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Como resultado del Examen de Fondo realizado, con fundamento en el Articulo 45 de
la Decision 486 de la Comision de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Rad. N° 14-103917-00000-0000 @ 14/Mayo/2014
Reivindicaciones: Rad. N° 14-103917-00002-0000 = 19/Noviembre/2014
Dibujos: Rad. N° 14-103917-00000-0000 @ 14/Mayo/2014
Prioridades US 61/233,821 13/Agosto/2009

2. Analisis de la Prioridad

Se acepta la reivindicacion de Prioridad porque esta solicitud fue presentada dentro del
plazo establecido (Art. 9 D 486) y su contenido técnico corresponde con el de la
prioridad reivindicada.

3. Objeto de la invencién
De acuerdo con lo establecido en el numeral 1.2.2.2 del Capitulo Primero del Titulo X
de la Circular Unica para efectos del examen de patentabilidad, se tendrd en cuenta la

tasa pagada por el solicitante al momento de comenzar el examen para las
reivindicaciones adicionales; esto es que cuando la solicitud contenga mas de diez (10)
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reivindicaciones y no se haya pagado la tasa complementaria, sélo se estudiaran las
cubiertas por la tasa pagada. Por lo tanto se estudiaran las reivindicaciones 1 a 4.

Titulo de la solicitud: “Aparato y proceso para la fermentacion hidrolizado de biomasa”
(Pag. 1, radicado N° 14103917-00000-0000).

El problema planteado en esta solicitud consiste en la necesidad de mejorar los
procesos de fermentacion.

Para resolver este problema técnico, la solicitud en estudio proporciona un medio de
inmovilizacion reciclado que presenta microorganismos.

El objeto de la presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP) C12P 1/00, 7/10.

4. De la Solicitud de Patente
Titulo

Se sugiere modificar el titulo para que quede mas acorde al capitulo reivindicatorio de
esta solicitud divisional y que incluya la inmovilizacion que lo caracteriza.

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones 1 y 2 no son claras porque las expresiones “cepa microbiana
fermentativa” y “medio de inmovilizacion” son generales, por lo cual no permite
distinguir la invencion del estado de la técnica. Se sugiere sustituirlas por un término
preciso 0 un rango concreto.

Las reivindicaciones 1 y 2 no son concisas porque el término “cepa microbiana
fermentativa” involucra todos los microorganismos existentes en la naturaleza, los
cuales no se encuentran en su totalidad soportados en la descripcion de la solicitud y
gue presentan algun efecto técnico al estar inmovilizados y tratados con un medio de
cultivo.

Por lo tanto el capitulo reivindicatorio no es claro ni conciso porque hace referencia a
cualguier microorganismo, siendo el objeto de la solicitud la inmovilizacion de
microorganismos como Zymomonas mobilis, Pichia, Candida, Kluyveromyces y
Pachysolen tannophilus, inmovilizacion destinada al procesamiento de biomasa
hidrolizada.

Descripcién (Art 28 y Art 29 D 486)

Debido a que la solicitud se refiere a material bioldégico, es necesario presentar el
Certificado de Depdsito en una institucion reconocida para los microorganismos
recombinantes como lo son las cepas 8b de Zymomonas mobilis, Pichia, Candida,
Kluyveromyces y Pachysolen tannophilus, es decir para aquellos microorganismos que
presenten diferentes caracteristicas fenotipicas con referencia a las del tipo silvestre y
sobre las cuales se menciona que presentan modificacién genética. Las instituciones
reconocidas que son aceptadas para dicho depdsito se encuentran en la lista publicada
por la OMPI.

5. Determinacion del Estado de la Técnica

El estado de la técnica se determind con base enla fecha de presentacion de la
solicitud de prioridad invocada, es decir, el 13 de agosto de 2009.
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Consultadas las fuentes de informacion con que se cuenta, se encontraron los
siguientes documentos que anticipan el objeto de esta solicitud.

item Documento Titulo PFec_ha de
ublicacién
“The performance of serial bioreactors in rapid
D1 Art 1* continuous production of ethanol from dilute- 2008
acid hydrolyzates using immobilized cells”
“Immobilized viable microbial cells: from the
D3 Art 22 process to the proteome. . . or the cart before 2004
the horse”
D4 US 2405861 “Production of alginate solutions” 13/Agosto/1946

El documento D1 divulga divulga un proceso para transformar hidrolizados de madera
en etanol (Pag. 2227, Col. 2, Parr. 3y Pag. 2228, Col. 1, Parr. 3 a Col. 2, Parr. 1).

El documento D3 divulga técnicas de inmovilizacion que favorecen la fermentacion
(Pag. 640, Tabla 4).

El documento D4® divulga mejoramiento en la obtencién de soluciones de alginato
(Col.1, lineas 1 a 9).

6. Examen de Patentabilidad (Art 14 D486)
Novedad (Art 16 D486)

La reivindicacion 2 consiste en “Un medio para fermentar el hidrolizado de biomasa,
caracterizado porque comprende...” (Ver Pag. 11 del Rad. N° 14-103917-00002-0000).

Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales

D3

Medio para fermentar el hidrolizado de
biomasa, caracterizado porque comprende:

Técnicas de inmovilizacién que favorecen la
fermentacion (Pag. 640, Tabla 4).

Un medio de inmovilizacion; y

Se presenta alginato de calcio como medio
de inmovilizacion (Pag. 639, Tabla 3).

Una cepa microbiana  fermentativa
inmovilizada en el medio de inmovilizacion,

Se presentan microorganismos
inmovilizados en alginato de calcio (Pag.
639, Tabla 3).

en donde la eficiencia metabdlica de la cepa
microbiana inmovilizada ha sido restaurada
mediante el tratamiento de la cepa
microbiana inmovilizada en un medio de
cultivo mientras la cepa microbiana se

Se presenta un rejuvenecimiento de las
células inmovilizadas con un medio rico en
nutrientes para aumentar la eficiencia de la
fermentacion (Pag. 637, Parr. 6 a Pag. 638,
Parr. 2).

encuentra inmovilizada en el medio de
inmovilizacion.

De acuerdo con la tabla anterior, las caracteristicas esenciales del medio de la
reivindicacion 2 ya habian sido divulgadas previamente en el documento D3, por lo
tanto, la materia reivindicativa no es nueva.

Asi mismo, el documento D3 divulga las caracteristicas de las reivindicaciones
dependientes, asi:

Reivindicaciones 3 y 4: diferentes sustratos de inmovilizacién como alginato de calcio y
agarosa, entre otros (Pag. 640, Tabla 4).

! Purwadi R. y Taherzadeh MJ. Bioresource Technology.2006. Vol 99.P4ags. 2226 a 2233.
2Junter GA and Jouenne T. Biotechnology Advances. 2004. Vol. 22. Pags. 633 a 658.
*http://www.google.com/patents/US2405861
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Nivel inventivo (Art 18 D486)

La reivindicacion 1 consiste en “Un medio para fermentar el hidrolizado de biomasa,
caracterizado porque comprende:...” (Ver Pag. 11 del Rad. N° 14-103917-00002-0000).

Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales

D1

D4

Medio para fermentar
hidrolizado de biomasa,
caracterizado porque
comprende:

Cultivo continuo de un
hidrolizado de madera
empleando Saccharomyces
cerevisiae encapsulada
(Pag. 2227, Col. 2, Parr. 3y
Pag. 2228, Col. 1, Parr. 3 a
Col. 2, Parr. 1).

Mejoramiento en la
obtencién de soluciones de
alginato (Col.1, lineas 1 a
9).

Perlas de alginato de calcio

En un cultivo continuo se
realiza la fermentacion del
hidrolizado empleando S.
cerevisiae inmovilizada en
alginato de calcio (Pag.
2228, Col. 1, Parr. 2 a Col.
2, Parr. 1).

No se menciona

gue varian desde 0.1 mm hasta
5 mm de diametro; y

La esferas tiene un tamafio
de 3.5 mm (Pag. 2229, Col.
1, Parr. 1).

No se menciona

Una cepa microbiana
fermentativa inmovilizadas en
las perlas de alginato de calcio,

En un cultivo continuo se
realiza la fermentacion del
hidrolizado empleando S.
cerevisiae inmovilizada en
alginato de calcio (Pag.
2228, Col. 1, Parr. 2 a Col.
2, Parr. 1).

No se menciona

En donde el alginato de calcio
empleado para hacer las perlas
comprende alginato reciclado.

No se menciona

Se presenta degradacion de
las perlas de alginato de
calcio con ayuda de citrato
de sodio (pag. 2228, Col. 2,
Parr. 3y Parr. 4).

Se presentan  agentes
secuestrantes de calcio del
alginato de calcio, como el
citrato de sodio, para la
obtencién de alginato de
sodio y su uso en
formulaciones
farmacéuticas (Col. 1, linea
36 a Col. 3, linea 7).

Los documentos D1 y D4 se consideran el estado de la técnica mas cercano a la
invencion definida en la reivindicacion 1, porque divulgan procesos de que involucran
alginato de calcio.

La diferencia entre la invencion, definida en la reivindicacion 1 y el medio del
documento D1 consiste en que D1 no menciona el alginato reciclado.

La diferencia entre la invencion, definida en la reivindicacion 1 y el medio del
documento D4 consiste en que en D4 no se mencionan las perlas ni la cepa microbiana
inmovilizada.

El efecto que logra el incluir el alginato reciclado para la obtencion de las perlas de
alginato de calcio es el de disminuir la materia prima requerida para la fabricacion de
dichas perlas.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencidén se
puede formular asi “¢como modificar el medio de D1 para que se disminuya el
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consumo de materia prima de forma mas eficiente?”.

Sin embargo, la desestabilizacion del alginato de calcio con agentes secuestrantes
como el citrato de sodio para su empleo como alginato de sodio, ya esta divulgado
en el documento D4 que se refiere a mejoramiento en la obtencion de soluciones de
alginato (Col. 1, linea 36 a Col. 3, linea 7).

En consecuencia, una persona normalmente versada en la materia incluiria cualquier
alginato de sodio como el obtenido a partir de alginato de calcio de D4 en el medio de
la anterioridad D1, esperando con certeza lograr el producto como el de la
reivindicacion 1 de la solicitud, lo cual es considerado obvio y, por lo tanto, sin altura
inventiva.

Asimismo se tienen etapas de purificacion del alginato de sodio obtenido de diversas
fuentes cuando se requiere para diversas aplicaciones, entre ellas precipitaciones,
lavado con agua y/o solventes y dialisis*®

7. Conclusidn

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

item Documento Reivindicaciones Requisito que afecta
afectadas
D1 Art 1 1 Nivel inventivo
D3 Art 2 2a4 Novedad/Nivel inventivo
D4 US 2405861 1 Nivel inventivo

8. Respuesta a los argumentos de la solicitante

En referencia a los argumentos de la solicitante segun el cual la solicitud presenta
efectos sorprendentes con respecto a los documentos D1 y D2 mencionados en el
oficio N° 10400, notificado por fijacién en lista el 26 de agosto de 2014, y por lo tanto es
patentable, esta Oficina encuentra nuevos documentos D3 y D4 que afectan la
patentabilidad de la presente solicitud. Adicionalmente, se reitera la falta concision en el
capitulo reivindicatorio y que se requiere el certificado de depdsito de material bioldgico
de los microorganismos que presentan sustento en la descripcion, que hace posible la
ejecucioén de dicha solicitud con fines del tratamiento de biomasa hidrolizada.

4 Gomez et al, Influence of the extraction—purification conditions on final properties of alginates obtained from brown
algae (Macrocystis pyrifera). International Journal of Biological Macromolecules. Febrero 2009. Vol. 44. Pag. 366, Fig.
1.

5 Calafiore et al. Standard Technical Procedures for Microencapsulation of Human Islets for Graft into
Nonimmunosuppressed Patients With Type 1 Diabetes Mellitus. Transplantation Proceedings. 2006. Vol. 38. Abstract.
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En cumplimiento del articulo 45 de la Decision 486 de la Comision de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir del dia siguiente de la fecha de notificacion de la presente comunicacion.
En caso de no dar respuesta al presente requerimiento, o0 si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término faltante de
sesenta (60) dias para dar respuesta a este requerimiento y presentarla por escrito.

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento llegara
a modificar el capitulo reivindicatorio y éste contenga mas de diez (10) reivindicaciones, no
pagard la tasa de modificacidbn voluntaria pero si la correspondiente al pago por
reivindicacion adicional.

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e), del
capitulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

0 T
JESUS FERNEL GARCI |

Director de Nuevas Creaciones (E)

El anterior requerimiento fue notificado por fijacion en lista, de fecha 2014-12-16

Elaboro: Jorge Eduardo Cortazar Gomez
Revisé: Rosa Patricia Tellez Chavarro
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Abstract

The performance of single, and series of, continuous stirred-tank (CSTBR) and fluidized-bed bioreactor (FBBR) in anaerobic con-
tinuous cultivation of glucose in defined media and dilute-acid hydrolyzates at dilution rates 0.22, 0.43, 0.65 and 0.86 h™! using immo-
bilized Saccharomyces cerevisiae CBS 8066, was investigated. While the single CSTBR and FBBR could not take up more than 77% and
92% of glucose in a defined medium at dilution rate 0.86 h™', addition of the second bioreactor decreased the residual glucose to less than
1.1% of the incoming sugar. A similar trend was obtained in cultivation of dilute-acid hydrolyzates. A CSTBR could take up 75% and
54% of the initial fermentable sugars at dilution rates 0.43 and 0.86 h™!, while the addition of the FBBR improved the assimilation of the
sugars to 100% and 86%, respectively. The ethanol yields from the hydrolyzate were between 0.41 and 0.48 g/g in all the experiments. The
specific and volumetric ethanol productivities were 1.13 g/g h and 5.98 g/L h for the single bioreactor and 0.98 g/g h and 5.49 g/L h for
the serial bioreactor at the highest dilution rate, respectively. Glycerol was the only important by-product in terms of concentration, and
yielded 0.05-0.07 g/g from the hydrolyzate. From the initial 3.98 g/L acetic acid present in the hydrolyzate, 0.1-0.8 g/L was assimilated
by the cells. The yeast cells were accumulated close to the surface of the beads. While the cells had a dry-weight concentration of 129 g/L

close to the surface of the beads, the concentration in the core was only 13 g/L.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Serial bioreactor; S. cerevisiae; Dilute-acid hydrolyzate; Ethanol; Continuous fermentation

1. Introduction

Production of ethanol from lignocellulosic materials has
been a subject of research and development in many coun-
tries in the last decades. The major motivation for this sub-
ject has been the desire for access to an alternative
renewable liquid fuel from local lignocellulosic resources.
The process involves principally chemical and/or enzymatic
hydrolysis of lignocellulose to the corresponding sugars
followed by fermentation to ethanol. Dilute-acid hydrolysis
is one of the suitable methods for either chemical hydroly-
sis or the pretreatment step prior to enzymatic hydrolysis
(Sivers and Zacchi, 1995; Sun and Cheng, 2002).

* Corresponding author. Tel.: +46 33 435 5908; fax: +46 33 435 4008.
E-mail address: Mohammad.Taherzadeh@hb.se (M.J. Taherzadeh).

0960-8524/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2007.05.021

Fermentation in batch is the most common and easiest
mode of operation. However, this method cannot succeed
well in cultivation of wood hydrolyzates. It is most likely
the result of toxic compounds such as furans, phenolic
compounds and/or carboxylic acids, which are released
during the hydrolysis of lignocelluloses (Larsson et al.,
1999; Taherzadeh et al., 1997). The fermentation was
improved by application of fed-batch technique (Taher-
zadeh et al., 1999). In this technique, the concentrations
of the inhibitors are controlled in the media by regulation
of the feeding. On the other hand, the continuous mode
of cultivation has generally been of interest to minimize
the total time of fermentation (Turton et al., 2003) as well
as decrease the investment cost (Loukatos et al., 2003).
Furthermore, since the bioreactor is fed continuously, it
would be possible to avoid inhibition to the yeast caused
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Nomenclature

din, dout the amount of A entering and leaving the reac-
tor (g)

first order reaction constant (h™')

monod constant (g/L)

number of tanks in series

bead radius (m)

substrate concentration (g/L)

xR

T time (s, h)

w washout function (—)

Ya fraction of escaping molecules A (—)
u specific growth rate (g/L h)

Hmax maximum specific growth rate (hfl)
T residence time (s, h)

by high concentration of the inhibitors. However, if the
inflow of the inhibitors exceeds the capacity of the yeasts
in conversion of the inhibitors, the continuous cultivation
fails and the biomass is washed out. Taherzadeh et al.
(2001) showed that continuous fermentation of a ferment-
able dilute-acid hydrolyzate can be successful at dilution
rate 0.1 h™', but fails at dilution rates 0.2 h~' or higher.
However, they could not cultivate hydrolyzates with higher
toxicity even at very low dilution rates.

