-BOOH and vitamin E release in
water/ethanol 80/20. The results suggested that dfie drug release (120 min), non-ferulate
hydrogel possesses 2% antioxidant activity, perliaesto the presence of small vitamin E traces.
On the contrary, the ferulate hydrogel showed adrigantioxidant activity analogous to non-
ferulate hydrogel but a minor activity than nonded antioxidant hydrogel (Fig. 6) confirming
that the ferulic moieties protected the vitamin Hring the prooxidation, and its release, as
unequivocally confirmed by GC/MS analysis. In faas confirmed in the mass spectrum (not
shown), vitamin E (retention time.29.9) was almost integrally released already &@emin from
the hydrogel containing ferulic moieties. Analogdaehaviour was observed at 60 and 120 min.
On the contrary, the hydrogel without antioxidandups released, in the same conditions, only a
small amount of vitamin E and a great deal of umiified products (Fig. 7b). The same results

(not shown) were observed through HPLC.
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Fig. 6. Antioxidant activities of hydrogels after pooxidant test.

3.7. Drug release

Permeation of vitamin E from vitamin E-loaded hygkts through the rabbit ear skin was studied
for hydrogels containing and not containing ferdtiaded with 22 mg of the drug. In both cases,
the vitamin E flux value is lower when the drugimeluded in the hydrogels than when it is
dissolved in a ethanol/water (20/80) solution, sitite drug must be first released from the gel and
then permeate the skin. Particularly, the resulticated that when vitamin E was released from
drug-loaded hydrogel without ferulic groups, onlgraall amount of vitamin E remained intact. In
fact, UV-Vis analysis revealed that the most pdrpmducts in the receiver compartment was
unidentified. On the other hand, permeation studfentioxidant hydrogel showed that almost the
total amount of vitamin E that permeated unchangéa and through the rabbit ear skin was of
65%, and it took place in 24 h. In particular, weserved that the vitamin E was released in
decreasing way until 3 h. After that, the releaswdased with time. This behaviour was probably
due to the initial release of the vitamin E-loadsdirogel in proximity of the hydrogel surface,
followed by the release of that one loaded in deptie release of the inner-loaded portion of
vitamin E is determined by the swelling rate of biyelrogel.

The amount of vitamin E from antioxidant hydrogermeated per diffusion area as a function of
time was determined by UV-Vis spectrophotometshimwn in Fig. 8.

This result has demonstrated that ferulic groupghenpolymeric matrix prevent the effects of

oxidative degradation preserving the drug.
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Fig. 8. Release of entrapped vitamin E from ferula hydrogel through a rabbit ear skin.

4. Conclusions

Antioxidant dextran hydrogel was successfully predaintroducing FA moieties onto Dex-MA
crosslinked with AEMA. Its antioxidant activity wasvaluated through rat liver microsomal
membranes. The results suggested that ferulataialgiessesses an excellent antioxidant activity.
Moreover, preparation of ferulate hydrogel-basextrd@ was found to be well suited and a sound
approach to obtain carrier that preserves vitamilufing its release. Linking FA in the hydrogel
greatly influenced the drug deposition on the &ar of rabbit. In fact, we observed increased drug
deposition suggesting that the ferulic groups mtotiee drug during the deposition with respect to
the analogous hydrogel without antioxidant moietigserefore, it can be said that our antioxidant
hydrogel could be an adequate system for the dtedroelease of vitamin E in the human skin.
Regarding that it is acknowledged that a photod@uamnd/or age-damaged skin is characterized
not only by the presence of radical oxygen spetiasalso by a lower quantity of lipids. For this
reason, it could be advisable to use preparatibas ¢ontribute to reestablishing the lipidic
equilibrium of the stratum corneum as well as hg\dome kind of molecules, such as vitamin E,
with an antioxidant effect.
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We prepared cellulose cotton fibers containing aiflipi moieties and evaluated their antibacterial
activity. In spite of recent progress in experina¢r@nd clinical medicine, the problem of chronic
wounds treatment remains to be solved. In fact entional methods are based on solutions of
antibiotics and antiseptics and ointment bandageshe efficacy of this method is low and so the
idea to use modified cotton gauzes would have &vant infections insorgence during wounds
healing. Ampicillin, a large spectrum antibioticasvcovalently coupled to cellulose backbone of
hydrophilic cotton fibers by a heterogeneous sysitht produce a functionalized biopolymer with
a satisfactory degree of substitution (DS) andbacterial activity. The obtained biopolymer was
characterized by infrared spectroscopy (FT-IR).alyn the antibacterial activity in inhibiting
microorganism growth in Petri dishes, was evaluatde results suggested that these biomaterials
posses an excellent “in vitro” antibacterial adtivand so they can be efficiently employed in
biomedical fields for chronic wounds managemenérnsure a valid protection against infections
and contaminations. Biopolymers so functionalizegravfound to be very efficient to contrast

sensible bacteria growth.

1. Introduction

Wound dressing before the 1960s were considerée tnly the so-called passive products having
a minimal role in the healing process. The piomgeresearches in the last decade introduced the
concept of an active involvement of a wound dra@ssimestablishing and maintaining an optimal
environment for wound repair [1]. The new advaricesound healing resulted in the development
of dressing from traditional passive materials tmctional active dressing which, through the
interaction with the wounds they cover, create araintain a moist and healing environment [2].
An ideal wound dressing should protect the woumanfibacterial infection, provide a moist and
healing environment, and be biocompatible [3]. Régeblends made by natural polymers such as
starch, cellulose, chitin, chitosan, cotton, gelaéilginate and dextran have been reported for the

development of wounds dressings [4-8]. New fibrardl wound dressing media have been
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developed to encourage wound occlusion, exudatsoat and drug dispensation on demand with
much reduced distress to the patient [9]. Howenatral fibers are presently under investigation as
materials for the controlled release of bioactiv@euoules to contrast the progression of infection i
chronic wounds management. On the other handatitex reports on biomaterials in which the
antibacterial molecules were simply absorbed on pedymer surface by the adsorption
methodology [10]and not covalently grafted. In thigy only medicated soaked gauzes have been
prepared [11,12].

Cellulose is the most important constituent of ratdibers and it can be functionalized with
bioactive molecules using its primary hydroxylicogps; natural fibers are biocompatible,
biodegradable and non-toxic so they can be useamver infected wounds. In the present work,
ampicillin moieties have been covalently linked dotton fibers to produce a functionalized
biomaterial that is able to protect wounds fromeatfons thanks to the presence of the active
molecules. This study showed that the designedesystpreserve the antibiotic activity of
ampicillin moieties also compared with the non-fimealized cotton dishes. The synthesis of this
biomaterial has been conducted under mild conditiosing thionyl chloride in dry THF. The
evaluation of antibacterial activity has been desti@ted by “in vitro” tests using Petri dishes of
the type “Mueller—Hinton Agar”. Furthermore Infrar&pectroscopy showed the presence of the
covalent bond with ampicillin and the degree ofstitbtion was determined by saponification and

then volumetric analysis.

2. Cellulose functionalization

Functionalized biopolymer was obtained by hetereges synthesis [13] (Scheme 1) of ampicillin

acylic chloride with primary hydroxylic groups ofugose units to form an ester bond. Briefly,

ampicillin (0.00827 mmol, 2.89 g) was dissolveddiy THF and then was added thionyl chloride

(0.009 mmol, 0.6 mL) in little excess and the regactixture was allowed to react for two hours

at 50-60 °C with magnetic stirring and under riflux. After that, a sample of cellulosic cotton

fiber (0.14 g) was added and the reaction was attedufor three hours in the same conditions.
After five hours, reaction was left overnight abno temperature under magnetic stirring. The so
obtained product was, finally, washed with a sodhinarbonate saturated aqueous solution until
neutrality and with acetonitrile. Finally functidized cotton was dried under vacuum [14]. Cotton

fiber ampicillin derivative yield = 0.2361 g.
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Scheme 1. Synthetic route to the cotton fiber ampillin derivative.

3. Characterization

FT-IR spectra, realized by Jasco 4200 using KBksjismade by compressing the powder obtained
by grinding the fibers with KBr, confirmed ampidilllinkage to the fibers. In fact, we observed a
detectable modification of hydrophilic cotton spaot especially in the wavenumber range
between 1600 and 2000 ch{Fig. 1a and c). There is a new band at 1747 avhich confirms
ester linkage formation (Fig. 1c). Anyway experinarevidences suggested that functionalized
cotton fibers, after alkaline hydrolysis, give bdokdrophilic cotton and ampicillin sodium salt as
showed in Figs. 1a, b, 2a and b. In particular, Bey displays some strong bands, around 1650,
1500 and 850 c, with an higher intensity than analogous bandsaimpicillin sodium salt
spectrum, attributable to NaOH, used for previdkalae hydrolysis.

