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Maria C. Gutierez, Zaira Y. Garéa-Carvajall Matias Jobbgy," Luis Yuste*
Fernando Rojé,Concepcio Abruscié Fernando Catalina,Francisco del Monte;* and
Maria L. Ferref

Institute of Materials Science at Madrid (ICMM) and Biotechnology National Center (CNB), Spanish
Research Council (CSIC), Cantoblanco, 28049 Madrid, Spain, Institute of Polymers Science and
Technology (ICTP), Spanish Research Council (CSIC), Juan de la&i&r 28006 Madrid, Spain, and
Department of Microbiology Ill, Faculty of Biology, Useérsity Complutense of Madrid, Jogetonio
Novais, 2. 28040 Madrid, Spain

Receied December 5, 2006. Reed Manuscript Receed January 25, 2007

We have studied the suitability of a cryogenic process (e.g., ice-segregation-induced self-assembly,
ISISA) for preparation of polyvinyl alcohol (PVA) scaffolds with in situ immobilized bacteria (e.qg.,
Escherichia coli. Confocal fluorescence microscopy and impedance measurements were used to evaluate
the extension of bacteria proliferation within the scaffold macrostructure. The bacteria efficiency for
colonization of the scaffold macrostructure is compared for bacteria immobilized with and without the
use of additional cryoprotectans. Cryoprotection by bacteria entrapment in alginate beads containing
glucose results in a significant improvement (more than 2-fold as compared to non-cryoprotected) of
bacteria proliferation within the PVA scaffold. Results are also compared with the most widely used
method for cells colonization of scaffolds; i.e., soaking of a preformed PVA scaffold in bacteria culture
medium.

Introduction must indeed be suitable supports for cells growth, which
. . ) implies they must be composed of biocompatible materials
~ The pressures of an ever-increasing population and gng processed into a porous matrix of suitable morphology
industrial development have led to the addition of an array (e.g., scaffolds.Cell immobilization typically occurs after

of man-made chemicals in the environment, leading 10 gcatfold preparation (e.g., by soaking the scaffold into a cell
tremendous deterioration in environmental quality. Contami- suspension), which eventually makes cells proliferate within

nation of soil, air, water, and food is one of the major e \yhole scaffold structure difficult. Note that the presence
problems facing the industrialized world today. Significant ¢ ihe sypport itself introduces mass transfer restrictions for
regulatory steps have been taken to eliminate or reducethe diffusion of any substance (nutrients and oxygen, among

proc_juction and_/or r_elease of these _chemical_s int(_) the others), which impedes cell proliferation deep inside the
environment. Microbial cells and bacteria are being widely ¢..¢0id4 This event (e.g., cell proliferation within the

used for bioremediation and biocatalysis, offering the pos- geatfold limited to just a few layers of cells) has also been
sibility to decontaminate polluted environmental media and o oporated for animal cells growing in inverted colloidal
implement chemo-enzymatically catalyzed, environmentally ¢ystals; for which rational design is ideal for the study of

friendly synthetic methods. cell—cell and celt--matrix interactions, cell growth, and cell
Immobilization of microbial cells in membranes and motility.5 This problem can be overcome if cells grow from
bioreactors provides enhanced catalytic activity and stability, the inner to the outer side of the scaffold, in search of
protecting microorganisms from mechanical degradation and nytrients and oxygen. For this purpose, one should design
deactivation and aIIOWing for an overall intensification of chemical processes suitable for prepara‘[ion of scaffolds with
biochemical reaction.Such membranes and bioreactors in situ immobilized cells. Unfortunately, the vast majority
of preparation processes devised so far to prepare scaffolds
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others§: are not suitable for in situ cell immobilization due previously entrapped in alginate beads for further cryopro-
to the use of solvents and/or thermal treatments that causdection??

irreversible damage to cell integrity. Hydrogels prepared from

organogelators (e.g., peptide-based hydrogeigye just Experimental Section

succeeded in this attempt. Materials. Polyvinyl alcohol (PVA, avg mol wt= 72 000) was