Detoxification of the hydrolyzates can be carried out
chemically or enzymatically, where the toxic materials are
converted to non-toxic or less toxic components (Mussatto
and Roberto, 2004; Palmqvist and Hahn-Hagerdal, 2000a).
Detoxification by lime is one the most practical detoxifica-
tion methods (Martinez et al., 2001; Millati et al., 2002;
Purwadi et al., 2004) due to its simplicity and adequate
results. On the other hand, since the cells can detoxify
the hydrolyzates in situ (Horvath et al., 2001; Liu et al.,
2004; Taherzadeh et al., 2000a,b), high cell content in the
bioreactor is an advantage for the fermentation process.
The cells can be retained inside the bioreactor by different
methods such as cell recycling or immobilization. Cell
immobilization has an advantage in handling contamina-
tion since cells are attached to the matrix while the contam-
inants are not, therefore the separation of contaminants
can be carried out easier. A combination of prior detoxifi-
cation and cell immobilization can lead to successful fer-
mentation of the hydrolyzates, even at high dilution rates
(Taherzadeh et al., 2001). It helps in rapid fermentation
of the hydrolyzates.

Continuous cultivation with immobilized cells at high
dilution rates in traditional CSTR bioreactors has some
drawbacks. The first problem is damaging of the cell bead
due to the mixing of the culture with mechanical stirrers. In
order to overcome this problem, other types of bioreactors
should be applied, such as packed-bed or fluidized-bed bio-
reactors, where the beads stay packed or fluidized in the
culture. A packed-bed bioreactor may have some disadvan-
tages in terms of clogging the bioreactor, through the effect
of incoming particles or high local concentration of the
inhibitors at the entrance of the bioreactor. In fluidized-
bed bioreactor, the beads might be fluidized by entering
gas or recirculation of the culture medium. The second
problem in continuous cultivation with immobilized cells
refers to the inverse correlation between sugar assimilation

and dilution rate (Godia et al., 1987). At high dilution
rates, the assimilation declines and a significant part of sug-
ars is washed out. Using serial bioreactor could be a solu-
tion to this problem (Tyagi and Ghose, 1980; Tzeng and
Fan, 1991). Although it was proved that the series of free
cell bioreactors does not have better performance com-
pared to a single bioreactor because of wash-out limitation,
the combination of immobilization technique and serial
bioreactor improves the sugar assimilation (Gooijer et al.,
1996).

In the present study, continuous cultivation of dilute-
acid hydrolyzate by immobilized Saccharomyces cerevisiae
was investigated using serial bioreactors including a contin-
uous stirred-tank bioreactor (CSTBR) and a fluidized-bed
bioreactor (FBBR). The capabilities of this system in fer-
mentation of glucose and the hydrolyzates were compared
with a single CSTR bioreactor. In addition, the perfor-
mance of the beads in cell retention was investigated.

2. Methods
2.1. Wood hydrolysis and detoxification

Spruce forest residuals were used in preparing dilute-
acid hydrolyzates in this work. The residuals were hydro-
lyzed in a two-stage hydrolysis using a masonite gun batch
reactor. In the first stage, wood, water and acid were mixed
to obtain 5 g/L sulfuric acid and 30% (w/w dry-weight)
solid concentrations. The mixture was then hydrolyzed by
direct steaming at 12 bar pressure and 10 min retention
time. The residual solids were then filtered and hydrolyzed
at the second-stage at 21 bar for 7 min. Since the hydrolyz-
ates were toxic for direct fermentation, they were then
detoxified by addition of calcium hydroxide to raise the
pH to 11.0, keep it at this pH at room temperature for
1 h, and then neutralize it by sulfuric acid to achieve pH
5.0 (Purwadi et al., 2004). The calcium salts were precipi-
tated by natural sedimentation and the clear solution was
used for cultivation. The detoxification condition was pre-
ferred to ensure the fermentability of hydrolyzates even
though up to 30% of sugar was lost due to detoxification.
The composition of this detoxified hydrolyzate was in
g/L: galactose 2.72, glucose 7.24, mannose 18.43, xylose 8.11,
acetic acid 3.98, furfural 0.31 and hydroxymethyl furfural
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0.56. The hydrolyzates were directly used for cultivation
after separation of solid calcium salts by precipitation.

2.2. Yeast strain and medium

Saccharomyces cerevisiae CBS 8066, obtained from Cen-
traalbureau voor Schimmelcultures (Delft, the Nether-
lands), was used in all experiments. The strain was
maintained on agar plates made from 10 g/L of yeast
extract, 20 g/L of soy peptone, and 20 g/L of p-glucose
as an additional carbon source. Inoculum cultures were
grown in 250 mL cotton-plugged conical flasks on a shaker
bath at 30 °C for 24 h. The liquid volume was 100 mL and
the growth medium was a defined synthetic medium as pre-
viously reported (Taherzadeh et al., 1997).

2.3. Immobilization procedure

A 100-mL inoculum culture including 5 g/L biomass
was mixed with a 250 mL sterilized solution of Na-alginate
to give 350 mL of 3% alginate. The inoculum-alginate mix-
ture was then dropped aseptically through a syringe needle
(1.2 x 50 mm) into 30 g/L CaCl, solution by a peristaltic
pump. The formed beads of the alginate were kept for
2 h to complete the hardening process prior to cultivation
(Taherzadeh et al., 2001).

2.4. Cultivation conditions

Anaerobic continuous cultivation was carried out by
immobilized S. cerevisiae in two bioreactors, including a
continuous stirred-tank bioreactor (CSTBR) and a fluid-
ized-bed bioreactor (FBBR), either individual or in series.
The CSTBR was a 2 L Biostat-A bioreactor (B.Braun Bio-
tech, Germany), while the FBBR was a locally made 1.3 L
bioreactor with 60 mm-ID and 46 cm length connected to
the control units of a BIOLAB bioreactor (B.Braun Bio-
tech). The cultivations in both of the bioreactors were car-
ried out in 1L liquid volume at 30°C, pH 5.0, and
continuously purged with 500 mL/min nitrogen gas. The
CSTBR was mixed gently at 150 rpm except for bead per-
formance determination where 200 and 300 rpm mixing
speed were used. The lower mixing rate was preferred to
minimize the destruction of the beads. The gas purging
provided enough energy to fluidize the beads in FBBR.
The gas flow was controlled by a mass flow controller
(Bronkhorst, the Netherlands). Peristaltic pumps (Wat-
son-Marlow Alitea AB, Sweden) were applied to feed and
remove the effluent of the bioreactors. The ethanol concen-
tration was calibrated due to ethanol evaporation in the
gas effluent. The calibration was based on the rate of etha-
nol evaporation from ethanol solution at various concen-
trations placed in the bioreactor with the fermentation
condition.

The experiments were carried out in a completely
defined medium (Taherzadeh et al., 1997) with either glu-
cose or dilute-acid hydrolyzates as the carbon and energy

sources. All the continuous cultivations were started by
aerobic batch cultivations with the media containing
50 g/L glucose in order to prepare a high concentration
of the biomass inside the beads. They were then turned
to anaerobic continuous cultivation by addition of the
medium containing either 20 g/L glucose or hydrolyzates
at various dilution rates (D) of 0.22, 0.43, 0.65 and
0.86 h™'. The experiments were duplicated and the relative
standard deviations among the results did not exceed 3.9%.

2.5. Analytical methods

Samples for high-performance liquid chromatography
analysis were withdrawn from the bioreactor, centrifuged
and stored at —4°C. Glucose, xylose, galactose and
mannose were analyzed on an ion-exchanged Aminex
HPX-87P column (Bio-Rad, Hercules, CA, USA) at
85 °C. Ultrapure water was used as the eluent at a flow rate
of 0.6 mL/min. An evaporative light scattering detector
(Waters 2465, Massachusetts, USA) was used to determine
the sugar concentrations. Ethanol, glycerol, acetic acid, suc-
cinic acid, pyruvic acid, HMF and furfural were analyzed
by an Aminex HPX-87H column (Bio-Rad) at 60 °C with
5mM H,SO, eluent at 0.6 mL/min. An ultraviolet absor-
bance (UV) detector (Waters 2486) in series with a refrac-
tive index (RI) detector (Waters 2410) were used, and all
component concentrations were determined from the RI
chromatogram except HMF and furfural, which were deter-
mined from the UV chromatogram at 210 nm wavelength.

2.6. The profile of cell density inside the bead

The profile of the cell concentration in the beads was
obtained according to the following procedure. At the
end of the continuous cultivations 10 beads were separated
from the bioreactors, and weighed and diluted in 2 mL
0.1 M Na-citrate. After 2-4 min, the beads were separated
from the solution, re-weighed and re-diluted in the fresh
Na-citrate solution. The cell concentration in the solution
was determined by using a spectrophotometer at 620 nm,
through correlation of turbidity calibrated by cell dry-
weight concentration.

2.7. Determination of number of cells and cell vitality

The number of the cells inside the bead was determined
by diluting 10-12 beads in 4 mL 0.1 M Na-citrate. The
diameter and weight of the bead were also measured prior
to the dilution. The supernatant was then mixed with 2%
Rhodamine solution, in the ratio of 20:1, respectively.
The total cell number per unit volume was determined
using a Burker counting chamber. The vital cells were dis-
tinguished from the dead cells by their color difference,
since the vital cells had a rigid wall and therefore the pig-
ment could not be absorbed, while the dead cell absorbed
this pigment. The vitality of the cells was calculated on
the basis of these colorless cells.
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3. Results
3.1. Characterization of the beads

The cultivations in the current work were carried out by
immobilized Saccharomyces cerevisiae in Ca—alginate beads.
The beads had a fairly uniform size with diameter of
3.5+ 0.2 mm. There were about 14,000 beads/L of fermen-
tation medium, with a total bead volume of approximately
315 4+ 10 mL. These beads were used in a continuous stir-
red-tank bioreactor with moderate mixing of either 200 or
300 rpm to determine the performance of the beads. A slurry
of Ca(OH), was used to control the pH and to provide
enough calcium ions for maintaining the Ca—alginate matrix.

The weight and size of the beads were monitored during
continuous cultivation of the hydrolyzates in continuous
stirred-tank bioreactors (CSTBR), as was the number of
the cells inside the beads. The weight of the beads
decreased gradually during the cultivation due to attrition
and breakage. In operation with the higher stirring rate
(300 rpm), a total of 30% initial bead weight was lost in 7
days, where the bead sizes decreased from 3.5 to 3.1 mm
in diameter. On the other hand, when the speed of the stir-
rer was reduced to 200 rpm, the weight loss of the beads
was recorded as 24% in 11 days and the average bead sizes
were reduced from 3.5 mm to 3.2 mm in diameter. In con-
trast, the cell density inside the beads was increased faster
when the mixing rate was at 300 rpm, where it increased
by 2.5 times in 7 days compared to 1.7 times in 11 days
at the mixing rate of 200 rpm.

3.2. Continuous cultivation on glucose
The immobilized S. cerevisiae in Ca—alginate beads were
used for cultivation of 20 g/L glucose in a completely

defined medium, using a CSTBR and a fluidized-bed biore-
actor (FBBR) individually and in series. A summary of the

Table 1
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results on glucose conversion, volumetric ethanol produc-
tivity, concentration of glucose and ethanol as well as eth-
anol yield is shown in Table 1. The experiments were
carried out at several dilution rates from 0.22 up to
0.86 h~', where each experiment lasted for at least five
retention times in order to reach steady state.

The cells were able to take up all the glucose in CSTBR,
while the bioreactor was fed at dilution rate 0.22 h~'. How-
ever, increasing the dilution rate up to 0.86 h™' resulted in
increasing the residual glucose in the outflow of the biore-
actor up to 23% of the initial sugar or 4.81 g/L (Table 1).
The continuous cultivation in FBBR at the lower dilution
rate of 0.22 h~! was not as good as in CSTBR, where 2%
of the sugars were not assimilated by the yeast. On the
other hand, FBBR had a much better performance than
CSTBR at the high dilution rate of 0.86 h~!, in which
92% of the sugars were assimilated (Table 1).

The addition of FBBR to CSTBR in the serial arrange-
ment has improved the performance of the cultivation sig-
nificantly. While the CSTBR could take up only 90% and
77% of the glucose at 0.64 and 0.86 h™!, the additional
FBBR could take up the residual sugar and leave zero
and one percent of the sugars at these dilution rates, respec-
tively (Table 1).

The ethanol yield in either the individual or serial biore-
actors was obtained between 0.43 and 0.49 g/g, while the
volumetric ethanol productivity varied with the dilution
rates. In the single CSTBR bioreactor, volumetric ethanol
productivity increased from 2.15g/Lh at dilution rate
0.22h~" up to 6.55 g/L h at dilution rate 0.86 h~' (Table
1). However, increase in the volumetric ethanol productiv-
ity was not in linear correlation with the dilution rate. The
highest volumetric ethanol productivity was obtained in
the continuous cultivation in FBBR at dilution rate
0.86h™' as 7.39 g/L h.

Glycerol was the only important by-product in terms of
concentration. The yield of glycerol was almost constant

Continuous cultivation of glucose in synthetic medium using immobilized S. cerevisiae in single continuous stirred-tank bioreactor (CSTBR), single
fluidized-bed bioreactor (FBBR), and combination of these bioreactors in series

D (™"  Glucose" Ethanol Yields of by-products (g/g)

Assimilation (%)  Concentration (g/L)  Yield (g/g)  Productivity (g/Lh)  Glycerol  Acetic acid  Succinic acid ~ Pyruvic acid
Single CSTBR
0.22 100.0 0 0.49 2.15 0.06 0.002 0.002 0.001
0.43 97.7 0.48 0.49 4.19 0.06 0.002 0.002 0.001
0.65 90.2 2.01 0.48 5.71 0.05 0.003 0.002 0.001
0.86 77.2 4.81 0.47 6.55 0.05 0.003 0.002 0.002
Serial CSTBR — FBBR
0.65 100.0 0 0.47 3.14 0.05 0.002 0.002 0.001
0.86 98.9 0.23 0.47 4.21 0.05 0.003 0.002 0.002
Single FBBR
0.22 97.7 0.45 0.47 2.00 0.06 0.002 0.003 0.002
0.86 92.0 1.69 0.44 7.39 0.06 0.003 0.003 0.002
Serial FBBR — CSTBR
0.22 100.0 0 0.45 0.97 0.06 0.002 0.002 0.002
0.86 100.0 0 0.43 3.95 0.06 0.002 0.002 0.002

* The initial glucose concentration was 20 g/L.
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between 0.05 and 0.06 g/g regardless of the dilution rate
and the type of the bioreactor. The yields of acetic, pyruvic
and succinic acids were also monitored, and were all less
than 0.003 g/g (Table 1).

3.3. Cultivation of hydrolyzate using single and serial
bioreactor

The dilute-acid hydrolyzate was continuously cultivated
by the immobilized cells of S. cerevisiae located in CSTBR
as well as in the serial bioreactor of CSTBR followed by
FBBR. The most important results are summarized in
Table 2 and Fig. 1. The experiments were carried out at dif-
ferent dilution rates of 0.22, 0.43, 0.65 and 0.86h .
Among the sugars contained in the hydrolyzate, glucose,
mannose and galactose were consumed, while the concen-
tration of xylose remained unchanged in the bioreactors.

