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PREFACE

Polymers are an important part in everyday lifeeytlare the basis not
only for numerous natural materials, but also farsmof the synthetic
plastics that everyone encounters in their livesly®ers consist of
extremely large, chain-like molecules that are,tumn, made up of
numerous smaller, repeating units called monomers.

Polymeric materials can be divided in two main g/psynthetic and
natural polymers.

Natural polymers include proteins (silk, collag&eratin), carbohydrates
(cellulose, starch, glycogen), DNA, RNA, rubber dhycarbon base) and
silicones (alternating silicon and oxygen), as veslsynthetic polymers
include nylon, synthetic rubber, polyester, tefland so forth.

One of the reasons for the great popularity exéiblly polymers is their
ease of processing. Polymer properties can berddildo meet specific
needs by varying the “atomic composition” of thpeat structure and by
varying molecular weight. The flexibility can albe varied through the
presence of side chain branching and accordinghéoléngths and the
polarities on the side chains. The degree of citysts can be controlled
through the amount of orientation imparted to padymers during
processing, through copolymerization, by blendiwgh other polymers,
and via the incorporation (via covalent and nowmatent interactions) of
an enormous range of compounds.

Below the main applications of polymeric materials reported:
-Biological and Medical Materials

Polymeric materials have been used for many decaddsomedical
applications such as drug delivery, implants, ccnianses, vascular
grafts, dental materials, and select artificial amrgy Their useful and
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tunable mechanical properties have offered brodidyut the structural
support or replacement of tissues or in controtegention and release of
drugs. The development of polymers as bioactive pharutics has
only more recently been exploited.ong thought to be too heterogeneous
with respect to molecular weight (polydispersitgpmposition, and
structure to be useful therapeutically, polymems mow known to offer
many specific advantages critical to treating hundisease and have
recently entered into medical practice. Indeed gidndy studies of Duncan
et al. in the late 1970s resulted in the first pudy-drug conjugates to be
used as medical treatmént

The immunogenic responses and side effects of mamnys, especially
protein drugs, are exacerbated by their hydroplitybitherefore, drug
toxicity can be reduced by increasing the drug lsbty by conjugation
of a hydrophilic polymer scaffold to the drug in egtiorf. With
conjugation to a polymer, drugs can also be preteétom degradation,
resulting in improved efficacy due to increasedgdeirculation times. In
addition to the environmental protection affordey polymers, the
tunable and responsive properties of many polynmsradfolds have also
permitted improved routes for targeted drug delivefrhe controlled
release of drugs from polymer-drug conjugates, hyiations in pH,
temperature, enzyme concentration, or attachmenargieting ligands,

can increase drug efficacy by increasing local dragcentration at the

! C. Fischbach, D.J. Mooney, Biomaterials 28 (200199.

2 K.L. Kiick, Science 317 (2007) 1182-1183.

®R. Duncan, Nat. Rev. Cancer 6 (2006) 688-701.

4K.J. Watson, D.R. Anderson, S.T. Nguyen, Macromualkes 34 (2001) 3507-3509.
2
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desired site of therapeutic néeth a different therapeutic approach, toxic
small molecules can be eliminated selectively fribra body via their
sequestration in polymeric scaffolds

- Packaging Materials and Coatings

In the last decades, the use of polymers in fo@é,an particular as
packaging materials, has increased enormously,taldkeir advantages
over other traditional materials such as glasipidte.

A great advantage of polymers is the large var@tymaterials and
compositions available, which make it possible wo@ the most
convenient packaging design to the very specifiedseof each product.
Relevant characteristics of polymers are, for edamtheir low cost,
lightness, thermosealability (which allows packagjesure), ease of
printing, and microwaveability. They can also benfoomed into an
unlimited variety of sizes and shapes, and conkgertan easily modify
them. The optical properties (brightness and trarepy) can also be
adapted to the specific requirements of the prodiitt property allows
the consumer to see the packaged product, provitimith a nice appeal.
-Agricultural Fields

In agricultural field, polymers are also widely dder many applications.
Although they were used, in the first time, jus structural materials for
creating a climate beneficial to plant growth @nihpolymers), in the last
decades functionalized polymers revolutionizedaggcultural and food
industry with new tools for the molecular treatmeftdiseases, rapid

disease detection, enhancing the ability of plamtabsorb nutrients etc..

® A\W. York, S.E. Kirkland, C.L. McCormick, Adv. Dg Delivery Rev. 60 (2008)
1018-1036.
® P.K. Dhal, S.R. Holmes-Farley, C.C. Huval, T.Hzéfiek, Adv. Polym. Sci. 192
(2006) 9-15.
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Smart polymeric materials and smart delivery systehelped the
agricultural industry against viruses and otherpcmathogens, while
functionalized polymers were used to increase thig@ency of pesticides
and herbicides, allowing to indirectly protect #evironment through the
use of filters or catalysts that reduce pollutiamd eclean-up existing
pollutants.

-Cosmetic Field

Polymers represent the second largest class oédiggrts in cosmetics
and personal care products. A diverse range ofnpely are applied in
this segment as film formers, fixatives, rheologgdifiers, associative
thickeners, emulsifiers, stimuli-responsive agerdsnditioners, foam
stabilizers and destabilizers, skin-feel benefici@gents, and
antimicrobials.

Many cosmetic products are based on emulsions H sinoplets of oll

dispersed in water or small droplets of water dispe in oil. Since oll
and water don't mix, emulsifiers are added to pcedine small droplets
and to prevent the oil and water phases from saépgr&mulsifiers work
by changing the surface tension between the watdrthe oil, thus
producing a homogeneous product with an even textur

Preservatives are added to cosmetics to prevent gioavth of

microorganisms (eg, bacteria and fungi), which spail the product and
possibly harm the user. Preservatives used in dasnean include
parabens, benzyl alcohol and tetrasodium EDTA (etlediaminetetra-

acetic acid).

" F.Puoci, F.lemma, U.G. Spizzirri, G. Cirillo, M.@ip, N.Picci American Journal of
Agricultural and Biological Sciences 3 (2008) 29943

4
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Thickening agents such as polymers are often addecbsmetics to

change their consistency. Polymers can be syntliegc polyethylene

glycol) or derived from natural sources (eg, potgbearides). Seaweeds
are a common source of natural polysaccharides rrageenans are
extracted from red algae and alginates from brolgaea Cosmetics that
are too thick can be diluted with solvents suclvater or alcohol.

This PhD thesis is an exploration of the polymaence with particular
attention to bridge the gap between organic syighasd polymer
chemistry.

In Particular the design and synthesis, by dffiertechniques, of
polymeric materials with potential applicationshiomedical, analytical
and food areas were performed.

For this purpose, the present work was divided tihtee main sections:

I.  Synthesis of Molecularly Imprinted Polymers (MIPj)datheir
application as sorbents in Solid Phase Extract®PH), selective

traps of drugs and Drug Delivery Systems (DDS);

II.  Synthesis of Thermo-Responsive Hydrogels by Reverhsse

Suspension Polymerization and Molecular Imprinflieghnique;

lll.  Synthesis of Polymeric Antioxidants by Free-RadiGiafting

Procedure.






SECTION |
Design and Synthesis of Molecularly Imprinted Polyns for

Pharmaceutical and Analytical Applications

1.1 Molecularly Imprinted Polymers: Developments in Mimicking
Dynamic Natural Recognition Systems

Generations of scientists have been intrigued kybinding phenomena
involved in interactions that occur between natunalecular species and
over the years, numerous approaches have beentosedmic these
interactions. Complex formation between a host molecule andgtrest
involves recognition, which is the additive resofita number of binding

forces (Figure 1).

Figure 1. Example of molecular recognition within nature \sirg the

mass of noncovalent interactions () involved.

LAl Hillberg, M. Tabrizian, ITBM-RBM 29 (2008) 8204.
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Within biological systems, these are usually dyni and are the result of
a mass of non-covalemtteractions, whic act collectively to form a very
stable systemPrimarily, molecular imprintincaims to create artificial
recognition cavities within synthetic polymers.idta relativel' simple
concept, which involveghe construction of sit of specific recognition,
commonly within synthetipolymers The template of choice is entrapped
within a pre-polymerizatiomomplex, consisting cfunctional monomers
with good functionality, which chemically interact ith the template.
Polymerizationin the presence of crosslinker serves to freezee
template-monomer interactiormd subsequent removal of template
results in the formation of a molecularly imprir polymer matrix
(Figure 2).

e
Cross-linking N
. k/k / agent »
~ »
y _—> - 9 _——>
- o Functional - v /\/ v
Template monomer ] A\ \

Pre-polymerization
complex

N Template
extraction

Figure 2. Schematicepresentation of molecular imprinti
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Enormous interest has also been shown in imprimaterials as they
mime biological receptors for the screening of nswmbstances with
potential pharmacological activity or to speciflgaldetect drugs in
biological fluids in screening assays for drugsiofisé>. Such specificity
Is comparable with monoclonal antibodies used inmimoassay
technique$ Molecular imprinting is a well-developed tool ithe
analytical field, mainly for separating and quayitify very different
substances, including drugs and bio-active molecutentained in
relatively complex matric8s Moreover, the information generated about
polymer synthesis procedures and the propertiednedtfor optimum
performance in separation-based technol6gieay be a good starting

point to create imprinted DDS.

1.2 Synthesis of MIP

MIPs can be synthesized following three differentnprinting
approachés as follows:

1. The non-covalent procedure is the most widelgdubecause it is
relatively simple experimentally and the complessatistep during the
synthesis is achieved by mixing the template witih @ppropriate

functional monomer, or monomers, in a suitable gero(solvenf) After

2 C. Alvarez-Lorenzo, A. Concheiro, Journal of Chedagraphy B, 804 (2004) 231-245.
® 0. Ramstrom, R. Ansell, Chirality 10 (1998) 195920
“ K. Mosbach, O. Ramstrém, Biotechnol. 14 (1996)-188.
® P.K. Owens, L. Karlsson, E.S.M. Lutz, L.I. AndemssTrends Anal. Chem. 18 (1999)
146-155.
® G. Wulff, Angew. Chem., Int. Ed. Engl. 34 (199812-1832.
"E. Caro, N. Masqué, R.M. Marcé, F. Borrull, P.AGrmack, D.C. Sherrington, J.
Chromatogr. A 963 (2002) 169-178.
8 V.P. Joshi, S.K. Karode, M.G. Kulkarni, R.A. Malitag, Chem. Eng. Sci. 53 (1998)
2271-2284.
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synthesis, the template is removed from the resufialymer simply by
washing it with a solvent or a mixture of solvenitien, the rebinding
step of the template by the MIP exploits non-cowvaieteractions.

2. All these features offer several advantages thesicovalent protocol,
in which formation of covalent bonds between thmpgkte and the
functional monomer is necessary prior to polymeiara Furthermore, to
remove the template from the polymer matrix aftgntlsesis via the
covalent protocol, it is necessary to cleave thealemt bonds. To this
end, the polymer is then refluxed in a Soxhletawtton or treated with
reagents in solutioh

3. The semi-covalent approach is a hybrid of the previous methods.
Thus, covalent bonds are established between tmpldaee and the
functional monomers before polymerization, whilece the template has
been removed from the polymer matrix, the subsegueehinding of the
analyte to the MIP exploits non-covalent interacsioas the non-covalent
imprinting protocol.

The binding sites obtained by molecular imprintisgow different
characteristics, depending on the interactions bbksked during
polymerization. The average affinity of binding esiprepared using
bonding by non-covalent forces is generally wedkan those prepared
using covalent methods because electrostatic, ggdrbondingr-n and
hydrophobic interactions, between the template &mel functional
monomers, are used exclusively in forming the mdicassembli€$
Moreover, an excess of functional monomer relativeéhe template is

usually required to favor template-functional momwmcomplex

°T. Ikegami, T. Mukawa, H. Nariai, T. Takeuchi, An@him. Acta 504 (2004) 131-135.
19 C.C. Hwang, W.C. Lee, J. Chromatogr. A 962 (2082Y5.
10
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formation and to maintain its integrity during palgrization. As a result,
a fraction of the functional monomers is randonmgarporated into the
polymer matrix to form non-selective binding sites.

However, when covalent bonds are established betteetemplate and
the functional monomer prior to polymerization,stlgives rise to better
defined and more homogeneous binding sites thanntrecovalent
approach, since the template-functional monomeeraations are far
more stable and defined during the imprinting pssce

Nevertheless, non covalent imprinting protocol i the most widely
used method to prepare MIP because of the advanthgeit offers over
the covalent approach from the point of view oftbgsis.

In some polymers prepared by the non-covalent piweg it has been
observed that the binding of the template to thigmper can sometimes
be so strong that it is difficult to remove thetlaaces of template, even
after washing the polymer several tirie'$

When the MIP is used, small amounts of residuajptata can be eluted.
This bleeding is a problem mainly when the MIP bade applied to
extract trace levels of the target analyte.

To overcome this drawback, some authors have syizee MIP using an
analogue of the target molecule as a template t@hgplate-analogue
approach’’. In this way, if the MIP bleeds template, then &tetion of
the template does not interfere in the quantiforaf the target analyte.
Anderssoff was the first author to synthesize a MIP using raplate

'p_ Martin, G.R. Jones, F. Stringer, |.D. Wilsomadyst (Cambridge, UK) 128 (2003)
345-352.
12 1. Andersson, A. Paprica, T. Avirdsson, Chromaapiia 46 (1997) 57-62.
13 B. Dirion, F. Lanza, B. Sellergren, C. Chassaiig, Venn, C. Berggren,
Chromatographia 56 (2002) 237-243.

11
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analogue. In this case, a MIP selective for sanmeidias prepared using
as a template a close structural analogue of sdmeri However, it
should be pointed out that the use of templateogi@is is not always the
solution, because sometimes is not possible totifgeand to source a
suitable analogue. For this reason, other methedsh as thermal
annihilation, microwave-assisted extraction (MAByalesorption of the
template with supercritical fluids have also beemealoped to remove the
template from the MIP.

It should also be mentioned that, as a controlachepolymerization, a
non-imprinted polymer (NIP) is also synthesisedha same way as the
MIP but in absence of the template. To evaluatartipginting effect, the
selectivities of the NIP and MIP are then compared.

It is important to state that MIP can be obtaineddifferent formats,
depending on the preparation method folloWedo date, the most
common polymerizations for preparing MIPs involvenegentional
solution, suspension, precipitation, multi-step ng and emulsion
core-shell. There are also other methods, sucheass@ or surface
rearrangement of latex particles, but they areusetl routinely.

When a MIP is obtained by conventional solutionypwdrization, the
resultant polymer is a monolith, which has to bashed before use,
except when the MIP is prepared in situ. Howeveaunspsnsion

polymerization (in fluorocarbons or water) and [pé&ation

4 A. Ellwanger, C. Berggren, S. Bayoudh, C. CrecehziKarlsson, P.K. Owens, K.
Ensing, P. Cormack, D. Sherrington, B. SellergrAnalyst (Cambridge, UK) 126
(2001) 784-791.

S E. Turiel, A. Martin-Esteban, Anal. Bioanal. Che3#8 (2004) 1876-1881.

12
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polymerization allow MIPs to be prepared in the form spherical
polymer particulates.

Conventional solution polyme@tion is the mo: common method
because of its simplicity and universal It does have some drawbacks as
the processes of grinding andedng not only are wasteful and ti
consumingput also may produce irregularly sized parti.

In the last few years, some improvements in synthesis have been
made by developing combinato libraries, which allow us easily and
quickly to check thévest conditions for obtaining the optimal MIP.
development and implementation of these scre« techniques is

expected to accelerate the discovery of MIP.

1.3 Applications of MIP

1.3.1 MIP as stationary phase $PE technique

Molecularly Imginted Solid Phase Extracti-MISPE (MISPE) is based
on conventional SPE procedures, therefconditioning, loading, clean-

up and elution steps are performed as a matter oine (Figure 3).
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Figure 3. Schematic representation of SPE prot
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During the conditioning step, the cavities (bindsites) of the MIP are
activated in order to maximize the interactionshwilhe target analyte
present in the sample. In the loading step, thgopgamedium has a direct
influence on the recognition properties of the imj@d polymer. Thus, if
the sample is percolated through the MIP in a le@lapty solvent, a
selective loading step can be achieved, in whidly the target analyte is
selectively retained on the MIP while the samplérinas non-retainetf.
However, when the analyte of interest is preseranraqueous medium,
the analyte and other interfering compounds ar@netl nonspecifically
on the polymer. Consequently, to achieve a sele@xtraction, a clean-
up step with an organic solvent is introduced ptithe elution stelp.
This clean-up is more critical in MISPE procedutiesn in conventional
SPE. The clean-up step must be optimized in terirgHp nature, and
volume of the washing solvent in order to explbi¢ tMIP ability to be
selective in recognizing the target molecule. Thhs, clean-up solvent
should suppress the non-specific interactions withdisrupting the
selective interactions between the MIP and theetangplecule. For this
purpose, low-polarity organic solvents, such asldiomethane, toluene
or chloroform, are the most widely us&dHowever, good results have
also been obtained with other solvents of high nigla such as
acetonitrile or methanbt nevertheless, some authors have stated that

recognition is often better when the porogen isduss the solvent

8 T. Pap, V. Horvath, A. Tolokan, G. Horvai, B. ®efiren, J. Chromatogr. A 973
(2002) 1-8.
" E. Chapius, V. Pichon, F. Lanza, B. SellergrenCMdennion, J. Chromatogr. A 999
(2003) 23-30.
18 E. Caro, R.M. Marcé, P.A.G. Cormack, D.C. Shemdng F. Borrull, J. Chromatogr.
A 995 (2003) 233-240.
Y F. Puoci, G.Cirillo, M.Curcio, F.lemma, U.G.Spizzi N. Picci Anal. Chim. Acta,
593 (2007) 164-170.

14
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because the environment established during théhasist is reproduced
(solvent memory effect). When water samples are percolated through
MIPs, the clean-up step can therefore be problenbattause the washing
solvent used is usually non-polar, and that may gise to miscibility
problems. To avoid this drawback, the MIP can beddfe.g., by drawing
air through the polymer). If small amounts of watemain on the
cartridge after applying the sample, the bindinijtgtof the MIP may be
influenced in the subsequent selective clean-up. ste that case,
decreases in retention and selectivity may be obder

Although a clean-up step seems to be essentiatheawe a selective
extraction, it can be avoided if the elution stegelective enough. In this
case, although the analyte and the other componetite sample matrix
are retained on the MIP by non-selective interastiduring the loading
step, a selective elution of the target analyte lmamperformed using an
appropriate solvent. To attain high enrichmentdestit is necessary to
use small volumes of solvent, but the interactibasveen the MIP and
the analyte are sometimes so strong that the vobafreiting solvent has
to be increased. To avoid this, mixtures of orgaualvents or an organic
solvent with water or with a modifier, such as acatid or pyridine, can
be used. On the one hand, water disrupts the speuiin-covalent
interactions, and, on the other, the modifier caiepevith the binding
sites to interact with the target molecule. Botbresent effective ways of
rapidly eluting the analyte. Definitively, on thadis of this experimental

data, the advantages that MIP offer as selectivbests have been

20 |. Ferrer, F. Lanza, A. Tolokan, V. Horvath, B.lI8gren, G. Horvai, D. Barcelo,
Anal. Chem. 72 (2000) 3934-3941.
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demonstrated. The applicability of MIP in SPE poha®s demonstrates
the feasibility of using a MIP in several formats &xtracting numerous

templates from different samples.

1.3.2 MIP as basis of drug delivery systems

In the last few years, a number of significant abes have been made in
the development of new technologies for optimizitigg delivery®. To
maximize the efficacy and safety of medicines, ddajvery systems
(DDS) must be capable of regulating the rate oéasé (delayed- or
extended-release systems) and/or targeting the uwrug specific site.
Efficient DDS should provide a desired rate of @&ty of the therapeutic
dose, at the most appropriate place in the bodwrder to prolong the
duration of pharmacological action and reduce tliweese effects,
minimize the dosing frequency and enhance pati@mptance. To
control the moment at which delivery should begml ghe drug release
rate, the three following approaches have beenlojgee:

(a) rate-programmed drug deliveryrug diffusion from the system has to
follow a specific rate profile;

(b) activationmodulated drug deliverythe release is activated by some
physical, chemical or biochemical processes;

(c) feedbackregulated drug deliverythe rate of drug release is regulated
by the concentration of a triggering agent, such aadbiochemical
substance, concentration of which is itself depahden the drug

concentration in the body.

21 M.J. Rathbone, J. Hadgraft, M.S. Roberts, (Edsodified-Release Drug Delivery
Technology, Marcel Dekker, New York, 2003.
22Y.W. Chien, S. Lin, Clin. Pharmacokinet. 41 (200257-1271.
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When the triggering agent is above a certain ldhel release is activated.
This induces a decrease in the level of the triggeagent and, finally,
the drug release is stopped. The sensor embedddt iDDS tries to
imitate the recognition role of enzymes, membrareeptors and
antibodies in living organisms for regulation ofahical reactions and for
maintenance of the homeostatic equilibrium.

Molecular imprinting technology can provide effistepolymer systems
with the ability to recognize specific bioactive lmcules and a sorption
capacity dependent on the properties and templateentration of the
surrounding medium; therefore, although imprintedI have not
reached clinical application yet, this technologgshan enormous
potential for creating satisfactory dosage forms.

The following aspects should be taken into account.

» Compromise between rigidity and flexibility.

The structure of the imprinted cavities should hable enough to
maintain the conformation in the absence of theptata, but somehow
flexible enough to facilitate the attainment ofastf equilibrium between
the release and re-uptake of the template in thvetycalhis will be
particularly important if the device is used asiagdostic sensor or as a
trap of toxic substances in the gastrointestinatttrin this sense, non-
covalent imprinting usually provides faster equiliion kinetics than the
covalent imprinting approaéh The mechanical properties of the polymer
and the conformation of the imprinted cavities adep® a great extent on

the proportion of the cross-linker. Mostly impridtsystems for analytical

23 C.J. Allender, K.R. Brain, C.M. Heard, in: F.D.rgj, A.W. Oxford (Eds.), Progress in
Medicinal Chemistry, vol. 36, Elsevier, Amsterdaf99, p. 235.
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applications require around 25-90% of cross-lirkgent®. These cross-
linking levels increase the hydrophobicity of thetwiork and prevent the
polymer network from changing the conformation aidd during
synthesis. As a consequence, the affinity for émepiate is not dependent
on external variables and it is not foreseen that device will have
regulatory or switching capabilities. The lack e§ponse capability to the
alterations of the physico-chemical properties lid medium or to the
presence of a specific substance limits their g@kenses asctivation
or feedbackmodulated DDS. A high cross-linker proportion also
considerably increases the stiffness of the netwoaking it difficult to
adapt the shape of the administration site andirmgumsechanical friction
with the surrounding tissues (especially when adstered topically,
ocularly or as implants).

* High chemical stability.

MIP for drug delivery should be stable enough tsisteenzymatic and
chemical attack and mechanical stress. The devitenter into contact
with biological fluids of complex composition andfdrent pH, in which
the enzymatic activity is intense. Ethylene glycdimethacrylate
(EGDMA) and related cross-linkers, which are thesmgsual ones, have
been proved to provide stable networks in a widegeaof pHs and
temperatures unden vitro condition$®>. However, additional research
should be carried out to obtain information abdsthehaviour in vivo
environments, where esterases and extreme pHs &mdme able to

24 G. Wulff, Angew. Chem., Int. Ed. Engl. 34 (19981P-1820.
% . Svenson, I.A. Nicholls, Anal. Chim. Acta 439(2) 19-28.
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catalyse its hydrolysf& Additionally, it has to be taken into accountttha
the adaptability of molecular imprinting technoloigy drug delivery also
requires the consideration c&fafety and toxicological concerns. The
device is going to enter into contact with sensittissues; therefore, it
should not be toxic, neither should its componergsidual monomers,
impurities or possible products of degradatforTherefore, to ensure
biocompatibility it might be more appropriate toy tto adapt the
imprinting technique to already tested materialstead of creating a
completely new polymeric system. On the other hamakt classical MIP
are created in organic solvents to be used in thasdia, taking
advantage of electrostatic and hydrogen bondingractions. The
presence of residual organic solvents may caudelareldamage and
should be the object of a precise control. In cqusace, hydrophilic
polymer networks that can be synthesised and pdrifn water are
preferable to those that require organic solveAtfiydrophilic surface
also enhances biocompatibility and avoids adsamptidé proteins and
microorganism®. Additionally, many drugs, peptides, oligonuclees
and sugars are also incompatible with organic media

A wide range of cross-linked hydrogels have beaveu to be useful as
drug delivery platfornfS. Molecular imprinting in water is still under
development and difficulties arise due to the cdersible weakness of

electrostatic and hydrogen-bonding interactionsthis polar medium,

% D.M. Yourtee, R.E. Smith, K.A. Russo, S. BurmasteM. Cannon, J.D. Eick, E.L.
Kostoryz, J. Biomed. Mat. Res. 57 (2001) 522-530.
2 0. Aydin, G. Attila, A. Dogan, M.V. Aydin, N. Canankatan, A. Kanik, Toxicol.
Pathol. 30 (2002) 350-355.
8 J.M. Anderson, Eur. J. Pharm. Biopharm. 40 (1998)
2 K.A. Davis, K.S. Anseth, Crit. Rev. Ther. Drug @ar Syst. 19 (2002) 385-398.
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which decrease the affinity and selectivity of Mfer the ligand®.
Nevertheless, hydrophobic and metal co-ordinatiaoteractions are
proving to be very promising to enhance templatel danctional
monomer association in watér

It is clear that the polymer composition and sotwe key parameters in
the achievement of a good imprinting and that, onsequence, a
compromise between functionality and biocompatipib needed.
Depending on the specific application of the devare adequate balance
between the performance as imprinted systems, de&rmines the
efficiency as drug delivery or biological sensondathe safety when
administered should be reached. Only for applioatian which the
physiological aspects play a less important rdlanay be possible to
prepare the networks considering mostly their paerémnce as imprinted

devices.

1.4 Synthesis of MIP for Biomedical and AnalyticaApplications

In the first section of this PhD work, several Milere synthesized using
different templates to test the different applicas of the imprinted

materials.

In particular, cholesterol (CHO), methotrexate (MTatd 5-Fluorouracil

(5-FU) imprinted polymers were synthesized and rthsiitability as

sorbent in SPE, selective recognition system ancteén controlled drug

delivery, respectively, were determined.

%M. Komiyama, T. Takeuchi, T. Mukawa, H. Asanumagl&tular Imprinting, Wiley—
VCH, Weinheim, 2003, 119-125.
315 A. Piletsky, H.S. Andersson, I.A. Nicholls, Maotolecules 32 (1999) 633-642.
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Chapter 1
MOLECULARLY IMPRINTED SOLID PHASE EXTRACTION FOR
CHOLESTEROL DETERMINATION IN CHEESE PRODUCTS

1. Introduction

Low amounts of Cholesterol are essential to thedwbody for several
biologic functions such as the manufacture of hareso However, high
level of blood cholesterol increases the risk ofirhaliseasés CHO,
indeed, is involved in the atherosclerosis develemmand in heart
degenerative processes and it is well-establishatddrastic lowering of
blood cholesterol concentration is followed by auetion of clinical
events and mortalify Cholesterol is also a constituent of animal foods
such as eggs, meat and diary products. Determmaifocholesterol
content in food is of primary importance to seleatiet for low intake of
cholesterol. In the analytical practice, well kno@@ and HPLC methods
are used for cholesterol measurement, but a véensive pre-treatment
of the samples is neededn the last few years a lot of research has gone
into establishing rapid routine methods for fasttedmination of
cholesterol. The most common and cheapest purditdechniques are
thin-layer chromatography (TLC) and Solid Phasgdttion (SPE)

N Adanyi, M. Varadi, European Food Research anthiielogy, 218 (2003) 99-104.

2R, Okazaki, , F. Tazoe, , S. Okazaki, N. Isoo, Kukamoto, M. Sekiya, N. Yahagi, S.
Ishibashi, Journal of Lipid Research, 47 (2006)Qt2958.
% Sellergren, B., Wieschemeyer, J., Boos, K&Seidel, D. Chemistry of Materials, 10
(1998) 4037-4046.
“R.Z. Zhang, L. Li, S.T.Liu, R.M. Chen, P.F.dRdournal of Food Biochemistry 23
(1999) 351-361.
°E. Boselli, M.F. Caboni, G. Lerker, Zeitschrift fllebensmittel-Untersuchung und-
Forschung Unters. Forsch., 205 (1997) 356-359.
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This work reports on a novel approach based on ddddely Imprinted
Polymers (MIPs) for the clean-up and pre conceinttavf CHO from a
complex food matrix and its HPLC detection. MIPs asynthetic
materials with high recognition properties for ag&t molecule named
template. These specific binding properties musatirbuted to specific
interactions between the template and the fundtigraups in the
polymeric networR As reported in literatufe coupling MIPs and SPE is
possible to combine the advantages of both moleaeleognition and
traditional separation methods. Molecularly Impeoht Solid Phase
Extraction (MISPE) presents the high specificityelestivity and
sensitivity of molecular recognition mechanism ahd high resolving
power of separation methods.

In our study, CHO imprinted polymers were synthediby non-covalent
approach using methacrylic acid (MAA) as functional monomend
ethylene glycol dimethacrylate (EGDMA) as crossimk agent.
Although a recent articlereported a MISPE procedure for the detection
of CHO using no water-miscible organic solventsggey time consuming
procedure in the pre-treatment of the sample igired and an expensive
derivatizing agent for GC analysis of eluate isdeegk On the contrary,
we realized MIPs able to recognize CHO in waterarg solvents
mixtures and developed a very straight-forwardqwol, involving only

crushing and filtration steps for the pre-treatmaithe food samples, and

® G. Wulff, Angewandte Chemie - International Ealitiin English, 34 (1995) 1812-
1832.

" E. Caro, R.M. Marcé, P.A.G. Cormack, D.C. Shetong F. Borrull, Anal. Chim.

Acta, 552 (2005) 81-86.

8 K. Mosbach, O. Ramstrom, Bio/Technology 14 (19963-170.

°Y. Shi, J-H. Zhang, D. Shi, D., M. Jiang, Y.X. ZI8.R. Mei, Y.K. Zhou, K. Dai, B.

Lu, Journal of Pharmaceutical and Biomedical Analy$2 (2006) 549-555.
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the direct HPLC analysis of eluate solutions withaay derivatization.

After the evaluation of the recognition propertialsthe materials by
performing binding experiments in aqueous mediaSRE cartridges
were packed and their ability to selectively absdrblesterol was studied
by using two molecules similar to the templatepanticular Progesterone
(PROG) and Hydrocortisone (HY) were used for thigogpse. Finally, the
ability of the MISPE cartridges to selectively alis@HO from food

matrices was investigated. This procedure allowsdncentrate CHO
and, after its elution for the cartridges, to immagely analyze the
concentrated eluate by HPLC without any drying aletivatization

process.

2. Experimental Section

2.1 Reagents and standards

Ethylene glycol dimethacrylate (EGDMA), methacrylacid (MAA),
2,2’-azoisobutyronitrile (AIBN), CHO, progesteroaad hydrocortisone
were obtained from Sigma-Aldrich (Sigma Chemical 6b Louis, MO).
All solvents were reagent grade or HPLC-grade asetl without further
purification and they were provided by Fluka Chesmikdochemika

(Buchs, Switzerland).

2.2 Preparation of molecularly imprinted polymers

The MIP stationary phase was prepared by bulk pehzation.

Methacrylic acid was used as functional monomerzépare the MIP by
the non-covalent imprinting method. Briefly, templaholesterol, MAA,

EGDMA and AIBN were dissolved in chloroform intaak-walled glass

tube. The tube was purged with nitrogen, sonicéed. 0 min, and then
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photopolymerized for 24 h with 360 nm light at 4.°@&fter the
photolysis, the tubes were incubated at 60°C fdr Bthmidt, Belmont
and Haupt, 2005). The resultant bulk rigid polymeas crushed,
grounded into powder and sieved through a 63 ninlets steel sieve.
The sieved MIP material was collected and the ving powder,
suspended in the supernatant solution (acetones, discarded. The
resultant MIPs materials were soxhlet extractedh 220 ml of an acetic
acid:tetrahydrofuran (1:1) mixture for at leasti8ollowed by 200 ml of
tetrahydrofuran for another 48 h. The extracted ditiaterials were dried
in an oven at 60 °C overnight. The washed MIPs risd$ewere checked
to be free of cholesterol and any other compounHEBlC analysis.

The formulations used for the preparation of thiféedent matrices (MIP-
1, MIP-2, MIP-3) are shown in Table 1. Blank polysdto act as a
control) were prepared under the same conditiorthowt using the

template.

2.3 Binding experiments

The binding experiments were performed in an acetien water mixture
(7:3 viv). The polymer particles (20 mg) were mixedth 1 ml
cholesterol solution (0.2 mM) in a 1 ml eppendantl ssealed. Samples
were shaken in a water bath for 6 h, centrifugedLfbmin (10000 rpm)
and the cholesterol concentration in the liquid gghavas measured by
HPLC The amount of cholesterol bound to the polymas obtained by
comparing its concentration in the MIPs samplethéoNIPs samples.

The same experiments were performed using progeserand

hydrocortisone solutions (Table 1). Experimentsenepeated five times.
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CHO MAA EGDMA % Bound A g
Sample
(mmol) (mmol)  (mmol) CHO PROG HY CHO PROG HY PROG HY
MIP1 1 30+1 10+0.4 3x0.3 3.0 10.0
8 25 1.8 0.9 1.0
NIP1 - 17+0.7 11+0.8 320.2 15 5.7
MIP2 1 30+1 3105 3104 10.0 10.0
12 25 2.3 0.75 0.5
NIP2 - 13+0.5 4+1 6+0.7 3.3 2.2
MIP3 1 28+1 2+0.7 3#0.6 14.0 9.3
16 25 4.7 0.5 0.3
NIP3 - 6+0.5 2+0.3 2+1 3.0 3.0

All polymers were synthesized in 5.25 ml of chlanwh using 0.045 g of AIBN.