An interesting alternative can be the use of cryogenic purchased from Fluka. Alginic acid sodium salt (viscosity250
cP), sodium citrate, and calcium chloride were purchased from

pr.ocestses, §U|table for scaffold preparfithn and Cor_npat'bleSigma-Aldrich. All chemical compounds were used as received.
with microbial cell maintenance and viability. Herein, we \yater was distilled and deionized. For any of the cases studied in
describe the use of a cryogenic process recently reported bythis work, bacteria were genetically engineered to express GFP, a
Mukai et al. to prepare microhoneycomb silica porous protein that emits fluorescence centered at 510 nm (e.g., green light)
structures from an aqueous silica §&his cryogenic process  for light excitation at 485 nm. Fluorescence occurs as far as bacteria
(defined by our group as ISISA, ice-segregation-induced self- 'émain alive. Bacteria~(1 x 10°/mL) were suspended in fresh
assembly) is quite versatile and allows for tailoring both the M minimal salts medium (58 mM NBIPO,-12H,0, 22 mM
composition and the morphology of the resulting scaffold KH2PQ,, 8 mM NaCl, 18 mM NHCI, 2 mM MgSQ, 0.1 mM

. - ; " CaCh, 6 pM Vitamine B1).
Moreover, the ISISA process '.S also _h'gh!y blocomp?t'ble’ Preparation of Bacteria-Glucose-Alginate Beads (BB)Sodium
as demonstrated by the recent immobilization of proteins and jginate was dissolved in a diluted minimum medium (1/10) for a
liposomes within the matter that forms the microchannelled sodium alginate content of 2 wt %. Glucose (20 wt %) was also
structure'® In this work, the biological entity to immobilize  added to the alginate solution for further cryoprotection (see the
will be Escherichia coli(E. col)) and the microchannelled ~ Supporting Information). The glucose-alginate beads loaded with
structure will be polyvinyl alcohol (PVA). Colonization of ~ Pacteria (BB) were prepared by addition of 1 mL of M9 minimal
the PVA scaffold by bacteria will be studied by two different salt medium containing. coli (500uL of the above cell suspension

fl focal mi d indi to 500uL of diluted minimum medium) to 9 mL of the glucose-
means (e.g., fluorescent confocal microscopy and indirect alginate solution. After stirring for 10 min, the mixture was dropped

impedance measurements), given the difficulty in studying into a gently stirred solution of Cacht a volumetric ratio of 1/5

the proliferation of immobilized bacteria by classical tech- using a syringe equipped with a needle of 0.45 mm. The £aCl
niques used in solution (e.g., optical density of bacteria in concentrations used (e.g., 50 mM) were thus selected for bead
suspension or plate counting, among others). For bacteriadensity matching with PVA solution. Otherwise, a homogeneous
visualization at the fluorescent confocal microscope, the distri_bution of begd_s within the_scaffold mo_nolith would not be
bacterial strain of. coli used in this work is genetically obtained. After stirring for 10 min, the resulting BBs (ofl mm

. . diameter) were washed with 50 mL of distilled and deionized water
engineered to express a fluorescent protein (green fluorescenf .¢o.e use The temperature was maintained &€ 4luring the

protein, GFP) in response to an induéeBacteria im- whole process to avoid bacteria growth.

mobilization will be achieved by ISISA prOCESSing of a PVA Preparation of PVA-Bacteria (PVA-B) and PVA-BB Buffered

solution also containing bacteria either in suspension or SuspensionsHomogeneous PVA solutions (8 wt %) were prepared

by the addition 68 g of PVA to 100 mL of hot 20 mMTris buffer

(at about 8C°C). After stirring for 3 h, the resulting solution was

(6) (a) Barbetta, A.; Dentini, M.; de Vecchis, M. S.; Fillippini, P.;  cooled down to £C. Bacteria (0.2 mL of a 1/20 diluted suspension
Formisano, G.; Caiazza, $wdv. Funct. Mater.2005 15, 118. (b) of bacteria in M9 minimal salts medium) or BB (20) were added

