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ABSTRACT: The current perspective presents an outlook on developing gut-like bioreactors with immobilized probiotic bacteria
using cellulose hydrogels. The innovative concept of using hydrogels to simulate the human gut environment by generating and
maintaining pH and oxygen gradients in the gut-like bioreactors is discussed. Fundamentally, this approach presents novel methods
of production as well as delivery of multiple strains of probiotics using bioreactors. The relevant existing synthesis methods of
cellulose hydrogels are discussed for producing porous hydrogels. Harvesting methods of multiple strains are discussed in the context
of encapsulation of probiotic bacteria immobilized on cellulose hydrogels. Furthermore, we also discuss recent advances in using
cellulose hydrogels for encapsulation of probiotic bacteria. This perspective also highlights the mechanism of probiotic protection by
cellulose hydrogels. Such novel gut-like hydrogel bioreactors will have the potential to simulate the human gut ecosystem in the
laboratory and stimulate new research on gut microbiota.
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■ INTRODUCTION

The microbial ecosystem present in the human gut
significantly affects the health of the human host.1 Some
strains from this microbial community termed as “probiotics”
are consumed live to promote health benefits and keep the gut
mucosal layer free from invading pathogens, thereby boosting
the immune system. This microbial community performs
multiple functions, including nutrient metabolism, stimulation
of the immune system, regulation of metabolic functions, and
even defense of the host from pathogens. The universally
accepted narrative of probiotics given by the Food and
Agriculture Organization (FAO)2 of the United Nations states
that “probiotics are live microorganisms, which when
administered in adequate amounts confer a health benefit on
the host”. Earlier research has demonstrated the efficiency of
probiotics in curing symptoms related to several bowel
disorders, gastrointestinal (GI) inflammations, and diarrhea.3

Microbial count [colony forming unit (CFU)] and viability are
among the essential conditions for the microbes to have the
desired effect on human health.2,3 Viable microbes that
produce useful metabolites to the host are considered as
probiotics, which are known to exert positive ramifications on
host health by offering protective barriers, exclusion of
pathogenic microbes in the GI tract, and augmentation of
the baseline immune response.4

The application of microbes in food and beverages has a
long-celebrated history with society initially discovering the
benefits of consuming fermented foods. Naturally or
commercially produced probiotic bacteria consumed by the

majority of the population in the form of simple yogurt are
directly associated with the early ferments. The apparent health
advantages of probiotics have led toward their inclusion in a
large variety of food and beverages, including cereals, cheese,
ice cream, and milk shakes.5 However, concerns related to their
functional viability and delivery to the intended location of the
human gut still persist.6 Evidently, for any probiotic to have
beneficial effects, the bacterial suspension must pass and
survive through the digestive tract and reach the colon in
substantial amounts.7,8 According to a World Health
Organization (WHO) report, the minimum number of viable
probiotic bacteria in any food supplement to be retailed with
health claims is 106−107 CFU.9 Moreover, there are other
variables, including pH, oxygen, and temperature, that
apparently affect the viability of the bacterial suspension
administered as a probiotic.10−12

Numerous studies have been carried out to investigate the
role of different encapsulation vehicles in protecting the
viability of cultures throughout processing, delivery, storage,
and GI transit.13−16 Carrier systems based on proteins,
biopolymers, and lipids are considered as excellent encapsu-
lation vehicles.17 Protein-based encapsulated probiotic for-
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mulations are composed of several animal- and plant-derived
proteins, such as gluten, zein, gelatin, and milk proteins.
Probiotic encapsulation in plant-derived vegan proteins is
being considered as an excellent alternative to animal-derived
proteins.13,18 Lipids, fats, oils, waxes, and resins are another
category of biomaterials considered as a favorable matrix for
encapsulation of probiotics.19,20

However, encapsulation systems based on conventional
biopolymers, such as alginate, have some limitations in
protecting the probiotics from gastric fluids.21−25 Cellulose-
based hydrogels on their own or in combination with other
biopolymers have recently shown great promise to overcome
the limitations of conventional biopolymer-based encapsula-
tion systems.21,26−33

While most of the existing literature focuses on delivery of
single and multiple common probiotic strains belonging to
Lactobacillus and Bifidobacterium genera, for health benefits,
there is emerging evidence that multiple, difficult to culture,
strictly anaerobic, novel probiotic strains from other phyla,
such as Firmicutes, Bacteroidetes, and Actinobacteria, may be
needed (Figure 1).34 Recent literature suggests that, in
children, gut microflora gets destroyed when they are
malnourished.35−40 To restore it, they need to be administered
with multiple strains of aerobic and anaerobic microbes that
colonize the gut regions from the small intestine to rectum
(Figure 1). However, it is expensive to produce multiple stains
of microbes in individual bioreactors.34 Hence, there is an
urgent need for developing novel bioreactors that can produce
multiple strains. Growth of gut microbial consortia is possible
only when the bioreactor can simulate the human gut
environment in it (pH and oxygen gradients as shown in
Figure 1). Hydrogels derived from cellulose nanofibers are
suitable to address this challenge because they can be
chemically altered to control porosity and water retention
capacity.41−47 These properties can be used to create and
maintain gradients of oxygen and pH across the hydrogel
material. Such a possibility makes cellulose hydrogels an ideal

