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ABSTRACT

Alginateisanatural polymer extracted from various species of brown sea
weed. Ca-alginate beads are used extensively in various industries such as
in food processing to produce restructured foods, in biotechnology for
immobilization of cells or enzymes and in environmental applications for
removal of heavy metals. The simplicity of this polymer regarding to the
ability toform gel beadsin mild conditionsand its biocompatibility and no-
toxicity have stimulated Ca-alginate beads application in different areas.
An evaluation of potential new industrial applications of Ca-alginate beads
with different species entrapped is provided, based on the authors 5 years
of experiencein development of polymeric beads. In all evaluated applica-
tions Ca-alginate matrix could retain its properties after entrapping the spe-
cies showing a different bead surface morphology to each case. On the
other hand, the properties of the entrapped species showed less activity
than when not entrapped. Due to the various benefits associated to the
immobilized/encapsul ated systems, such as reuse of species several times,
protection to unstable compounds, etc. the devel opment of polymeric bead
with entrapped species may compensates these losses.
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INTRODUCTION

Alginateisanatura polymer extracted from vari-
ous species of brown seaweed, generally greater than
130kDainsize. It iscomposed of two acidic mono-
mers. (1—-4)-linked a-L-guluronate (G) and (1—4)-
linked B-D-mannuronate (M). The residues are ar-
ranged inirregular blocksaong alinear chain. Thegel
propertiesof alginate arelargely dueto cation bridges
between adjacent molecules. Therefore, addition of di-
vaent cations, (mainly Ca?* and Mg ions) facilitates

gel formation. Thebinding of Ca2* by alginate hasbeen
shownto beamost entirely dueto the chelation of the
cation by G-block regionsof the polymer, thisresultsin
theformation of athree-dimensiona gel network usu-
ally described by the “egg-box model”*2. These prop-
erties were used to develop Ca-alginate beads with
desired constituentsfor diverse purposes.

Entrgpment isoneof thes mplest methodsused for
inclusion of specieswithin polymeric matrices. Theen-
trapped of compounds like drugs, cells, enzymes,
flavours, among others, in Ca-al ginate beads have been
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(1) Na-Alginate+specie, (2) Syringe and needle, (3) CaCl, solu-
tion, (4) Magnetic stirrer

Figurel: Scheme of the specieimmobilization/encapsula-
tion by entrapment in Ca-alginate beads

extensvely studied®. Thesmplicity of thispolymer re-
garding to theability to form gel beadsin mild condi-
tionsand itsbiocompatibility and no-toxicity have pro-
pelled Ca-d ginate beadsapplication in different aress.

Theentrapment of aspecieor amix of speciesina
polimeric matrixisinterestingfor different purposes. The
traditiona cdl entrapment in Ca-alginate, for example,
have been usually considered asan alternativefor in-
creasing theprocessoverall productivity and for mini-
mizing production cosismainly duetothepossiblecdll
reusefor severd timeg*®,

The present study discusses and comparesthere-
sults obtained by the devel opment and application of
different speciesentrapped in Ca-aginate gel beadsfor
different purposes, based on the author’s 5 years of
experience: (1) yeast Candida guillermondii entrap-
ment for biotechnological conversion of xylose-contain-
ing hydrolysate originating from hemicdlulosicfraction
of sugarcanebagasse, to xylitol; (2) rose bengal sensi-
tizer entrapment for photo-oxidation of 1,5-
dihydroxynaphthalenetojuglone; (3) TiO, catalyst en-
trgpment for photo-degradation of methylenebluedye;
(4) anthocyanin pigmentsentrapment for their stabiliza:
tion. All speciesstudied wereimmobilized/encapsul ated
by entrapment in Ca-alginate beads by the same
method.

