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ABSTRACT

KEYWORDS

Macroporous polymeric materials are three-dimensional porous architec-
tures having enormous utility in biomedical, biotechnological and separa-
tion sciences. The ultimate potential for these applications rests upon their
chemical and morphological characteristics, which to a great extent are
regulated by their fabrication approaches. Many techniques have been
investigated in recent yearsto form highly porous biodegradable scaffolds
suitable for use in tissue engineering. Many of these methods are able to
form foams with high porosity to encourage cell attachment. These meth-
odsexhibit good biocompatibility, making these techniques especially prom-
ising for future use in tissue-engineered cell-polymer constructs. Thus
realizing the crucial role of macroporous polymeric materialsin tissue engi-
neering and allied fields the present review discusses various synthetic
routes of macroporous materials and presents a concise but critical analy-
sis of strategies adopted by various workers. This review discusses appli-
cations in which fast swelling is needed.

© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Macroporous materials,
Tissue engineering;
Bioseparation;
Freeze-thaw;
Enzymeimmoabilization.

Therearemany applicationsinwhichamaterid is
needed to swell rapidly inafluid materia sthat imbibe
large volume of water arevery functiona indaily use
andinspecidized gpplications. Everyday materidssuch
asdiapersand sanitary napkinsmust rapidly contain
largevolumeof biologica fluidsandretain strengthwith-
out losing fluidsto surrounding dress¥. Superporous
hydrogels (SPHs) are anew generation of hydrogels
with poresizeintherange of 100um or larger; mesh
sizeof aconventiond hydrogd isbelow 100nmi23, The

swelling kinetics of SPHsisfew minutes, much faster
thanthat of conventiond hydrogds. It usudly takesplace
hoursto daysfor conventional hydrogelsto swell to
equilibriumwhentheir dimensionsare ontheorder of
centimeters. Rapid swelling of SPHsisduetointer-
connected pore networksthat are formed.

A poredefinedin genera senseasalimited space
or spatial confinement isknown to formthe basis of
modern materiad sscienceand contributessignificantly
to awide spectrum of novel gpplicationsranging from
ti ssue engineering, immunodiagnogtics, and chromato-
graphic support materiasto combinatoria chemistry®®.
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The understanding, designand precisecontrol over pore
dimens onshavesgnificantly advanced scienceand tech-
nology, and are playing primerolesin explorationand
application of new technologies. As per the recent
IUPAC conventions, poresareclassified intothree cat-
egories, namely micropore, mesopore and micropore
with pore sizeslessthan 2 nm, between 2 and 50 nm,
and larger than 50 nm respectively. No matter the po-
rous materia sare non polymeric, polymeric or hybrid
inorigin, they al are of great scientific and technol ogi-
cd sgnificance becauseof theahility of theporewdl to
interact with atoms, ions, moleculesand supermolecules.

Moreover, the porous materid smay bemadetail orable

to goecificfunction groupsfor desired application, which

a so enablesthese materiashighly atractiveinfrontier

researchl®. Toincreasetheresponserateof hydrogels,

several techniqueswere proposed:

(i) Submicrometer-sized gel particles” sincetherate
of responseisinversaly proportiona to the square
of sizeof thegd ,!® small gel particlesrespond to
theexterna stimuli morequickly thanbulk gels.

(i) Gedshavingdanglingchaing®™ Danglingchainsina
el eadly collgpseor expand upon an externd stimu-
lusbecauseonesdeof thedanglingchainisfree.

(iii) Macroporousgels*2. For apolymer network hav-
ing aninterconnected pore structure, absorption or
desorption of water occurs through the pores by
convection, whichismuchfaster thanthediffuson
processthat dominatesthe nonporousgels.

Among porousmateriasof variouschemica and com-

positiond typesthe macroporous materialsoweaprime

position in the area of materials science due to ever
seen advancementsin design and processing of these
materia sdriven by therapid growth of emerging appli-
cationslike energy conversion and storage, environ-
ment friendly catalys's, sensors, tissueenginesring, DNA
sequencing, drug ddivery, cdl markersand photonicg®3,

All thesetechnol ogical applicationsdo requireahigh

level of control over the dimension, structureand prop-

ertiesof theporesand porousmaterias, which caneasily
be achieved by strategically designing sitemap of the
synthesispart of the material.

SYNTHESISAND MORPHOLOGY OF
MACROPOROUSMATERIALS

Designing macroporous materials by various

Waterviols Secience omm—

physica and chemical routesisnot like conventional
gynthesisasintheformer caseanintimaterelationship
doesexist between the method adopted for synthesis
and structural and morphological features of thema:
terid to besynthesized. Precisdly speaking, ahighleve
of accurate control isdesired over macro and micro-
structural properties such as spatial form, mechanical
strength, density, porosity, poresize, poresizedistri-
bution and poreinterconnectivity, respectively. Since
both the synthetic methodsand interna structuresare
interdependent the description of variousmethodsneed
to be accompanied by a parallel discussion on the
structure and morphology of the materias. Sincethe
morphol ogy of the material hasto meet the demands
of thetargeted applicationsthe forthcoming portion
of the chapter focuses on various methods of prepa
ration of macroporous polymers and morphol ogy of
the prepared porous polymers, which is akey pa-
rameter to predict the suitability of thematerial for a
specific application.

M acroporous polymer foams by hydrocarbon
templating

Polymer foamsare utilized in arange of applica-
tions such asmechanica dampeners, thermd, acoustic
and électrical insulatorsetc.™. Thesefoamshavebeen
produced by dispersion of agaseous phaseinafluid
polymer phase, |eaching of awater-solubleinorganic
fugitive phase, phase separation methods*®. However,
these processesdo not generally offer optimal control
over pore structure and bulk characteristics. Recently
an attempt has been made to achieve enhanced control
over both porosity and bulk propertiesby combining
twodigtinct foaming processes, (i) leaching of afugitive
phasewith (ii) polymer precipitation. Thiswasachieved
by using anon-water soluble particul ate hydrocarbon
fugitive phasederived from waxes, which allowed for
theformation of poreswith concomitant precipitation
of the polymer phase. The macroporosity of the poly-
mer foam was determined by the hydrocarbon fugitive
phase (porogen), which a so functioned asatemplate
for thergpid preci pitation of the polymer. Bulk proper-
tiesof thefoam could be mani pul ated independently of
the macroporosity and pore size by incorporation of
inorganicand organicfillersinto thehighly viscouspoly-
mer phase. Thewhole process may schematically be
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Figurel: A schematic presentation of thestepsinvolved inthe
prepar ation of macr opor ouspolymer by foaming method.
shownasFigurel.