contender for constructing gradient bioreactors. The current
novel hypothesis is that cellulose-based hydrogels with gradient
structure and controlled porosity can be used to control pH
and oxygen level, thereby simulating the human gut environ-
ment in bioreactors. Multiple strains of human gut microbes
can be produced in these bioreactors, where the bacteria-
immobilized hydrogels can be used as a probiotic delivery
vehicle into the human colon.
The current perspective presents novel concepts on

developing gut-like bioreactors with immobilized probiotic
bacteria using cellulose hydrogels. The gut-like bioreactor can
be used for not only production but also delivery of multiple-
strain probiotics to the human colon using immobilized growth
of bacteria on hydrogels. We describe some novel trends and
promising results in probiotic encapsulation using cellulose-
based hydrogels for controlled delivery to the colon.

■ PROSPECTS OF USING CELLULOSE HYDROGELS
FOR PRODUCTION OF MULTIPLE-STRAIN
PROBIOTICS

Recent literature suggested that severely malnourished children
do not recover to full health even after they are fed well later in
their lives.35−40 Their brains did not develop to their full
potential, and the children were susceptible to diseases in later
stages of their lives.37−39 It has been clearly identified that the
optimal functioning of the gut requires a specific microbial
community because its coupling with suitable changes in the
dietary habits of the host generates the required energy for the
host to deliver health benefits. Restoration of the gut
microbiome has the potential to offer these children healthier
lives. However, probiotic bacteria products available in the
market contain only a few easy-to-grow strains from the
Lactobacillus and Bifidobacterium genera, which constitute only
a small fraction of the gut microbiome. To restore the overall
loss in microbial diversity caused as a result of either gut
dysbiosis or malnutrition, it is essential to reconstitute the gut
microflora by administering multiple strains of aerobic and

Figure 1. pH and oxygen level distribution in the human digestive tract along with the type of gut bacteria that grow in various regions. The image
was adapted with permission from ref 48 and modified by adding the scanning electron microscopy (SEM) pictures of a few anaerobic probiotic
bacterial cultures in our laboratory. The strains are Ruminococcus bromii (RB), Terrisporobacter glycolicus (TG), Roseburia intestinalis (RI),
Faecalibacterium prausnitzii (FP), Bacteroides salyersiae (BS), and Collinsella aerofaciens (CA). The oxygen levels are obtained from refs 48 and 49.
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anaerobic bacteria that belong to other phyla of human gut
microbes.
The general practice of growing multiple strains of bacteria

nowadays is to culture them in separate bioreactors using
liquid media for growth because they require different
nutrients, growth media, and oxygen levels (Figure 1).
However, growing each strain in a different bioreactor makes
the production process complicated and costly to maintain.
For example, multiple-strain probiotics available in Australian
supermarkets cost around ∼AU$1 per dose. Such a high cost is
not affordable for malnourished children in underdeveloped
and developing countries. Based on recent scientific evidence
from studies on malnourished children37−39 and the need to
reduce the cost of production, there was a call from the Bill
and Melinda Gates Foundation as a part of the Grand
Challenges Exploration (GCE) initiative in Round 22 titled
“New Approaches for Manufacturing Gut Microbial Biother-
apeutics”,34 which highlights the importance and significance
of this area of topical research. To tackle this issue and to
reduce the cost of production, there is a need to construct
hydrogel-based gut-like bioreactors that can simulate the pH
and oxygen (pO2) gradients found across the human gut,49−51

enabling the growth of multiple strains of aerobic and
anaerobic bacterial species simultaneously (Figure 1).
In this perspective, we present the ideas and rationale behind

the proposed reactor using cellulose hydrogels and how it is
beneficial not only to produce multiple strains of probiotic
bacteria in a single bioreactor but also for encapsulation and
controlled delivery. With this perspective, we aim to widely
disseminate the novel ideas among the researchers working on
cellulose hydrogels to draw their attention to accelerate this
novel research field and direction.