Partap, S.; Rehman, 1.; Jones, J. R.; Darr, JAdk. Mater. 2006 18, : , . .
53{_8‘(%) Came g_‘.agonn ?Ar.]?ichard Mar[: De|eu§eerH_. Sgadi 7. 1o 1 mL of the PVA solution, to have a fixed bacteria amount in

Backov, R.Adv. Mater. 2004 16, 140. (d) Stachowiak, A. N.; suspension of-1 x 105/mL.
Bershteyn, A.; Tzatzalos, E.; Irvine, D.Adv. Mater.2005 17, 399. ; _ _
(e) Wan, A. C. A.; Tai, B. C. U.; Leck, K.-J.. Ying, J. YAdv. Mater. ISISA Processing of PVA, PVA-B, and PVA-BB Buffered
2006 18, 641. (f) Mann, SAngew. Chem., Int. E€00Q 39, 3392 Suspensions for Preparation of Scaffolds (PVA-S, PVA-SB, and_
406. (g) Sanchez, C.; Arribart, H.; Giraud-Guille, M. Mat. Mater. PVA-SBB). Every suspension (1 mL) was collected in insulin
2M0(15 4,2%2- f;h)S?”Chez’ C.; Arribart, H.; Giraud-Guille, M. Mat. syringes and dipped at a constant rate of 5.9 mm/min into a cold
ater. y . . . °

(7) (a) Silva, G. A.; Czeisler, C.; Niece, K. L.; Beniash, E.; Harrington, ba.th. mallntalned at a constant temperature—QfQG C The

D. A.; Kessler, J. A.; Stupp, S. IScience2004 303 1352. (b) unidirectionally frozen samples were freeze-dried using a Ther-

Rajangam, K.; Behanna, H. A.; Hui, M. J.; Han, X.; Hulvat, J. F.;  moSavant Micromodulyo freeze-drier. The resulting monoliths kept

Lomasney, J. W.; Stupp, S.Nlano Lett2006 6, 2086. (c) Jayawarna, ; ; ; ; ; ; ;
V.- All M. Jowitt. T. A Miller, A. F.. Saiani, A: Gough. J. E.. both the shape and the size of the insulin syringes (in this particular

ulijn, R. V. Adv. Mater. 2006 18, 611. case) and, eventually, any container where the suspensions are
(8) (a) Mukai, S. R.; Nishihara, H.; Tamon, i&hem. Commur2004 collected prior freezing (see Figure S1 in the Supporting Informa-
874. (b) Nishihara, H.; Mukai, S. R.; Yamashita, D.; TamonCHem. tion).
Mater. 2005 17, 683. . .
(9) (a) Zhang, H.; Hussain, I.; Brust, M.: Butler, M. F.; Rannard, S. P.; 3D Cultures. PVA-S samples were soaked into a suspension of

Cooper, A. I.Nat. Mater.2005 4, 787. (b) Mukai, S. R.; Nishihara, bacteria in culture mediumv1 x 10° bacteria/mL), whereas PVA-

H.; Shichi, S.; Tamon, HChem. Mater2004 16, 4987. (c) McCann, SB and PVA-SBB samples were simply soaked into the culture
J. T.; Marquez, M.; Xia, Y.J. Am. Chem. So006 128 1436. (d)

Deville, S.: Saiz, E.. Nalla, R. K.- Tomsia, A. Bcience2006 311, medium (bacteria are already immobilized within the scaffold
515. (e) Nishihara, H.; Mukai, S. R.; Tamon, Barbon 2004 42, structure). The culture medium was composed of 25 mL of M9
889. minimal salt medium supplemented with 50 mM sodium citrate

(10) (a) Ferrer, M. L.; Esquembre, R.; Ortega, |.; Mateo, C. R.; del Monte,
F. Chem. Mater2006 18, 554. (b) Gutierrez, M. C.; Jobbagy, M.;

Rapun, N.; Ferrer, M. L.; del Monte, Adv. Mater. 2006 18,1137. (12) (a) Korgel, B. A.; Rotem, A.; Monbouquette, H. Biotechnol. Prog.
(11) (a) Ferrer, M. L.; Yuste, L.; Rojo, F.; del Monte, Ehem. Mater. 1992 8, 111. (b) Cachon, R.; Molin, P.; Di\ge C.Biotechnol. Bioeng.
2003 15, 3614. (b) Ferrer, M. L.; GaratCarvajal, Z. Y.; Yuste, L.; 1995 47, 567. (c) Laca, A.; Gare, L. A.; Diaz, M. J. Biotechnol.