The processisapplicableto awiderangeof poly-
mer systemsincluding water-soluble polymers, aslong
asthefollowing conditionsare satisfied: (i) the hydro-
carbon porogen is extracted bel ow the melting tem-
perature of the polymer, to ensureisotropy intheprop-
ertiesof theresulting foam; (ii) the polymer hasgood
solubility in asolvent that is a poor solvent for the
porogen, to obtain aviscous polymer solutionwherein
the porogen can bedistributed uniformly; and (iii) the
polymer hasamolecul ar weight of at |ease 40,000, to
ensuredtructurd stability of theresulting foam.

In acommunication by Shastri and coworkerg®l
aseriesof foamswere synthesized of poly (L-lactic
acid) (PLLA) and poly (L-glycalic acid) (PLGA) and
morphol ogy was studied by SEM techniqueasshown
inFigure2. Itisclear formthe SEM imagesthat the
foamsrevealed the presence of abicontinuous net-
work of the polymer and void with two distinct pore
architectures. The geometry and size of larger pores
inthefoam were nearly identical to those of the par-
ticulate hydrocarbon phase. Spherical hydrocarbon
particles resulted in pores with spherical
morphology(C to E) whereas polyhedral hydrocar-
bon particlesresulted in poreswith irregular mor-

phology (A).

Review

B2 .

|
Figure2: Scanning electr on microscopic char acterization
of thefoams(PL GA and PLLA) using par ticulatehydr ocarbon
porogen*®,

M acroporous polymersby radiation initiated po-
lymerization

Synthesis of macroporous polymer materials by
freeradical polymerizationisrather smpletechnique
and provides opportunitiesto regulate morphol ogy of
the end polymer. The variablesthat control poresize
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methanol solutions with different monomer content. The
incubation wasdoneat 25 0C, with doserateof 16 kGy/h,
with total doseof 30 kGI#,

arethe percentage of the crosdinker, thetype and vol-
umeof the porogen, the concentration of thefreeradi-
cd initiator inthereaction mixture, and theresctiontem-
perature. Photopolymerizationinitiation canadso beused
inwhich casethe synthesisismuch faster and can be
achieved even at low temperature”, The subject has
been nicely reviewed in recent past'*d.

Another moreefficient and advantageous method
of polymerization may be the use of ionizing radia-
tiong*®. Themethod isbeneficial from theviewpoint
that theradical scan bedirectly generated onthemono-
mer mol eculesthusavoiding useof initiator. Moread-
vantageous is that simultaneously it also causes
crosdinking of growing macroradica chainsthuskeep-

Woderioly Scionce mm—

ing away the use of toxic crosslinking agentsfromthe
reaction scheme. The polymerization may be carried
out at any temperature and within quite short time peri-
ods. Owingtothelarger penetration depthsof ionizing
radiations compared to Photoi nitiated polymerization,
the shape and size of porous polymerscan bereadily
optimized for specific gpplications.

Safrany and coworkers?® polymerized
diethyleneglycol dimethacrylate (DEGDMA) with
gammaradiation of varyingdosesusingvariousaiphatic
a coholsas porogen. The authors studied morphology
of the prepared porous materials and found that the
sizeof the pores decreased withincreasing concentra-
tion of monomer. It wasa so noticed that the nature of
organic porogen had apronounced effect on the pore
Szeasevident from the scanning el ectron micrographs
showninFigure3.

Theeffect of dose rate on morphology of thema-
teridswasa so investigated.

Surfactant rever semicellesswelling method

A variety of methodshave been devel oped for pro-
ducing large pore sizesin aporous polymer. In one of
themost common techniquesasoluble polymer isused
asporogen?, The method, however, suffersfrom the
problemthat it isnot always easy to wash the polymer
porogen out of the polymeric particles. In another
method, call ed nano-parti clesagglomeration method®,
it wasvery difficult to control the poresizesand even
reproducibility was not good. Several workers em-
ployed inorganic particles as porogen to produce
macroporous particles. For instance, Sun et .1 pre-
pared poly (glycidyl methacrylate-ethylene
dimethacrylate) P(GMA-EDMA) microsphereswith
calcium carbonate granules and organic diluents as
mixed porogen. Theauthorsobtained porousmaterias
of different szesdepending on thenature of porogen.

Maand coworkerd?! developed asimple method
of surfactant reverse micellesswelling method to pre-
pare poly (styrene-divinylbenzene) [P (ST-DVB)]
microsphereswith pore size of 500 nm®, headvan-
tage of thismethod isthat the preparation processis
very easy. The oil phase contained monomer (ST),
crosdinking agent (DVB), surfactant, diluent andinitia-
tor (benzoyl peroxide). Due to the high surfactant
concentration, alot of reversemicelleswereformedin
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theail phase. After theoll phaseisdispersed intheagque-
ousphase, thereversemicellesintheoil dropletscould
absorb water from the aqueous phase and formed
bi continuousstructure. Thewater phaseintheoil drop-
letsformed pores after polymerization. The authors
observed that whereasthe surfactant wasimportant for
theformation of larger pores, thesmaller poreswere
related to the nature and amount of diluents.

Freeze-thaw technique

Cryogelsarege matricesthat areformedin mod-
erately frozen solutionsof monomericor polymeric pre-
cursors. Cryogels typically have interconnected
macropores(or supermacropores), alowing unhindered
diffusion of solutesof practically any size, aswell as
masstransport of nano- and even microparticles. One
of the new types of polymer gelswith considerable
potentia inbiotechnology is ‘cryogels’ (from the Greek
krios (kryos) meaningfrost or ice. Cryogelsareformed
asaresult of cryogenic treatment (freezing, storagein
thefrozen statefor adelnite time and defrosting) of
low- or high- molecular-weight precursors, aswell as

Figured: SEM of thecryogels(A,B) and thehydrogels(C,D).