Table 1: Polymers composition and percentage of bound tesabfter 6

hours.

2.4 Molecularly imprinted solid-phase extractiomddions

The 500 mg amount of dry particles of polymer wasked into a 6.0 ml
polypropylene SPE column. The column was attachitd & stop cock
and a reservoir at the bottom end and the top esgpectively. The
polymer was rinsed with chloroform, acetonitriledathen with the
loading solvent. CHO was dissolved in the loadirdvent to final

concentration of 0.2 mM. After conditioning, dry 8®E column was
loaded with CHO standard solution. After column idgy washing
solvent was passed through the cartridges andyfiakition solvent were
applied to perform the complete extraction of CH®e loading, washing
and eluting fractions were analysed by HPLC to detee CHO amount.
The MISPE protocol was optimized (Table 2) and liest conditions
were: loading step: 2 ml of acetonitrile/watextare (7/3 v/v); washing

step: 7 ml of acetonitrile/water mixture (7/3 v/e)uting step: 4 ml of hot
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acetonitrile (50°C). In order to evaluate the swld@g of the MIPs,
optimized protocol was also applied using PROG &hd solutions.

Experiments were repeated five times.

. . Eluting
Loading Washing CH:CN (50°C)
CH;CN/H0 MIPs NIPs  CH;CN/H0 MIPs NIPs MIPs NIPs
10/0 55+3.1 89+3.3 41+34 3+1.1
9/1 48+2.2 90+3.7 48+24 2+0.7
10/0 4+24 821
8/2 44 +£3.2 91+3.1 52+1.7 1+0.9
713 41+1.7 88+29 55+2.2 4+13
9/1 50+2.7 86+2.1 47 £3.6 7+12
91 3+x12 7+x11 8/2 43+24 87+28 54+3.3 6+1.6
7/3 40+2.8 84+26 57+28 9+21
8/2 3719 85+2.2 62 +3.3 10+1.8
8/2 1+04 5+27
7/3 31x14 81+21 68+2.8 14+2.6
713 1+£0.7 3+1.4 713 24+1.1 80+2.0 75+17 17+1.1

Table 2: % of collected CHO in the loading, washing andtietu

fractions

2.5 Cholesterol determination in Calabrian pecortiteese

A Calabrian pecorino cheese sample and 200mL bbeotorm/methanol
mixture (2/1 v/v) mixture were mixed and maintaingader magnetic
stirring for 2 h. After filtration, the solvent pb@ was washed twice with
90mL of a KCI aqueous solution (0.9%) and 90mL dtilled water,
respectively, filtered through anhydrous 8@, and evaporated under
vacuum. The residue was reconstitute to solutioradiging acetonitrile

and the sample was analysed by HPLC.
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2.6 Molecularly imprinted solid-phase extraction f@od sample extracts
25 grams of cheese were extracted with 150 ml etaadtrile. The
obtained solution was filtered and water was adwerhise the loading
solution concentration (acetonitrile/water 7/3 v/8) ml of this solution
were used to load the MISPE column. Two washieg stre performed:
7 ml of an acetonitrile/water (7:3v/v) mixture an8ml of an
acetonitrile/water (9:1v/v) mixture. Finally, 4 nmdf hot acetonitrile
(50°C) was used as elution fraction. All the salo§ were analysed by

HPLC. Experiments were repeated five times.

2.7 Instrumentation

The liquid chromatography consisted of an JascoIBIBmp and Jasco
UVDEC-100-V detector set at 208 nm for cholestesil,268 nm for
progesterone and hydrocortisone. A 25 x 0.4 mm Kémasil column,
particle size Sum (Teknocroma, Barcellona, Spain) was employed. The
mobile phase was acetonitrile containing 0.5% ofewé#or cholesterol,
acetonitrile/water (7/3 v/v) mixture for progesteeoand hydrocortisone.
The flow rate was 1.0 ml/min.

The shaker and centrifugation systems consisteal wiffist action shaker

(Burrell Scientific) and an ALC micro-centrifuget214 respectively.

2.8 Analytical Parameters

Calibration curve and the Detection and Quantitatinits (LOD and
LOQ) were determined using CHO spiked Calabrianopeo cheese.
0.050 grams of cheese were spiked with 0.03, @A®), 0.30, 0.75, 1.5,
7.5, 15, 30 mg of CHO. The samples was extractatd W60 ml of

acetonitrile and then water was added to raisaigie loading solution
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composition (acetonitrile/water 7/3 vlv), extracteding the MISPE
protocol and analyzed by HPLC. Detection and qgtiaation limits were
calculated as the concentration correspondingsmral 3 and 10 times
the standard deviation of the baseline noise (AtaeriChemical Society,
1980).

Repeatability of the MISPE method was evaluatedpbsforming five
repetitive analyses. The intraday and interday ipi@ts of the relative

peak areas were calculated as RSDs for five meamunts

3. Results and Discussion

3.1 Preparation of the imprinted polymers

MIPs for selective detection of cholesterol weratbgsized by using
methacrylic acid as functional monomers and ethe/leglycol

dimethacrylate as crosslink&r

In order to maximize the interactions between fiametl monomers and
template in the prepolymerization complex, a phmbAnerization

procedure was employed. The formation of the comjdea dynamic
process and, when a template with poor functionaligs like cholesterol
Is used, a low temperature is needed to reducé&itietic energy of the
system. In this case, indeed, an high temperataddcdrive the
equilibrium away from the template-functional moresnsomplex toward

the unassociated species

19y.G. Spizzirri, N.A. Peppas, Chemical Materials(2005) 6719-6727.
1'3.H. Cheong, S. McNiven, A. Rachkov, R. Levi, Kano, |. Karube, Macromolecules
30 (1997) 1317-1322.
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After UV irradiation at 4°C for 24 h, the perfornw@nof the initially
formed polymer was improved by thermal stabilizat 60°C2

In literature, many different ratios of templatedaiunctional monomer
were usetf.

Our purpose was the selective extraction of CH@ffood matrices with
different water percentages. Although some MIPsikeiximoderate
recognition properties under aqueous conditionsgeati technology often
could fail to generate MIPs for use in aqueous remvient®. Thus, we
synthesized polymers at various molar ratios ofhaatylic acid (Table
1) to carry out MIPs with increased hydrophilicapd better imprinting

efficiency due to reduction of non selective hyatrobic interactions.

3.2 Evaluation of the imprinting effect

The imprinting effect was initially evaluated by rfsgming binding
experiments in which amount of polymeric partichess mixed with both
template and its analogues solutions. In tabléd,percentage of CHO,
PROG and HY bound by imprinted and non-imprintetypers after 6
hours incubation was shown.

For each polymers the binding percentage and thairig efficiency,a,
were calculatedo was calculated as the ratio of percentage of bound
template or analogues by MIPs and percentage ohdaunalytes by
NIPs. As it is possible to note in Table 1, all gynthesized MIPs are
able to rebind more template than the correspondifg, confirming the

12 Sellergren, B., & Shea, K.J.. Journal of Chromedphy A, 635 (1993) 31-49.

3 M. Kempe, K. Mosbach, Journal of Chromatograph$®4 (1995) 3-13.

14 B. Dirion, Z. Cobb, E. Schillinger, L.I. Anderssdb. Sellergren, Journal of American
Chemical Society, 125 (2003) 15101-15109

29



Polymeric Materials in Biomedical, Analytical anddod Applications — SECTION |

presence of imprinted cavities in their structiv@reover, an increase of
the amount of the functional monomer carries owriancrease of the
value for CHO: the most effective polymers were khi€-3 ones, and a
considerable reduction of the corresponding peaggnof bound CHO of
NIP-3 was observed. The reduction of non-specifi,eractions was
ascribable to increased hydrophilicity of the pogym with the highest
content of MAA. The binding percentages of the tammalogues were
much lower than that of CHO, confirming the selatyiof the imprinted
cavities. The experiments were performed in theesaamdition used for
cholesterol. For each polymervalues were calculated as the ratio of
percentage of bound template and percentage ofdbamalogues by
MIPs.

3.3 Optimization of the molecularly imprinted segfihase extraction

procedure

The most effective MIPs (MIP-3) as sorbents for SFPEholesterol were

investigated, and a general procedure for a ger&®PE (conditioning,

loading, washing, eluting) was employ&d The cartridges were packed
with 500mg of polymer and the loading and the waghsteps were
optimised. Different acetonitrile/water (10/0, 9/8/2 and 7/3 v/v)

mixtures were employed in loading, and washing ,stapd hot

acetonitrile in the eluting one (Table 2). The bestults were obtained
when in the loading step a acetonitrile/water (¥/8) mixture was

employed. Both imprinted and non imprinted polymetsin all the CHO

> F. Puoci, C. Garreffa, F. lemma, R. Muzzalupo, USpizzirri, N. Picci, Food
Chemistry, 93 (2005) 349-353.
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loaded. In order to eliminate the aspecific compmorad the interaction
between cholesterol and polymeric matrices a wasstiep is needed, and
it was performed using acetonitrile/water (7/3 wutvixture.

The optimized elution was obtained employing hottawitrile. In the
eluting fraction of MIPs cartridges, 76% of loadé#O was detected,
while in NIPs cartridges CHO was only 20%.

The selectivity of the packing cartridges was eatdd by using PROG
and HY solutions in the same condition tested fdiOJtable 3).

For PROG solution, in the loading step, MIPs cdges retains 95% of
PROG, while NIPs cartridges the 81%. In the wasliragtion of MIPs
cartridges, 85% of PROG was detected, while in Nidaples only 57%
of the analyte was recovered. In all the two ste[’s materials were
found to retain much more PROG than MIPs ones, giilybbecause of
the presence of more non-specific interaction betwee analyte and the
polymeric matrices. In the eluting fractions, 108d &4 % of PROG was
detected for MIPs and NIPs cartridges respectively.

For HY solution, in the loading step, MIPs cartedgetains 30% of HY,
while NIPs cartridges the 27%. In the washing foactof MIPs
cartridges, 25% of HY was detected, while in NIBmples 20% of the
analyte was recovered. In the eluting fractions, &% 7 % of HY was
detected for MIPs and NIPs cartridges respectively.

The last two experiments clearly showed the higlect®ity of the
synthesized materials. In the elution fractionglered, 76% of loaded
CHO was detected for MIPs cartridges, while for saene cartridges, this
values was only 10% for PROG and 5% for HY.
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3.4 Molecularly imprinted solid-phase extraction fwiod sample extracts
Food samples are complex chemical matrices and hemical
identification of their components, a intensivetgratment of the samples
is always required. The use of selective sorbsnth MIPs can be very
useful to obtain cleaner HPLC chromatogrdins

In our experiments, Calabrian pecorino cheese wased with hot
acetonitrile and crushed by stirring. After filiat, water was added to
the acetonitrile to obtain the loading solutiorcef@nitrile/water (7/3

v/v)) and it was analyzed by HPLC (Figure 1).

W
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Figure 1. Chromatogram of the food extract.

Food extract solution was loaded to the polymeacritiges and the
complete retention of CHO by MISPE cartridges wasad (Figure 2a).

6 E. Caro, R.M. Marcé, P.A.G. Cormack, D.C. Shemdng F. Borrull, Anal. Chim.
Acta 562 (2006) 145-151.
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Figure 2a. Chromatogram of MISPE loading step
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Figure 2 b,c.Chromatograms of washing steps
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Two washing steps were performed: acetonitrile/watexture (7/3 viv)

and acetonitrile/water mixture (9/1 v/v) respediveln the washing
fraction not so relevant peaks were observed atetfemtion time of CHO
(Figure 2Db,c).

Furthermore, a clean-up of the matrix was obtaiasdshowed by the
presence of several peaks referable to others camdgoof the food
sample. CHO was then selectively eluted with het@uitrile.

As it possible to note in Figure 3, a selectiveowery of CHO was
obtained: 80 % of loaded CHO, confirming that tbenxpounds which co-
eluted with CHO in the starting solution were coetely removed during
the MISPE procedure. The quantification of CHO eontin cheese was
performed by a methodology reported in literat(revith small

modifications.
2.0B+05 - PV
1.5E+05 4

1.0E+05

5.0E+04 o

0.0E+00

100 2.00 3.00 4.00 5.00  [min]

Figure 3. Chromatogram of MISPE eluting step.

" G. Contarini, M. Povolo, E. Bonfitto, S. Berarditernational Dairy Journal, 12,
(2002) 573-578.
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By performing the same experiments using NIPsidges, in the elution
fraction no relevant amounts of CHO were detected.

Detection and Quantitation limits (LOD and LOQ) mmpond to 5.94 x
10" mol I* and 1.84 x 18 mol I'* respectively. The calibration curves
were linear with correlation coefficients &f = 0.9982.

The intraday precisions of the relative peak aveai®e between 2.3% and

3.5%; the interday precisions between 6.8% and 8.2%

4. Conclusion

In this work, molecularly imprinted polymers haveeln synthesized
using CHO as template, and the obtained materiale @pplied as SPE
selective materiaté The imprinting effect and selectivity of the MIPs
were evaluated by performing binding experimentaiich CHO, PROG
and HY solutions were employed. MIPs were fountddighly selective
for CHO. After the optimization of the MISPE protds using standard
solutions of all the analytes, the application ofSME in complex food
samples was demonstrated.

These new sorbents based on Molecularly Imprintedid SPhase
Extraction (MISPE) are able to work in aqueous raednd to
clean/concentrate CHO in food matrices without amejevant pre-
treatment of the sample. We used a cheese extraxtetonitrile to load
the MIPs cartridges obtaining a selective purifma&and concentration of
CHO in the elution step. In this fraction of MIPartidges, 80% of

8 F. Puoci, M. Curcio, G. Cirillo, F. lemma, U.G.i&grri, N. Picci, Food Chem. 106
(2008) 836-842.
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cholesterol was detected and the correspondeninettogram shows only
a peak at the retention time of the template.
These relevant results showed that the method cbelduccessfully

applied for the determination of CHO in food samsple
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Chapter 2

SELECTIVE RECOGNITION OF METHOTREXATE BY MOLECULARLY
IMPRINTED POLYMERS

1. Introduction

Molecular imprinting are very useful technique taarporate specific
substrate recognition sites into polyrlers Molecular recognition
characteristics of these polymers are attributed¢dmplementary size,
shape, and binding sites imparted to the polymersthe template
moleculed. These specific binding properties must be atteuto
specific interactions between the template anduhetional groups in the
polymeric network Usually, different kinds of template for the dyasis
of MIPs were used, and our interest was focused antineoplastic drug
widely used in clinical practice: (S)-2-(4-(((2,4achinopteridin-6-
yl)methyl)(methyl)amino)benzamido) pentanedioic daci commonly
named methotrexate (MTX).

Methotrexate is an antimetabolite that interfereth iDNA replication
and cell division by inhibiting the enzyme dihydstzfte reductase; it is
commonly used in the treatment of various canagte matoid arthritis,
and psoriasis However, since the cytotoxic effect of MTX is not
selective for the cancer cells, it also affectsribemal tissues that have a

high rate of proliferation, including the hemataogta cells of the bone

! R.A. Anderson, M.M. Ariffin, P.A.G. Cormack, E.Miller, Forensic Sci. Int.
174(2008) 40.
2 F. Puoci, F. lemma, N. Picci, Current Drug Defy(2008) 85.
% K. Mosbach, Sci. Am. 295 (2006) 86
* F. Puoci, F. lemma, G. Cirillo, N. Picci, P. Matidi, F. Alhaique, Molecules 12
(2007) 805.
®R.J. Gibson, J.M. Bowen, D.M.K. Keefe, Cancer TrBav. 34 (2008) 476.
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marrow and the actively dividing cells of the gutigns&. Thus, the
efficiency of this agent is often limited by seveside effects and toxic
effects. For these reasons, in literature many ietudeports on the
development of sensitive methods for the monitoohthe concentration
of MTX in human bod¥,

Chen et af. employed molecularly imprinted solid-phase eximact
technique (MISPE) combined with electrochemicaldaxion fluorimetry
for the determination of methotrexate (MTX) in humserum and urine
samples. However, because of the poor stabilitysahability of MTX in
aprotic and low polarity organic solvent, an ana®drimethoprim was
employed as “dummy template” instead of MTX.

In this work, molecularly imprinted polymers wermthesized following
the non-covalent approach by using MTX as template.

In the design of an imprinting protocol, particukttention was done in
the choice of functional monomers, whose chemicaugs, in order to
obtain materials with good recognition propertiesave to be
complementary with those of the template. Functiananomers and
template, indeed, are involved in formation of {h@polymerization
complex, and the stability of this one is esserfbalthe constitution of
imprinted cavities. In our study, considering thendtionalities of the
template molecule, methacrylic acid (MAA), 2-(ditmglmino)ethyl
methacrylate (MADAME) and a mixture of MAA and MADME in
different molar ratios were employed. The selettivproperties of

®L. Zhang, D. Russell, B.R. Conway, H. Batchelatit.@Rev. Ther. Drug 25 (2008) 259.
"V. Frenkel, Adv. Drug Deliver. Rev. 60 (2008) 819
8. Chen, Z. Zhang, Spectrochim. Acta3a (2008) 70.
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obtained materials were evaluated by using folic g€A), a MTX
analogue molecule (Figure 1).

H
|
N N N
e YH‘ e CH, HO
[
N. = /J\/N 0
i
- N
N
B H

. ]
MTX 0¥ ™om

i
N N N
H/ Y\ = I_ll HO
N. ,-)\/\: o
N
OH
FA

@?ﬁ

(o]
4] OH

Figure 1. Chemical structure of methotrexate (MTX) and falad (FA).

2. Experimental Section

2.1 Materials

Ethylene glycol dimethacrylate (EGDMA), methacryécid (MAA), 2-
(dimethylamino)ethyl methacrilate (MADAME), 2,2’-aiobutyronitrile
(AIBN), methotrexate (MTX), folic acid (FA), sodiumhydrogen
carbonate, hydrochloric acid (37% w/w), sodium loggm phospate,
disodium hydrogen phosphate, dimethyl sulfoxide @D and
acetonitrile were obtained from Aldrich. All solusnwere reagent grade

or HPLC-grade and used without further purificatiand they were
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provided by Fluka Chemie. MAA and MADAME were pued before

use by distillation under reduced pressure.

2.2 Instrumentation

The liquid chromatography consisted of an JascoIBIBEmp and Jasco
UVDEC-100-V detector set at 290 nm. A 25 x 0.4 mékkKomasil 100
column, particle size 5um (Teknocroma, Barcellona, Spain) was
employed. The mobile phase was phosphate buffed O0M) pH
7,4/acetonitrile (9/1, v/v) run isocratically aflaw rate of 1 mL/min and

at room temperature.

2.3 Synthesis of methotrexate imprinted polymers

Molecularly Imprinted Polymers (MIPs) were prepardyy bulk
polymerization using methotrexate as template amdraing to the non-
covalent imprinting approach. Briefly, MTX and fdimmal monomer(s)
were dissolved in 4.7 ml of DMSO in a thich-wallgidss tube. The tube
was sonicated for 6 min in a sonicating water lzaith then EGDMA and
AIBN (0.07g) were added. The polymerization mixturas bubbled with
nitrogen, sonicated for 10 min and thermo-polynestizinder a nitrogen
atmosphere for 24 h at 60 °C. The resultant bugid rpolymers were
crushed, grounded into powder and sieved throug® am stainless steel
sieve. The sieved MIPs materials were collected #rel very fine
powder, suspended in the supernatant solutionq@aegtwas discarded.
The obtained MIPs materials were extracted by Ssixaépparatus with
200 ml of methanol for 48 h and successively theyrendried under
vacuum overnight at 40°C. The extracted imprintelymers were boiled

in 250 ml of a saturated solution of sodium hydrogarbonatdor 2 h
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and then neutralized using HCI 0.1 N and distiNeater. The resultant
particles were dried under vacuum overnight at@0The washed MIPs
materials were checked to be free of MTX and arneiotompound by
HPLC analysis. Blank polymers, that act as a cténwere synthesized
under the same reaction conditions but in absehdbheotemplate. The
molecular ratios of the different prepared polynmeesshown in Table 2.

MTX  MAA MADAME EGDMA  MTX:MAA:MADAME:

Sample
(9) (9) (9) (9) EGDMA

MIP1 0.14

0.43 - 3.10 1:16:0:50
NIP1 -
MIP2 0.14

0.86 - 3.10 1:32:0:50
NIP2 -
MIP3 0.14

- 0.79 3.10 1:0:16:50
NIP3 -
MIP4 0.14
- 1.57 3.10 1:0:32:50

NIP4 -
MIP5 0.14

0.43 0.79 3.10 1:16:16:50
NIP5 -
MIP6 0.14

0.43 1.57 3.10 1:16:32:50
NIP6 -

Table 2. Polymerization feeds composition.

2.4 Binding experiments

Evaluation of the capacity of the polymeric materiteo recognize and

bind MTX was performed by rebinding experimentphosphate buffer

solution (pH 7.4). Briefly, 50 mg of polymer patés were mixed with 1

ml MTX solution (0.05mM) in a 1 ml eppendorf andaksl. The
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eppendorf were oscillated by a wrist action shgBerrrell Scientific) in a
water bath at 37 £ 0.5 °C for 24 h. Then the mixtwas centrifuged for
10 min (10000 rpm) in an ALEmicrocentrifugett® 4214 and the MTX
concentration in the liquid phase was measured ByGi The amount of
MTX bound to the polymer was obtained by compartagoncentration
in the MIPs samples to the NIPs samples. The satperienents were
also performed using folic acid solution and thegraevrepeated five

times.

3. Results and discussion

As before explained, the choice of the functionahomer(s) plays a key
role in the preparation of an effective moleculairtyprinted polymer.
Because the non-covalent imprinting approach wa®l®red, the
interactions between functional monomers and teta@ee based on H-
bonds or ionic interactiofisin our study, the rebinding experiments were
performed in water solution at pH 7.4, thus theization behaviour of
both template and polymer structures strongly eriltes the performance
of the imprinted polymers.

MTX is the prototype folate antagonist cytotoxiaugr Its molecule is
made up of a heterocyclic portion (a 2,4-diaminasitilited pterine ring)
linked to a aminobenzoil portion, which is, in tuam amide bonded to a
glutamic acid uni. Hence, MTX is a polyelectrolyte carrying two
carboxyl groups, with dissociation constants (pkb)3.36 @-carboxyl)

and 4.70 -carboxyl), and a number of potentially protonatettogen

° A. Beltran, E. Caro, R.M. Marcé, P.A.G. CormackCDSherrington, F. Borrul, F.;
Anal. Chim. Acta 597 (2007) 6.
19 AJ. Hall, M. Quaglia, P. Manesiotis, E. De Lorer®. Sellergren, Anal. Chem. 78
(2006) 8362.
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functions, the most basic of which, presumably,ghanidinic N-1 on the
pterine ring (pKa 5.71.

It follows that, as shown in Figure 2, at pH of tlebinding media (7.4),
the employed functional monomers establishes idtierss with different
parts of the template molecule. These interactiares due in part to
hydrogen and partly to ionic bonds. Specificallgidac monomer (MAA)

bound to pteridine moiety, while basic monomer (MRBE) interacts

with the carboxyl groups of glutamic acid.

H
|
N N N 5
" Y\ T CH, HO
i
N # A\/X 1 ©
¥ i
5 m )
MTX 0
) o OH

OH

HSC N 7
0 g —CH
MAA o r/

Figure 2. Interaction model between template and functiomahomers.

The imprinting effect of synthesized materials veasluated by binding
experiments in which amounts of polymeric partickese incubated with
a MTX solutions 0.05mM for 24 hours. These experiteewere
performed in buffered water solution at pH = 7.4. Table 1 were
reported MTX bound (%) and the relativevalues.

7. de Faria, A.M. de Campos, E. Lemos Sennardiaal. Symp. 229 (2005) 228.
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% bound % bound

Polymers MTX EA ovTx  OFA

MIP1 37+1.2 7+05

119 117
NIP1 31+1.3 6+0.6
MIP2 14+1.1 10+£0.7

0.93 0.91
NIP2 15+0.9 11+£0.9
MIP3 26 +1.1 36+0.9

1.13 1.16
NIP3 23+0.8 31+0.7
MIP4 64 +0.9 67 1.0

1.08 1.06
NIP4 59 +0.7 63+1.3
MIP5 54 +0.7 31+0.7

1.13 1.15
NIP5 48 +1.1 27+0.8
MIP6 80+1.0 50+1.3

151 1.20
NIP6 53+1.3 49+1.1

Table 1. Bound (%) MTX and FA by imprinted and non-impridte

polymers.

Polymers in which only MAA was employed as funcabrmonomer
(MIP1 and MIP2) did not show any significant imghny effect. In
addition, by enhancing the amount of functional oraer (MIP2) in the
polymeric feed, percentages of bound template fsgnitly decreased.
This behaviour is ascribable to the increasingepltsive forces between
ionized carboxylic groups of MAA and MTX in the fading media (pH
7.4) which overlay the attractive forces betweancfional monomer and
pterine moiety of MTX. In order to avoid these n@ga interactions
between carboxylic groups, MIP3 and MIP4 were sgsitted by using a

functional monomer presenting chemical groups ableoordinate the
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glutammic acid moiety of MTX. For this purpose, @it monomer such
as MADAME was employed. As shown, also in this cHse obtained
resins present no significative imprinting effettwas observed that, by
increasing the amount of functional monomer, a ic@mable increasing
of the no specific interactions template-polymeniatrices was raised.
Considering the results obtained by using singlenaneers, MIP5 and
MIP6 were synthesized by employing both acidic bagic monomers in
the polymeric feed and using two different stoichétric ratios
MADAME/MAA. In this way, each monomer interacts it
complementary functionalities on template moleculEigure 2),
stabilizing the prepolymerization complex and miizimg the repulsive
effects (due to the ionization of functional groupsthe rebinding media.
The best result was obtained by using the higlegst MADAME/MAA
(MIP6). As shown in table 1, indeed, the imprinteffect was improved,
as highlighted by increasing of MTX bound (%) olbserin moving from
MIP5 to MIP6, and by unchanged value of aspedtifinds. In literature,
different approaches were applied to make a quivet determination of
the imprinting effedf. The imprinting efficiencyd) is the easiest way to
highlight the recognition properties in a MIP. Imrowork, oytx was
determined as the ratio between the amount (%) DX Mound by MIP
and NIP, respectively. By comparinguurx values (Table 1), is clear that
MIP6 is the most effective polymer in selectiveagwition of MTX in a
simulating physiological fluid. To evaluate crossctivity of imprinted
polymers towards MTX analogue molecule, the sameadibg

experiments were performed using FA, that differsmf MTX in a

12 . Ye, K. Mosbach, Chem. Mater. 20 (2008) 859.
¥ M.A. Gore, R.N. Karmalkar, M.G. Kulkarni, J. Chratogr. B 804 (2004) 211.
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substituent on pterine moiety (-OH instead than »)Ndthd in the aminic
group of the p-aminobenzoil portion (Figure 1). Theost effective
imprinted polymers in recognition of the templatéIR6), is
characterized by a lower affinity towards the agak FA. The binding
percentages of MIP6 decrease of a 21% moving froRXkb FA, while
they are unchanged in NIP6 case. As reported foXMira was also
determined as ratio between FA bound by MIP and, KdBpectively. In
MIP6, a lower ara than ouytx shows the chemical and spatial

complementarity of MIP binding sites towards thapate.

4. Conclusions

In this work?* molecularly imprinted polymers selective for aefus
antineoplastic drug, metotrexate, were synthesikgthacrylic acid, 2-
(dimethylamino)ethyl methacrilate and a mixturetlodm were tested as
functional monomers in order to optimize the perfance of imprinted
materials. The specificity and the selectivity wiprinted polymers were
tested by performing rebinding experiments in watepH 7.4. The best
results were obtained by employing both functiomamnomers in the
polymeric feed. In this way, each monomer interagth complementary
functionalities on template molecule, stabilizifge tprepolymerization
complex and minimizing the repulsive effects (doethie ionization of

functional groups) in the rebinding media.

% M. Curcio, O.l. Parisi, G. Cirillo, U.G. SpizzirrF. Puoci, F. lemma, N. Picci, E-
polymers 78 (2009) 1-7.
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Chapter
IMPRINTED HYDROPHILIC NANOSPHERES AS DRUG
DELIVERY SYSTEMS FOR 5-FLUOROURACIL SUSTAINED
RELEASE

1. Introduction

5-Fluorouracil (Figure 1) is a widely used antinkasfic agent for the
treatment of many types of cancers, suh as coklrdateast, head and
neck malignanciés Its endurance and longevity in cancer chemoterap
is due to the fact that 5-FU is the only anticareggpent on the market that

shows synergism with the most other anticancer glingcombination

therapy.
H H
| |
NYO NYO
| N | N
F N H
0
Figure la Figure 1b

Figure 1. Chemical structures of a) 5-FU and b) Uracil

L A. Di Paolo, D. Romano, F. Vannozzi, A. FalconeMini, L. Cionini, T. lbrahim, D.
Amadori, M. Del Tacca, Clin. Pharmacol. Ther. 7@Q2) 627-637.

2 O.N. Al Safarjalani, R. Rais, J. Shi, R.F. Schin&N.M. Naguib, M.H. El Kouni
Cancer Chemother. Pharmacol. 58 (2006) 692-698.
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On the other hand, it is effective against canagefsactory to other

treatments. Despite these advantages, the useFbf i5-limited by its

quick metabolism in the body, therefore the maiatee of high serum
concentrations of this drug to improve its therdjgeactivity is needed.

The maintenance of these serum concentrations resguiontinuous

administrations, but 5-FU shows severe toxic e$featonsequently
reaching and/or exceeding the toxic concentratiastrhe avoidet

In order to improve therapeutic index and reducect@ffects of this

drug, numerous studies in literature are aimeceatgth of devices for the
controlled release of 5-FU, many of them are basegolypeptidic and

polysaccharidic systerhs In our previous study irregular and not

swellable microparticles of 5-FU imprinted polymédrg employed bulk

polymerization were prepared, and their applicates devices for

controlled release of this drug was demonstratedortler to obtain a
better control on particle size and shape, andsoan the 5-FU release
profile, in this work molecularly imprinted hydrdgeanospheres have
been synthesized applying straightforward methath sas precipitation

polymerization. Coupling the properties of hydregehanospheres and
MIP it is possible to obtain very useful systemsbw applied in drug

delivery field. Firstly, due to their significantater content, hydrogels
possess a degree of flexibility very similar to umat tissue, which

minimizes potential irritation to surrounding membes and tissuks

¥ K.R. JohnsonkK.K. Young, W. Fan, Clin. Cancer Res. 5 (1999) 2559-2565
* E. Fournier, C. Passirani, N. Colin, P. BretonS&godira, J.P. Benoit, Eur. J. Pharm.
Biopharm. 57 (2004) 189-197.
® F. Puoci, F. lemma, G. Cirillo, N. Picci, P. Masidi, F. Alhaique, Molecule$2
(2007) 805-814.
® M.E. Byrne, K. Park, N.A. Peppas, Adv. Drug DeRev. 54 (2002) 149-161.
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Moreover, the high swelling properties of theseamats improved their
recognition characteristics, because of the enlhraeessibility of
template to the imprinted cavities. Molecularly pinmted Polymers
(MIPs) are tailor-made materials with high seldatyivfor a target
molecule named template. As before described, thegethetic
molecularly selective receptors have broad appdican many areas of
science and the area of greatest potential, arlthplp an area of greatest
challenge, is that of therapeutics and medicalainer They have been
applied usefully as excipients to modify drug rekedrom solid dosage
forms. Finally, advances in nanobiotechnology hagsulted in the
evolution of several novel colloidal carriers swushliposomes, polymeric
micelles nanoparticles, and nanoemulsions to maerimor cell killing
effect during the tumor growth phase, and to ptotBe surrounding
healthy cells from unwanted exposure to the exogsstoxic agert
Polymeric nanopatrticles are the most attractivéomtadl carriers owing
several merits such as ease of purification andizégion, drug targeting
possibility, and sustained release actidn conclusion, the delivery of an
anticancer drug by molecularly imprinted nanosptarhydrogels offers
the possibility of maximising its efficacy and dgfeand providing a
suitable rate of delivery of the therapeutic dos¢ha most appropriate
site in the body, in order to prolong the duratairthe pharmacological
activity, to reduce the side effects and to mingnthe administration
frequency, and thus enhancing patient compliaritke purpose of this

" AKK. Yadav, P. Mishra, S. Jain, P. Mishra, A.K.dtlia, G.P. Agrawal J. Drug Target.
16 (2008) 464-478.
8 E. Allemann, R. Gurny, E. Doelker, Eur. J. PhaBiopharm. 39 (1993) 173-191.
® J.Z. Hilt, M.E. Byrne, Adv. Drug Del. Rev. 56 (24)01599-1660.
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study was to investigate the possibility of emphgythese monodispersed
imprinted nanoparticles as devices for the coladé$ustained release of

5-FU in biological fluids.

2. Experimental Section

2.1. Reagents and standards

Ethylene glycol dimethacrylate (EGDMA), methacrydicid (MAA), 2,2-

azoisobutyronitrile (AIBN), 5-fluorouracil (5-FU)na uracil (U) were
obtained from Sigma-Aldrich (Sigma Chemical Co., 1Rtuis, MO). All

solvents were reagent grade or HPLC-grade and wsbut further
purification and were provided by Fluka Chemika-@iemika (Buchs,

Switzerland).

