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Abstract

Annually, great amounts of cellulose wastes, which could be measured in many billions of
tons, are produced worldwide as residues from agricultural activities and industrial food
processing. Consequently, the use of microorganisms in order to remove, reduce or amelio-
rate these potential polluting materials is a real environmental challenge, which could be
solved by a focused research concerning efficient methods applied in biological degradation
processes. In this respect, the scope of this chapter is to present the state of the art
concerning the biodegradation of redundant cellulose wastes from agriculture and food
processing by continuous enzymatic activities of immobilized bacterial and fungal cells as
improved biotechnological tools and, also, to report on our recent research concerning
cellulose wastes biocomposting to produce natural organic fertilizers and, respectively,
cellulose bioconversion into useful products, such as: ‘single-cell protein’ (SCP) or ‘protein-
rich feed’ (PRF). In addition, there are shown some new methods to immobilize microorgan-
isms on polymeric hydrogels such as: poly-acrylamide (PAA), collagen-poly-acrylamide
(CPAA), elastin-poly-acrylamide (EPAA), gelatin-poly-acrylamide (GPAA), and poly-hy-
droxy-ethyl-methacrylate (PHEMA), which were achieved by gamma polymerization tech-
niques. Unlike many other biodegradation processes, these methods were performed to
preserve the whole viability of fungal and bacterial cells during long term bioprocesses and
their efficiency of metabolic activities. The immobilization methods of viable microorganisms
were achieved by cellular adherence mechanisms inside hydrogels used as immobilization
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matrices which control cellular growth by: reticulation size, porosity degree, hydration rate
in different colloidal solutions, organic and inorganic compounds, etc. The preparative
procedures applied to immobilize bacterial and fungal viable cells in or on radiopolymerized
hydrogels and, also, their use in cellulose wastes biodegradation are discussed in detail. In all
such performed experiments were used pure cell cultures of the following cellulolytic
microorganisms: Bacillus subtilis and Bacillus licheniformis from bacteria, and Pleurotus
ostreatus, Pleurotus florida, and Trichoderma 6iride from fungi. These species of microorgan-
isms were isolated from natural habitats, then purified by microbiological methods, and
finally, tested for their cellulolytic potential. The cellulose biodegradation, induced especially
by fungal cultures, used as immobilized cells in continuous systems, was investigated by
enzymatic assays and the bioconversion into protein-rich biomass was determined by
mycelial protein content, during such long time processes. The specific changes in cellular
development of immobilized bacterial and fungal cells in PAA hydrogels emphasize the
importance of physical structure and chemical properties of such polymeric matrices used for
efficient preservation of their metabolic activity, especially to perform in situ environmental
applications involving cellulose biodegradation by using immobilized microorganisms as
long-term viable biocatalysts. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Biodegradation of cellulose wastes by fungal or bacterial enzymatic activities
represents a large area of research experiments concerning the influence of different
physical and biochemical factors, which interfere in cellular dynamics of such
biotechnological processes [1]. The survey of these important factors could give
much useful information about the optimal parameters of biodegradation in
continuous-culture systems in order to maximize the efficiency of these biotechno-
logical procedures and to achieve increasing rates of biocomposting and bioconver-
sion into useful products, using immobilized bacteria and fungi [2].

There are many well-known methods to immobilize bacterial and fungal spores
by entrapment inside various polymeric matrices prepared by chemical polymeriza-
tion. The main disadvantage of these procedures is their inability to be used as
immobilization technique for whole viable microorganism cells, by which it could
be generated a new potential efficiency for many biotechnological continuous
processes [3]. So far, most of the available immobilization methods have already
been applied, especially to filamentous fungi and, in fact, several industrial biopro-
cesses have been developed using as much as possible the enzymatic potential of
these microorganisms to convert useless cellulose materials into useful products
[4–6].

The cellulose biodegradation using bacterial and fungal cells immobilized in
polymerized hydrogels is essentially based on the complex interactions between
biotic factors, in first place, including: cell wall composition, cell age, and morpho-
genetic specificity of microorganisms, and, on the other hand, the cellulose compo-
sition, especially its complexity with hemicellulose and lignin, as well as the abiotic
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ones, such as: physico-chemical surface properties of polymerized hydrogels which
will be used as immobilization matrices, their porosity, pH value, and ionic strength
of nutritive solutions added to substrata. The immobilization of whole viable cells
is achieved, in this way, by natural adherence and biofilm growth of bacterial and
fungal cells inside of polymerized hydrogels during their cellular cycles. At the same
time, the immobilization efficacy usually depends on the porosity degree of poly-
meric hydrogels used as optimal immobilization matrices and the surface contact of
enzymatic compounds with cellulose particles by the adsorption effects [6–9]. At all
events, the interest about the further role of immobilized cells in biotechnology, and
the current level of research, are going to lead to much more extensive commercial
applications being considered as potential substitutes for conventional fermentation
systems [10–12].

2. Chemical and physical features of cellulosic materials and their susceptibility to
enzymatic hydrolysis

Basically, the cellulose is the most widely distributed skeletal polysaccharide and
represents about 50% of the cell wall material of plants. Beside hemicellulose and
lignin, cellulose is a major component of agricultural wastes and municipal residues
[12–14].

The cellulose and hemicellulose comprise the major part of all green plants and
this is the main reason of using such terms as ‘cellulosic wastes’ or simply
‘cellulosics’ for those materials which are produce especially as agricultural crop
residues, fruit and vegetable wastes from industrial processing, and other solid
wastes from canned food and drinks industries [14,15]. The cellulose molecules are
composed of longer slander bundles of long chains of b-D-glucopyranose residues
linked by 1-4 glucosidic bonds, called ‘elementary fibrils’. Within each elementary
fibrils the cellulose molecules are laterally bound and the adjacent molecules run in
opposite directions, but in parallel, with various degrees of orientation [3,6,15].

These molecules have two regions: one of this, which is called ‘crystalline
cellulose’ is composed of highly-oriented molecules, and another one called ‘amor-
phous cellulose’, which comprises less-oriented molecules. Many of these elemen-
tary fibrils form together a microfibril and, furthermore, several microfibrils joined
together form a macrofibril [3,6,12,14–17].

For the complete hydrolysis of cellulose to glucose the cellulase systems must
contain the following enzymes: endoglucanase (1,4-b-glucan glucanohydrolase, EC
3.2.1.4), exoglucanase (1,4-b-glucan cellobiohydrolase, EC 3.2.1.91) and b-glucosi-
dase (b-D-glucoside glucohydolase or cellobiase, EC 3.2.1.21)[15–19]. Only the
synergy of these enzymes makes possible the cellulose hydrolysis to glucose [17–19].
In addition, C1 activity (cotton hydrolyses activity) is necessary for splitting off the
elementary fibrils from the crystalline cellulose [20–23].

As a result of its swelling and H-bond-breaking effects, C1 activity from the
cellulase system releases microfibrils as well as macrofibrils from the cell wall and
continues to cut the open ends of the microfibrils as well as on macrofibrils by
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penetrating deep inside the cellulose structure to liberate elementary fibrils and
single cellulose molecules [6,12,21–23].

To penetrate into the crystalline cellulose region, nevertheless, C1 activity must be
augmented by endoglucanase to break the 1,4-b linkage in the cellulose molecules
(glucose chains). As soon as the two broken ends of the cellulose molecules are
lifted, the C1 activity enters beneath the cellulose molecules to release the glucose
chain from the rest of the cellulose by its swelling and H-bond-breaking effects. The
newly released long glucose chain (cellulose molecule) is broken down by endoglu-
canase into shorter chains (oligosaccharides, cellotetraoses, cellotrioses) [21,23–25].
Direct physical contact between enzyme and surface of cellulose molecules is a
preliminary requirement to hydrolysis [25–28]. Since the cellulose is an insoluble
and structurally complex substrate, this contact can be achieved only by diffusion
of the enzymes into the complex structural matrix of the cellulose [23,28–30].