The individual CSTBR could successfully ferment the
hydrolyzate at all the dilution rates. However, the concen-
trations of the residual sugars were higher than in the cor-
responding experiments with the glucose in synthetic
media. The cells were able to assimilate 97.7% of the fer-
mentable sugars at dilution rate 0.22 h™', while they could
not succeed in taking up more than 54.4% of the sugars at
dilution rate 0.86 h~' (Table 2). However, looking at the
individual sugars, while glucose, mannose and galactose
were present in the medium, the cells assimilated 71.6%,
50.9% and 35.3% of glucose, mannose and galactose
respectively (Fig. 1). Addition of a FBBR to the CSTBR
in a serial bioreactor system has increased the assimilation
of the fermentable sugars and decreased the residual sug-
ars. At the low dilution rate of 0.22 h™!, there was no fer-
mentable sugar left in the outlet of the second bioreactor,
and only 13.4% of the sugars were left at the high dilution
rate of 0.86 h~! (Table 2 and Fig. 1).

The volumetric ethanol productivities in both the single
and serial bioreactor were increased by increasing the dilu-
tion rate (Table 2). However, the maximum productivities
obtained at the highest dilution rate of 0.86 h™' for the sin-

Table 2
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Fig. 1. Conversion of (a) glucose, (b) mannose and (c) galactose in
cultivation of dilute-acid hydrolyzates using immobilized S. cerevisiae in
individual CSTBR (M) and series of CSTBR and FBBR (A).

gle and serial bioreactor were of the same order of magni-
tude, i.e. 5.98 corresponding to 5.49 g/L h, respectively.
Accounting for the biomass concentrations of 5.31 and
5.62 g/L for the single and serial bioreactor, the corre-
sponding “‘specific ethanol productivities” are calculated
as 1.13 g/g h for the single and 0.98 g/g h for the serial bio-
reactor at the highest dilution rate of 0.86 h~'. The ethanol
yield at the low dilution rate of 0.22 h~' was obtained 0.44
and 0.46 for the single and serial bioreactor, while the yield
was higher for the serial bioreactor at the higher dilution
rates (Table 2).

The yields of glycerol obtained were between 0.049 and
0.068 g/g in all the experiments with dilute-acid hydrolyz-
ates (Table 2), which are of the same order as the corre-
sponding yields from glucose in the synthetic media
(Table 1). No formation but consumption of acetic acid
present in the hydrolyzates was detected. However, of the
3.98 g/L acetic acid entering the bioreactors, only 0.1 to
0.8 g/L could be assimilated by the yeast. Furfural was
totally converted by the yeasts in all the experiments,
except with the single bioreactor at the highest dilution rate
(Table 2) but the cells were not so successful in converting
all the HMF contained in the hydrolyzates. While the sin-
gle bioreactor system could convert 41.4% of the HMF at

Continuous cultivation of dilute-acid hydrolyzate using immobilized S. cerevisiae in single continuous stirred-tank bioreactor (CSTBR) and series of

CSTBR and fluidized-bed bioreactor (FBBR)

D(h™h Total fermentable sugars Ethanol productivity Yields (g/g) Furan conversion (%)
Assimilation (%) Residual (g/L) (¢/Lh) Ethanol Glycerol Furfural HMF
Single CSTBR
0.22 97.7 0.65 2.70 0.44 0.050 100.0 85.8
0.43 75.0 7.57 4.63 0.45 0.051 100.0 74.5
0.65 61.1 11.96 5.20 0.43 0.065 100.0 47.6
0.86 54.4 14.02 5.98 0.41 0.068 96.2 41.4
Serial CSTBR — FBBR
0.22 100.0 0.00 1.42 0.46 0.049 100.0 93.4
0.43 100.0 0.00 2.84 0.48 0.050 100.0 85.9
0.65 92.0 2.45 4.43 0.48 0.059 100.0 78.8
0.86 86.6 4.11 5.49 0.48 0.064 100.0 75.3

The initial total concentration of the fermentable sugars (glucose, mannose and galactose) was 28.4 g/L.
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Fig. 2. Profile of cell density at different positions inside the bead. The
beads were used for hydrolyzate cultivation for 2 weeks at dilution rate of
0.43h7". “R” is radius of the bead, while “r” is the distance of the
measured point from the center of the bead.

the highest dilution rate of 0.86 h™~!, the addition of the sec-
ond bioreactor could increase the HMF conversion to
75.3% (Table 2).

The cell concentration at the surface of the beads was
much higher than in their core. At dilution rate 0.86 h™',
the average dry-weight cell concentration was 38.18 g/L
of the beads. However, the cell concentration was not con-
stant throughout the beads. The profile of the cell concen-
tration was measured for the beads that had been in use for
two weeks with dilution rate 0.43 h~'. While the cell con-
centration in the 5% of the radius toward the surface was
measured as 129 g/L, the average cell concentration in
the interior 40% of the radius was measured as 13 g/L
(Fig. 2). The vitality of the cells inside the beads was also
examined by using staining with Rhodamine pigment.
The results show that the cell vitality was more than 90%
in all experiments.

4. Discussion

Continuous cultivation with retained cells in serial bio-
reactor is a promising method for rapid cultivation of
wood hydrolyzates. The results of the current work show
the advantages of immobilization as well as application
of serial bioreactors in continuous cultivation of dilute-acid
hydrolyzates at high dilution rate. No similar work was
found in the literature. However, serial bioreactors have
been used to reduce the residual sugars at low dilution rate.
Tzeng and Fan (1991) succeeded with assimilation of 82%
of glucose in cultivation of 200 g/L glucose, in an approx-
imately 8-stage fluidized-bed bioreactor with total volume
of 410 mL at flow rate of 95.7 mL/h, which is equivalent

to dilution rate 0.23h~'. In another work, Tyagi and
Ghose (1980) fermented bagasse hydrolyzate in a 4-stage
stirred-tank reactor with suspended cells. They reported
20%, 71% and 100% for the first, second and third reactor
at dilution rate of 0.2h~'. This could be compared with
our result that the fermentable sugars in the hydrolyzates
were completely converted at dilution rate 0.43 h™! in the
serial bioreactor. Furthermore, with high concentration
of cells entrapped in the beads (5.98 g/L), the specific etha-
nol productivity of single and serial immobilization biore-
actor system respectively were 1.13 and 0.98 g/gh at
dilution rate of 0.86 h~'. As a comparison, Rudolf et al.
(2004) performed fermentation of undetoxified hydrolyzate
using fed-batch bioreactor and they reached specific etha-
nol productivity of 0.9 g/g h.

Since fermentation can be considered an autocatalytic
reaction, a composition of CSTR followed by PFR is the
best arrangement of the reactors, where CSTR is an increas-
ing reaction rate zone while PFR is a decreasing reaction
rate zone (Trambouze and Euzen, 2004). Due to the
operational problems in working with cultivation of the
hydrolyzates, it might be difficult — especially in aerobic pro-
cesses — to design an ideal tubular plug-flow reactor. How-
ever, it is possible to approximate this plug-flow reactor by a
chain of stirred-tank reactors. The volume optimization of
the bioreactor which is employed for continuous cultivation
using cell suspension can be carried out graphically,
through the plot of reciprocal rate of substrate consumption
versus substrate concentration which was demonstrated by
Gooijer et al. (1996). In this system, the reaction rate
reaches a maximum point where the most favorable size
of tank reactor can be achieved. At the lower substrate con-
centration, the substrate consumption rate decreases due to
the loss of the cells (washout). In contrast, a fermentation
system with immobilized cells keeps the cells inside the reac-
tor; therefore active material is always available. If the cell
washout can be avoided, the flow rate is not limited by the
washout, but probably by the elapsed time of the molecules
inside the reactor and by the reaction rate.

At low dilution rate in glucose cultivation, there was
enough time for substrate molecules to be converted,
whereas at higher dilution rates the substrate partially
washed out due to lack of reaction time. The washout
behavior is a non-ideality of real reactor and has been
explained in many reactor handbooks (Nauman, 2001;
Trambouze and Euzen, 2004). The washout function,
W(t), is defined as the fraction of molecules leaving the sys-
tem that have experienced a residence time greater than t.
The mathematical descriptions of washout function for sin-
gle and multiple stirred-tanks are:

Single: W (t) =e™/" (1)

N N—1
Nt —Nt/t

where 7 is residence time. These equations show that the se-
rial tank reactor could provide longer residence time and
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therefore facilitate the reaction to increase the conversion.
Moreover, for the first-order reaction, the fraction of
escaping molecules A, Y, can be described as:

_ Qou

y, =% g / W (1) di 3)
0

Ain

It is clearly seen that even though the washout function
provides adequate effect on the conversion, the kinetic of
the reaction is still considerable. Obviously, these factors
work in concert to increase the conversion.

In general, anaerobic fermentation by S. cerevisiae
can be regarded as exhibiting constant overall reaction
stoichiometry where segregation of bioreactor volume
may lead to a higher product concentration, a higher
degree of conversion and a higher volumetric productivity
(Gooijer et al., 1996). The Monod kinetic is often used as
a relationship of specific growth rate to substrate
concentration:

_ .umaxS
T K, +S

1 (4)
where finax 18 the maximum specific growth rate when
S > K. When u = pinax, the rate becomes zero-order reac-
tion and, theoretically, there is no difference in conversion
between a serial reactor and a single reactor with equal to-
tal reaction volume. In addition, if S < K, then u = (Umax/
K,)- S and the rate becomes first-order reaction. In this
case, the conversion is slightly higher in a serial reactor
than a single reactor. This behavior is clearly seen in the re-
sults of glucose cultivation (Table 1). The comparison
should be in equal residence time; for example, the glucose
assimilation in serial reactor at dilution rate of 0.86 h™"
should be compared with the glucose assimilation in single
reactor at dilution rate of 0.43 h™!, since the serial reactor
has double volume capacity relative to the single reactor.
The results show that segregation had only gained about
1.2% of glucose assimilation in synthetic medium. How-
ever, this behavior was not observed in cultivation of the
hydrolyzate. The assimilation of fermentable sugars (hex-
oses) in hydrolyzate cultivation was much lower than the
glucose assimilation in glucose cultivation at the same dilu-
tion rate (Table 2). Obviously, since the hydrolyzate con-
tains various components and some of them are
inhibitory to the yeast, the hexoses uptake rate slows down.
Furfural and HMF are the most inhibitory compounds
generated from acid hydrolysis of lignocelluloses (Horvath
et al., 2001; Palmqvist and Hahn-Hagerdal, 2000b; Taher-
zadeh et al., 2000a,b), and it was shown that the yeast takes
up the furans as an alternative to the sugars. Furthermore,
Modig et al. (2002) proposed the kinetic model of these fur-
an inhibition reactions, which was categorized as a mixed
non-competitive/competitive model of inhibition. The first
bioreactor suffers more inhibition and converts less sugar
while the second bioreactor bears less inhibitor thus has a
capacity to convert more sugar. Thus the mechanism reac-
tion seems to be heterogeneous reactions where serial bio-
reactor is superior to single bioreactor.

The hexoses uptake rate was also influenced by the indi-
vidual uptake rate of fermentable sugars: glucose, mannose
and galactose. Fig. 1 shows the conversion of each sugar in
hydrolyzates at different dilution rates. The glucose was the
fastest sugar taken up by the yeast, followed by mannose
and galactose. All these phenomena result in lower rates
of cultivation of the hydrolyzate compared to the synthetic
medium. Therefore, the application of a serial reactor for
hydrolyzate cultivation offered a great benefit. The reactor
segregation gained about 11.6% of hexose assimilation and
this was substantial compared to glucose cultivation.

The fermentable sugar concentration was rather low due
to detoxification process where about 30% of sugar was
lost. The detoxification condition was chosen to ensure
the fermentability of hydrolyzates. Even though the etha-
nol yields were in the adequate ranges, but the ethanol con-
centrations produced were quite low due to this sugar
concentration. The low sugar content would affect the
downstream process such as separation and purification.
The detoxification condition could be milder and the con-
centration of fermentable sugar could be higher even
though care should be taken to maintain the fermentability
of hydrolyzates.

The cell density profile (Fig. 2) shows that most of the
cells were sited in the outer layer of the bead. This result
was comparable with other similar works (Laca et al.,
2000, 1998; Wang et al., 1995) although the determination
of the density profile was quite different. One parameter
affecting the cell density profile was the distribution of sub-
strate through the beads since the cells need the substrate to
grow. The substrate profile can be found through determi-
nation of the Thiele modulus (Fogler, 1992; Laca et al.,
1998), which is defined as the ratio of a surface reaction
rate to a rate of diffusion through the bead matrix. Due
to difficulties of measuring the reaction rate at the surface,
which also depended on the concentration of biomass and
local kinetic parameters, the overall reaction rate could be
used with some allowance for error. With the determined
effective diffusivity and bead diameter of 3.5 mm, the Thiele
modulus for hydrolyzate cultivation was calculated (details
not shown) and the values obtained were 4.18 at dilution
rate 0.22 h~' decreasing to 1.39 at dilution rate 0.86 h™'.
If the value of the Thiele modulus is large, then the diffu-
sion limits the overall rate of reaction and the substrate
does not easily pass the matrix; hence the biomass is con-
centrated close to the surface of the beads. Whenever the
value of the Thiele modulus is small enough, the substrate
passes through the bead matrix and supplies enough sub-
strate to the inner cells to grow. As a result, a flat biomass
profile should be obtained, which was not the case in the
current work.

It can be concluded that the serial bioreactor was supe-
rior to the single bioreactor in cultivation of dilute-acid
hydrolyzates with immobilized cells at high dilution rates.
It gives high productivity for ethanol and leaves low resid-
ual concentration of the sugars in the outflow of the
bioreactors.
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Abstract

Biotechnological processes based on immobilized viable cells have developed rapidly over the last
30 years. For a long time, basic studies of the physiological behaviour of immobilized cells (IC) have
remained in the shadow of the applications. Natural IC structures, i.e. biofilms, are being increasingly
investigated at the cellular level owing to their definite importance for human health and in various
areas of industrial and environmental relevance. This review illustrates this paradoxical development
of research on ICs, starting from the initial rationale for IC emergence and main application fields of the
technology—with particular emphasis on those that exploit the extraordinary resistance of ICs to
antimicrobial compounds—to recent advances in the proteomic approach of IC physiology.
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1. Introduction: development and main application fields of IC cultures

Immobilized cell (IC) technologies have widely developed since the early 1980s (Fig.
1A), and thousands of documents concerning ICs are currently available via scientific
search websites such as Scirus (Elsevier). Therefore, a number of immobilization
procedures have been detailed over the last 20 years, in particular in books, some of
which are listed here as examples (Mattiasson, 1983a; Rosevear et al., 1987, Tampion and
Tampion, 1987; Veliky and McLean, 1993; Bickerstaff, 1997; Wijffels, 2001). Very briefly,
IC systems can be separated into wholly artificial and naturally occurring ones. In the first
category, microbial (or eucaryotic) cells are artificially entrapped in or attached to various
matrices/supports where they keep or not a viable state, depending on the degree of
harmfulness of the immobilization procedure. Polysaccharide gel matrices, more
particularly Ca-alginate hydrogels (Gerbsch and Buchholz, 1995), are by far the most
frequently used materials for harmless cell entrapment. Cell attachment to an organic or
inorganic substratum may be obtained by creating chemical (covalent) bonds between cells
and the support using cross-linking agents such as glutaraldehyde or carbodiimide. This
immobilization procedure is generally incompatible with cell viability. The spontaneous
adsorption of microbial cells to different types of carrier gives natural IC systems in which
cells are attached to their support by weak (non-covalent), generally non-specific
interactions such as electrostatic interactions. In suitable environmental conditions, this
initial adsorption step may be followed by colonization of the support, leading to the
formation of a biofilm in which microorganisms are entrapped within a matrix of
extracellular polymers they themselves secreted. Owing to the presence of this polymer
paste, biofilms are more firmly attached to their substratum than merely adsorbed cells.
Hence, they offer more practical potentialities than the latter as IC systems. However,
surface colonization to form biofilms is a universal bacterial strategy for survival, and
undesirable biofilms may occur on inert or living supports in natural or biological
environments as well as in industrial installations. The definite importance of biofilms in
various areas of industrial relevance and for human health has been only relatively recently
recognized: the last 10 years have known a burst in the number of published investigations
on these natural IC systems (Fig. 1B).