EXPERIMENTAL

Speciepreparation
Yeast Candida guillermondii
Candida guillermondii FT1 20037 entrapment
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procedure was doneat the Biotechnol ogy Department
of theUniversity of Sio Paulo (Lorena, SP, Brazil). An
adeguate volume of acell suspension wasaddedto a
solution of sodium alginate (SG 1100, Satgine, SKW
Ltd., France), previoudy sterilized at 121°Cfor 15min.
Thefina concentration of cellswas3g/L (dry weight).
A bioreactor, described by Sarrouh et d .1¥, was|oaded
with 1.5L fermentation mediumrichinxyloseoriginat-
ing hemicellulosic fraction of sugarcane bagasse, con-
taining 300g (20% of reactor) of entrapped cellsin Ca-
aginatebeadsand 1.2L of treated hydrolyzate supple-
mented with nutrients.

Rose bengal sensitizer

Rose Bengal sodium salt solution (SigmaAldrich,
Ireland) entrapment procedure wasdonein School of
Chemigtry at Dublin City University (Dublin, Ireland).
An adequatevolume of aRose Bengal wasaddedtoa
solution of sodium alginate (SG 1100 Saltgine, SKW
Ltd, France). Thefinal concentration of rose bengal
was 5g/L (dry weight). A photoreactor, described by
Santoset d.12, wasloaded with a100mL solution con-
taining 0.16 g of 1,5-dihydroxynaphthal enedissolved
in 2-methyl-2-butanol (t-amyl-al cohol) fresh or/and
recycled and the required amount of entrapped rose
bengal in Ca-alginate beads (5, 10 and 20 % of
photoreactor). A chromatography columnwas prepared
to purify the product (juglone) usinga3:1 mix of cyclo-
hexane/ethyl acetate.

TiO, catalyst

TiO, (Titanium (IV) oxide, anatase powder, 99.8%
(meta bas's), SigmaAldrich, Irdland) entragpment pro-
cedurewasdonein School of Chemistry at Dublin City
University (Dublin, Irdland). An adequate volumeof a
TiO, solution was added to asolution of sodium algi-
nate (SG 1100 Sdaltgine, SKW Ltd, France). Thefina
concentration of TiO, was 2.5g/L (dry weight). A
photoreactor, described by Albarelli et d [, was|oaded
with a200mL solution of methylene bluedye (used to
simulatetextile processing dyes) at concentration of
20uM/L (Methylene Blue Hydrate, Fluka Chemika,
Irel and) and therequired amount of TiO, entrappedin
Ca-alginate beads (10, 20 and 40% of photoreactor).

Anthocyanin pigments
Anthocyanin Pigmentsentrapment procedurewas
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doneat the School of Chemical Engineering at Univer-
sity of Campinas (Campinas, SP, Brazil) using antho-
cyanin pigments extracted from jabuticaba(Myrciaria
cauliflora) pedsin Faculty of Food Engineering at Uni-
versity of Campinas (Campinas, SP, Brazil). An ad-
equate volume of anthocyanin solutionwasaddedtoa
solution of sodium alginate (SG 1100 Saltgine, SKW
Ltd, France). Thefinal concentration of anthocyanins
was 10ug/L (dry weight).

Specieentrapment in polymeric alginatebeads

All specieswereimmobilized/encapsul ated by en-
trapment in calcium a ginate beads by dripping an ad-
equate volume of asolution 2% (w/v) of sodium algi-
nate and the specie solution, using a19-G needle (1.5
inch) and a10mL syringe. Figure 1 showsascheme of
theentrapment method. Thebeadsweremaintainedin
the CaCl, solution at 4°Cfor overnight. They werethen
washed with distilled water and dried. The beads con-
taining Candida guillermondii, rosebengal and TiO,
after drying procedure wereintroduced into thereac-
tor (bioreactor or photoreactor).

Analytical determinations
Biotechnological processapplication

Xylose, glucose, acetic acid, ethanol, xylitol and
arabitol concentrationsweremeasured by HPLC model
LC-10-AD (Shimadzu, Tokyo, Japan), equipped with
anAminex HPX-87H (300x7.8 mm) column (Bio-Red,
Hercules, CA, USA) and arefractiveindex RID 6 A
detector. Sampleswereprevioudly filtered through a
Sep Pak C18filter and injected in the chromatograph
under thefollowing conditions: injectionvolumeof 20uL,
columntemperatureof 45°C, 0.01 mol/L H,SO, asthe
mobile phaseused at aflow rateof 0.6mL/min.