2.2. Synthesis of 5-FU spherical molecularly imi@ad polymers
Spherical Molecularly Imprinted Polymers were preplaby precipitation
polymerization using 5-fluorouracil as template, MAas functional
monomer and ethylene glycol dimethacrylate as Grdssg agent.
General synthetic procedure was reported: temglatenol) and MAA
(8mmol) were dissolved in a mixture of acetonit(@® ml) and methanol
(20 ml), in a 100 mL round bottom flask and thenO®EA (10mmol) and
AIBN (50 mg) were added. The polymerization mixtwas degassed in
a sonicating water bath, purged with nitrogen fomiin cooling with an
ice-bath. The flask was then gently agitated (40)rp an oil bath. The
temperature was increased from room temperatu®t€ within 2 h,
and then kept at 60 °C for 24 h. At the end of rigection, the particles

were filtered, washed with 100 ml of ethanol, 100ofnacetone and then
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with 100 ml of diethyl ether. The template was agted by “Soxhlet
apparatus” using methanol-acetic acid mixture (4s), 100ml) for at

least 48h, followed by methanol for another 48k amonitoring the drug
concentration in the extraction solvent by HPLC.rtieles were

successively dried under vacuum overnight at 4Bl&nk polymers, that
act as a control, were also prepared when poly@riz was carried out
in the absence of 5-fluorouracil.

2.3. Water content of spherical polymers

Aliquots (40-50 mg) of the nanospheres dried tostamt weight were
placed in a tared 5-ml sintered glass filter (@1fh;nporosity, G3),

weighted, and left to swell by immersing the filtglus support in a
beaker containing the swelling media: phosphatefebufpH 7.4,

simulated biological fluids). At predetermined tsn@ - 4 - 8 -10 - 15 -
20 - 24 h), the excess water was removed by pdiaolat atmospheric
pressure. Then, the filter was placed in a propsided centrifuge test
tube by fixing it with the help of a bored silicongopper, then
centrifuged at 3500 rpm for 15 min and weightede Titter tare was
determined after centrifugation with only water.eTiweights recorded at
the different times were averaged and used to theewater content
percent (WR %) by the following E¢L):

Ws _Wd

WR% = x100 1)

d
Where Ws and Wd are weights of swollen and driethespal

microparticles, respectively. Each experiment wasied out in triplicate.
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2.4. Binding experiments

Binding experiments were performed both in orgdaaetonitrile) and in

aqueous media (phosphate buffer pH 7.4). Briefly,ndg of polymer

particles were mixed with 5 ml 5-FU solution (0.83/nin a 10 ml conical

centrifugation tube and sealed. The tubes werdlatecl by a wrist action
shaker (Burrell Scientific) in a water bath for R4Then the mixture was
centrifuged for 10 min (10000 rpm) and tBe=U concentration in the
liquid phase was measured by HPLC. The amoumtBt) bound to the

polymer was obtained by comparing its concentratiothe imprinted

samples to the non imprinted ones. The same expetamwere

performed usingiracil solution. Experiments were repeated five times.

2.5. Drug Loading by the Soaking Procedure

Polymeric matrix (2.0 g) was immersed in a 5-FUWioh in acetonitrile
(20 mL, 5.5 mM) and soaked for 3 days at room teatpee. During this
time, the mixture was continuously stirred and thiba solvent was
removed by filtration. Finally the powder was drieshder vacuum
overnight at 40°C. The same experiments were pagdrusing uracil
solution.

2.6. In vitro release studies

Release studies were carried out using the dissnluhethod described
in the USP XXIV (apparatus 1-basket stirring elethefhe samples were
dispersed in flasks containing 10 mM phosphatedoigblution (pH 7.4
simulating biological fluids, 10 ml). Thusamples were drawn from

dissolution medium at appropriate time intervals determine the
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amounts of drug released by HPLC. The amount offludeouracil
released from six samples of each formulation wsedo characterize
drug release. The same experiments were perfornsaty Lparticles

loaded with uracil. Experiments were repeated fives.

2.7. HPLC Analysis

A Jasco BIP-I pump and Jasco UVDEC-100-V detecatras 266 nm
were used. A 25k 4 mm C-18 Hibar® column, 10 mm particle size
(Merck, Darmstadt, Germany) was employed. The mobihase was
methanol/phosphate buffer 5mM, pH 6.8 (9/1, v/v) éme flow rate was
0.5 mL/min.

2.8. Scanning electron microscopy
Scanning electron microscopy (SEM) photographs wbtained with a
Jeol JSMT 300 A; the surface of the samples wasentaeductive by

deposition of a gold layer on the samples in a uatahamber.

2.9 Dimensional analysis

Approximate range in particle size was determingdnieasuring 300
particles per each sample with the usfean image processing and
analysis system, a Leica DMRB equipped with a LEWIW 3D

stereomicroscope.
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3. Results and discussion

3.1. Synthesis of imprinted nanospheres

5-Fluoruracil molecularly imprinted polymers wereynthesized
employing the non-covalent approach, in which titeractions between
template molecule and polymeric matrices were basedH-bonds, the
dominant interactions in biological systems. Funthare, this approach is
more convenient because of the easy access t@d tange of functional
monomers from commercial sources. Conventionally|PM are
synthesized by bulk polymerization methods in aogenic solvent and
block co-polymer particles with the desired size abtained by grinding
and sievind”. However, this method yields particles with linditeontrol
on particle size and shape. In literature, sevatgmpts have been
applied to produce monodisperse molecularly impdntpolymeric
particles using methods such as suspension polyatien in water,
dispersion polymerizatidf liquid perfluorocarbolf, and via aqueous
two-step swelling polymerizatiéh However, during the polymerization
procedure, these techniques require water or higidlar organic
solvents, which frequently decrease specific imtgsas between
functional monomers and template molecules. Pratiph technique not
only allows to avoid these disadvantages, but atso obtain

monodispersed molecularly imprinted micro- and spheres, without

19 g, Caro, R.M. Marcé, F. Borrull, P.A.G. Cormack,CD Sherrington, Trends Anal.
Chem. 25 (2006) 143-154.
13.P. Lai, X.Y. Lu, C.Y. Lu, H.F. Ju, X.W. He, Ana&him. Acta 442 (2001) 105-111.
12R. Say, E. Birlik, A. Ersoz, F. Yilmaz, T. GedikheA. Denizli, Anal. Chim. Acta 480
(2003) 251-258.
13 A.G. Mayes, K. Mosbach, Anal. Chem. 68 (1996) 769
. Piscopo, C. Prandi, M. Coppa, K. Sparnacci,LMus, A. Lagana, R. Curini, G.
D’Ascenzo, Macromol. Chem. Phys. 203 (2002) 5328153
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the integrity and stability of recognition siteseacompromise.
Moreover, spherical shape should be advisablederdio avoid swelling
anisotropic behaviour associated with other gedae® In our protocol,
MAA as functional monomar and EGDMA as crosslinking agent w:
used.Spherical geometry and the practically monodispersif prepare:
samples were confirmed by Scanning Electron Miapgs (Figure 2

and dimensional analysis.

1 pm

Figure 2. Scanning Electron Micrograph of V

Polymerization feeds compositicand mean particle sizes,fdof the

microspheres are showmTable 1

5-FU/MAA/EGDMA

Polymers dn (nm) Polydispersivity
(mmol)

SMIP 1.0/8.0/10.0 274 1.03

SNIP --/8.0/10.0 268 1.01

Table 1. Polymerization feed@omposition and mean particle size,)of

nanospheres as means + S.D.

15S. Wei, A. Molinelli, B. Mizaikoff, BiosensBioelectr. 21 (2006) 1943-1951.
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3.2. Evaluation of the imprinting effect: bindingperiments in organic
and in water media.

The imprinting effect of synthesized materials veaaluated by binding
experiments in which amounts of polymeric partickese incubated with
a 5-FU solutions 0.3 mM for 24 hours. These expents were
performed in organic (acetonitrile) and in wateuf{ered water solution
at pH=7.4) media. As shown in Table 2, in both bigdnedia, imprinted
nanosphers were able to bind much more templatettigarespective non

imprinted ones, confirming the presence of impdntavities in their

structure.
] Water content
. % 5-FU bound % Uracil bound
Matrix (%)
CH;CN pH74 CHCN pH74 pH 7.4
SMIP 32+1.1 36x1.6 14+14 16x1.6 377+0.3
SNIP 7+1.3 10£19 11+11 14+138 380+0.5

Table 2. Percentages of bound 5-FU and Uracil by imprinted aon-
imprinted polymers after 24 hours in acetonitritedan buffered water
solution at pH 7.4, and water content (%) of polyimenatrices at pH 7.4.

Data are shown as means + S.D.

In literature, different approaches were appliedntake a quantitative
determination of the imprinting efféét The imprinting efficiency: is the
easiest way to highlight the recognition propertrea MIP. In our work,

as-pu Was determined as the ratio between the amouno{%)U bound

. Ye, K. Mosbach, Chem. Mater. 20 (2008) 859-868.
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by SMIP and SNIF; these values (4.6 in GBN and 3.6 in water media)
clearly prove the specificity of the interactiontween the template and
the functional groups on the polymeric nanoparsicle

To evaluate cross-reactivity of imprinted polymerwards 5-fluorouracil
analogue molecules, the same binding experiments parformed using
uracil, that differs from 5-FU only in substitueatt position 5 of the ring
(Figure 1). As reported for 5-Fldy, was also determined as ratio between
U bound by SMIP and SNIP, respectively. The vemy lmlues (1.3 in
CHsCN and 1.1 in water media) show the high chemicalspatial
complementarity of SMIP binding sites toward thempéate. It is
considered that the selective interaction betwéenpblymeric matrices
and template is ascribable to fluorine atom thke$aan active part in
interaction with functional monomer. Finally, thelectivity of the
synthesized polymeric nanospheres can be higkligbt introducing
another coefficiente] which is a quantitative measure of the imparted
selectivity within the imprinted nanospheres andeaelculated to be 2.3
in both organic and water media, indicating tmaprinted polymers had
higher affinity (more than 2 times) for 5-FU comipagrto U.

As reported, hydrogels possess a degree of fléyibiery similar to
natural tissue, but in MIPs structure a comprontiegveen the rigidity
and flexibility of the polymers is needed. The stune of the imprinted
cavities in the MIPs should be stable enough tontaai the conformation
in the absence of the template and it should aésdldxible enough to

facilitate the attainment of a fast equilibriumeen the release and re-

M.A. Gore, R.N. Karmalkar, M.G. KulKarni J. Chrotogr. B 804 (2004) 211-221.
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uptake of the template in the cavity. In orderdsttswelling properties of
the imprinted hydrogels, aliquots of nanospheresewienmersed in
swelling media: phosphate buffer at pH 7.4, simogabiological fluids.

It can be observed from Figure 3 that the amountvatier uptake by
imprinted nanospheres increases with time and tlgimum water
uptake is obtained after 24 h (Table 2). These higykelling

characteristics make the imprinted cavities of ipelic network easily
accessible to the template; this is to advantageaafgnition properties of

imprinted nanospheres.

450 -
400 -

)

o

[=]
1

300 4
250
200

-

(5]

=
1

Water Uptake (%)

100 A
50 A

Time (h)

Figure 3. Swelling profile of SMIP

3.3. In vitro release studies

After evaluation of imprinting effect of synthesikematerials, their
application as devices for 5-FU delivery in plassiaulating fluids was
verified. Different strategies were applied to det@e the possibility to

successfully employ an imprinted polymer to obtaia
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sustained/controlled release of the selected *firuiy a first approacHi,
the loading step is performed by binding experitwerAfter the
incubation time, the supernatant is removed andahneples dried. In this
way, different amounts of drug are bound by SMIE &NIP according
to the imprinting effect. In these conditions, bheszathe releasing profile
strongly depend on the loaded drug, SMIP partiatesable to release an
higher amount of drug than SNIP ones. In anotperaach, more useful
to emphasize the differences in the releasing lpsofirom SMIP and
SNIP, both the polymers are loaded with the sameuamof drug by
mixing them with a drug standard solution. Aftee thncubation time,
samples were dried and release experiments perflorite percentage of
5-FU released was calculated considering 100% 4Rg Sontent in dried
sample®. In our work, the second approach is employed trel
presence of imprinted cavities in spherical polygmaiakes the release of
template more extended over time in comparison wibhn imprinted
materials. As it is possible to observe in Figuréndeed, while the drug
is completely released within five hours by SNIRatt do not have
specific binding cavities, for SMIP samples eveteras0 hours the
release is not yet complete. Such behaviour ictor@ance with results
obtained from the binding experiments.

Moreover, monodispersed spherical particles allowobtain isotropic
release behaviour and so also a better controlflll Selease profile in
comparison with materials with irregular size ahdpse.

18 C. Alvarez-Lorenzo, A. Concheiro, J. ChromatogB8@! (2004) 231245 .

9B, Singh, N. Chauhad, Macromol. Sci. A Pure Appl. Chem. (08)776-784.

2 G. Pitarresi, P. Pierro, G. Giammona, F. lemma\IBzzalupo, N. Picci Biomaterials
25 (2004) 4333-4343.
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In order to further evaluate selectivity of SMIFPacil release experiments
in the same conditions tested with 5-FU were alsdopmed. The data
obtained from these experiments confirme resulbsvsld in binding tests:
uracil release from imprinted polymers, indeed{ jbat in 2 hours was

completed, was remarkably faster than that obtaieeh 5-FU was used
(data not shown).

Release (%)

0 10 20 20 40 50 60
Time (h)

Figure 4. 5-FU release profile from SMIPm— ) and SNiP%-- ) in
plasma simulating fluids.

4. Conclusions

In this work, 5-FU imprinted nanospheres with swgllcharacteristics
were prepared using methacrylic acid and ethyldimeldimethacrylate

as functional monomer and crosslinker, respectivelyOne pot

2L G. Cirillo, F. lemma, F. Puoci, O.I. Parisi, M. (@io, U. Spizzirri, N. Picci, J. Drug
Targ. 17 (2009) 72-77.
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precipitation polymerization as synthetic techniqte obtain the
monodispersed particles was chosen. The recognpiraperties and
selectivity of synthesized materials were demotedrahrough binding
experiments with template and its analogue, uracil.

The results obtained from tle vitro release studies in plasma simulating
fluids indicated that these polymeric matrices algo suitable for a
controlled/sustained delivery of the tested anttearagent in biological
fluids. Hydrogel characteristic of these materiatntributes to make
binding sites in the polymeric network easily astale to the template,
while spherical shape allows to obtain a bettetrobon 5-FU release.
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SECTION I
Preparation and Characterization of Thermo-Respovesi

Hydrogels as Drug Delivery Systems

2.1 Thermo-Responsive Hydrogels

Over the last two decades, the field of controtiedg delivery has been
faced with two major challenges. One has been aicigesustained zero-
order release of a therapeutic agent over a prebbpgriod of time. This
goal has been met by a wide range of techniqueljdimg osmotically
driven pump$ matrices with controllable swellifgdiffusior?, or erosion
rate$, non-uniform drug loading profilesand multi-layered matricks
The second of these challenges is the controlldigiety of therapeutic
molecules or proteins in a pulsatile or triggeradhion. Two different
methodologies have been broadly investigated asilgessolutions to
these requirements. One is the fabrication of avelgl system that
releases its payload at a predetermined time orpufses of a
predetermined sequence. The other is to develoysters that can
respond to changes in the local environment. Tisgseems have been
shown to alter their rate of drug delivery in resp® to stimuli including
the presence or absence of a specific molecule,netiag fields,
ultrasound, electric fields, temperature, lightd @amechanical forces. Such

YA Sefton, CRC Crit. Rev. Biomed. Eng. 14 (1920)1-240.
2u. Conte, L. Maggi J. Controll. Rel., 64 (200032868.

3es. Lee, S.W. Kim, S.H. Kim, J.R. Cardinal, Hcdlas, J. Membr. Sci. 7 (1980) 293-
303.

4L Yang, R. Fassihi, J. Control. Rel. 44 (1997%-1310.
°p. Hildgen, J.N. McMullen, J. Control. Rel. 34 69 263-271.
bv. Qui, N. Chidambram, K. Flood, J Control. Rel. 3998) 123-130.
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systems are suitable for release of therapeutied thenefit from

nonconstant plasma concentrations

Several polymeric delivery systems undergo phasasitions and
demonstrate marked swelling-deswelling changes @spanse to
environmental changes including solvent compositionic strength,

temperature, electric fields, and light.

Among others, hydrogels belong to the most intexigivnvestigated

systems to be applied in biomedical field due teirthunique properties
such as the high water content and the possibleataver the swelling

kineticg.

Hydrogels that respond to temperature changes haresubject of the
second section of this work. Their sensitivity be thermal environment
is the sole stimulus for their gelation with no @threquirement for
chemical or environmental treatment, and can bg finaduced e.g. upon
injection to the body, when temperature is incrdaBem ambient to

physiological. The phenomenon of transition frorsadution to a gel is
commonly referred to as sol-gel transition. Someérbgels exhibit a
separation from solution and solidification aboveeatain temperature.
This threshold is defined as the lower critical usion temperature
(LCST). Below the LCST, the polymers are solublé&o®e the LCST,

they become increasingly hydrophobic and insoluldading to gel

formation.

" AK. Anal, Recent Patents on Endocrine, Metabdli¢tmmune Drug Discovery 1
g2007) 83-90.

N.A. Peppas, A.G. Mikos, Preparation methods a@natwre of hydrogels, in: N.A.
Peppas (Ed.), Hydrogels in Medicine and Pharmagal,1, CRC Press, Boca Raton,
Florida, 1986, pp. 1-25.
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In contrast, hydrogels that are formed upon cootihg polymer solution
have an upper critical solution temperature (UCSThhe sol-gel
transition of thermosensitive hydrogels can be arpntally verified by
a number of techniques such as spectros@pmijfferential scanning
calorimetry (DSC)* and rheolog}’. There are various mechanisms
behind thermogelation in aqueous solutions, anddone polymers they
are still a topic of debate. Many polymers showeardase in solubility
that is attributed by changes in the overall hytirigty of the polymer
chains upon temperature change. When a polymessslded in water,
there are three types of interactions that takeepldetween polymer
molecules, polymer and water and between water culds. For
polymers exhibiting an LCST, a temperature increasalts in a negative
free energy of the system which makes water—poly@&sociation
unfavorable, facilitating the other two types dferactions. This negative
free energyAG) is attributed to the higher entropy tert8&{ with respect
to the increase in the enthalpy terxH] in the thermodynamic relation
AG=AH-TAS. The entropy increases due to water-water asgowEa
which are the governing interactions in the systéms phenomenon is
the so-called hydrophobic effé&(Figure 1).

% NA. Peppas, P. Bures, W. Leobandung, H. Ichikakar,. J.Pharm.Biopharm. 50
(2000) 27-46.

X.Yin, A.S. Hoffman, P.S. Stayton, Biomacromolkxs7 (2006) 1381-1385.
y.Y. Liu, Y.H. Shao, J. Lu , Biomaterials 27 (2008)16-4024.
121 Li, H. Shan, C.Y. Yue, Y.C. Lam, K.C. Tam, XuHLangmuir 18 (2002) 7291—
7298.
13H.G. schild, Prog. Polym. Sci. 17 (1992) 163-249.
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A

Figure 1. Swellingdeswelling mechanism of ther-responsive

hydrogels.

Hydrogels based on poly(epropylacrylamide) (pNIPAAmM) and i
copolymergepresent the most popt thermoreversible systems. Poly(N-
isopropylacrylamide) is nohiodegradable and exhibits a sharp pt
transition, with an LCST at about 32°C in pure waielow the LCST
pNIPAAmM assumes a flexible, extended coil conforamatin aqueou:
solutions. A suden temperature increase above the transition tenpe
of these gels resulted in the formation of a deskeynken layer on tr
gel surface, which hindered water permeation frosidie the gel into th
environment. Drug releasrom the NIPPAm hydrogels at temperatures
below 32C was governed by diffusion, while above this terapee
drug release wasapped completely, due to the ‘skin layer formation
the gel surface (ooff drug release regulatic’*. Because of their non
biodegradability and norsustained drug release under physioloc

14 R.A. Siegel, C.G. Pitt J. Control. R8I(1995) 173-188.
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conditions, the biomedical and biological applioat of such gels
usually involve the chemical modification of pNIPAA

These modifications are usually performed to iniifunctional groups
that can increase the LCST towards body temperafureimprove the
mechanical properti&Sor to interact with certain drulfs

Recentlymuch research has been done to associate biopalypreteins
and polysaccharides) with NIPAAm in an attempt tepare matrices
with increased LCST. On the other hastidies have been reported in
the literature concerning stimuli-sensitivity in combination with
molecularly imprinted polymers: they represent an importanttisi
point for the development of new generations otlligent and self-

regulateddrug delivery systems.

2.2 Thermo-Responsive Hydrogels Based on Natural Raners

Many natural polymers have been shown to exhibiatmge upon
temperature change. Researchers have used theenaloncombination
with synthetic polymers to fabricate thermally respive hydrogels with
desired properties.

Liu et al’® have grafted methylcellulose with the synthetic N-
isopropylacrylamide (NiPAAm), combining the thernetlong properties
of both materials. It was possible to prepare rfagersibly thermogelling

hydrogels by adjusting the ratios of the two congds. They reported

15H. Feil, Y.H. Bae, J. Feijen , S.W. Kim, Macromuites 25(1992) 5528-30.
%) c Dong, A.S. Hoffman, J. Control. Release 139() 21-31.
1T G. Park Biomaterials 20 (1999) 517-21.

18W. Liu, B. Zhang, W.W. Lu, X. Li, D. Zhu, K. De Y¥a Q. Wang, C. Zhao, C. Wang,
Biomaterials 25 (2004) 3005- 3012.
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that a low percentage of methylcellulose decrettse&CST as compared
to pNiPAAm, but with a high MC ratio the LCST inases. They also
found that addition of MC to NIiPAAM polymers enhasc the
mechanical strength of the hydrogel with no syrisres

Bhattarai et al® incorporated poly(ethylene glycol) (PEG) into osin
and were able to form a thermoreversible hydrogih wo additional
crosslinking agents. Moreover, PEG grafting impobyke solubility of
chitosan in water, and the gelation was found to pumssible in
physiological pH values. The same grBlpvaluated the PEG-grafted
chitosan for controlled drug release in vitro. segbumin as a model
protein, an initial burst release was observedchvhvas followed by a
steady release from the hydrogel for about 3 dAyter this time, the
remaining albumin could not be released from thérdgel until the gel
matrix was dissolved in the media. When the PEGaplachitosan was
crosslinked in situ with genipin, a crosslinking eag with low
cytotoxicity, quasi-linear drug release was possitdr up to 40 days;
however the hydrogel lost its thermoreversibilityd3@°C.

Gelatin is another biopolymer with thermoreversilpeoperties. At
temperatures below 25°C, an agueous gelatin solsbbdifies due to the
formation of triple helices and a rigid three-diraemal network. When

the temperature is raised above approximately 30tH€ conformation

9N, Bhattarai, F.A. Matsen, M. Zhang, Macromolosii. 5 (2005) 107-111.

20, Bhattarai, H.R. Ramay, J. Gunn, F.A. Matsen,ZMang, J. Control. Release 103
(2005) 609-624.
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changes from a helix to the more flexible coil, denng the gel liquid
agairf™.

As the opposite thermal behavior is desired fommgdical applications,
researchers have combined gelatin with other palymehich show
thermal gelation close to body temperature. Geladis the advantage of
allowing for easy modification on the amino acidde moreover, it is
biodegradable and biocompatible. A binary-compondmgdrogel
composed of gelatin and monomethoxy poly(ethylegeot)—poly(D,L-
lactide) (MPEG-DLLA) block copolymers was synthediny Yang and
Kac®. For most compositions of gelatin and mPEG-DLL#Ae hydrogel
was shown to flow at 37°C and gel at room tempegataowever a 100
mg/mL gelatin solution underwent fast gelation a@ when mixed with
30% wt mPEG-DLLA. Different hydrogel compositionsen also
examined for drug release kinetics with gentamytiliate as the model
drug. At room temperature, 5 days or longer waessary for 50% drug
release, and the release lasted up to 40 days. 7AC,3gelatin-
MPEGDLLA showed an even slower release profile, dwew after 1
week the release was no longer detectable dueegradation of the
hydrogel matrices. Ohya and Matstitizhave grafted gelatin with
NiPAAmM in an effort to produce a thermoresponsixgacellular matrix
analogue. Aqueous solutions showed a sol—gel transt physiological

temperature when the weight ratio of pNiPAAmM toagiel chains was

2 ¢, Joly-Duhamel, D. Hellio, M. Djabourov, Biodiggty and physical chemistry,
Langmuir 18 (2002) 7208-7217.

22 1. Yang, W.J. Kao, Pharm. Res. 23 (2006) 205-214.
233, Ohya, T. Matsuda, J. Biomater. Sci. Polym. E&l(2005) 809-827.

69



Polymeric materials in Biomedical, Analytical andded Applications — SECTION I

higher than 5.8. Smooth muscle cells were susperndednedium
solutions of pNiPAAmM/gelatin and subsequently iretgll at 37°C. It was
shown that a low hydrogel concentration (5% w/\) anhigh pNiPAAmM
to gelatin ratio (P/G) supported the highest celbliferation and
extracellular matrix production. The authors suggggshat this was due
to increased hydrophobicity caused by higher pNiRAAatios, which
would lead to the formation of large aggregates.aAgesult, a higher
porosity with larger pore size occurs, which coregsi a favorable cell

environment.

2.3 Thermo-Responsive Molecularly Imprinted Polymes

The combination of stimuli-sensitivity and imprim may have
considerable practical advantages: the imprintirayiges a high loading
capacity of specific molecules, while the ability tespond to external
stimuli contributes to modulate the affinity of thetwork for the target
molecules, providing regulatory or switching cagibi of the
loading/release proces$és

From a theoretical point of view, it is also intgieg to study the ability
of the polymer network to memorize a specific confation after a
dramatic change in swelling degree. In this seWdafanabe et &P
observed that NIPAAmM (16 mmol)-acrylic acid (4 minaloss-linked
(Immol) polymers, synthesized in the presence ofepitedrine
hydrochloride or adrenaline hydrochloride, showedter template

2. Alvarez-Lorenzo, A. Concheiro Journal of Chroogaraphy B, 804 (2004) 231-
245,
V) Watanabe, T. Akahoshi, Y. Tabata, D. Nakayainaim. Chem. Soc. 120 (1998)
5577.
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removal and in the collapsed state, an increasswilling ratio with
increasing imprint molecule concentration in wat€uriously, this
template-induced swelling was observed only for jbg/mers prepared
in dioxane but not for those prepared in water.

Tanaka and co-workeéf¥’ proposed the creation of stimuli sensitive gels
able to recognize and capture target moleculegyuysoymer networks
consisting of at least two species of monomersh ¢&ving a different
role. One forms a complex with the template, arel dther allows the
polymers to swell and shrink reversibly in respomseenvironmental
changes. The gel is synthesized in the collapsede sand, after
polymerization, washed in a swelling medium.

The imprinted cavities develop affinity for the telate molecules when
the functional monomers come into proximity, but emhthey are
separated, the affinity diminishes. The proximisy dontrolled by the
reversible phase transition of the gel that consetjy controls the

adsorption/ release of the template (Figure 2).

261 Tanaka, C. Wang, V. Pande, A.Yu. Grosberg, Aglih, S. Masamune, H. Gold,
R. Levy, K. King, Faraday Discuss 102 (1996) 201.
27c. Alvarez-Lorenzo, O. Guney, T. Oya, Y. Sakai,®ébayashi, T. Enoki, Y.

Takeoka, T. Ishibashi, K. Kuroda, K. Tanaka, G. \§/aa Yu. Grosberg, S. Masamune,
T. Tanaka, Macromolecules 33 (2000) 8693.

71



Polymericmaterials in Biomedical, Analytical and Food Apphtions— SECTION I
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Figure 2. Diagram of the recognition process of a templata syimuli

sensitive imprinted hydrogel as proposed by Taredkd

In order to obtain a system with the capacityrecognize calcium ions,
imprinted and nommprinted copolymer of NIPAAmM and different
methacrylicmonomers with carboxyl groups, which form compl¢ with
divalent ions in the relation 2:1, were prepareitke effect of temperature
on the adsorption capacity of the imprir copolymers prepared with
different templates anoh different organic solvents was compared v
that of the nonmprinted ones. Successful imprinting was obta with
NIPAAmM-lead dimethacrylate monomers in dioxane. / washing lead
out and swelling in wat at room temperatu the affinity for divalent
ions disappeared. When the (¢ were shrunken by an increase in
temperature, the affinitwas recovered and the original relative posi
of the carboxyliagroups was recalled. Control gels made usingomly
distributed methacrylic acicexperienced difficulty in formir pairs
(“frustration”) and their affinity for divalent i@decreas¢ exponentially

as a function of croseker concentration. In contrast, the topologi
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constraints were completely absent in the imprirgets, showing that
memorization had been achieved. The success afrtpenting can be
attributed to the fact that the degree of dissamiabetween lead and two
methacrylate molecules during polymerization isligdge, and therefore
lead is responsible for fixing the juxtapositionpafirs of methacrylaté$
These stimuli-sensitive imprinted gels are very kie@ross-linked (>2
mol%) systems and, therefore, the success of thginting strongly
depends on the stability of them complexes temfilatetional
monomers during polymerization and in the agueoadiom. However,
if the interaction in water is too strong, it mag @ifficult to remove the
template completely after polymerization to obtahe pure gel. To
circumvent some of these drawbacks, functional muwers directly
bonded to each other prior to polymerization, whaghcall “imprinters”,
were usetf. An imprinter is a molecule that has three funwioparts,
two or more polymerizable double bonds, two or nfarectional groups
and a link connecting the functional groups thatemsily cleaved
afterwards, such as a disulphide bond or a 1,2eglgtructure. The
functional groups can be separated after polym&oizao obtain pairs of
ionic groups with the same charge. Since the mesnbeeach pair are
close in the space, they can capture target masdhirough multiple-
point ionic interactions. An imprinted hydrogel fcationic divalent ions

was obtained, without template, using a monomeh witlisulphide bond

adel Alvarez-Lorenzo, O. Guney, T. Oya, Y. Sakai,Wdbayashi, T. Enoki, Y.
Takeoka, T. Ishibashi, K. Kuroda, K. Tanaka, G. \@/ah Yu. Grosberg, S. Masamune,
T. Tanaka, J. Chem. Phys. 114 (2001) 2812.

PR, D’Oleo, C. Alvarez-Lorenzo, G. Sun, Macromolesu34 (2001) 4965.
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that, after polymerization, was oxidized and transied in two sulfonic
groups in contact each other. Thus, the hydroged switable for the
binding/release of calcium ions more efficient thla@ gels prepared with
randomly distributed sulfonic groufis

2.4 Synthesis of Thermo-responsive Hydrogels

The following three chapters of this second sectdwals with the
synthesis of thermo-sensitive hydrogels by emplpyiwo different
polymerization techniques. In particular, thermsp@nsive polymeric
microspheres based on natural proteins (albumirgatatin), synthesized
by reverse-phase suspension polymerization, andmtisensitive
microparticles by molecular imprinting method wile presented and

their potential application in drug delivery fieldlemonstrated.
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Chapter 1
SYNTHESIS AND RELEASE PROFILE ANALYSIS OF THERMO-
SENSITIVE ALBUMIN HYDROGELS

1. Introduction

Hydrogels consist of elastic networks that can kgpts much as 90-99%
w/w of water in their interstitial spat& In a physical point of view,
hydrogels resemble living tissues because they haye water content
and a soft and rubbery consistency. Such systems Ibeen especially
focused in the biomedical area as they provide @ategsemiwet three-
dimensional environment for cells and tissue irdéoa and they can be
combined, through covalent links or physical entnapts, with biological
or therapeutic molecules. They can be also chelyicaintrolled and
designed to tailor their mechanical and functiopadperties. Therefore
hydrogels have been proposed for a series of bimalednd biological
applications, including tissue engineering, druglease systems,
biological sensors, microarrays, imaging and aotgaSome kinds of
hydrogels can change their shape and volume réWer$ollowing
changes in external physical and chemical conditgarch as temperature,
solvent composition, ionic strength, pH, electredd, and light. Recently,
stimuli-responsive polymer hydrogels have beeradtitng the attention

of many researchers and are playing a part in ietyaof fields, such as

' C. Alvarez-Lorenzo, A. Concheiro J. Contr. Rel.(8002) 247-257.
> N.A. Peppas, P. Bures, W. Leobandung, H. Ichikagua, J. Pharm. Biopharm. 50
(2000) 27-46.
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chemical engineering, medicine and pharmacy, lifeierses,
biotechnology, eté:*>

Among the family of temperature responsive hydregeboly(N-
isopropylacrylamide) (PNIPAAmM) hydrogel is one dfetmost widely
studied. It exhibits a Lower Critical Solution Teempture (LCST) or
transition temperature at 30°C in aqueous solugiod shows an abrupt
thermo-reversible change in volume as external &eaipre cycles
around this critical temperature. PNIPAAmM hydrogais usually formed
by the covalent crosslinking of PNIPAAmM chains wighcommercial
crosslinking agent as N,N’-methylenebisacrylamidemodifie physico-
chemical properties of the materials (e.g. LCSTgsslinking degree,
hydrophilic’/hydrophobic balance, biodegradabilliigcompatibility).

The hydrogels based on PNIPAAmM exhibit negativenia response
which means that below its LCST, PNIPAAmM chainsrayel to form an
expanded structure with a large mesh size enaltiegvater diffusion,
while above its LCST these chains dehydrate to fashrunken structure
with a small mesh size. The change in the hydratiate, which causes
the volume phase transition, reflects competing rényen bonding
properties, where intra- and intermolecular hydrod®mnding of the
polymer molecules are favoured compared to intemactith water
molecules. Thermodynamics can explain this behawath a balance
between entropic effects due to the dissolutiorcess itself and to the
ordered state of water molecules around the polymethalpic effects

depend on the balance between intra- and intermialeéorces and on

3. Prabaharan, J.F. Mano Macromol. Biosci. 6 (208)—-1008.
* 1. Dimitrov, B. Trzebicka, A.H.E. Muller, A. Dwoka C.B. Tsvetanov, Progr. Pol. Sci.
32 (2007) 1275-1343.
® A. Kikuchi, T. Adv. Drug Del. Rev. 54 (2002) 53-77
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the solvation, e.g. hydrogen bonding and hydrophatieractions. The
transition is then accompanied by coil-to-globumnsitior?.