Rojo, F.; del Monte, FChem. Mater2006 18, 1458. 200Q 80, 203.
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and 30 mM glucose (as carbon source). Sodium citrate is not a
carbon source foE. coli but allows for BB liquation. For this
purpose, scaffolds were maintained in culture medium & 4or

60 min (bacteria growth is negligible at°€). The amount of BB
was fixed to have-1 x 1 bacteria/mL in the buffered suspension
after bead dissolution. Thereafter, the flasks were incubated at 37
°C for 24 h under gentle stirring to allow for bacterial growth.

Indirect Impedance Measurements.The experiments were §
performed on a Micro-Trac 4100 (SY-LAB GieaGmbH, Neu- TETIED saceran (OO
. Freezing
purkerdorf, Austria) on PVA-SB and PVA-SBB samples (after bead at -196 °C LN culture medium Iﬂ!
rehydration and dissolution). Fresh bacteria simply suspended in Freeze-dnying ||| ferd |3+ ’ *-i[_

culture medium (at the above fixed bacteria amoutt, x 10°/ (o) PVA 501 (1) PVA scafold
mL) were also studied for comparison. Every sample was introduced (PVA-S sample)

under sterile conditions in 7 mL disposable cylindrical polyethylene
containers containing 1 mL of culture medium. This polyethylene
container is introduced into a cylindrical polystyrene container that
has four stainless steel electrodes. The outer container is filled with
2 mL of 36 mM (2 g/L) potassium hydroxide aqueous solution.
The outer container is hermetically closed by a stopper that causes
d e

(c) Bacteria growth and %
partial scaffold colonization §
{30 culture) !'

¥

the aseptically opening of the inner one. Containers tempering to
37 °C promotes bacteria growth and hence carbon dioxide release
(CeH 1206 + 60, — 6CO; + 6H,0). The carbon dioxide flows from
the inner container to the outer one, where it is adsorbed by the
KOH solution (CQ + 2HO™ — COs2~ + H,0) and causes the
change of the initial impedance value180 Ohnt?). Data were
acquired every 10 min. Figure 1. Scheme representing the process followed for preparation of
Sample Characterization.Sample morphologies were investi-  PVA-S, SEM micrographs, and confocal fluorescence microscope images.
gated by scanning electron microscopy (SEM) using a Zeiss DSM- SEM micrographs show a cross-section (left) and a longitudinal section
950 instrument. Macropore size distribution was measured using agggrfs‘t;‘er rg%}dEiﬁzégffﬁjLﬁgﬂggnogfﬁ?fﬂggggféﬁﬁzvﬁs Ssch%ﬁx'g Igs\‘/:i'%
Micromeritics Autopore Il 9220 mercury _porosmgter. Confoca_l sample soaked for 24 h in a suspension of bactepria in cgulture medium. The
fluorescence microscopy was performed with a Radiance 2100 (Bio- gepth of focus was (a) the external surface and (b) 6, (c) 12, (d) 18, (e) 24,
Rad) Laser Scanning System on a Zeiss Axiovert 200 microscope.and (f) 30um. Bar is 20um.