The ability of cellulolytic microorganisms to degrade cellulose vary greatly with
the physico-chemical characteristics of the substrate, such as: (a) the size and
permeability of cellulolytic enzymes and other reagent molecules, which are in-
volved in relation to the size and surface properties of the grown fibrils and the
space between microfibrils and cellulose molecules from amorphous region; (b) the
degree of crystallinity of cellulose; (c) the unit cell dimensions of cellulose; (d) the
stereoscopic conformation and rigidity of the anhydroglucose units; (e) the degree
of polymerization of cellulose molecules; (f) the nature of components with which
cellulose is associated; (g) the nature, concentration and distribution of substituted
groups [30–35]. The crystallinity degree of cellulose is one of the most important
structural parameters which affects the rate of enzymatic degradation by hydrolysis.
Therefore, the rate of degradation should be a function of the surface properties of
cellulose which makes possible the access of enzymes to polymeric molecules
[35–37].

3. Microorganisms used as biocatalysts in cellulose biodegradation

Many fungi from Asco- and Basidiomycetes can produce extracellular enzymes
that enable them to break down polysaccharides such as celluloses and convert
these polymeric compounds into sugars, and otherwise, there are several Gram-pos-
itive bacteria, such as those from Bacillus genus, which have the enzymatic potential
to cut down proteins into amino-acids that can be assimilated easily by other
organisms during the specific food chains existing in any ecosystems [38,39]. In this
respect, there will be shown some short morpho-physiological characteristics of
such microorganisms which were used as biocatalysts in our experiments concern-
ing cellulose biodegradation by immobilized viable cells [39].

3.1. Bacillus subtilis and Bacillus licheniformis

The bacterial species from Bacillus genus (Eubacteria, Gram-positive endospore-
bearing bacteria, Bacillaceae) are aerobic or facultatively anaerobic microorgan-
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isms, with wide diversity of physiological ability with respect to heat, pH and
salinity. Bacillus bacterial cells are rod-shaped and straight, and often are arranged
in pairs or chains, with rounded or squared ends. Many species are normally
present in soil and in decaying animal and vegetable matter [40]. B. subtilis is
responsible for spoilage in fruit and vegetable products and it is used in industry to
manufacture enzymes for biological washing products [41].

3.2. Pleurotus ostreatus and Pleurotus florida (Fr.) P. Kumm.

Pleurotus species (Basidiomycota, Basidiomycetes, Holobasidiomycetidae, Poriales,
Lentinaceae) are characterized by hyphae with a dolipore septum and parenthe-
somes, with basidiospores forming directly a mycelium and basidium clavate,
cylindrical, uniform, or furcate, lacking internal septation. These species are hy-
menophore lamellate and hyphal system monomitic or dimitic with skeletal or
skeleto-ligative hyphae [42–45]. They are commonly cultivated in Europe (P.
ostreatus) and in tropical countries (Pleurotus pulmonarius), and usually, their
cultivation has long been a bioconversion process and simultaneously a useful
approach to treating solid agricultural and industrial cellulose wastes [45].

3.3. Trichoderma 6iride Pers.ex S.F. Gray aggr.1

The species of T. 6iride (Ascomycota, Hypocreales, Hypocreaceae) may have
either loosely-floccose or compactly-tufted colonies and there are numerous inter-
mediate types between these two extremes, sometimes, both of them occurring on
the same colony. Typically, colonies of T. 6iride always have green coloration, but
in the other aggregate species, some isolates of this species may also have an
entirely different coloration, which varies from yellow to yellowish or light green. In
cultures, colonies grow rapidly, covering 9-cm Petri dishes after about 4 days at
20°C and form, at first, a smooth-surfaced mycelial net, which later may become
hairy from the formation of loose aerial hyphae [46].

4. Immobilization matrices preparation by radiopolymerization procedure

Recently, many biotechnological processes using immobilized microorganisms on
different matrices using the gels shape were described, e.g. agar–agar, alginate or
calcium alginate, which all have almost the same characteristics concerning the
preparative procedures [47–49]. The ‘classical’ poly-acrylamide (PAA) gel, prepared
by chemical polymerization reaction, is actually the most widely used matrix for
immobilizing bacterial or fungal spores [47].

The main disadvantage of this method, which involves the use of bis-acrylamide
as chemical initiator of polymerization reaction, consists of denaturing effects of

1 Aggregate species, an entity which can be defined as aggregations of morphologically very similar
and often hardly-separable species [46].
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viable microorganisms and the considerable loss of cellular activity, caused by the
chemical toxicity of the redundant non-polymerized monomers [48–50].

We have developed a method to produce micropellets containing immobilized
bacterial and fungal cells on radiopolymerized hydrogels, that overcomes many
disadvantages of the older chemical methods [51].

The first step of PAA hydrogels preparative procedure consists of preparing such
concentration of monomer solutions which make possible a controlled size of
reticulation net pores to be hydrated by adding specific nutritive media [51–53].
Aqueous solutions of pure acrylamide monomers (10%, 15%, 20%) were prepared
by mixing 20% acrylamide solutions with adequate solutions of fibrillar proteins
such as: collagen, elastin, or gelatin; the following solutions were obtained: 1, 2, and
3% collagen acrylamide (CAA); 1, 3, and 5% elastin acrylamide (EAA); 3, 5, and
7% gelatin acrylamide (GAA). These mixed solutions of acrylamide monomers and
fibrillar proteins were gamma irradiated by using a 60Co radioactive source with a
debit of 5–7 KGy [51–53].

During gamma polymerization a continuous air-flow of bubbles inside of the
acrylamide monomer solutions was carried out which controlled the absorption
dose of gamma rays by monomer solutions composition. After radiopolymerization
colorless and gelatinous hydrogels were obtained, containing many air bubbles in
polymerized hydrogels. The size of these air gaps was determined by the air-flow
pressure and the reticulation of hydrogels was controlled at the same time by
gamma-radiopolymerization dose and, also, by radioabsorption dose. This proce-
dure was carried out on the corresponding types of hydrogels, respectively: 10, 15,
and 20% poly-acrylamide (PAA); 1, 2, and 3% collagen-20% poly-acrylamide
(CPAA); 1, 3, and 5% elastin-poly-acrylamide (EPAA); 3, 5, and 7% gelatin-poly-
acrylamide (GPAA).

In the next stage of this procedure, the hydrogels are broken up into small pellets,
dehydrated by vacuum, and sterilized by gamma irradiation at 25 KGy. Then, these
PAA micropellets were rehydrated with specific liquid-nutritive media for each
bacterial and fungal species. Using almost the same procedure as above, three
variants of adequate concentrations of hydroxy-ethyl-methyl-methacrylate
(HEMA), respectively, 10, 15, and 20% were prepared. All stages of this procedure
were almost the same as in the first mentioned method, excepting the radiation
treatment which was longer than previous PAA preparative procedure. These
obtained poly-hydroxy-ethyl-methacrylate (PHEMA) were physically harder and
less elastic, having a light yellow aspect and their rehydration power was three times
lower than that one of PAA hydrogels [53].

5. Bacterial and fungal cells immobilization

So far, a multitude of definitions have been proposed to explain the concept of
microorganisms immobilization and, obviously, there are many difficulties in order
to accept the precise boundaries of this subject and identify them as universal
paradigms which could be applied in any biotechnological process without any
change [54].
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In spite of these comprehensive problems, this concept could be designed to
include such methods and systems, which determine the physical confinement or
chemical-surface bonding of microorganisms inside or on the surface of a matrix. In
this way, a long-term metabolic activity during continuous bioprocess and the
economic re-use of such microorganism-matrix complexes will be achieved [55]. In
this respect, the meaning of this definition might be sufficiently broad to cover by
its extension both adsorption and entrapment procedures and, also, to include
surface mycelial culture systems and fixed-bed reactors in which the immobilization
process is achieved by natural adherence and biofilm growth [5,7,56]. To achieve a
good immobilization of cells the inner structure of the matrix is an important
factor. In most of cases the spherical shape of the matrix has the advantage of
combining the fast production with control of particle diameter [57].