PNIPAAmM hydrogels are non-biodegradable, which mestrict their
applications as biomaterials. The importance oftlloelegradability for a
biomaterial is self-evident due to the absence ohmnic foreign-body
reaction, that is usually accompanied with the @eremt presence of the
non-biodegradable materialsFurthermore, the devices obtained from
biodegradable materials do not require additionagexy for their
removal. So, there is a need to develop non-tokiodegradable
hydrogels for the biomedical applications withoasihg their desirable
properties, as temperature sensitivity. Hence,biveding of the gel is
designed to be labile and it can be degraded byneaor chemisorptions
in the physiological phenomenon. The most of thelinig is degraded in
the organism by the way of hydrolysis producing thde member,
showing a low toxicity.

In view of these aspects, a promising strategy designing novel
hydrogel drug delivery systems is to combine theritsieof both
bioresponsive and biodegradable hydrogelscently, great attention has
been paid especially for biomedical applicationghe development of
stimuli-responsive polymeric gels with unique pnd@gs such as
biocompatibility, biodegradability and biologicalrictionality. They may
be prepared by combining thermoresponsive polymwéts natural based
polymeric component, to form smart hydrogeRolymeric systems
composed of NIPAAmM and acrylic acid were prepared redox

polymerization with peptide cross-linkers to create enzimatically

® D. Schmaljohann, Adv. Drug Del. Rev. 58 (2006)165570.
"E.J. Park, D.H. Na, K.C. Lee, Int. J. Pharm. 82307) 281-283.
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degradable matrfx Peptide degradable crosslinkers were synthediyed
the acrylation of the amine groups of lysine resglwithin peptide
sequences potentially cleavable by matrix metaditginasestn addition,
Yu et al. proposed the synthesis of an hydrogetdhasm P(NIPAAmM-co-
acrylic acid) and a polyaspartic acid derivativasryloyloxyethylamino
polysuccinimide) as cross-linkérsThus, the covalent conjugation of a
biodegradable macromolecule, as a protein (gelatinpolysaccharides
(chitosan, dextran, xyloglucan), to a thermo-resp@ monomer
represents a versatile strategy to produce inégitigbiodegradable
hydrogels, suitable for pharmaceutical and biomadipplication& 12
The albumin is a biodegradable protein, which sceptible to enzymatic
digestion in human body and considerable interastdeen shown in the
use of protein microspheres as starting materaalgdtive drug targeting,
as well as for producing a sustained and contraiéd of drug release
and microspheres can be used in the treatment ol rd&seases that
require controlled release of the drug into plasoels or organs. The
albumin microspheres are suitable for drug delivemyce they are
biodegradable, biocompatible and relatively easprepare over a wide
range of particle sizes. By virtue of their ability interact with a wide
variety of drugs and their simple and low cost pragon, albumin

microspheres represent very interesting materiads therapeutic

¥s. Kim, K.E. Healy, Biomacromoleculed (2003) 1214-1223.
°Y.G. Yu, Z.Z. Li, H.l. Tian, S.S. Zhang, P.K. Oug Coll. Pol. Sci. 285 (2007) 1553-
1560.
%L, Jun, W. Bochu, W. Yazhotnt. J. Pharm. 2 (2006) 513-519.
" L. Klouda, A.G. Mikos , Eur. J. Pharm. Biopharr8. @008) 34-45.
2'S. Ohya, T. Matsuda, J. Biomater. Sci. Polym. E&d(2005) 809—827.
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application$®. A considerable number of strategies have beerldeed
to obtain albumin microspheres; they can be acHielg thermal
denaturation either by direct reaction between tional groups (usually
carboxyl and amino goups) in the polypeptide sidairts and also by
chemically crosslinking agents as bifunctional card reagent¥. By
these techniques, hydrophobic materials, ableléase the drug through
an erosion mechanism, were prepared. In our previeorks, the
synthesis of bovine serum albumin (BSA) microspbeby radical
copolymerization of methacrylate BSA (BSA-MA) withN,N-
dimethylacrylamid® or methacrylic acid sodium sHltwas reported.
This polymerization technique allows to obtain afid microparticles
with a narrow size distribution, a spherical shapel an high water
affinity. Furthemore, this proteic hydrogels weested as carriers for
water-soluble drugs in media simulating biologitaids.

In this paper, a novel class of biodegradable hyel with proteic
structure and thermo-responsive behaviour was egi#téd. In order to
prepare thermo-sensitive microspheres, the preserk describes the
synthesis of materials by reverse phase suspewsipolymerization of
N-isopropylacrylamide (NIPAAmM) and BSA-MA, as furartal monomer
and proteic crosslinker, respectively. This redeaptoposes a new

synthetic approach by radical polymerization ofdimnalized BSA and

B F. lemma, U.G. Spizzirri, R. Muzzalupo, F. Puc8i, Trombino, N. Picci , Coll.
Polym. Sci. 283 (2004) 250-256.
5. Sahin, H. Selek, G. Pronchel, M.T. Ercan, M. Sargdr\. Hincal, H.S. Kas, J.
Contr. Rel. 82 (2002) 345-358.
® F. lemma, U.G. Spizzirri, F. Puoci, R. Muzzalufo,Trombino, R. Cassano, S. Leta,
N. Picci, Int. J. Pharm. 312 (2006) 151-157.
'* F. lemma, U.G. Spizzirri, F. Puoci, R. Muzzalufo, Trombino, N. Picci, Drug Del.
12 (2005) 179-184.
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thermo-responsive monomer because of this syntpeticedure permits
to modify polymeric network composition producingdnogels with

appropriate and mouldable physico-chemical progerti

The beads were characterized by Scanning ElectMitioscopy (SEM),

Fourier Transform Infrared spectroscopy, particiee sdistribution,

calorimetric and swelling analyses. The FT-IR smeatonfirms the

insertion of functional monomers and proteic crioggr in the polymeric
network. The functional monomer/crosslinker ratiacthie polymerization
feed strictly influences morphological and chemigadoperties of

hydrogels and all samples showed high water affiaitd a significant
volume change in response to temperature varia@noss their LCST
values.

Finally, to evaluate thermo-responsive micropagticlas smart drug
carrier, the hydrogels into a solution of Caffe{i@F) and Theophylline
(TH) were soaked. Media release temperature, aronaikrials LCST
values, hydrogel crosslinking degree and chemitatture of entrapped
drug strictly influence release profiles. Dependiog ratio between
functionalized protein and NIPAAmM in the hydrogeatifferent release

mechanisms were hypothesized.

2. Experimental Section

2.1 Reagents and standards

All the reagents were of analytical-reagent graded used without
further purification unless otherwise statedHexane and chloroform,
purchased from Carlo Erba Reagents (Milan, Italygre purified by
standard procedures. BSA fraction V (MW 68.000; pla+0.2; grade

>98%) was from Roche Diagnostics GmbH. Methacrylithyalride
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(MA), 2,4,6-trinitrobenzensulphonic acid (TNBS), N-
isopropylacrylamide  (NIPAAm), sorbitan trioleate pgh 85),
polyoxyethylene  sorbitan trioleate = (Tween  85)N,N,N’,N'-
tetramethylethylendiamine (TMEDA), ammonium peratdf Caffeine
(CF), Theophilline (TH) were provided from SigmadAth (Sigma
Chemical Co, St. Louis, MO). Acetonitrile and wateere from Carlo
Erba Reagents (Milan, Italy) and all of HPLC gragaropanol, ethanol,
acetone and diethyl ether were from Carlo Erba Beigg(Milan, Italy)

and all of analytical grade.

2.2 Derivatization of BSA

Functionalized BSA (BSA-MA), according to a procesluelsewhere
reported, was preparedDerivatization of BSA with MA was carried out
in distiled aqueous phase, under conditions oftroiled pH and
temperature (pH 7 and 0°C), using a suitable amotiMA and stirred
for 1 hour at 0°C (Figure 1).

)W(OW(K T 1
BSA-NH, © © - BSA-NH)S‘/ * HO)H‘/

H,0, pH 7, T=0°C

Figure 1. Schematic representation of BSA functionalizatiotih MA

The aqueous solution obtained was introduced imdysis tubes and
dipped into a glass vessel containing distilledewat 20°C for 48 h with
four changes of water. The resulting solution wagdn and dried with a
freezing-drier apparatus to afford a vaporous sdlide derivatization

degree (DD%) of BSA-MA in agreement with a procedueported in
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literature was determinéd

2.3 Microspheres preparation (standard procedure)

Microspheres based on BSA-MA and NIPAAmM were poadl by
radical copolymerization technique. Briefly a miduof n-hexane and
chloroform was placed in a round-bottomed cylinalriglass reaction
vessel fitted with an anchor-type stirrer and thestated at 30°C, then
treated, after 30 minutes of,Nubbling, with a solution of BSA-MA,
comonomer (NIPAAmM) and ammonium persulfate in wadserradical
initiator. The density of the organic phase wasisidid by the addition of
chloroform orn-hexane so that the aqueous phase sank slowly when
stirring stopped. Under stirring at 1000 rpm, th&tare was treated with
Span 85 and Tween 85, then after 10 min with TME®DW stirring was
continued for another 60 minutes. The Table 1 rsptbre experimental
conditions of each polymerization reactions. Thecroparticles were
filtered, washed with 50 ml portions of 2-propanethanol, acetone and

diethyl ether and dried overnight under vacuumQ&at4

'S.L. Snyder, P.Z. Sobocinski, Anal. Biochem. 6478) 284—288.
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Dispersed Organic Continous
P Phase 9 Organic Resin WR(%)
Phase
BSA- | NIPAA CHClY 25°C
MA m n-hexane (cc;:g %) Code L(E:g)T Shape Sr
(mg) (mg) (mi/ml) 0 40°C
200 400 15/24 474 (79.0) | 306 | I1sm | 406 2od 18
250 350 16/23 429 (71.4) I 300 | sm |3 Son| 16
300 300 17123 411685 m | 311 | swm | 3% o1a 16
350 250 17123 478(796f v | 320 | sm |3 200 14
400 200 16/24 475(79.2) v | 322 | ism | %%/ os| 13

For all polymerizations, the amount of aqueous ehés 2.5 ml; initiator system is
(NH4)2S208/TMEDA (100 mg/15@l); surfactants are Span 85/Tween 85 (1430 pl). SM:
Spherical micropartcles; ISM: Irregular and spharimicroparticles. WR (%): water content
percent;Sr. ratio between the swelling at 25 °C and 40 °C

Table 1.Copolymerization of BSA-MA with NIPAAmM.

2.4 Water content of microspheres

The swelling characteristics were determined in eordo check
hydrophilic affinity of microparticles. Typicallyliguots (40-50 mg) of
the microparticles dried to constant weight weracet in a tared 5-ml
sintered glass filterd10 mm; porosity, G3), weighted, and left to swell
by immersing the filter plus support in a beakentaming the swelling
media (PBS solution, pH = 6.8, at 25°C and 40°Q)aAdredetermined
time, the excess water was removed by percolatiorat@ospheric
pressure. Then, the filter was placed in a propsidged centrifuge test
tube by fixing it with the help of a bored silicongopper, then
centrifuged at 3500 rpm for 15 min and weightedisTdperation was
repeated at the different times (1, 4 and 24 hodrsg filter tare was
determined after centrifugation with only water.eTleights recorded at

the different times were averaged and used to tiweewater content
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percent (WR %) by the following equation (1):

MX1OO
W

s 1)

WR%) =

Where W; and Wy are weights of swollen and dried microparticles,
respectively. Each experiment was carried out imtgplicate and the
results were in agreement within £ 4% standardrefioe WR (%) for all

prepared materials are reported on Table 1.

2.5 Thermo-behaviour of BSA-MA/NIPAAmM hydrogels

The LCST property of the hydrogel samples was detexd by using a
DSC. The LCST value for all polymers are reportedTable 1. In a
standard procedure the sample was immersed idlatistvater at room
temperature for at least 2 days to reach a swdtate. About 10 mg
swollen sample was placed inside a hermetic alumimpan, and then
sealed tightly by a hermetic aluminum lid. The thal analyses were
performed from 25°C to 55 °C on the swollen hydiagemples under a
dry nitrogen atmosphere with a flow rate of 25 nihthand heating rate

3°C mint.

2.6 Incorporation of drug into preformed microspéer

Incorporation of drugs (Caffeine and Theophilli@p microspheres was
performed as follows: 200 mg of preformed empty rospheres
(prepared as described above) were wetted withi@nal concentrated
drug solution (10 mg/ml). After 3 days, under slstivring at 37 °C, the

microspheres were filtered and dried at reducedspire in presence of
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P,Os to constant weight. The loading efficiency perc@r, %) of all
samples are determined by HPLC analysis of filtex@dent in according

to equation (2):

C;— G
Co

LE (%) = M; X

Here C; was the concentration of drug in solution befdne toading
study,Cy the concentration of drug in solution after thadimg study and
M; was the mass of drug available. The calculated % ¢f different

copolymers are listed on Table 2.

BSA-MA-co-NIPAAM LE (%)
CF TH
| 7143 4622
1] 7611 42+4
Il 664 53+4
v 6742 5145
v 69+1 7343

Table 2. Microparticles loading efficiency percent (LE %) ©F and TH

after 72 h at room temperature.

2.7 In vitro drug release at 25°C and 40°C from noparticles
In vitro drug release profiles were obtained by I@PIAliquots (10 mg)
of drug-loaded microparticles were dispersed iskifacontaining PBS

solution (pH 6.8) and maintained at 25+0.1 and 40%D in a water bath.
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Then at suitable time intervals, samples wererétleand the solutions
were analysed by HPLC. Each experiment was caoigdin triplicate
and the results were in agreement vithin +5% stahderor. For caffeine
and theophylline HPLC conditions were acetonitwiger 6/4; 0.5

ml/min flow; UV detection at = 280 nm.

2.8 Instruments

The dialysis membranes of 6-27/32” Medicell Intéioaal LTD
(MWCO: 12-14000) were employed. The freeze driecrsliModulyo,
Edwards was utilized. The ultraviolet spectra wahU-2000 Hitachi
spectrophotometer using 1 cm quartz cells wererdecb The FT-IR
spectra were recorded as pellets in KBr in the ea@p0—400 cih using

a Jasco FT-IR 4200 spectrophotometer (resolutiemil). The particle
size distribution was carried out using an imagacessing and analysis
system, Leica DMRB equipped with a Leica Wild 3Brsbmicroscope.
This image processor calculates the particle arehcanverts it to an
equivalent circle diameter. The scanning electronicrascopy
photographs were obtained with a Leo stereoscanth@Gample surface
was made conductive by the deposition of a layegadd on the samples
in a vacuum chamber. The X-ray diffraction analysege performed
using a diffractometer Philips PW 1729 X-ray getmra The
experimental parameters were: Cua Kadiation, tube setting 40 kV, 20
mA; angular speed 2° @dnin); range recorded 10-40°&in); time
constant 1s, chart speed 2 cm/min. Calorimetrityara were performed
using a Netzsch DSC200 PC. The High-Pressure LiGhidmatography
(HPLC) analyses were carried out using a Jasco #80-2liquid

chromatography equipped with a Rheodyne 7725i tojeditted with a
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20 pl loop), a Jasco UV-2075 HPLC detector and JasawvBd
integrator. A reversed-phase C18 columpBdndapak, 10um of

250mmx4.6mm internal diameter obtained from Watees) used.

3. Results and Discussion

Chemical groups susceptible to radical polymerarativere introduced
onto BSA by acylation with methacrylic anhydride AMin water at 0C
and neutral pH. Under mild reaction conditions ostigrically accessible
amino groups in the side chain of lysine react vaitiylation agent. The
nucleophilic chemical groups in BSA that could teatth MA are the
thyolic groups of cysteine, hydroxilic groups ofiee and tyrosine, and
amino groups in the side chain of lysine residé® former groups are
involved in disulfide bridges, except cys-34, thatdr are the least
nucleophilic, and do not react in the mild expemtaé conditions. The
amino groups of lysine, sterically accessible, redmefly with acylant
agent at controlled pH and temperature to produatemsoluble BSA-
MA. If the reaction is carried out without pH aneirtperature control,
denaturation of BSA was observed, and its watersldly is lost.

In this work BSA-MA with all the available aminoarps acylated was
prepared (DD% = 100%). The derivatization degres determined by a
spectrophotometric method, using 2,4,6-trinitrolessalphonic acid
(TNBS) as the chromophore group. In this procedurBlBS was
employed as a reagent for measuring the free agrmaps of BSA. The
amino content is related to the increase in abswdat 420 nm that is
ascribable to the trinitrophenylsulfonic group bded to BSA-MA, after
a relatively short incubation period.

Thermo-responsive microspheres with proteic strectwere synthesized
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by reverse phase suspension copolymerization of-MA with an a
monomer showing a thermal behaviour, such as NIPA

Varying crosslinker/comonomer ratio, hydrogels witkifferent
crosslinking degree were prepared (Table 1). Thenperization reactior
owing to steric and geometric constraints, involeasy the methacrylic
functions of BSAMA which are accessible to the growing chains.
obtained microparticle structure is characteriggd network where th
BSA chains are linked by hydrocarbon bridges. it lba presumed that
the copolymerization redon the chains obtained consist of NIPA/
units randomly interrupted by methacrylic B-MA functions which are
sterically and gemetrically attainable (Figure).

Hydrophobic moieties

Proteic

X .

o g ‘ G crosslinker
H . @R

- N AR I /

o )kr’,/“j/

BSA-MA NIPAAm

Thermo-responsive
hydrogel

Figure 2. Synthesis of thermeesponsive hydrogels poly(B-MA-co-
NIPAAM).

The reaction was started using TMEDA and ammoniwersyifate a:
initiator system. Optimization of the polymerizatianethod require
several attempts. It was observed that hydrophgaghilic balance

(HLB) of surfactants is very important. Many tesisre carried out to
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determine the correct ratio of Span 85 (HLB=1.84 afween 85
(HLB=11). Finally, a system with a total HLB=3.4 svable to stabilize
aqueous dispersed phase. The polymerizations peddomaterials with
different shape; in particular the ratio (w/w) beem BSA-MA and
NIPAAmM is significant for the preparation of sploaii microparticles
(Table 1). When BSA-MA/NIPAAmM ratio in the copolynmation feed
was in the range 0.7-1.4 spherical shape was oddécopolymers I, 111
and 1V). A mixture of irregular and spherical pelds was recorded
outside this range (copolymers | and V).

The materials were characterized by FT-IR specttgphetry, swelling
behaviour, particle size distribution, morpholodicnd calorimetric
analyses. The FT-IR spectra of all samples showdtkappearance of
bands at 1307 and 934 chawardable to BSA-MA methacrylic groups
and at 944 and 921 ¢mascribable to C-C double bond of NIPAAm.
Furthermore, an absorption band at 617 cfa typical band of BSA-MA
homopolymer) in all samples was observed. Investigaof the
applicability of these hydrogels in controlled @de was done by
studying their swelling behaviour. The value of tzomed water
percentage was determined in aqueous media (PBEosopH = 6.8;
0.01 M) at 25°C and 40°C respectively. The datppred in Table 1,
illustrate the water uptake at different tempematim grams per gram of
dry copolymer, for each studied composition and riteo between the
swelling at 25°C and 40°CX() was reported for all samples. The prepared
materials showed different water affinity at 25%@la0°C due to pendant
hydrophobic groups in the polymeric chains. Inigatar, at 40°C there is
a considerable lowering of the water content, duesdlvent diffusion

outside the polymeric network and to resultant bptiobic interactions
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between hydrocarbon moiety on polymeric chains. Nhe temperature
raises to 25°C, the water content is greater thanfound at 40°C for all
copolymers. Due to greater NIPAAmM amount in theyparic network
sample | showed higheSt value. At both temperatures the water uptake
decreases from copolymer | to V, according to netweorosslinking
degree and in contrast with the copolymer hydraogtyl This finding
can be explained assuming that the effect due de@sed crosslinking
degree is predominant respect to increased hydrophbieties in the
network.

Using scanning electron microscopy the surfacepgmees of the
microparticles were evaluated, and spherical slofpeicroparticles was
confirmed. In Figure 3 (A and B), the spherical mhaf sample Il is
evident, while the Figure 3 (C) shows the high pdyoof the outside
surface of the microparticles. Similar results wetgained for all the
spherical samples.
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Figure 3. SEM micrographs for Il (A and B) and Il outside faize (C).

In our experiments the particle diameter was indingensional range 20-
30 um for 1l and IV and 40-5Qum for Il and a narrow distributional
profile for the samples 1l and Ill was recorded g{ifie 4) The

micropartcle diameters were strictly dependingl@ndrosslinker amount
in the polymeric networks; the values of mean phtiliameter in general

decreases as the crosslink density increases.
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Figure 3. Size distribution profiles for IIx), Il (33 and IV @).

Thermal analyses were performed from 25°C to 55nCthe swollen
hydrogel samples and the range of LCST values W&823°C (Table 1).
The LCST values were strictly dependent on funetion
monomer/crosslinker ratio in the polymerizationde&he data indicate
that all copolymers had a higher LCST than the piNéPAAmM hydrogel,
a polymer exhibiting LCST value equal to 38®CThe increase in the
LCST recorded in BSA-MA-co-NIPAAmM copolymers candt&ributed to
the increased hydrophilic content respect to hyldob moiety, from |
to V (Figure 5).

Thermo-responsive behaviour of PNIPAAmM hydrogel ssrongly
influenced by polymer-water affinity. At temperaguselow its LCST, the
hydrophilic groups (amide groups) in the side chaih the PNIPAAmM
hydrogel bond the water molecules through hydrdgmmds. However, as
the external temperature increases, the copolynagervihydrogen bonds

¥ H.G. Schild Progr. Pol. Sci. 17 (2) (1992) 163-249.
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are broken. When the temperature raises the LG®Twater molecules,
rigidly structured around the polymer chains, gaiore freedom degrees
and they diffuse in their bulk phase. As a resufjrogen bonds between
solvent molecules in the continuous phase are formaile, inside the
polymeric network, hydrophobic interactions amohng isopropyl groups

become dominant.

3

28 az 36
Temperature("C)

Figure 5. DSC thermograms of BSA-NIPAAmM hydrogels

In order to estimate the ability of the matricegdtease drug molecules,
the beads were loaded with various drugs by soakingcedure.
Theophilline and Caffeine were chosen as model sdargl the loading
efficiency of all samples (LE %) was determined HlyLC analysis as
reported in experimental part (Table 2). The CF wesded on the
polymeric beads with a LE (%) > 65 % for all hydetsy whereas TH was
poorly uptaken on the beads (LE (%) approximate5@o % for all
macromolecular systems except for V, where LE %3%o) Different
drug-polymer hydrophobic interactions explain thesesults, the

interaction of CF, indeed, is particularly strongithw the more
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hydrophobic samples (copolymers I, II). On the camyt, these samples
showed a weak interaction with the less hydrophaliay, TH, while
decresing the hydrophobicity of hydrogel (copolymé&: highest TH
amount was uptaken. The determination of the disigetision state in all
preformed hydrogels was performed by X-ray analysmsalyzing X-ray
diffraction patterns of pure drug, unloaded andgelnaded hydrogels, it
is evident that pure drugs are in the crystalliraes on the contrary, both
the drug-unloaded and loaded microparticles arthénamorphous state
(Figures 6 and 7). The results demonstrate thatinglurthe
polymerization/crosslinking reaction no crystallinegion was formed
and that the drug is molecularly entrapped indidertetwork. Analogous

results have been found for all samples.
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Figure 6. X-ray diffraction patterns of pure TH (a), TH-uabted III
microspheres (b) and TH-loaded microspheres san{plesAnalogous

results have been found for all materials.
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Figure 7. X-ray diffraction patterns of pure CF (a), CF-umded Il
microspheres (b) and CF-loaded microspheres sanfp)esinalogous
results have been found for all materials.

Drug release profile was determined by HPLC anslyBhe drug release
was expressed as drug delivered)(Mlated to the effectively entrapped
total dose (M), as a function of time at 25°C and 40°C. All $\etized
copolymers showed a thermo-responsive behavioupefiinental data
showed for copolymers 1, 1l and Il (functional nmmmer/crosslinker
(w/w) ratio< 1) a predominant drug release in the collapsed gfagures

8 and 9), at temperature above the LCST, whilectipwlymers IV and V
(functional monomer/crosslinker (w/w) ratio > 1)osked prominent drug
release in the swollen state, below the LCST ofmtlagerials (Figures 10
and 11).
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Figure 8. Drug release expressed as Theophylline delivaviyl related
to the effectively entrapped total dosefMas a function of time for
beads | &), Il (), lll (¢) at 25°C (—) and 40°C (----).
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Figure 9. Drug release expressed as Caffeine deliverefir@Nated to the
effectively entrapped total dose {Mas a function of time for beadsal)(
[1 (+), Il (+) at 25°C —) and 40°C (----).
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Figure 10. Drug release was expressed as Theophylline dedivgvl)
related to the effectively entrapped total dose)(Ms a function of time
for beads IV ¢) and V (A)at 25°C —) and 40°C (----).
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Figure 11. Drug release expressed as Caffeine deliveredl i@fated to
the effectively entrapped total dosedjMas a function of time for beads

IV (¢) and V (A)at 25°C {—) and 40°C (----).
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Drug-polymer interactions, beads crosslinking degard temperature of
release media determine release profiles. At 4af@a&zing-out effect
controls the drug release. This effect is pronodnice the polymer |
(MM > 0.70 after 30 h for TH), while it is irrelevantV (M¢Mg < 0.10
after 30h for TH), where only a poor burst effecaswobserved.
According to $values in Table 1, copolymers I, Il and Ill, begrimore
hydrophobic groups in the side chain and low dgnsibsslink points,
underwent a drastic volume transition phase. Orctimtrary, squeezing-
out effect is less evident increasing crosslinkidlegree (copolymers IV
and V), due to the constraints imposed by the tnbss

The data at 25°C suggest a release mechanism doeofmeration of
different factor for all materials in the swolletate. In particular, it is
important to consider the diffusion of drugs thrbwgcomplex polymeric
network containing proteic moieties.

Drug-polymer interactions were found to be importan TH and CF
release profiles. A relationship between the relepsofiles and the
substituent on xanthine ring at 7 position canrbwked. Drug release is
strictly associated to hydration state of the cppars; at 25°C evident
differences between TH and CF were observed ance rhgdrophilic
drug easily interacts with swelling media when dgnsf crosslink points

increased.

4. Conclusion

Thermo-responsive hydrogels were designed and esizééd by reverse
suspension radical polymerization starting from ibevserum albumin
derivative and temperature sensitive monomer (NIPAARespect to the

thermoresponsive hydrogels reported in literature polymerization
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technique proposed in this paper allows to syndeesystems with
spherical shape suitable to prevent anisotropidlisygeof materials in the
media release. The mild and controlled reactionditmms in the
functionalization of BSA with methacrylic anhydrigeermit to preserve
water solubility of native protein. Thus, derivatk BSA was covalently
inserted in a polymeric network by water/oil emaisipolymerization,
using a water soluble radical initiator systems.ryfay the feed
composition, a novel class of temperature-respengelymers with
different physico-chemical properties was obtain€de insertion of a
biomacromolecules in a crosslinked structure presidto a
biocompatibile and biodegradable network, suitabte drug delivery
systems. In this paper an extensive studies teeaeha spherical shape
were performed and the functional monomer/crosslinfatio was found
to greatly influence the geometric and morpholdgipeoperties of
microparticles. On the other hand, materials withffecent
hydrophobic/hydrophilic balance were synthesizdoisé ones showed
changed affinity to aqueous media depending on lisgelemperature.
Negative thermo-responsive behaviour for all sasplas observed. In
order to test the materials as drug carriers, T¢H@R were loaded on the
microspheres and drug entrapment percent was datmnDepending on
media temperature and loaded drug-bead interactivng release across
the proteinous hydrogels takes place by modificatiof volume
hydrogels.

99






Polymeric materials in Biomedical, Analytical andded Applications — SECTION I

Chapter 2

NEGATIVE THERMO-RESPONSIVE MICROSPHERES BASED ON
GELATIN HYDROLYZATES AS DRUG DELIVERY DEVICE

1. Introduction

Hydrogels are composed of the three-dimensionavar&t polymers and
have properties of both solid and liquid. In theoBan state, hydrogels
are soft and rubbery, and some hydrogels are sitaléving tissue and
possess excellent biocompatibitity

Among polymers that can form hydrogels, naturalyp@rs are often
preferred to synthetic materials because of thamtaxicity, low cost, free
availability and biocompatibility. Besides, theyncée copolymerized
with some monomers to obtain copolymers with spégiections, such as
thermo-sensitive or pH-sensitive copolymers. Thigllof systems are of
great interest as drug carriers, food additived,ssmon.
Thermo-sensitive hydrogels have attracted exterisiegest due to their
potential and promising applications in many fieldmong the family of
temperature sensitive hydrogels, poly(N-isopropylamide)
(PNIPAAmM) hydrogel is one of the most widely studlidt exhibits a
lower critical solution temperature (LCST) at 32fiCaqueous solution
and shows an abrupt thermo-reversible change innwelas external
temperature cycles around this critical temperatlitee LCST can be
adjusted to the body human temperature by copoiyaten or

interpenetration with other monomers

LY. Lang, T. Jiang, S. Li, L. Zheng J. Applied P8ti. 108 (2008) 3473-3479.
2C. Pan, Q. Long, D. Yu, Y. Rao, N. WU, X. IHront. Chem. China 3 (2008) 314—319.
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For this purpose, and to improve the mechanicalpgntes of the
resultant materials, much research has been dasstziate biopolymers
(such as protein and polysaccharides) with theremsiive
macromolecules. Gelatin is a biopolymer with thermo-reversible
propertied. At temperatures below 25°C, an aqueous gelatintisn
solidifies due to the formation of triple helicemdaa rigid three-
dimensional network. When the temperature is raisadove
approximately 30°C, the conformation changes frohebx to the more
flexible coil, rendering the gel liquid agdinAs the opposite thermal
behavior is desired for biomedical applicationssesrchers have
combined gelatin with other polymers, which shoerthal gelation close
to body temperature

In addition to its good biological properties, sugt non toxicity, non
immunogenicity and the complete reabsorption imyigelatin has the
advantage of allowing for easy modification on #rmino acid levelln
literature, different methods to obtain gelatinrthesensitive hydrogels
are reported and these materials are of greatesiten drug delivery,
tissue engineering, and so on.

Chun at af. proposed the synthesis of agdrogel-dispersed composite
membrane based on poly(N-isopropylamide) (p(NIPAAmMand
crosslinked gelatin, and its thermally actuateddpmrt characteristics of

4-acetamidophen were investigated in a diffusidh tee et al’ studied

% L. Klouda, A.G. Mikos, Eur. J. Pharm. Biopharm. @808) 34—45.

“ C. Joly-Duhamel, D. Hellio, M. Djabourov, Langmui8 (2002) 7208-7217.
®H. Yang, W.J. Kao, Pharm. Res. 23 (2006) 205-214.

®S. Chun, J. Kim, J. Control. Rel. 38 (1996) 39-47.

"W. Lee, S. Lee, J. Mater. Sci: Mater. Med. 18 0{201089—1096.
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the effect of gelatin on the release profile ofoait, cationic and neutral
drugs from different organic hybrid gels, based on poly(N-
isopropylacrylamide) and gelatin, crosslinked tlylowa two-step process
with genipin or glutaraldehydéelhis paper reports on the synthesis of
gelatin-based thermo-responsive microspheres inclwhiydrolyzed
methacrylated gelatin (HGel-MA) was employed as -pydrophilic
monomer, NIPAAmM as thermo-responsive co-monomer &hdll’-
methylenebisacrylamide (MEBA) as crosslinking agédir object was
to design biodegradable thermo-responsive matesidtsspherical shape
and characterized by LCST values close to body ¢eatpre. Varying the
HGel-MA and NIPAAmM amount in the polymerization dgethree
different polymeric networks have been synthesizéde obtained
microbeads were characterized [8canning Electronic Microscopy
(SEM), Fourier Transform Infrared spectroscopy, tipklr size
distribution, calorimetric and swelling analysésally, in order to verify
the suitability of these materials as thermo-resp@ndevices for drug
delivery, a commonly used antinflammatory drug)afenal sodium salt,
was loaded on the polymeric structures and relgasgles at 25 and
40°C evaluated; moreover, in order to test the ntloeresponsive
switching behavior pulsatile drug release experisidoy temperature

cycling were performed.

2. Experimental section

2.1 Materials

Gelatin (Ph Eur, Bloom 160), methacrylic anhydr{@¢A), potassium
hydroxide  (KOH), N-isopropylacrylamide (NIPAAm), N

methylenebisacrylamide (MEBA), sorbitan trioleateSpén 85),
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polyoxyethylene  sorbitan trioleate (Tween  85)N,N,N’,N'-

tetramethylethylendiamine (TMEDA), ammonium peratéf sodium

hydrogen phospate, disodium hydrogen phosphatai@iafenac sodium
salt were provided from Sigma-Aldrich (Sigma ChexhiCo, St. Louis,
MO). Acetonitrile and water were from Carlo Erbadgents (Milan,
Italy) and all of HPLC grade. 2-propanol, etharmtetone and diethyl
ether were from Carlo Erba Reagents (Milan, Itagyl all of analytical
grade.n-hexane and chloroform, purchased from Carlo Ereagents

(Milan, Italy), were purified by standard procedare

2.2 Synthesis of Methacrylated Gelatin Hydrolyzate

Methacrylated gelatin hydrolyzates (HGel-MA) wemegared according
to the literature with some modificatidhs

A reaction mixture containing 40 g of gelatin weaen up in 60 g of
water and, after the addition of 1.6 g of sodiundroyide, the solution
was heated for 16 h to 130°C. Then, after coolmgobm temperature,
3ml of methacrylic anhydride were added to the ieaanixture. The pH

value of the reaction mixture was kept at 10 byitaaid of dilute sodium

hydroxide. After a reaction time of 5 h, the miduwvas cooled to room
temperature and adjusted with dilute hydrochloadel to a pH value of
7 (Figure 1).