Confocal fluorescent micrographs of PVA-S samples were taken

on the external surface of the scaffold (see the Supporting colonized by simple soaking in a bacteria culture suspension.
Information, Figure S2) up to a depth of 3@m. Confocal For this purpose, we performed confocal fluorescence images
fluorescence micrographs of PVA-SB and PVA-SBB samples were of the PVA-S sample after 24 h of soaking. Note that
taken on the internal surface of sliced samples (see the S“pportinggenetically modified bacteria emit fluorescence at 510 nm
Information, Figure 82) with different depths of focus (20, 40, 60, (green Ilght) as far as they remain a"‘\}e—[he set of confocal

and 80um). The average number of bacteria per square millimeter fluorescence images shown in Figure 1 reveals that bacteria

is obtained aft ting 45 i , slicing th le at e s . S .
Idsifr(;reiltn;?osiiore;rs (cfg:n;{?/&q_s P'\r/n:l_%es asl’]I(;:Igg/A-SeB;ag?nTﬂ:lS) proliferation within the scaffold was indeed limited to just a

and focus depths (for PVA-SB and PVA-SBB samples). Images €W bacteria layers in deph (up to ca. 2#h, Figure la-d),
shown in Figures 2, 3, and 5 are representative of such a set ofwith ca. 27 000 bacteria/mrin the most populated layer

images. (Figure 1d). The decrease in population observed beyond
those layers (deeper than 280 um, images e and f of
Results and Discussion Figure 1) is in good accord with similar experiments
previously reported in different works. The most likely reason
The polymer scaffold structure was obtained by unidirec- pehind this feature is (as described in the introducticimd
tional freezing (at—196 °C) of a PVA buffered aqueous  poor access of the innermost bacteria to the nutrients and
solution. The ice formation (hexagonal form) causes every oxygen provided by the external medium.
solute originally dispersed in the aqueous solution to be  To improve bacteria proliferation within the PVA scaffold,
segregated from the ice phase, giving rise to a macroporousye attempted to immobilize bacteria simultaneously to the
structure characterized by “fences” of matter enclosing ice. scaffold preparation. In a first approach, bacteria were
The scaffolds obtained after subsequent freeze-drying showimmobilized by the application of the ISISA process to a
a macroporosity that corresponds to the empty areas wherepVA solution that also contains suspended bacteria (PVA-
ice crystals originally resided (see SEM micrographs in SB sample, see the scheme in Figure 2). The biocompatibility
Figure 1, left). Figure 1 (right SEM micrograph) shows the of the process was evaluated by soaking the PVA-SB sample
well-aligned microchannelled porous structure in the freezing in a medium containing glucose (see Experimental Section).
direction. The freeze-dried macrostructure has a pore sizeFigure 3 shows that the culture medium becomes turbid after
distribution (measured by mercury intrusion porosimetry) of incubation at 37C for 24 h, which confirms the presence
ca. lum. of viable bacteria after ISISA process. Confocal fluorescence
Our first concern was to corroborate whether or not microscopy of the PVA-SB sample reveals the colonization
preformed PVA scaffolds (PVA-S samples) can be entirely of the scaffold macrostructure, with ca. 22080 2000
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Figure 4. Plot of indirect impedance change (in %) versus incubation time
in culture medium at 37C for PVA-SB (magenta circle) and PVA-SBB
(olive inverted triangle) samples. The growth of bacteria suspended in culture
medium (purple triangle) is also included for comparison. Impedance
changes are related to the metabolic activity (highep @@duction) and
hence provide a measurement of bacteria proliferation.

proliferation® Impedance measurements clearly reveal a
lower CQ, production for PVA-SB samples than for bacteria

. S , suspended in culture medium (Figure 4).
Figure 2. Scheme representing the process followed for preparation of This limited lif . b lated h .
PVA-SB, SEM micrographs, and confocal fluorescence microscope images. Is limited proliferation must be related to the cryogenic