Freeandimmobilized cell concentrationswerede-
termined by absorbance at 600nm using aspectropho-
tometer, model DU 640B (Beckman Coulter, Fuller-
ton, CA, USA) and correlated with thecell dry weight
through acorresponding calibration curve. Theliquid
phase of the sampl estaken during thefermentation runs
was centrifuged (2000xg, 15 min) and the cellswere
resuspended inwater for determination of thefreecell
concentration. Ca-alginate beads (0.2g) taken during
thefermentation runsand previoudy dried with an ab-
sorbent paper were dissolvent in 2% (w/v) potassium
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Figure2: Digital pictureof Ca-alginatebeads

citrate under agitation. Theresulting suspension was
centrifuged (2000xg, 15 min) andthecdlswereresus-
pended inwater for determination of theimmobilized
cell concentretions.

Photochemistry application

The photo-induced conversion of 1,5-
dihydroxyngphtha enetojuglonewasfollowed with thin
layer chromatography (TLC) andysisusingsilicaplates
or/and *H NMR analysis. The spectraof the products
wererecorded on a300 MHz Bruker (Billerica, MA,
USA) DRX-300.

Photo-oxidation yieldswerequantified by gravim-
etry, weighing the products generated using an analyti-
ca baance.

Scanning el ectron microscopy (SEM) of the bead
surfacewas performed with aHitachi (Tokyo, Japan)
S-3000N SEM. An accel eration voltage of 5kV was
employed.

Wastewater treatment by photochemical process
application

Absorbance measurementswere performed using
aVarian UV-Visspectrophotometer with variablewave-
length detector (Cary 50 UV-Vis, PaloAlto, CA,USA)
to detect the photocatal yti c degradation of methylene
bluedye.

Scanning el ectron microscopy (SEM) of the bead
surfacewas performed with aHitachi (Tokyo, Japan)
S-3000N SEM. An acceleration voltage of 5kV was
employed.

Sabilization of natural pigmentsapplication

Absorbance measurementswere performed using
aVarian UV-Visspectrophotometer with variablewave-
length detector (Cary 1G UV-Vis, PaoAlto, CA,USA)
to detect encapsulation efficiency of anthocyanin pig-
ments.
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RESULTSAND DISCUSSION

Whenin contact with CaCl, solution, dginateforms
apolymericmatrix capableof retainingits shape under
stressand highly hydrophilic, been constituted of 99%
of water!?. By thedripping method adopted calcium
aginatebeadswereformed with diameter varyingform
2,810 3,2mm (Figure 2). Independently of the specie
entrapped no sgnificant differencereated tothediam-
eter beadswasobserved. But, somedifferencesinterms
of bead shapewereobserved (Figure 3). Probably, the
irregular shapeisreated to themanua dripping proce-
dure. It could beavoid controlling therate of solution
dripping using aautomatic nozzle spray for bead for-
mation.

Figure 4 showsthe surface of Ca-alginate beads
after entrapment of different species, different surface
aspects can be noticed (Figure 4A and 4B). Possibly,
duethelow molecular weight of TiO, (79.88g/mal), it
could easily diffuseto the surface of the alginate bead
showing adifferent surfacemorphology (Figure4B). In
contrast rose bengal has a high molecular weight
(1017.64 g/mol) soitsdiffusion on polymeric matrix
wasrestricted.

The Ca-Alginate bead system containing different
speciesentrapped was andyzed in different processes
regarding to itsefficiency and well fit to the process
conditionsand necessities. Thefollowing pagesshow
theresultsand discussi on of each application.

Yeast Candida guillermondii entrapment

Yeast Candida guillermondii entrapment for bio-
technol ogical conversion of xylose-containing hydroly-
sateoriginating from hemicel lulosic fraction of sugar-
canebagasse, to xylitol, wasevd uated.