(3) nEa sytiem

D) Frozen tyste™

> Review

colloid sysemsadll cagpableof gelling®. Figure3 shows

SEM imagesof cryogd sand hydrogels. Themain char-

acteristic features of the cryotropic gelation pro-

cesses?

(1) Thereactionmixturecontaining gd-forming agents
isfrozen at temperaturesafew degrees centigrade
bel ow the solvent crystallization point. Thefrozen
system, despitelooking asasingle solid block, re-
mains essentially heterogeneous and contains so-
cdled unfrozen liquid microphase (UFLMP) dong
withthe crystal sof thefrozen solvent.

(i) Gd-formingreagentsareconcentrated in UFLMP,
that is, cryoconcentration takes place. ASUFLMP
presentsonly asmal portion of tota initial volume,
the concentration of gel precursorsincreasesdra
matically promoting thegel-formation. Infact, ow-
ingto cryo-concentration, thegel formationinsuch
frozen systems proceeds sometimesfaster thanin
liquid medium, when usingthesameinitia concen-
tration of precursors.

(i) Thecrystalsof frozen solvent perform asapore-
forming agent. When melted, they leave voids,
macroporesiilled with the solvent. The surface ten-
sion between solvent and gel phase rounds the
shape of the pores, making pore surface smoother.

(iv) When freezing, the solvent crystalsgrow till they
meet thefacetsof other crystals, so after thawinga
system of interconnected poresarisesinsdethegd.
The dimens onsand shape of the poresdepend on
many factors, the most important arethe concen-
tration of precursorsand theregimesof cryogenic
treatment.

(v) The polymer phase of the cryogel has, in turn,

C)Thawed oywge
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Figure5: 1 Macromoleculesin asolution, 2 Solvent, 3L ow molecular solutes, 4 Polycrystalsof frozen solvent, 5 Unfrozen
liquid microphase, 6 Polymeric framework of acryogel, 7 M acropores, 8 Solvent (A) Initial system (B) Frozen system (C)

Thawed cryogd.
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microporesformed in between the polymer chains.
Thus, cryogels have both heterophase and
heteroporous structure (Figure5).

Advantagesof freeze-thaw method

Thehydrogel swhichwere prepared from repeated
freezing-thawing process were porous, spongy, rub-
bery and elastic and displayed good mechanical
strength!®,
= Hydrogdsshow increased mechanicd strength over

most hydrogelsbecausethecrystalineregionsare

capable of better distributing agiven mechanical
load or stress.

= Thegd show highdadticity and arecapableof being
extendedtofiveor six timesther initid length.

= For the entrapment and encapsulation of labile
bioactive substances and living cells, physically
crosslinked gelsareof great interest especialy when
the gel formation occurs under mild conditionsin
the absence of organic solvents.

= Freezingthaw method freefrom toxicity issue be-
causenoinitiator and crosdinking agentsare used.

= Dueto macro porous nature they can be usedin
ddivery of macromoleculesuch asinsulinetcwith-
out changing chemica nature of entrap compound.

Poly (vinyl alcohol) (PVA) gelsthat are prepared
by freezing and thawing techni ques have shown many
improved properties over hydrogels prepared by tra-
ditional chemical crosslinking techniques. It hasbeen
shown that repeated cycles of freezing at —20°C and
thawing at 25°C result intheformation of crystalline
regionsthat remainintact upon being placed in contact
with water or biological fluids a 37°C. These PVA
hydrogel s show increased mechanical strength over
most hydrogelsbecausethecrystallineregionsareca
pableof better distributing agiven mechanical load or
dress. Additiondly, thegd show highelagticity and are
capable of being extended tofiveor six timesthear ini-
tia length. Because of these characteristics, the poten-
tial for such materia sfor avariety of biomedical and
pharmaceutical applicationisquite obvious?.

Salid freeform fabrication technique

Although the methods discussed previously have
their own advantages and disadvantages, thereare cer-
tain limitations, which cannot be overlooked and de-

serveattention. For example, amost al synthetic pro-
ceduresarelabor intensive; result in highly incons stent
macro- and micro- structural and materia properties,
involvetoxic organic solvents, tedious and time con-
suming, and aboveall they do show shapelimitations
such as limited small pore sizes and interconnected
poresetc. Thus, there must be engineered an approach
which could promisenot only to resolve thelimitation
problems effectively but al so fabricate macroporous
polymersof desired architecture and properties.
Theintroduction of solid freeform fabrication (SSF)
technologiessignasthestart of anew revolutionary era
for product design and manufacturingindustries®. Also

o CT, MRI, ¢tc.

§&eD

3-D Solid Model
Creation in CAD
o Pro/ENGINEER(PTC)

§ &>

SFF System Computer
{Generation rff.'if.'t'(‘ dare, elc).

1&D

SFF Fabrication ‘

‘ Medical Imaging, ‘

e SIS, SLA, FDM, eic.

<>

‘ Post Processing ‘

® Finishing and cleaning

Figure6: A schematic chainsshowing solid freeform fabri-
cation process?’.
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caled asRapid prototyping (RP), SSFfdbrication tech-
nol ogiesrepresent agroup of techniquesthat model a
macroporous scaffold directly from acomputer-aided
design (CAD) dataset. They area so regarded as““‘wa-
tershed” events® asthey ddliver tremendoustimeand
cost savingswith their gpplication. SSFtechniquesare
computerized fabrication techniquesthat can rapidly
produce highly complex three-dimensional physical
objectsusing datagenerated by CAD systems, com-
puter-based medica imaging moddlities, digitizersand
other datamakers?®.. hey build up aspecific body shape
by the selective addition of material, layer-by-layer,
guided by acomputer program®. The step-by-step
construction of macroporouspolymersfacilitatesim-
proved reproducibility. In contract to conventiona fab-
rication methods, parameterssuch asporosity, poresize
and geometric stability, can be controlled more pre-
cisdly?, Unlikeconventiona computerized machining
processeswhichinvolvetheremoval of materiasfrom
astock, SFFtechniques use the underlying concept of
layered manufacturing® whereby three dimensional
objectsarefabricated with layer-by-layer building via
the processing of solid sheet, liquid or powder materia
stocks. Thetypica processchanfor dl SFFtechniques
ispresentedin Figure®6.