Wavenumber [cm-1]
Fig. 1. IR analysis of (a) hydrophilic cotton, (b)cotton after alkaline hydrolysis,
(c) ampicillin derivatized cotton.
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NaOH

4000 3000 2000 1000 400
Wavenumber [cm-1] Fig. 2. IR analysis of (a) ampicillin sodium

salt, (b) ampicillin sodium salt after alkaline hydolysis, (c) ampicillin derivatized cotton

4. Determination of the degree of substitution of functionalized cotton fibers

The substitution degree was determined by volumetnialysis dispersing a sample of 50 mg of
ester derivative in 5 mL of 0.25 M ethanolic sodibgdroxide solution under reflux for 17 h. The
dosing, in return of the excess of soda, was redllzy titration with 0.1 N HCI (first equivalent
point) [15]. The moles of chloride acid used betwége first and second equivalence correspond
to the moles of free esters. The degree of subistit{DS) was determined by the Eq. (1). In this
equation MMycose unitS the molecular mass of a glucose unifigeis the weight of the sample;
Niee esterlS the number of moles of free ester; MM.riS the molecular mass of free ester; and
MM 0 is the molecular mass of water. DS for functiaredi cotton is 0.63, a very interesting
value considering the difficulties due to the propature of cotton fiber and to the heterogeneous

strategy of synthesis.

_ MM glucose unit 0
(gsample/ Nfree ester) - (MM free ester ~ MM HZO)

DS

5. Antimicrobial testing

The antimicrobial testing was done in accord withepted biological practices to test antibacterial
efficacy. A pressed functionalized cotton disktahbly sterilized at high temperatures, similarly to
the disks used for a normal antibiogram [16] hasnbased. On Petri dishes was inoculated a
sensible bacterium, Streptococcus faecalis, atreesrdration of 0.51 McFarland. After 18-24
incubation hours in a thermostat at 37 °C to ersmgeithe growth of bacterial lawn, microrganisms
form a primary inhibition zone in which death igaio(100%) and a secondary zone in which
bacterial hemolysis is less pronounced. This shtbasampicillin, although covalently attached to
the glucose units of cellulose in cotton fiber,gEmes its antibacterial activity against a sessibl
microorganism. For this test has been used a saliire soil of the type Mueller—Hinton agar

containing agar, casein idrolisate, soluble stark.
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6. Conclusion

Antibacterial cotton fibers were successfully pmepgla introducing ampicillin moieties onto
cellulose backbone. An “in vitro” test was usedszess their antibacterial activity. In fact tieistt
shows a positive behavior of ampicillin in inhibiti of bacteria proliferation. The results suggested
that these biomaterials posses an excellent amgiialcactivity and so this synthetic strategy can
be used to obtain versatile biopolymers that ctnglfficiently employed in biomedical fields for

chronic wounds management to ensure a valid pioteagainst infections and contaminations.
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Lyotropic Liquid Crystals

This section reviews the Lyotropic Liquid Crystgjsnerated during my PhD research, with the
emphasis on the peculiar properties showed by nrglrdevices. In particular | reported our review
on the Lyotropic Liquid Crystal for topical deliwelsystem, that is used as introduction of this
section, and a research paper produced in thi fiel
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Abstract

The design of new forms that increase the effenégs of existing drugs is one of new trends
observed in pharmaceutical technology in recentsyegurfactants have been extensively used for
drug delivery in various forms such as liposomesnisolid and solid-matrices. The focus of this
review is the evaluation of liquid crystalline pkas spontaneously formed when amphiphilic
molecules are placed in aqueous environment. Thesilgtty of availability of liquid crystal
formulations with optical transparency and gellppearance is highly appreciated in several fields
of application such as cosmetics and pharmacesitit¢althis context, liquid crystals (LC) have
aroused great interest as novel dosage forms, atigeir considerable solubilizing capability for
both oil and water soluble compounds. The totatapeutic effect of percutaneous preparations
depends not only on the action of the drug itdmif, also on other factors related to the structdire
the vehicle. The lamellar liquid crystal phasesyv@milar to those present in living organisms are
especially interesting as delivery systems wherrdphilic or lipophilic actives are incorporated in

the corresponding domains.

1. Introduction

The liquid crystalline state, obtained from certaurfactants in water or organic solvent, at given
temperature and concentration, combines propesfiésth liquid and solid states. The liquid state
is associated with the ability to flow whereas dslhave an ordered, crystalline structure [1]. ldqu
crystals have at least orientational long-rangesioahd may show short-range order whereas the
positional long-range order as characteristic ai ceystals has disappeared [2]. More than one form
of liquid crystals could exist and the three welblwn are: lamellar, hexagonal and cubic phases [3-
5].

These structures were obtained by solvation ofastaht molecules that results in different

geometries, i.e. cone or cylinder [6].

169



Cylinder arrangement results in a lamellar phag witernating polar and non-polar layers. In
addition to the increased layer thickness of tlmeeléar phase, lateral inclusion between molecules
is also possible with an increase in the solventeatration, which

transforms the rod shape of the solvated moledalascone shape. This leads to a phase

change and depending on the polarity of the salgaagent and the surfactant itself, the

transition results in a hexagonal or inverse heragphase. The hexagonal phase is named after the
hexagonally packed rod micelles of solvated molesulvhereby their polar functional groups either
point to the outside or inside of the structure.ths molecular geometry changes further during
solvation, a cubic or inverse cubic form developansisting of spherical or ellipsoidal and/or
inverse micelles.

During the past decade, there has been great shtarelyotropic liquid crystalline (LLC), as
delivery systems in the cosmetic and chemical itsthssand also in the field of pharmacy [2,4, 7-
9]. The reasons for this interest include the esitensimilarity of these LLC systems to those in
living organisms [10,11] as skin, biological memima and certain chromosomes.

The skin is a very heterogeneous membrane, buajes that controls absorption is the outermost
layer, the stratum corneum (SC), a multilayered-like# structure in which corneocytes embed in a
matrix of lipids, that provides a very effectiveriyar towards the penetration of drugs both to and
through the skin. Its barrier properties are esskend the protective role of SC but hinder
transdermal drug delivery. Transdermal drug dejiviera viable administration route for potent,
low-molecular weight therapeutic agents which canmithstand the hostile environment of the
gastrointestinal tract and/or are subject to carsible first-pass metabolism by the liver.

The LLC systems exhibit good penetration, due #&ovibry low interfacial surface tension arising at
the oil/water interface [12, 13], and they may litatie the progressive diffusion of biologically
active substances into the skin and also systeinitlation [14-16]. They can bring about a
considerable increase in the solubility of drugs rogans of solubilization, which are either

insoluble or slightly soluble in water [17-20].

2. Lyotropic liquid crystal

Liquid crystals, also named “mesophase”, are omyanbstances that pure, or in agueous solutions,
are capable to reach a special state of aggregatienmediary between liquid and solid state. They
preserve both the flow properties of a liquid ahd brdering of a crystal and present multiple
anisotropies. In particular, some organic substgniceaqueous solutions, reach the mesomorphic
domain by varying temperature and concentrationtea been named Lyotropic Liquid Crystals
(LLC).
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Lyotropic liquid crystals are examples par excealkerof self-assembling nanomaterials. The
molecular systems which adopt liquid crystallineagds are quite diverse: their organization is
normally not based on mesogenic properties of gaicemolecule but rather on the interaction
between two, or even more, molecular units in smtutTherefore, their sequence of phases rather
depends on the concentration of the different carmapts added to the mixture than on temperature

and the mesophases usually observed are clasatfiesnellar, cubic, hexagonal (Fig. 1)[3].

30 40 50 60 7080

Amphiphile concentration (wt %)

Fig.1 Schematic showing the aggregation of surfaatés into micelles and then into lyotropic liquid ciystalline phases
as a function of their concentration and of temperture.

Using these LLC phases as topical drug deliverytesys is favourable because of their high
solubilization capacity, thermodynamical stabiliy broad range of rheological properties.
Moreover, LLC incorporated in a special dermatatagiformulations exhibit hydrating properties
and they have been used as excipients to protesitise substances (vitamins, antioxidants, oils).
Molecules that make up lyotropic liquid crystale aurfactants consisting of two distinct parts: a
polar, often ionic, head and a nonpolar, often bgdrbon tail.

Surfactants have been extensively used in simgldtiomembrane [21-25], biomembranes for drug

delivery and in solubilizing poorly water solubleuds in pharmaceutical formulations [26, 27].

3. Cubic phase

When the concentration of micelles dispersed irolaest (usually water) is sufficiently high a
micellar cubic phase is formed. This, denoted by siymbol 11, is the first lyotropic liquid
crystalline phases but not the only existing. Iot,fahe quite interesting for drug delivery is the
bicontinuous cubic phase (V1), usually located leetwthe hexagonal and lamellar ones. From an
optical point of view, cubic phases present no uext because they are isotropic and can be
distinguished from the isotropic micellar solutiady by their high viscosity [28].

Cubic liquid crystal phase are interesting for ddegjvery for a number of reasons:
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e The cubic phases are generally characterized bigla stiffness. This offers opportunities for
fixation of the formulation at desired site aftein@nistration and in situ formation.

» The bicontinuous cubic phase can solubilize lang@unt of both hydrophilic and hydrophobic
drugs.

