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Abstract

Recent years have witnessed rise in the production of microbial fermentation of metabolites and proteins for industrial applica-
tions. The innovative method aims to improve the conventional batch fermentation and the separation. Furthermore, the idea of
downstream processing of the target product enhances the efficiency of the overall process and makes it cost-effective and eco-
friendly. Even though being cost-effective and eco-friendly, the process faces challenges in commercial applications. When the
concentration of the final product/by-product reaches a certain level, feedback inhibition is a common problem encountered in the
fermentation process. Excessive accumulation of end products/by-products in culture also inhibits cell growth and secretion of
target metabolites. The fermentation results in the production of antibiotics, fungal metabolites, and amino acids, which come
with serious inhibition problems. Hence, to mitigate such problems and enhance fermentation performance, extractive fermen-
tation via in situ ion exchange adsorptive technique can be incorporated. The present review highlights the advances and suggests
the strategies to resolve the inhibition problems using extractive fermentation via internal, external, and dispersed resin systems.
Furthermore, methods for synthesis of resins are discussed and adsorption mechanism of ion exchanges is also elaborated.
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1 Introduction depletion substances, and in addition, restricted landfilled

space is likewise an issue associated with it. In order to over-

The insights from the World Bank [1] demonstrate that the
world yearly food waste generation was around 1.3 billion
tons in 2012. Landfilling of food waste causes greenhouse
gas emissions and environmental degradation, creating ozone
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come the environmental issues and assign value to the waste,
resource recovery from food waste is necessary. The different
bioprocesses,such as fermentation, can be used in order con-
vert the waste into fuel and valuable products [2]. However,
high concentrations of ethanol in fermentation broth limit the
yield of ethanol, which is a major problem encountered during
fermentation processes and is referred to as end-product
inhibition.

Extractive fermentation is one of the technique from differ-
ent techniques proposed by various researchers for the contin-
uous production of ethanol [3]. The motivation behind this
process is continuous removal of produced ethanol while min-
imizing the product inhibition and maintaining high growth
rates of ethanol-producing microorganisms. By replacing tra-
ditional azeotropic distillation, extraction is also beneficial for
the recovery of ethanol from diluted fermentation broth [4].
There are different techniques that can be employed to mini-
mize the end-product inhibition such as liquid-liquid extrac-
tion, adsorbents, absorbents, organic solvents, and ionic lig-
uids. The end-product inhibition minimization efficiency
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depends on the relative affinity of solution [5-9]. Adsorption
appears to be an ideal method because it has the advantage of
being a simple procedure and having low labor intensity and
easy process development. Macroporous resins are durable
polar and non-polar polymers with possible adsorption mole-
cule recovery, high adsorption capacity, easy regeneration,
and relatively low cost [10]. The molecule recovery includes
but not limited to licorice flavonoids, glycyrrhizin [11],
scutellarin [12], madecassoside and asiaticoside [13], rosavin
[14], Iycopene [15], chlorogenic acid [16], genistein, apigenin
etc. Most ion exchange resins contain functionalized cross-
linked polystyrene—divinylbenzene co-polymers, which fall
into two broad categories [17]. The cation exchange resin
and anion exchange resin can be classified based on strong
acid, weak acid, strong base, and weak base, respectively.
Other ion exchange materials include acrylics [18] and
perfluorinated chain polymers bearing sulfonic acid heads,
like Nafion® [19] and Aquivion [20]. In general, 0.5 to 20%
of cross-linking agents use low cross-linked and reticulated
resins having a gel (micropore) and macroporous structure,
respectively, to control the porosity of the resin [21].
Therefore, the gel-type resin is generally superior to the
macroporous resin because the reaction position of the reac-
tants in the solution is more easily obtained [22]. However, in
the case of flow processes, internal mass transfer (diffusion)
and pressure drop restrictions [23, 24] are usually lower for
macroreticular resins [25, 26]. Batch processing has certain
drawbacks regarding ethanol production [27, 28], which in-
hibit the fermentation process when glucose concentration is
high [29]. The discontinuous fermentation produces a maxi-
mum ethanol concentration of 12% v/v since the microorgan-
isms cannot tolerate high concentrations of ethanol [3].
Furthermore, the productivity of discontinuous fermentation
is limited by the reduced ethanol production caused by high
concentration in the fermentation broth.