■ HUMAN GUT AS A COMPARTMENTALIZED
BIOREACTOR

The human GI tract is responsible for food digestion, nutrient
absorption, secretion, and motility of undigested parts for
excretion.52 Apart from digestive functions, the enteric nervous
system that spans the whole gut confers an indirect effect on
mental and physical well-being through the gut−brain axis.
The human gut is also home to more than 100 trillion
commensal microorganisms.53 The composition of these gut
microbes significantly affects our health. As shown in Figures 1
and 2, various microbes colonize in different parts of the gut,
from the stomach to the rectum. The colonization region of
gut microbes depends upon their oxygen sensitivity. The
microbial composition changes from mostly aerobic bacteria in
the mouth (pH ∼ 7 and pO2 ∼ atmospheric) to micro-
aerophilic bacteria in the stomach (acidic pH ∼ 1−4 and pO2
∼ 77 mmHg). In the small intestine, the pH becomes
increasingly basic (pH ∼ 5−5.5) and the oxygen level drops
even more (pO2 ∼ 33 mmHg); therefore, facultative anaerobic
bacteria grow in this region. Further down the colon and
rectum, pH increases further, reaching values of greater than 7,
and the oxygen level (i.e., pO2) drops below 33 and 1 mmHg
in the colon and near the rectum, respectively. The
approximate pH and pO2 values are shown in Figures 1 and
2.50,51

Because the human gut microbiome contains multiple
strains of aerobic, microaerophilic, and anaerobic bacteria, it
becomes quite essential to have all of these different types of
strains while developing probiotics for biotherapeutic inter-
ventions. However, because these various strains need very
different nutrient supply, pH, and oxygen levels, they cannot be
grown in a single bioreactor. Multiple strains are generally
grown in separate bioreactors, extracted, freeze-dried, and then

Figure 2. Human gut as a plug flow reactor having gradients in pH and pO2 across the intestinal tract.
50 The figure depicts the change in pO2 and

pH levels from the stomach to the distal gut.51 This figure was redrawn and adapted with permission from ref 51. Copyright 2019 Nature
Publishing Group.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Perspective

https://doi.org/10.1021/acs.jafc.1c00468
J. Agric. Food Chem. 2021, 69, 4946−4959

4948

https://pubs.acs.org/doi/10.1021/acs.jafc.1c00468?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00468?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00468?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00468?fig=fig2&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00468?rel=cite-as&ref=PDF&jav=VoR


mixed later in dry form. This process makes multi-strain
probiotic-based health interventions expensive. However, from
a chemical engineering point of view, the gut can be treated as
a compartmentalized plug flow reactor (Figure 2).52 Such an
idealization of regions makes it easy to design a bioreactor with
various compartments interconnected, as in the human gut,
that can have crosstalk between them and to simulate realistic
GI conditions in the reactor. The design of the reactor can be
used to control pH and pO2 gradients in the reactor to match
human gut conditions. Once the control of the physical
gradients is achieved, the bioreactor can be seeded with various
aerobic and anaerobic gut microbes with biotherapeutic

potential. The seeding can be performed with individual
strains in different parts of the reactor with a favorable growth
environment or multiple strains can be seeded together as a
mixture. The specific microbes will grow in their comfort zones
of a favorable environment, including pH and pO2 values.
Bioreactors that can accommodate such a huge variation in the
microbial environment are difficult to design. However, it can
potentially be achieved using the optimized design of
immobilization materials with varying degrees of spatial
structuring and gradients.
Cellulose hydrogels are promising immobilizing materials

with potential to achieve this goal. They are manufactured

Figure 3. Examples of controlled porosity hydrogels synthesized by various researchers.26,41−47 Controlled porosity cellulose-based hydrogels have
already been shown to have various water absorption capacities.
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from plant- or bacterial-based cellulose nanofibrils, making
them biodegradable, renewable, hydrophilic, and biocompat-
ible.54 Plant-based cellulose biomass is abundantly available all
over the world. Several inorganic immobilization materials are
not suitable for this application because the resultant food
products are intended for human consumption. Hence, it is
essential to use food-grade biopolymers that are derived from
plant sources.
The cellulose-based hydrogels can be chemically altered

using functional groups or by incorporating with active
biomolecules. The cellulose hydrogel structure formation is
due to the natural association of nanofibers in combination
with electrostatic stabilization that can be used to control
porosity. The porosity can be varied by concentration and
mixing ratios of various forms of cellulose, such as cellulose
nanofibers (CNFs) and cellulose nanocrystals (CNCs). The
stability of these hydrogels can be further improved by
chemical cross-linking that leads to flexibility and tenacity to
the structure.55 These characteristics of cellulose hydrogels
make it an ideal contender in constructing a gut-like
bioreactor, because porosity and cross-linking density of
these hydrogels can be altered to achieve spatial control over
pH, oxygen, and nutrient levels. We also argue that the
hydrogels used in the construction of the gut-like bioreactor
must be food-grade, so that the hydrogels can be used for
encapsulation. To our knowledge, this is the first report that
discusses and develops novel concepts for the growth of both
aerobic and anaerobic microbial strains of the human gut in a
single bioreactor system.