 Through controlling the microstructure, the drulgase rate can be controlled over a wide range.
» Through control of the microstructure, protein drugan be immobilized, thereby allowing them
to function at the same time as they are not exptsproteolytic enzymes, antibodies, etc.

A wide variety of drugs with different physico-chiga properties have been incorporated in
Glyceryl monooleate (GMO) based cubic phases [@8]O is a metabolite formed during the lipid
digestion of oleic triglycerides [30]. Its waterlghoility is low, about 10-26 mol/ I, but it swella
water and the resulting phase is a cubic liquicstadyone. This cubic phase has other interesting
properties, all relevant for a partition experimeittforms spontaneously and can coexist with
excess water, and its internal structure is that afongruent monoolein bilayer extending in
threedimensions, with a high specific bilayer /waigerfacial area (500-600°fg lipid).

The pharmaceutical interest in monoolein as a dkeigyery system is based on the amphiphilic
nature of the gel formed in an aqueous environnfantijtating the incorporation both hydrophilic
and hydrophobic molecules. Monoolein is non-todi@degradable and biocompatible and has
become a potential candidate as drug delivery systeeful for various routes of administration.
The cubic liquid—crystalline phase, a well-knowrcroheterogeneous system spontaneously formed
when an amphiphilic lipid such as monoolein (glytenonooleate, GMO) is placed in an agueous
environment, has become an excellent candidatalasgadelivery matrix [31-33].

A short list of applications includes the delivarfyactives for periodontal disease [34] and imgant
[35] viain vivo[36] and topical delivery [37], and as bioadhesifg8]. Two recent reviews by C.J.
Drummond and C. Fong [39] and J.C. Shah et al.pt6Yides an extensive listing of drug-related
applications in the cubic phases but the topicplieations are very limited.

R.F. Turchiello et al.[41] investigated the cubibape obtained by monoolein/water for topical
delivery of pro-drug and photosensitizers used hiotpdynamic therapy (PDT) and of cutaneous
diseases. Pro-drug 5-aminolevulinic acid (5-ALA, PpIX precursor), its ester derivatives
(hexylester, octylester and decylester), and asidalssecond generation photosensitizer such as the
chlorine derivativemesaetra(hydroxyphenyl)chlorinen¢ THPC or FoscaR) were incorporated
into the gel cubic phase and their physico-chemjmalperties such as stability, maximum
absorption wavelength, and fluorescence emissiae wwestigated by spectroscopic techniques at
37 °C. This study represents the first report efube of the cubic phase as a delivery systemoef pr

drugs and photo-sensitizers for topical use in PDTopens the possibility to explore other
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photosensitizers that remain stable in the gelacpbase and can be used for topical treatment of
dermatological diseases. These results confirmtitieagiel formulation monoolein/ water, associated
with its enhanced skin permeation properties [42}ld be used to reduce the amount of drug
applied to the lesion, with the same or higher Pptdduction effect, so the monoolein gel is a
potential delivery matrix and can be used for tapitelivery of pro-drugs and photosensitizers in
PDT treatment of cutaneous diseases.

Another study used the bicontinuous Monoolein phagselease of 5-ALA and its methyl ester (m-
ALA). The iontophoretic and passive delivery of Alafd m-ALA from this formulation through
porcine skinin vitro were measured and compared to formulations usefinical practice [43].
The cubic phase, in this work, is formed in a teymaixture of Monoolein, water and relatively
high amounts, 30%, of propylene glycol. Overalg tiesults indicated that the cubic phase have a
potential as drug delivery vehicle for the passael iontophoretic delivery of drugs such as m-
ALA across the skin.

In addition, some of these scientists comparedbtié A and m-ALA release of the cubic phases
formed of monoolein or phytantriol in water [44]hdse systems had similar phase behavior, but
there are some differences that may be importantetigery water soluble drugs. One is that the
maximum degree of water swelling differs. A loweater content in the cubic phase implies more
narrow water channels in the tortuous structuracé&iboth ALA and m-ALA will reside in the
water channels, the release of water soluble dftage this kind of cubic phase decreases with
decreasing water pore diameter. Monoolein systeawe b superior ability to transport the drug into
and through the tissue, in such a way that it tggiehches the circulation of the mice. In addition
the phytantriol systems showed only a small systesfiect with ALA.

Other investigation about the cubic phase waszegélby M.G. Carr et al. [45], using Myverol as
drug vehicle. The commercial material Myverol wesed in place of pure GMO as it has been
shown that the phase behaviour of pure GMO and kbhage very similar [46], and both materials
form cubic phase in excess water at physiologiealperatures. In their matrices the scientists
incorporated nicotine and salbutamol sulphate agsland they evaluated the ability to include
solutes into these structures, the modificatiophase properties of the system and consequently the
drug release characteristics. Apparent diffusicefficients for both drugs were determined, in each
gel matrices, by performingn vitro experiments using Visking membranes as barriershéo
receptor solutions; the work was extended to trarigp across human stratum corneum. The rates
of drug delivery into the receptor compartment weetermined by plotting the quantities of drug

released across Visking from Myverol gels versoetiThese plots were found to be non-linear for
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both nicotine and salbutamol. The fig.2 show thedir relationship observed when the quantities of

drugs released were plotted against the squarefaiohe.
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Fig.2 The quantity of salbutamol sulphate Q transpded per unit area versus the square root of timegdapted with

modifications from ref.45).

M.G. Carr et al. observed that increasing the wedatent in the range 0-40% greatly increased the
apparent diffusion coefficient of nicotine, wherdhsre was a decrease in the apparent diffusion
coefficient of salbutamol sulphate. Partitioningtieé drug between Myverol base and the aqueous
layers is thought to be responsible for this behawi The release profiles for passive transport
across human stratum corneum, as shown in Fig.eBe Wnear and the rates of delivery were
typically 2-3 times those reported from 4% agar gehicles, used as control, containing

comparable concentrations of the drug.
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Fig.3 Release profiles for passive transport acrogsiman stratum corneum
(adapted with modifications from ref.45).
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"The scientists suggested that the Myverol acisoasible penetration enhancer thanks to some of
its constituents. In addition this paper showed thaignificant increase in the transport of both
drugs were obtained by the passage of a direceruthrough the vehicle and the rates of the
assisted transport were found to be depend on égmitade of this current.

L.S. Helledi and L. Schubert [47] incorporated iMQ cubic phase acyclovir, a drug widely used
as agent in the treatment of herpes virus infestiof the skin. In this study, acyclovir was
suspended in a cubic phase of glycerol monoolé€akd) and water 65:35% w/w, and the phase
behavior and release kinetics demonstrated thatub& phase containing 1-10% (w/w) acyclovir
retains its phase condition in the temperaturee&@370°C. The drug was readily released from the
system, and its release increased with the irdtiad) load concentration; about 25-50% of drug was
released after 24 h. In addition in this study, tblease was dependent on the square root of time,
and the kinetics can be described by the Higuaomh The rate-limiting step in the release process
was most likely diffusion. Comparison of the releaates of acyclovir delivered from a cubic phase
and from the commercial product, Zovir®cream, shibwlee rate to be six times faster from the
cubic phase. The cubic phase is a promising pareotss drug delivery system for Acyclovir.

Other studies on the GMO cubic phase were real®e®. Fitzpatrick and J. Corish. They have
reported on the passive release profiles and themdting from the incorporation of a chemical
enhancer in the vehicle and the behaviour of thetesy under iontophoretic conditions and also
under those of combined physical and chemical esdraant [48-50]. In particular they
investigated for a range of anionic drug molecuiith particular emphasis on sodium diclofenac,
the suitability of an isotropic liquid crystallingel. Parameters, which have been investigated,
include the mode of vehicle preparation, the effettthe concentration of the drug and how
buffering the gel and/or the receptor medium afthet release profiles. Such profiles have been
measured for the sodium salts of benzoate, saleyad indomethacin.. The percentages released
of the sodium salts of benzoate, salicylate andrnmethacin, after 24 h, were determined to be 25,
26 and 19%, respectively, and these are significgmeater than the release of sodium diclofenac.
This suggests that diclofenac undergoes ion-paimingomplexation within the gel, which inhibits
its diffusion from the vehicle.

It has been demonstrated that the incorporatigdhetationic surfactants into the liquid crystadlin
gel, in the presence of an anionic drug, greattiuces the quantity of drug which is available to
diffuse from the vehicle across a non-rate-limitmgmbrane. This is due to the formation of ion-
pairs between the drug and model enhancer witld@nvéthicle. Moreover the authors established a
linear relationship between the percentage reledsine drug and the concentration of model

enhancer incorporated into the vehicle Cubic phasfesmonoolein and water have shown to
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improve the topical/ transdermal delivery of relaty small molecules such as nicotine, salbutamol,
acyclovir, diclofenac and aminolevulinic acid estd41-50], but it remains to be determined
whether this phase is capable of promoting thectmelivery of larger molecules, such as several
peptides and proteins.