Thetechniquesof SFF are quite outstanding and
offer enormous cagpabiilitiesof manufacturingwhichen-
ablethem to be employed for biomedical applications
ranging from the production of scalereplicasof human
bones*2 and body organs* to advanced customized
drug delivery systemd*¥ and other areas of medical
sciencesincluding anthropol ogy', pa eontol ogy™® and
medical forensics®”. It isworth mentioning here that
although the applications of SFFfor biomateriasfor-
mationisnot yet widespread, itsimmense potential for
producing porousbiomedica polymerswith highly com-
plex macro- and microstructuresiswidely recognized
andisrecelving vast interests and attention from many
researchers.

Advantages somesignificant advantagesfrom SFF
techniquesmay beoutlined asbelow

A. Specificdesigns
Making useof CAD modelsitispossibleto fabri-

cate biomaterialswith complex design and specificre-
quirementsof the patients.

s Review

B.Anisotropic microstructure

The SFFand CAD techniquesalow tofabricatea
porous materia which could havedifferent microstruc-
ture at different regions so that its multifunctiona per-
formance could be achieved which cannot berealized
by other conventiona techniques. Thushavingan aniso-
tropic microstructural design is advantageous from
viewpoint of many specific applications of the porous
meaterid.

C.Controlled fabrication

Since thetechnique makes use of automated com-
puterized fabrication, itisawayseasy to produce high
throughput productionwith minimal manpower require-
ments. The speciaty of SFFtechniqueisto havehigh
build resolutionwith theability to control individua pro-
cess parametersmakeit an attractivetool to fabricate
complex biomedica architectureswith consistent pore
morphologies.

D.Amicableprocessing conditions

The novelty of the SFF technique rests upon the
fact that awidevariety of processconditionsareem-
ployed and noneof the processinvolveseither organic
solventsor other toxic chemicals. Moreover, fabrica
tion is carried out at room temperature so that the
bioactive agentsmay besafely impregnated into thebio-
materia deviced®.

Fiber bonding (unwoven meshes)

Scaffoldsbased ontheuseof PGA fibersweresome
of theearliest constructs proposed intissue engineer-
ingt®49, Thesefibers, if bonded together in three-di-
mensions, providelarge surface areafor cell interac-
tion and growth. The fibers can be attached to each
other viatwo different techniques. Inthefirst, devel-
oped by Mikoset a.[*%, PGA fibersareimmersedina
PLLA solution. When the sol vent evaporates, the net-
work of PGA fibersisembedded in PLLA. Thecom-
positeisthen heated to above the melting temperature
of both polymers. ThePLLA mdtsfirst andfillsal voids
left by thefibers. Thishelpsretainthe spatid arrange-
ment of fibers so that whenthe PGA beginstomelt, the
fiber structure doesnot collapse. Instead, in order to
minimizeinterfacial energy, fibersat the cross-points
become “welded” (melted) together, forming highly po-
rousfoam. The PLLA isthen removed by dissolution
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with methylenechloride. Thisfabricationtechniquere-
sultsinfoamswith porositiesashigh as81% and pore
diametersof up to 500 mm. Hepatocytes cultured for
oneweek inthesefoamsremained aliveand beganto
interact with each other to form clusters“Y. A second
method for bonding PGA fibers uses atomization of
PLLA or PLGA to coat thefibers. PLLA or PLGA is
dissolved in chloroform and sprayed onto the PGA fi-
berg“. Since PGA isonly weakly solublein chloro-
form, thefibersremain unchanged during this process.
Thesolvent isthen evaporated, leaving thefibersglued
with PLLA or PLGA. Although porositieswerenot re-
ported, poresizessimilar to those of the previoustech-
nique were attained. When tubes madein this manner
were implanted in ratsfor 17 days, fibroustissuein
growth was observed, indicating that constructswith
these physical properties could encourage neotissue
formationl“d. Although fiber bonding techniques pro-
ducehighly porousscaffoldswith interconnected pores
that are suitable for tissue regeneration(**4°42 both
methodsinvolvetheuseof solventsthat could betoxic
to cdlsif not completely removed. In order to extract
these chemicals, the constructs must bevacuum dried
for severa hours, makingit difficult to beusedimmedi-
ately inaclinica setting. In addition, thefirst method
involveshesting to high temperatures. Thecombination
of toxic chemicalsand extremetemperature presents
difficultiesif cdlsor bioactivemolecules, such asgrowth
factors, areto beincluded in the scaffold during pro-
ng.

Solvent casting/particulateleaching

Another method to create poresinvolvesthe use
of awater- soluble porogen, such as salt (NaCl )43,
Thefirst stepinthisprocessisto dissolvethe polymer
(PLLA or PLGA) inchloroform or methylenechloride
andthencastit onto apetri dishfilled withthe porogen.
After evgporation of the sol vent, the polymer/sdt com-
positeisleachedinwater for two daysto removethe
porogen. Theresulting scaffold’s porosity can be con-
trolled by theamount of salt added, whiletheporesize
isdependent on the size of the salt crystals. With 70
welght percent salt and above, the poresexhibited high
interconnectivity!“tl, Foamsfabricated in this manner
have been used extensively with variouscell typesand
have shown no adverse effects on new tissueforma-