As illustrated by Fig. 1 and detailed in Table 1, a large part of published data on
artificial or natural IC systems concerns their operation in bioreactors where they perform
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Fig. 1. Time evolution of the number of scientific publications on ICs over the last 30 years. Cumulative
numbers of published papers were obtained by consulting the journals database at the Elsevier ScienceDirect
website. Histograms were constructed from books recorded in electronic libraries (amazon.com and
barnesandnoble.com websites). Key words used for search: (A) immobilized cell: (@) overall; ()
IC+reactor/bioreactor; (O) IC+degradation/biodegradation, water and wastewater treatment. (B) Biofilm: (@)
overall; () biofilm+reactor/bioreactor; () biofilm+degradation/biodegradation, water and wastewater
treatment; (A) biofilm+antibiotic/resistance.

biosyntheses or bioconversions leading to a variety of compounds, ranging from primary
metabolites to high-value biomolecules. IC cultures have also been widely applied to the
treatment of domestic or industrial wastewaters containing different types of pollutants
such as nitrate/nitrite ions, heavy metals or organic compounds recalcitrant to
biodegradation. Together with brewing and winemaking processes, biosensors for
environmental monitoring, food quality analysis and fermentation process control
complete the main application fields of ICs. Faced with these dominant and prolific
developments, research on the physiological behaviour of microbial cells in the
immobilized state remains paradoxically limited.

Complementing a previous paper that surveyed recent data on IC physiology (Junter et
al., 2002a), the present review underlines this paradoxical development of research on ICs,
where practical applications have preceded more fundamental investigations of microbial
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Main application fields of IC cultures

Biosyntheses, bioconversions

Enzymes

Antibiotics

Steroids®
Amino acids
Organic acids
Alcohols
Polysaccharides
Varia

Environment
Water treatment

Biofertilisation

Bioremediation
Alternative fuels

Food processing

Alcoholic beverages

Milk products

Biosensors
Electrochemical®

Optical

a-Amylases, cellulase and other cellulolytic enzymes, chitinolytic enzymes, cyclodextrin
glucosyltransferase, L-glutaminase, inulase, lipases, penicillin V acylase, peroxidases,
polymethylgalacturonase, alkaline and acid proteases, pullulanases, ribonuclease,
xylanase

Ampicillin, candicidin, cephalosporin C, clavulanic acid, cyclosporin A, daunorubicin,
divercin, kasugamycin, nikkomycin, nisin Z, oxytetracyclin, patulin, penicillin G,
rifamycin B

Androstenedione, hydrocortisone, prednisolone, progesterone

Alanine, arginine, aspartic acid, cysteine, glutamic acid, phenylalanine, serine, tryptophan
Acetic, citric, fumaric, gluconic, lactic, malic, propionic acids

Butanol, ethanol, sorbitol, xylitol

Alginate, dextran, levan, pullulan, sulfated exopolysaccharides

Pigments, vitamins, flavors and aroma

Carbon removal (COD), nitrogen removal (nitrification/denitrification, assimilation),
heavy metal removal (Au, Cd, Cu, Ni, Pb, Sr, Th, U, ...), pollutant biodegradation
(phenol and phenolic compounds, polycyclic aromatics, heterocycles, cyanide
compounds, surfactants, hydrocarbons, oily products)

Soil inoculation with plant growth-promoting organisms (Azospirillum brasilense,
Bradyrhizobium japonicum, Glomus deserticola, Pseudomonas fluorescens, Yarowia
lipolytica)

Degradation of pollutants in contaminated soils (e.g. chlorinated phenols), aquifers and
marine habitats (e.g. petroleum hydrocarbons) by microbial inocula

Dihydrogen and methane productions, ethanol production, biofuel cells

Brewing, vinification, fermentation of cider and kefir; controlled in situ generation of
bioflavors
Continuous inoculation of milk (lactic starters), lactose hydrolysis in milk whey

Acetic acid, acrylinitrile, amino acids, BOD, cyanide, cholesterol, chlorinated aliphatic
compounds, ethanol, naphthalene, nitrate, phenolic compounds, phosphate, pyruvate,
sugars, sulfuric acid (corrosion monitoring), uric acid, herbicides, pesticides, vitamins,
toxicity assays

Herbicides, metals, genotoxicant, polyaromatics, toxicity testing

# Obtained by conversion of steroid parent compounds.
® Amperometric, potentiometric, conductometric.

behaviour in the immobilized state. Recent advances of the proteomic approach concerning
both artificial (gel entrapped) and natural (biofilm) IC systems are also presented.

2. The original motivation of viable IC technology

Whole cell immobilization procedures originated from those applied to extracted
enzymes some years earlier and the first attempts involved cells impaired by physical and/
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or chemical treatment, i.e. nonviable cells, to perform single-step enzyme reactions
(Gestrelius, 1983). The main and obvious benefit derived from the use of whole cells
instead of enzymes was to avoid enzyme extraction/purification steps and their
consequences on enzyme activity, stability, and cost. Immobilization techniques were
rapidly extended to viable cells, however. The main advantages of viable IC cultures over
conventional (suspended cell) ones, claimed at the very beginning of this research area, are
summarized in Table 2 and briefly analysed below.

(a) As viable ICs are able to multiply during substrate metabolization while remaining
confined (to a certain extent) within the immobilization structure (e.g. the
polysaccharide gel matrix of artificially gel-entrapped cells or the glycocalyx of
natural biofilm organisms), high cell densities may be expected in IC cultures,
leading to high volumetric reaction rates.

(b) Furthermore, this ability to grow in the immobilized state makes it possible for the
regeneration of IC cultures following their operation in hostile incubation conditions
such as in a low-nutrient medium or in the presence of toxic compounds.

(¢) The use of biomass attached to or entrapped in particulate carriers ensures efficient
biomass retention in the reactor during continuous processes, minimizing cell
washout that occurs at high dilution rates and limiting the volumetric conversion
capacity of classical, free-cell-based continuous stirred tank reactors (i.e. chemo-
stats). Continuous IC bioreactors can therefore be operated at high load, even when
diluted feeds are used: a definite advantage in wastewater treatment (Nicolella et
al., 2000), for instance.

(d) Easier downstream processing, due in particular to facilitated cell/liquid separation,
represents another asset of fermentation processes using IC cultures.

(e) From the outset of IC technology, enhanced operational and storage stabilities have
been presented as a key feature for practical development of viable IC systems. These
stabilities involve both biological and mechanical characteristics of IC biocatalysts.
In order to explain the increase in the biological stability of ICs, Dervakos and Webb
(1991) proposed several hypotheses based on IC’s ability to grow. Here, biological
stabilization meant lengthened operation times and improved resistance to storage
periods. Alternate operation of ICs between growth and non-growth conditions,
adapted to non-growth-associated productions, periodic rejuvenation of the bio-
catalyst in nutrient-rich medium, allow to maintain long-term biological activities.

Table 2
Potential advantages of viable IC systems over conventional fermentations: a “historical” point of view (adapted
from Vieth and Venkatsubramanian, 1979; Mattiasson, 1983b)

(a) Higher reaction rates due to increased cell densities

(b) Possibilities for regenerating the biocatalytic activity of IC structures

(c) Ability to conduct continuous operations at high dilution rate without washout
(d) Easier control of the fermentation process

(e) Long-term stabilization of cell activity

(f) Reusability of the biocatalyst

(g) Higher specific product yields
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Cryptic growth from cell debris inside IC structures was also advocated to explain the
maintenance of IC activity in nutrient-poor reaction media. The protective effect of
the immobilization matrix against physicochemical stresses was also put forward.
More recently, Freeman and Lilly (1998) reviewed the effect of processing
parameters on the operational stability of aerobic IC cultures, including mechanical
behaviour of the IC carrier. These parameters included the immobilization method,
the mode of operation (e.g. repeated batch vs. continuous), aeration and mixing, the
bioreactor configuration, medium composition, temperature, pH and, if necessary, in
situ product and/or excess biomass removal.

(f) Reusabilty of IC biocatalysts also depends on the efficiency of rejuvenation periods to
maintain the biological activity of ICs and the ability of IC materials to endure both
processing stresses and these rejuvenation steps at the mechanical level.

(g) The last claimed advantage of IC cultures over conventional free-cell ones is an
increase in product yield. This is actually the only “historical” feature referring to
possible “advantageous metabolic changes” (Dervakos and Webb, 1991) in ICs.
Product yield improvement of IC cultures will be commented on later.

The technological obstacles to a large-scale industrial implementation of IC systems
have also been regularly investigated, with particular emphasis on the mass transfer
limitations inside immobilization matrices and the coupled transport-reaction phenomena
that control the performance of IC cultures (Karel et al., 1985, 1990; Radovich, 1985;
Walsh and Malone, 1995; Pilkington et al., 1998; Riley et al., 1999).

Therefore, it appears that the initial rationale for IC development essentially concerned
the engineering level, with very few—if any—queries on the physiological behaviour of
microbial cultures in the immobilized state. This historical prevalence of applications over
more basic investigations may explain why our present knowledge of IC physiology still
remains fragmentary.

3. Current data on IC physiology
3.1. Growth rate

Up to now, the physiological behaviour of ICs has been mainly studied at the
macroscopic level by observing changes in metabolic activities in the immobilized
state, more particularly by comparing the biocatalytic efficiency of ICs to that of
suspended cultures. Microbial growth in the presence of sugars or more specific
substrates has also been monitored in (natural or artificial) IC systems. Published
results show contradictory effects of (natural or artificial) immobilization on growth
rate, i.e. decreased, unchanged or enhanced growth rates of ICs compared to free
cultures, as illustrated in Table 3 for a variety of organisms entrapped in calcium
alginate gel beads. Mass transfer limitation in IC systems, leading to the formation of
nutrient- and/or oxygen-deprived microenvironments, gives the most evident explan-
ation to reduced IC growth rate. On the other hand, the growth-promoting action of
immobilization has been attributed to protective effects of the support, e.g. against
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Table 3
Reported changes in specific growth rates or doubling times upon immobilization by entrapment in Ca alginate
beads

Organism/substrate Growth parameters® References

Saccharomyces cerevisiae/glucose u=025h"" Galazzo and Bailey, 1990
u=0.41h""

Chlamydomonas reinhardtii/CO,+NO, tg=9 h Santos-Rosa et al., 1989
tds=8 h

Xanthomonas maltophilia/acrylamide tg=8 h Nawaz et al., 1993
tds:4 h

Pseudomonas sp./acrylamide tg=6 h Nawaz et al., 1993
tds=2 h

Prototheca zopfii i< Suzuki et al., 1998

Acinetobacter johnsonii/activated Wi=Hs Muyima and Cloete, 1995

sludge mixed liquor

Saccharomyces cerevisiae/glucose 1=0.30 h™! Willaert and Baron, 1993
ue=031h""

Trichosporon cutaneum/glucose tg=3 h Chen and Huang, 1988
tds:4 h

Aspergillus niger/apple pectin > U Pashova et al., 1999

Acinetobacter calcoaceticus/activated =21 Muyima and Cloete, 1995

sludge mixed liquor

? t4i, tas, division (generation) times and p;, g, specific growth rates of immobilized and suspended (free)
cells, respectively.

high-shear environment (Chun and Agathos, 1991) or acidification (Taipa et al., 1993).
Chen and Huang (1988) have put forward a better microenvironment at the level of ICs
due to the retention of growth-promoting factors in the network of the entrapment
matrix.

3.2. Biocatalytic efficiency and enzyme expression

Owing to the industrial importance of yeast cell cultures, a number of studies have
focused on the metabolic responses of yeasts to immobilization (Norton and D’Amore,
1994), showing an activation of the energetic metabolism of yeasts upon immobilization,
namely increased specific rates of substrate (essentially glucose) uptake and product
(essentially ethanol) excretion (Table 4). More generally, enhanced production/conversion
efficiencies of ICs as compared to suspended counterparts have been presented at the very
beginning as one of the main advantages of IC cultures from a practical point of view (Table
2). Published results are often given on a volumetric scale, however, which is of real interest
for biochemical engineers but does not characterize the intrinsic behaviour of ICs. Higher
specific production rates and/or yields of ICs than those of suspended organisms have been
actually observed, e.g. for the production of secondary metabolites such as enzymes
(Klingeberg et al., 1990) and antibiotics (Farid et al., 1995; Azanta Teruel et al., 1997).
Conversely, IC cultures have been shown to display unchanged or even lower specific
productivities as compared to free-cell cultures, and this in a variety of productions,
including enzymes (Abdel-Naby et al., 2000; Longo et al., 1999) and antibiotics (Scott et al.,
1988). Mass transfer limitations in IC systems are mainly responsible for this decrease in
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Table 4

Physiological responses of S. cerevisiae (fed with glucose) to immobilization

Immobilization
technique

Metabolic responses

References

Colonization of porous
ceramic beads

Attachment to
cross-linked gelatin

Entrapment in Ca
alginate beads

Entrapment in agarose
beads

Adsorption to
DEAE-cellulose

Entrapment within
oxystarch-hardened

Increased glycerol production and specific
alcohol dehydrogenase activity

Increased specific rates of glucose
consumption and ethanol production.
Changes in cellular composition (larger
quantities of reserve carbohydrates and
structural polysaccharides)

Increased specific rates of glucose uptake,
ethanol and glycerol production; enhanced
synthesis of polysaccharide storage
materials

Two-fold faster glucose fermentation
kinetics

Higher glucose flux and enhanced excretion
of main metabolic products

Modifications in the pattern of cell wall
mannoproteins

Demuyakor and Ohta, 1992

Doran and Bailey, 1986

Galazzo and Bailey, 1989

Lohmeier-Vogel et al., 1996

Van Iersel et al., 2000

Parascandola et al., 1997

gelatin gel disks
Covalent linkage to

a hydroxyalkyl

methacrylate gel
Entrapment in Ca

alginate beads or

adsorption on sintered

glass rings

Enhanced resistance to ethanol
accompanied by an alteration in the plasma
membrane composition

Greater ethanol tolerance and fermentation Hilge-Rotmann and Rehm,
capability; enhanced saturation in total fatty 1991

acid composition

Jirku, 1999

specific production rates. Biocatalytic efficiency is obviously subject to the biosynthesis of
the relevant enzyme systems. Increased specific activities of enzymes in ICs have been
highlighted, e.g. B-galactosidase in immobilized Escherichia coli (Lyngberg et al., 1999)
and superoxide dismutase in Aspergillus niger (Angelova et al., 2000). Differences in the
specific activities of intracellular enzymes, e.g. alcohol dehydrogenase (Demuyakor and
Ohta, 1992; Van Iersel et al., 2000), have also been reported in immobilized yeast cells
compared to suspended counterparts. Sonomoto et al. (2000) reported that Lactococcus
lactis cells adsorbed on chitosan or photo-cross-linked resin gel beads produced nisin Z, a
peptide antibiotic, with higher yield and volumetric productivity than free cultures during
repeated batch fermentations, whereas opposite results were observed with gel-entrapped
organisms. In addition, the production yield of adsorbed cultures was lower than that of
suspended ones in continuous experiments. These results illustrate the difficulties in
assessing the role of immobilization on intrinsic cellular parameters from chemical
engineering data.

3.3. Stress resistance

A major characteristic of ICs is their high resistance to environmental stresses, in
particular, the exposure to toxic compounds.
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As a key parameter in the performance of alcoholic fermentation by IC cultures, the
tolerance of immobilized yeast cells to ethanol is well-documented (Table 4; see also Norton
and D’Amore, 1994). Many reports connect this resistance to changes in structural features
affecting IC permeability, namely the composition and organization of the cell wall and the
plasma membrane (Hilge-Rotmann and Rehm, 1991; Parascandola et al., 1997, Jirku, 1999).
Adverse environmental conditions in IC structures, i.e. high osmotic pressure (Hilge-
Rotmann and Rehm, 1991) and nutrient limitations and/or mechanical stress (Parascandola
et al., 1997) have been advanced to try to explain these modifications in IC permeability.