Most of the methods used for immobilization of intact microorganisms cells are
essentially based on adsorption and entrapment techniques, being adaptations of
those previously developed for enzyme immobilization. The adsorption method is
currently achieved by linking cells directly to water-insoluble carriers and the
adsorption effect is mainly a result of electrostatic interactions between microorgan-
ism cell surface and carrier material. Although this process is essentially mild and
allows a good retention of cell viability, a certain desorption reaction can occur
rapidly under certain circumstances [58–60].

Procedures much more extensively used than adsorption of whole-cell immobi-
lization, involve the entrapment methods which are based on the use of particular
polymeric hydrogels, such as: PAA and calcium alginate. These methods have been
successfully applied to many filamentous fungal species from Ascomycetes [60–62].
These methods are based on the inclusion of cells within polymeric matrices,
allowing diffusion of substrate and product, but, nota bene, preventing cellular
activity loss by a higher protection against any hazardous shocks which could be
produced any time by mechanical or chemical means, especially in environmental
applications [62–64].

Ideally, the nature of matrix and the preparative procedure should minimize the
loss of cellular activity in order to preserve the intact viable microorganisms and
achieve the highest cell density per unit volume, as Coughlan and Kierstan reported
[47]. In this respect, PAA produced by chemical polymerization has been widely
used in numerous immobilization methods, and the general applied procedure
involves the chemical polymerization of an aqueous solution of acrylamide
monomers, in which the microorganisms are suspended, followed by the subdivision
of prepared hydrogels into small pellets to be used in biotechnological processes
[51–53,56]. However, this polymerization procedure requires the use of a chemical
initiator, such as bis-acrylamide, which can cause denaturing effects which are
translated in considerable loss of cellular activity [64–66].

5.1. Bacterial cells adsorption on hydrogel-coated zeolites

Many immobilized-cell reactors contain films of biomass growing on some type
of support particles [67]. All these reactors share the problems associated with the
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mass-transfer resistance in the biomass, by which the substrate must diffuse into the
biofilm and, to the contrary, the product must diffuse out. Since both of these
processes require a concentration gradient, the deep region inside the biomass can
become a very low substratum compared with a high product environment where
metabolic activity is severely inhibited [68].

Adsorption to a solid support such as PAA-hydrogel-coated zeolites offers a
simple and effectiveness method to immobilize bacterial cells. As ordinary ceramic
materials the zeolites are a well-known group of hydrated aluminosilicate minerals
which are usually used as molecular sieves. This means that such natural materials
have a porous inner structure which allows the PAA-hydrogel coating inside them
during the preparative procedure of immobilization matrices [69–72].

The immobilization technique was achieved by hydrating the zeolites with
standardized acrylamide monomer solutions until complete saturation. After the
radiopolymerization reaction, the PAA-hydrogel-coating-zeolites, which have al-
ready been produced in this way, were washed several times with deionized water
[51–53]. Then, they were mild dehydrated by low vacuum and, afterwards, they
were rehydrated by adding the specific liquid culture medium (meat extract 0.3%,
peptone 0.5%, glucose 0.5%). Eventually, the PAA gel-coated zeolites as spherical
microbeads were inoculated with pure bacterial inoculum of B. subtilis, using a
special laboratory tool [53].

5.2. Fungal spores entrapment in radiopolymerized hydrogels

The entrapment of whole microorganisms in different supports is one of the most
used immobilization techniques which is defined by a matrix formation around the
cells and this has to be carried out only in presence of certain catalytic active cells
[73–76].

A notable example of the application of PAA gel immobilization could be also
the entrapment of microorganisms spores as it was reported by Stormo and
Crawford [77]. The entrapped spores are induced to germinate in the presence of
nutrients and a mycelial net develops within the gel. Advantages of this approach
are that preparations are obtained with evenly-distributed cells, and pretreatments,
such as fragmentation or division of the mycelia are obviously unnecessary. This
spore-immobilization technique followed by in situ germination is also applicable to
other spore-producing microorganisms [78,79].

In contrast with these applied procedures, various other studies report that
immobilization in calcium alginate, for example, is preferable to PAA when the
maintenance of cell viability is more important [78]. The immobilization protocol,
which uses this material as matrix, involves cells mixing into a sodium alginate
solution. Then, this mixture can be dripped into a calcium salt bath, resulting in
spontaneous polymerization and the formation of spherical pellets of calcium
alginate gel containing the entrapped cells [78–80]. Even though this procedure is
mild, with no heating and no toxic required reagents, there were registered some
insignificant or unnoticeable enzymatic activities of these microorganisms by re-us-
ing of their immobilized cells [80–82].
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In addition, one of the main disadvantages of using this type of immobilized cell
technology is the increasing resistance to oxygen diffusion of certain immobilization
matrices, especially the gels. The oxygen supply inside vessel culture of aerobic
bioreactors causes considerable technical difficulties, and, also, the cells immobiliza-
tion can add to this problem [73,75]. Oxygen use by bacteria and fungi entrapped
in alginate beads was investigated by Gosmann and Rehm [73]. The specific rate of
oxygen uptake of the immobilized bacterial cells was dependent on the biomass
concentration in the gel and the lower cell concentration allowed a maximum
respiration. As the concentration was increased, cells used oxygen faster than it
could diffuse into the pellets, until, eventually, the absolute oxygen uptake rate of
the pellets remained constant [73].

The above studies could illustrate the strategy to increase the oxygen supply in
order to immobilize microorganisms cells by enhancing the partial pressure of
oxygen in the feed-gas stream. Other techniques include the increasing of oxygen
diffusion by reducing the matrix density or increasing the surface-volume ratio by
reducing the overall particle size [80].

During our experiments, the isolates have been obtained by making single and
mass ascospores of available pure strains of T. 6iride which were grown using the
following liquid-nutritive medium: peptone 0.05%, meat extract 0.1%, yeast extract
0.1%, Tween 80 0.3%. The incipient germinated ascospores were placed into
complex solutions prepared by mixing collagen with acrylamide monomers in
various ratios [53].

In the next stage, after radiopolymerization these ascospores were already
entrapped into the meshes of radiopolymerized hydrogels used as immobilization
matrices. Finally, these hydrogels were divided into small granules, were washed
several times, mildly dehydrated by vacuum, and rehydrated by a specific liquid-nu-
tritive medium supplemented with 3% (g l−1) pure cellulose (Schuhardt)[53].

The immobilized cultures of T. 6iride, in CPAA hydrogels used as immobilization
matrices, were maintained for 5 days at 23°C. After this incubation period the
immobilized fungal cells have developed a characteristic mycelial net inside the
radiopolymerized hydrogels.

5.3. The immobilization of mycelia by natural adherence and surface biofilm growth

It is unanimously accepted the fact that filamentous fungi can exhibit a strong
affinity for surfaces of either organic or inorganic materials and adherence proper-
ties as well as surface biofilm growth are important features of the natural ecology
of these microorganisms. Although the precise mechanisms of fungal adherence are
not yet very well known, the beneficial or, sometimes detrimental, consequences of
this phenomenon have been well recognized [82].

Fungi, however, often adhere firmly and resist removal by rinsing, being pro-
tected by irregularities of the substratum and their attachment having resistance by
some properties of their hyphal mycelium [7,43,83]. Many fungal species secrete
extracellular polysaccharides with adhesive properties, which could be involved in
such cellular adherence on different surfaces. The penetration of hyphae into
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porous or open surfaces would appear to serve as an obvious means of this
attachment to this type of surface [11,76].

To achieve our experiments regarding the immobilization of vegetative mycelia
from some strains of P. ostreatus and P. florida, by natural adherence and surface
film growth on polymeric hydrogels, we used the simple PAA and complex PAA
hydrogels, such as CPAA, EPAA and GPAA hydrogels, which had been produced
by the preparative procedure previous presented. These polymeric matrices were
divided into thin pellets and were rehydrated by a liquid-nutritive medium prepared
from: malt extract 0.1%, peptone 0.3%, glucose 0.05%, (NH4)2SO4 0.01%, K3 PO4

0.03%. Then, inside the gaps of these hydrogel pellets were placed aseptically small
pieces of vegetative mycelium [56].