For this reason a recent study reported the imyagtsbin about the reverse cubic phase of Monolein
(Myverol) loaded with cyclosporin A(CysA)[51]. Cyadporin A (CysA) is a cyclic and highly
lipophilic peptide that presents extremely poornskienetration, unless a chemical or physical
strategy is used [52—57], moreover, this peptidmismmune-suppressant agent and has therapeutic
potential in the treatment of skin inflammatoryatders [53,56].

In their investigations L.B. Lopes et al. showedtthubic phases are formed in the presence of
CysA, andin vitro skin penetration of this model peptide was sigaifity increased when it was
incorporated in such systems. In particular, tHeicphase gel increased the penetration of CysA in
the stratum corneum (SC) and epidermis plus defE#B], but did not influence the percutaneous
delivery of the peptide compared with the contmhiulation.In vivo experiment (Fig. 4) revealed
that incorporation of CysA in the cubic phase alssults in an increase in the skin penetration of
the peptide at 6 h post-application.

Penetration enhancing effects are often causedrbgtsral alteration of the stratum corne{i53].
Several effective permeation enhancers have bemnrsto induce some inflammatory effects on
the skin in a concentration-dependent manner.ignsiystem, the authors observed some alterations,
though not severe, in the skin sections of animi@ated with cubic phases, which suggest the

occurrence of mild skin irritation in hairless mafter a 3-day exposure.

3,54

O control
m cubic phase

® hexagonal phase

cyclosporin A (% applied dose/cnf)

sc skin layers [E+D]

Fig.4 1n vivo penetration of CysA incorporated in different formulation, SC: stratum corneum, [E+D]: epidermis
without stratum corneum+ dermis (adapted with modifcations from ref.52).

An increase of the loading of water-soluble actiwebicontinuous cubic phase liquid crystals was
obtained by including ionic surfactants, to prevere preference of the water-soluble actives to

associate with water rather than with the liquigstals.
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In this context M.L. Lynch et al. [59] demonstratée: enhanced loading of negatively charged,
water-soluble active ketoprofen by the inclusionpokitively charged surfactants into the liquid
crystal. Loading differences resulting from the luston of dioctadecyl dimethyl ammonium
chloride (DODMAC) and dioctadecyl ammonium chlori@OAC) into the liquid crystal showed
that the magnitude of the enhancement is deperatettie surfactant concentration and the steric
nature of its head group.

The introduction of a third component in the syst&MO-water was utilized to increase the
solubility of water insoluble ion pairs, as recgnmtported by R. Efrat et al. In this investigatibe
scientists detected a new small isotropic regiothiwithe phase diagram of glycerol monooleate
(GMO) and water in the presence of ethanol (EtOh§racterized by a nonviscous stable fluid as
micellar phase of cubic symmetry [60, 61]. This ghaan solubilize very significant loads of
water-insoluble anti-inflammatory sodium diclofen@a-DFC). Close examination of the internal
structures of the lyotropic liquid phase upon imsiag the solubilization loads reveals the existenc
of three structural transitions controlled by tha-DFC levels. In particular, at increase of the Na-
DFC the micellar phase of cubic symmetry becomécantinuous cubic phase, a lamellar phase

and a disorder lamellar phase.

4. Hexagonal phase

An hexagonal phase of lyotropic liquid crystalasrhed by some amphiphilic molecules when they
are mixed with water or another polar solvent. histphase the amphiphile molecules are
aggregated into cylindrical structures of indeéniength and these cylindrical aggregates are
disposed on a hexagonal lattice, giving the phasgrange orientational order. If increasing solvent
concentration in the cubic phase, the hexagonaseloacurs and formsormal structures HI in
which the hydrocarbon chains are contained within ¢ylindrical aggregates such that the polar-
apolar interface has a positive mean curvaturegwgrsedstructures Hll in which water within the
cylindrical aggregates and the hydrocarbon chalhsh& voids between the hexagonally packed
cylinders. When viewed under a polarising microgcdpin films of both normal and inverse
topology hexagonal phases exhibit birefringenceingi rise to characteristic optical textures. The
phases are highly viscous and small air bubblgpéa within the preparation have highly distorted
shapes.

The physical properties of reverse hexagonal liquigstals (HIl) are less studied compared with
those of cubic and lamellar phases [62, 63] ang feaw are the pharmaceutical and, in particular,
percutaneous applications. The reverse hexagonsbphase is characterized by dense packing of

infinitely long water-filled rods, each surroundby a lipid layer and exhibiting two dimensional
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ordering. E. Farkas et al. investigated the infagerof two types of chlorhexidine species,
chlorhexidine base and its salts [64], on the ploiemical features of liquid crystalline systems
and on drug transport through lipophilic membraaed they illustrated the applicability of liquid
crystalline systems of sensitively changing streeguto provide sustained release of drugs using
their base and salt forms.

A non-ionic surfactant, Synperonic A7 (PEG7-C13-1#s selected for the preparation of the
liquid crystalline systems. Mixtures of differerattios of Synperonic A7 and water were prepared
and only that at 40% in surfactant formed a hexabbguid phase. The addition of chlorhexidine
species to the systems modified the structure @flittuid crystalline phases and this results in a
change of the drug release. The combination ob#se and salt forms of the drug in one dosage
form could eliminate the drug release changes fiquid crystalline

systems of dynamically changeable structures. ¢ty the studies indicates that below 50% (w/w)
Synperonic concentration, the isotropic and lesei@d structure allowed more chlorhexidine base
to be released from the liquid crystals comparedht more viscous system containing ordered
hexagonal structural elements, which hindered tease of chlorhexidine digluconate. As the
water solubility of the latter is somewhat 10,000ets higher than one of the free base, these sesult
suggest that drug release is governed mainly bygttiseture of the liquid crystal.

L.B. Lopes et al. [52] demonstrated thatyivo, the HIl phase of GMO/water/oleic acid increased
the skin penetration of CysA as well as the culliase, before reported. The reverse hexagonal
phase increased CysA penetration in [E + D] at &nd percutaneous delivery at 7.5 h post-
application. The use of the hexagonal but not thkicc phase, also enhanced the percutaneous
delivery of CysA. Incorporation of CysA in the hexaal phase resulted in a increase in peptide
concentration in the SC and a increase in the cdrat®n in the [E+D]. Incorporation of CysA in
both formulations enhanced tlie vitro penetration of the peptide across the skin andas w
probably due to the action of monoolein (in combiorawith oleic acid in the case of hexagonal
phase) as penetration enhancer. Indeed, monodasibden demonstrated to be released from liquid
crystalline phases and to influence the skin petimeaf the incorporated compounds [45].

Another hexagonal liquid crystal system, composeth@noolein, tricaprylin, and water .was used
to enhancer the CysA penetration across the skib.byibster et al.[65]. In particular, this study
show how solubilization CysA and the penetratiohasrters Labrasol and ethanol modified the
physical properties of bulk HIl mesophases of GMe@dprylin/water stabilized by
phosphatidylcholine. Due to the large quantitiesalfibilized CysA and three dermal penetration
enhancers (phosphatidylcholine, ethanol, or Lalfydlse HIl mesophases are promising candidates

for topical release. I. Amar-Yuli et al investigdtéhe solubilization of four bioactive molecules
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with different polarities, in three reverse hexaglofll) systems [66]. The three HIl systems were
typical reverse hexagonal composed of glycerol rotgaie (GMO)/tricaprylin/ water and two fluid
hexagonal systems containing either 2.75 wt % Towatos or ethanol, as a fourth component. The
phase behaviour of the liquid crystalline systemsthe presence of ascorbic acid, ascorbyl
palmitate, De-tocopherol and D+tocopherol acetate were evaluated. The resultthisfwork
suggest that these systems have a potential inatiglogical field and in particular in cosmetic

applications.

5. Lamellar phase

The structural units for the lamellar phase aresingle and double layers. It has to be mentioned
that the bilayer, as a repetitive unit, forms th@mmatrix of the biological membranes that contain
phospholipids as lyotropic compounds and not so@ps. ordered bilayer structure is formed by
amphiphilic molecules disposed in bidimensionainité layers, delimited by water compartements,
having a parallel disposition. The polar headshefmolecules are contacting the aqueous medium,
while the hydrocarbon chains are interdigitatingoider to avoid water. The bilayers are disposed
one under another through the third dimension,opérally alternating with water layers [67].
Because the bilayer ordering is not disturbed lgy ghavitational effect, the repetitive vertical
distance between layers is constant. This phasetia viscous one and the bilayers can slip easily
one on the other. The specific optical characiessif its textures make easier the identificatdén
this phase. The optical axis is parallel to theglamis of the molecules of the layers; the phase ca
be optically uniaxial, positive or negative, depiagdn the temperature values.

New possibilities for the development of controllddug delivery systems are inherent in the
lamellar liquid crystal systems due to their siéptnd special skin similarly structure, in fabese
systems have been proposed as semisolid vehiclégpical administration of drugs [68].