Waterviols Secience omm—

tion*4>48 However, dueto concernsthat the side of
the foam exposed to air had adifferent morphology
(rougher) than that exposed to the petri dish, amodifi-
cation of thistechnique has been devel oped“47. In
thiscase, piecesof the polymer/salt compositeare com-
pression molded into cylindrical form at temperatures
just abovethemelting (PLLA) or glasstransition tem-
perature (PLGA). Thecylinder isthen cut into discs of
desired thicknessbeforeleachinginwater. Thisalows
moreprecisecontrol of scaffold thicknessandincreases
uniformity of thefoam surface. However, therma deg-
radation of the polymer during the compression mold-
ing step could beaconcern. Inan dternateform of the
particul ateleaching method, Shastri et al.“® recently
reported thefabrication of PLLA and PLGA scaffolds
with up to 87% porosity and poreswell over 100 mm
indiameter usng waxy hydrocarbonsasporogens. Af-
ter mixing the porogen and polymer (dissolved inmeth-
ylene chloride or chloroform) into a paste, the com-
positeispackedinaTeflonmold. Themoldisimmersed
in a hydrocarbon solvent (pentane or hexane) to re-
movethewax without dissolvingthePLLA/PLGA. The
remaining foam isvacuum-dried for several daysto
extract any solvents. Thick samples(upto 2.5 cm) with
interconnected pores can be created using thistech-
nigue. Thismethod dso offersthe possibility of adding
aparticul ate phaseto the pastetoincrease the strength
or electrical conductivity of thefinal structure. When
blended with polyethylene glycol (PEG) and seeded
with bovine chondrocytesfor four weeks, formation of
cartilage-liketissueisseeninthesefoams, demonstrat-
ingtheir biocompatibility. With any solvent casting/par-
ticulateleaching procedure, organic solventsare used,
whichinmany cases precludesthepossibility of adding
pharmacol ogica agentsto the scaffold during fabrica
tion. Also, theleaching step for water-sol uble porogens
significantly increasesthe scaffold preparation time.
However, in gpplicationswhere prefabrication of cell-
polymer constructsissuitable, promising resultsusinga
largerange of cell types makethese scaffoldsvery ap-
peding.

Gasfoaming

In order to eliminate the need for organic solvents
inthepore-making process, anew techniqueinvolving
gasasaporogen has been introduced“?. The process
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beginswith theformation of solid discsof PGA, PLLA
or PLGA using compression molding with aheated
mold. Thediscsare placed in achamber and exposed
to high pressure CO2 (5.5 MPa) for three days, at
whichtimethe pressureisrapidly decreased to atmo-
spheric pressure. Porositiesof up to 93% and poresizes
of up to 100 mm can be obtained using thistechnique,
but the poresare largely unconnected, especialy on
the surface of thefoam. Whilethisfabrication method
requires no leaching step and uses no harsh chemical
solvents, thehightemperaturesinvolved inthediscfor-
mation prohibit theincorporation of cellsor bioactive
molecul es and the unconnected pore structure make
cdl seedingand migrationwithinthefoam difficult. An-
other approach to using gas a porogen was recently
developed by Nam et a .[5%51, Thistechniqueincludes
both gas foaming and particul ate leaching aspects.
Ammonium bicarbonateis added to asol ution of poly-
mer inmethylenechlorideor chloroform. Theresultant
mixtureishighly viscousand can be shaped by hand or
with amold. The solvent isthen evaporated and the
compositeiseither vacuumdried or immersedinwarm
water. Vacuum drying causes the ammonium bicarbon-
ateto sublimewhileimmersoninwater resultsin con-
current gasevolution and particleleaching. Thelatter
method is preferred becauseit does not result in the
creation of a nonporous outer skin, as seen in the
vacuum-dried scaffolds. Porositiesashigh as90% with
pore sizesfrom 200-500 mm are attained using this
technique. Rat liver cellswere seeded in thesefoams
and up to 40% remained viable over oneweek in cul-
ture, suggesting the scaffol ds are biocompatible and
facilitate adequate nutrient exchange®. Inaddition, the
putty-like cons stency of the polymer-sat mixturecould
beuseful in molding constructs during surgery. How-
ever, concerns about the use of organic solventsand
thelong-term effects of residues of ammonium bicar-
bonate on cellsmay prevent these scaffoldsfrom soon
being employedin “on the spot” tissue engineering.

Thermal induced phasesepar ation method

Thermally induced phase separation wasfirst ap-
pliedto PLA scaffoldg®3. Although severa authorshave
applied thistechniqueto composite scaffoldsa so™. It
consstsof inducingasolid-liquid or liquid-liquid phase
separationwhichisdoneby dissolving thepolymerina
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1,4-dioxans/water
mixture

NHA powder

PLGA

Ultrasonication

Homogeneous
PLGA/NHA solution

Coarsening

Phasa-separatad
PLGA/NHA solution

Fast-frozen in
liuid nitrogen

Solidified

Freeze-dried

Porous PLGA/NHA scaffolds

Figure 7 : The preparation of PLGA/NHA scaffolds by
TIPS,

Figure 8 : SEM micrographs of PLGA/NHA scaffolds
prepar ed from PL GA/dioxane/water [,

solvent and quenching thesol ution at acertaintempera
ture. Quenchinginducesaphase separation into apoly-
mer-rich and apolymer-poor phase. The solvent must
then be removed from the phase separated solutions
either by freeze-drying, or by solvent extraction. The
mai n advantage of the phase separation method i sthat
pore morphol ogy and orientation can betailored by
atering thethermodynamic and kinetic parameters of
the processing. Its disadvantages include the use of
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potentially toxic sol vents and ahigh degree of anisot-
ropy of theporosity. Thelatter may actualy be benefi-
cia for certain biomedical andindustria applications
such as nerveregeneration, filtration membranes, me-
chanically damping material's, packaging etc™.