The immobilization technique had to respect the following steps: (1) the place-
ment of the culture vessel with the PAA hydrogel pellets inside of an aseptic room,
under the object lens of the optical microscopy; (2) the punching of the superficial
layers of hydrogels by a special tool in order to release the air from the hydrogel
gaps and to introduce the inoculum [56]. All these inoculated PAA pellets were
maintained at 25°C, for 5 days re-incubation and the liquid-nutritive medium was
supplemented with 20% pure cellulose (g/l), as a preliminary carbon source.

On the interface PAA hydrogels-liquid medium there have been registered some
changes in fungal cells development on PAA hydrogels (especially, simple PAA and
CPAA hydrogels), which determine a specific hyphal morphogenesis of P. ostreatus
and P. florida [81]. In this respect, it can be noticed significant changes in cellular
shape and straightened orientation by comparison with the free hyphal cells of the
same species grown on agar–agar gels, which were used as control samples. In
addition, the immobilized fungal cells have been preserved in these polyacrylamide
hydrogels for about 10 months at room temperature without adding any nutritive
solutions to maintain the appropriate hydration level of these immobilization
matrices during such a long period. Otherwise, after such a long period there were
no changes noticed in enzymatic potential of these immobilized microorganisms,
when they were tested by biodegradation experiments in continuous systems [56].

6. Immobilized-cell bioreactors designed to be used in continuous cellulose
biodegradation processes

Any biotechnological process requires a suitable environment for the growth of
pure cultures of certain microorganisms, which can be run free from contamination
and under controlled conditions [11,14,56,84,85].

The design of such biotechnological installation must incorporate a device to
homogenize the contents, an air supply for aerobic processes, probes to monitor the
evolution of cellular growing and the changes in culture medium composition, and
regulators to control them. Also, there must be provisioned with particular device
for inoculation and sampling, as well as for charging and discharging the culture
vessel without any risk of contamination, and in continuous culture it is compul-
sory to monitor and control the flow rate of the culture medium, the culture
volume, and mass, as well as the biomass concentration per unit volume [56,83,84].
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The biodegradation experiments were performed by using three types of continu-
ous biotechnological laboratory-scale installations, containing immobilized bacte-
rial and fungal cells on simple or complex PAA hydrogels [85].

6.1. Fixed-bed film bioreactor

In order to study the cellulose wastes biodegradation by consecutive aerobic
cultures of immobilized microorganisms there were used fungal cells of T. 6iride and
bacterial strains of B. subtilis and B. licheniformis. The reason for the achievement
of a fluidized bed film bioreactor, was to provide an appropriate environment for
both bacterial and fungal cultures, in order to produce the cellulose breaking down
into low molecular weight compounds which could be used as soil fertilizers [85]
(Fig. 1).

6.2. Flow recycling column bioreactor

This bioreactor which was mainly designed for cellulose bioconversion consists in
a vertical column interconnected by a closed circuit with an adjacent main reservoir
from which is supplied an intermittent nutritive flow inside the culture vessel by an
automatic peristaltic pump, connected to this closed system. The constant tempera-
ture for fungal growth is assured by a water-heater enclosed circuit, provided with
a thermo-regulator which control the temperature level all the time (Fig. 2).

Fig. 1. Schematic figure of a fluidized bed bioreactor. 1, culture vessel; 2, nutrient reservoir; 3, peristaltic
pump; 4a, 4b, buffers tanks; 5, water heater; 6, stirrer; 7, air pump; 8, Millipore air filter; 9, automation
panel; 10, inoculum reservoir; 11, sample harvester.
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Fig. 2. Schematic figure of a flow recycling column bioreactor. 1, culture vessel; 2, synthetic glass filter;
3, air pump; 4, immobilized cells inoculum reservoir; 5, water heater; 6, refrigerant; 7, peristaltic pump;
8, recycling vessel with immobilized bacterial cells; 9, vacuum pump; 10, buffer tank; 11, automation
panel.

In this way, it was achieved an artificial structured ecosystem in which it could be
noticed the cellulose concentration gradients at different column levels, the fungal
hyphae development on PAA hydrogel variants and at the same time, the enzy-
matic activity as significant differences from that ones happened in natural condi-
tions [51–53,56].

6.3. Mobile-bed film bioreactor

This type of bioreactor was designed to be used in biodegradation of colloidal
cellulose suspensions having as principal subsystems: the culture vessel with deposal
multi-flatted beds, the steam-sterilization device and the main reservoir to stock
these sterile cellulose suspensions. Each of these beds was designed to be slanted in
order to provide the descendent movement of cellulose suspensions from the main
reservoir to the culture vessel, both of these bioreactor subsystems being intercon-
nected by an automatic peristaltic pump and, also, to achieve the same fluidity rate
of these suspensions inside of the culture vessel. The incubation culture temperature
was maintained at a consistent level (23°C), using a water-heater and a thermo-reg-
ulator, controlled by a process computer (Fig. 3).

7. Two-phases continuous biocomposting of cellulose wastes using immobilized
fungal and bacterial cells

The cellulose wastes biocomposting, as a particular type of biodegradation
process, was achieved using immobilized fungal species for continuous production
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of oligosaccharides with low molecular weights, which can be further biodegraded
or biotransformed into useful compounds by immobilized bacterial cells [86–88].
Firstly, the cellulose wastes were cut down in fragments with an average size of 25
mm and then they were desiccated by hot-air flows and rehydrated by adding
aqueous solutions of ammonia salts, such as: 0.1% NH4NO3 and 0.3% (NH4)3PO4,
which were used as nitrogen source for protein biosynthesis. The homogenized
cellulose wastes fragments, which have consequently formed the semi-solid cellulose
substrata, were finally steam sterilized at 121°C, 1 atm for 25 min and were
aseptically added into the culture vessel of a fixed bed bioreactor [51–53,85].

In the first stage of such bioprocess, the ascospores of T. 6iride, which were
already immobilized by entrapment in CPAA hydrogel matrices, were added
aseptically into the culture vessel of a fixed bed bioreactor and homogenized
together with the semi-solid cellulose substratum by a sterile air flow, which further
on it was pumped with high pressure into the mixture. For 3–5 days the culture
cycle of T. 6iride has almost been achieved by reaching high values of cellulose
depolymerization into di- and monosaccharides and using them towards the
consecutive protein biosynthesis [88–91].

In the second phase, the immobilized cultures of B. subtilis and B. licheniformis
cells were added over the fungal culture of T. 6iride, in order to amplify the
biocomposting process by new conversions of the cellulose depolymerization com-
pounds, already produced, into lower molecular weight compounds which can be
used as nutritive organic fertilizers for agricultural fields [92]. In this respect there

Fig. 3. Schematic figure of a mobile bed bioreactor. 1, cellulose suspensions collector; 2, steam
sterilization reservoir; 3, water heater; 4, peristaltic pump; 5, inoculum reservoir; 6, inoculation pipe; 7,
culture chamber; 8, deposable multi-flatted beds; 9, incubation room; 10, effluent drain; 11, air pump;
12, Millipore air filter; 13, electric heater; 14, refrigerant; 15, automation panel.
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were determined the total reducing sugars contents in order to correlate the
experimental date obtained in parallel investigations by dry weight loss measure-
ments of cellulose depolimerization [51–53].

The cellulose wastes biodegradation rates, which have been achieved in two-
phases bioprocesses using immobilized fungal and bacterial cells, were repre-
sented by dry weight loss measurements, the experimental data being expressed
by their mean values, after three replicate experiments. The best cellulose
biodegradation rates were achieved by immobilized cells of B. subtilis and B.
licheniformis, using as immobilization matrices EPAA and, respectively, CPAA
hydrogels and, by T. 6iride immobilized cells in CPAA hydrogels (Fig. 4 A, B,
C).

Concerning the evolution of cellulose depolymerization it could be noticed the
significant fact that the highest biodegradation rate was achieved using these
fungal and bacterial cells immobilized in CPAA hydrogels, and PAA hydrogel-
coated zeolites [92–94].