8 L.-H. Lin, K.-M. Chen, Colloids and Surfaces A:yRitochem. Eng. Aspects 272
(2006) 8-14.
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Figure 1. Schematic representation of HGel-MA synthesis

The obtained functional hydrolyzate was precipdatey adding the
polymeric solutions to an excess volume of acetonéer agitation at
room temperature. The suspensions were filteredittered glass filter
funnel (Pyrex, @30 mm; porosity 3) and washed wiigthyl ether and

the recovered gelatine hydrolizate was dried ia@um oven at 40 °C.

2.3 Microspheres preparation (standard procedure)

Microspheres based on HGel-MA, NIPAAm and MEBA wereduced
by radical copolymerization technique. Briefly axtore ofn-hexane and
chloroform was placed in a round-bottomed cylinalriglass reaction
vessel fitted with an anchor-type stirrer and thestated at 30°C, then
treated, after 30 minutes of;Nbubbling, with an aqueous solution of
HGL-MA, the comonomer (NIPAAmM), the crosslinker MBEBand
ammonium persulfate as radical initiator. The dignsli the organic phase
was adjusted by the addition of chloroform mhexane so that the
agueous phase sank slowly when stirring stoppedebstirring at 1000
rpm, the mixture was treated with Span 85 and Tw&&gnthen after 10
min with TMEDA and stirring was continued for anetlf60 minutes. The
table 1 reports the experimental conditions of eacdtymerization
reactions.. The microparticles were filtered, washath 50 ml portions
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of 2-propanol, ethanol, acetone and diethyl ethet dried overnight

under vacuum at 40°C.

Aqueous dispersed Organic continuous
Phase Phase Hydrogel
HGel-MA  NIPAAM  MEBA CHCIS/ mg Code
n-hexane
mg Mg mg mi/ml (conv.%)
200 300 100 19/22 450 HG-1
300 300 120 19/22 400 HG-2
300 400 120 19/22 425 HG-3

For all polymerizations, the amount of aqueous ehas 2.5 ml; initiator system is
(NH4),S,0¢/ TMEDA (100 mg/150 pl); surfactants are Span 85/@w85 (150 pl/40 pl).

Table 1. Polymerization conditions for the synthesis of HGIG-3

2.4 Water content of HG microspheres

The swelling characteristics were determined in eordo check
hydrophilic affinity of microparticles. Typicallyaliquots (40-50 mg) of
the microparticles dried to constant weight weracet in a tared 5-ml
sintered glass filterd10 mm; porosity, G3), weighted, and left to swell
by immersing the filter plus support in a beakentaming the swelling
media (PBS solution, pH 7, at 25°C and 40°C). A2dh, the excess
water was removed by percolation at atmospherisspre. Then, the
filter was placed in a properly sized centrifugst teibe by fixing it with
the help of a bored silicone stopper, then cergeatuat 3500 rpm for 15
min and weighted. The filter tare was determingdrafentrifugation with
only water. The weights recorded at the differenet were averaged and
used to give the water content percent (WR %) leyftilowing equation

(2):
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WR%) = % x100

s 1)
Where Ws; and Wy are weights of swollen and dried microparticles,
respectively. Each experiment was carried out imtgplicate and the
results were in agreement within £ 4% standardrefioe WR (%) for all

prepared materials are reported on Table 2.

2.5 Thermo-behaviour of HG microspheres

The LCST property of the hydrogel samples was detexd by using a
DSC. The LCST value for all polymers are reportedTable 2. In a
standard procedure the sample was immersed idlatistater at room
temperature for at least 2 days to reach a swdaltate. About 10 mg
swollen sample was placed inside a hermetic alumimpan, and then
sealed tightly by a hermetic aluminum lid. The thal analyses were
performed from 25°C to 55 °C on the swollen hydiagenples under a
dry nitrogen atmosphere with a flow rate of 25 nihthand heating rate

3°C min™.

2.6 Incorporation of drug into preformed microspaer

Incorporation of Diclofenac sodium salt into migoberes was performed
as follows: 200 mg of preformed empty microspherese wetted with
2.0 ml in a concentrated drug solution (10 mg/Aliter 3 days, under
slow stirring at 37°C, the microspheres were fdteand dried at reduced
pressure in presence of@ to constant weight. The loading efficiency
percent (LE %) of all samples are determined by @Pdnalysis of

filtered solvent in according to equation (2):
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LE(%) = € -G

x100 )

Here C; was the concentration of drug in solution befdne toading
study, Cy the concentration of drug in solution after thadmg study.
The values of calculated LE (%) and the drug loagectent (DL%) in
each matrix were listed on Table 2, according teaéiqn 3:

Amountof drugin thebeads><

DL(%) = 100 (3)
Amountof bead
Calor|me.tr|c Swelling behavior
analysis LE
Hydrogel % LD%
LCST
°C WR 5 WR 4o S
HG-1 35.4 200+0.9 129+0.7 1.55 98.76
HG-2 36.5 267t0.6 128+0.8 2.08 98.45
HG-3 36.9 229+0.7 128+0.4 1.78 98.46

Table 2. Calorimetric analyses, water uptake experimenk,and LD

percentages of HG hydrogels

2.7 In vitro drug release at 25°C and 40°C from noparticles

In vitro drug release profiles were obtained by HPLC. Adigu(10 mg)

of drug-loaded microparticles were dispersed iskifacontaining PBS

solution (pH 7) and maintained at 25.0£0.1 and #0.0°C in a water

bath., The samples, at suitable time intervals,ewitered and the
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solutions were analysed by HPLC. Each experimers @aried out in
quintuplicate and the results were in agreemenhiwitt5% standard
error. The HPLC conditions were acetonitrile/phagphbuffer 0.0001M
7/3 (viv); 0.5 ml/min flow; UV detection at 284 nm.

2.8 In vitro pulsatile drug release from 25°C t°@0

Oscillatory drug release profile of the obtainedenals was investigated
by immersing the gel beads in a solution at pH(@.001 M, phosphate
saline buffer), and alternating the temperatureveeh 25 and 40°C at
suitable time intervals. At each time, the sampiese filtered and the
solutions were analysed by HPLC. Each experimers garied out in

triplicate and the results were in agreement vitii% standard error.
The release period was extended over several cyokdsno further drug

was released. Two different experiments were perdol: the first starting
from 25°C and the second from 40°C. The larger wnatpre difference
was used to help increase the speed of collapseg $0C is a small

molecule.

2.9 Statistical analysis

All of the experiments were done in triplicate. Gmay analysis of
variance was performed to assess the significarfictheo differences
among data. Tukey—Kramer post-test was used to am@tphe means of
different treatment data. P < 0.05 was considetatsscally significant.

2.10 Instruments
The FT-IR spectra were recorded as pellets in KBhe range 4000-400

cm* using a Jasco FT-IR 4200 spectrophotometer (résnl@ cm®). The
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scanning electron microscopy photographs were mbdawith a Leo
stereoscan 420; the sample surface was made comducy the
deposition of a layer of gold on the samples inagwm chamber.
Calorimetric analyses were performed using a Nati38C200 PC. The
High-Pressure Liquid Chromatography (HPLC) analyseee carried out
using a Jasco PU-2080 liquid chromatography eqdipgéh a Rheodyne
7725i injector (fitted with a 2@l loop), a Jasco UV-2075 HPLC detector
and Jasco-Borwinl integrator. A reversed-phase Cd@&@umn
(uBondapak, 1Qum of 250mmx4.6mm internal diameter obtained from
Waters) was used.

3. Results and Discussion

3.1 Synthesis of HG microspheres

Chemical groups susceptible to radical polymerarativere introduced
onto hydrolized gelatin by acylation with methagrylanhydride.
Comparing to the native protein, the hydrolyzates éharacterized not
only by an enhanced water solubility, but also bgreater number of
nucleophilic groups disposable for the functioretian. In addition to the
thiolic groups of cysteine, hydroxilic groups ofrise and tyrosine, and
the amino groups in the side chain of lysine ressjindeed, the terminal
amino groups, deriving from the alkaline hydrolysighe peptide bonds,
represent reactive sites toward the derivatizatiith MA.

Our goal was to obtain proteic functional monome&rsbe directly
copolymerized with NIPAAm and MEBA, to synthesizeetul spherical
polymeric materials that summarize the thermo-respe behaviour of
PNIPAAmM with the biocompatibility and the hydropbilcharacteristics

of the gelatine (Figure 2).
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NIPAAmM, MEBA
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Na,S,0,, TMEDA

X=S.0,N

Figure 2. Copolymerization of HGel-MA monomers with NIPAAmmG
MEBA

On the other hand, the choice to obtain hydrogdélaracterized by
spherical shape was dictated to the fact thakihi$ of materials are ideal
vehicles for many controlled delivery applicatiodsie to their ability to
encapsulate a variety of drugs, biocompatibilitghhbioavailability and
sustained drug release characteridtics

It can be presumed that, in the copolymerizatiactien, the obtained
chains consist of NIPAAmM units randomly interruptedMEBA moieties
and the methacrylic functions of HGel-MA stericaipnd geometrically
attainable. The optimization of the polymerizatraethod was performed
and it was observed that hydrophilic/lipophilic date (HLB) of
surfactants represents an important parameterddupe a water-in-olil
emulsion consisting of water drops uniformly diseel in the organic
phase (CHGIn-hexane) when stirring was stopped. Generally, miate
oil emulsions are stabilised by surfactants in eoti@tions of 0.5-1.5%
by weight in to water and literature data repodttthe best results were

obtained using surfactant mixtures with differeatues of HLB (26). In

° G. Cirillo, F. lemma, F. Puoci, O.l. Parisi, M. i€io, U.G. Spizzirri, N.Picci J. Drug
Target. 17 (2009) 72-77.
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particular, the volume ratio of the surfactant mnet strictly depends on
the dispersed phase. In our experiments, diffelests were carried out,
allowing to determine the correct ratio for Span@®L.B=1.8) and
Tween85 (HLB=11). A system with a total HLB = 3.7Asveventually
found to be able in stabilizing the aqueous phasgedsed in the organic
one. Varying the amount of HGel-MA and the molartioa
NIPAAM/MEBA in the polymerization feed, three difeat hydrogels
were prepared, as reported in Table 1. In particlN\dPAAM/MEBA
molar ratio was 5.0 for HG-1 and HG-3 and 3.7 fd&-B, while the
amount of hydrophilic crosslinker (HGel- MA) was.3% (w/w) for HG-
1 and was increased to 36.6% and 41.1% for HG-3 HQG2,
respectively. In the polymerization protocols pregd in this paper, we
found that the change of both the crosslinking degrand the
hydrophilic/hydrophobic balance of the polymerictvmerks seems to
greatly influence the water-beads affinity and empgently the
swelling/shrinking transition temperatures of théermo-sensitive

microspheres.

3.2 Characterization of gelatine microspheres

The obtained materials were characterized by FBgBctrophotometry,
swelling behaviour, morphological and calorimetialyses.

The FT-IR spectra of all samples shown the disappea of bands at
944 and 921 cii ascribable to C—C double bond of both NIPAAm and
HGel-MA and the appearance of the typical absonptiands of gelatine.
In particular, the peaks at 3450 ¢rand 3423 ci due to N-H stretching
of secondary amide, C=0 stretching at 1680*@nd 1640 cm , N-H

bending between 1550 ¢hand 1500 ci, N-H out of plane wagging at
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670 cm® and C-H stretching at 2922 enand 2850 ciare visible in the
spectra of three samples.

Investigation of the applicability of these hydrésga controlled release
was done by studying their swelling behaviour. Takies of contained
water percentages were determined in aqueous n{€d& solution
pH=7; 0.01M) at 25°C and 40°C, respectively. Theadaeported in
Table 1, illustrate the water uptake at differarhperature, in grams per
gram of dry copolymer, for each studied composjtiand the ratio
between the swelling at 25°C and 40®) (vas reported for all samples.
The prepared materials showed different water igffit 25°C and 40°C
due to pendant hydrophobic groups in the polymahrains.

In particular, at 40°C a considerable lowering loé water content was
observed, due to the predominance of the hydroghatieractions
between hydrocarbon moiety on polymeric chains thases the solvent
diffusion outside the polymeric network. When teenperature raises to
25°C, the interactions between the water molecates the hydrophilic
moieties of microspheres prevail with a conseqeehiancing of swelling
degree. Using scanning electron microscopy, thiasemproperties of the
microparticles were evaluated, and spherical slopeicroparticles was
confirmed. In Figure 3 (A and B), the spherical mhaf sample Il is
evident, while the Figure 3 (C) shows the high pdyoof the outside
surface of the microparticles. Similar results wetgained for all the
spherical samples. The shape and the morphologyhef prepared
microparticles suggest their potential use as dfeigrery systems. The
spherical shape, indeed, allows to eliminate theso#&mopic swelling

normally associated with others geometries, whhe presence of
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micropores could facilitate the drug diffusion thgh the polymeric

network.

(©)
Figure 3. Scanning electron micrographs of HG-2. Spheribalps (A)

(B) and porous surface (C).

Finally, the transition temperature of the obtainbgldrogels was
determined by performing thermal analyses from 25@&5°C on the
swollen hydrogels. As shown in Table 2, all sampaswn a higher
LCST than the pure PNIPAAmM hydrogel. This is dughe presence of
gelatine moieties that increase the hydrophilicteonin the polymeric
structure.

Moreover, from HG-1 to HG-3 an increasing trend tbé transition
temperature was observed as a result of the entiahttbel and MEBA
content in the polymerization feed. The LCST valuesleed, were

strictly dependent on functional monomer/crosslinkatio in the
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polymerization feed. At temperature below its LCSHe hydrophilic
groups (amide groups) in the side chains of thePR)Xm hydrogel bond
the water molecules through hydrogen bonds. Howeagithe external
temperature increases, the copolymer-water hydrbgeas are broken.
When the temperature raises the LCST, the waterecuntds, rigidly
structured around the polymer chains, gain moredmen degrees and
they diffuse in their bulk phase. As a result, logén bonds between
solvent molecules in the continuous phase are formaile, inside the
polymeric network, hydrophobic interactions amohng isopropyl groups
become dominant. Thus, a reduction of the HG amouthie polymeric
structure results in a decrease of LCST valueslewhs the hydrophilic
moieties increased, the strength of hydrogen bdmetween the water
molecules and the hydrogels, and so also the tiamsiemperature,

enhanced.

3.3 In vitro release studies

Thermally responsive drug delivery systems haveaaetd ever-
increasing attention because they can control #iease of drug in
response to changes in body temperature and therefct as self-
regulating systems.

In order to estimate the potential application adgared matrices as drug
delivery devices, the beads were loaded with onth@fmost commonly
used anti-inflammatory drug, Diclofenac sodium <&8IC), by soaking
procedure and the loading efficiency of all samplegE %) was
determined by HPLC analysis (Table 2). The DC wasléd on the beads
with a LE (%) > 98% for all grafted microbeads. D&lease experiments

were carried out in PBS solution (pH 7.0;*1M) at 25 and 40°C and the
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amount of drug released was expressed as drugededi(M) related to
the effectively entrapped total masspjMas a function of time.

As reported in Figure 4, a different release rates wecorded. In each
experimental time and for all samples, indeed, #meount of drug
molecules that moves from the polymeric beads écstirrounding media
was higher at 40°C than 25°C, and a shape rideedtrst 30 minutes was
noted at 40°C, comparing to a slow increase at 231 jump in the
release profile was ascribed to rapid collapse h&f hydrogel from

swollen to collapsed state.

Fractional Release Percent (MiMo)

o 5 10 15 20 25 30
Time (h)

Figure 5. Drug release expressed as percent of DDA delivékédl

related to the effectively entrapped total dosg)(Ms a function of time
for beads HG-1¢ ), HG-24 ) and HG-( R&fC (solid lines) and
40°C (dashed lines) and at pH 7.0 (PBS solutichMp

Since the microparticles have a well-defined geoynend a narrow
dimensional distribution, we determined the mecsmanof drug release

(Fickian or non-Fickian). In particular, the kiregtiof DC release at 25°C,
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under LCST value, were analyzed by the semi-engdigquation (4) for
M{/M; < 0.6.(20)

My
M, @)

Where M/My is the drug fraction released at time t, K andre a
constant and the kinetic exponent of drug relessgectively. Although
the use of this equation requires detailed stesiséinalysis, the calculated
exponent,n, gives an indication of the release kinetics. ¥ 1©9.43, the
drug diffuses and releases out of the polymer mabtlowing a Fickian
diffusion. For n > 0.43, an anomalous or non-Fiokigpe drug diffusion
occurs. If n = 0.85, a completely non-Fickian os€# release kinetics is
operative. The intermediary values ranging betw@&8 and 0.85 are
attributed to anomalous type diffusive transporheTleast-squares
estimations of the fractional release data alongh whe estimated
correlation coefficient values, r, are presented amle 3. The empirical
transport equation (4) represents an extensioheothort time solutions
for Fickian and non-Fickian diffusional releasewiroa thin film. In
theory, this equation should onlye applicable to the first 60% of
fractional release from thin slabs, for which th&swmption of one-
dimensional diffusion under perfect sink conditioasvalid. In practice,
however, the equation has been applied to systemdiféerent
geometries, to systems where one dimensional dfiucannot be
assumed, and to systems where perfect sink boumdaditions are not

maintained. In the experiments at 25°C, the expnanwas 0.38 and
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0.41 for copolymers HG-1 and HG-2, indicating a dominantly

diffusive mechanism in the release of the drug,levhivalue for HG-3

indicates an anomalous release profile. For thiscds, at temperature
below the LCST, the diffusion plays a major roletasccurs through the
available space between macromolecular chainstdedas the “pore”.

A more informative analysis can be obtained bynfitithe data with the
model proposed by Peppas and Sahlin (21). The iequiatr this model

IS:

ﬂ:Kltﬂl’%Kz[ﬂ
M, (5)

with M¢/Mp < 0.95. In this equation, the first term is the Hkack
contribution and the second term is the Case #xaglonal contribution.
Table 3 reports Kand K values according to equation 5. For all
investigated samples the termt¥ is greater (about 15-20 times) than
the term Kt, indicating that the predominant mechanism, 4C2%or DC
release is the Fickian diffusion through the swolheicroparticles. Thus,
the drug release was determined by two factors,sthelling rate of
polymer and the diffusivity of the drug through thetwork. Because at
the same temperature there are no marked diffesesfdbe diffusivity of
drug in each polymer, the swelling rate of the pwy was the
dominating factor. In swelling-controlled (and irergeral swellable)
controlled release systems the dissolution mediunrosnding the
controlled release device may enter the polymer rate that controls the

drug release and under certain experimental camditzero-order release
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can be achieved. The prevailing molecular mecharnss@a coupling of
diffusion and macromolecular relaxation as a restltvhich the drug
diffuses outward with a kinetic behavior that igp€eledent on the relative
ratio of diffusion and relaxation

When the hydrogels are placed in an aqueous solatio40°C, above
their LCST, the release behaviours were complexnananly diffusional
effects of drug through the polymer network hashéoconsidered, but
also the squeezing effect of swelled polymer cbaoted to the apparent
release rate. The n values of HG-1 and HG-3 sampl€6 and 0.58,
respectively) indicate a pronounced non-Fickiaffudion transport,
while HG-2 (n = 0.41) seems to follow a Fickiannileof release profile.
Fitting the experimental data using the Peppash$aduation, more
information can be obtained; in particular, at 4@ for HG-1 and HG-
3 samples, the ratio between End K values are considerably lower
than that recorded at 25°C, as a result of the ndrftusional contribute
to the release profile. On the contrary, the hydlétG-2 showed a ¥K,

a greater contribution due to, Konfrontable to the fitting at 25°C as a
consequence of the role of the diffusional componanthe release
mechanism at both this temperature.
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M _ n
=K

4)

Sample
K 10% (min™) N R
25°C 40°C 25°C 40°C 25°C 40°C
HG-1 21.87+4.72 3.36+£1.41 0.38+0.08 0.66+0.11 0.85 0.93
HG-2 20.47+1.36 6.69+1.08 0.41+0.02 0.41+0.03 0.98 0.97
HG-3 31.22+2.59 5.99+0.70 0.27+0.03 0.58+0.03 0.93 0.99
M 12
t —
v =K O+ K, O
0
5)
Sample
K;10% (min*?) K210® (min®) R
25°C 40°C 25°C 40°C 25°C 40°C
HG-1 22.83+2.99 2.88+0.70 -1.61+0.65 0.52+0.08 0.93 0.99
HG-2 20.19+0.83 5.70+£0.21 -1.01+0.18 -0.11+0.01 0.99 90.9
HG-3 29.01+0.88 9.18+0.37 -2.82+0.19 0.22+0.02 0.99 0.98

Table 3.Release kinetics parameters of different formuitetio

3.4 Pulsatile drug release experiments

Pulsatile devices may have many applications iasacé medicine where

a constant rate of drug release does not match pthesiological
requirements of the body. To demonstrate revershbleff-switching of
DC release, the microspheres were repeatedly hedtede and cooled
below their LCST inin vitro pulsatile release experiments. In these
conditions, the release profiles during 5 hourseneund to have very
good sustaining efficacy and the effect of tempgetcycling on drug

release may reflect a response rate to variousremients. The
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experiments started placing the samples both wedling (25°C) and in a
collapsed state (40°C) and recording the amountDG@f released,
expressed as #My percent, in the surrounding environment after each
temperature change. Figure 6 (a) and 6 (b) show®1 release profile
and release rate from GM hydrogels as a functiotemwiperature cycling
at fixed pH value (PBS solution TV, pH 7.0).

Generally, for all samples it can be observed aghdri DC amount
released at 40 versus 25°C. This behaviour is duethe strong
hydrophobic interactions between the isopropyl geoof NIPAAmM as the
temperature reached the LCST, so a significant amoluagueous drug
solution was dispelled from the collapsed hydrogals a consequence,
exposing the DC-loaded samples to a temperatud®dE, a significant
burst effect was observed for all samples, witM{J percent values
ranged from 30.0 to 61.0 after an half hour. Theseentages decreases
to values between 9 and 25 when the microspheresplaced to a
temperature of 25°C. These results clearly showatl the HG systems

allow to obtain an effective modulation of the dnetgase rate.

Fractional release Percent (Mt/Me)

Time (h)
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Figure 6. Repeated on/off switching of crosslinked graftednheane.

The temperature in the off and on-situation is 28 40°C, respectively.

4. Conclusions

In this work, methacrylated gelatin hydrolizatesrevemployed as pro-
hydrophilic monomers in the synthesis of thermpoesive
microspheres by free-radical suspension polymeozatand using
NIPAAm and MEBA as thermo-responsive functional mmer and
crosslinking agent, respectively. Varying the HGEx and NIPAAmM
amounts in the feed composition, hydrogels with fedent
hydrophobic/hydrophilic balance were synthesizelde Epherical shape
and the high degree of porosity of the obtainedenes were confirmed
by SEM analyses, while the negative thermo-respenbehaviour by
water uptake experiments at temperatures acrosisGB& was checked.
Moreover, since the gelatine moieties in the netwomcrease the

strength of the interactions between the water oubds and polymers, a
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considerably enhancing of the transition tempeestuo values close to
the body temperature was recorded. The potentiplicapion of these
materials as drug carriers was demonstrated bymeiig DC release
experiments at temperature above and below the LO®pending on
temperature of the surrounding environment, drugase across the
hydrogels takes place by abrupt modification olweé hydrogels and by
diffusion of the therapeutic through the polymenmetwork. In order to
estimate the diffusional contribute on the drugiveel, semi-empirical
equations were employed, showing the enhancedofotee diffusional
component in the release mechanism at temperagloe the LCST.
Finally, the reversible on/off-switching behavidraur microspheres was

demonstrated by performingn vitro pulsatile release experiments.

123






Polymeric materials in Biomedical, Analytical andded Applications — SECTION I

Chapter 3

SYNTHESIS OF THERMO-RESPONSIVE MOLECULARLY IMPRINTD
POLYMERS

1. Introduction

Molecular imprinting is a method for the preparatiof ligand-selective
cavities in a synthetic polymer mattixThe technique has attracted
significant interest from a large number of areathiw chemistry and
analytical sciences due to the relative ease witichvthese polymers
may be prepared, the range of template structuhgshvare amenable to
use and the apparent mechanical and chemical igtatilthe types of
synthesized polymers. Briefly, the technique mayéscribed as follows:
a template molecule is allowed to form reversiblenactions (covalent or
non-covalent) with suitable functionalized monoméd?slymerization in
the presence of a cross-linking monomer, affordsghly cross-linked
macroporous polymer containing cavities with site$ varying
complementarity to the template. Removal of thepiate by competitive
extraction procedures renders a material with gqgacity to selectively
re-adsorb the templat@ne of the objectives in molecular recognition is
to achieve stimulus-responsive recognition behAvidhe intelligent-
imprinted gels are able to memorize their bindiogformation and can
be switched on and off by external stimuli, suchp&l temperature,

light>*. Temperature is the most widely utilized triggerisignal for a

! P.A.G. Cormack, A. Zurutuza Elorza J. Chromat@gr804 (2004) 173-182.
2S. Li, S. Pilla, S. Gong, J. Polym. Sci.: Part AlyPn. Chem. 47 (2009) 2352—2360.
% J.Akimoto, M. Nakayama, K. Sakai, T. Okano, J Polgai Part A: Polym Chem 46
(2008) 7127— 7137.
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variety of triggered or pulsatile drug delivery ®ms. The use of
temperature as a signal has been justified by #uot that the body
temperature often deviates from the physiologieaigerature (37°C) in
the presence of pathogens or pyrogens

Poly(N-isopropylacrylamide) (PNIPAAm) has been tHecus of

significant attention because of its thermo-respenspropertie’?

Several studies have demonstrated that aqueousosslwf PNIPAAM

exhibit a lower critical solution temperature (LOS@&round 32°C.
Dehydration of polymer chains upon heating causesikto-globule

transition and produces temperature reversible ephseparation in
solutions and changes in the hydrophobic natursuofaces modified
with PNIPAAmM. Recent studies have exploited thebenpmena for
applications in drug delive?y®, separatioh*?energy transductidi and

catalysi$®. When a molecular recognition host and a thernmsitiee

polymer are integrated in the same material, a Inbwection can be
achieved in the combined compound which is differéom the

component materials.

4Y. Zhou, K. Jiang, Y. Chen, S. Liu, J. Polym. Sci.tPar Polym. Chem. 46 (2008)
6518-6531.

> AK. Anal, Recent Patents on Endocrine, Metabdliémmune Drug Discovery 1
(2007) 83-90.

Y H. Bae, T. Okano, S.W. Kim, Pharm. Res. 8 (1%&).

"T. Okano, Y.H. Bae, H. Jacobs, S.W. Kim, J. CaR&l. 11 (1990) 255.

8.C. Dong, Q. Yan, A.S. Hoffman, J. Contr. Rel.(2292) 95.

° K. Fujinmoto, C. Iwasaki, C. Arai, M. Kuwako, E. ¥iagi, Biomacromolecules 1
(2000) 515.

1O'M. Kurisawa, M. Yokoyama, T. Okano, J. Controll&tlease 69 (2000) 127.

K. Yamamoto, H. Kanazawa, Y. Matsushima, N. Takai,Kikuchi, T. Okano,
Chromatography 21 (2000) 209.

2H E. Teal, Z. Hu, D.D. Root, Anal. Biochem. 283 (20 159.

131, Liang, X. Feng, P.F.C. Martin, L.M. PeurrungAppl. Polym. Sci. 75 (2000) 1735.
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In this work, thermo-responsive molecularly impeitpolymers were
synthesized by using caffeine as model templateahaweylic acid as
functional monomer able to interact with caffeiNdPAAmM as thermo-
sensitive monomer and ethylene glycol dimethaceylas crosslinking
agent.

The thermo-responsive behavior of the obtained maddewas tested in
water uptake experiments at 25 and 60°C, whilartipginting effect and
the selectivity of MIP were evaluated by performbiigding experiments
with the template and its analogue, theophillinel) Trespectively, at 25
and 60°C.

2. Experimental Section

2.1. Reagents and standards

NIPAAmM, methacrylic acid (MAA), Ethylene glycol dethacrylate
(EGDMA), 2,2-azoisobutyronitrile (AIBN), CaffeineCE), Theophylline
(TH) were obtained from Sigma—Aldrich (Sigma CheahiCo., St. Louis,
MO). All solvents were reagent grade or HPLC-gradd used without
further purification and were provided by Fluka @tiea-Biochemika
(Buchs, Switzerland).

2.2 Synthesis of Thermo-responsive Molecularlyrimgd polymers
(TMIP)

TMIP were prepared by bulk polymerization usingfei@ie as template
and according tdahe non-covalent imprinting approach. Briefly, CF (1
mmol), NIPAAmM (8 mmol) and MAA (16 mmol), were ddged in 5 ml
of a methanol/acetonitrile mixture (5:5v/v) in actirwalled glass tube.

The tube was sonicated for 6 min in a sonicatingewaath and then
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EGDMA (8 mmol) and AIBN (100 mg) were added. Thdypmerization
mixture was bubbled with nitrogen, sonicated for rith and thermo-
polymerized under a nitrogen atmosphere for 24 60&C. The resultant
bulk rigid polymer was crushed, grounded into powade&d sieved
through a 63um stainless steel sieve. The sieved micropartiolese
collected and the very fine powder, suspendedarstipernatant solution
(acetone), was discarded. Then, obtained TMIP maddevere extracted
by Soxhlet apparatus with 200 ml of methanol forhrd8nd successively
they were dried under vacuum overnight at 40°C. pbmers were
checked to be free cF and any other compound by HPLC analysis.
Blank polymers (Thermo-responsive Non Imprinted yRars-TNIP),
that act as a control, were synthesized underahee geaction conditions

but in absence of the template.

2.3 Water content of TMIP

The swelling characteristics were determined ineortb check the
hydrophilic affinity of microparticles. Typicallyliguots (40-50 mg) of
the microparticles dried to constant weight weracet in a tared 5-ml
sintered glass filterd10 mm; porosity, G3), weighted, and left to swell
by immersing the filter plus support in a beakentaming the swelling
media (PBS solution, pH 7), at eight different temgtures (25, 30, 35,
40, 45, 50, 55 and 60°C). After 24h, the excesematis removed by
percolation at atmospheric pressure. Then, therfitas placed in a
properly sized centrifuge test tube by fixing itthvithe help of a bored
silicone stopper, then centrifuged at 3500 rpm1formin and weighted.
The filter tare was determined after centrifugatwith only water. The

weights recorded at the different times were avetaand used to give the
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water content percent (WR %) by the following equra(l):

MX1OO
W

s 1)

WR%) =

Where W; and Wy are weights of swollen and dried microparticles,
respectively. Each experiment was carried out imtgplicate and the

results were in agreement within £ 4% standardrerro

2.4 Thermo-behaviour of TMIP

The LCST property of the hydrogel samples was detexd by using a
DSC. In a standard procedure the sample was imoharsgistilled water
at room temperature for at least 2 days to reamhadlen state. About 10
mg swollen sample was placed inside an hermetimialum pan, and
then sealed tightly by a hermetic aluminum lid. Tthermal analyses
were performed from 25°C to 55 °C on the swollendrbgel samples
under a dry nitrogen atmosphere with a flow rate26fml min' and

heating rate 3°C mih

2.5 Binding experiments

Evaluation of the capacity of the polymeric materieo recognize and
bind CF at different temperatures was performed iapinding

experiments in phosphate buffer solution (pH 7Bhiefly, 50 mg of

polymer particles were mixed with 1.5 ml of CF gao (0.1 mM) in a

1,5 ml eppendorf and sealed. The eppendorf weridladed by a wrist

action shaker (Burrell Scientific) in a water bath25 and 60°C + 0.5°C

for 24 h. Then, the mixture was centrifuged formdid (10000 rpm) in an
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ALC® microcentrifugett® 4214 and theCF concentration in the liquid
phase was measured by HPLC. The amour@fobound to the polymer
was obtained by comparing its concentration inTtN@P samples to the
TNIP samples. The binding experiments were alséopeed using TH
solution in the same conditions and they were riepkfave times.

2.6 Instrumentation

The liquid chromatography consisted of an JascoIBIBmp and Jasco
UVDEC-100-V detector set 90 nm. A 25x 0.4 mm C4Kromasil 100
column, particle size 5um (Teknocroma, Barcellona, Spainyas
employed. The mobile phase wamathanol/water mixture (8/2, v/v) run
isocratically at a flow rate ofl mL/min and at room temperature,

wavelength 280 nm.

3. Results and Discussion

A great number of synthetic, naturally occurringhdasemisynthetic
polymers display discrete, rapid, and reversiblasghtransformations as a
result of conformational changes in response t@ezaturé>%*’
Combining the properties of a thermo sensitive paly with molecular
imprinting techniqgues may provide a promising stggtfor ensuring the
system responds more rapidly to an external tentyrerahange.

In this work, thermo-responsive molecularly impeichipolymers with low

crosslinking density were synthesized using twociseof monomers,

15| E. Bromberg, E.S. Ron, Adv. Drug Deliv. Rev. 8398) 197.

®H.G. Schild, Prog. Polym. Sci. 17 (1992) 163.

7y.Y. Lang, S.M. Li, W.S. Pan, L.Y. Zheng,. J. Drigliv. Sci. Technol. 16 (2006)
65.

130



Polymeric materials in Biomedical, Analytical andded Applications— SECTION I

MAA and NIPAAm, having a different role. MAA forma complex witr
the template exploiting the Bends, while NIPAAm allows the polyme
to swell and shrink reversibly in response to emvwinental chnges.