SEM micrograph shows a cross-section of the PVA-SB (scale bar is 10 process used for immobilization. It is well-known that
um). Confocal fluorescence microscope images show PVA-SB samples (a) freezing of cellular structures is not a trivial issue and tends
before and (b) after soaking in culture medium and incubation 4C3or d I brafeD
24 h (scale bars are 20m). The homogeneous bacteria distribution within to - amage CQ mem .ra amage occurs as a Conseqyence
the scaffold structure is visualized in picture a. Images were taken from of ice formation, which nature (e.g., extracellular or intra-
the internal surface of cross-sectioned PVA-SB samples (see Figure S2 ince||u|ar) is indeed determined by the cooling rate. Thus
the Supporting Information) with a focus depth of 4. . . ; . '
extracellular ice formation occurring for slow cooling rates
(below ca. 8°C/min) results in an increase in the osmotic
strength at the cells surrounding the environment. This causes
dehydration and subsequent shrinkage of cells, which
ultimately results in membrane disruption given that the
bilayer normal structure can only be maintained down to the
maximum packaging density of the lipids. Meanwhile, if the
rate of cooling is faster than the rate at which the cells
dehydrate, the intracellular content freezes to maintain the
water equilibrium, the volume increases (note that hexagonal
ice density is 0.917 g/L) and disrupts the membrane
Figure 3. Picture of PVA-SB samples (left) right after soaking in culture ~ structuret® The formation of amorphous water (e.g., glassy
medium and (right) after incubation at 3C for 24 h. water, with a density similar to that of water) would limit
such effect? but the required cooling rates (cax110° °C/
s) are unaffordable with our experimental set up. The cooling

bacteria/mri(see confocal fluorescence microscope images

in Figure 2). In this case, the PVA macrostructure guaranties .o« sed in our case is ca. 1&/min. which implies that
the easy diffusion of nutrients throughout the whole scaffold g damage most likely occurs by the formation of intrac-

structure so that their consumption by bacteria is no longer o|1u1ar ice. Thus. reduction of cell damage during PVA

a problem for the entire scaffold colonization, i.e., bacteria gcaffold formation requires cryoprotectishCryoprotectants
grow throughout the structure, from the inner to the outer create a high viscosity microenvironment surrounding the
side. cells, which cause water to vitrify rather than crystallize (even
To further evaluate the proliferation of bacteria within the at freezing rates much slower thanx110° °C/s) and helps
scaffold structure, we used a microbial indirect impedance
technique that allows for monitoring cell growth within the (13) ;alaminzss S.; Colquhoun, K. O.; Fricker, C. R.Microbiol. Meth.1996
scaffold. The method consists of the measurement of (14) withers, L. AThe Effects of Low Temperatures on Biological Systems;
impedance changes (in percent) occurring in a potassium Grout, B. W. W., Morris. J. G., Eds.; Edward Arnold: London, 1987;
hydroxide solution as consequence of the absorption of the ;5 %gﬁ?e'y’ M.Biochim. Biophys. Actd987, 896, 123.
carbon dioxide resulting from the characteristic metabolic (16) Velikov, V.; Borick, S.; Angell, C. AScience2001 294, 2335.
activity of bacteria (see Experimental Section for details), (17) Rudge, R. HMaintenance of Microorganism and Cultured Cells. A

: ) ) Manual of Laboratory MethodsKirsop, B. E., Doyle, A., Eds.
i.e., larger impedance changes correspond to larger bacteria ~ Academic Press: London, 1991; p 31.
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Freezing at-196°C | L S sodium citrate
Freeze-drying

(a) Bacteria

entrapped within (b) BB entrapped within (c) Dissolution of the BB (d) Bacteria growth and
glucose-alginate the scaffold (PVA-SBB entrapped within the scaffold scaffold colonization
beads (BB) sample) (3D culture)

Figure 5. Scheme representing the process followed for preparation of PVA-SBB, SEM micrographs, and confocal fluorescence microscope images. SEM
micrographs show a PVA-SBB sample (BB+4 mm diameter) prior to soaking in culture medium and bead disolution. Scale bars are (left) 500 and (right)
200um. Confocal fluorescence microscope images show PVA-SBB samples soaked in culture medium (a) before and (b) after incuba@diora287

h (scale bars are 20m). Images were taken from the internal surface of cross-sectioned PVA-SBB samples (see Figure S2 in the Supporting Information)
with a focus depth of 4@m.