This procedure has been usually modified in correlation with the biodegrada-
tion rate which has been reached at that time of biocomposting process and, for
this reason, it should be considered an adaptive bioprocess [94–98].

Furthermore, the final products of this continuous cellulose biodegradation
process could integrally be used in crop fertilization, because the hydrogel ma-
trices of immobilized cells, having a great hydrophilic capacity, are obviously
useful in so much needed water preservation, with beneficial results in agricul-
tural applications [56,99–103].

8. Cellulose bioconversion by immobilized fungal cells

An efficient method to convert cellulose materials, in order to produce uncon-
ventional high-calorie foods or feeds, is the direct conversion by cellulolytic
microorganisms [104–116].

Theoretically, any microorganism that can grow as pure culture on cellulose
substrata, used as carbon and energy sources, should be considered a potential
organism for ‘single-cell protein’ (SCP) or ‘protein rich-feed’ (PRF) production
[109,110].

The main aim of our work was focused to establish the enzymatic activity of
Pleurotus species in continuous biotechnological conversion of cellulose wastes
into SCP [113–116] and, also, into so-called PRF [110–112].

Fig. 4. (A) Biodegradation rates in cellulose wastes biocomposting by immobilized Trichoderma 6iride
cells. Data shown are representative of three replicate determinations. (B) Biodegradation rates in
cellulose wastes biocomposting by immobilized Bacillus subtilis cells. Data shown are representative of
three replicate determinations. (C) Biodegradation rates in cellulose wastes biocomposting by immobi-
lized Bacillus licheniformis cells. Data shown are representative of three replicate determinations.
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Fig. 4.
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8.1. Cellulose biocon6ersion into SCP

The cellulose bioconversion into SCP has been performed using pure fungal
cultures of P. ostreatus and P. florida strains which were tested for their cellulolytic
potential by screening experiments in which there were used different concentra-
tions of pure cellulose solutions. These immobilized microorganisms were asepti-
cally placed inside the culture vessel of continuous biotechnological installations
noticing the bioconversion rate of cellulose into protein and using different design
variants of continuous biotechnological systems [51–53,85]. The cellulose wastes
which were used as substrata in these experiments (such as: wine-producing wastes,
grain straws, fruit and vegetable wastes from canned food industry) were pretreated
by physical methods before their hydrolysis into usable compounds and bioconver-
sion into protein [110–112,117–121].

Firstly, the cellulose wastes were cut down in small particles with sizes between
1 and 5 mm, secondly, they were dehydrated by hot-air-flow dryers and then, they
were made in powdered form by grounding in special mill devices, and thirdly, they
were rehydrated by adding aqueous solutions of ammonia salts, such as: 0.1%
NH4NO3 and 0.3% (NH4)3PO4, which were used as nitrogen source for protein
biosynthesis [56]. All these homogenized suspensions were finally steam sterilized at
121°C, 1 atm. for 25 min and they were aseptically poured into culture vessel of
bioreactor. During this bioprocess, the final biosynthesized product was evacuated
from bioreactor, as a filtered biomass suspension, and an equal quantity of fresh
substratum was simultaneously added into the culture vessel [85].

The continuous biotechnological processes were performed using a flow-recycling
column bioreactor which was already presented, in the previous subheading, in
order to study the influence of immobilization matrices upon cellulolytic activity of
fungal cells and soluble protein content, during the bioconversion processes. To
analyze the enzymatic activity there were assayed endoglucanase and b-glucosidase,
using carboxy-methyl-cellulose as substrata, according to Kubicek procedure [122].
The soluble protein content was determined by extracting three times in 1 N NaOH
solution, at 50°C and measuring the protein by a microbiuret procedure [123,124].
The highest soluble protein contents were registered by P. ostreatus species, which
were immobilized on EPAA and CPAA hydrogels (Fig. 5A,B).

8.2. PRF production from cellulose wastes

This bioconversion process of cellulose wastes was performed using pure cultures
of P. ostreatus and P. florida strains, immobilized on EPAA and GPAA hydrogel
micropellets, which were aseptically placed into the upper part of the culture vessel
of a fluidized mobile bed bioreactor, already presented. The substrata were pre-
treated identically as in the previous bioconversion for SCP production and, after
the same steam sterilization treatment, the cellulose suspensions were poured
aseptically into the culture vessel of the fluidized mobile bed bioreactor from an
adjacent reservoir, both these subsystems being interconnected by an automatic
peristaltic pump which was controlled by a process computer. The incubation
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temperature was maintained at a constant level of 23°C, using a heat exchanger and
a thermo-regulator.

A significant increasing of the contact surface between the immobilized fungal
cells and the cellulose substratum was achieved by multi-flatted bed design of the
culture vessel and, also, the cellular dynamic during the bioconversion was not
affected by shear forces which usually are present during the mixing processes. The

Fig. 5. (A) Soluble protein biosynthesis during cellulose bioconversion into single-cell protein (SCP) by
immobilized Pleurotus florida cells. Data shown are representative of at least three replicate determina-
tions. (B) Soluble protein biosynthesis during cellulose bioconversion into SCP by immobilized Pleurotus
ostreatus cells. Data shown are representative of at least three replicate determinations.
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Fig. 6. (A) Total nitrogen content of micelial biomass during cellulose bioconversion into Protein-rich
feed (PRF) by immobilized Pleurotus florida cells. Data shown are representative of at least five replicate
determinations. (B) Total nitrogen content of micelial biomass during cellulose bioconversion into PRF
by immobilized Pleurotus ostreatus cells. Data shown are representative of at least five replicate
determinations.
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continuity of bioconversion process was assured by a descendent passing of the
mixed fungal cells with substratum, from the upper culture bed into the lower one,
by a slow gravitational movement through column pipes which were permanent
controlled by the automatic electrovalves connected to the process computer.

The both complex PAA hydrogels, as EPAA and GPAA, were inoculated with
pure cultures of Pleurotus species and they were maintained at 25°C, by a
programmed incubator with temperature controller. During bioconversion process,
the total carbohydrate concentrations of the growth media were analyzed by the
anthrone reagent method [125].

The mycelial protein content was determined as total nitrogen content, by
Kjeldahl method [112,126,127] to estimate the rates of cellulose bioconversion into
PRF, produced by immobilized cells of P. ostreatus and P. florida, as it is shown in
Fig. 6A,B.

This biotechnology has been already patented in Romania and the final product
of this bioconversion was tested and marketed under BIOPROM® trade name,
being used as a protein-rich additive for cattle and poultry feed mixtures [128].

References

[1] Verstraete W, Top E. Holistic Environmental Biotechnology. Cambridge: Cambridge Univ. Press,
1992:1–18.

[2] Alexander M. Bioremediation technologies. In: Alexander M, editor. Biodegradation and Bioreme-
diation. London: Academic Press, 1996:248–70.

[3] Zarnea G. Theoretical basis of microbial ecology. In: Treatise of Microbiology, vol. 5. Bucharest:
Romanian Academy Publishing House, 1994:154–63.

[4] Ropars M, Marchal R, Pourquie J, Vandercasteele JP. Large scale enzymatic hydrolysis of
agricultural lignocellulosic biomass. Biores Technol 1992;42:197–203.

[5] McIntyre TC. An overview of the environmental impacts anticipated from large scale biomass/en-
ergy systems. In: Moo-Young M, editor. Biomass Conversion Technology: Principles and Practice.
Toronto: Pergamon Press, 1987:45–52.

[6] Beguin P, Aubert JP. The biological degradation of cellulose. FEMS Microbiol Rev 1994;13:25–
58.

[7] Dekker RFH. Biodegradation of hemicelluloses. In: Higuchi T, editor. Biosynthesis and Biodegra-
dation of Wood Components. New York: Academic Press, 1985:505–33.

[8] Mulder EG, Antheunisse J, Crombach WHJ. Microbial aspects of pollution in the food and dairy
industries. In: Sykes G, Skinner FA, editors. Microbial Aspects of Pollution. New York: Academic
Press, 1971:71–90.