■ USE OF CELLULOSE-BASED HYDROGELS FOR
PROBIOTIC PRODUCTION

Plant-based cellulose-derived products, such as CNFs and
CNCs are major classes of this material, which are generally
modified or combined with other materials to impart desired
chemical properties. CNFs generally have a diameter of about
5−50 nm, and the fiber length can be more than 1 μm.56 The
long aspect ratio (>100) imparts flexibility to the fibers, so that
it can form an interconnected network when dissolved in
water, resulting in hydrogels of reasonable strength at low
concentrations (<1 wt %) without external chemical cross-
linking. On the other hand, CNCs are rigid short crystals,
which typically have low aspect ratios (<30), resulting in rigid
morphology. As a result of the rigid crystalline nature, CNCs
require high concentrations to form hydrogels of reasonable
strength. However, as a result of the completely different
characteristics of CNFs and CNCs, they can be mixed in
various concentration ratios to obtain hydrogel of controlled
physicochemical characteristics. For example, if a highly porous
hydrogel network is needed, CNFs can be used. While if rigid
and low porosity hydrogel is needed, CNCs can be used.
Therefore, regulation of the concentration and ratio of CNFs
and CNCs in a gel system can be used to tune the porosity and
rigidity of hydrogels. Surface chemistry modifications and
introducing cross-linking networks are the possible methods to
achieve mechanically stable CNC hydrogels because CNCs
alone cannot form stable hydrogels as a result of the small
aspect ratio and rigid structure.57

Both CNCs and CNFs can be physically and chemically
entrapped into polymeric hydrogel matrices to improve their
mechanical properties. Rigidity of CNCs allows them to
efficiently act as fillers in polymeric hydrogel composites. More
flexible and soft hydrogels could be obtained by incorporating

CNFs. However, loading ability of CNFs is lower than that of
CNCs as a result of the tendency for entanglement. Different
methods, such as homogenization,58 free radical polymer-
ization,59 solution casting,60 freezing/thawing cycle,61 three-
dimensional (3D) printing,62 and ultraviolet (UV)/ion-
mediated cross-linking,63 have been extensively studied to
incorporate CNCs and CNFs into polymeric hydrogel
networks.

■ EXISTING LITERATURE DATA ON SYNTHESIZING
CELLULOSE-BASED HYDROGELS WITH
CONTROLLED POROSITY AND WATER
RETENTION CAPACITY

The important characteristics of cellulose hydrogels required to
maintain pH and O2 gradients for developing a gut-like
bioreactor are controlled porosity and water absorption
capacity. Another essential characteristic is that the hydrogels
must be food-grade. Below, we discuss a few important studies
from recent literature that have attempted to synthesize
cellulose-based hydrogels with controlled porosity and water
absorption capacities, albeit using harsh chemicals, which make
them unsuitable to be used for human consumption or in food-
grade products. We address this issue of chemical-free
synthesis of food-grade cellulosic materials later. Although
the studies described below used non-food-grade chemicals in
the synthesis, they still provide the necessary background
information needed to support the hypothesis that cellulose
hydrogels, in theory, can be used to control pH and O2
gradients needed to construct a novel gut-like hydrogel
bioreactor.
Many researchers have attempted to combine cellulosic

materials with other biodegradable polymers and biopolymers,
such as sodium alginate and other proteins.41−47,64,65 We
present the data obtained in studies by Chang et al.,42

Geng,46,47 and Luan et al.26 in Figure 3 to explain how various
approaches have been used to tune the porosity and water
absorption. Although this list is not exhaustive, it provides a
glimpse of what has been tried thus far. Chang et al.42 have
used epichlorohydrin (ECH) to cross-link a blend of cellulose
and alginate solution to synthesize hydrogels with tunable
macroporosity and water absorption. It was found that the gel
became stiff, porosity decreased, and water absorption
increased with an increasing concentration of cellulose in the
blend (row I of Figure 3). Geng46,47 has used N,N-methylene
bis(acrylamide) (MBA) as a cross-linking agent to prepare
micro- and macroporous hydrogel by increasing the concen-
tration of MBA. It was found that with increasing MBA
concentration, the gels became stiffer, more transparent, and
porous and water absorption increased (rows II and III of
Figure 3). Geng46 has presented a schematic model of how the
solvent (NaOH/urea) and cross-linker MBA result in the
formation of an entangled cellulose network as a result of
hydrogen bonding in the absence of a cross-linker, resulting in
low porosity and transparency, whereas the inclusion of MBA
in between the cellulose molecules increases transparency,
stiffness, porosity, and water absorption with increased MBA
concentrations. The reader is referred to studies by Geng46,47

for further details. Luan et al.26 have used a combination of
native cellulose fiber (CF) and CNF to prepare cellulose
macrogel particles by extrusion into hydrochloric acid (HCl),
as shown in row IV of Figure 3. It was found that with an
increase in the CNF concentration, the average porosity
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increased from 0.6 to 2.1 μm. As shown in SEM images in
Figure 3, the porosity of hydrogels can be tuned by either
changing the nature of cross-linking, cross-link density, or
concentrations of cellulose/alginate. However, the main
limitation of using these hydrogels for growth of probiotic
bacteria comes from the fact that toxic chemical cross-linkers,
such as ECH and MBA, and catalyst, such as 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO), were used.