The biodegradation of toxic compounds, pollutants and xenobiotics also represents a
preferential application field of IC systems (Table 1). The high biodegradation efficiency
and operational stability of IC cultures, highlighted for instance, during continuous
biodegradation assays of phenol and phenolic derivatives (Table 5), is typically ascribed to
some protecting effect of the immobilization support (Dervakos and Webb, 1991), rather
than to enhanced specific degradation capacity that might involve physiological
modifications in ICs. In the case of the widely investigated biodegradation of phenol,
several authors have implied reversible adsorption of the pollutant on the immobilization
matrix (O’Reilly and Crawford, 1989; Hu et al., 1994; Cassidy et al., 1997; Annadurai et
al., 2000) to explain the observed rise in the inhibition threshold of ICs.

ICs are also characterized by a high resistance to antimicrobial agents such as biocides
and antibiotics. This resistance has been observed for artificially immobilized microbial
cultures, e.g. alginate entrapped bacteria exposed to sanitizers (Trauth et al., 2001) or
antibiotics (Coquet et al., 1998), but more frequently for natural IC systems, namely
biofilms, which are implied in a variety of industrial, environmental and medical
situations. In particular, the reduced susceptibility of biofilm-embedded bacteria to
antibiotics (Table 6) is a crucial problem for the treatment of chronic infections such as
those associated with implanted medical devices (Stickler and McLean, 1995; Habash and
Reid, 1999) or lung infection in cystic fibrosis patients (Singh et al., 2000; Hoiby, 2002),
and contribute to the occurrence of nosocomial infections (Vuong and Otto, 2002). The
reasons for this enhanced resistance of biofilm bacteria to antimicrobials is still a matter of
controversy (Costerton et al., 1999; Mah and O’Toole, 2001). In addition to the hindered
penetration of inhibitors in the biofilm structure due to diffusional limitations in the so-
called glycocalyx, the reduced access of nutrients and/or oxygen to the cell surface and the
resulting slow growth rates of organisms, more particularly, those cells that are deeply
embedded in the biofilm, may contribute to the lower overall susceptibility of sessile
bacteria to many antibiotics, e.g. beta-lactamines and fluoroquinolones (Ashby et al.,
1994; Tanaka et al., 1999; Anderl et al., 2003). Nevertheless, these factors linked to
restricted diffusion in IC structures are insufficient to explain the loss in antimicrobial
efficiency of antibiotics against biofilm organisms (Anderl et al., 2000; Konig et al., 2001;
Stone et al., 2002). Another hypothesis has been advanced recently, assuming the
existence of adherence and biofilm phenotypes. Therefore, a variety of bacteria at surfaces
and within biofilms have been shown to display altered gene expression as compared to
planktonic organisms (Prigent-Combaret et al., 1999; Loo et al., 2000; Whiteley et al.,
2001; Schembri et al., 2003). A second way to approach physiological differences between
suspended and immobilized microbial cells consists of comparing the amounts of
structural components produced in the two culture modes. Proteomics, which focuses on



Table 5
Application of IC cultures to continuous phenol degradation
Microorganisms and Bioreactor Operating Maximum Reusability References
Immobilization conditions® biodegradation or service
system rate (mg 1" h™") time
P, putida, Ca-alginate beads bubble column 100 mg 17! 58.5 n.g Mordocco et al., 1999
(fluidized bed) mineral salt medium
0.6h"
P, putida, Ca-alginate beads bubble column 1000 mg 17! 167 3 months Gonzalez et al., 2001a
(fluidized bed) mineral salt medium
0.25-4.0 day ™"
P, putida, Ca-alginate beads bubble column 250-2500 mg 1! 21 60 days Gonzalez et al., 2001b
(fluidized bed) diluted wastewater
0.25 day '
Rhodococcus sp., packed-bed 1000 mg 1! 87.5 >6 months Pai et al., 1995
Ca-alginate beads column mineral salt medium
0.086 h™"
P, putida + Cryptococcus air-lift 1200-3600 mg 1! 410 >800 h Zache and Rehm, 1989
elinovii, mineral salt medium
Chitosan-alginate beads 0.13-0.31 h™!
Fusarium flocciferum stirred tank 4001500 mg 1! 200 4 months Anselmo and Novais,
Polyurethane foam cubes Complex growth 1992
medium 0.2 h™'
Mixed culture packed-bed (PB) 400 mg 1! 394 (PB), n.g. Branyik et al., 2000
(from oil-polluted soil), or fluidized-bed mineral salt medium 91 (FB)
silica gel particles (FB) column 0.25-1.65 h™!
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Mixed culture

(from oil-polluted soil),
polyurethane foam cylinders

Acclimated sludge,

polyvinyl-alcohol beads

P, putida, Biofilm formation on
zeolite-based biocarriers

P. putida, biofilm formation

on glass beads

Neurospora crassa,

biofilm formation on

polysulfone capillary membranes
Rhodococcus sp., adsorption on

granular activated carbon

(coconut shells)

packed-bed (PB)
or fluidized-bed
(FB) column
packed-bed column

packed-bed column

packed-bed column

capillary membrane

bioreactor module

packed-bed column

400 mg 17!

mineral salt medium
0.25-1.65 h™"

100 mg 17!
synthetic wastewater
0.082-1.92 h™"
1000 mg 1!
mineral salt medium
1.5-4 day ™'

800 mg 17!

mineral salt medium
1-4 day !

94-470 mg 17!
growth medium
flow rate, 3 ml h™!
1500 mg 1!
mineral salt medium
0.086 h™!

471 (PB),
161 (FB)

179
cl5
133
100 mgm > h™!

(135mgg'h™h

121

n.g.

148 days

n.g.

>677 days

2 months®

>125 days

Branyik et al., 2000

Fang and Zhou, 1997

Durham et al., 1994

Nkhalambayausi-
Chirwa and
Wang, 2001
Luke and Burton,
2001

Pai et al., 1995

Adapted from Junter et al. (2002b).
# Phenol concentration in the influent, nature of the treated wastewater, and residence time.
® n.g., not given.
¢ Combining successive exposure and (10-day) recovery periods, preceded by a 2-month operation period in the presence of p-cresol.
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Table 6

Some examples of increased resistance of attached microorganisms to antibiotics

G.-A. Junter, T. Jouenne / Biotechnology Advances 22 (2004) 633—658

Organisms

Biofilm substrata

Antibiotics

References

Candida spp.

Klebsiella pneumoniae

Mycobacterium
smegmatis

Porphyromonas
gingivalis

Porphyromonas
gingivalis

Propionibacterium
acnes,
Staphylococcus spp.

Pseudomonas
aeruginosa

P. aeruginosa

P. aeruginosa

Staphylococcus aureus

S. aureus

Staphylococcus
epidermidis

silicone urinary catheter

microporous polycarbonate
membrane resting on agar
culture medium

polyvinyl chloride dishes
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gene products as a complementary tool to the gene-level approach, is being increasingly
applied to physiological studies of ICs.

4. The proteomic approach and the biofilm phenotype

It emerges from the foregoing that, despite the wealth of published data on ICs and their
practical operation in various bioprocesses, despite the well-recognized importance of the
immobilized state in microbial way of life and its consequences for human beings, our
present knowledge of IC physiology still remains incomplete; in particular, concerning the
origins of the extraordinary resistance displayed by ICs to antimicrobial agents. The recent
application of proteomic analyses to bacteria in the immobilized state seems a promising
approach to try to elucidate the mechanisms underlying the low susceptibility of ICs to
antimicrobials, antibiotics, biocides, or toxic pollutants.
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Proteomics develops rapidly as a leading route for biological research at the dawn of the
post-genomic era. Microbiology sensu lato is one of the major disciplines that are opening up
to proteomics-based approaches (Cash, 1998; VanBogelen et al., 1999; O’Connor et al.,
2000; Washburn and Yates, 2000; Cash, 2003; VanBogelen, 2003), more particular attention
is being paid to medical microbiology as shown by the ever-increasing number of published
proteomic analyses concerning pathogens (Wagner et al., 2002; Guina et al., 2003; Hecker et
al., 2003; Len et al., 2003; Liao et al., 2003). These investigations have been performed on
microorganisms cultured in the suspended mode of growth, wishing to establish protein
maps of medically relevant microorganisms, to assess the influence of environmental factors
(e.g. stresses) on protein expression, or to elucidate the role of certain gene products in
pathogenicity. Nevertheless, this proteomic approach of microbial cell physiology is being
extended to ICs, more particularly naturally immobilized (biofilm) organisms—owing to
their industrial, environmental and medical implications.

Most proteomic analyses of biofilm cells consists of comparing the crude protein patterns
of organisms cultured in the sessile (immobilized) and planktonic (suspended) modes. These
studies have revealed some alterations in the bacterial protein profiles ranging from 3% to
more than 50% of the detected protein spots (Table 7), which gives evidence of significant
physiological differences between the two modes of growth. The complexity of these

Table 7
Number of proteins whose amount was reported to be modified in biofilm cells as compared to planktonic
organisms

Microorganism  Biofilm Number Number of modified spots® Change References
Substratum Age of + - (%)
spots/gel
Bacillus cereus  glass wool fibres 2h 345 19 4 7 Oosthuizen
18 h 26 8 10 et al., 2002
Campylobacter  glass beads 48h n.g 12 7 - Dykes et al.,
Jejuni 2003
Escherichia coli  glass fibre 7 days 600 14 3 3 Trémoulet
membrane filters et al., 2002b
E. coli glass beads 2h  38° 17 15 84 Otto et al.,
2001
Listeria glass fibre 7 days 550 22 9 6 Trémoulet
monocytogenes membrane filters et al., 2002a
P. aeruginosa glass wool fibres 18 h 844 49 48 11.5 Vilain et al.,
48h 838 182 47 27 2004a
P. aeruginosa clay beads 18h 816 48 130 22 Vilain et al.,
48h 841 62 78 17 2004a
P. aeruginosa silicone tubing 1 day =1500 375 60 29 Sauer et al.,
6 days 765 90 57 2002
Pseudomonas silicone tubing 6h 1000 15 30 4.5 Sauer and
putida Camper,
2001
Streptococcus epon-hydroxyapatite 3 days 694 57 78 19.5 Svensiter
mutans rods et al., 2001

? (+) Overproduced; (—) underproduced.
® Quter membrane proteins.
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physiological changes has been highlighted by Sauer et al. (2002), who analysed by two-
dimensional gel electrophoresis, four development stages of a Pseudomonas aeruginosa
biofilm on silicone tubing in a continuous flow reactor: reversible attachment, irreversible
attachment, maturation and detachment. The average difference in proteomes between each
developmental episode was 35% of detectable proteins. The most profound proteomic
alterations were observed in mature biofilm cells (i.e. after incubation for 6 days), with more
than 50% of detectable protein spots up-regulated compared to planktonic cells. After longer
incubation (12 days), the protein profile of dispersing biofilm cells showed greater similarity
to planktonic cells than to 6-day-old biofilm bacteria, with 35% of protein spots down-
regulated compared to mature biofilm cells. The authors conclude that attached P
aeruginosa cells display multiple phenotypes during biofilm development and that these
time-dependent, stage-specific physiologies should be considered for efficient control of
biofilm growth.

Proteomic analyses of artificially immobilized bacteria are much scarcer. Polysacchar-
ide gel-entrapped organisms have been shown to represent a simple model structure of
natural biofilms (Jouenne et al., 1994), displaying a low susceptibility to antibiotics similar
to biofilms (Tresse et al., 1995; Coquet et al., 1998)—in addition to their well-documented
resistance to pollutants as underlined above. The total protein contents of agar-entrapped
E. coli cells incubated for 2 days in a minimal nutrient medium were compared to those of
suspended cells harvested during the exponential or the stationary phase of growth (Perrot
et al., 2000). This 2-DE comparative analysis highlighted noticeable qualitative and
quantitative differences in bacterial proteomes according to the incubation conditions,
implying about 20% of the total cellular proteins detected on electropherograms (about
790 spots). These results confirm that bacteria cultured as suspended cells undergo
physiological changes between the exponential and stationary growth phases, but also
shows that gel-entrapped cultures cannot be likened to ordinary stationary-phase cell
systems. Using the same immobilization procedure for P. aeruginosa cells, Vilain et al. (in
press) compared protein expression by suspended and immobilized bacteria after
incubation for 18 or 48 h. Once again, noticeable changes (20-25% of detected spots)
in protein levels according to the growth mode were revealed by 2-DE. The duration of
incubation was shown to exert considerable influence on these modifications. After
incubation for 18 h, 114 proteins were overexpressed and 63 underexpressed by ICs.
When the duration of incubation was extended to 48 h, the tendency was inverted as the
number of underexpressed peptides in ICs (142) largely exceeded that of overexpressed
ones (53).

These protein-based approaches to IC physiology, suggesting that many genes are
differentially regulated during culture development in the immobilized state, contrast with
transcriptome analyses from which only a few genes show altered expression as a
consequence of bacterial adhesion (Whiteley et al., 2001; Schembri et al., 2003). As
discussed by Ghigo (2003) in a recent review, however, this modest overlap between
results of proteomic and transcriptomic studies is not surprising, since the relationships
between mRNA and protein contents are heavily dependent on time, cellular localization
and the stability of molecules. Furthermore, the thresholds used to define over- and down-
regulations in both transcriptomic and proteomic analyses suffer from the lack of
standardization, which may contribute to these discrepancies.
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Referring to data reported by Whiteley et al. (2001), however, Hancock (2001)
launched a heated debate on the biofilm phenotype, stating that bacteria growing in
biofilms are “not that different” from free-living bacteria. A statistical demonstration that
bacteria growing in the immobilized state are physiologically different from free-living
organisms has been recently published by Vilain et al. (2004a,in press,c). Multivariate
methods, more particularly principal component analysis (PCA), were used to interpret
the variations in protein spot densities observed on protein maps from P. aeruginosa
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Fig. 2. Principal component analysis (PCA) of protein spot densities that were observed on 2D electropherograms
obtained from planktonic and immobilized P. aeruginosa cells. Artificial (agar gel entrapment) and natural
(biofilm formation on glass wool fibres or clay beads) immobilization procedures were tested as well as two
durations of incubation (18 or 48 h). Incubation conditions and spot density values were the variables and the
observations in PCA, respectively. To improve the separation of the observations by PCA, i.e. independently of
the absolute amount of protein present in each detected spot, spot density values were standardized horizontally
(i.e. converted to normal scores) in the data matrices. Biplots of scores and variable loadings are shown. The
vectors represent loadings. Variables are indicated by abbreviations. Adapted from Vilain et al. (2004a, in press,
). (A) Artificial IC system. A data matrix of 923 rows (observations) X 6 columns (variables) was analysed. Biplot
in PC1xPC2 is shown. Variables (incubation conditions): F, free-cell cultures; AE, agar-entrapped cultures; ARF,
agar-released, free-cell cultures. Numbers in variable abbreviations refer to the duration of incubation (18 or 48
h). (B) Natural IC systems. A data matrix of 914 rowsx8 columns was analysed. Biplot in PC2xPC3 is shown.
Variables: GWF, free-cell cultures in a bioreactor used for biofilm formation on glass wool; GW, biofilm cultures
on glass wool; CBF, free-cell cultures in a bioreactor used for biofilm formation on clay beads; CB, biofilm
cultures on clay beads. Numbers in variable abbreviations refer to the duration of incubation (18 or 48 h). (C1)
and (C2) Artificial and natural IC systems. A data matrix of 933 rowsx 12 columns was analysed. Biplots in (C1)
PCIXPC2 and (C2) PC3XPC4 are shown. Variable abbreviations used in (C1): FC18, free-cell culture after
incubation for 18 h (GWF18, CBF18 and AF18); FC48, free-cell culture after incubation for 48 h (GWF48,
CBF48 and AF48); IC, immobilized-cell cultures (GW18, GW48, CB18, CB48, A18 and A48). Abbreviations
used in (C2): FC, free-cell cultures (GWF18, GWF48, CBF18, CBF48, AF18 and AF48); others (immobilized-
cell cultures), see above.