[9] Chahal DS. Biological disposal of lignocellulosic wastes and alleviation of their toxic effluents. In:
Chaudhry GR, editor. Biological Degradation and Bioremediation of Toxic Chemicals. London:
Chapman and Hall, 1994:364–83.

[10] Wainwright M. An Introduction to Fungal Biotechnology. Chichester: Wiley, 1992:5–60.
[11] Carlile MJ, Watkinson SC. Fungi and biotechnology. In: The Fungi. London: Academic Press,

1996:387–93.
[12] Eggins HOW, Allsopp D. Biodeterioration and biodegradation by fungi. In: Smith JE, Berry DR,

Kristiansen B, editors. The Filamentous Fungi, vol. 1. London: Edward Arnold, 1975:151–73.
[13] Mandels M. Cellulases. Ann Rep Ferment Processes 1981;5:35–78.
[14] Wood TM. Fungal cellulases. Biochem Soc Transact 1992;20:46–52.
[15] Ryu D, Mandels M. Cellulase: biosynthesis and applications. Enzyme Microbiol Technol

1980;2:90–103.



M. Petre et al. / Resources, Conser6ation and Recycling 27 (1999) 309–332328

[16] Sandhu DK, Bawa S. Improvement of cellulase activity in Trichoderma. Appl Biochem Biotechnol
1992;34/35:175–92.

[17] Wood TM. Synergism between enzyme components of Penicillium pinophilum cellulase in solubiliz-
ing hydrogen bond ordered cellulose. J Biochem 1989;260:37–43.

[18] Wood TM, McRae ST. The cellulase of Trichoderma koningii : purification and properties of some
endoglucanase components with special reference to their action on cellulose when acting alone
and in synergism with the cellobiohydrolase. J Biochem 1978;171:61–9.

[19] Wood TM, McRae ST. Synergism between enzyme involved in the solubilization of the native
cellulose. Adv Chem Ser 1979;18:181–210.

[20] Fan LT, Lee YH. Kinetic studies of enzymatic hydrolysis of insoluble cellulose: derivation of a
mechanistic kinetic model. Biotechnol Bioeng 1983;11:2707–35.

[21] Woodward J, Wiseman A. Fungal b-glucosidase: their properties and applications. Enzyme
Microb Technol 1983;4:73–9.

[22] Schewale JG. Glucosidase: its role in cellulase synthesis and hydrolysis of cellulose. Int J Biochem
1982;14:435–43.

[23] Nakanishi K, Matsuno R, Torii K, Yamamoto K, Kamikubo T. Properties of immobilized
b-D-galactosidase from Bacillus circulans. Enzyme Microb Technol 1983;5:115–20.

[24] Ryu D, Mandels M. Cellulase: biosynthesis and applications. Enzyme Microb Technol 1980;2:91–
101.

[25] Enari TM. Microbial cellulases. In: Forgarty WM, editor. Microbial Enzymes and Biotechnology.
London: Applied Science Publishers, 1983:183–223.

[26] Robson LM, Chambliss GH. Cellulases of bacterial origins. Enzyme Microb Technol
1989;11:626–45.

[27] Beguin P. Molecular biology of cellulose degradation. Ann Rev Microbiol 1990;44:219–48.
[28] Armstrong DW, Martin SM. Bacterial fermentation of cellulose: effect of physical and chemical

parameters. Biotechnol Bioeng 1983;11:2567–77.
[29] Baker JO, Adney WS, Thomas SR, Nives RA. Synergism between purified bacterial and fungal

cellulases. ACS Symp Series 1995;618:114–49.
[30] Beguin P, Millet J, Chavaux S, Navas J. Bacterial cellulases. Biochem Soc Trans 1992;20:42–6.
[31] Beldman G, Voragen AG. Specific and non-specific glucanases from Trichoderma 6iride. Biotech-

nol Bioeng 1988;31:160–7.
[32] Beltrame PL, Carnitti P, Focher B. Enzymatic hydrolysis of cellulosic materials: a kinetic study.

Biotechnol Bioeng 1984;31:160–7.
[33] Fagerstam LG, Petterson LG. The cellulolytic complex of T. reesei QM 9414: an immunochemical

approach. FEBS Lett 1979;98:363–73.
[34] Fan LT, Lee YH, Beadmore DH. Mechanism of the enzymatic hydrolysis of cellulose: effects of

major structural features of cellulose on enzymatic hydrolysis. Biotechnol Bioeng 1980;22:177–99.
[35] Lee YH, Fan LT. Kinetic study of enzymatic hydrolysis of insoluble cellulose: analysis of the

initial rate. Biotechnol Bioeng 1982;24:2382–405.
[36] Kit SA, Kwong YGJ. Purification and properties of the endo-1,4-b-glucanase from Bacillus

subtilis. J Gen Microbiol 1987;133:2153–62.
[37] Dhillion N, Chibber R, Saxena M, Pajni S, Vadehra DV. A constitutive endoglucanase from

Bacillus licheniformis. Biotechnol Lett 1984;7:695–7.
[38] Rosevear A. Immobilized biocatalysts.: a critical review. J Chem Tech Biotech 1984;34B:127–50.
[39] Akin C. Biocatalysis with immobilized cells. Biotechnol Genet Eng Rev 1987;5:319–67.
[40] Holt JG. The aerobic endospore-forming rods and cocci. In: Holt JG, editor. Bergey’s Manual of

Determinative Bacteriology, Ninth Edition. Maryland, USA: Williams and Wilkins, 1994:670–5.
[41] Zarnea G. Physiology of microorganisms. In: Treatise of Microbiology, vol. 3. Bucharest:

Romanian Academy Publishing House, 1984:150–5.
[42] Allsopp D. In: Hawksworth DL, Kirk PM, Sutton BC, Pegler DN, editors. Ainsworth and Bisby’s

Dictionary of the Fungi, 8. Wallingford: CABI, 1995:165–80.
[43] Grove SN. The cytology of hyphal tip growth. In: Smith JE, Berry DR, editors. The Filamentous

Fungi, vol. 3. London: Edward Arnold, 1978:28–50.



M. Petre et al. / Resources, Conser6ation and Recycling 27 (1999) 309–332 329

[44] Rayner ADM, Powell DA, Thompson W, Jennings DH. Morphogenesis of vegetative organs. In:
Moore DM, Casselton LA, Wood DA, Frankland JC, editors. Developmental Biology of Higher
Fungi. Cambridge: Cambridge University Press, 1985:249–79.

[45] Nevalainen H, Penttila M. Molecular biology of cellulolytic fungi. In: Kuck H, editor. The
Mycota. Genetics and Biotechnology, vol. 2. Berlin-Heidelberg: Springer-Verlag, 1995:303–19.

[46] Rifai MA. A revision of the genus Trichoderma. Mycol Papers 1969;116:10–53.
[47] Coughlan MP, Kierstan MPJ. Preparation and applications of immobilized microorganisms: a

survey of recent reports. J Microbiol Methods 1988;8:51–90.
[48] Scott CD. Immobilized cells: a review of recent literature. Enzyme Microb Technol 1988;9:66–73.
[49] Bucke C, Wiseman A. Immobilized enzymes and cells. Chem Ind 1981;7:234–40.
[50] Levinson WE, Stormo KE, Tao HL, Crawford RL. Hazardous waste clean-up and treatment with

encapsulated or entrapped microorganisms. In: Chaudhry GR, editor. Biological Degradation and
Bioremediation of Toxic Chemicals. London: Chapman and Hall, 1994:455–70.

[51] Petre, M., Zarnea, G., Adrian, P., Gheorghiu, E., Bartha, C. 1997. Bacterial and fungal
immobilization on PAA hydrogels usable in cellulose biodegradation. In: Huyghebaert, A. (ed.)
Forum for Applied Biotechnology, Proc. Eleventh Forum for Applied Biotechnology, 25–26
September, 1997, Gent, Belgium, Med. Fac. Landbouww. Univ. Gent, 62 (4b): 1869–1873.

[52] Petre M, Adrian P, Gheorghiu E, Zamfirescu I, Gheordunescu V. Immobilized fungal cells on
radiopolymerized gels used in cellulose biodegradation. Acta Phytotherapica Romanica
1997;4(2):112–4.