Hence, there is a critical need for developing non-toxic cross-
linking methods for preparing such hydrogels. A recent study
by Varanasi et al.66 that synthesized CNFs from carrot pomace
using chemical-free methods offers a hope for preparing food-
grade cellulose hydrogels from either agricultural or food
waste.
Apart from chemical cross-linking methods to control

porosity, there exists an array of physical methods that can

Figure 4. Existing approaches in the literature71−74 on creating immobilized pH gradients using immobilines covalently grafted onto
polyacrylamide gels and their use in isoelectric focusing for protein separation. This figure is adapted and redrawn with permission from refs 71−74.

Figure 5. Proposed approaches on creating pH and O2 gradients using cellulose hydrogels, pH buffers, nitrogen (N2), and air supply.
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be used to regulate porosity.56,67 Most of these physical
methods are used in preparation of cellulose-based foams
(aerogels and cryogels), but they can be used for hydrogels as
well. For example, during the preparation of hydrogels, a high
shear force can be used to trap air/gas bubbles of controlled
size inside the hydrogel solution, which can act as a template
for creating pores.68 Similarly, oil-in-hydrogel or hydrogel-in-
oil emulsion69 can be prepared with a specified emulsion drop
size, which can be later removed by solvent extraction, leaving
a specific pore structure. An ice crystal templating method can
also be used, where controlled freezing of water can create
pores.70 The existing experimental results of porosity tuning of
cellulose demonstrate the potential of using them to simulate
an intestinal environment.

■ RECENT ADVANCES IN GENERATING
IMMOBILIZED PH GRADIENTS USING
POLYACRYLAMIDE HYDROGELS

Generation of pH gradients inside the proposed hydrogel-
based bioreactor is essential for simulating the human gut
environment and multi-strain probiotic production. Immobi-
lized pH gradients generated using immobilines covalently
grafted onto polyacrylamide gels with their use in isoelectric
focusing for protein separation is a well-established technology,
which is reviewed in detail by many authors.71−74 The details
of the immobiline structure along with some examples of acidic
and basic acrylamido buffers and their use to generate
immobilized pH gradients for isoelectric focusing of proteins
are shown in detail in Figure 4. The reader is referred to
excellent reviews for further details.71−74 Our approach of
using only cellulose hydrogels along with buffers is presented
in the next section.

■ PROPOSED APPROACH ON GENERATING
IMMOBILIZED PH AND OXYGEN GRADIENTS IN
USING CELLULOSE-BASED HYDROGELS

As shown in Figure 5, the proposed approach uses stacking of
cellulose hydrogels of varying porosity separated by porous
supports with a glued porous membrane. The porous supports
separate the hydrogels from each other by porous membranes
that allow for the bacteria growth media and buffers to freely
flow between the hydrogels. Low-porosity hydrogels will be
placed close to the high pH buffer reservoir to simulate the
rectum region of the human gut, whereas highly porous
hydrogels are stacked close to low pH buffer to simulate the
stomach region (Figure 5a). If needed, a neutral pH buffer can
be placed at the center of the hydrogel stack. The
establishment of pH gradients at room temperature may take
a long time to achieve as a result of slow diffusion of buffers
through cellulose hydrogels. Generally, the hydrogel bioreactor
is filled with media for bacteria growth and autoclaved at 121
°C for 15 min. The autoclaving procedure allows for the rapid
establishment of pH gradients as a result of increased diffusion
of buffers at a high temperature. We show a hypothetical
equilibrium pH gradient that can be achieved using our
proposed approach (Figure 5b).
Similarly, oxygen gradients can be achieved using the same

hydrogel stacking method. To establish oxygen gradients on
top of the previously established pH gradient within the
hydrogel bioreactor, a high pH buffer simulating the rectum
region will be constantly purged with pure nitrogen (N2) and
low pH buffer with air (Figure 5c). The flow rates of nitrogen
and air supply and hydrogel porosity tuning can be used to
tune the slope of oxygen gradients. We show a hypothetical
equilibrium oxygen gradient that can be achieved using our
proposed approach (Figure 5d).

Figure 6. Human gut as a compartmentalized plug flow reactor, with simulation of the gut using porous hydrogels to maintain pH and oxygen
gradients as maintained across the digestive tract.52 Examples of controlled porosity hydrogels synthesized by various researchers are presented as
examples.26,42,46 Controlled porosity cellulose-based hydrogels have already been used by ref 26 for encapsulation and release of probiotic bacteria.
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■ USE OF A CELLULOSE-HYDROGEL-BASED
GUT-LIKE BIOREACTOR FOR MULTI-STRAIN
PROBIOTIC PRODUCTION

As mentioned earlier, from a chemical engineering point of
view, the gut can be treated as a compartmentalized plug flow
reactor (Figure 6).52 Although it is very simplified compared to
complexity that exists in the human gut, such a simplification
and idealization of regions makes it easy to design a hydrogel-
based bioreactor. In this proposed idealized bioreactor filled
with various cellulose hydrogels in various interconnected
compartments that can have crosstalk between them as in the
human gut, such an arrangement has the potential to simulate
realistic gastrointestinal conditions in the bioreactor. Once the
control of the pH and oxygen gradients are achieved as
schematically shown in Figure 7, the bioreactor can be

inoculated with a mixture of aerobic and anaerobic gut
microbes. The inoculation of individual strains in different
parts of the reactor with a favorable growth environment is one
possible option. The second method is to inoculate multiple
strains together as a mixture in each interconnected compart-
ment of the bioreactor. The microbes might colonize and grow
in their comfort zones of a favorable environment, including
pH and pO2 values (Figures 6 and 7).