The work realized by D.l. Nesseem is a trial tolgpipeory and practice of liquid crystals

in pharmaceutical topical delivery systems [69].eThcientist formulated and evaluated an
antifungal agent with topical therapeutic activiitypharmaceutically acceptable nonionic surfactant
system to enhance its cutaneous penetration. A Inaldg, itraconazole was chosen as antifungal
agent while the lamellar phase was obtained by tdreary system polyoxyethylene stearyl
ether/silicon oil and water. N.H. Gabboun et alestigated the release of salicylic acid, diclotena
acid, diclofenac diethylamine and diclofenac soditnom lamellar and hexagonal liquid crystalline
phases, across mid-dorsal hairless rat skin inte@as buffer [70]. The mesomorphic vehicles were
composed by the nonionic surfactant polyoxyethyl@8) isohexadecyl ether in water or

hydrochloric acid buffer and the drug. By changihg anisotropic donor medium from lamellar to

179



hexagonal phase, drug flux decreased in case io¥/alacid and diclofenac sodium. In the mean
time, flux increased in case of the diethylaminé sad appeared nearly similar in case of
diclofenac acid. Rates of drug transfer acrosssitie from the anisotropic donors seemed to be
largely controlled by

the entropy contribution to the transport proceBse type and extent of drug-liquid crystal
interactions probably influenced the latter. Theults of this investigation indicate that, transpuir
diclofenac acid (DA) and its salts (diclofenac smdi(DS), diclofenac diethylamine (DDEA))
across the rat skin were more than thirty timesvsiothan salicylic acid (SA). This was attributed
to structural differences between the diclofenampounds and SA in so far molecular weight,
shape and size, as well as polarity, polarizabaityg configuration of the molecules. It is also
concluded that solute—solvent interactions in tiésaropic environment, in contrast to such
interactions in the isotropic medium, caused thease of DA and its salts to proceed at different
rates.

S. Mackeben et al. investigated the effects of lmnmaleate (TM) as a model drug on the
physicochemical properties of a lamellar mesophasss at higher water contents and of a reverse
micellar solution (RMS) consisting of lecithin irsapropyl myristate [71]. They studied, in
particular, the interactions between the TM drud #re surfactant and the structural modifications
introduced by the drug. An indication of the integtrans between TM and lecithin was confirmed by
the formation of a lamellar mesophase with defetten the water content is high enough.

I. Csbka et al. evaluated the influence of vehiddepositions (hydrogel, lamellar liquid crystal and
o/w cream) on topical drug availabilityn vitro drug release andh vivo experiments were
performed in the case of the hydrophilic ketamigdrbchloride and the lipophilic piroxicam [72].
In the case of piroxicam (Fig.5), the liquid crystgstem and the hydrogel showed to be efficient,

while o/w cream exerts only a moderate oedema iitidnib
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Fig. 5. Antiinflammatory effect of different preparations on carrageenan-induced oedema in rat.
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A preliminary study for skin application was devygda by M. Makai et al. They utilized a nonionic
surfactant, the Brij 96V, a short-chain alcohol assurfactant, and, to increase the dissolving
capacity of systems for lipophylic drugs liquid afin was added [73]. The lamellar phase
observed in these preparations was stable, incpdatj the four component lamellar liquid-
crystalline systems, with relatively low surfactamincentrations, are suitable for development of
dermal dosage forms. This system was used by MaMeatkal. to evaluate the connection between
the structure of the samples and drug release ef itlcorporated model drug, ephedrine
hydrochloride, with good water-solubility and teizam, with practically water insolubility [74].
Samples containing ephedrine hydrochloride andxieam in a concentration of 1% (w/w) also
retained their organized lamellar structure.Thegdmiease of ephedrine hydrochloride showed a
first-order kinetic (Fig.6). A fast drug releasesmabserved followed by a slow release in case of
samples containing glycerol 15-20% (w/w). Zero-orddease kinetic was measured in case of
sample with higher glycerol content. The releaséeabxicam corresponded to zero-order release
kinetic (Fig.7).

600

550 v
500 4 v/
450 /

400 V://";,x
350 /’ /74' AIA/ )
“E 3004 / _—
é 250 ‘/‘ v / /l/./o
© 200 / e

* / /‘/' /
150 X;/A/: o
100 — e
* Ol
04 L
0 s 100 150 200 250 300 350 400
Time (min)

Fig.6 Ephedrine hydrochloride release from 5 sampke(adapted with modifications from ref.74)
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Fig.7 Tenoxicam release from 5 samples (adapted wimodifications from ref.74)

The highest amount of released tenoxicam was medduwm sample with the highest diffusion
coefficient. Other glycerol-containing samples skdvslower drug release. This phenomenon was
explained by the authors as follows: the water amhpoesent in the lamellar liquid crystal systems
was sufficient for dissolving the very soluble egfiee hydrocloride. Tenoxicam as a practically
insoluble drug, was completely solubilized in tledested systems. An increase in the interlamellar
distance was detected in the case of both incotgpdnmodel drugs, meaning that the drugs were
partly built between the lamellar space, and paltigated at the given polarity part of the
amphiphilic surfactant molecules. The experimeaported in this study ensured that the developed
lamellar liquid crystalline systems were proper aoly for incorporating of a poorly water soluble
drug, but were adequate for achieving a prolongad telease in case of very water-soluble drug.
An emerging class of natural surfactants, namey@bkyglucosides, were studied in two works of
S. D. Savic et al. [75, 76]. Vehicles based onamteglucoside and cetearyl alcohol, contained oils
of different polarity, showed a complex colloidalarity. The oils utilized in these studies were
Miglyol® 812, a medium chain triglycerides, isopybpnyristate and light liquid paraffin. Three
formulations were studieid vitro andin vivo bioavailability of hydrocortisone (HC), in compayis
with a standard pharmacopoeial vehidke.vivo results suggested that the vehicle with Miglyol®
812 retarded the hydrocortisone permeation, whdesaspolar, isopropyl myristate and non-polar
paraffin enhanced it. It is suggested that the eodiment is achieved either by a direct interaction
with lipid lamellae of the SC or indirectly by impring skin hydration. There were no adverse
effects duringin vivo study, which indicates a good safety profile ofsthealkylpolyglucoside
surfactants. These findings imply an enhanced ésliof hydrocortisone from this vehicle and its
putative penetration enhancing effect, probablyedé€ent on specific distribution of the vehicle’s
inherent water.
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Nonionic surfactant, Synperonic A7 (PEG7-C13-15) vealected for the preparation of the
examined liquid crystalline systems. Mixtures dffetient ratio of Synperonic A7 and water were
produced by E. Farkas et al. that examined diffefiguid crystalline preparations containing
chlorhexidine diacetate and established connedtaiween their structure and the kinetic of drug
release [77]. By increasing the water content efgthistems, lamellar and hexagonal liquid crystal
structures were observed. The chlorhexidine diseatalease from hexagonal liquid crystalline
preparations was characterised by zero-order kietvhile the drug released from lamellar liquid
crystalline systems was described by anomalous - (kckian) transport. The chlorhexidine
diacetate release from the lamellar liquid crystallsystems was more than three times less
compared to the hexagonal mesophases. The readitsated that the drug release kinetic is
strongly dependent on the liquid crystalline stouetand it has a decisive impact bioavailability of
the chlorhexidine diacetate.

In a successive work E. Farkas et al. investigdibedinfluence of three chlorhexidine species,
chlorhexidine base and its salts (diacetate arnldatigate), on the physicochemical

features of liquid crystalline systems and on dmapsport through lipophilic membranes [78].
Mixtures of different ratios of Synperonic A7 andter were prepared. As a result of liquid crystal—
drug interaction, the solubility of chlorhexidinade and its diffusion through lipophilic membranes
increased in comparison with those of the chlorttie® salts. The results obtained in this study
indicated that the location of the chlorhexidinesdas between the Synperonic A7 molecules, and
that diffusion mainly takes place within the coasits of the hydrophobic parts of the lamellar
structure.

The drug—vehicle interaction modified the liquid/stalline structure, thus solubilizing the active
substance and consequently increasing the extediffakion through a lipophilic membrane. A
novel gel was developed for the enhanced transdelaligery of propranolol

hydrochloride (PH) by A. Namdeo et al. [79], whidynthesized the prodrugs, propranolol
palmitate hydrochloride (PPH) and propranolol sttmhydrochloride (PSH) selfassembled to form
gel simply upon mixing alcoholic solution of prodrwith an aqueous solution in a specified ratio.
The gel phase exhibited birefringence under plaleezed light corroborating the presence of
lamellar liquid crystals. These prodrugs might iosgate and fluidize the intercellular lipids and
increase its own permeation through this layerkaf.sProdrugs bearing hydrophilic and lipophilic
portion acquires amphiphilic character, therefaresupposed to permeate better through both the
lipophilic and hydrophilic layers of the skin. Tipalmitate and stearate prodrugs of propranolol
might also be hydrolyzed by non-specific estergeesent in the skin and producing fatty acids,

which are known to act as penetration enhancers. geh formulations also caused less irritation
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than control, while mixed gel showed least irrtgati This novel self-assembled pharmacogel
providing high transdermal permeation with manyiafales to regulate the delivery is therefore
having a great potential in percutaneous delivery.