On the other hand, the low crdgsked characteristics of the imprint
materials facilitate the reversible swelling andrgking in response to tt
temperature variation and, at the same time, iserdae number ¢
binding sites available to tharget moleculs

The thermaresponsive behavior of TMIP and TNIP was evaludig
performing water uptake experiments at differemgeratureThe values
of contained water percentages were determinedjueaus media (PB
solution pH 7; 0.01M) at eigtdifferent temperature (25, 30, 35, 40,
50, 55 and 60°C)Figure 1 shows the effect of temperature on swg
ratio of polymer gels. When the temperature in@da® lower critica
solution temperature (LCST) of polymer gels (alm@®&tC), the swellig
ratio of polymer gels drastically decreased. Seshilts show the polym:

gels have good temperature sensitivity and swetagpbility

200
180
160
140
120
100
80
60
40
20

25 30 35 40 45 50 55 60

Figure 1. Effect of temperature on swelling ratio of polyngels

Thermal analyses were performed from 25°C to 55hCthe swoller
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hydrogel samples obtaining, for both TMIP and TNIEST values at
37.7°C. The LCST values were strictly dependent dime
hydrophobic/hydrophilic ratio in the polymeric stture. The increase in
the LCST recorded in the synthesized hydrogels,pased to PNIPAAM,
can be attributed to the increased hydrophilic eontrespect to
hydrophobic moiety due to the presence of MAA a@GDBE/A.

The imprinting effect of the synthesized TMIP wasaleated by
performing binding experiments in which amountgolfymeric particles
were incubated with a CF solutions 0.1 mM for 24uniso The
experiments were performed in buffered water sotu(pH 7.0) at 25 and
60°C.

As shown in Table 1, the recognition properties tbé imprinted
microparticles are visible only at 60°C, while &€ no imprinting effect

was observed.

% CF bound % TH bound
Sample

25°C 60°C 25°C 60°C
TMIP 0 27 0 2
TNIP 0 6 0 4

Table 1. Bound (%) CF and TH by imprinted and non-imprinted

polymers.

This is due to the fact that 60°C is the tempeeaturwhich the polymeric
structure, and so also the binding sites, have feremed. Thus, only at
this value a considerable increase of the affifity caffeine can occur

because the pendant groups of the imprinted cavitan assume the
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specific complementary orientation towards the teep On the other
hand, when the temperature is below the LCST aagthymer is in the
swollen state, the affinity diminishes becausetyipécal complementarity

in size and shape of the imprinted cavities is. lost

l
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Figure 2. Schematic representation of the adsorption anéselprocess
of CF by the imprinted polymeric gels.

To evaluate cross-reactivity of imprinted polym&wards CF analogue
molecule, the same binding experiments were peddrosing TH. The
low bound percentages by TMIP shown the good seigcproperties of

the imprinted materials.

4. Conclusions

In this preliminary study, lightly cross-linked tineo-responsive
molecularly imprinted polymers were synthesizedubing CF as model
template, MAA as functional monomer able to intéradth CF,
NIPAAmM as thermo-responsive co-monomer and EGDMA cesss-
linking agent. The thermo-responsive behavior oé thynthesized

polymers was evaluated by performing water uptakpeements at
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different temperature, while the imprinting effecas checked only at the
polymerization temperature at which the complenrégtaf binding sites
toward the template molecules was maintained. Tdwd gemperature
sensitivity and high selectivity of gels make thegstems useful as start

materials in controlled drug release or in sepandield.
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SECTION I
Synthesis of Antioxidant Polymers by Free Radicaia@ing
Procedure

3.1 Radical Graft Functional Modification of Macromolecular
Systems

Generally, some materials which have excellent bphysical and
chemical properties often do not possess suitabléace properties
required for specific applications.

For this reason, surface-modification techniqued tan transform these
materials into valuable finished products becamenaportant part of
surface science and technolbg@urface modification of materials with
functional polymers is an important research anepolymer science due
to the wide applications of polymers in the fields adhesion,
biomaterials, protective coatings, friction and weaomposites,
microelectronics, and thin-film technoldgl/

To achieve materials with desired surface propertier specific
applications, several procedures were applied.

Basically the traditional procedures consist toctionalize the materials
by drastic chemical conditions (high temperaturgezne pH conditions,
etc). Furthermore, these processes were often orpezfl in organic
solvent, and this reducing the potential use heké¢ modified materials
(for example, reduced biocompatibility due to prese of organic
solvents). One of the most promising method to tionalize the

polymeric materials under mild and biocompatiblenditons is the

! E. Ruckenstein, Z.F. Li, Advances in Colloid antetface Science 113 (2005) 43— 63
2 J.P. Fischer, U. Becker, S.P. Halasz, K.F. MuckPHschner, S. Rosinger, J Polym
Sci, 63 (1979) 443.

%Y. Ikada, Adv Polym Sci 57 (1984) 103.
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grafting procedure. Graft polymerization is a walbwn method for the
modification of chemical and physical structuretador properties for
specific application. This method is of particulismterest to achieve
specifically designed polymer properties by conimgctlifferent types of
polymers having the desired properties in the spaigmer chaifl. The
advantages in the use grafting reaction consighénfunctionalize the
materials without affecting its bulk propertiesjrghation of the need to
redesign the bulk material to achieve a targetaserjpperformance and a
considerably reduction of the cost.

Thus, the modification is achieved by grafting abie macromolecular
chains on the surface of materials through covabemding. The key
advantage of these techniques is that the surfateeanaterials can be
modified or tailored to acquire very distinctiveoperties through the
choice of different grafting monomers, while maintag the substrate
properties. It also ensures an easy and contrellaibtoduction of graft
chains with a high density and exact localizatiomoathe surface with a
considerable reduction of the reaction cost. Coagpavith the physically
coated polymer chains, the covalent attachmertefjtafted chains onto
a material surface avoids their desorption and tamis a long-term
chemical stability of the introduced chains. Suefagrafting commonly
includes two steps: surface activation and gralymerization. Because
of the absence of chemically reactive functionalugs on most substrate
surfaces, a surface activation process is needeck#de reactive sites on

them that can generate further grafting procesBesctically, one can

L. Nurmi, S. Holappa, H. Mikkonen, J. Seppala, da@an Polymer Journal 43 (2007)
1372-1382.
®S. Liu, G. Sun, Carbohydrate Polymers 71 (200&)-625.
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generate reactive groups through chemical reactioNg high-energy
electronsy-irradiation, plasma treatment, ozone exposurée;’&tt The
grafting methods can also be generally divided iwo classes, i.e.,
grafting-to and grafting from processes. In theeaaisgrafting-to method,
preformed polymer chains carrying reactive groupsha end or side
chains are covalently coupled to the surface. Titadtigg-from method
utilizes the active species existing on the mateuafaces to initiate the
polymerization of monomers from the surface towtrd outside bulk
phase. In literature, many studies show that bippels, such as
chitosan, cellulose and starch, can be chemicatigiified to possess new
functional groups. One of the chemical methods dsgtaft vinyl
functional monomers onto glucose rings employing diaa
polymerization systems.

Many different radical graft polymerization process have been
developed by using initiators such as peroxides laydtoperoxide®,
diazo compounds, or redox pair€. Most of the processesvere
conducted in solutions containing radical initistand functional vinyl
monomers, but radical initiators can directly reath the monomers in
the solution, producing a large amount of homop@ynbyproducts

instead of grafted products. Thus, grafting efficies were lower in

® A. Chapiro, J. Polym. Sci. 50 (1975) 181.

7S.J. Yamakawa, J. Appl. Polym. Sci. 20 (1976) 3057

8 M. Suzuki, A. Kishida, H. Iwata, Y. Ikada, Macrohacules 19 (1986) 1804.

° K. Allmer, J. Hilborn, P.H. Larsson, A. Hult, B.aRby, J. Polym. Sci, Polym. Chem.
Ed. 28 (1989) 173.

1 A, Hebeish, E.M. Abdel-Bary, A. Waly, M.S. BedegwyAngewandte
Makromolekulare Chemie 86 (1978) 87-99.

X A. Hebeish, N.Y. Abou-Zeid, A.l. Waly, E.A. EI-Alf Angewandte Makromolekulare
Chemie, 86 (1980) 47—63.

125 A. Abdel-Hafiz, Polymers and Polymer Composit€$995) 41-47.
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general, which is a concern to applications in mangas. Another
concern of using the radical graft polymerizatisithe production of long
chains of the functional monomers, which may aterface properties of
the fibers and affect applications as textile maker

On the basis of these considerations, Liu et alriexd out the radical
graft functional modification of cellulose with @llmonomers using as
initiator system potassium persulfate.

In the first step, cellulose macroradicals wereegated by potassium
persulfate on cotton cellulose fibers under sohesg condition, and
coupling reactions occurred between sulfate andlosk radicals. Then,
in the presence of allyl monomer, the cellulosicroeadicals initiated a
graft polymerization and the grafted cotton celaostructures were
confirmed.

Graft polymerization was also selected as polynation method to
obtain thermo- and pH-responsive hydrogels basedhgnsan. For this
purpose, NIPAAm was grafted onto chitosan Bgo y-radiation. The

grafting percentage and grafting efficiency can bentrolled by

appropriate selection of grafting conditions, su&s monomer
concentration and total irradiation dose.

Moreover, 2-hydroxyethyl acrylate was successfgifted onto chitosan
up to 300% in homogeneous phase under inert atreospy using

ammonium persulfate as the initiator. It was pdssito control the

grafting parameters by varying the reaction coodg such as
concentration of the initiator and the monomerctiea duration and

temperature.
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3.2 Bioactive Polymers by Graft Reaction

The possibility to graft antioxidant moieties in rmacromolecular
structure, by radical procedure, represents amestie@g innovation that
significantly improves the performance of the bienmanolecules,
opening new applications in the biomedical and pizaeutical fields.
Polymeric antioxidants are a particular class afteays characterized by
higher stability and slower degradation rate thampounds with low
molecular weight.

They could be applied in those fields in which ¢émeployment of a single
molecule with antioxidant activity is prohibitite for example, they can
be used in hemodialysis application, in particutgr their introduction in
dialysis membranes. Hemodialysis patients, indem@ exposed to
oxidative stress, which contributes to cardiovascubisease and
accelerated atherosclerosis, the major causes atalp in these
patients. Another field of application of this kirmd material could be
cosmetic formulations, to avoid the oxidation oéithcomponents, but it
can also be used as a preservative agent in faddgmg.

Generally, to obtain this kind of materials, thresain strategies,
involving several different steps, are used. Thst fone is based on the
functionalization of a molecule with antioxidant operties by the
insertion of polymerizable groups and its subsetjpetymerization or
copolymerizatiofi’. The second strategy involves the derivatizatiba o
preformed polymeric structure with an antioxidant

3 F. lemma, S. Trombino, F. Puoci, G. Cirillo, U.Spizzirri, R. Muzzalupo, N. Picci
Macromol. Biosci. 5 (2005) 1049-1056.
14 C. Ortiz, B. Vazquez, J.S. Roman, J. Biomed. Ma&es. 45 (1999) 184-191.
5 D. Atkinson, R. Lehrle, Eur. Polym. J. 28 (199859-1575.
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Finally, the third approach is the grafting of anthesized monomeric
antioxidant onto a polymeric chain via melt procegswvith free radical
initiators'®. These strategies show some limitations. The sgighof a
monomeric antioxidant requires the purification refaction products,
whereas in the derivatization process, especiéliha macromolecular
system consists of a cross-linked polymer, a diffioptimization of the
reaction conditions is often needed.

Our challenge was to obtain the covalent insertain antioxidant
molecules onto macromolecular systems by employireg radical
grafting reaction in which a water soluble redoxr @& initiator system
was used. Following this procedure, the copolynaeitn of ferulic acid
with methacrylic acid and the functionalization affitosan and gelatin
backbones with gallic acid and cathechin and wargex out.

Ferulic acid (4-hydroxy-3-methoxycinnamic acid), eorof the most
abundant phenolic acids in plants, is rarely foumdhe free form, is
usually found as ester cross-links with polysaddesr in the cell wall,
such as arabinoxylans in grasses, pectin in spiaachsugar beet and
xyloglucans in bamboo. It also can cross-link wpttoteins. The cross-
linking property of ferulic acid with both polysdearides and proteins
suggests that it can be used in the preparati@omiplex materials to be
used in biomedical, food and cosmetic applications.

Gallic acid is a natural phenolic antioxidant egtedle from plants,
especially green téa It is widely used in food, drugs, and cosmetis t

prevent rancidity induced by lipid peroxidation esmbilage.

163, Al-Malaika, N. Suharty, Polym. Degrad. Stab(#995) 77-89.
77, Lu, G. Nie, P.S. Belton, H. Tang, B. Zhao Nalrem. Int. 48 (2006) 263-274.
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Catechins are one of main classes of flavonoidsemtein tea, wine,
chocolate, fruits, etc. They are potentially betiafito human health as
they are strong antioxidants, anti-carcinogens-iaflammatory agents,
and inhibitors of platelet aggregation im vivo and in vitro studies®.
However, several low-molecular-weight flavonoidsvéndoeen shown to
act as pro-oxidants and generate reactive oxygestieqy such as
hydrogen peroxide; in addition, the activities ofvimolecular-weight
flavonoids generally persist for limited short peis in vivo while a
relatively high-molecular weight fraction of exttad plant polyphenols
has been reported to exhibit enhanced physiologcaperties and a
relatively longer circulation time in viva

The antioxidant activity of catechin was amplifiegl conjugation with
amine-terminated  polyhedral oligomeric  silsesquiexa using
horseradish peroxidase as catalyst, while gelaiaetin conjugate was
synthesized by the laccase catalyzed oxidatioratachin in the presence
of proteirf’. Enzymatic synthesis of macromolecule-oxidant comjeqg
carried out to materials with a good scavengingiviigt against
superoxide anion radicals but the synthetic procedyppears complex
and expensive for industrial application.

The synthetic strategy proposed in this wok appesartable from an
industrial point of view. It was planned an onepsiglymerization,
without preventive functionalization of the reaetiin agqueous media;

the initiator system allows to avoid high temperatpreserving both

85 F. AsadS. SinghA. Ahmad,S.M. Hadi,Med. Sci. Res. 26 (1998) 723-728.
¥ M. Kurisawa, J.E. Chung, H. Uyama, S. Kobayasbinicromolecules 4 (2003)
1394-1399.

2 E. Mendis, N. Rajapakse, S.K. Kim, J. Agric. F@ttem. 53 (2005) 581-587.
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biomacromolecules and antioxidant; finally, the thgsized copolymers

were easily purified without organic solvent.
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Chapter 1

SYNTHESIS OF COPOLYMER WITH ANTIOXIDANT PROPERTIES
BY SINGLE-STEP FREE RADICAL POLYMERIZATION

1. Introduction

It is well known that active oxygen and free raticare involved in the
pathogenesis of several human diseases, includangec, aging and
atherosclerosts

Oxidative stress, indeed, can damage lipids, prsieienzymes,
carbohydrates and DNA in cells and tissues, regulin membrane
damage, fragmentation or random cross linking ofecwdes like DNA,
enzymes and structural proteins and even lead |taleath induced by
DNA fragmentation and lipid peroxidatioh

Active oxygen and free radicals, such as superoxadeon {O,),
hydrogen peroxide (¥D.) and hydroxyl radical (*OH), are constantly
formed in the human body by normal activities sashimmunological
defences and metabolic reactions. Their excesppssed by a balanced
system of antioxidant defences, including antiortdaompounds and
enzymes. Upsetting this balance causes oxidatigesstwhich can lead to
cell injury and death Therefore, much attention has been focusseden th
use of antioxidants to inhibit lipid peroxidatioor, to protect against the

damage of free radicals

1 J. Moskovitz, M.B. Yim, P.B. Chock Arch. BiocheBiophys. 397 (2002) 354—359.

2 J.Nordberg, E.S.J. Arner Free Radical Bio. Med. 200() 1287-1312.

% 0.1. Aruoma Food Chem. Toxicol. 32 (1994) 671-683.

“ B. Halliwell, J.M.C. Gutteridge, O.I. Aruoma And@iochem. 165 (1987) 215-219.

®G. Vendemiale, |. Grattagliano, E. Altomare IntClin. Lab. Res. 29 (1999) 49-55.
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(E)-3-(4-hydroxy-3-methoxy-phenyl)prop-2-enoic  gcid commonly
named ferulic acid, as well as phenolic acid deres, is a good
antioxidant since it forms a resonancestabilizeenplty radical. Ferulic
acid showed high scavenging activity for hydrogenogide, superoxide,
hydroxyl radical and nitrogen dioxide free radicals

It is also known to play an important role for @etifungal activity and
could potentially serve as effective alternativesdnventional antifungal
agents which are frequently perceived to presepardato human health
and environment

Due to its important properties, the goal of thisdg was to evaluate the
biological activity of a ferulic acid polymeric deative.

Antifungal polymers, due to their high stabilitygudd be very useful in
all the environments susceptible of contaminatignplathogenic fungi
which have strong abilites to survive on differersurfaced
Contaminated materials are often associated wittreased risk of
infections. Medically important fungi, such a%andidg Aspergillus
Fusarium Mucor, andPaecilomycespores, survived on hospital fabrics
from one day to several weeks. In response to thhalenges, much
effort has been devoted to the development of irecesistant materials
for hospital, medical, pharmaceutical, bioprotetiand related hygienic

applications.

® B.K. Sarma, U.P. Singh, World J Microbiol Biotet®(2003) 123.
" F. Bisogno, L. Mascoti, C. Sanchez, F. Garibo&oGiannini, M. Kurina-Sanz, R.J.
Enriz, J. Agric Food Chem 2007, 58)635.
8 B. Narasimhan, D. Belsare, D. Pharande, V. Moutyd)hake, Eur. J. Med. Chem. 39
(2004) 827.
°E.S. Abdou, S.S. Elkholy, M.Z. Elsabee, E. Mohandedi\ppl. Polym. Sci. 108 (2008)
2290.
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In this work, ferulic acid was copolymerized withethacrylic acid in
order to obtain a useful material with both antitant and antifungal
properties. The employed synthetic strategy is ae-siep radical
polymerization based on the use of water solubfloxenitiatiors, that
allows to obtain the copolymer through the direclymerization of
ferulic and methacrylic acid.

Because of its ability to inhibit the autoxidatioh oils, ferulic acid has
been largely used as a food preservative. It atststidtutes the active
ingredient in many skin lotions and sunscreens guesi for
photoprotectiolf. For these reasons, a polymeric device based isn th

compound could be very interesting from an indakpoint of view.

2. Experimental Section

2.1 Materials

Ferulic acid (FA), methacrylic acid (MAA), N,N-dirtte/lformamide
(DMF), hydrogen peroxide (¥D,), ascorbic acid (AA), linoleic acid,
disodium hydrogen phosphate, sodium hydrogen pladspfween 20,
2,2-azobis(2-methyl)propionamidine dihydrochloride (RH),
ammonium thiocyanate, ferrous chloride, hydrocklacid (37% wi/w),
ethanol, 2,2’-diphenyl-1-picrylhydrazyl radical (PH), sulphuric acid
(96% wi/w), trisodium phosphate, ammonium molybdategthanol,
Folin-Ciocalteu reagent, sodium carbonate, ethgtate and acetic acid
were obtained from Sigma-Aldrich. All solvents wesagent grade or
HPLC-grade MAA was purified before use by distillation undeduced

pressure.

9H. Priefert, J. Rabenhorst, A. Steinbuchel Appiciidbiol. Biot. 56 (2001) 296-314.
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2.2 Synthesis of MAA-FA copolymer (PMAA-FA)

The polymerization of methacrylic acid with feruacid by ascorbic acid-
hydrogen peroxide redox initiators was carried amifollows: in a 10 ml
glass tube, 0.50 g of FA were dissolved in 5.500mMDMF and then

MAA (3.50 g) and 2 ml of distilled water containid@ mM ascorbic acid
and 7 mM hydrogen peroxide were added. The mixtwtas maintained
at 25 °C for 3 h under atmospheric air.

The obtained polymer was precipitated by addingpthlgmeric solutions
to an excess volume of diethyl ether (5:1), undgitaton at room

temperature. The suspensions were filtered byreidtglass filter funnel
(Pyrex, @30 mm; porosity 3) and washed with diethgiier and the
recovered polymer was dried in a vacuum oven &tCi0rhey were then
further purified by dissolution in water and pretagon in diethyl ether

(5:1) for three times.

The copolymer was checked to be free of unreaciedamd any other
compounds by HPLC analysis after each purificasitap. In Figure 1 the
chromatogram of a 0.1mM FA standard solution iraeth is reported.

Retention time: 3.34 min.
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Blank polymer (PMAA) was prepared under the sanmeditmns without
using FA.

2.3 Instrumentation

The liquid chromatography consisted of an JascoIBIEmp and Jasco
UVDEC-100-V detector set at 240 nm. A 250mmx4mm 8CHibar®
Column, particle size\bn (Merck, Darmstadt, Germany) was employed.
As reprted in literature, the mobile phase was methanol at a flow rate of
0.5 mL min—-1 and at room temperature. IR spectn@wecorded as films

or KBr pellets on a Jasco FT-IR 4200. UV-Vis absiorp spectra were
obtained with a Jasco V-530 UV/Vis spectrometer.

2.4 Evaluation of the antioxidant activity

2.4.1 Determination of scavenging effect on DPP#icals

Synthesized PMAA-FA was allowed to react with abktafree radical,
2,2’-diphenyl-1- picrylhydrazyl radical (DPPH), Wit the aim of
evaluating the free radical scavenging propertfehese materialé. 100
mg of PMAA-FA were dissolved in 12.5 ml of distidlewater in a
volumetric flask (25 ml) and then 12.5 ml of ethsolution of DPPH
(200 uM) were added obtaining a solution of DPPH with aalfin
concentration of 10Q@M. The sample was incubated in a water bath at 25
°C and, after 30 minutes, the absorbance of theaireny DPPH was
determined colorimetrically at 517 nm. The samectiea conditions

were applied for the blank polymer in order to eadé the interference of

1 5.V.S. Chakravartula, N. Guttaféat Prod Resl12 (2007)1073-1077.
12 A, Ardestani, R. Yazdanparadspod Chem104(2007)21-29.
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polymeric material on DPPH assay. The scavengitigitgcof the tested
polymeric materials was measured as the decreaabsorbance of the
DPPH and it was expressed as percent inhibitiorDBPH radicals

calculated according the following equation 1:
inhibition% = %XIOO 1)

where A is the absorbance of a standard that was preparge same
conditions, but without any polymers, and; A the absorbance of
polymeric samples.

A calibration curve was recorded by using five eléint ferulic acid
standard solutions. 0.5 ml of each solution werteddo DPPH system to
obtain the final concentrations of 2.0; 6.0; 1224.0; 42.0 uM
respectively. DPPH assay was performed and penckeitition of DPPH
radicals was calculated to record the calibratiarve. The correlation
coefficient &), slope and intercept of the regression equati@mew

obtained by the method of least square.

2.4.2 Linoleic acid emulsion system—thiocyanatayss

The antioxidant properties of synthesized PMAA-FAaswevaluated
through measurement of percent inhibition of pettatidn in linoleic acid
system by using the thiocyanate mettodith some modification. A
linoleic acid emulsion (0.2 M, pH 7) was prepargdnfixing 0.2804 g of
linoleic acid, 0.2804 g of Tween 20 as emulsifiad &0 ml phosphate
buffer (0.2M, pH 7.0), then the obtained mixture swaomogenized.
Subsequently, 2.5 ml of the prepared emulsion wexred to 100 mg of

13 C. Dufour, M. Loonis, O. Dangles Free Radic Bicddl1 43 (2007) 241-252.

148



Polymeric materials in Biomedical, Analytical andded Applications — SECTION Il

PMAA-FA and AAPH (final concentration 25 mM) wasdadl to start the
peroxidation of linoleic acid. Then the reactiorxtare was incubated at
40°C for 3 days to accelerate the oxidation proeeskafter this period,
the degree of oxidation was measured by ferriccfanate method as
following. Subsequent to the incubation, the samyds centrifuged and,
in 10 ml volumetric flask, 0.2 ml of sample solutj®.2 ml of an aqueous
solution of ammonium thiocyanate (30%), 0.2 ml efréus chloride
(FeCb) solution (20 mM in 3.5% HCI) and ethanol (75% vig 10 mL
were added in sequence. After 3 min stirring, thesogbance was
measured at 500 nm to determinate the peroxidespbritinoleic assay
was performed in the same conditions using 100 hilgeoblank polymer
to established eventual interferences of polymmaterial.

Ferulic acid was employed to record a calibratianve. 0.1 ml of five
different ferulic acid standard solutions were atlde 25 ml linoleic
system to raise the final concentrations of 0.12600.60; 0.84; 1.08 mM
respectively. The peroxidation protocol was appkex, after peroxide
content measurement, the calibration curve was rdedo Percent
inhibition of linoleic acid peroxidation was calat#d according to

equation 1.

2.4.3 Evaluation of disposable phenolic groups HRglin-Ciocalteu
procedure
Amount of total phenolic groups was determined gidtolin-Ciocalteu

reagent procedure, according to the literature adtine modificatiorts.

%y, Pan, J. Zhu, H. Wang, X. Zhang, Y. Zhang, C, KeJi, H. Li Food Chem. 103
(2007) 913-918.
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PMAA-FA (100 mg) was dissolved in distilled wateénfl) in a
volumetric flask. Folin-Ciocalteu reagent (1ml) svadded and the
contents of flask were mixed thoroughly. After 3ntn8 ml of NaCO;
(2%) were added, and then the mixture was allowestand for 2 h with
intermittent shaking.

The absorbance was measured at 760 nm againstralqmepared using
the blank polymer under the same reaction conditidrhe amount of
total phenolic groups in polymeric materials wapressed as ferulic acid
equivalent concentration by using an equation ted obtained from a
ferulic acid calibration curve. This one was re@atdy employing five
different ferulic acid standard solutions. 0.5 nfleach solution were
added to the Folin-Ciocalteu system to raise thal fconcentration of
0.03; 0.06; 0.09; 0.12; 0.15 mM respectively. Afzen, the absorbance of
the solutions was measured to record the calibratorve and the
correlation coefficientR), slope and intercept of the regression equation

obtained were calculated by the method of leasarsqu

2.4.4 Determination of total antioxidant activity

The total antioxidant activity of polymeric matdsiawas evaluated
according to the method reported in literattreBriefly, 100 mg of
PMAA-FA were mixed with 1.2 ml of reagent soluti@@®6 M sulphuric
acid, 28 M sodium phosphate and 4 M ammonium malidydand 0.3 ml
of methanol, then the reaction mixture was incuthaie 95°C for 150
min. After cooling to room temperature, the absodeaof the mixture

was measured at 695 nm against a control prepaiiad blank polymer

5P, Prieto, M. Pineda, M. Aguilar Anal Biochem. 28999) 337—341.
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in the same reaction. The total antioxidant agtiwit polymeric materials
was expressed as ferulic acid equivalent concéortrat

By using five different ferulic acid standard saduis, a calibration curve
was recorded. 0.2 ml of each solution were mixeith @i8 ml of reagent
solution to obtain the final concentration of 1105; 2.0; 2.5; 3.0 mM

respectively. After 150 min incubation, the solaBowere analyzed by
UV-Vis spectrophotometer and the correlation ceifit ), slope and

intercept of the regression equation obtained kg rethod of least

square were calculated.

2.4.5 Evaluation of the scavenging activity on loygt radical

PMAA-FA (75 mg) were incubated with 0.5 ml deoxy#e (3.75 mM),
0.5 ml HO,; (1 mM), 0.5 ml FeG(100 mM), 0.5 ml EDTA (100 mM)
and 0.5 ml ascorbic acid (100 mM) in 2.5 ml potassphosphate buffer
(20 mM, pH7.4) for 60 min at 37°C [28]. Then to 1amount of sample,
1 ml of TBA (1% w/v) and 1 ml of TCA (2% w/v) weedded and the
tubes were heated in a boiling water bath for 15.he content was
cooled and the absorbance of the mixture was red&B% nm against
control reagent without polymer.

The antioxidant activity was expressed as a peagenbf scavenging

activity on hydroxyl radical according to equatid).
inhibition% = %XIOO 1)

The same reaction conditions were applied for thakopolymer PMAA
in order to evaluate the interference of polymengterial on deoxyribose
assay’. All samples were assayed in triplicate and dafpressed as

means (£ SEM).
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2.5 Evaluation of the antifungal activity

The synthesized polymeric material was screenediitio for their
antifungal activity againsiAspergilllus niger Antifungal assays were
performed as follow§: PMAA-FA was dissolved in distilled water at a
concentration of 100 mg fhl Then, the solution was added to sterilized
potato dextrose agar (PDA) to give a final conaitn of 10 mg mit.
After the mixture was cooled, the mycelium of fungas transferred to
this test plate and incubated at 29 °C for 3 days antifungal index
(A.l.) was calculated according to equation (2):

D
Al.(%)= (1-=)x100
(%) = ( DC) )
where D) is the diameter of the growth zone in the testeptand R is the
diameter of growth zone in the control plate (withantifungal agent).
The same reaction conditions were applied for thakopolymer PMAA
in order to evaluate the interference of polymeraterial.

Each experiment was performed three times, anddatewere averaged.

3. Results and Discussion

3.1 Synthesis of antioxidant PMAA-FA

PMAA-FA were synthesized by direct employing ofulér acid as co-
monomer (without any other derivatization reactjoasd ascorbic acid-
H.O, as redox initiators at room temperature.

Ferulic acid (4-hydroxy-3-methoxycinnamic acid)d&ie 2) has received

much attention in the study of medicine.

16 7. Zhong, R. Chen, R. Xing, X. Chen, S. Liu, Z. 3. Ji, L. Wang P. Li,
Carbohydr Polym342(2007) 2390.
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CH,O NN
3 OH OH

HO

Figure 2. Structure of ferulic acid (A) and methacrylic a¢i).

In recent years, there have been an increasing ewoflreports on the
physiological functions of ferulic acid and its ntives in human. Free
ferulic acid is a good antioxidant since it formsemsonancestabilized
phenoxy radical. It showed high scavenging activity hydrogen
peroxide, superoxide, hydroxyl radical and nitrogiésxide free radicals.
In addition, many applications of ferulic acid inetfood and cosmetic
industry have also been discoveredt is usually found as ester cross-
links with polysaccharides in the cell wall andaaisith proteins®. The
cross-linking property of ferulic acid with both Igsaccharides and
proteins suggests that it can be used in the pagparof complex gels in
food applications.

The choice of methacrylic acid as comonomer istedlato broad
application field of methacrylate polymers in biatiene and

biotechnology. Acrylate and methacrylate polymeagsehbeen applied in

7S, Ou, K.-C. Kwok J Sci Food Agr. 84 (2004) 126269.
8 M.C. Figueroa-Espinoza, M.H. Morel, A. Surget, Msther, S. Moukha, J.C.
Sigoillot, X. Rouau Food Hydrocolloid. 13 (1999)-64..
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drug delivery systems, contact lenses, food tedwyolquality control
systems and synthetic membranes for biosehsors

In a radical polymerization process, another patamnte be considered is
the initiator system. Conventional initiators indilng azo compounds,
peroxides and thermal iniferters require relativhlgh polymerization
temperature to ensure the rapid decompositionibétor. By employing
a redox initiation system is possible to perforntypeerization processes
at lower temperatures, with all the polymer chaingiated almost
instantaneously because of the reduction of theudiih timé®.
Furthermore, the lower polymerization temperatw@auces the risks of
antioxidant degradation.

In this work, AA/HO, redox pair was employed in order to avoid the
generation of any kind of toxic reaction products.

The ratio 1/7 w/w between FA and MAA in the prepuogrization feed
represents the optimal value to obtain the polyméh the highest
antioxidant efficiency. An higher amount of the uiéc acid, indeed,
carries out to the formation of oligomers hard ® furified by the
conventional purification technique.

On the basis of chemical structure of ferulic aataracterized by a
carbon-carbon double bond in styrenic position anghenolic group, a
polymerization mechanism could be hypothesizeds known, indeed,
that styrenic group of cinnamic acid can undergee frradical
polymerization in a wide range of conditiéhs Phenolic group

compatibility with this kind of polymerization wasalso proved in

19 3.P. Hervas Pérez, E. Lopez-Cabarcos, B. Lopez-Bigmol Eng. 23 (2006) 233—
245,
2 R.W. Simms, M.F. Cunningham Macromolecules 40 {3@®50-866.
2L H. Esen, S.H. Kiisefgu, J. Appl. Polym. Sci. 89 (2002) 3882—3888.
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different research wofk monomers with active functional groups
(phenolic groups) as side substituents, indeed,ewased for the
preparation of chelatifgor grafted polymeric systems using free radical
initiators. On the other side, phenolic group cdodddirectly involved in
polymerization process, it is indeed reported tipaenolic radical
undergoes in dimerization processes by reactiond®et hydroxyl radical
and aromatic rint.

Based on these considerations, our hypothesized/mgoization
mechanism involves reaction of both styrenic carbamon double bond

and phenolic oxygen for ferulic acid insertion wiymeric chain.

3.2 Characterization of PMAA-FA

PMAA-FA and the respective control polymer were relcterised by
Fourier Transform IR spectrophotometry and UV asialy

By comparing two IR spectra, it is clear that ie 8pectra of the PMAA-
FA (trace B) new peak, which is absent in the spetiof PMAA (trace

A), can be ascertained (Figure 3).

22T H. Kim, D.R. Oh, Polym. Degrad. Stabil. 84 (20@99-503.

23, Nanjundan, C.S.J. Selvamalar, R. Jayakumar,Flym. J. 40 (2004) 2313-2321
24 E. Larsen, M.F. Andreasen, L.P. Christensen, J. Rgod Chem. 49 (2001) 3471-
3475.
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Figure 3. FT-IR spectra of PMAA (A) and PMAA-FA (B).

The new peak at 1544 €mindeed, is awardable to carbon to carbon
stretching within the aromatic ring of ferulic acid

The incorporation of FA in the polymeric structuie also clear in
comparing the UV spectra of FA (28M) and PMAA-FA in ethanol (4
mg/ml) (Figure 4).