■ PROPOSED HARVESTING APPROACHES FOR
EXTRACTION OF EITHER INDIVIDUAL OR A
MIXTURE OF PROBIOTICS FROM A GUT-LIKE
CELLULOSE-BASED HYDROGEL BIOREACTOR

In conventional liquid media-based bioreactors, the single
strain of probiotic bacteria grown is generally separated from
liquid broth using either membrane filtration or centrifugation.
However, in the case of the proposed cellulose-hydrogel-based
gut-like bioreactor, the harvesting of multiple probiotic bacteria
grown can be achieved in two ways, as schematically shown in
Figure 7. As the individual probiotic bacteria are grown in their
own specific hydrogel compartment, each bacteria can be
harvested either separately or the consortia of bacteria can be
extracted together. As the bacteria grows in the liquid media
surrounding each hydrogel as well as immobilizes on the

hydrogel, they can be harvested separately. In the first case of
bacteria harvest from liquid broth, it follows conventional
harvesting using filtration/centrifugation, followed by spray or
freeze drying. In the second case of harvesting bacteria
immobilized on cellulose hydrogels, the whole hydrogel can be
freeze-dried directly. In this case, the hydrogel-immobilized
bacteria become encapsulated within the cellulose hydrogel
matrix that can potentially protect them from a harsh gastric
environment.
The third option is to freeze dry filtered liquid broth along

with the hydrogels, so that bacteria in liquid media as well as
immobilized bacteria become encapsulated within the cellulose
hydrogel matrix. The third option has the potential to reduce
the cost of production because the harvesting and
encapsulation steps are combined into one step. As discussed
in the next section, cellulose-based hydrogels have shown great
promise as encapsulation material for probiotic bacteria.

■ USE OF CELLULOSE-BASED HYDROGELS FOR
PROBIOTIC ENCAPSULATION

As mentioned in the previous section, when multiple-strain
probiotics immobilized on cellulose hydrogel of various
porosities are freeze-dried, the cellulose hydrogels can
encapsulate the probiotics. Before we discuss how various
cellulose hydrogels can be used for controlled delivery (Figure
8), we provide recent progress in this area. It is well-established
that selection of suitable encapsulating material is of prime
importance to ensure the effectiveness of probiotics. Over the
last decades, studies have been conducted on development of
novel and efficient biocomposites for possible application in
probiotic encapsulation.75,76,13,77−81 There have been excellent
reviews published in this area; hence, for the sake of brevity
and considering the scope of this perspective, we refer the
reader to the recent reviews.82−85 Despite progress made in the
field, novel approaches toward the encapsulation of probiotics
ensuring high viability, efficiency, biocompatibility, and timely
and targeted release of probiotic cells represent a field of
opportunities that need to be explored.

■ RECENT ADVANCES IN PROBIOTIC
ENCAPSULATION: USE OF CELLULOSE
HYDROGELS

Cellulose-based hydrogels are promising material that allow for
release of probiotic bacteria into the intestine. Both
hydroxypropyl methoxy cellulose (HPMC) and carboxymethyl
cellulose (CMC) have been reported to offer better protection
and stabilization against adverse GI conditions.15 Table 1
describes the applications of cellulose hydrogels for encapsu-
lation of probiotic bacteria.
As shown in Table 1, cellulose hydrogel composites either

using a combination of cellulosic materials [cellulose fiber
(CF), cellulose nanofiber (CNF), cellulose nanocrystals
(CNCs), carboxymethyl cellulose (CMC), methyl cellulose
(MC), hydroxypropyl methoxy cellulose (HPMC), and
hydroxyethyl cellulose (HEC)] or other biopolymers [sodium
alginate (SA), gum arabic, chitosan, and κ-carrageenan] are
successfully used for encapsulation of probiotic bacteria for
colonic delivery. It has been shown that cellulose hydrogels
protect the probiotic bacteria in simulated gastric fluid (SGF)
but slowly released in simulated intestinal fluid (SIF) for
colonic delivery.