An interesting study by L. Brinon et al. investigdtthe effects of two non-ionic surfactants,
C12EO4 and C12E023, with liquid crystalline strueti on the cutaneous availability of two
sunscreens [80]. Three liquid crystalline structumgbtained by ternary system water- C12EO23-
C12EO4, were evaluated: lamellar, hexagonal andccdthe diffusion of sunscreens within the
liquid crystals was determined by measuring trartskiaetics into an unloaded surfactant medium
from a similar system loaded with the sunscreete d@iffusion coefficients were higher in the
cubic systems for benzophenone-4 (a hydrosolublescsaen) and in lamellar systems for
octylmethoxycinnamate (a liposoluble sunscreen)tt@odiffusion in this surfactant system was
strongly dependent on the structure of the liquigbtal and on the physicochemical properties of
the solute. The liquid crystalline vehicles modifithe transcutaneous fluxes of benzophenone-4 but
did not change those of octyl methoxycinnamate. Stiete diffusion within the vehicle was not the
rate-determining step for transcutaneous permeation either sunscreen. The diffusion of
benzophenone-4 across the stratum corneum andftbatyl methoxycinnamate across the dermis
could be the rate determining steps for their tateneous permeation. These two steps could be
affected

differently by nonionic surfactant vehicles.
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Abstract

In this study we report the results of our inveatiigns on the percutaneous permeation profiles of
Diclofenac sodium, Paracetamol, Propanolol hydmritde ando-Tocopherol from the different
lyotropic liquid crystalline phases obtained byrmhic P105/water mixtures, in order to understand
if the particular assembly shown in the formulasi@ould influence the delivery across the skin.
Recent studies have focused on the Pluronic ligydtalline phases to evaluate the potential use of
these phases in drug delivery, but no comparativestigation has been yet performed on the drug
permeation from the different liquid crystallinegses obtained by the same Pluronic surfactant.
The cubic, hexagonal and lamellar mesophases (lgatlie above mentioned drug), were
characterized by Deuterium Nuclear Magnetic Resomaspectroscopy and Polarized Optical
Microscopy observations. Results revealed thatlithed crystalline gel-gemicroscopic structure
obtained in the different formulations drasticadlffects the drug percutaneous availability. As a

consequence these systems could to be proposedeldnansdermal drug delivery systems.

1. Introduction

Transdermal drug delivery is a viable administmatimute for potent, low-molecular weight,
therapeutic agents which cannot withstand the leogtistrointestinal tract environment and/or are
subject to considerable first-pass metabolism by liker. Topical drug delivery, for either
dermatological or transdermal therapy, stronglyetels on the skin nature. The skin is a very
heterogeneous membrane, but the layer that corghslsrption is the outermost layer, the stratum
corneum (SC). SC is a multilayered wall-like sturetin which corneocytes are embedded in a
matrix of lipids, and provides a very effective tar towards the drug penetration. These barrier
properties hinder the transdermal drug delivery.

However, the success of a transdermal drug delissestem depends on the drug ability to permeate

the skin in a sufficient amount to maintain itsrdpeutic levels. An ideal drug candidate would
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have sufficient lipophilicity to partition into th8C, but also sufficient hydrophilicity to enablest
second partitioning step into the viable epideramd, eventually, the systemic circulation.

In altering the lipid structural organization, ooceuld increase the stratum corneum permeability
and aid the drug transdermal delivery avoiding -gffects and allowing a better control than other
conventional delivery methods, such as oral, irgn@us or intramuscular administration [1].
Several physical and chemical methods have beertezbin the literature to temporary enhance
the membrane permeability, such as incorporatiorperietration enhancers (e. g. fatty acids),
temperature increase, ionophoresis, vesicle incatjpm, prodrug formation, etc. [2, 3]. It is not
clear how a penetration enhancer acts to incre@spesmeability; some scientists have invoked
either a phase separation [4, 5] or an increaskeoflisordering in the stacking of lipid lamelld&e [
7.

LLC are excellent examples of self-assembling naatenals. These lyotropic mesophases are
usually formed from water and one or more surfastan very definite proportions. Their phase
sequence (cubic, hexagonal, lamellar) depends tintbe different components concentration and
the temperature. In the most well known cubic phdke arrangement of molecular aggregates is
similar to that shown by micelles. The cubic phamesextremely viscous, optically isotropic, and
consequently they are often called viscous isotr@biase. In the hexagonal phase the surfactant
molecules are aggregated in cylindrical structwkéndefinite length disposed on a hexagonal
lattice, giving rise to a long-range orientatiomatler. Hexagonal phases are birefringent when
viewed between crossed polarized and show chaistatesptical textures at the polarizing optical
microscope. Due to their high viscosity the smail laubbles trapped within the hexagonal
preparations show highly distorted shapes. Thetstral unit for the lamellar phase are the simple
and double layers. The bilayer structure is formmg surfactant molecules disposed in
bidimensional stacking of infinite layers, delindtby water. The polar heads of the molecules are
in contact with the aqueous medium, while the hgdrbon chains are interdigitating in order to
avoid water. The bilayers are disposed one undathanthrough the third dimension, periodically
alternating with water layers [8].

This phase is rather fluid and the bilayers cgm atisily one on the other. The presence of specific
optical textures make easy the identification ef lmellar phase.

The lyotropic liquid crystals (LLC) exhibit good petration, due to the very low interfacial surface
tension arising at the oil/water interface [9], ahdy may facilitate the progressive diffusion of
biologically active substances into the skin aral shistemic circulation [10,11]. They can increase

the drugs solubility of drugs, which are eitheriluble or slightly soluble in water [12].
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During the past decade, there has been great shterethese LLC as delivery systems -in- the
cosmetic and chemical industries and in the fiélglarmacy [13, 14]. The reasons for this interest
include the extensive similarity of these colloystems to those occurring in living organisms [15]
and their advantageous properties over those ditibaal semisolid dermal dosage forms [16]. In
addition, their production results therefore refely simple and energy-saving [17].

Poloxamer block copolymers are amphiphilic triblaadpolymers consisting of a relatively long
hydrophobic poly(propylene oxide) (PPO) middle l@nd two hydrophilic poly(ethylene oxide)
(PEO) end blocks, and are commercially available@sxamers or Pluronics. In the presence of a
either solvent selective for the hydrophilic PE@dHks, such as water, or a solvent selective for the
hydrophobic PPO block, such as xylene (“oil”), PE@O-PEOQO block copolymers self-organize into
a variety of LLC “gel” phases with lamellar, hexagd, or cubic structure. A notable feature that
distinguishes the self-assembling behaviour of RE®-PPO-PEO block copolymers from that of
the low-molecular-weight surfactants is their abhilio form a great variety of both normal and
reverse liquid crystalline microstructures, as desti@ted in recent reports [18, 19]. Several works
evaluated the Pluronic lyotropic phases influenoepercutaneous absorption, but no comparative
investigation has been yet performed, to our kndgée on the drug permeation from the different
liquid crystalline phases obtained by the samedpiarsurfactant.

The aim of this paper is to evaluate the percutasgermeation profile of various drugs from the
different liquid crystalline phases of Pluronic Bh@ater mixtures, in order to understand if the
particular assembly shown in the formulations cogide rise to a different, or even enhanced,
transdermal delivery of drugs. In particular, thaded drugs were Diclofenac sodium, Paracetamol,
Propanolol hydrochloride and-Tocopherol, which were chosen for their anionion4ionic,
cationic and lipophilic chemical structures, respety. The obtained cubic, hexagonal and
lamellar mesophases, loading the above mentionggsdwere characterized by Deuterium Nuclear
Magnetic Resonance spectroscopi-NMR) and Polarized Optical Microscopy observasion

(POM) to evaluate the occurred structural modifaa.

2. Materials and methods

2.1 Materials

Pluronic P105, poly(ethylene oxide)-block-poly(pytgne oxide)-block-poly(ethylene oxide)
copolymer, was provide from BASF (Mount Olive, NJSA). Deionized water with 5 wt %.

deuterium oxide (Aldrich, Milan) was used in ordemperform?H-NMR measurements. Diclofenac
sodium, Paracetamol, Propanolol hydrochloride, antbcopherol were supplied by Sigma. The

drug content in the permeation studies was analipgedV-VIS JASCO V-530 spectrometer using
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1 cm quartz cells at the wavelength of 264, 288 a6d 292 nm for Paracetamol, Propanolol

hydrochloride, Diclofenac sodium andTocopherol, respectively.

2.2. Preparation of Pluronic LLC gels

LLC gel samples were prepared using a fixed drugeeage and varying the ratio between
Pluronic and water, in order to obtain the differ€105 liquid crystalline phases. Briefly, the
preparation is as follows: 0.4 g of hydrophilic grwas dissolved in the appropriate amount of
water and mixed with the block copolymer until artemeneous mixture was obtained. Tdre
Tocopherol samples were prepared by direct mixihgllocomponents. Before use, samples were
centrifuged several times and, stored at room teatpe, or at 4°C, to favour their homogenization
since some of these samples exhibit negative thientogical behaviour-(ee. they are liquid at
low T values, but LLC at body temperature) [20]eTdamples were analyzed only after one week.