This inhibition is a well-known feature of many fermenta-
tion processes and is often referred to product inhibition.
Apart from batch processing, continuous fermentation re-
solves the problem inhibition which can increase ethanol pro-
duction. However, this process cannot be done in high cell
density, which reduces the concentration of ethanol and re-
sults in significant loss of residual substrate [30]. In this case,
the recovery of the extraction product is of particular interest
because it allows the in situ removal of the inhibitor product
by solvent extraction [31]. Extractive fermentation could low-
er the usage of energy as compared to distillation processes
[32]. Extractive fermentation can be achieved through the
coupling of fermentation with liquid extraction. This review
aims to highlight the applications of various ion exchange
resins for extractive fermentation. Furthermore, the strategies
to resolve the product inhibition problems using the men-
tioned technique via internal, external, and dispersed resin
systems are discussed, commented, and critically analyzed.
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Methods of synthesis of resins are also discussed, and adsorp-
tion mechanisms of ion exchangers are elaborated.

2 Extractive fermentation

Extractive fermentation process is an in situ extraction process
to remove the produced ethanol and other inhibitory com-
pounds, thus eliminating the inhibitory effect caused by these
compounds [33, 34]. In addition to the solvent selection
criteria for conventional extraction (such as high partition co-
efficient and selectivity and low solubility), solvents suitable
for extraction and fermentation should be non-toxic to micro-
organisms (i.e., biocompatibility). The density of the water
phase is different from the density of the broth to ensure phase
separation by gravity, low viscosity, high interfacial tension,
and low emulsification tendency in the broth; high stability,
low cost, etc., are some of the basic requirements for a suitable
solvent [35, 36].

3 lon exchange process

Ion exchange process takes place between two phases,
resulting in exchange of their ions with the help of resins. In
ion exchange process, resins which mainly cross-linked poly-
mer networks are employed, which are electrostatically bound
insoluble. In these polymers, exchange of ions happens when
ions having the same charge-containing solution are used. The
degree of the exchange or separation depends on the ion con-
centration of the solution and the insoluble phase of the ions.
According to reports, the use of Diaion HP-20 polyaromatic
resin can improve the production of antibiotics in the fermen-
tation of actinomycetes [37]. The production medium contain-
ing the adsorbent resin can also be used to reduce the
autotoxicity of fungal metabolites [38]. The extraction and
fermentation of Burkholderia E264 has also been reported to
increase the yield of thailandepsin A, a natural product with
strong inhibitory activity of histone deacetylases and promis-
ing anticancer activity [39]. By adding Diaion HP-20 polycy-
clic aromatic adsorption resin to the culture, the feedback in-
hibition of Thai protease can be effectively reduced, thereby
significantly increasing the potency of the target product.
Removal of the acetate formed by the anion exchange resin
has been used successfully to improve the production of re-
combinant interferon-o2b in Escherichia coli [40, 41]. Due to
the presence of anion exchange resin in the culture, the phys-
iology of E. coli does not change or does change during the
entire cultivation process. The adsorption capacity of the resin
for acetic acid depends on the characteristics of the resin and
the matrix. The weakly basic anionic exchange resins have
exhibited higher adsorption capacity and acetic affinity com-
pared to strongly basic resins [42].
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4 Methods of resin synthesis