to preserve the membrane integrity upon freezing. In our are observed within the scaffold structure. Meanwhile, after
case, such arole is played by the polymer matter that formssoaking, bacteria have successfully colonized the entire
the scaffold macrostructure. However, this trend is just valid scaffold macrostructure. A close inspection to the confocal
in those cases where the fence thickness of the scaffoldfluorescence micrograph shown in Figure 5b reveals that the
macrostructure is able to fully embed the membrane bacteria population is larger for PVA-SBB than for PVA-
structures®®18|f one desires to standardize this cryogenic SB (59 000 vs 22 0004+ 2000 bacteria/mA). Such a
method for immobilization of cells whose size is larger than population is also much larger than that found for PVA-S
that of fences, further bacteria cryoprotection is required. samples (ca. 27 00& 2000 bacteria/m#), in spite of the
For this purpose, we decided to entrap bacteria within beadspartial colonization (in just some few layers close to the
composed of a natural calcium-alginate polymer also con- external surface) occurring in that case. This tendency is
taining glucose (BB}? The optimum glucose concentration indeed corroborated by impedance measurements of PVA-
is found to be 20 wt % (see the Supporting Information, SBB samples, which exhibit larger G@roduction than that
Figure S3). found for PVA-SB, and is closer to that for fresh bacteria
As described in the Experimental Section, PVA scaffolds suspended in culture medium (Figure 4). The above-
with immobilized BB (PVA-SBB samples) are prepared by mentioned results indicate that proliferation efficiency largely
unidirectional freezing (at-196 °C) of an aqueous PVA  improves when BBs are used for bacterial immobilization.
suspension of BB (Scheme in Figure 5). The PVA-SBB
samples resulting after freeze-drying (see the scheme in parts Conclusions
a and b of Figure 5) show BB homogeneously distributed
within the characteristic micrometer-sized structure of the ) o S
PVA scaffold (Figure 5). Note that at this stage (right after ISISA process for the |mmob|I|zat|qn of bacteria W|t_h|n th(_a
freeze-drying and prior soaking), bacteria are just im- macrostructure of PVA scaffolds, simultaneously with their

mobilized at the BB and not yet proliferating within the PVA preparation. The use of _bacteria-giucose-algin_ate b_eads is
structure (Figure 5). capital for the preservation of the structural integrity of

As for PVA-SB samples, the biocompatibility of the immobilized pacteriai. Othe_r\ivise (e..g.., PVA-SB samples in
immobilization process was evaluated by soaking the PVA- W,h'Ch bacteria are 'mmOF’"'ZEd W'th'n the PVA scaffold
SBB in a culture medium, which, in this case, also contains V\ilthpiit further cryoprotection), thg viable bacteri'a decrease
sodium citrate (see the scheme in parts ¢ and d of Figure 5)_:;|gn|f|cantly, regardless of the partial cryoprotection that the

Calcium chelation with citrate results in dissolution of polymer scaffold can everitua_ll_y achieve. The results de-
alginate beads, turning the cavity content to liquid, which scribed above show the suitability of these scaffolds for 3D

cultures, simply by dissolving the beads and soaking the
scaffold into culture medium. Under these circumstances,
both confocal fluorescence microscopy images and imped-
ance measurements show remarkable bacteria accessibility
to the whole scaffold microstructure. The current study has
been achieved using PVA scaffolds a@adcoli as culturable
cells, but it is worth noting that the approach is quite versatile
(18) Soltmann, U.: Bucher, H. Koch, D.; Grathwohl, Gvater. Lett.2003 and besides the nature of the scaffold composition (biode-
57, 2861. gradable, biocompatible, or electron conducting, among

In summary, this work demonstrates the validity of the

allows for bacterial dispersion and eventual growth within
the PVA scaffold. Bacteria proliferation throughout the
scaffold structure was studied by confocal fluorescence
microscopy (Figure 5). For this purpose, the focus was at
the scaffold structure and not at the BB in both images (a
and b) shown in Figure 5. Thus, prior to soaking, no bacteria
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