[53] Petre M, Adrian P, Gheorghiu E, Gille E, Gheordunescu V. The immobilization of bacteria and
fungi on complex poly-hydrogels to be used in biotechnologies. Acta Phytotherapica Romanica
1997;4(2):114–6.

[54] Thomas ORT, White GF. Immobilization of the surfactant-degrading bacterium Pseudomonas
C12B in polyacrylamide gel III: biodegradation specificity for raw surfactants and industrial
wastes. Enzyme Microb Technol 1992;13:338–43.

[55] White GF, Thomas ORT. Immobilization of the surfactant-degrading bacterium Pseudomonas
C12B in polyacrylamide gel beads: I: effect of immobilization on the primary and ultimate
biodegradation of SDS, and the redistribution of bacteria within beads during use. Enzyme
Microb Technol 1990;12:697–705.

[56] Petre, M., Zarnea, G., Adrian, P. and Gheorghiu, E. 1998. Cellulose wastes biodegradation using
immobilized micro-and macro fungi on complex polyhydrogels. In: Huyghebaert, A. (ed.), Forum
for Applied Biotechnology, Proc. Twelfth Forum for Applied Biotechnology, 24–25 September
1998, Univ. Gent, Belgium, Med. Fac. Landbouww. (in press).

[57] Chen TL, Humphrey AE. Estimation of critical particles diameter for optimal respiration of gel
entrapped and pelletized microbial cells. Biotechnol Lett 1988;10:699–702.

[58] Freeman A. Gel entrapment of whole cells and enzymes in cross-linked, prepolymerized polyacry-
lamide-hydrazide. Annal NY Acad Sci 1984;434:418–25.

[59] Kawashima K, Umeda K. Immobilization of invertase in poly-acrylamide gels. Biotechnol Bioeng
1974;16:609–14.

[60] Kierstan M, Budke C. The immobilization of microbial cells, subcellular organelles and enzymes
in calcium alginate gells. Biotechnol Bioeng 1978;19:387–97.

[61] Chen KC, Huang CT. Effects of the growth of Trichosporon cutaneum in calcium alginate gel
beads upon bead structure and oxygen transfer characteristics. Enzyme Microb Technol
1987;10:284–92.

[62] Tanaka H, Matsumura M, Veliky IA. Diffusion characteristics of substrates in Ca-alginate gel
beads. Biotechnol Bioeng 1984;26:53–8.

[63] Makkar HPS, Sharma OP, Dawra RK. Effect of reagent for polyacrylamide gel formation on
b-D-galactosidase. Biotechnol Bioeng 1983;25:867–8.

[64] Bettman H, Rehm HJ. Continuous degradation of phenol by Pseudomonas putida P8 entrapped in
polyacrylamide-hydrazide. Appl Microbiol Biotechnol 1985;22:389–93.

[65] Horitsu H, Adachi S, Takahashi Y, Kawai K, Kawano Y. Production of citric acid by Aspergillus
niger immobilized in polyacrylamide gels. Appl Microbiol Biotechnol 1984;22:8–12.



M. Petre et al. / Resources, Conser6ation and Recycling 27 (1999) 309–332330

[66] Horitsu H, Takahashi Y, Tsuda J, Kawai K, Kawano Y. Production of itaconic acid by
Aspergillus terreus immobilized in poly-acrylamide gels. Eur J Appl Microbiol Biotechnol
1983;18:358–60.

[67] Linko P. Immobilized live cells. In: Moo-Young M, Robinson C, Vezina C, editors. Advances in
Biotechnology, vol. 1. Toronto: Pergamon Press, 1981:711–6.

[68] Klein J. Matrix design for microbial cell immobilization. In: Moo-Young M, editor. Bioreactor
Immobilized Enzymes and Cells. Fundamentals and Applications. Essex, England: Elsevier
Applied Science, 1988:1–7.

[69] Kieft TL, Ringelberg DB, White DC. Changes in ester-linked phospholipid fatty acid profiles of
subsurface bacteria during starvation and desiccation in a porous medium. Appl Environm
Microbiol 1994;60:3292–9.

[70] Rijnaarts HHM, Norde W, Bouwer EJ, Lyklema J, Zehnder AJB. Bacterial deposition in porous
media: effects of cell-coating, substratum hydrophobicity and electrolyte concentration. Environm
Sci Technol 1996;30:2877–83.

[71] Urrutia MM, Beveridge TJ. Formation of short-range ordered aluminosilicates in the presence of
a bacterial surface (Bacillus subtilis) and organic ligands. Geoderma 1995;65:149–65.

[72] Trevors JT, van Elsas JD, Lee H, van Overbeek LS. Use of alginate and other carriers for
encapsulation of microbial cells for use in soil. Microbial Releases 1992;1:61–9.

[73] Gosmann B, Rehm HJ. Oxygen uptake of microorganisms entrapped in Ca-alginate. Appl
Microbiol Biotechnol 1986;23:163–7.

[74] Williams V, Fletcher M. Pseudomonas fluorescens adhesion and transport through porous media
are affected by lipo-polysaccharide composition. Appl Environm Microbiol 1996;62:100–4.

[75] Enfors SO, Mattiasson B. Oxigenation processes involving immobilized cells. In: Mattiasson B,
editor. Immobilized Cells and Organelles, vol. 2. Boca Raton, Florida: CRC Press Inc, 1983:41–
60.

[76] Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM. Microbial biofilms.
Annu Rev Microbiol 1995;49:711–45.

[77] Stormo KE, Crawford RL. Preparation of encapsuled microbial cells for environmental applica-
tion. Appl Environm Microbiol 1992;58(2):727–30.

[78] Fravel DR, Lumsden RD, Connick Jr WJ. Encapsulation of potential biocontrol agents in
alginate-clay matrix. Phytopathology 1985;76:774–7.

[79] Weir SC, Lee H, Trevors JT. Survival of free and alginate encapsulated Pseudomonas aeruginosa
Ug21r in soil treated with disinfectants. J Appl Bact 1996;80:19–25.

[80] Cheetam PSJ, Blunt KW, Bucke C. Physical studies on cell immobilization using calcium alginate
gels. Biotechnol Bioeng 1979;21:2155–68.

[81] Eikmeier H, Westmeier F, Rehm HJ. Morphological development of Aspergillus niger immobilized
in calcium alginate and k-carrageenan. Appl Microbiol Biotechnol 1984;19:53–7.

[82] Busscher HJ, Bos R, Vandermei HC. Initial microbial adhesion is a determinant for the strength
of biofilm adhesion. FEMS Microbiol Lett 1995;128:229–34.

[83] Mosbach K. Use of immobilized cells with special emphasis on the formation of products formed
by multi-step enzyme systems and coenzymes. J Chem Technol Biotechnol 1982;32:179–88.

[84] Pitcher W. Design and analysis of immobilized enzyme reactors. In: Messing R, editor. Immobi-
lized Enzymes for Industrial Reactors. London: Academic Press, 1975:151–99.

[85] Petre, M., Adrian, P., Gheorghiu, E. 1997. Biodegradation of cellulosic wastes using immobilized
fungal cells in continuous bioreactors, In: Verachtert, H., Verstraete, W. (Editors), Environmental
Biotechnology, Proc. 3rd Int. Symp. for Environmental Biotechnology, April 21–23, 1997,
Antwerpen, Belgium Technologisch Instituut, Part 1, pp. 177–181

[86] Anderson JG, Blain LA. Novel developments in microbial film reactors. In: Smith JE, Berry DR,
Kristiansen B, editors. Fungal Biotechnology. London: Academic Press, 1980:125–52.

[87] Atkinson B, Lewis PJS. The development of immobilized fungal particles and their use in fluidized
bed fermenters. In: Smith JE, Berry DR, Kristiansen B, editors. Fungal Biotechnology. London:
Academic Press, 1980:153–73.

[88] Cocker R. Interactions between fermenter and microorganism: tower fermenter. In: Smith JE,
Berry DR, Kristiansen B, editors. Fungal Biotechnology. London: Academic Press, 1980:111–25.