Details on the samplgweparation are reported in Table 1.

Phases P105 H,0O Drug
wt% | wt% | wt%
Cubic phase 35 61 4
Hexagonal phase 55 41 4
Lamellar phase 80 16 4

Table 1. Liquid crystalline phases composition (wt%

2.3 Methods

2.3.1°H-NMR theory and experiments

Phases and phase transitions in lyotropic liquigtals can be identified FY4-NMR and POM. In
the case of aggregates dispersed in deuterium o%i#&MR spectroscopy can be used to
investigate both the local order of molecules arel dtructure of the aggregatéd-NMR spectra

are dominated by the quadrupole interaction, wiigks the following spectral frequencies:
= v, (3c08 -1+ ysin? dcos2y)
v, = ing 3cos 0-1+7sin® dcos2¢p Eq.1

where Ry is the partially averaged quadrupole coupling tamts g and f are the polar and azimuthal
angles defining the direction of the external maignéeld in the aggregate frame and h is the
asymmetry parameter. Figure 1 shows some charstit€tii-NMR lineshapes. In a powder-like

spectrum of the lamellar phase (h = 0) the lineshagre characterized by two shoulders and two

edge singularities separated Ir?/vQ and ZVQ, respectively. The singularities correspond to the
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contribution from the nuclei with the principal axirame oriented at an angle g = 90°, while the
orientations with q = 0° contribute to the intepsit the shoulders (Figure 1a). Hexagonal phases
present similar lineshapes but with narrower (abang half) separation between shoulders and
edges (Figure 1b). When an isotropic sample, ai phase, is investigated, a singlet is observed
(Figure 1c). If a system forms a mixture of phaséth an exchange time slow on the NMR
timescale between the different phases, a supesitimo of the signals originating from these
phases will appear in NMR spectrum. In the casasifexchange NMR lineshapes will be affected

by additional motional averaging.

Fig.12H-NMR spectra of cubic, hexagonal and lamellar mesghases.

In our study’H-NMR experiments were performed at a resonanaguéecy of 46.53 MHz on a
Bruker AVANCE 300 pulsed superconducting spectremetorking in Fourier Transform mode.
The sample temperature was controlled during NMRsueements by passing air at the desired
temperature (35 £ 1° C) through the sample holder.

A quadrupole echo sequence with a p/2 pulse wifltA.® ms was used for acquirirfgl-NMR
spectra. The delay between the two p/2 pulses Waastand repetition was 1 s. To allow samples

to reach thermal equilibrium, spectra were reco@@din after each temperature setting.

2.3.2 Optical microscopy observations

Phase characterization of the samples was alsorpesfl with a Leica 12 Pol optical polarizing
microscope. In fact, POM is suitable for the idfcdition of lyotropic liquid crystals (except cubic
phases) by comparing the typical textures of digctid crystalline mesophase with those reported

in liquid crystal texture handbook [21].

2.3.3Percutaneous permeation studies

In vitro percutaneous permeation studies were performed wsitical diffusion Franz cells with an

effective diffusion area of 0.416 émThe experiments were carried out using rabbit siam,

obtained from a local slaughterhouse. The skin ftbenouter surface of a freshly excised rabbit

ears (6 months old) was carefully dissected (makung that the subcutaneous fat was maximally
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removed), stored a -18° C, and pre-equilibrateghiysiological solution at room temperature for 2
h before the experiments.A circular piece of this svas securely sandwiched between the receptor
and donor compartments: epidermal side of the skis exposed to ambient conditions while
dermal side was kept facing to receptor solutidre @onor compartment was charged with 0.6 g of
drug-loaded LLC gel and covered with Parafithio prevent water loss. The receptor compartment
was filled with 5.5 mL of distilled water which wamsaintained at 37 +.8°C and stirred by a
magnetic bar. The permeation experiments oefocopherol, used as lipophilic drug, were
performed by inserting in the acceptor compartnemater-ethanol solution (80:20), to promote
the drug solubility. At regular intervals and up4® h aliquots of 2.0 mL of receptor solution were
withdrawn and the receptor compartment was refillith the receptor solution to keep constant the
receptor compartment volume during the experim@&hie content of drug in the samples was
analyzed by UV-Vis spectrometry. The permeation tbé free drugs solutions were also

investigated in the same way. The experimentalgatoe was repeated three times.

2.3.4. Statistical analysis of data
Data analysis was carried out with the software&pge Microsoft Excel version 2007. Results were

expressed as a mean * standard deviation.

3. Results and discussion

Block copolymers as poly(oxyethylene)-poly(oxyprigme)-poly(oxyethylene), [(EQ)PO)(EO),]
(Pluronics or Poloxamers), are found to form lypteoliquid crystalline phases (cubic, hexagonal
and lamellar) at high concentrations [22, 23]. Bhrictural polymorphism afforded by the PEO-
PPO-PEO polymers has only recently been recognitggending on the polymer chemical
composition: cubic, hexagonal, and/or lamellar Lbliases can be formed with increasing polymer
content in a mixture with water (or oil) [24].

P105, i.e. (EQ)(PO)Xs(EO), as reported by reference [25]capable of self-assembling in water
with increasing polymer concentration into micellembic, hexagonal, and lamellar LLC phases. A
stable cubic, hexagonal and lamellar mesophasegeaerally obtained at 20°C when the polymer
concentration ranges around 26-44 wt%, 47-66 wiglo%8-87 wt %, respectively.

The influence of cosolutes as well as cosolventstten self-assembly of amphiphilic block
copolymers has been studied for some PEO-PPO-PBEK idopolymers and- gronounced
structural modifications were found [26, 27]. Inrtpaular, it has been demonstrated that the

incorporation of-adrugs as a third component could inducgtractural modifications and enhance
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the in vitro penetration of the therapeutic agents in the gkiobably due to the action of liquid
crystalline phases as penetration enhancers [28, 29

In the present study, drugs with anionic, non-ipeationic and lipophilic chemical structures and
different properties such as Diclofenac sodium,aPatamol, Propanolol hydrochloride, and
Tocopherol, respectively, were incorporated intoO%1liquid crystalline phases and the

percutaneous permeation profiles across the skia performed.

Diclofenac sodium percutaneous permeation profile

Diclofenac sodium is an anionic, non-steroidalj-arftammatory drug. Its daily oral administration
is accompanied, however, by its known adverse &ffinat include gastrointestinal toxicity, gastric
ulcers, and anaphylaxis [30]. For the sake of glartharged drug molecules are, in general,
unsuitable for transdermal drug delivery. Howewelot of effort is devoted to find new methods to
promote the transdermal delivery of anionic spef3és33].

The H-NMR spectra and POM textures analysis shows Bialofenac incorporation partially
changes the P105 lamellar and hexagonal mesoplmgamt the cubic one (Figure 2A). In fact, at
55 wit% of Pluronic,’H-NMR spectra indicate the presence of an isotramimponent and a
hexagonal phase lineshape (Figure 2B); a similanbieur is observed at 80 wt % of polymer. In
both cases the original microstructure (hexagondllamellar) shows an additional isotropic peak

due, probably to the a coexistence of a cubic ph&sgure 2C).

Fig.2 2H-NMR spectra and POM images of mesophases contaigj Diclofenac sodium with different
P105 concentrations: A, 35 wt %, B, 55 wt %, C, wib.

The Diclofenac sodium permeation profile is repdiite Figure 3 and the amount of drug present in

the donor compartment was 56 mgfcithe cumulative permeated drug amount within 4820%

for cubic, 35% for hexagonal/cubic and 26% for lHam&cubic phase, respectively. Results suggest
that the hexagonal/cubic phase is the optimaltferDiclofenac permeation. Probably, the presence
of hexagonal phase allows weaker interactidiedween Diclofenac and the Pluronic chains,

increasing the drug diffusion rate and, conseqyetite permeation.
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Fig.3 Permeated Diclofenac sodium cumulative amouritom P105 liquid crystalline phases as a functioof time: (®)
80 wt %, (A) 55 wt % and (m) 35 wt % of P105, respectively.

Figure 3 shows that the mesophases diffences beralmant after 8 hours and the P105 acts as a
percutaneous permeation enhancer in all formulatidn fact, all cumulative permeated drug

amounts were always higher than that from thedreg solution (data not shown).

Paracetamol percutaneous permeation profile

Paracetamol is analgesic and antipyretic agentlyigied as medicatierfer infants and children.
The currently available formulations have been glesil for oral and rectal administration [34],
following which absorption is fast, predominanthpri the small intestine. These formulations are
not practical in young patients with vomiting anidrchoea, or in those who refuse to take the full
dose and alternative administration route wouldabsignificant contribution to the paediatric
therapy.

After 48 hours, the Paracetamol permeated amoom the different LLC gels was found to be
24%, 37% and 22% of the initial loaded drug frombicu hexagonal and lamellar phases,
respectively (Figure 4).

0 10 20 30 a0 50 60
time (h)

Fig.4 Permeated Paracetamol cumulative amount frorR105 liquid crystalline phases as a function of tiet (®) 80 wt
%, (A) 55 wt % and (@) 35 wt % of P105, respectively.