0,64

Absorbance

T T T T T
250 300 350 400 450 500
Wavelenght (cr?\)

Figure 4. UV spectra of FA (A) and PMAA-FA (B).
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Firstly, in PMAA-FA spectrum, the presence of alpgion peaks in the
aromatic region is related to the presence of Fhénsample. In addition,
the wavelength of the aromatic peaks is short&NRAA-FA than in FA.

This effect, together with the inversion in the mitigde of the two peaks,
are ascribable to the formation of a covalent bbativeen FA and the

polymeric chain.

3.3 Measurement of antioxidant activity

3.3.1 Determination of scavenging effect on DPP#icals

The DPPH radical is a stable organic free radicdh v&an absorption
maximum band around 515-528 nm and thus, it iseduliseagent for

evaluation of antioxidant activity of compounds.

In the DPPH test, the antioxidants reduce the DP&lital to a yellow-

colored compound, diphenylpicrylnydrazine, and tletent of the

reaction will depend on the hydrogen donating gbdf the antioxidants.
It has been documented that cysteine, glutathicamgorbic acid,

tocopherol, polyhydroxy aromatic compounds (e.gerulic acid,

hydroquinone, pyrogallol, gallic acid), reduce au@colorize 1,1-

diphenyl-2- picrylhydrazine by their hydrogen dangt capabilities.

Polymer scavenger ability were evaluated in termD&PH reduction
using ferulic acid as reference compound and dataeapressed as
inhibition (%).

Antioxidant polymer showed high scavenging actiabd blank polymer

did not significantly interfere with the scavengeocess (Table 1).
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3.3.2 Linoleic acid emulsion system—thiocyanat@ayss

The antioxidant activity of synthesized materialswaeasured using
ferric thiocyanate test which determines the amadiperoxide produced
at the initial stage of lipid peroxidation.

Linoleic acid, an unsaturated fatty acid, is ugsualsed as a model
compound in lipid oxidation and antioxidation-reldtassays in which
carbon-centered, peroxyl radicals and hydroperaxidéc., are involved
in the oxidation process. During the linoleic aoiddation, peroxides are
formed. These compounds oxidize?F® Fé*. The later F& ions form
complex with SCN, which have maximum absorbance at 500 nm.
Therefore, high absorbance indicates high linodaic oxidation, while
lower absorbance indicates a higher level of ardenxt activity.

In Table 1, the effects of polymeric particles (1®@) on linoleic acid
peroxidation compared to ferulic acid after 72 & slhown. Ferulic acid-

containing polymer are very effective in peroxidatprocess inhibition.

Inhibition (%)

Polymer

Linoleic acid Hydroxyl
DPPH
Peroxidation Radicals
PMAA-FA 80+1.1 50+ 1.3 95+1.2
PMAA 30+1.2 7+0.9 19+1.1

Table 1. Inhibition percentages of DPPH radical and linolecid
peroxidation by PMAA-FA and PMAA. Inhibition percelge = [1-
(absorbance of sample)/(absorbance of control}&x Results are means

+ SD of three parallel measurements.
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The lowest inhibition value obtained from the exmpents performed
with blank polymer, clearly shown that absorbaremtuction is ascribable

at ferulic acid moieties in the polymeric structure

3.3.3 Evaluation of scavenging activity on hydraaglicals

Hydroxyl radical exhibits very high reactivity anends to react with a
wide range of molecules found in living cells. Thegn interact with the
purine and pyrimidine bases of DNA. They can albstract hydrogen
atoms from biological molecules (e.g. thiol compdsiy leading to the
formation of sulphur radicals able to combine witkygen to generate
oxysulphur radicals, a number of which damage bictl molecules®
Due to the high reactivity, the radicals have ayvavort biological half-
life. Thus, an effective scavenger must be presdnta very high
concentration or possess very high reactivity towathese radicals.
Although hydroxyl radical formation can occur irveeal ways, by far the
most important mechanism in vivo is the Fenton tieacwhere a
transition metal is involved as a prooxidant in tleatalyzed
decomposition of superoxide and hydrogen peroxitese radicals are
intermediary products of cellular respiration, pbegic outburst and
purine metabolism. Hydroxyl radical can be genefrate situ by
decomposition of hydrogen peroxide by high redoteptial EDTA-Fé&*
complex, and in the presence of deoxyribose substitaforms TBARS
which can be measured. Antioxidant activity is detd by decreased
TBARS formation, which can come about by donatidrhydrogen or
electron from the antioxidant to the radical ordisect reaction with it.

Consequently, the ability of PMAA-FA to scavengealioxyl radical was
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evaluated by the Fenton-mediated deoxyribose assag good
antioxidant properties were found, as shown in &4bl

3.3.4 Evaluation of disposable phenolic groups HFglin-Ciocalteu
procedure

Since the antioxidant activity of PMAA-FA is dertveéfrom phenolic
groups, it is useful express the antioxidant paaéim terms of phenolic
content.

The Folin—Ciocalteu phenol reagent is used to aldacrude estimate of
the amount of disposable phenolic groups presenpalymer chain.
Phenolic compounds undergo a complex redox reactigith
phosphotungstic and phosphomolybdic acids presenthe Folin—
Ciocalteu reactant. The color development is dueth® transfer of
electrons at basic pH to reduce the phosphomoljitbsphotungstic
acid complexes to form chromogens in which the mekave lower
valence. Disposable phenolic groups in the sanpégs expressed as mg
equivalent of ferulic acid and this value was 2nig@/g of dry polymer.
Control experiments were also performed with blgakymer, and no

activity was recovered.

3.3.5 Determination of total antioxidant activity

The assay is based on the reduction of Mo(VI) ta\Widoy ferulic acid

and subsequent formation of a green phosphate/Mog¥f)plex at acid
pH. The total antioxidant activity was measured aathpared with that
of ferulic acid and the control, which contained ramtioxidant

component. The high absorbance values indicated it sample

possessed significant antioxidant activity. Accogdito the results,
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synthesized materials had significant antioxidactivdies, and ferulic
acid equivalent concentration were found to be 0% for 1g of
PMAA-FA. Control experiments were also performedthwblank

polymer, and no activity was recovered.

3.4 Determination of antifungal activity

Aspergillus nigeris less likely to cause human disease than soner oth
Aspergillusspecies, but if large amounts of spores are inhaesrious
lung disease, aspergillosis, can occur. Asperggllas particularly
frequent among horticultural workers who inhaletpast, which can be
rich in AspergillussporesA. nigeris one of the most common causes of
otomycosis (fungal ear infections) which can capsen, temporary
hearing loss, and, in severe cases, damage taatheapal and tympani
membrane.

PMAA-FA showed antifungal activity, as it inhibitelde mycelial growth

of A. nigeron PDA. The growth declined with the increase ofymer
concentrations and growth was completely inhibdaed concentration of
10 mg/ml (A.l. 97 £ 1.4 %). No antifungal activityas found in PMAA
treated samples.

4. Conclusions

In this work, MAA-FA copolymer were successfully nidlgesized by
employing redox water soluble initiators. IR and Wpectra performed
on the copolymer testified the success of the phaae
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Antioxidant properties of obtained materials wevaleated by different
assay®. In particular, determination of scavenging atyivon DPPH
and hydroxyl radicals, linoleic acid emulsion syst¢hiocyanate assay,
determination of disposable phenolic groups in p@gic matrices, and
determination of total antioxidant capacity weref@aened. Moreover,
antifungal properties against nigerwas verified®. The good obtained
results, together with its biocompatibility and iraped stability, clearly
shows the utility of the proposed polymeric devieehospital, medical,
pharmaceutical, bioprotective, and related hygiapiglications. By using
PMAA-FA it is possible to raise a good protectiogaimst free radical

damages and fungal contamination.

% F. Puoci, F. lemma, M. Curcio, O.l. Parisi, G.il@ir U.G. Spizzirri, N. Picci, J.
Agric. Food Chem. 56 (2008) 10646-10650.

% F. lemma, F. Puoci, M. Curcio, O.l. Parisi, G.ilkir U.G. Spizzirri, N. Picci J. Appl.
Polym. Sci. 115 (2010) 784-789.
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Chapter 2

NOVEL ANTIOXIDANT POLYMERS BY GRAFTING OF GALLIC
ACID AND CATECHIN ON GELATIN

1. Introduction

Natural proteins, such as gelatin and albumin aigelyw employed in
industry due to their biocompatibility, biodegradat non-toxicity and
non-immunogenicity. Gelatin is a mixture of high lexular weight and
water-soluble proteins extensively used in food,hesitves and
pharmaceutical fields. Because of the various piatenses of gelatin, it
is useful to investigate its modification to deyeloew materials with
improved properties. It is well know that proteimse major targets for
photo-oxidation within cells, due to their high ablance, the presence of
endogenous chromophores within the protein stractamino acid side-
chains), their ability to bind exogenodlsromophoric materials, and their
rapid rates of reactionwith other excited state species. In particularf,Me
Trp, Tyr, Cys, and His side-chain residues havenbd®wn to be the
most vulnerable to modification by photooxidatidl The residues in
the side chains of gelatin able to undergo oxi@atmodifications
represent suitable target groups to prepare comeposterials showing
both protein and grafted molecule characteristicBhe graft
copolymerization of gelatin with various monomers an effective

method to improve the properties of the gelatin.ofign the monomers

! P.E.Morgan, D.I. Pattison, C.L. Hawkins, M.J. Davieg&Radical Bio. Med. 45

(2008) 1279-1289.

2V.V. Agon, W.A. Bubb, A. Wright, C.L. Hawkins, M.Davies Free Radical Bio. Med.

40 (2006) 698-710.

¥ M.J. Davies, R.J.W. Truscott J. Photochem. PhotoBi Biology 63 (2001) 114-125.
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grafted upon gelatin for its modification, the mastlely used are methyl
methacrylate,acrylonitrile, and ethyl acrylate, polyvinylpirrolidofié
Grafting reaction was generally carried out by cltatnmeans and the
initiators were redox systems, such as potassiumsulfate, ceric
ammonium nitrate and ammonium persulfate, produdmeg radical
species after warming at 40%C. In the present work our challenge was
to synthesize novel proteic antioxidants by a senpkthod, involving an
one-step reaction, to obtain copolymers throughstimple conjugation of
gelatin with an antioxidant molecule in the presemé water-soluble
redox initiatiors able to generate free radicaksggeat room temperature.
The addition of antioxidant molecules on the ptside chains took
place by radical reaction of gelatin, such as binaaolecule, Gallic
acid (GA) and Catechin (CA) (Figure 1), as antiaxits, and using the
hydrogen peroxide (HPO)/ascorbic acid (AA) redoxr,pas initiator
systenf.

O OH
2 5
HO OH
OH

GA CA

Figure 1. Chemical structures of Gallic AciG@) and CatechinGA).

* ). StejskalP. StrakovaP. Kratochvil,J. Appl. Pol. Sci. 36 (1988) 215-227.
®T. Mikotajczyk, A. Krasinska J. Thermal Anal. Calor. 63 (2001) 815-822.
® Liu, S; Sun, G Carbohyd. Polym. 71 (2008) 614-625.
" A. Mishra,J.H.V.A. Clark,S. DaswalPol. Adv. Tech. 19 (2008) 99-104.
8 R.W. Simms, M.F. Cunningham, Macromolecules 4®{3®60-866.
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In this way, we synthesized two antioxidant polyspdabelled andll,
where GA and CA, respectively, were conjugated withe
macromolecule.

The materials was exhaustively characterized by WiB/-fluorescence
and calorimetric analyses to demonstrate the claniiond between
antioxidant and proteic structure.

Antioxidant activity of conjugated polymers was tégs and both
functionalized macromolecules were able to intenaith free radical
species and to minimize the oxidative damage. Taenals combine the
characteristics of amminoacidic  structure  (biocotifyddy,
biodegradability, high molecular weight) with andidant properties of
CA and GA. These novel polymeric systems could lekeky used in food

and pharmaceutical fields.

2. Experimental section

2.1 Materials

Gelatin (Ph Eur, Bloom 160), (+)-Catechin hydra@A]), Gallic acid

(GA), hydrogen peroxide @#D,), ascorbic acid (AA), 2,2’-diphenyl-1-
picrylnydrazyl radical (DPPH), Folin-Ciocalteu resq, sodium
carbonate, sulphuric acid (96% w/w), trisodium pitege, ammonium
molybdate, B-Carotene, linoleic acid, Tween 20, deoxyriboseClke
ethylenediaminetetraacetic acid disodium salt (ERTAipotassium
hydrogen phosphate, potassium dihydrogen phospinaéarbituric acid
(TBA), trichloroacetic acid (TCA), hydrochloric ati(37% w/w) were
obtained from Sigma-Aldrich (Sigma Chemical Co., [Siuis, MO,

USA). Acetonitrile, methanol, water, ethanol, chloroformmgre HPLC-

grade and provided by Carlo Erba reagents (Milgy)L
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2.2 Instrumentation

The dialysis membranes of 6-27/32" Medicell Int¢ioreal LTD
(MWCO: 12-14000 Dalton) were employed. Freeze drMicro
Modulyo, Edwards was employed. Spectrofluorimegiade solvents
was used for the photophysical investigations ihutgmn, at room
temperature. A Perkin Elmer Lambda 900 spectropheter was
employed to obtain the absorption spectra, whike dbrrected emission
spectra, all confirmed by excitation ones, wereorged with a Perkin
Elmer LS 50B spectrofluorimeter, equipped with Hamagsu R928
photomultiplier tube. The calorimetric analyses eveerformed using a
Netzsch DSC200 PC. The high-Pressure Liquid Chrognaphy (HPLC)
analyses were carried out using a Jasco PU-208% Hyuid
chromatography equipped with a Rheodyne 7725i tojeditted with a
20 pl loop), a Jasco UV-2075 HPLC detector and JascovBo
integrator. A reversed-phase C18 columpBdndapak, 10um of
250mmx4.6mm internal diameter obtained from Wateray used. As
reported in literature HPLC conditions for the antioxidants were:

- GA: mobile phase was methanol/water/ orthophogphacid
(20/79.9/0.1) at a flow rate of 1.0 mL rifimt 260 nm.

- CA: mobile phase was acetonitrile/water/ orthaggtmric acid
(20/79.9/0.1) at a flow rate of 0.5 mL rifirmt 230 nmMolecular weight
distributions of gelatin were analyzed by GPC. @Gelaolutions were
prepared at 0.5 mg/mL in PBS buffer pH 7.5. The G86Gtem was
composed of:uBondagel E-125 and E-500 GPC columns (Millipore,

Water Associates) connected in series; a Jasco BO-Plus liquid

®H. Wang, K. Helliwell, X. You Food Chem. 68 (200)5-121.
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chromatography equipped with a Rheodyne 7725i tojeditted with a
20 wl loop); and Jasco UV-2075 HPLC detector and J&smovin
integrator. The mobile phase was PBS buffer pH at%a flow rate of 0.8

mL/min. The eluent fractions were monitored by Ustettion (220 nm).

2.3 Synthesis of conjugate polymers

The polymers(l) and (lI) were synthesized following the general
procedure: in a 50 ml glass flask, 0.5 g of gelatgre dissolved in 50 ml
of H,0O, then 1.0 ml KO, 5.0 M (5.0 mmol) and 0.25 g of ascorbic acid
(1.4.mmol) were added and the mixture was mainthiee25°C under
atmospheric air. After 2h, 0.35 mmol of antioxidamere added to
solution. The solution of gelatin and antioxidargfter 24h, was
introduced into dialysis tubes and dipped into asglvessel containing
distilled water at 20°C for 48 h with eight changésvater. The resulting
solution was frozen and dried with a freeze dreerafford a vaporous
solid. Purified (I) and (I) were checked to be free of unreacted
antioxidant and any other compounds by HPLC anslyster the
purification step. Blank gelatin, that act as atoanwas prepared when
grafting process was carried out in the absen€2foénd GA.

The reaction conditions were optimized and the nteplo protocol is
related to the most effective polymer. A lower amoaf antioxidant in
the reaction feed is not enough to obtain a matevith significant
antioxidant properties because of the inefficierafythe conjugation
process. On the other hand, an higher amount saoué to a material

with no improvement in antioxidant property.
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2.4 Calorimetric analysis of gelatin-antioxidantnjogates

Calorimetric analysis of the samples was carriedusing a DSC. In a
standard procedure about 6.0 mg of dried sample wkxced inside a
hermetic aluminum pan, and then sealed tightly ye@ametic aluminum
lid. The thermal analyses were performed from 25@00°C under a
dry nitrogen atmosphere with a flow rate of 25 nihthand heating rate
5°C min'. DSC analysis of CA requires preliminarily warmio§ the

sample at 100°C for 2 hours.

2.5 Evaluation of the Antioxidant Activity

2.5.1 Determination of seanging effect on DPPH radicals

In a standard procedure grafted polymer was alloteedeact with a
stable free radical, 2,2’-diphenyl-1- picrylhydrdzgdical (DPPH), with
the aim of evaluating its free radical scavengingpprties®. 50.0 mg of
functionalized protein were dissolved in 12.5 mldtilled water in a
volumetric flask (25 ml), and then 12.5 ml of arhatol solution of
DPPH (200uM) were added to obtain a solution of DPPH, witfinal
concentration of 10@M. The sample was incubated in a water bath at
25°C and, after 30 min, the absorbance of the m@mziDPPH was
determined colorimetrically at 517 nm. The samectiea conditions
were applied for the blank polymer to evaluate theerference of
polymeric material on DPPH assay. The scavengitigitycof the tested
polymeric materials was measured as the decreaabsorbance of the
DPPH, and it was expressed as percent inhibitioDBPH radicals,

calculated according to the equation (1)

19 A, Ardestani, R. Yazdanparast, Food Chem. 104{p2@—29.
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Inhibition%:%xmo (1)

whereAy is the absorbance of a standard that was preparde same

conditions, but without any polymer, amn# is the absorbance of
polymeric sample. Each measurement was carriednogtintuplicate,

data were expressed as means (x SEM), and analgied One-Way
Analysis of Variance (ANOVA).

2.5.2 Evaluation of disposable phenolic equivaldmyt$-olin-Ciocalteu
procedure

The amount of total phenolic equivalents was deitezth using Folin-
Ciocalteu reagent procedure, according to the alitee with some
modifications’. Grafted protein (20 mg) dissolved in distilledtera(6.0
ml) and Folin-Ciocalteu reagent (1.0 ml) were addleda volumetric
flask, mixing thoroughly. After 3 min, 3.0 ml of NaOs (7.5 % wiw)
were added, and the mixture was allowed to stand 2foh with
intermittent shaking. The absorbance was measurédtanm against a
control prepared using the blank polymer under Hame assay
conditions. Measurement was carried out in tripdcand data expressed
as means (x SEM).

The amount of total phenolic equivalents in polyimenaterials was
expressed as antioxidant equivalent concentratiomiding an equation

that was obtained from an antioxidant calibratiamve, recorded by

1y, Pan, J. Zhu, H. Wang, X. Zhang, Y. Zhang, C, KelJi, H. Li, Food Chem. 103
(2007) 913-918.
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employing five different antioxidant standard sados. Half a millilitre
of each solution was added to the Folin-Ciocaltatesn to raise the final
concentrations of 8.0, 16.0, 24.0, 32.0, and 40M) respectively. After 2
h, the absorbance of the solutions was measureettod the calibration
curve, and the correlation coefficier®), slope, and intercept of the
regression equation obtained were calculated byntleéhod of least-

squares.

2.5.3 Determination of total antioxidant agaty

The total antioxidant activity of polymeric matdsiawas evaluated
according to the method reported in the literdture

Briefly, 10.0 mg of grafted polymer were dissohad).3 ml of distilled
water and then mixed with 1.2 ml of reagent sohu{i@.6 M HSQ,, 28.0
M NagPOy, and 4.0 M (NH),Mo00O,). The reaction mixture was incubated
at 95°C for 150 min and after cooling to room terapg&e, the
absorbance of the mixture was measured at 695 raimsdga control
prepared using blank polymer in the same assayittmmsl Measurement
was carried out in triplicate and data expressedesns (+ SEM).

The total antioxidant activity of polymeric matdsiavas expressed as
antioxidant equivalent concentration. By using foiéferent antioxidant
standard solutions, a calibration curve was reahréevolume of 0.3 ml
of each solution was mixed with 1.2 ml of phosphtyibdate reagent
solution to obtain the final concentrations of 81,0, 24.0, 32.0, and
40.0 uM, respectively. After 150 min of incubation, theligions were

analyzed by using a UV-Vis spectrophotometer, anel torrelation

12p_ Prieto, M. Pineda, M. Aguilar, Anal. Biochen692(1999) 337—341.
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coefficient &), slope, and intercept of the regression equatimtained
by the method of least-squares were calculated.

2.5.4p-Carotene bleaching test

The antioxidant properties of synthesized conjugatere evaluated
through measurement of percent inhibition of pedation in linoleic acid
system by using th@-carotene bleaching té&t Briefly, 1.0 ml of B-
carotene solution (0.2 mg/ml in chloroform) was edido 0.02 ml of
linoleic acid and 0.2 ml of Tween 20. The mixturasthen evaporated at
40°C for 10 min in a rotary evaporator to removédowsform. After
evaporation, the mixture was immediately dilutethwlioO ml of distilled
water. The water was added slowly to the mixtur agitated vigorously

to form an emulsion. The emulsion (5.0 ml) was dfarred to different
test tubes containing 50.0 mg of antioxidant-gelatnjugate dispersed

in 0.2 ml of 70% ethanol, and 0.2 ml of 70% ethanddml of the above
emulsion was used as a control. The tubes weregletly shaken and
placed in a water bath at 45°C for 60 min. The dimmuce of the filtered
samples and control was measured at 470 nm againlsink, consisting

of an emulsion withoup- carotene. The measurement was carried out at
the initial time ¢ = 0) and successively at 60 min. The same reaction
conditions were applied for the blank gelatin irder to evaluate the
interference of the ungrafted protein @Carotene bleaching test.

The antioxidant activity (&A) was measured in terms of successful

bleaching oB-carotene using the following equation (2):

13E. Conforti, G. Statti, D. Uzunov, F. Menichinidm. Bull. 29 (2006) 2056-2064.
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%MPH @

where A and A° are the absorbance values measured at the initial
incubation time for sample and control, respecyivelhile Ao and Agy’

are the absorbance values measure in the sampleoatrd! respectively

att = 60 min. Each measurement was carried out in gpiicate, data

were expressed as means (x SEM), and analysed AKIGYA.

2.5.5 Scavenging activity on hydroxyl radical

20 mg of grafted protein were dispersed in 0.5 mM®%% ethanol and
incubated with 0.5 ml deoxyribose (3.75 mM), 0.5HpD, (1.0 mM), 0.5
ml FeCk (100 mM), 0.5 ml EDTA (100 mM) and 0.5 ml ascorbicid
(100 mM) in 2.0 ml potassium phosphate buffer (20,pH = 7.4) for 60
min at 37 °C** The samples were filtered and to 1.0 ml amount of
filtrate, 1.0 ml of TBA (1% wi/v) and 1.0 ml of TC&% wi/v) were added
and the tubes were heated in a boiling water b@atii% min. The content
was cooled and the absorbance of the mixture vaabae535 nm against
reagent blank without conjugate.

The antioxidant activity was expressed as a peagenbf scavenging
activity on hydroxyl radical, according to equatidn). Each measurement
was carried out in quintuplicate, data were exg@éss means (x SEM),
and analysed using ANOVA.

¥ Pan, J. Zhu, H. Wang, X. Zhang, Y. Zhang, C, Meli, H. Li, Food Chem. 103
(2007) 913-918.
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3. Results and discussion

3.1 Synthesis of antioxidant-gelatin conjugates

Since gelatin is a natural polymer, commonly usedgharmaceutical and
biomedical applications, because of its biodegréithab and
biocompatibility in physiological environmentswhas chosen as polymer
backbone to be functionalized with CA and GA to aift
biomacromolecules showing raised antioxidant prigeMhe employed
synthetic strategy involved the use of #seorbic acid/hydrogen peroxide
redox pair, a biocompatible and water-soluble systeas radical
initiators: hydroxyl radical, that initiates theaction, was formed by the
oxidation of AA by HO, within ascorbate radicalComparing to
conventional initiator systems (i.e. azo compouawid peroxides), which
require relatively high reaction temperature to uees their rapid
decomposition, the employed redox pair shows seeehzantages. First
of all, this kind of system does not generate tadaction products;
moreover, it is possible to perform the reactiorocpsses at room
temperatures, to avoid antioxidant degradatio®n the other hand, in
order to activate gelatin toward radical reactiars] thus to promote the
insertion of antioxidant molecules (avoiding se#actions), radical
initiators should preferably react with the macrdecale before adding
GA and CA.

A possible mechanism to bind antioxidant moleculesproteic side
chains is proposed in Figure 2. The hydroxyl radicgenerated by the
interaction between redox pair components, attaelsensible residues in

the side chains of protein, producing radical sgea@n the aminoacidic

5 M. Kitagawa, Y. Tokiwa, Carbohydr. Polym. 64 (20@38-223.
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structure. These ones react with the antioxidanfecutes inducing an

antioxidant-gelatin covalent bond.

et 0@ o
O — ®- J{; o

X=S,0,NH
®- e

Figure 2. Grafting of gelatin with antioxidant molecules.

Literature data suggests that on the phenolic fieg radical species
attack at the orto- and papasitions relatively tahe hydroxyl group™*”.
This findings support the hypothesis that the bigdites involved in the
antioxidant-protein conjugation are the positionan2l 5 for GA and 2,
5 (B ring) and 6, 8 (A ring) for CA (Figure 1). €theteroatom-centered
radicals in the side chains of protein preferehtiadact in some of the
above mentioned positions. This synthetic straggynit to realize two
biomacromolecules with antioxidant activity, whergelatin was
functionalized with GA and CA, labelgt) and(ll) respectively. In the
reaction feed the amount of antioxidant was 0.7 mper grams of

protein for both conjugate systems; this value espnts the optimum to

165, Kobayashi, H. Higashimura, Prog. Polym. Sci(Z®3) 1015-1048.
" H. Uyama, N. Maruichi, H. Tonami, S. Kobayashi Bicromolecules 3 (2002) 187-
193.
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obtain a material with the highest efficiency. Temove unreacted
antioxidant, physically incorporated in the protestructure, the
conjugates underwent dialysis process (MWCO: 1204Dalton) and
washing media were analyzed by HPLC. Finally, tbleitson of grafted
protein was lyophilized, to obtain a porous materextensively
characterized by UV-Vis, fluorescence and caloriioetnalyses. To test
antioxidant properties of conjugates a control pwy was prepared

carrying on grafting process in the absence of GAGA.

3.2 Characterization of antioxidant-gelatin conjuga

The grafting procedure allows to obtain water skdudelatin conjugates,
because when the grafting reaction is carried autarge amount of
solvent (water) and functional molecules (in ousec&A and CA), the
possibility to have inter molecular crosslinkiisgstatistically very low
compared to possibility for the small functional letules to react (graft)
with the reaction site of Protein. The absence athhnter- or intra-

molecular crosslinking involving only the gelatirasvconfirmed by GPC
analyses, that show no relevant changes in the colale weight

distribution of native, blank and conjugate geldkigure 3).
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|\ AN 9

d)

Figure 3. Gel permeation chromatograms of native (a), blak(() (c)
and (1) (d) gelatin.

The incorporation of antioxidant moieties in theotpic structure was
proved by UV-Vis, fluorescence and calorimetric lgg@s of gelatin
conjugates, control polymer and antioxidants. U\-Vspectra of
antioxidants (1Q:M) and conjugate polymers (1.5 mg/mL) clearly shows
covalent bond formation between antioxidant moseied protein. In the
spectrum of conjugaté), the presence of two absorption peaks in the
aromatic region (227 and 272 nm) is related to phesence of GA
covalently bonded to the aminoacidic chains. Initemld in the free
antioxidant the wavelength of the aromatic peaki®vger (211 and 258
nm) than in grafted protein, as depicted in Figdeae The same results
appear in the UV-Vis spectrum of conjugéli¢ , where it is evident the
displacement of the adsorption bands to higher leageh (230 and 275
nm) respect to free

CA (204 and 229 nm), as showed in Figure 4b.
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The shift of spectral band position at higher waugths is ascribable to
the extension of the conjugation due to the foromatdf the covalent
bonds between heteroatom in the protein side-chaims antioxidant
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aromatic ring. The emission spectra of antioxidaatsl conjugate
polymers also confirm the covalent functionalizataf the protein. In the
spectra of conjugatesl)(and (I), bathochromic shifts of the emission
peaks of GA (from 354 to 416 nm) and CA (from 38409 nm), are

detected (Figure 5).
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Figure 5. Emission spectra: a) GA{-) and(l) (—); b) CA (- -) and
am
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These spectral red shifts are due to the covalamugation, because no
emission peak is detected in the same wavelenggertor blank gelatin.
Thermal characterization of prepared conjugates al&s performed by
recording of DSC thermograms of dried grafted profa), blank gelatin
(b) and pure antioxidants (c), as depicted in Fegw and 6, fo(l) and
(1), respectively.

As far as DSC of gelatin is concerned, a broad #dmic peak, located
around 60-180°C, have been assigned to the gkassitton ofa-amino
acid blocks in the peptide chainsH; associated to this transition was -
242.1 J per grams of grafted protein (Figures Gb'&). The calorimetric
analysis of pure GA shows a narrow melting endothat 266.5°C,
corresponding to the melting point of antioxidanvlecule (Figure 6c),
while for pure CA a melting endotherm at 155.8°Gwissplayed (Figure
7c). Since the grafting of GA produces structuraldification onto the
proteic chains, in the DSC thermogram of conjugdie(Figure 6a)
marked differences appear. The calorimetric angalgsplays the absence
of melting endotherm of GA, while, thaH; value associated to the
protein glass transition was -304.2 J per gramsgmiited protein,
probably as consequence of more rigidity of thenaacidic chain. This
discrepancy suggests that glass transition corgugjaneeds 25% more
heat respect to unmodified protein. The same eswdte observed in the
DSC thermogram of conjugaf) (Figure 7a)where the endotherm due
to melting of CA disappears, while the endotherrd@t180°C shows a
AH; equal to -285.5 J per grams of grafted proteirthis case to produce
glass transition in the conjugate) about 18% more heat is necessary
respect to unmodified polymer. Thus, the conjugabbgelatin with GA

and CA causes an increasing in the thermal staloilithe native protein.
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3.3 Measurement of Antioxidant Activity

3.3.1 Determination of seanging effect on DPPH radicals

The DPPH radical is a stable organic free radicdh van absorption
maximum band around 515-528 nm and, thus, it isefull reagent for
evaluation of the antioxidant activity of compounttsthe DPPH test, the
antioxidants reduce the DPPH radical to a yellowmgound,
diphenylpicrylhydrazine, and the extent of the tiesc depends on the
hydrogen-donating ability of the antioxidants. Bshbeen documented
that cysteine, glutathione, ascorbic acid, tocoplserand polyhydroxy
aromatic compounds (e.g., ferulic acid, hydroqueooatechin, gallic
acid) reduce and decolorize 1,1-diphenyl-2-picrditazine (DPPH) by
their hydrogen-donating capabilities.

Polymers scavenger ability was evaluated in terimBRPH reduction
using GA and CA, as reference compounds, and dataxpressed as
inhibition (percent). Antioxidant polymers showedgh scavenging
activity, and the blank polymer did not significgninterferes with the
scavenger process (Table 1). In particular, in experiments a DPPH
reduction of 66% was recorded for conjugdje while (II) fully inhibits
radical formation (98%)p(< 0.01, one-way ANOVA analysis).

3.3.2 Determination of scavenging activity on hygtaadical

Hydroxyl radical exhibits very high reactivity anends to react with a
wide range of molecules found in living cells. Thean interact with the
purine and pyrimidine bases of DNA. They can albstract hydrogen
atoms from biological molecules (e.g. thiol compds), leading to the

formation of sulphur radicals able to combine witkygen to generate
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oxysulphur radicals, a number of which damage bictd molecule¥.
Due to the high reactivity, the radicals have ayva@ort biological half-
life. Thus, an effective scavenger must be presdnta very high
concentration or possess very high reactivity tolwathese radicals.
Although hydroxyl radical formation can occur irveeal ways, by far the
most important mechanism in vivo is the Fenton tteac where a
transition metal is involved as a prooxidant in tleatalyzed
decomposition of superoxide and hydrogen peroXidese radicals are
intermediary products of cellular respiration, pbegic outburst and
purine metabolism. Hydroxyl radical can be genetate situ by
decomposition of hydrogen peroxide by high redoteptial EDTA-Fé&*
complex, and in the presence of deoxyribose substra forms
thiobarbituric acid-reactive substances (TBARS)ahhtan be measured.
Antioxidant activity is detected by decreased TBAR®nNation, which
can come about by donation of hydrogen or elediram the antioxidant
to the radical or by direct reaction with it.

Consequently, the ability of gelatin-antioxidantsgigates to scavenge
hydroxyl radical was evaluated by the Fenton-mediatleoxyribose
assay’. Good antioxidant properties were found, with @nibition values
of 64 % for conjugatél) and 76% for(ll), as reported in Table b K
0.01, one-way ANOVA analysis).