Figure 7. Proposed multi-strain aerobic/anaerobic probiotic bacteria
production by a multiple cellulose-hydrogel-based gut-like bioreactor
and possible harvesting procedure of liquid broth separately from
immobilized bacteria on cellulose hydrogels. The freeze-dried
cellulose powder will encapsulate the immobilized bacteria on the
hydrogels.
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We describe two important studies by Zhang et al.31 and
Luan et al.,26 where a combination of alginate/CNF and native
CF/CNF were used to control the porosity, water absorption,
and swelling of the hydrogel network in various pH conditions.
Hao et al.31 used alginate/CNF in various ratios to prepare
hydrogels of various transparencies and porosities, as shown in
Figure 8. They found that alginate-only hydrogels (ACM-1 in
Figure 8) completely dissolve within 20 min of immersion in
SIF, whereas hydrogels made with a 1:1 ratio of alginate/CNF
survive in SIF for 6 h. As shown in Figure 8, the probiotic

bacteria were released within 2 h of immersion in SIF in the
case of highly porous hydrogels, whereas in the case of low-
porosity hydrogels, controlled release of up to 6 h was
observed.
Zhang et al.31 presented a mechanism of protection of

probiotic bacteria by SA−CNF composite hydrogels, as
schematically shown in Figure 8. Zhang et al.31 explained
that, in acidic pH, protonation of carboxylic acid groups in
sodium alginate and CNF chains contributes to reduced
electrostatic repulsion.31 The increased attraction results in the

Figure 8. Mechanism behind the protection of probiotic bacteria by cellulose composite hydrogels. The shrinkage of the composite hydrogel
network as a result of protonation protects the probiotics in low pH (stomach), whereas the swelling in high pH (intestine) releases the probiotic
bacteria.31 This figure was redrawn and adapted with permission from ref 31. Copyright 2018 American Chemical Society (ACS).

Table 1. Application of Cellulose-Based Composite Hydrogels for Encapsualtion and Controlled Release of Probiotic Bacteria

year cellulose type
seconday carbohydrate

polymer cross-linking agent probiotic bacteria encapsulated reference

2011 carboxymethyl cellulose (CMC) chitosan layer by layer Lactobacillus acidophilus 23

2016 bacterial cellulose (BC) none adsorption−incubation/co-culturing
with BC producing Gluconacetobacter
xylinus bacteria

Lactobacillus delbrueckii PKM 490,
Lactobacillus plantarum DSM 13273,
and Lactobacillus casei ATCC 393

86

2016 regenerated cellulose from
cotton pulp (RC)

sodium alginate sol−gel transition Lactobacillus plantarum (LP) 32

2017 cellulose nanocrystals (CNCs) sodium alginate CaCl2 Lactobacillus rhamnosus (ATCC 9595) 87

2017−2018 CMC chitosan genipin Lactobacillus rhamnosus GG (LGG) 28 and
30

2017 RC sodium alginate (as a
housing)

CaCl2 Lactobacillus plantarum (LP) 33

2017 CMC κ-carrageenan blends Lactobacillus plantarum (LP) 29

2017 CNF−TEMPO
(TEMPO-oxidized cellulose
nanofiber)

cellulose fiber (CF) hydrochloric acid Lactobacillus plantarum (LP) 26

2018 CNF−TEMPO sodium alginate CaCl2 Lactobacillus plantarum (LP) 31

2019 CMC hydroxyethyl cellulose
(HEC)

citric acid Lactobacillus rhamnosus GG (LGG) 27

2019 CMC, MC, and HPMC (methyl
cellulose and hydroxypropyl
methoxy cellulose)

gum arabic/skim milk blends Lactobacillus paracasei strain Lpc-37 15
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formation of hydrogen bonds between carboxylic acid and
protonated carboxyl groups. This leads to the shrinkage of the
SA−CNF composite hydrogel and protection of probiotic
bacteria being released in the stomach.31 In acidic pH, the
shrinkage was found to decrease with the increase in cellulose
concentration SA−CNF composite hydrogels, whereas pure
CNF hydrogel did not shrink. However, in basic pH, SA−CNF
composite hydrogels swelled, whereas CNF hydrogels did not
swell. In both acidic and basic pH cases, the CNF backbone
imparted stability to the structure of composite hydrogels.31

Such a protonation and deprotonation mechanism in acidic
and basic pH conditions could be the reason for probiotic
encapsulation and controlled release properties of cellulose
hydrogels.26,31

As described earlier, Luan et al.26 used a combination of
native CF and CNF to prepare controlled porosity cellulose
macrogel particles, where it was found that, with an increase in
the CNF concentration, the average porosity increased from
0.6 to 2.1 μm. As shown in Figure 9, the probiotic bacteria
were released within 2−3 h of immersion in SIF in the case of
highly porous hydrogels, whereas in the case of low-porosity
hydrogels, controlled release of up to 6 h was observed. In this
case of cellulose-only composite hydrogels as opposed to the
SA−CNF case presented above, the shrinkage and swelling of
the hydrogel networks depend upon the carboxylic content of
the material.26