The recordedH-NMR spectra show significant structural modifioas in the mesophases, as
above reported for Diclofenac sodium. In particuéaecept for the sample with lower wt% of P105
content which remains in the cubic phase, both %&%and to 80% wt samples give rise to a
mesophases coexistence: hexagonal/cubic and lafeb&, as confirmed by the presence of

anisotropic and isotropic regions detected usings®d polarizers. The hexagonal/cubic mesophase
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shows a greater capacity to enhance the drug p&omeand skin permeation profiles were

significantly higher in all formulations than inelree drug solution.

Propanolol percutaneous permeation profile

Propanolol is one of the most widely prescribedad#ockers in the long-term treatment of
hypertension and is usually taken by os. Availahlstained release dosages of oral Propanelol is
are not as effective as the equivalent amountingfesdosages because slower oral absorption leads
to greater hepatic metabolism. The transdermal ddministration effectively bypasses the first
pass metabolism and, provides a sustained deli@&iy

The Propanolol, used as a model cationic drug, shewlifferent permeation profilagspect to
Diclofenac or Paracetamol loaded carriers (FigQre 5

mg/enf

Fig.5 Permeated Propanolol hydrochloride cumulativeamount of from P105 liquid crystalline phases as function of
time: (®) 80 wt %, (A) 55 wt % and (@) 35 wt % of P105, respectively.

As previously reported the total loaded drug amauas 56 mg/cand the Propanolol permeation
was very pronounced, especially for the hexagoubiécand lamellar/cubic phases, that show a
similar permeation trends with a cumulative drugnpeation of 78% and 80% respectively. The
cubic phase permeated 59% of Propanolol within @@ This is probably due to the synergistic
action between Pluronic surfactant liquid crystalphases, used as vehicle, and the positive charge
of the drug that interacts with the cell membraegaiive potential of the stratum corneum. THe

NMR spectra analysis (Figure 6) and POM observatguggest that the lamellar phase, in this case,
is lesscontaminatedy the cubic one. In other words, the cubic pterseunt found in Propanolol
lamellar/cubic sample is less than that found ircldenac and Paracetamol LLC gels. The
permeation data show that in the case of Proparmlolore pure lamellar phase increases the drug

absorbtion.
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Fig.6 °H-NMR spectra of mesophases containing Propanololydrochloride at 80 wt% of P105.

a-Tocopherol percutaneous permeation profile

a -Tocopherol is the most important lipid-solubldiaxidant and it protects cell membranes from
oxidation by reacting with lipid radicals producedthe lipid peroxidation chain reaction. It is
claimed to reduce erythema, photoaging, photocagenesis, edema, and skin hypersensitivity
associated with exposure to UV-B radiation [36].

Unlike other systems, the introduction of a lipdighidrug changes the phase diagram of the
P105/water binary system in the cubic range comatoh, as evidenced by POM observations and
’H-NMR spectra. In particular, when the P105 conegiun is about 35 wt%, the cubic phase
disappears (Figure 7A), the system becomes anjsotamd’H-NMR spectra indicate the presence
of a hexagonal phase similar to that of the samjitle 55 wt% P105 (Figure 7B). The sample with

higher content of polymer (80%) gives a pure laarathesophase (Figure 7C).

Ju Ju \\

Fig.7 °H-NMR spectra and POM imagesof mesophases contaimjm-Tocopherol with different P105 concentrations:
A, 35 wt %, B, 55 wt %, C, 80 wt %.

As reported in Figure 8 the permeated drug amawreases as a function of Pluronic content. In

fact, the highesti-Tocopherol permeated amount was found for the llamenesophase, due
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probably to the structural analogy between lamgilaase, stratum corneum and lipophilic drug.
The 55 wt% P105 LLC gel permeated the 42% of loadted within 48 h, while 35 wt% of P105
(hexagonal phase) permeated only 32%, even it énmgation profile was similar. In this case

aqueous solution af-Tocopherol could not be used as control, duestpadior water-solubility.

30 40 50 60
time (h)

Fig.8 Permeatedu-Tocopherol cumulative amounts-effrom P105 liquid crystalline phases as a functioof time: (®)
80 wt %, (A) 55 wt % and (@) 35 wt % of P105, respectively.

4. Conclusions

The percutaneous permeation of Diclofenac sodiuamadetamol, Propanolol hydrochloride anrd
Tocopherol, used as model drugs, was modulatechdyliquid crystalline phases obtained from
Pluronic P105. In the formulations containing hyshitic drugs (Diclofenac sodium, Paracetamol,
Propanolol hydrochloride) there was a remarkablbaeoement of permeation: pure cubic
mesophase showed the lowest permeation than biplsgsiems, such as cubic/lamellar and
cubic/hexagonal. The introduction efTocopherol, as lipophilic drug, in the lyotropigstem
P105/water changed the phase diagram: the disappeanf cubic phase occurred and a pure
hexagonal phase was observed. Moreover the lamelase showed the highest percutaneous
permeation capacity. This behaviour can be ateithuto the drug different physico-chemical
properties; moreover it is possible that liquid stajline phases modify the drug partition in the
carrier—stratum corneum and/or the stratum cornguoperties.

As a consequence, all formulations can be congideptéimal percutaneous permeation enhancers.
In addition, the use of cationic drugs further emteathe permeation due, probably, to the onset of
most favourable interactions between cationic mdex and stratum corneous. In particular
experiments show that the Propanolol hydrochlondieoduction in the P105/water systems gives
the most favourable results, with a 70 % and 80%esmeated drug from the hexagonal/cubic and

lamellar/cubic phases, respectively.
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Scientific collaboration with
EUROCHEMICALS s.p.a.

This section reviews my research project perforah@dng my PhD course in collaboration with a
chemical company (EUROCHEMICALS S.p.A)) on the depenent of niosomal formulations
carrying bioactive molecules for cosmetic formwdas.

Since the new formulations could be patented andketed, it is not possible to reveal the
composition of the new vesicular systems or theapsclated bioactive substances, or the

composition of the emulsion used as a vehicle.
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The optimal properties of niosomes can be utiliatsh in the delivery of bioactive molecules in
cosmetics, since they present a convenient metlodsdlubilizing active substances in the
hydrocarbon core of the bilayer. They will alwagsni lamellar liquid crystalline structures on the
skin and, therefore, they do not disrupt the stmgcbf the stratum corneum, (unless the surfactant
molecules used for making the vesicles are therasedkin irritants.)

Niosomes as a carrier itself offers advantagesusecamphiphilic molecules are well hydrated and
can reduce the dryness of the skin which is a psirnause for its ageing. Also, niosomes can act as
a supply which acts to replenish lipids and, imaotty, linolenic acid.

In general the rules for topical drug applicatiamsl delivery of other compounds are less stringent

than the ones for parenteral administration anérsé\undred cosmetic products are commercially

available since Niosomes (L'Oreal) were introduoed987.

These niosomes can be more stable than their hanabbgues (liposomes), can be easily produced
in large quantities and are very inexpensive amddhcan be great advantages for the industrial
production.

In this light we design in collaboration with théemical company new niosomal vesicles for

topical cosmetic applications.

My research project was divided in two parts:

e During the first 18 months | evaluate the posdipito use new commercial surfactants
(named X and Y) to produce niosomes, without anymbrane additives, such as
cholesterol, by using different bilayer composition
As above mentioned for the preparation of drug4mhdiosomes, the obtained vesicles
were characterized in terms on dimensional and hwogical properties, with particular
attention to the relationship between bilayer cositmn and physical-chemical properties.
These properties were optimized and the optimalpmmition was identified.

Bioactive molecules with hydrophilic, amphiphiliaa lipophilic characteristic were encapsulated

in all formulation and the entrapment efficiencyswevaluated for each sample.
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The stability of the systems and the degradatiothefactive molecules loaded in the niosomes
were monitored for 6 months.

The possibility to use these new carrier for thguested topical applications was evaluated by
performing percutaneous permeation studies. Theskes were carried out by using the static
Franz cells equipped with rabbit ear skin.

° During the last 18 months | focused my attentiontlos preparation of a new emulsion
O/A as cosmetic vehicle for the above obtained arizss. The composition of the emulsion was
studied by varying the amount of surfactant, waded oil content. In addition the optimal
antioxidant, antibatteric and parfum content waal@ated. The properties of the new emulsion

were optimized.

After mixing the appropriate volume of loaded nio&d suspension in the vehicle, the percutaneous
permeation studies of active molecules formulateithé new emulsion O/A were estimated.
In conclusion stability test of niosomes and niosefamulsion at 25°C and 40°C and active

molecules degradation test were performed.

The results of this study showed that both the wewmercial surfactants were able to form
niosomes also in absence of membrane additiveselesicles could be successfully used

1. to entrap both lipophilic and hydrophilic drug,

2. to protect the bioactive molecules from degradation

3. to promote the percutaneous permeation acrosskiheéboth as solution and in formulation

(emulsion).

For these reasons the new obtained carriers hpoeeatial in cosmetic fields as requested.
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