TheTIPStechnique providesascaffold withauni-
form poresizeand high degreeof interconnection, good
mechanical propertiesand variousmorphologies. The
morphology can becontrolled by severa experimental
parameters such asthe quenching temperature, quench-
ing rate, quenching period or aging time, polymer con-
centration, sol vent to non-solvent ratio, molecular struc-
ture, and added surfactant or porogen®®. Theregular
and highly interconnected porous polyL actide-co-gly-
colicacid (PLGA) / nano hydroxyapatite (NHA) scaf-
folds have been fabricated™!. heeffect of solvent com-
position, polymer concentration and coarseningtimeas
well asNHA content on micro morphol ogy, mechani-
cal propertiesof PLGA / NHA havea so beeninvesti-
gated. heresults show that poresize scaffolds surface
isdeveloped for efficient bonetissueengineering. The
preparation of scaffolds can bedividedinto two parts,
thefirst isabout determination of cloud point tempera-
ture sol ution and the second i sabout the preparation of
scaffolds. Figure 7 istheflow chart processof TIPS
techniques. The SEM micrograph (Figure 8) of PLGA
/ NHA scaffoldsshowsthat most of the poresare con-
nected with their nelghbors and havemany smal pores
onthebig pore‘s wall which entitles the foam’s novel
connectivity and makesit more suitableto serveas scaf-
foldsfor cell seeding and nutrientstrangportingintissue
engineering.

A regular and highly interconnected macroporous
poly (I-lactic acid) (PLLA) scaffold wasfabricated™)
fromaPLLA — dioxane — water ternary system with
added polyethyleneglycol (PEG)-PLLA diblocks. The
morphology of the scaffold wasinvestigated in detail
by controlling thefollowing TIPS parameters. quench-
ingtemperature, agingtime, polymer concentration, mo-
lecular sructure, and diblocks concentration. Theregu-
lar and highly interconnected macroporous scaffol ds
fabricated ranging insize 50to 150 um were fabricates
from PLGA - dioxane- water ternary systemswithout
any surfactant or other additive’™. Theeffect of scaf-
foldsmorphol ogy on processing parametersincluding
quenching temperature, polymer concentration, solvent

composition and molecular weight wasinvestigated as
afunctiontime.

In principlethefind porousmorphol ogy isthought
to rdy onthethermodynamic state of thesolutionto be
guenched, as schematized in the temperature-compo-
gtionphasediagraminFigure9.

A nucleation and growth mechanism of phase sepa

Homogeneous Phase

Spinodal
e
Metastable -~ oy
- ¢
.'\\- L~ % . Binodal
Unstable region v

lemperature
®°e
®
# ..
o

D,
Polymer Concentration
Figure 9 : Schematic presentation of a typical polymer-
solvent-nonsolvent ter nary phasediagram (R1: polymer lean
phase, R2: polymer rich phase, Fv: volumeratio®,

Flgurelo SEM mag&ofthescaffold preparedfrom PLGA/
PL LA solution in dioxane/water with additive®,

ration resultsin apoorly connected stringy or beady
structure. In contrast, spinodal phase separationisex-
pected to giveriseto ahighly interconnected structure.
Theinitia poresizeisdetermined by the concentration
fluctuationsinduced by the quenching, the polymer con-
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centration in the solution, and fluctuations associ ated
withtherma flow. Therefore, thefina porousmorphol-
ogy can be controlled to some extent either by varying
processing parameters such as the quenching rate,
guench temperature exposed to the atmosphere, and
quenching period, or by varying formulation parameters
such asthe polymer concentration, solvent composi-
tion, crystallineand molecul ar.

Poly (L-lactic acid) (PLLA) was blended with
PLGA toincreasetheviscosity of polymer solution; a
block copolymer of poly (ethyleneglycol) (PEG) with
PLGA wasadded asasurfactant to decrease theinter-
facial tension between the polymer-rich and polymer-
lean phases. Theeffect of TIPS parametersincluding
the concentration of diblocks copolymer and PLGA/
PLLA ratio wasalso studied®™. By thesefabrication
methods aregular and well connected macroporous
ranging from 50t0 200 um was prepared and their mor-
phology was controlled by the process parameterssuch
asquenching temperature, aging time, polymer concen-
tration, composition and length of diblocks. Thecom-
bination of thesetwo methodsyieldsanew method to
prepare open, regular and well inter connected
macroporous scaffoldsof PLGA (Figure 10)

Freeze-drying of Polylactidesolutionsin 1, 4 diox-
ane hasbeen studied asaway to produce microcel lular
foamd®l, Thethermally induced phase separation has
been studied in relation to several processing and for-
mulation parameters. Theeffectsof severa processing
and formul ation parameters such as polymer concen-
tration, chain stereoregularity, polymer molecular weight
and cooling rate have been investigated in connection
with the porousmorphol ogy and the phys co-mechani-
cd characterigticsof thefinal foams. Asarule, bundles
of channdsareformedwith adiameter of 100 um. They
haveapreferential orientation that fitsthe cooling di-
rection. A porous substructure (10 um) is observed in
theinternal wallsof thetubular macropores.

TIPS id® aso used for thefabrication of porous
foamsbased on various biodegradabl e polymersof poly
(L-lactic acid) and its copolymerswith D-lactic acid
and/or glycolic acid. Diversefoam morphologieswere
obtained by systematicaly changing severd parameters
involved in the TIPS process, such as polymer type
and concentration, coarsening conditions, solvent/ non
solvent composition, and the presence of an additive.

s Review

The produced foamshad microcel lular structureswith
average porediametersranging from 1to 30 um de-
pending on the process parameters, which were char-
acterized by scanning e ectron microscopy (SEM) and
mercury intrusion porosimetry. Additionaly, Pluronic
F127 was used as an additive porogen to control the
pore geometry and size. In particular, the addition of
polymeric surfactant in the TIPS formul ation enhanced
thesizeof poresand improved their inter-connectivity.
The prepared foams coul d find gpplicationsin controlled
drugddivery.

A method for preparing regular and highly inter-
connected macroporous poly(l-lactic acid) (PLLA)
scaffoldg®? with poresizesranging from 50t0 300 um
werefabricated fromaPLLA/1,4-dioxane/water ter-
nary system viaathermally induced phase separation
(TIPS) inthepresence of smal amountsof NaCl. The
addition of sat hasrai sed the cloud-point temperature
because of asalt-out effect. Spinodal decomposition
wasinduced at ahigher temperaturewithalargequench
depth. Gelation duetothecrystalization of PLLA was
prevented to alarge extent, which led to the creation of
highly interconnected macroporesrequired for effec-
tivecell penetration. An optimal quenching routewas
found for thefabrication of well-des gned macroporous
structures.