Since the late 1950s, ion exchange resins have been used to
help the production of pharmaceuticals. These resins proved
to be safe and active excipients and are now used in many
commercial applications around the world [43]. Resins have
wide application in different areas which could make the pro-
cess easier for removal inhibition compound during fermen-
tation. Resin synthesis could be done through different
methods, which provide solution for extraction of inhibitory
compounds from fermentation process. lon exchange resins
contain acidic or basic functional groups, which are insoluble
polymers and have the ability to exchange counterions in the
aqueous solution. Periodic mesoporous organosilica (PMO)
organic materials have been reported as resins and have re-
cently been synthesized in various compositions [44, 45]. The
PMOs allow chemical modification of the framework through
the bridge of the conversion of organic groups. Therefore,
materials containing organic functional groups in these main
chains have many potential applications. It is possible to use
PMO materials as adsorbents for metal or organic compounds,
once organic bridges are functionalized. For example,
polysilsesquioxane materials having porous arylene groups
and ethylene bridges adsorb phenolic compounds [46].
Synthesis of various PMOs is reported in the literature, for
example bipyridinium-containing MCM-41 structure as an
electron acceptor [47]. Synthesis of thioether-functionalized,
organic—inorganic-ordered mesoporous materials for selective
Hg?* adsorbents by co-condensation of (1,4)-
bis(triethoxysilyl)propane tetrasulfide with TEOS composites
is also reported [48]. Anionic organic—inorganic hybrid ex-
change resin has been reported to be synthesized by the grad-
ual functionalization of cerium oxide and anion exchange li-
gand or the joint assembly of the anion exchange ligand and
the cerium dioxide precursor [49]. PMO anion exchange
resins can be synthesized by a simple one-vessel synthesis
using organic cerium dioxide precursors with functionalized
bridges. To synthesize anion exchange resin PMO, some new
organic precursors of cerium dioxide N-(3-trietoxymethyl
decylpropyl), N(3)-(3-trimethoxy) base methyl nonylpropyl-
4,5-dihydroimidazolium iodide (1), cetyltrimethylammonium
chloride (2), and 1-hexadecyl-3-methylimidazolium bromide
(3) have also been used [50]. Figure 1 presents the synthesis of
periodic mesoporous organosilicate anion exchange resins.

The resins having chloride ions have a high electroneg-
ativity compared to lactate ions. Therefore, chlorine-
containing resins use hydroxide ions instead of lactate [9,
12]. This can be achieved using a packed, resin-packed
column (RPC) of NaOH solution. Saturation involves rins-
ing of the packed resin column thoroughly with distilled
water, NaOH treatment column washing with distilled wa-
ter to remove the alkali, and sterilization before connecting
to the fermenter [52].