M. Petre et al. / Resources, Conser6ation and Recycling 27 (1999) 309–332 331

[89] Andrews GF, Fonta JP. Biofilms on adsorbent particles. In: Moo-Young M, editor. Bioreactor
Immobilized Enzymes and Cells. Fundamentals and Applications. London: Elsevier Applied
Science, 1988:111–4.

[90] Macaskie LE. An immobilized cell bioprocess for the removal of heavy metals from aqueous flows.
J Chem Technol Biotechnol 1990;49:357–80.

[91] Gregg DJ, Saddler JN. Factors affecting cellulose hydrolysis and the potential of enzyme recycle
to enhance the efficiency of an integrated wood to ethanol production. Biotechnol Bioeng
1996;51(4):375–81.

[92] Jewett DG, Hilbert TA, Logan BE, Arnold RG, Bales RC. Bacterial transport in laboratory
columns and filters-influence of ionic strength and pH on collision efficiency. Wat Res
1995;29:1673–80.

[93] Wilke CR, Cysewski GR, Yang RD, von Syocher U. Utilization of cellulosic materials through
enzymic hydrolysis: preliminary assessment of an integrated processing scheme. Biotechnol Bioeng
1976;18:1315–23.

[94] O’Reilly KT, Kadakia R, Korus RA, Crawford RL. Utilization of immobilized bacteria to
degrade aromatic compounds common to wood treatment waste-waters. Water Sci Technol
1988;20:95–100.

[95] Amner W, McCarthy AJ, Edwards C. Quantitative assessment of factors affecting the recovery of
indigenous and released thermophilic bacteria from compost. Appl Environm Microbiol
1988;54:3107–12.

[96] Warren TM, Williams V, Fletcher M. Influence of solid surface adhesive ability and inoculum size
on bacterial colonization in microcosm studies. Appl Environ Microbiol 1992;58:2954–9.

[97] Yu EKC, Deschatelets L, Saddler JN. Combined enzymatic hydrolysis and fermentation approach
to butanediol production from cellulose and hemicellulose carbohydrates of wood and agricultural
residues. Biotech Bioeng Symp 1984;14:341–52.

[98] Chahal DS. Growth characteristics of microorganisms in solid state fermentation for up grading
of protein values of lignocelluloses and cellulase production. Am Chem Soc Symp 1982;207:421–
42.

[99] Fermor TR, Wood DA. The microbiology and enzymology of wheat straw mushroom compost
production. In: Grossbard E, editor. Straw Decay and its Effect on Utilization and Disposal.
Chichester: Wiley, 1979:105–12.

[100] Kleman-Leyer K, Agostin E, Conner AN. Changes in molecular size distribution of cellulose
during attack by white-rot and brown-rot fungi. Appl Environ Microbiol 1992;58:1267–70.

[101] Lamar RT, Glaser JA, Kirk TK. White rot fungi in the treatment of hazardous chemicals and
wastes. In: Leatham GF, editor. Frontiers in Industrial Mycology. New York: Chapman and Hall,
1992:127–43.

[102] Han YW, Cheeke PR, Anderson AW, Lekprayoon C. Growth of Aurobasidium pullulans on straw
hydrolysate. Appl Environm Microbiol 1976;32:799–803.

[103] Allen A, Roch CD. Effect of strain and fermentation conditions on production of cellulase by
Trichoderma reesei. Biotechnol Bioeng 1989;33:650–6.

[104] Trinci AP. Mycoprotein: a twenty-year overnight success story. Mycol Res 1992;96:1–14.
[105] Moo-Young M. Fermentation of cellulose materials to mycoprotein foods. Biotechnol Adv

1993;11(3):469–82.
[106] Forage AJ, Righelato RC. Microbial protein from carbohydrate wastes. In: Bull MJ, editor.

Progress in Industrial Microbiology, 14. Amsterdam: Elsevier, 1978:59–94.
[107] Callihan CD, Clemmer JE. Biomass from cellulosic materials. In: Rose AH, editor. Microbial

Biomass. Economic Microbiol, 4. New York: Academic Press, 1979:271–88.
[108] Chahal DS, Moo-Young M. Bioconversion of lignocellulosics into animal feed. Devel Ind

Microbiol 1981;22:143–59.
[109] Chahal DS, Hachey JM. Use of hemicelluloses and cellulose and degradation of lignin by

Pleurotus sajor-caju grown on corn stalks. Am Chem Soc Symp 1990;433:304–10.
[110] Petre M, Ciobotea A. Biotechnological research regarding the conversion into proteic biomass of

wastes from canned vegetables and fruit industry. Informative Bulletin of Romanian Academy of
Agricultural Sciences 1989;20:237–41.



M. Petre et al. / Resources, Conser6ation and Recycling 27 (1999) 309–332332

[111] Petre, M., Zarnea, G., Gheordunescu, V., 1996. Biotechnological continuous systems for fungal
protein biomass synthesis. In: Huyghebaert, A. (ed.), Forum for Applied Biotechnology, Proc.
Tenth Forum for Applied Biotechnology, 26-27 September, 1996, Gent, Belgium, Med. Fac.
Landbouww. Univ. Gent, 61 (4a) pp. 1433–1436

[112] Petre M, Zarnea G, Adrain P, Gheorghiu E. Cellulose wastes bioconversion into protein-rich feed
(PRF) by fungi immmobilized on radiopolymerized hydrogels. Roumanian Biotechnol Lett
1998;3(5):23–33.

[113] Tanaka M, Matsuno R. Conversion of lignocellulosic materials to single-cell protein (SCP): review
developments and problems. Enzyme Microb Technol 1985;7:197–207.

[114] Litchfield J. The production of fungi. In: Mateles RI, Tannenbaum SR, editors. Single-Cell
Protein. Cambridge, Mass: MIT Press, 1968:304–28.

[115] Laskin A. Single-cell protein. Ann Rep Ferment Processes 1978;1:151–80.
[116] Rolz C. Microbial biomass from renewable: a second review of alternatives. Ann Rep Fermenta-

tion Processes 1984;7:214–365.
[117] Han YW, Callihan CD. Cellulose fermentation: effect of substrate treatment on microbial growth.

Appl Microbiol 1974;27:159–65.
[118] Millet MA, Baker AJ, Satter LD. Physical and chemical pretreatments for enhancing cellulose

saccharification. Biotechnol Bioeng Symp 1970;6:125–53.
[119] Ardica S, Calderaro E. Radiation pre-treatment of cellulose materials for the enhancement of

enzymatic hydrolysis. Radiat Phys Chem 1984;26:719–22.
[120] Armstrong DW, Martin SM. Bacterial fermentation of cellulose: effect of physical and chemical

parameters. Biotechnol Bioeng 1983;11:2567–77.
[121] Saddler, J.N., Khan, A.W., Martin, S.M. 1993. Steam pretreatment of lignocellulosic residues. In:

Saddler, J.N (ed) Bioconversion of forest and agricultural plant residues, pp. 73–92.
[122] Kubicek CP, Messner R, Guber F, Mach RL. The Trichoderma cellulase regulatory puzzle: from

the interior life of a secretory fungus. Enzyme Microbiol Technol 1993;15:90–8.
[123] Holme DJ, Hazel P. Protein analysis. In: Analitical Biochemistry, 2. Essex: Longman Scientific

and Technical, 1993:20–78.
[124] Allen G. Sequencing of proteins and peptides. In: Laboratory Techniques in Biochemistry and

Molecular Biology, vol. 9. New York: Elsevier, 1989:73–95.
[125] Morris DL. Quantitative determination of carbohydrates with Dreywood’s anthrone reagent.

Science 1948;107:254–5.
[126] Walker JM. Methods in molecular biology. In: Proteins, vol. 1. Clifton: Humana Press Inc,

1984:57–63.
[127] Lehninger AL. Protein analysis. In: Lehninger AL, editor. Biochemistry, vol. 1. Bucharest:

Technical Publishing House, 1987:25–55.
[128] Petre, M. 1988. Romania Patent, No. 97180.

.