Using aFluidized Bed Reactor (FBR) agood xy-

)

A) (B)
Figure3: SEM imageof bead shape(A) entrapped rosebengal,
(B) entrapped TiO,
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lose-to-xylitol bioconversionwasachieved. A high xy-
litol concentration and immobilization efficiency was
obtained.

In comparison with other immobilization support,
such aszeoliteand porousglassinaFBR system, higher
aeration ratesto improvethe oxygen transfer into the
immobilized cdlshavetobeused. Duetothishigh aera
tion rate, ahigh concentration of total cellswas ob-
tained, whichresultedin adecreaseinthetota fermen-
tationtimeandanincreaseinthexylitol productionrate.

Thesystem exhibited apromising biotechnol ogica
aternativefor xylitol production duetothefollowing
advantages: low cost of aginateasimmobilization sup-
port, better rates of masstransfer and oxygen transfer
incomparison with other systems, and the absence of
beads abrasion found in Stirred Tank Reactor (STR)
resulting from direct contact with theagitation turbines,
which contributesto theincreasein cell leakagefrom
the a ginate beads, according to previousworksdeve -
oped by other researcherd”.

Increasein xylitol yield could beobtained by recy-
cling theimmobilized cdlsthrough arepeated-batch fer-
mentation system, dueto apossible cell adaptation to
the toxic compounds present in the hydrolyzate me-
dium.

Potentially, theuse of polymeric dginate beadsis
morefrequently gppliedto call and enzime entrapment,
then the application of thistool to other species and
consequently other applications should beinteresting.

Rosebengal sensitizer entrapment

Rosebengal (RB) sensitizer entrgpment for photo-
oxidation of 1,5-dihydroxynaphthaeneto juglonewas
evauated.

Toverify which concentration of CaCl, intheprepar
ration of the beads should be used to prevent leaching

' []

(B)
Figure4: SEM image of bead surface (A) entrapped rose

bengal, (B) entrapped TiO,
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whenin contact with t-amyl-acohol, experimentsusing
2, 10and 20% wi/v of CaCl,, solutionwere carried out.
Probably the exchange of sodiumionsfrom the Na-
aginatewith caciumand consequent gelation and cross-
linking of the Ca-alginate wereintensified by thein-
creasein CaCl, concentration. Consequently thisin-
tengfication resulted in theformation of astronger gel
preventing leaching.

Using thebest preparation of the Ca-alginate beads
(20% solution of CaCl.)) theeffect of different concen-
tration of beads (5, 10 and 20% of photoreactor) inthe
photo-oxidation reactor waseval uated.

Theresultssuggest that the use of 5% of beadsis
thebest proportiontested. Using thisproportion of beads
inthesystem configuration agood mixed wasobserved
|eading to better masstransfer during the photoreac-
tion. Itisknown that the alginate gelsimitateasemi-
permeabl e membrane through which low molecular
weight molecules can diffuse?, so that better mixing
could lead to better diffusion of raw material into the
pores of the beads. When using 10 and 20% of beads
the agitation was not sufficient to provideagood mix-
ing to the system, and ended up stressing the beads,
resultingin some degradati on and consequently leach-
ing of RB into the solution. In addition, the bubbled of
air through the solution besidesthemechanicd stirring
can aso have contributed to the RB leaching. Asare-
sult agood photo-oxidation performance could be ob-
served using 10 and 20% of beadsdueto therel eased
RB suspended inthe solution.

Theexperiment using suspended RB showed bet-
ter resultsthan theimmobilized system. Thiswasex-
pected, immobilization of catalystson supportsoften
reducestheefficiency of the photocatal ytic processas
aconsequenceof areductioninactive surfaceared?.
However, immobilized systems have advantages such
asthe possibility of scale up and/or continuous opera-
tion reduced costsand reduced wastel®.

To our knowledge, thereare only few paperseva u-
aingtheuseof sengtizerimmobilization. Ingenerd, the
useof immobilized sendtizer may facilitateeasy remova
of the sensitizer fromthereaction, smplifyingthere-
covery and purification processes.