APPLICATIONSOFMACROPOROUS
MATERIALS

Inmany biotechnological and biomedical applica
tions abiocompati ble and hydrophilic structure with
desired porosity isrequired which arebest provided
by amacroporous matrix of polymeric nature. Thus,
some specific prominent applicationsof macroporous
materia smay bebriefly discussed asbelow:

Bioseparation

I nterconnected systems of macroporesand sponge-
likemorphology aretypical for cryogels, dlowing un-
hindered diffusion of solutesof precticdly any Sze. Most
of the water present in spongy cryogelsis capillary
bound and can be removed mechanically by squeez-
ing. Thepropertiesof cryoge s can beregulated by the
temperatureof cryogelaion, thetimethe sampleiskept
inafrozen state and freezing/thawing rates, by thena
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ture of the solvent and by the use of soluble and in-
soluble additives. Theunique macroporous morphol-
ogy of cryogds, in combination with asmotic, chemica
and mechanical stability, makesthem attractive matri-
cesfor chromatography of largeentitiessuch asprotein
aggregates, membranefragments, viruses, cel organdlls
and even whole cells. Special attention is given to
immunosorption of viruseson cryogel -based sorbents.
Aschromatographic materials, cryogel s can be used
both in bead form and as spongy cylindrical blocks
(monoliths) synthesi zed ins dethe chromatographic col-
umn. The macroporous nature of cryogelsisalso ad-
vantageousfor their application asmatricesintheim-
mobilization of biocataystsoperatingin both agueous
and organic solventg®l. Chromatography, both analyti-
cal and large-scale, isthe predominant technology in
downstream separations. Traditional packed-bed chro-
matography with immobilestationary phase, despiteits
eleganceand high resolving power, hasamajor limita
tion: incapability of processing particul ate-containing
tluids, for example, cell suspensions or non-claritied
crude cell homogenates. Particulate materid istrapped
between the beads of the chromatographic carrier re-
sultinginincreased tiow resistance of the column and
compl ete blockage of the iow. To address this draw-
back, expanded-bed chromatography has been pro-
posed®. However, despitedl itsadvantages, expanded
bed chromatography requiresaspecia typeof columns
and equipment and cannot beftted in traditional packed
bed chromatographic systems. Theporosity of cryogels
makesthem appropriate candidates asthebasisfor such
supermacroporous chromatographic materias. Forin-
stance, acontinuouschromatographic column based on
cryoPAAG with grafted metal chelatingiminodiacetic
ligands has been prepared®. Owing to
supermacroporosity andinterconnected pore-structure,
such achromatographic matrix hasavery low Gow re-
sistance. Water passes freely through the 4 cm high
column at linear Gow rate (volumetric Gow rate divided
by cross-section areaof the column) of, 750-2000 cm
h at apressure of, 0.01 M Pa. For comparison, HPLC
operatesat tiow rates of 300—-1700 cm h! at excessive
pressures of 2-10 MPal® and expanded bed chroma-
tography at tiow rates of 200400 cm h at excessive
pressure, 0.01 MPa®, Thus, it is reasonable to as-
sumethat continuoussupermacroporous beds produced

Waterviols Secience omm—

by the cryotropic gdation would allow chromatographic
processat tiow rates comparable with those in HPLC
and exceeding those used in expanded bed chroma-
tography, whileusing only minima pressurestypica for
low-pressure protein chromatography.

Poresizeintraditiona chromatographic adsorbents
isusualy sothat 95% of convectivetow takes place in
theliquidin between the beads of the chromatographic
matrix. Evenintheideal caseof most densely packed
pheres, theinterparticlevolumeis,27%of thetotal col-
umnvolumein practiceitishigher owingtotheirregu-
larities of sizeand shape of the beads. Toimprovethe
convectiond trangport, thecolumnswith largeporesize,
aswell asminimal dead volume, arerequired. Theen-
forced convectional transport isredized in monolithic
columng®49,

M acroporousinorganic chromatographic matrices,
similar to porous glasses, seem to meet theserequire-
ments. They areavailablewith avariety of poresizesin
themicrometer range, mechanicaly stableand sustain
thermal sterilization. Although the use of these matrices
for virus-gpecitic immunosorbents has been reported™,
thebrittleness, pronounced non-specitic sorption and
chemicd ingabilityinakainemedialimit their applica
tion. Thus, cryogd spresent avery interesting chromato-
graphic material alowingthedirect separation of pro-
teins from unprocessed crude extracts or even from
fermentation brothinthecaseof extracd lulary expressed
proteins. Cryogel-based chromatographic materials
open awhole new area of bioseparation, in which
bioparticles, asmilar toviruses, microbia cdlsand even
mammalian cells, areisolated and separatedin chro-
matographic mode. In recent years, anew and promis-
ing affinity-based cell separation chromatography tech-
nique has been devel oped using highly interconnected
supermacroporouscryogels. Dueto theimportanceand
relevance of cell-based therapy and stem cell separa
tioninthepresent scenario, cryogel s present anew tool
for preparative scalecell separation™.

Adenosine triphosphate (ATP) is an important
high-energy compound widely usedin biological and
therapeutic fields. It can be produced by phosphory-
lation of adenosine monophosphate (AMP) with mi-
crobial cdlsinindustria scale and the effectiveisola-
tion of ATPfrommicrobia fermentation brothisachd-
lenging work. Inthiswork, Yun et all"? developed a
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novel one-step method to directly separate ATPfrom
fermentation broth of Saccharomyces cerevisiae by
anion-exchange chromatography using super-
macroporous cryogel.

Bioreactor

Separation into stable agueous compartmentsisa
promising concept to enable the synthetic application
of biocatd ystsin unfavorable non-agueous media, and
might providethekey for successful application of com-
plex multistep synthesis. Thisstudy describesand eva u-
atesthe practical utility of polyvinyl acohol (PVA)
cryogelsasamatrix for such compartmentation. The
protocol for enzyme entrgpment inthegelswashighly
efficient, givinganimmobilizationyield of >99%and a
total lossof material lessthan 10%. Theresulting gel
compartmentswere between2.2 and4 mminsizeand
had high mechanical strength. Shrinking occurredin
solventswith the ability for water uptake. The matrix
enabl ed the synthetic use of benzal dehyde lyase and
a cohol dehydrogenasein hexane, inwhich equilibrium
concentrationswere comparableto aconventiona two-
phasesystem. Theresults suggest ageneral suitability
of PVA gelsfor the compartmentation of biocatalyzed
reactionsin non-aqueous medid™!.