Table 8

Identification and function of proteins described as underproduced or overproduced in ICs compared to suspended counterparts

Protein function Protein Species/system Level® References

Membrane EF-Tu; lipoprotein Slp; OmpA; OmpX; TolC E. coli/biofilm on hydrophobic glass beads - Otto and Silahvy, 2002

protein, Arginine/ornithine binding protein; probable P. aeruginosa entrapped in agar gel — Vilain et al., 2004b
transport binding protein component of ABC transporter:

probable TonB-dependent receptor
ABC transporter, PotF2; outer membrane P, putida/biofilm on silicone tubing — Sauer and Camper, 2001
lipoprotein NlpD
Btub E. coli/biofilm on hydrophobic glass beads + Otto and Silahvy, 2002
Amino acid ABC transporter-binding protein YBEJ; E. coli/biofilm on glass fibre filter + Trémoulet et al., 2002b
D-ribose-binding periplasmic protein;
D-galactose-binding protein
Probable binding protein component of ABC P. aeruginosa/biofilm on silicone tubing + Sauer et al., 2002
transporter; Porin E
Anaerobically induced OMP OprE precursor; P, aeruginosa/biofilm on glass wool + Vilain et al., 2004c
molybdate-binding periplasmic protein ModA;
binding protein of ABC phosphonate transporter
Anaerobically induced OMP OprE precursor; binding P. aeruginosa/entrapment in agar gel + Vilain et al., 2004b
protein of ABC phosphonate transporter

Metabolism Arginine deiminase ArcA; glutaminase asparaginase P, putida/biofilm on silicone tubing — Sauer and Camper, 2001
AnsB; omithine carbamoyltransferase ArcB;
serine-hydroxymethyltransferase GlyA3
Dihydrolipoamide dehydrogenase 3 P, aeruginosa/biofilm on silicone tubing - Sauer et al., 2002
Probable peroxidase; nitrogen regulatory protein P-II 2 P, aeruginosa/biofilm on clay beads - Vilain et al., 2004c
Acetyl-CoA acetyltransferase; 3-hydroxyisobutyrate P, aeruginosa/entrapment in agar gel - Vilain et al., 2004b
dehydrogenase; probable short-chain dehydrogenase;
azurin precursor
Enolase; fructose biphosphate aldolase; S. mutans/biofilm on epon-hydroxyapatite - Svensiter et al., 2001
glyceraldehyde-3-phosphate dehydrogenase; (HA) rods
L-lactate dehydrogenase; 6-phosphofructokinase;
pyruvate dehydrogenase; pyruvate kinase
Catabolic ornithine transcarbamylase cOTCase; Bacillus cereus/biofilm on glass wool + Oosthuizen et al., 2002

L-lactate dehydrogenase (LctE); pyruvate
dehydrogenase E1 component beta subunit (PdbB
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DNA replication

Transcription—
translation—
elongation

Malate dehydrogenase; thiamine-phosphate
pyrophosphate

6-phosphofructokinase; pyruvate

dehydrogenase

Acylase, probable; adenylate kinase (purine
biosynthesis); aminotransferase Class III, probable;
arginine deiminase, AcrA; carbamate kinase;
fumarate hydratase C1; glyceraldehyde-3-phosphate
dehydrogenase; ketol-acid reductoisomerase;
L-ornithine-5-monooxygenase (pyoverdine
biosynthesis); ornithine carbamoyltransferase,
catabolic, AcrB; succinate semialdehyde
dehydrogenase; thioredoxine reductase (pyrimidine
biosynthesis; UTP-glucose-1-phosphate
uridyltransferase

Probable iron—sulfur protein; orotate
phosphoribosyltransferase
Phenylalanine-4-hydroxylase; Lipoamide
dehydrogenase-glc; acetyl-CoA acetyltransferase;
NADH dehydrogenase I chain M; 2-keto-3-
deoxy-6-phosphogluconate aldolase; leucine
dehydrogenase; probable short-chain dehydrogenase;
acetolactate synthase isozyme III small subunit; orotate
phosphoribosyltransferase;
phosphoribosylaminoimidazole carboxylase
Phospho-2-dehydro-3-deoxyheptonate chain
ATP-dependent DNA helicase RECG;
triosephosphate isomerase

Elongation factor Tu; elongation factor Ts; ribosome
recycling factor

Probable ribosomal protein L25

508 ribosomal protein L10

RsmA, regulator of secondary metabolites; ribosome
recycling factor; transcription elongation factor GreA

E. coli/biofilm on glass fibre filter

L. monocytogenes/biofilm on glass fibre

filter

P. aeruginosa/biofilm on silicone tubing

P. aeruginosa/biofilm on clay beads

P. aeruginosa/biofilm on glass wool

S. mutans/biofilm on HA rods
S. mutans/biofilm on HA rods

S. mutans/biofilm on HA rods
P. aeruginosa entrapped in agar gel

P. aeruginosa/biofilm on clay beads
P. aeruginosa/biofilm on glass wool

Trémoulet et al., 2002b
Trémoulet et al., 2002a

Sauer et al., 2002

Vilain et al., 2004¢

Vilain et al., 2004¢

Svensiter et al., 2001
Svensiter et al., 2001

Svensiter et al., 2001
Vilain et al., 2004b

Vilain et al., 2004¢
Vilain et al., 2004¢

(continued on next page)
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Table 8 (continued)

Protein function Protein Species/system Level® References

Motility Twitching motility protein PilH P. aeruginosa/biofilm on glass wool + Vilain et al., 2004c

Adaptation, Bacterioferritin comigratory protein; pyocin S2 P. aeruginosa/biofilm on clay beads — Vilain et al., 2004¢

Protection, immunity protein; Heat-shock protein IbpA
Protein folding Thiol-disulfide interchange protein DsbA P. aeruginosa/biofilm on glass wool — Vilain et al., 2004¢c

Bacterioferritin comigratory protein; heat-shock P. aeruginosa entrapped in agar gel — Vilain et al., 2004b
protein IbpA
60 kDa chaperonin S. mutans/biofilm on HA rods — Svensiter et al., 2001
YhbH light-repressed protein A B. cereus/biofilm on glass wool + Oosthuizen et al., 2002
DNA-binding protein Dps; DNA-binding protein E. coli/biofilm on glass fibre filter + Trémoulet et al., 2002b
H-NS
30S ribosomal protein S2 (rpsB); superoxide L. monocytogenes/biofilm on glass + Trémoulet et al., 2002a
dismutase; YvyD fibre filter
Probable cold-shock protein P. aeruginosa/biofilm on clay beads + Vilain et al., 2004c
Alkyl hydroxyperoxide reductase subunit C; P. aeruginosa/biofilm on silicone tubing + Sauer et al., 2002
helix-destabilizing protein of bacteriophage
Pfl; probable ribosomal protein L25;
superoxide dismutase
Pyocin S2 immunity protein; probable cold-shock P. aeruginosa/biofilm on glass wool + Vilain et al., 2004c
protein; heat-shock protein IbpA
Pyocin S2 immunity protein P. aeruginosa/entrapment in agar gel + Vilain et al., 2004b
DnaK; GrpE protein; Trigger factor PPIASE S. mutans/biofilm on HA rods + Svensiter et al., 2001

Nucleotide
biosynthesis

Formate tetrahydrofolate ligase

S. mutans/biofilm on HA rods

Svensiter et al., 2001

? (=) Underproduced; (+) overproduced.
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cells cultured as suspensions or in the immobilized state for 18 or 48 h. PCA of
proteomic data from agar gel entrapped (A), free (suspended) (AF) and agar-released,
free (ARF) organisms (Vilain et al., 2004b) extracted three components (with
eigenvalues higher than 1) together accounting for 71.6% of the variability in the data.
The diagram of scores and variable loadings in PC1xPC2 (Fig. 2A) allowed to
discriminate between the three tested culture modes, independently of the duration of
incubation. Principal component 1 (PC1) opposed A and AF cultures, with a low
contribution of ARF cultures to PC1. Inversely, the contribution of ARF cultures to PC2
was high, opposing those of A and AF cultures. Component 3 was related to the
duration of incubation. The same statistical analysis was performed on protein maps
from bacteria cultured as biofilms on two different supports, i.e. glass wool fibres (GW)
and clay beads CB) (Vilain et al., 2004a). PCA again extracted three components
explaining 78.4% of the variability in the data. Component 1 opposed free-cell cultures
to biofilm ones. Component 2 was related essentially to free-cell cultures, discriminating
between the two tested incubation times. Component 3 opposed the two modes of
biofilm growth (Fig. 2B). Therefore, the bacterial mode of growth, i.e. suspended or
attached, was the main parameter controlling spot intensity variations in protein maps.
The duration of incubation, more significant for free cells than for biofilm bacteria, and
the nature of the substratum used for biofilm development also contributed to the
observed modifications in 2D electropherograms. This statistical demonstration of the
influence exerted by the substratum nature on protein expression in biofilm cells has
been confirmed experimentally by recent results showing that the resistance of attached
bacteria to antimicrobials was dependent on the nature of the biofilm support (Deng et
al., 2004). Finally, PCA was extended to the whole set of proteomic data (Vilain et al.,
2004c), i.e. protein maps from biofilm and gel-entrapped bacteria (Fig. 2C). It extracted
four components, accounting together for 78.75% of the variability. PC1 opposed the
two modes of growth (planktonic and immobilized), while IC growth conditions showed
negligible weight on PC2 that discriminated between the incubation times of free cell
cultures (Fig. 2C1). The incubation conditions of ICs, including the immobilization
procedure (entrapment vs. attachment) and the nature of the biofilm substratum, were
fairly separated in PC3 XPC4 (Fig. 2C2). These comparative analyses of bacterial protein
patterns in suspended and immobilized organisms demonstrate that the protein contents
of ICs sensu lato (i.e. naturally attached or artificially entrapped cells) can be statistically
differentiated from those of free, suspended counterparts. The two tested immobilization
processes and IC culture modes show evident differences, for instance the absence in
gel-entrapped cultures of the initial adhesion step and early development stage inherent
to biofilms—periods during which changes in gene expression and protein patterns
actually occur in attached organisms (Sauer and Camper, 2001). The statistical analogy
between the protein maps of organisms belonging to these quite different IC systems as
compared to free-cell proteomes reinforces the topical hypothesis that bacteria in the
immobilized state display a specific physiological behaviour (Drenkart and Ausubel,
2002) and opposes Hancock’s assertion (2001). The results of PCA also cast doubts on
the existence of a unique IC phenotype (Davies, 2003), however, since the nature of the
substratum used for biofilm development was shown to contribute to the observed
modifications in 2D electropherograms.
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The statistical analysis of proteome changes induced by immobilization obviously did
not distinguish between trivial and key polypeptides whose variations in the expression
level are likely to influence IC physiology: a question that arises is the identification of
biofilm-specific expression levels. A number of proteins whose amount varied in ICs
compared to suspended counterparts have been identified by more ‘“conventional”
exploitation of 2D-electropherograms (Table 8). These proteins can be divided into three
main classes. The first class is composed of membrane proteins. Membrane proteins have
been reported to have a substantial influence on attachment and may also play a role in
early biofilm development (Schembri and Klemm, 2001; Coquet et al., 2002; Otto and
Silahvy, 2002). They are implied in multidrug resistance pumps of gram-negative bacteria
(Aires et al., 1999; Koéhler et al.,, 1999) and their over/underproduction by ICs may
therefore be implied in IC resistance to antibiotics. The second class includes proteins
linked to metabolic processes, such as amino acid and cofactor biosyntheses, showing not
surprisingly that central metabolism is affected by the sessile mode of growth. The last
class includes proteins involved in adaptation and protection. While no clear expression
tendency of proteins belonging to the first two classes can be discerned (some are up-
regulated while others are down-regulated), most adaptation proteins are accumulated by
biofilm bacteria. This general stress response initiated by growth within a biofilm might
explain the resistance of sessile cells to environmental stresses (Brown and Barker, 1999).
Some contradictions in the expression level of some proteins can be observed. For
example, the enzymes L-lactate dehydrogenase, ornithine carbamoyltransferase, 6-
phosphofructokinase and pyruvate dehydrogenase have been described as up- and
down-regulated. Furthermore, a great number of proteins involved in the biofilm
phenotype remain with an unknown function.

Identifying target peptides among this wealth of proteins differentially expressed by ICs
as compared to free counterparts seems a difficult challenge. It may also be difficult (and
sometimes dangerous) to advance a specific role for a given over/underexpressed protein
in the biofilm phenotype—though interpretations are possible in some limited cases.
Therefore, the best strategy to identify “biofilm” proteins is probably a mutagenesis
approach based on proteomic data.

5. Conclusion

Viable IC technologies have developed rapidly over the last 30 years. A lot of practical
applications of IC systems have been proposed during this period and the field is always
topical. A very large majority of these applications remain at the laboratory scale, however.
For a long time, process implementation has monopolized the research efforts that in
return deserted more basic studies on IC behaviour. A typical illustration of this
paradoxical evolution is given by the early success of IC cultures concerning the alcoholic
fermentation and the biodegradation of toxic compounds, while the cellular origins of the
high resistance of ICs to adverse environmental conditions such as the exposure to
antimicrobial agents have been only recently investigated and remain to be fully
understood. Faced with that situation, the emergence of proteomics as a powerful tool to
compare the global regulation patterns of gene expression in free and immobilized
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microbial cells opens promising avenues to the study of IC physiology. Recent
developments in proteomics of ICs (together with genomic and transcriptomic approaches)
already offer original information on the physiological behaviour of ICs: in particular, they
show that bacteria growing in the immobilized state are physiologically different from
free-living organisms. The alliance of the proteomic approach with classical tools of
molecular biology will, in the near future, probably allow us to identify key proteins
whose over/underexpression exerts deciding influence on IC physiology.

Will these in-depth investigations of the physiological behaviour of microorganisms
living in the immobilized state be useful to strengthen the practical potentialities of IC
technology, improving the efficiency of biotechnological processes based on ICs? An
exhaustive answer to this question is uneasy at the present time as concerns
bioproduction and biodegradation processes. Such studies will help to balance the
practical, historically claimed advantages of ICs against the boundaries of the technology
incidental to the peculiar physiology of ICs. For instance, a better knowledge of stress
and starvation phenomena endured by ICs, of the metabolic pathways affected by
immobilization will likely allow to discriminate between unrealistic and sound
application fields of the technology (e.g. biodegradation of recalcitrant compounds
and the production of secondary metabolites). The answer is much easier concerning
biofilms implied in infections and industrial biofouling since proteomic studies will
probably lead to the identification of targets proteins to fight against these undesirable
IC systems—the improvement of weapons against biofilm-based infections and
biofouling being an ambitious goal that is offered to medical and environmental
microbiologists.
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Standard Technical Procedures for Microencapsulation of Human
Islets for Graft into Nonimmunosuppressed Patients With Type 1
Diabetes Mellitus

R. Calafiore, G. Basta, G. Luca, A. Lemmi, L. Racanicchi, F. Mancuso, M.P. Montanucci, and P. Brunetti

ABSTRACT

To comply with regulatory restrictions, with regard to graft of human islets immunopro-
tected within artificial microcapsules, into patients with type 1 diabetes mellitus (T1DM)
with no recipient immunosuppression, we have prepared standard protocols on: (1)
sodium alginate purification (clinical grade) for microcapsule fabrication; (2) preparation
of biocompatible and permselective microcapsules containing human islets; and (3)
minimally invasive techniques for grafting of the encapsulated human islets into the
recipients’ peritoneal cavity. As to no. 1, starting from pharmaceutical grade, raw sodium
alginate powder, we prepared a pyrogen- and endotoxin-free 1.6% alginate solution by
means of dialysis, multiple filtrations, and dilution/osmolality adjustments. As to no. 2, we
have selected human islet preparations associated with >80% purity/viability, which
underwent careful functional quality control testing prior to encapsulation; namely, most
capsules contained one islet. As for no. 3, we have devised a simple intraperitoneal
injection method under abdominal echography guidance with only local anesthesia to
deposit the encapsulated islets in saline within the peritoneal leaflets. These technical
protocols were officially approved by the Italian Ministry of Health which has released
permission to conduct a phase I, closed human trial in 10 patients using encapsulated

human islet grafts into nonimmunosuppressed patients with TIDM.