8B, Halliwell, J.M.C. Gutteridge, O.l. Aruoma, Bioem. 165 (1987) 215-219.
90.1. Aruoma, Methods in Enzymolog$994,233, 57-66
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3.3.3p-Carotene bleaching test

() and(Il) exhibited significant antioxidant capacity in tRearotene—
linoleic acid test system. In this model systeimarotene undergoes
rapid discoloration in the absence of an antioxidarmich results in a
reduction in absorbance of the test solution wethction time. This is due
to the oxidation of linoleic acid that generategefrradicals (lipid
hydroperoxides, conjugated dienes and volatile foghpcts) that attack
the highly unsaturatefl-carotene molecules, resulting in bleaching of its
characteristic yellow colour in ethanolic solutiohen this reaction
occurs, thep-carotene molecule looses its conjugation and, as a
consequence, the characteristic orange colour pksep. The presence of
antioxidant avoids the destruction of fhearotene conjugate system and
the orange colour is maintained because oxidatioodycts were
scavenged and bleaching was prevented. The anayss&avenging
activity of (I) and(ll) displays an excellent capacity of both polymer to
inhibit linoneic acid peroxidation. As reportedtime Table 1, the gelatin
grafted with GA and CA show a very high efficienmympared to blank
polymer o < 0.01, one-way ANOVA analysis).

3.3.4 Bvaluation of disposable phenolic equivalent by Fdlilocalteu
procedure

Because the antioxidant activity of gelatin-anta@nt conjugates derived
from phenolic groups, it is useful to express émdioxidant potential in
terms of phenolic contefit.The Folin-Ciocalteu phenol reagent is used to
obtain a crudeestimate of the amount of disposable phenolic gsoup

present inthe polymer chain. Phenolic compounds undergo apts®m
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redoxreaction with phosphotungstic and phosphomolybdidsapresent
in the Folin-Ciocalteu reactant.

The colour development is duettte transfer of electrons at basic pH to
reduce the phosphomolybdic/phosphotungstic acid ptexnto form
chromogens in which thmetals have lower valend@isposable phenolic
groups in the samples were expressed as milligrgonvalents of
antioxidant moieties bounded. The values were Qy7per grams of dry
polymer for(l) and 0.9 fo(ll) (Table 1).

Inhibition (%) Disposable
. Total
Linoneic Phenolic o
) ) Antioxidant
Sample DPPH  Hydroxyl acid equivalent o
] ] S Activity
Radicals radicals peroxidatio (mg/g
(mg/g polymer)
n polymer)
Blank gelatin  36+2%  28+2% 43+3% / /
0] 66+3% 64+3% 98+1% 0.7+0.1 0.5+0.1
(I 98+3% 76+3% 99+2% 0.9+.0.3 0.4+0.1

Table 1.Antioxidant activity of gelatin-antioxidant conjuigs

3.3.5 Determination of total antioxidant agaty

The assay is based on the reduction of Mo(VI) ta\Widy antioxidant

species and subsequent formation of a green phiessM®V) complex

at acid pH. The total antioxidant activity was meas and compared
with that of free antioxidant and the control, whicontained no
antioxidant component. The high absorbance valondgated that the
samples possessed significant antioxidant activiigcording to the

results, synthesized materials had significantoaidant activities, and

184



Polymeric materials in Biomedical, Analytical andded Applications — SECTION Il

the antioxidant equivalent concentrations were tbtmbe 0.4 and 0.5 mg
per grams of protein, for conjugaté$ and(ll) respectively, as showed
in Table 1.

4. Conclusions

This paper reports on a novel synthetic strategyetdize antioxidant—
protein conjugates by grafting reaction employingyarogen peroxide-
ascorbic acid pair as radical initiator syst@min this way two new
antioxidant polymers were synthesized, choosing atgel as

biomacromolecule and Gallic acid and Catechin, ragxidant species.
Literature data clearly show that the grafting @lagin with various

chemical species is an effective method to impribneproperties of the
protein. Covalent bond between protein and antemiidvas confirmed by
calorimetric, UV-Vis and fluorescence analyses, l&vhthe antioxidant
activity of gelatin-antioxidant conjugates was camgal to a control,
treated in the absence of antioxidant molecule.

The ability of synthesized materials to inhibR,2’-diphenyl-1-

picrylnydrazyl hydroxyl radicals and linoneic acid peroxidatiorasw
determined and to well characterize antioxidantpprboes of grafted
macromolecules disposable phenolic equivalents tatal antioxidant
activity werecalculated.

The results of all antioxidant assays confirmedt thafting reaction
produced a protein bearing antioxidant moietiesatantly bounded to the
gelatin side-chains and clearly showed that thehgjit strategy allows

to improve the properties of the natural polymertraducing in the

2 U.G. Spizzirri, F. lemma, F. Puoci, G. Cirillo, I@urcio, O.I. Parisi, N. Picci,
Biomacromolecules 10 (2009) 1923-1930.
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protein new particular features for specific apgticns in pharmaceutical,
cosmetic and food industry.
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Chapter 3

COVALENT INSERTION OF ANTIOXIDANT MOLECULES ON
CHITOSAN BY FREE RADICALS GRAFTING PROCEDURE

1. Introduction

Chitosan is a copolymer of N-acetyl-d-glucosamine a-glucosamine
obtained by alkaline N-deacetylation of chitin. Tkagar backbone
consists off-1,4-linked glucosamirte It has been known as a bioactive
molecule Several bioactivities such as antitumor actfvity
immunoenhancing effects wound healing effects antifungal and
antimicrobial properti€s and antioxidant activifyof chitosan have been
reported.

These characteristics, togheter with several unigumperties such as
nontoxicity, biocompatibility, and biodegradabilityffer chitosan good
potentials for biomedical applications and in fowdiustry as edible
coatings for fruit and vegetablepackaging film& and waste water

purificatior?.

1 S.Y. Chae, M. Jang, J. Nah J. Control. Releas®(2004) 383-394.

2H.0. Pae, W.G. Seo, N.Y. Kim, G.S. Oh, G.E. KimHYKim, H.J. Kwak, Y.G. Yun,
C.D. Jun, H.T. Chung Leukemia Res. 2001, 25, 33%- 3

¥ M. Maeda, H. Murakami, H. Ohta, M. Tajima, BiosBiotech. Biochem. 56 (1992)
427-431.

4 C. Porporatto, I.D. Bianco, C.M. Riera, S.G. CarrBiochem. Bioph. Res. Co. 304
(2003) 266-272.

®S. Hirano, Biotechnol. Annual Rev. 2 (1996) 23582

® M. Yen, J. Yang, J. Mau Carbohyd. Polym. 74 (9®8)—844.

"H.J. Park, Trends Food Sci. Tech. 10 (1999) 25826

8 C. Caner, P.J. Vergano, J.L. Wiles, J. Food ${1698) 1049-1053.

%D. Knorr, Food Technol., 45 (1991) 114-122.
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It is well known that for some specific polymericoducts, especially
medical equipment and food packaging, sterilizatioa radiation is
needed with a potential risk of degradation, idain scission and/or
crosslinking, resulting in discoloration, crackiofjthe surface, stiffening,
and loss of mechanical propertiésThese serious drawbacks could be
controlled by performing chemical modifications tiie polymeric
backbone.

Specifically for chitosan, in order to improve thelymer processability,
chemical and enzymatic modification reactions waesigned. However,
chemical modifications are generally not preferfedfood applications
because of the formation of potential detrimentabpcts™.

In addition, severalresearch works report on the applicability of
antioxidants as additives for polymers, as thelikta the polymer from
resin extrusion to the molded pieces productiontii@uprocessing, the
antioxidant retards thermal or/and oxidative degtiad'®. On the other
hand, antioxidants with low molecular weight arssleffective owing to
their poor thermal stability. To overcome this liation, an useful
approach is the covalent linkage of these molecolesa polymeric
matrix, enhancing their stability and reducing #fects of migration and
blooming. These ones can cause antioxidants tabié/ @emoved from

the host polymer by mechanical rubbing-off, volatition or leachinty.

0'M.S. Jahan, K.S. McKinny, Nucl. Instrum. Meth. B51 (1999) 207-212.
'S R. Kanatt, R. Chander, A. Sharma, Food Chem(2088) 521-528.
12\W. Pasanphan, G.R. Buettner, S. Chirachanchai J. Raym. Sci. 109 (2008) 38—
46.
13T.W. Tseng, Y. Tsai, J.S. Lee Polym. Degrad. St (1997) 241-245.
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In recent years, several synthetic stratégiese proposed in order to
obtain macromolecular systems, consisting of ardents-polymer
conjugates, that, combining the advantages of th&ltomponents, show
higher stability and slower degradation rate thailetules with low
molecular weight, but preserve the unique properioé antioxidant
molecules. In literature, many studies about thetrssis of chitosan-
antioxidant conjugates are reported, but multi-sigganic synthesis are
required>*®

This work reports on a rapid and eco-friendly pchoe to perform the
covalent insertion of antioxidant molecules on a$gin by employing
free-radical grafting procedure.

Our synthetic strategy is based on the use f.fscorbic acid redox
pair to functionalize, in a single-step, chitosanthw(2R)-2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-chroman-4-one }{eatechin-CA) and
3,4,5-trihydroxy benzoic acid (gallic acid-GA). These of this redox
system allows to perform the chemical functiondi@a of chitosan
without the generation of toxic compounds and Witih reaction yields.
The conjugates were characterized by DSC, UV antRFanalyses, then
their antioxidant properties by performing differeantioxidant assays

were tested.

4 5. Menichetti, C. Viglianisi, F. Liguori, C. Cogliati,. Boragno, P. Stagnaro, S. Losio,
M.C. Sacchi J. Polym. Sci. Pol. Chem. 46 (2008)358906.
*W. Pasanphan, S. Chirachanchai, Carbohyd. Polgrt2008) 169-177.
6. Wu, H.D. Embree, B.M. Balgley, P.J. Smith, GFRayne, Environ. Sci. Technol. 36
(2002) 3446-3454.
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2. Experimental Section

2.1 Materials

Gallic acid, (+)-catechinFigure 1), chitosan from crab shells (MW = 95
kDa, 85% deacetylation), hydrogen peroxided@}), ascorbic acid (AA),
2,2’-diphenyl-1-picrylhydrazyl radical (DPPH), FelCiocalteu reagent,
sodium carbonate, sulphuric acid (96% w/w), trisodi phosphate,
ammonium molybdatei-Carotene, linoleic acid, Tween 20, deoxyribose,
FeCk, ethylenediaminetetraacetic acid disodium salt TBR
dipotassium hydrogen phosphate, potassium dihydrogkRosphate,
thiobarbituric acid (TBA), trichloroacetic acid (X}, hydrochloric acid
(37% w/w) were obtained from Sigma-Aldrich (Sigmbaetical Co., St
Louis, MO, USA).

Ethanol, chloroform weréiPLC-grade angrovided by Fluka Chemika-
Biochemika (Buchs, Switzerland).

HO OH
OH OH

GA CA

Figure 1. Chemical structures of gallic acid (GA) and (+)ecdin (CA).

2.2 Synthesis of Chitosan Conjugates
The synthesis of both cateclgnaftedchitosan (CAg-CA) and gallic
acidgraftedchitosan (GAg-CA) was performed as follows: in a 25 ml

glass tube, chitosan (0.5g) was dissolved in 10ofrdcetic acid water
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solution (2% v/v). Then, 1ml of ¥, 1.0 M containing 0.054 g of
ascorbic acid were added. Finally, after 30 mirB5Gnmol of antioxidant
molecule were introduced in the reaction flask ahd mixture was
maintained at 25°C for 24 h under atmosphericTdie obtained polymer
solution was introduced into dialysis tubes (MWCI2-14000 Dalton)
and dipped into a glass vessel containing distieter at 20° C for 48 h
with eight changes of water. The copolymer was kbedo be free of
unreacted antioxidants and any other compoundsRlyCHanalysis after
purification step.

The resulting solution was frozen and dried witteézing-drying
apparatus” to afford a vaporous soBlank chitosan (BCH), that act as a
control, was prepared in the same conditions bthierabsence of

antioxidant agents.

2.3 Instrumentation

The liquid chromatography consisted of an JascoIBIBmp and Jasco
UVDEC-100-V detector set at 230 nm. A 250mmx4mm 8CHibar®
Column, particle size(Bn, pore size 80 A (Merck, Darmstadt, Germany),
was employed. As reported in literattirethe mobile phase adopted for
the detection of CA and GA was methanol/water/@tiasphoric acid
(20/79.9/0.1) and the flow rate was 1.0 ml/min. Th&umn was operated
at 30°C. The sample injection volume was 200 IR spectra were
recorded as films or KBr pellets on a Jasco FT-ER0 Freeze drier
Micro Modulyo, Edwards was employedllV-Vis absorption spectra

were obtained with a Jasco V-530 UV/Vis spectrome@alorimetric

" H. wang, K. Helliwell, X. YouFood Chem68 (2000)115-121.
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analyses were performed using a Netzsch DSC200Id#P@. standard
procedure about 6.0 mg of sample was placed irsltBrmetic aluminum
pan, and then sealed tightly by a hermetic alumidginThe thermal
analyses were performed from 25°C to 400°C undeirya nitrogen

atmosphere with a flow rate of 25 ml ifiand heating rate 5°C min

2.4 Determination of Scavenging Effect on DPPH Baldi

In order to evaluate the free radical scavengimgp@nties of synthesized
GA-g-CH and CAg-CH, their reactivity towards a stable free radical
2,2'-diphenyl-1- picrylhydrazyl radical (DPPH), wasaluatedf. For this
purpose, 20 mg of each polymer were dissolvednm df distilled water

in a volumetric flask (25 ml) and then 4 ml of etbhand 5ml of ethanol
solution of DPPH (20@M) were added, obtaining a solution of DPPH
with a final concentration of 100M. The sample was incubated in a
water bath at 25 °C and, after 30 minutes, therélsce of the remaining
DPPH was determined colorimetrically at 517 nm. Hagne reaction
conditions were applied on the BCH in order to eatd the interference
of polymeric material on DPPH assay. The scavengictiyity of the
tested polymeric materials was measured as theasein absorbance of
the DPPH and it was expressed as percent inhibdfoDPPH radicals

calculated according the following equation 1:
inhibition% = %xmo (1)

where A is the absorbance of a standard that was preparge same

conditions, but without any polymers, and; A the absorbance of

8 A. Ardestani, R. Yazdanparast, Food Chem. 104{p2@—29.
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polymeric samples. Each measurement was carriednauiplicate and
data expressed as means (x SEM).

2.5-Carotene-Linoleic Acid Assay

The antioxidant properties of synthesized functiopalymers was
evaluated through measurement of percent inhibitibperoxidation in
linoleic acid system by using the tRecarotene bleaching té&tBriefly,
1ml of B-carotene solution (0.2 mg/ml in chloroform) wasled to 0.02
ml of linoleic acid and 0.2 ml of Tween 20. The tope was then
evaporated at 40 °C for 10 min in a rotary evamordb remove
chloroform. After evaporation, the mixture was indiagely diluted with
100 ml of distilled water. The water was added $joww the mixture and
agitated vigorously to form an emulsion. The enaws{5 ml) was
transferred to different test tubes containing 50 of antioxidants-
graftedchitosan dispersed in 0.2 ml of 70% ethanol, a2dndl of 70%
ethanol in 5ml of the above emulsion was used asndrol. The tubes
were then gently shaken and placed in a water &% °C for 60 min.
The absorbance of the filtered samples and contasl measured at 470
nm against a blank, consisting of an emulsion with3carotene. The
measurement was carried out at the initial titrree @) and successively at
60 min. The same reaction conditions were appliedding BCH.

The antioxidant activity (AA) was measured in terms of successful
bleaching oB3-carotene using the following equation (2):

1. Amin, M.M. Zamaliah, W.F. Chin, Food Chem. &004) 581-586.
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_n_Po" Ao
AOXA"Cl /\g__ 00) (2)

where A and A are the absorbance values measured at the initial

incubation time for samples and control, respebtjwshile Ago and Ago’

are the absorbance values measured in the samptesnacontrol,

respectively, at=60 min. All samples were assayed in triplicate dath

expressed as means (£ SEM).

2.6 Evaluation of Disposable Phenolic Groups bylif-@iocalteu
Procedure

Amount of total phenolic equivalents was determingsing Folin-
Ciocalteu reagent procedure, according to the alitee with some
modificationg® (23)

20 mg of GAg-CH and CAg-CH were dissolved in distilled water (6ml)
in a volumetric flask. Folin-Ciocalteu reagent (Jmias added and the
contents of flask were mixed thoroughly. After 3ntn8 ml of NaCO;
(2%) were added, and then the mixture was allowestand for 2 h with
intermittent shaking.

The absorbance was measured at 760 nm againstralqmepared using
the blank polymer under the same reaction conditidrhe amount of
total phenolic groups in each polymeric materiaésexpressed as gallic
acid and catechin equivalent concentrations, reésdyg, by using the
equations obtained from the calibration curvesaumheantioxidant. These
ones was recorded by employing five different gadicid and catechin

standard solutions. 0.5 ml of each solution werdeddto the Folin-

2y, Pan, J. Zhu, H. Wang, X. Zhang, Y. Zhang, C, MeJi, H. Li Food Chem. 2007,
103, 913-918.
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Ciocalteu system to raise the final concentratib8.0, 16.0, 24.0, 32.0,
and 40.0uM, respectively. After 2 h, the absorbance of tbleitsons was
measured to record the calibration curve and treelation coefficient
(R, slope and intercept of the regression equatibtaioed were

calculated by the method of least square.

2.7 Determination of Total Antioxidant Activity

The total antioxidant activity of polymeric matdsiawas evaluated
according to the method reported in literafti@4). Briefly, 100 mg of
GA-g-CH and CAg-CH were mixed with 2.4 ml of reagent solution (0.6
M sulphuric acid, 28 M sodium phosphate and 4 M @amom
molybdate) and 0.6 ml of methanol, then the reactmixture was
incubated at 95°C for 150 min. After cooling to modemperature, the
absorbance of the mixture was measured at 695 ramsiga control
prepared using blank polymer in the same reacfite. total antioxidant
activity of each polymeric material was expressesl eguivalent
concentration of the respective antioxidant molecul

By using five different GA and CA standard solusipa calibration curve
was recorded. 0.3 ml of each solution were mixeith \wi2 ml of reagent
solution to obtain the final concentration of 81®.0, 24.0, 32.0, and
40.0 uM, respectively. After 150 min incubation, the d@us were
analyzed by UV-Vis spectrophotometer and the catieh coefficient
(RP), slope and intercept of the regression equatibtaioed by the

method of least square were calculated.

2L pP. Prieto, M. Pineda, M. Aguilar, Anal. Biochen692(1999) 337—341.
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2.8 Determination of Scavenging Effect on Hydr&adlical (OH-)

The scavenging effect on hydroxyl radical was eatd according to the
literaturé?. Briefly, 20 mg of CAg-CH and GAg-CH were dispersed in
0.5 ml of 95% ethanol and incubated with 0.5 mhgeibose (3.75 mM),
0.5 ml HO; (1 mM), 0.5 ml FeG(100 mM), 0.5 ml EDTA (100 mM)
and 0.5 ml ascorbic acid (100 mM) in 2.0 ml potassphosphate buffer
(20 mM, pH 7.4) for 60 min at 37 °C. Then sampleseniltered and to 1
ml omount of filtrate, 1 ml of TBA (1% w/v) and 1lraf TCA (2% w/v)
were added and the tubes were heated in a boilatgrvath for 15 min.
The content was cooled and the absorbance of tReumaiwas read at
535 nm against reagent blank without extrddte antioxidant activity
was expressed as a percentage of scavenging activitydroxyl radical
according to equation (1). All samples were assayddplicate and data
expressed as means (£ SEM).

3. Results and Discussion

3.1 Synthesis of Antioxidants-Chitosan Conjugates

Chitosan was chosen as a polymeric backbone thetyne two different
biomacrolecules-based antioxidant containing tite=idative groups of
catechin and gallic acid, respectively.

The conjugation of the antioxidant moieties on thé&osan chains was
performed by free radicals-induced grafting reactid biocompatible
and water-soluble system,seorbic acid/hydrogen peroxide pair, was
chosen as redox initiator systefrhe interaction mechanism between the

two component of redox pair involveke oxidation of AA by HO, at

22B. Halliwell, J.M.C. Gutteridge, O.l. Aruoma Andiochem. 165 (1987) 215-2109.
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room temperature with the formation of ascorbate laydroxyl radicals,
that initiate the reactidii

Comparing to conventional initiator systems (i.eo a&ompounds and
peroxides), which require relatively high reacti@mperature to ensure
their rapid decomposition, redox initiators showsesal advantages. First
of all, this kind of systems do not generate tos@@ction products;
moreover, it is possible to perform the reactiomcpsses at lower
temperatures, reducing the risks of antioxidantra@gtion. The best
reaction conditions involve a first step designeat the chitosan
activation toward radical reactions, and a secdeg #r the insertion of
the antioxidant molecules on the preformed macioahd

In Figure 2a possible mechanism of antioxidants insertion @hitosan
is proposed. The hydroxyl radicals, generated layinteraction between
redox pair components, attack H-atomsiimethylene (ChH) or hydroxyl
groups (OH) of the hydroxymethylene group of thiéasan (STEP .

In addition, the reactive amino group in chitossimportant in several of
the structural modifications targeted because tepratonated amino
group acts as a powerful nucleophile (pKa 6.3) ifgacacting with
electrophilic reagentd Even in free radical initiated copolymerization,
NH. groups of chitosan involve in macroradical formatfo At those

sites, the insertion of the antioxidant molecul&s occur (STEP2).

23 M. Kitagawa, Y. Tokiwa Carbohyd. Polym. 64 (20@8)8—223.

2 G.A. Mun, Z.S. Nurkeeva, S.A. Dergunov, I.K. NamPT Maimakov, E.M.
Shaikhutdinov, S.C. Lee, K. Park, React. Functyob8 (2008) 389—-395.

% T. Chen, G. Kumar, M.T. Harris, P.J. Smith, G. iagiotechnol. Bioeng. 70 (2000)
564-573.

% K.V.H. Prashanth, R.N. Tharanathan, Carbohyd. foB4 (2003) 343-351.
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Figure 2. Insertion of antioxidant molecules in chitosankizme.
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On the other hand, in literature, many researchksvoeport on the
reactivity of phenolic compounds toward this kifd-@action: monomers
with active functional groups (phenolic groups) side substituents,
indeed, were used for the preparation grafted pefiersystents using
free radical initiators. However, phenolic groupltbbe directly involved
in polymerization process; it is reported, inde#ftht phenolic radical
undergoes in dimerization processes by reactiondset hydroxyl radical
and aromatic ring in the orto- or para-positioratigely to the hydroxyl
groug®®®

On the basis of these data, it can be reasonalpptésized that the
insertion of antioxidants on the chitosan chainsuog in position 2 and 5
of the aromatic ring of gallic acid and in positiah 5’ (B ring) and 6, 8
(A ring) for catechin (Figure 1), respectively. the reaction feed the
amount of antioxidant was 0.7 mmol/g of chitosan lboth conjugate
systems; this value represents the optimum to mlaanaterial with the
highest efficiency. The yield of grafting procedusas 70% for each

conjugate.

3.2 Characterization of Antioxidant-Chitosan Corgtes

In order to verify the covalent insertion of CA a@Gd\ into the chitosan
chains, the functionalized materials and the respecontrol polymers
were characterized by Fourier Transform IR spetiotgmetry, UV and
DSC analyses. IR-spectra of both @ACH and CAg-CH shown the
appearence of new peaks at 1558*and at 1538 cih respectively,

?’'s. Nanjundan, C.S.J. Selvamalar, R. Jayakumar,Flym. J. 40 (2004) 2313-2321
83, Kobayashi, H. Higashimura, Prog. Polym. Sci(Z#3) 1015-1048.
29 Uyama, H.; Maruichi, N.; Tonami, H.; Kobayashi,Feroxidase-Catalyzed Oxidative
Polymerization of Bisphenols. Biomacromolecule§2@02) 187-193

199



Polymeric materials in Biomedical, Analytical andded Applications — SECTION Il

awardable to carbon to carbon stretching withinafenatic ring of gallic
acid and catechin; moreover, in the @AGH IR spectrum, a new peak at
1771 cni ascribable to carbon to oxigen stretching withie tarbonilic
group of gallic acid appeared. A further confirratiof antioxidants
insertion in the biopolymer was obtained by comparUV spectra of
each antioxidant molecule (101) and the respective chitosan-conjugates
in water (0.6 mg/ml).

As depicted in Figure 3 and in Figure 4, both thédpectra of GAg-CH
and CAg-CH shown the presence of absorption peaks in tbmatic
region, that can be related to the presence of GAGA in the samples.
In addition, the absorption is shiftet at higher velanghts as a
consequence of the extention of the conjugationtdude formation of
the covalent bonds between chitosan reactive gra@unas antioxidant

aromatic ring.

L

Absothance

mo I k|| I {:]] I 1]
Wameleryshit (m )

Figure 3. UV-spectrum of gallic acid (---) and GA-g-CH-)
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Figure 4. UV-spectrum of catechin (---) and CA-g-CH-{)

Finally, DSC analyses of pure antioxidants, BCH aadh chitosan

conjugate were performed (Figures 5 and 6).

Heat Flow {00 o)

100 1590 Z0oo Z50

Temparaturs {5C)

Figure 5. DSC of GA (c), BCH (b) and GA-g-CH (a).
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Heal Flowr {tg)

Figure 6. DSC of CA (c), BCH (b) and CA-g-CH (a).

The calorimetric analysis of pure GA shows a simefting endotherm at
266.5°C, corresponding to the melting point of @xitiant molecule
(Figure 5c), while for pure CA a melting endothean 155.8°C was
displayed (Figure 6c¢). As far as DSC of BCH is @ned by (Figures 5b
and 6b), a broad endotherm, located around 39-15k&clearly visible
and have been assigned to the glass transitiomlgéaccharidic chain;
AH; associated to this transition was -195 J/g. DSntlegrams of GA-
g-CH (Figure 5a) displays the disappearancmelting endotherm of GA
and an AH; value (-241 J/g), associated to the polysacclarggl

transition, higher than that observed in BCH. Samiresults were
observed in the DSC thermogram of CA-CH conjugkigure 6a). Then

different thermal behaviours between
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BCH and these conjugated systems were observedaambe ascribable

to the covalent doping of CH with antioxidant corapds.

3.3 Determination of Scavenging Effect on DPPH Baldi

The DPPH radical is a stable organic free radicdh van absorption
maximum band around 515-528 nm and thus, it iseduliseagent for
evaluation of antioxidant activity of compounds.

In the DPPH test, the antioxidants reduce the DIPRlital to a yellow-
colored compound, diphenylpicrylnydrazine, and tletent of the
reaction will depend on the hydrogen donating gbdf the antioxidants.
It has been documented that cysteine, glutathicmgorbic acid,
tocopherol, polyhydroxy aromatic compounds (e.gerulic acid,
hydroquinone, pyrogallol, gallic acid), reduce au@colorize 1,1-
diphenyl-2-picrylhydrazine by their hydrogen dongti capabilities.
Polymers scavenger ability were evaluated in tefnDBPH reduction
using, for each synthesized polymer, GA and CAeference compounds
and data are expressed as inhibition (%). As redart Table 1, in our

operating conditions, both chitosan conjugatestataily inhibit DPPH.
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% INHIBITION
SAMPLE Linoleic acid
DPPH radical Hydroxyl radical
peroxidation
BCH 23+1.2 14+ 1.1 17+ 1.4
GA-g-CH 85+ 0.9 92+ 1.3 60+ 1.1
CA-g-CH 98+ 0.8 98+ 1.1 95+ 0.9

Table 1. Inhibition percentages of linoleic acid peroxidati DPPH
radical and Hydroxyl radical by BCH, G&-CH and CAg-CH.

3.4 5-Carotene-Linoleic Acid Assay

In this model systemf-carotene undergoes rapid discoloration in the
absence of an antioxidant, which results in a redndn absorbance of
the test solution with reaction time. This is daelte oxidation of linoleic
acid that generates free radicals (lipid hydropeles; conjugated dienes
and volatile byproducts) that attacks the highlyataratedp-carotene
molecules in an effort to reacquire a hydrogen atédthen this reaction
occurs, the p-carotene molecule loses its conjugation and, as a
consequence, the characteristic orange colour pksep. The presence of
antioxidant avoids the destruction of fhearotene conjugate system and
the orange colour is maintained. Also in this cageopd antioxidant
activities for GAg-CH and CAg-CH were recorded, with inhibition
percentages of lipidic peroxidation equal to 85% 88%, respectively
(Table 1).
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3.5 Evaluation of Disposable Phenolic Groups bylif-Ciocalteu
Procedure

Since the antioxidant activity of G&CH and CAg-CH is derived from
phenolic groups in the polymeric backbone, it i®efuk express the
antioxidant potential in terms of phenolic contefihe Folin—Ciocalteu
phenol reagent is used to obtain a crude estimattheo amount of
disposable phenolic groups present in polymer chd#henolic
compounds undergo a complex redox reaction withsphotungstic and
phosphomolybdic acids present in the Folin—Ciocateactant. The color
development is due to the transfer of electronsaatc pH to reduce the
phosphomolybdic/phosphotungstic acid complexesotanfchromogens
in which the metals have lower valence.

For each biopolymer, disposable phenolic groupsvextpressed as mg
equivalent of the respective functionalizing ant@nt. Particularly, for
GA-CH and CA-CH conjugates these values were 4magfl) 7mg/g of
dry polymers, respectively. These different valgesild be due to the
presence, in catechin, of a number of free-radicedstive sites greater

than that existing in gallic acid molecule.

3.6 Determination of Total Antioxidant Activity

The assay is based on the reduction of Mo(VI) ta\Widoy ferulic acid

and subsequent formation of a green phosphate/Mog¥)plex at acid
pH. The total antioxidant activity was measured aathpared with that
of antioxidants and the control chitosan, whichtaored no antioxidant
component. The high absorbance values indicated tthe sample

possessed significant antioxidant activity.

205



Polymeric materials in Biomedical, Analytical andded Applications — SECTION Il

Synthesized materials had significant antioxidactivaies, and gallic
acid and catechin mg equivalents in the respecfivactionalized
polymers were found to be 3mg and 5 fieg 1g of dry functional

polymers.

3.7 Hydroxyl Radical (OH-) Scavenging Activity

The deoxyribose test has been considered the mdable means for
detecting scavenging properties towards the OHcahdi

Hydroxyl radical exhibits very high reactivity anends to react with a
wide range of molecules found in living cells. Thean interact with the
purine and pyrimidine bases of DNA. They can albstract hydrogen
atoms from biological molecules (e.g. thiol compds)y leading to the
formation of sulphur radicals able to combine witkygen to generate
oxysulphur radicals, a number of which damage lgickid molecule. Due
to the high reactivity, the radicals have a vergrsiviological half-life.
Thus, an effective scavenger must be present atyahigh concentration
or possess very high reactivity toward these rdsligdithough hydroxyl
radical formation can occur in several ways, bytfe@ most important
mechanism in vivo is the Fenton reaction whereaasition metal is
involved as a prooxidant in the catalyzed decontjposiof superoxide
and hydrogen peroxide. These radicals are intemmgddroducts of
cellular respiration, phagocytic outburst and peimnetabolism. Hydroxyl
radical can be generated in situ by decompositiohydrogen peroxide
by high redox potential EDTA—E& complex, and in the presence of
deoxyribose substrate, it forms thiobarbituric a@édctive substances
(TBARS) which can be measured. Antioxidant activigydetected by

decreased TBARS formation, which can come aboutdbyation of
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hydrogen or electron from the antioxidant to thdical or by direct
reaction with it. Consequently, the ability of tegntesized polymers to
scavenge hydroxyl radical was evaluated by the drentediated
deoxyribose assay.

Also this test confirmed the good antioxidant pmips of functional
materials compared to blank chitosan, with thelition percentages of
hydroxyl radical by CAg-CH and GAg-CH equal to 95% and 60%,
respectively, while the value for BCH was 17% ([€ab).

4. Conclusions

A novel solvent-free synthetic procedure based lon use of water-
soluble redox initiators was proposed to covalehihd two antioxidant
molecules, catechin and gallic acid, onto chitosae, of the most widely
used natural biopolym& The rapid reaction kinetics, toghether with the
absence of toxic reaction products, make this phoee very useful to
exalt the biological properties of chitosan.

Moreover, the high reaction yields, mild reacti@mditions, simple setup
and workup procedure are additional merits of aotqzol.

The covalent insertion of gallic acid and cateahinhe polymeric chain
was confirmed by UV and FT-IR analyses, while tidanced thermal
stability of the functional materials was demondtrdoy DSC
thermograms.

Finally, antioxidant properties of G&CH and CAg-CH were evaluated

by performing five different assays. Particularlgetermination of

%9 M. Curcio, F. Puoci, F. lemma, O.I. Parisi, G.il@ir U.G. Spizzirri, N. Picci J. Agric.
Food Chem. 57 (2009) 5933-5938.
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scavenging activity on DPPH radicals and hydroxglical, f-carotene-
linoleic acid assay, determination of disposableenatic groups in
polymeric matrices and determination of total axitiant capacity were
performed. Good antioxidant properties were reabrieall the tested
conditions, confirming that the antioxidant actvibf chitosan were
strenghtened after its functionalization with tii@xidant molecules.

The obtained results shown the applicability ofsthenaterials in food

industry as food preservative or nutritional supp@eats.
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CONCLUSIONS

Macromolecular science has had a major impact erwthy we live. It is
difficult to find an aspect of our lives that istraffected by polymers.
Just 50 years ago, materials we now take for glawere non-existent.
With further advances in the understanding of passnand with new
applications being researched, there is no reasobetieve that the
interest for these materials will stop any time reoBolymers already
have a range of applications that far exceeds dhany other class of
material available to man. Current applicationseegt from adhesives,
coatings, foams, and packaging materials to testilé industrial fibers,
composites, electronic and biomedical devices.

In the wide view of polymer chemistry, this reséacontributes to the
development of innovative functional polymers witpotential

applications in biomedical, analytical and foodaateFor this purpose,
Molecularly Imprinted Polymers, Thermo-Responsivgdiégels and
Polymeric Antioxidants have been synthesized amd t@pplicability as

drug delivery devices, stationary phases in araytseparations and
additive in pharmaceutical and food industry denratsd. The design
and development of this kind of materials is a legmgle that can be
expected to yield a new generation of macromolecsyatems that can
profoundly impact these research fields.
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