In the case of SA−CNF composite hydrogels, Zhang et al.31

found that there was an ionic interaction and cross-linking
between adjacent SA and the carboxyl group of CNF
molecules. In this case, both SA and carboxyl contents of
CNF provided the required pH responsive behavior. The CNF
network also provided overall structural stability required to
withstand dissolution in SIF. However, in the case of the CF−
CNF composite hydrogel, Luan et al.26 have found that pH-
responsive behavior was imported to the hydrogels by the
carboxyl content of CNF. The porosity also correlated well
with the carboxyl content of CNF in the composite hydrogel.
In acidic pH (SGF), the CF−CNF hydrogel with a higher
amount CNF (high porosity) shrank a little but swelled a lot in
basic pH (SIF). Hence, the porosity as well as swelling
behavior resulting from the carboxyl content of CNF
contributed to the release of encapsulated probiotic bacteria.
Highly porous hydrogels swell a lot in SIF and release the
encapsulated probiotics quickly, whereas low-porosity hydro-
gels with high amounts CF do not swell much in SIF and,
hence, release the bacteria over time.

■ PROPOSED APPROACH IN CONTROLLED
DELIVERY OF MULTI-STAIN PROBIOTICS USING
CELLULOSE HYDROGELS

As explained in the previous section by two example studies of
Zhang et al.31 and Luan et al.,26 composite cellulose hydrogels

Figure 9. Controlled porosity cellulose composite hydrogels for probiotic encapsulation and release. The porosity increased with the increase in
CNF in cellulose fiber/cellulose nanofiber (CF/CNF) composite hydrogels that controlled the release of viable cells of probiotic bacteria. This
figure was redrawn and adapted with permission from ref 26. Copyright 2018 American Chemical Society. The shrinkage and swelling depend upon
the carboxylic group content and the porosity or density of the network that protects the probiotic bacteria.26
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can be used to control the release of probiotic bacteria by
tuning either the dissolution of one component in the hydrogel
or the porosity. These studies form the basis for our proposed
approach in using a cellulose hydrogel bioreactor for
encapsulation and controlled release of multiple probiotic
bacteria.
As explained earlier, probiotic bacteria that favor low pH and

aerobic conditions for growth will be grown in highly porous
hydrogels, whereas probiotic bacteria that favor high pH and
strictly anaerobic conditions will be grown in low-porous
hydrogels. When these individual hydrogels with individual
probiotic bacteria are freeze-dried, the bacteria become
encapsulated within the respective hydrogel matrix. During
the transit through the GI tract, the bacteria encapsulated in
highly porous hydrogels are released first, followed by less
porous hydrogels. When the porosity and pH responsiveness of
the hydrogels are tuned, the controlled release of individual
bacteria in the region of the gut favorable for the respective
probiotic bacteria can be achieved.
Fermentation strategies, such as immobilized cellulose-

hydrogel-based bioreactors, are highly suitable and promising
to produce multiple probiotic strains. With the ability to
maintain pH gradients and diffused O2 levels, hydrogel-based
bioreactors and immobilization technology appear to be a
feasible option.
Additionally, on the basis of the stability, biosustainability,

and biodegradability of cellulose nanofibers, application of
cellulose hydrogels in the fermenter can propel the research on
designing probiotics in a whole new dimension. Designing
such a study where probiotics are propagating in their natural
habitat (or closest to what is found in the human intestinal
tract) requires elaborated levels of planning and engineering.
However, such studies are crucial considering the present
scenario because the hydrogels are non-toxic, non-hazardous,
recyclable, and biodegradable. Additionally, incorporation of
these hydrogels will also lead the way forward for attaining
sustainable development goals and achieving a circular
economy. There are already a few studies that implemented
the idea of cultivating more than two probiotic strains using
the co-culture fermentation method in a bioreactor.88 Addi-
tionally, there are reports on the application of the continuous
production strategy for large-scale cultivation of probiotics.
Although the strategy has been quite successful for providing a
high cell yield, continuous fermentation always runs a risk of
contamination and, even more importantly, altering the
characteristics of probiotics in the process.89 Nonetheless,
over the past few years, the concept of immobilization has been
applied for a great length in probiotic research. The
commercial production of probiotics and especially mono-
culture probiotics is still largely based on the free cell culture in
batch mode. This is primarily due to the fact that bacterial cells
produced through the process of immobilization vary greatly in
terms of physiology, morphology, and growth characteristics.90

Future research should be directed toward efficient immobi-
lization support for large-scale production of food items, such
as yogurt, milk solids, and cornflakes.91

This perspective proposes the concept of designing next-
generation bioreactors with the central idea of applying
cellulose hydrogels for efficient production of multiple
probiotic strains using a conventional laboratory-scale
fermenter. As described earlier in the perspective, properties
of cellulose hydrogels make it feasible to control and set up pH
and pO2 gradients. Essentially, the prospects hint toward

emerging engineering aspects along with simulation studies of
the intestinal tract for efficient probiotic production along with
generating a deeper understanding of the human gut
ecosystem.
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