'WO MAJOR LIMITS restrain widespread application

of islet transplantation as a potential cure for type 1
diabetes mellitus (T1DM), namely, need for lifelong gen-
eral immunosuppression of the recipients, and gap between
availability and demand for human islet tissue. A potential
exit strategy for both issues could be to avoid recipient
immunosuppression by protecting the islet grafts within
selectively permeable microcapsules made of Na alginate
(AG) and poly-L-ornithine (PLO), as previously described
by us.! This approach may eventually allow access to
nonhuman tissue (ie, porcine) as a resource for donor islets.
While multiple experimental studies®> have clearly indi-
cated that microencapsulation is a safe and effective proce-
dure, provided that appropriate reagents and technical
procedures are available, no guidelines have ever been
communicated for human application. We undertook the
task of preparing standard operative procedures for human
islet cell microencapsulation and their transplantation into
patients with T1DM, after audits and discussions with the
Italian Ministry of Health. Care was taken to design precise
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protocols that complied with regulatory restrictions and
with ethical aspects.

MATERIALS AND METHODS
AG Procurement and Purification

We purchased raw pharmaceutical grade AG powder (Stern Italia,
Milano, Italy) that was then dissolved in sterile pyrogen-free,
deionized water (Italian Pharmacopeia) over 24 to 36 hours in the
dark at room temperature; 3% NaCl (Italian Pharmacopeia) was
then added to adjust the osmolality to physiological levels and the
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MICRO ENCAPSULATION OF HUMAN ISLETS

pH was also adjusted to 7.4. The solution underwent multiple
sequential passages through methylcellulose and polyester filters
(CUNO Italy, Benevento, Italy), dialysis and solution reconstitu-
tion, followed by final filtration (0.2 wm) to ensure sterility. The
final 1.6% solution was stored in the dark room at 4°C to avoid AG
depolymerization. Endotoxin levels in this preparation were mea-
sured by the limulus amebocyte lysate method (Cambrex, Brussels,
Belgium).

Human Islet Cell Harvesting

Human islets procured by the Central Southern Italian Transplant
Organization were separated and purified from cadaveric donor
pancreata, according to the Edmonton protocol.* Only a few
preparations would be considered for transplant: the final islet
yield must be equal to or greater than 400,000 islet equivalents with
a purity and viability in excess of 80%. Such a preparation would be
culture-maintained for 24 hours in HAM F12 (Celbio, Mllano,
Italy), supplemented with 10% human albumin (Celbio) at 37°C.
Thereafter the islets were carefully washed to remove proteins in
preparation for microencapsulation. At 24-hour isolation, batches
of 20 human islets underwent static incubation with glucose at
various concentrations to assess glucose-stimulated insulin release
(GSIR), a marker of islet function.

Microencapsulation of Human Islets

Briefly, the islet tissue pellet, usually amounting to a few tens of a
milliliter, was thoroughly mixed with the 1.6% AG solution, so as to
make a final homogeneous suspension. The AG/islet proportion
was adjusted so that one capsule would contain one islet, with fewer
than 5% empty capsules. The suspension was extruded through a
microdroplet generator, combining air shears with mechanical
pressure; the AG droplets were collected in 1.2% CaCl, (Sigma
Aldrich, Milano, Italy) immediately turning into gel microbeads.
They were sequentially overcoated with PLO and an outer AG
layer. The final microcapsule preparations, which did not exceed a
final volume of 50 mL, were incubated for additional 24 hours for
sterility and viability checking with ethidium bromide + fluorescein
diacetate (Sigma) using fluorescence microscopy.

Peritoneal Injection Procedure

A minimally invasive microcapsule injection method was devised in
collaboration with our Radiology and Imaging Department. Under
abdominal echography with local anesthesia, the peritoneal cavity
was imaged and normal saline (Italian Pharmacopeia) injected to
map and detect the capsule deposit area within the peritoneal
leaflets. The capsule suspension was diluted in 100 mL of saline
(total final volume = 150 mL) and painlessly delivered with 60-mL
plastic syringes, 16-G needle (BD, Milano, Italy) over 10 to 15
minutes. The entire procedure was meticulously reported to the
Italian Ministry of Health, during several audits, to discuss and
make appropriate changes. The clinical study was conducted at the
University of Perugia Hospital, Departments of Internal Medicine
and Radiology, with the patient being monitored after transplant
for 1 week.

RESULTS

After 3 years of accurate evaluations, in compliance with
laws regulating good medical practice on phase I clinical
trials and deliberations of the Perugia University Hospital
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Fig 1. Photomicrograph of microencapsulated human islets
(light microscopy, 10X).

Board and ethical committee, including appropriate in-
formed consent text, the Ministry of Health has released us
to initiate a closed, pilot phase I clinical trial of microen-
capsulated human islet allografts into 10 nonimmunosup-
pressed patients with TIDM.

Most of the procured human pancreata did not yield the
required islet mass due to unfavorable organ preservation
and storage conditions, long ischemia time, or poor tissue
digestion, the latter likely related to collagenase batch
variability. The islet preparations fulfilling quality control
criteria, in terms of morphology, viability, and function
(GSIR), were encapsulated in AG/PLO. Each capsule (Fig 1)
usually contained one human islet with few empty micro-
capsules. If and when exceeding 5% of the total, the
empties were removed by handpicking. No changes of
morphological, functional, and sterility parameters were
observed over the in vitro culture maintenance period (total
72 hours) pretransplantation. The microcapsule infusion
procedure was easy and painless for the patients who could
stand up a few minutes, upon the procedure’s completion.
No side effects during or after the procedure were reported
in the two first cases.

In conclusion, even if eight patients still need to be done,
grafting of microencapsulated islets seems to be safe and
devoid of side effects. Hence this could be a viable method
to implant islets with no recipient pharmacological immu-
nosuppression. Microencapsulation also fosters hope that
nonhuman tissue may be employed, in the future, for
grafting of patients with TIDM.
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c ) on final properties of the polymer. In the CaCl, route, was found that the precipitation step in presence
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of calcium ions followed by proton-exchange in acid medium clearly gives alginates with the lowest
molecular weight and poor mechanical properties. It is well known that the acid treatment degrade the
ether bonds on the polymeric chain. Ethanol route displayed the best performance, where the highest
yield and rheological properties were attained with the lowest number of steps. Although the polymer
1.1 showed a molar mass and polydispersity index (Mw/M,) similar to those of commercial sample, its
mechanical properties were lower. This performance is related to the higher content of guluronic acid in
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Biomaterials the commercial alginate, which promotes a more successful calcium chelation. Moreover, the employment
Hydrogel of pH 4 in the acid pre-treatment improved the yield of the ethanol route, avoiding the ether linkage
Macrocystis pyrifera hydrolysis. Therefore, samples .2 and 1.3 displayed a higher M,, and a narrower distribution of molecular

weights than commercial sample, which gave a higher viscosity and better viscoelastic properties.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Although the early state of biosynthesis of carbohydrates in sea-
weeds is similar than in plants, some of the polysaccharides finally
synthesized are found only in seaweeds. These biopolymers are
present principally in the cell wall, giving mechanical resistance to
algae. Properties such as flexibility and softness in water to support
currents are more important than rigidity. Therefore, the polysac-
charides that prevail in seaweed are those that possess properties
of gels and mucilage, being cellulose also present in a lower amount
[1-6].

There are three principal groups of seaweeds classified by their
colour: brown, red and green seaweeds. Each of them possesses the
predominance of a typical polysaccharide [7], being alginate the
most abundant in marine brown seaweed. Although there are dif-
ferent species of brown seaweed that contain alginates, these are no
sufficiently abundant and suitably located for commercial produc-
tion. The species of brown seaweed most commercially exploited
are: Laminaria hyperborea, Macrocystis pyrifera and Ascophyllum
nodosum. These species are mainly manufactured in countries such
as USA, Japan, China, France, and Norway [8].

* Corresponding author. Tel.: +54 291 486 1700; fax: +54 291 486 1600.
E-mail address: mvillar@plapiqui.edu.ar (M.A. Villar).

0141-8130/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijbiomac.2009.02.005

In natural environments, alginates exist in the cell wall as a
mixture of calcium, potassium and sodium salts of alginic acid
[9]. They constitute a family of linear copolymers of (1— 4) B-
p-mannuronic acid (M) and (1 — 4) a-L-guluronic acid (G) units.
The chemical composition and sequence of M and G units depend
on the biological source, growth, and stationary conditions. These
polysaccharides have three types of diad sequences, i.e. MM, GG
and MG blocks [10-12]. Sodium alginate is a water-soluble polymer,
which gives highly viscous solutions. It can be used as a stabilizer of
suspensions and as thickener in food industries among other appli-
cations [9]. Another characteristic property of the sodium alginate
solutions is the ability of gel formation in the presence of polyvalent
cations, such as Ca2* [13]. Generally, the extraction and purifica-
tion processes of alginates are based on the conversion from the
insoluble form in the plant cell walls to the soluble one, normally
the sodium salt, followed by successive dissolutions and precipi-
tations to eliminate impurities [14,15]. Alginates extraction from
brown seaweed has been studied during several decades in order to
develop economic systems, obtaining high yields and a controlled
molecular weight for different applications [16-18]. In some South
American countries such as Argentina, there is no industry produc-
ing alginates despite the large amount of brown seaweed such as
M. pyrifera along of its seacoast [19]. In this work we present a com-
parative analysis of three routes of sodium alginate purification in
order to have a product with controlled molar mass and degree of
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purity. Samples of brown seaweeds were collected from Patagonian
Argentine coast and used as raw material to carry out this study.
Extracted alginate was characterized by SEC, "H NMR, rheological
studies, ability to gel formation and swelling degree. On the other
hand, the characteristic properties of extracted sodium alginates
were studied and compared with those of a commercial sample.

2. Experimental
2.1. Materials and reagents

The raw material from which the alginate was extracted
consisted of sheets and stems of brown seaweed (M. pyrifera)
from Patagonian Argentine coast, which were dried, previously
crushed and sifted (10-20 mesh). The following chemicals were
also purchased and used in the extraction-purification processes:
HCl 37 wt% (Cicarelli, Argentine); NaOH p.a. (Anedra, Argentine);

C.G. Gomez et al. / International Journal of Biological Macromolecules 44 (2009) 365-371

Na,COs3 p.a. (Anedra, Argentine); CaCl, p.a. (Anedra, Argentine);
ethanol 96% (Carries, Argentine); diatomaceous earth (Anedra,
Argentine); eriochrome black-T p.a. (Fluka, Switzerland). A com-
mercial sample of sodium alginate (N° 71238 Fluka, Switzerland)
was employed as a reference. In addition, a solution of eriochrome
black-T (5g per 1L of ethanol) was prepared, adding then 5 mL of
the last one to 5 mL of a 0.5 M NH,4CI/NH5 buffer solution at pH 10, in
order to obtain the indicator solution used for qualitative detection
of calcium ions.

2.2. Extraction of alginates from seaweed

A crushed sample (10 g) of dry seaweed was moistened by addi-
tion of distilled water (400 mL) and a 0.1N HCIl aqueous solution
was added, under high stirring, in order to have a pH 4, follow-
ing a similar extraction method reported by Arvizu Higuera et al.
[16]. This mixture was stirred during 15 min at room temperature

H,0
% Dry seaweed ———  Soaked seaweed
= 0.1 N HCI
2 1 N Na, CO;
] 60 °C, pH 10,2 h
#
=
Sodium alginate solution
Ethanol Route \ CaCl; Route
HCI Route
Ethanol 1 M CaCl,
1 N HCI
v
Precipitate Precipitate Precipitate
Sodium alginate Alginic acid Calcium alginate
Soxhlet Soxhlet
1 N Na,CO;
l ethanol l e l H;0O
}’““ﬂlef? Sodium alginate Washed precipitate
- Sodium alginate solution Calcium alginate
=}
= Ethanol
=) l Ll N HCI
) .
= Precipitate Sodium Precipitate
&~ ; Alginic acid
=) alginate £IMIC acl
-
Soxhlet 1 N Na,CO5
ethanol
Purified Sodium alginate
Sodium alginate solution
¢ Ethanol
Precipitate
Sodium alginate
Soxhlet
ethanol
Purified
Sodium alginate

Fig. 1. Scheme corresponding to the three routes of alginate purification.
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and then the supernatant was eliminated. This pre-treatment was
repeated three times with every sample, using each time 40, 25
and 20 mL of HCI solution, respectively. Then, the moistened sea-
weed was placed in a beaker with 250 mL of a 1N Na,COs solution
(pH 11.5) and mechanically stirred at 60°C for 2 h. The extracted
sodium alginate from the initial material was diluted to 800 mL
with distilled water and 1g of diatomaceous earth was added,
stirring this mixture during 15 min. The insoluble material was
separated by centrifugation, obtaining then sodium alginate in the
supernatant.

2.3. Purification of sodium alginate extracts

Three different processes of purification were used with the
solution of sodium alginate obtained in the above process, which
have been named route of ethanol, HCl, and CacCl,, respectively. A
schematic representation of the steps developed in the processes is
shown in Fig. 1.

2.3.1. Ethanol route (I)

Aqueous solution of sodium alginate obtained in the extraction
step was directly precipitated, under stirring, by addition of ethanol
until reaching a proportion 1:1 in volume, respectively. Thus, the
insoluble polymer was separated and then exhaustively washed
with ethanol by soxhlet for 100 h. Finally, the biopolymer was dried
at room temperature under vacuum until constant mass.

2.3.2. HClroute (Il)

In this route of purification, the solution of extracted sodium
alginate and 250 mL of 1N HCl were mixed at room temperature
under stirring for 1h (pH 2). Next, the precipitate of alginic acid
was separated by centrifugation adding later to it 100 mL of distilled
water and 150 mL of 1N Na;COs. Then, this mixture was left under
stirring at room temperature for 1h in order to obtain the soluble
form sodium alginate. Later, the polymer was precipitated from this
solution by slow addition of ethanol (1/1 volume ratio), employing
the same procedure of washing and drying described in Section
2.3.1.

2.3.3. CaCl, route (III)

The aqueous solution of sodium alginate was precipitated by the
addition of 1M CaCl;, (200 mL). The precipitate of calcium alginate
was exhaustively washed with distilled water using a soxhlet for
64 h. Then, 150 mL of distilled water was added to the precipitate
followed by the addition of 1N HCl until pH 2 in the supernatant,
maintaining this mixture under agitation at room temperature for
3.5 h. The insoluble material obtained (alginic acid) was separated
from the supernatant by centrifugation. Next, the alginic acid was
washed with 1.5 L of 0.05N HCl under stirring at room temperature,
without detecting the presence of CaZ* in the supernatant when it
was analysed by eriochrome black-T indicator. Later, the precipitate
of alginic acid was treated as in Section 2.3.2.

2.4. Calcium determination assays

Qualitative analysis of the presence of calcium ion in the super-
natant was performed in the CaCl, route. Here, an indicator solution
of eriochome black-T (1 mL) was mixed with an equal volume of
the sample supernatant, which changes its colour from blue to
pink in the presence of calcium ions. Quantitative determination
of the sodium and calcium content on the alginates samples were
performed at the CNRS central microanalysis service at Solaize
(France).