TiO, catalyst entrapment
TiO, catalyst entrapment for photo-degradation of
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methyleneblue (M B) dyewaseva uated.

Theeffect of different proportionsof Ca-aginate
beads (10, 20 and 40% of photoreactor) on the photo-
degradation wasverified.

Theresultssuggest that the best proportion studied
iswhen 10% of thereactor volumeisfilled with beads.
Also, it wasobserved that using thisproportion of beads
the system configuration waswe | mixed. Whenincreas-
ing theamount of bead insidethe photoreactor it was
observed that the mechanical agitation wasnot suffi-
cienttomix thesyssemwell. All though noleachingwas
verified comparing with the photo-oxi dation experiments
using RB entrapped in Ca-dginate.

Onemoretime, it wasdemonstrated that suspended
speciesprovided better resultsthan thoseobtained with
immohilized species. Eventhough, theimmohilized sys-
tem has several advantagesasthepossibility of scaling
upthe UV/TiO, processusing an environmentally safe
photocatalyst for processing of wastewater. The use of
immobilized TiO, can be economicaly attractive be-
causeit diminatesthe need of apost-processfiltration
step to removethe powder photocatalyst from treated
water to disposal, enablesthe simplereuse of photo-
catalyst and facilitatesthe photoreactor configuration
asaconsequence of theeas er light penetration at the
immobilized system.

In order to study therecycling of TiO,-gel beads
for continued use, experimentsusing thesamebeads 3
timeswerecarried out using abead proportion of 10%
of beads. Animprovement onthedegradationratewas
observed during thereuses. A possibleexplanationis
that, in thefirst use, the dye could not penetrate the
beads’ pores easily, on account of MB relatively large
molecular size*Y. Hence, the degradation occurred
mainly because of theMB reactionwith TiO, near the
bead surface.

Itisknownthat using otherspeciesimmobilizedin
Ca-alginate beadsthey can berecycled much more 3
times. Kumar and Chandrasekaran®? using immobi-
lized cdllsin Ca-d ginate beadsreported that they could
be used up to 20 cyclesin apacked bead bioreactor
until itsefficiency decreases. Using TiO, dginate beads
inthephotoreactor, the number of cycleswithout lostin
efficiency should besmaller duethe degradetion caused
by themechanica stirring.
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Anthocyanin pigmentsentrapment

Anthocyanin pigmentsentrgoment for their stabili-
zationwaspreliminary eva uated.

Anthocyaninsextracted from vegetable sourcesare
highly unstable and easily susceptibleto degradation
whosetheir color stability isstrongly affected by pH,
temperature, anthocyanin concentration and structure,
oxygen, light, enzymes, among otherg**19,

Anthocyanin pigment encgpsulationin polymerica-
ginate beads could help maintainitsstability and im-
proveshdf livesand effects.

The anthocyanin encapsul ation efficiency wasap-
proximately 98%. Thisresult demonstratesthat encap-
sulation in Ca-aginate beads may beagood choiceto
protect and consequently stabilize these compounds.

Theuse of aginate beads containing such organic
compoundsisrelatively new. Indeed, this polymeric
matrix seemsto beapromising aternativeto stabilize
this pigment and other unstable compounds extracted
from nature. Further work will bedoneevaluatingthe
entrgpment of other compounds.

CONCLUSIONS

Indl applicationsshowed inthisstudy, Ca-aginate
matrix could retainits properties after entrapping the
species. An anaysis of the bead surface morphol ogy
has shown that surface characteristics are dependent
of theentrapped specie. In al casesthe entrapment of
the species had decreased their activity reducing the
efficiency of any processthat usethese polymeric beads.
A masslossof theactive compound during entrgpment
processwasobservedinal applicationsevauated. In
spite of these negative pointsthe various benefitsre-
lated to theimmobilized/encapsul ated systemsnot only
compensate them but al so may enable the use of some
speciesinnew indugtria processesand/or becomemore
€conomi C attractiveto some processes.
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