Enzymeimmobilization

Immobilization of enzymeshasattained sgnificant
interest for the separation of theenzymesfrom reaction
mixtures. Itimpartsgreater stability totheenzyme, -
lowing greater usein the devel opment of continuous
processing, enabling grester control of thecatalytic pro-
cessand, therefore, an economicd utilization of an oth-
erwise cost-prohibitive enzymeapplication. Many po-
rous polymers have been studied extensively as sup-
portsfor immobilization asthe porosity of these poly-
mer supports hasadirect bearing on diffusion of sub-
strate and product through them, which affectsrate of
enzymatic conversion. Itiswell recognized that pres-
ence of meso and /or macrosporesis akey require-
menttominimizediffusond limitations™. Reactivefunc-
tional groups of macroporous matrix assist theforma-
tion of permanent covalent bond between the support
and enzymewithout affectingitstertiary structure. A
number of such macroporouspolymer supportsarecited
inliteraturewith different types of enzymes™!.

s Review

Tissueengineering

Theincidence of organ andtissuelossor failureis
increasing steadily, whereasthetraditiond surgical treat-
ment of implantation of ahedthy organfromadonoris
limited by immunerejection and the number of donors.
Asan application of tissue engineering, theuseof cell
transplantationisnow beinginvestigated asan dterna-
tivetherapeutic strategy for tissuerepair and organre-
placement!™. In culturing of thecells, shapeof the scaf-
fold, atemporary substrateto allow growth and spe-
cidization of thecdl culture, playsanimportant role””.
Polymeric scaffoldsmust be porousenoughto dlow a
high density of cellsto be seeded, yet a so possess suf-
ficient mechanica stability and awel | defined network
of interconnected poresto permit growth into theim-
planted structure. Thus, macroporous polymer materi-
asmeet adl thedesired qualitiesand, therefore, have
been extensively utilizedintissueengineering ™.

Theintrinsic material propertiessuch asmechani-
cd™ or thermal® and structurd featureslikeporesize,
amount of porosity, morphology etc. play avita rolein
shaping suitability of themacroporous materialsfor a
spedific goplication. Foringance, fromtissueenginearing
viewpoint the optimal pore size should be 20 pm for
theingrowths of fibroblasts and hepatocytes, between
20 and 150 pm for the skin repensration, and in the
range of 100-150 um for bone regeneration!®. Simi-
larly when theporesize of polymer particleslaysinthe
range 100-150A° alonger timewill berequired to sepa
rate the components because of their slow diffusion
rate’®, Itis, therefore, recommended that the size of
the poresmust beamost 10 or 20 times of solute mo-
lecularsize.

Thus, for applicationsof macroporouspolymersas
scaffoldsintissueengineering thefollowing macro and
micro structural properties haveto betaken into con-
sideration while designing synthetic routes of the po-
rous polymersg®l. Figure 11 shows SEM micrograph
of a salt-leached scaffold used to create the
macroporousarchitecture. (d and €) SEM micrographs
of an isotropic hydrogel (d) and a macroporous hy-
drogél (e).184.

Controlled drugdelivery

Both the conventiona macroporouspolymersand
recently designed High Internal Phase Emulsion Poly-
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Figure 11 : Formation of the macroporous hydrogel. (a)
Schematic of the macropor ous process. (b) Photogr aph of
isotropic hydroge (Left) and macr opor oushydrogel (Right).
Thegdsare5mmin diameter. (c) SEM micrograph of asalt-
leached scaffold used to createthemacr opor ousar chitecture.
(dand e) SEM micrographsof anisotropic hydrogel (d) and a
macr oporous hydrogel (e). The macropores, created by
casting the hydrogel around the salt-leached scaffold, are
evident. (f and g) Cross sections of the isotropic (f) and
macr oporous(g) hydrogel labeled with FITC todemongrate
theporestructureof theges. The FITC labelstheaminesin
the polylysine component of thehydr ogel®.

mers (HIPE) have been used in achieving zero order
release dynamicsfor avariety of drugs®!. Whereas
theformer architecture containsirregular poresof Ang-
strom dimensionsthat terminate within solid matrix,
thelater one contain large cavities of micrometer di-
mensions. Another significant differenceisthat inthe
conventiona macroporousmatrix total porosity istypi-
caly 50%whileinthelater matrix it ismorethan 70%.
part from these applications the macroporous poly-
mersfind multitudeapplicationinbiomedica and phar-
maceutical fieds.

OUTLOOK

The concept of supermacroporousgelsoffersmany
interesting possbilitiestothe biotechnologist. Separa
tion of particul ate matter, capturing of solublemateria
in particle containing mediaaswell as preparation of
efticient immobilized biocatalysts are the areas of ap-
plicationsthat will become more abundant when the
gelsbecomemoreeasily available.

Themacroporous polymers have shown their po-
tentia inbiomedicd and dliedfieldsand emerged asone
of themost promising materid swith high performance
goplications. However, at present theregenerativebiol-
ogy hasshown promiseto beoneof thebiomedicd revo-
[utionsof thecurrent century. It includesimpl antation of
bioartificd tissues, cdl transplantation and stimul ation of
regeneration fromresidual tissuesinvivo. To achieve
these gpproaches macroporouspolymeric materidswith
tailor madefunctiona groupscould be of great useand
may enableresearchersto exploretheinterfacesof living
tissuesand biomaterids. Thus, designing new and newer
materid swithmultifunctiona activitiesposeschdlenges
to polymer chemistsand engineerswho haveto beaware
of theintimatere ation between thesynthetic goproaches
of macroporous matricesand their structural architec-
tureswhich aretheultimatefactorsto control and decide
the performanceof themateridl.
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