2.5. Molecular weight distribution

Purified alginates isolated under the sodium salt form were char-
acterized by size exclusion chromatography (SEC) using a Waters
Alliance GPCV2000 (USA) equipped with three detectors on line:
a differential refractometer, a viscometric detector, and a multi
angle laser light scattering (MALLS) detector from Wyatt (USA).
The concentration of polymer injected was in the range of 0.5-5 g/L
(depending on the range of molecular weights), with an injection
volume of 108 pL using two columns in series (Shodex OH-pack
805 and 806). The dn/dc adopted for the analysis was 0.165. All
the samples were filtrated on a 0.2 wm pore membrane (“Sartorius
AG” cellulose acetate filter) before injection, in order to retain large
aggregates. The eluent used was a 0.1 M NaNO3 aqueous solution,
at 30°C as elution temperature and a flow rate of 0.5 mL/min; the
molecular weight distribution, weight-average molecular weight
(M), polydispersity index (Mw/My), and intrinsic viscosity of the
eluted polymers were obtained as characteristics of the biopoly-
mers.

2.6. Chemical structure

Chemical composition of extracted alginates was obtained by
NMR. Polymer samples were dissolved in D,O with a concen-
tration 6 mg/mL. '"H NMR experiments were performed using a
Bruker AC-300 (Germany) spectrometer. The delay adopted was
20s. Chemical shifts are given relative to external tetramethylsi-
lane (TMS = 0 ppm). Deuterium oxide was obtained from SDS (Vitry,
France). 'H NMR spectroscopy is suitable for characterizing both
the composition and the distribution sequence of the two-uronate
residues in alginate samples [21]. We have assigned the signals at
5,4.6, and 4.37 ppm, like those corresponding to H;-G (pick 1), H;-
M +Hs5-GM (pick 2), and H5-GG (pick 3), respectively (Fig. 2). Taking
into account that protons areas of H1-G and Hs-G are equals, Hs-
GM is attained from the difference between the picks 1 and 3. Then,
making the difference between the pick 2 and H5-GM, the H{-M
area is obtained. From these values, the M/G ratio is calculated as
H;-M/H;-G and the fraction GG as H5-GG/H;-G.

Label Area
1 3133767
2 40284.98
3 15811.86

H1M
+H-5 GM
H1G HS q
GG
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5.0 4.5 4.0 3.5 3.0 25

ppm

Fig. 2. "H NMR spectrum of sample L.1 in deuterium water and its characteristic
signals.
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2.7. Gelation ability of the polymeric backbone in the presence of
calcium ions and the degree of swelling

Gelation ability of sodium alginate solutions in the presence of
calcium ions was carried out by dialysis through a porous cellu-
losic membrane “Spectra/Por” (exclusion limit M = 12-14,000) [20].
Here, a sodium alginate aqueous solution at a concentration of
20¢g/L was prepared and then introduced (20 mL) in the dialysis
bag against a 1 M CaCl, solution during 48 h to assure equilibrium.
A slice of gel (near 4 mm thick) was cut and placed between the
plates of the rheometer and its rheological properties were mea-
sured. Moreover, the swelling degree (SD) of the gel was obtained
and expressed as grams of regained water per gram of dry sodium
alginate. Swelling in water was determined by difference of weight
between the swollen gel and the dry mass of sodium alginate (based
on the amount of polymer introduced in the bag). Later, the gel
formed in excess of CaCl, was dried, and then swollen again in
water until reaching equilibrium. The swelling liquid was removed,
repeating the practice 5 times in order to eliminate the excess of
CaCl, included, and then the re-swelling degree (RSD) was mea-
sured. Here, the gel was weighted and dried at 70°C until achieve
constant mass, and then RSD was expressed as grams of water per
gram of dried polymer under calcium form.

2.8. Rheology of the sodium alginate solutions and the calcium
alginate gels

The rheological behaviour of the solutions and gels was deter-
mined using an AR 1000 rheometer from “TA Instruments” (USA)
at 25°C. Parallel plate geometry with 2 cm diameter plate was used
for gels, and a cone and plate geometry (4 cm diameter plate with
3.59° cone) for solutions. Dynamic experiments were performed in
the linear viscoelastic region. Dynamic moduli (G’ and G”) as well as
complex viscosity |1*| were determined as a function of the angular
frequency (w).

3. Results and discussion

Brown seaweeds (M. pyrifera) from Patagonian Argentine coast
were used in a study of extraction and purification of sodium algi-
nate in order to attain the highest molar mass and purity degree.
The products were obtained by three ways, named “Ethanol (I)”,
“HCl (II)”, and “CacCl, (III)” route. Acid pre-treatment was used in
order to eliminate polyvalent cations. After that, the soluble poly-
mer diffuses out of the seaweed under basic conditions, and then
it is purified by different ways. The final products were analysed
and their chemical composition as well as physical properties were
compared.

3.1. Purification process of sodium alginate

Purification process is based on successive solubilizations and
precipitations of the polymer in aqueous medium. Different con-
ditions are employed to eliminate the soluble impurities and all
multivalent counter ions in order to obtain the polymer under
sodium salt form. As can be seen in Fig. 1, there is a step corre-
sponding to alginate extraction using a Na,COs3 solution at 60°C,
in which cellular matrix is hydrolysed and the alginate polymer is
liberated to the solution followed by different purification ways.
For most of the cases, the alginate yields were higher than other
values published previously [14,19]. Fig. 1 and Table 1 show a logic
effect of the number of steps and the extraction conditions on purity
and extracted polymer yield. Moreover, the highest yield of puri-
fied sodium alginate was obtained by ethanol route, which presents
the lower number of purification steps (Table 1). This behaviour
reflects the already well-known low stability of the links of these

Table 1
Performance of the extraction-purification routes of sodium alginate.

Sample Purification Ca?* content (ppm) Extraction yield (wt%)
Route Number
of steps
11 Ethanol 2 2300 33
1.2 - 34
1.3 - 32
1.1 HCl 4 - 25
1.2 2300 29
1.1 CaCl, 6 1500 27
1.2 - 29

Calcium content for commercial sodium alginate was 1200 ppm.

polysaccharides principally in acid medium and in less extent in
basic conditions. In addition, the extraction yield values given in
Table 1 were calculated on the basis of corrected dry weight of the
samples without the extra materials such as sand occluded in the
initial algae.

3.2. M/G composition of the polymers and calcium content

The chemical composition of the extracted sodium alginate was
determined using 'H NMR spectroscopy. As can be seen in Fig. 2,
the signal at 4.95 ppm corresponds to the H-1 of guluronic units,
whereas the H-5 of guluronic units in GG block appears at 4.31 ppm,
and the large signal between 4.45 and 4.7 ppm belongs to H-1 of
mannuronic units and H-5 of guluronic units in GM moieties as
assigned previously [21]. From the integration of these signals both
the M/G ratio and the fraction of G units included in GG blocks
were estimated. The results are given in Table 2, showing that M/G
ratios of alginates obtained from M. pyrifera are higher than the
value corresponding to the commercial sample, since the last one
was probably extracted from a different algae species. Table 2 also
shows that an average value of M/G~ 1.15 is found for the poly-
mers purified through different ways, from which a large fraction
of G units (0.7) is involved in GG blocks. No significant dispersion
in this ratio was obtained for the three routes. On the other hand,
Table 1 indicates that the residual calcium content in the samples
(1500-2000 ppm) was close to the value obtained for the commer-
cial alginate (1200 ppm). Relatively lower values of calcium content
were obtained when acid route was employed. An increase in the
proton concentration lead to a higher polycations exchange, and
then a product with a higher purity can be obtained. However, this
variation gives also a decrease of the average molecular weight by
hydrolysis of the ether linkages.

3.3. Molecular weight distribution

Molecular weight distribution of the samples was determined by
SEC at 30°C. Weight-average molecular weight (M, ) and the poly-
dispersity index (M /M) are given in Table 2, where it is possible
to observe that the best purification condition is the direct precip-
itation by ethanol. Ethanol route gives the highest weight-average
molecular weight (My) with a relatively low polydispersity. More-
over, the molecular weight distribution of the extracted alginates
was compared with the commercial sample (Fig. 3). Here, the max-
imum in the molecular weight distribution moves to higher molar
mass when a lower number of steps in the purification route are
used, which can be related to chains degradation. In addition, from
SEC measurements it was possible to estimate the percentage of
soluble components in each sample. Table 2 shows that the soluble
percentage of every extracted alginate by ethanol and acid routes
was higher than 60%, which is related to a successful purification
of the polymer. Intrinsic viscosity data shown in Fig. 4 and Table 2,
indicate that Mark Houwink exponent is, in the range of molecular
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Sample GG fraction M/G My, x 10% [g/mol] My [My Soluble % (SEC) [n] (mL/g) (SEC) |n*1? (0.1 Hz) [Pas]
Commercial 0.48 0.43 279 19 70 660 1.07

11 0.69 117 297 1.8 72 575 0.60

1.2 - - 350 1.6 61 1100 -

1.3 - - 396 1.5 62 1185 -

1.1 0.76 1.29 227 1.6 69 530 0.39

1.2 0.59 1.30 213 1.6 70 480 0.19

111 0.69 0.97 94 3.0 57 170 0.02

1.2 0.77 112 56 1.9 58 150 0.01

aSample in water solution (20 g/L; 25°C), being (1), (II) and (III) the purification routes of ethanol, HCl and CaCl,, respectively.
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Fig. 3. Molecular weight distributions obtained by size exclusion chromatography.
Symbols: (@) commercial; (¢) 1.3; (O) IL.1; (A) IIL.1.

T T T T TT1T II T T T TTT II
1E+3 [ —
= L i
3 L 4
E
E L i
1E+2 1 Ll 1 Lol
1E+1 1E+2 1E+3
Mw (g/mol)

Fig. 4. Intrinsic viscosity [n] in 0.1 M NaNOs as a function of weight-average molar
mass (My) for extracted sodium alginates; all the experimental data are obtained
from SEC (Table 2).

weight analysed, o = 1.09. This value is in good agreement with that
determined in a previous work (o =0.97 in 0.1 M NaCl) [22]. Then, it
is possible to confirm that alginates are semi-rigid molecules, which
can be characterized by a persistence length depending slightly on
their composition as discussed previously [23].

3.4. Rheology

Rheology of polymer solutions at 20 g/L in water was tested in
steady state and dynamic experiments. All the solutions have a
Newtonian plateau at low shear rate. As it was expected, loss mod-
ulus (G”) is always higher than storage modulus (G’) in the range
of frequency covered [24]. An example is given in Fig. 5, where the
behaviour of the commercial and 1.1 sample is compared, showing
the former a higher performance as thickener. From these rheolog-
ical data, it can also be concluded that the direct precipitation in
the purification of sodium alginate through “ethanol route” gave
the extracted polymer solution with the highest viscosity (Table 2).
Given that the polymeric chain degradation is high in presence of
HCl solution during the acid pre-treatment of the algae before to the
extraction process, the acidity must also be carefully kept at pH 4.
Moreover, the purification by the “HCl route” gives, in both samples
(IL1 and I1.2), relatively similar results with only few aggregates as
it can be seen from soluble % (Table 2). Nevertheless, the use in this
route of an acidic treatment produces hydrolysis of some linkages
with a decrease in the molecular weight and a lower rheological
performance for these samples.
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Fig. 5. Dynamic rheological behaviour of 20 g/L sodium alginate aqueous solutions
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Slope 3.26.

On the other hand, the “CaCl; route” has the highest number of
purification steps, including an acid treatment (Fig. 1), giving the
worst results (IIl.1 and III.2 samples). Table 2 shows that samples
Il present the lowest molecular weight and viscosity with a lot
of aggregates and a relatively high content of the residual calcium
ions. The complex viscosity as a function of the angular frequency
at 0.1 Hz for the different samples was obtained, and then their
values compared (Table 2). There are not enough data to deter-
mine the critical value of the average molecular weight for effect of
entanglement coupling on viscosity (M. ). Nevertheless, the values
of weight-average molecular weight obtained seem to be over M, at
the polymer concentration used (20 g/Lin water), which screens the
long range electrostatic repulsions. Viscosity values as a function of
weight average molecular weight show a power trend (Fig. 6) with
a slope of approximately 3.26 as it is expected at high molecular
weights, due to the entanglement coupling [25].

3.5. Gelation ability of the polymers

Gelation ability of sodium alginate polymers was evaluated
using a 20g/L solution of polymer against a 1M CaCl, solution
for 48 h. Rheological properties of formed gels were obtained by
dynamic measurements in parallel plate geometry. Fig. 7 shows the
evolution of dynamic moduli (G' and G”) as a function of the fre-
quency for formed gels of commercial, 1.1 and 1.3 sample. An elastic
modulus (G') higher than the viscous one (G”) in all the range of fre-
quency measured is obtained. From the relationship between the
polymeric chain and gel properties (Tables 2 and 3), it is possible
to observe that viscoelastic properties are dependent on both the
chemical composition and the polymer molar mass. Those alginates
with alower M/G ratio displayed a higher G’ value (Table 3) as result
of a higher degree of calcium chelation, which is directly related
to a higher content of guluronic groups. Although the moduli are
lower when GG fraction is higher (Tables 2 and 3, Fig. 7), the total
GG fraction (TGF) of the commercial sample (36%) is higher than
sample 1.1 (32%). This is in agreement with the “egg box” binding
model of calcium by polyguluronate. The TGF % value was calcu-
lated from M/G ratio and GG-block fraction (Table 2), where TGF
%=[100 x GG-block fraction]/[(M/G) + 1] was expressed as the per-
centage of G units presents in the GG block fraction referred to the
total monomer (M + G) content.
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Fig. 7. Dynamic rheological behaviour of calcium alginate gels at 25 °C. Elastic and
viscous moduli of (@, O) commercial, (¢, ¢) .1 and (W, ) 1.3 samples.

Table 3
Viscoelastic properties at 25°C and swelling degree of calcium gels obtained from
aqueous solution of alginates with a Cp=20g/L.

Sample G’ (at 1Hz) [Pa] G” (at 1Hz) [Pa] SD? SDP
[gH20/g dry polymer]
Commercial 191,200 38,000 25 4.8
11 51,800 8,800 24 4.7
1.2 295,000 55,000 26 53
1.3 240,000 38,200 24 5.4
111 43,400 7,100 26 44
1.2 49,400 8,300 27 5.2
1.1 50,600 7,900 30 5.3
1.2 38,900 5,400 31 6.0

2 Swelling degree.
b Re-swelling degree.

On the other hand, the control of acidity at pH 4 during acid
pre-treatment allowed attaining the samples 1.2 and 1.3 with a very
good reproducibility. These alginates (Table 2 and Fig. 3) displayed
a narrower molecular weight distribution and a higher molar mass
than the commercial sample. Therefore, the gelation ability of the
extracted polymers was improved, showing the highest viscosity
and improved viscoelastic properties (Tables 2 and 3). Extracted
alginates with a higher molecular weight form stronger gels (Fig. 7)
due to an increase in the number of cross-linking points (calcium
chelation). On the other hand, the lower values of swelling and re-
swelling degrees obtained with samples I.1 to 1.3 also indicates a
higher degree of cross-linking in those gels.

4. Conclusions

In this work a basic extraction of sodium alginate from brown
seaweeds (M. pyrifera) was performed in order to examinate the
influence of three purification methods on the yield and final prop-
erties of the polymer. Clearly the use of a step of precipitation
in presence of calcium ions followed by the cations exchange in
acid medium gives alginates with poor viscoelastic properties. Acid
treatments degrade the polymer chain when it is used in the pro-
cess. Ethanol route results the most successful process using the
lowest number of steps. Direct polymer precipitation with ethanol
(1/1 volume ratio) leads to the best yield. Sample 1.1 with an weight
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average molecular weight and M /My similar to the commercial
sample shows lower viscoelastic properties, both in solution and in
gel form. This behaviour can be explained considering the higher G
unit content (TGF %) in the commercial alginate, which promotes a
more successful calcium chelation. A pH higher than 3.5 in the acid
pre-treatment enhanced the “ethanol route”, avoiding the rupture
of ether linkages. Then, extracted alginates 1.2 and .3 were obtained
with a higher Myy and a narrower molecular weight distribution,
presenting rheological properties comparable to or even better than
the commercial sample.
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