5 Adsorption mechanism of fermentation
process

Adsorption is an energy-efficient technique used to separate
different compounds from fermentation broth. This technique
involves adsorption of the products onto the surface of adsor-
bents followed by desorption using temperature, pressure, or
displacer to generate a concentrated solution. For selecting
adsorbent, various factors could be taken into account, with
the adsorption capacity, the adsorption speed, the ease of de-
sorption, the cost of the adsorbent, and the selectivity of the
desired product. The contact time between the adsorbate and
adsorbent is directly influenced by kinetics of the adsorption
process. The fast kinetics is ideal because the fermentation
broth can circulate faster, and its concentration is below the
inhibition range, whereas it requires a huge amount of adsor-
bent quantity and surface in order to achieve the product with-
in the desired time [53]. Depending on the type of solid ma-
terial, electron stability, and concrete adsorbent material used
easily, active carbon and polymer resin are commonly used as
bowl adsorbents for model solution and yeast vessels.
Ruthenium dioxide molecular sieves have a very high ratio
of SiO,/Al,03 and a hydrophobic zeolite structure which
makes them suitable for the selective adsorption of small or-
ganic compounds (C1-C5) in diluted solutions. Though acti-
vated carbon has shown good adsorption capacity, its recov-
ery and regeneration have been complicated and need further
investigations [54—58]. When the final product concentration
reaches a certain level, feedback inhibition is a common prob-
lem in the fermentation process. Excessive accumulation of
by-products in culture can also inhibit cell growth and inhibit
the secretion of target metabolites. Integral fermentation and
separation of fermentation products or by-products are possi-
ble methods used industrially to reduce products or inhibit by-
products to improve fermentation performance. On the other
hand, some metabolites produced by microorganisms such as
lactic acid bacteria and recombinant bacteria are inhibited by
by-products. Recently, proteins and metabolites are being pro-
duced commercially for various industrial applications and
this is on the rise. There is a need to develop innovative fer-
mentation methods that can replace the traditional ones and
are also cost-effective. To overcome the problems associated
with feedback inhibition and unwanted by-product accumula-
tion in culture, many strategies have been proposed, such as
genetic modification, application of fed-batch fermentations,
adsorption membranes, electrodialysis, and macroporous ion
exchange resins. Combining effective fermentation with
macroporous adsorptive resins in culture can be used as an
effective method to reduce feedback inhibition or to reduce
the accumulation of inhibitory by-products. This, in turn, may
increase the output of the product. It has been reported to
improve the production of antibiotics in actinomycete fermen-
tation by using polyaromatic resin Diaion HP-20 [59].
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Furthermore, adsorption resin can be included in the medium
to reduce the self-toxicity of fungal metabolites [60].
Extraction of Burkholderia thailandensis E264 has also been
reported to enhance the production of the native product
thailandepsin A with potent histone deacetylase inhibitory ac-
tivity and promising anticancer activity [61]. Diaion HP-20, a
polyaromatic adsorption resin, has been added to the culture to
effectively reduce the feedback inhibition of thailandepsin A,
which, in turn, significantly enhances the potency of the target
product. The removal of acetate formed from anion exchange
resins has been successfully used to enhance the production of
recombinant interferon-o2b by E. coli [62]. In the presence of
anion exchange resin in the medium, the physiology of E. coli
cells does not change or does change throughout the culture.
The adsorption capacity of the resins for acetic acid depends
on the nature of the resin and the matrix. Compared to strongly
basic anion exchange resins, weak base anion exchange resins
have higher acetic acid absorption capacity and affinity.
Compared with the fermentation without resin addition, the
successful application in the 2-L stirred tank bioreactor in-
creased the yield of recombinant interferon-o2b by about
1.8-fold. Since anion exchange resins are reusable, in order
to efficiently remove acetic acid, the development of bioreac-
tor systems with the in situ addition of anion exchange resins
can be used to effectively culture recombinant E. coli for the
production of biotechnological products. The above given lit-
erature shows the promising results achieved by using adsorp-
tion resins to tackle and resolve inhibition feedback problems.
For better understanding, the research and development of this
fermentation method should be extended to various fermenta-
tion processes. The ability of the product or resin by-product
to absorb the resin depends on the properties of the resin and
the matrix. The important factors for the expansion of the
process approach should be determined. The kinetic models
of'the process should also be developed, which can be used as
a reference for the development of large-scale extraction fer-
mentations for improving the production of metabolites that
are inhibited by products or by-products [63]. Solvent
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extraction techniques are not preferred because it can lead to
some physical, chemical, and biochemical problems of cellu-
lar catalytic activity, such as interference with aseptic condi-
tions and contamination of the fermentation system [64].
Membrane extraction has the apparent advantages over con-
ventional extraction and can be used for separation, purifica-
tion, removal of contaminants, and recovery [65].

Ion exchange processes happen through the addition of ion
exchange resins, which may be anion exchange resins or cat-
ion exchange resins depending upon the process. In extractive
fermentation, ion exchange method which uses selected resins
to separate components from fermentation broth was used.
Figure 2 presents the ion exchange extractive method for the
fermentation process.

6 lon exchange adsorption in extractive
fermentation process

In recent years, adsorbent resins have gained huge attention
due to their in situ product recovery from fermentation pro-
cesses. Selection of adsorbent depends on the type of extract-
ant, product capacity, selectivity, cost, its stability, and kinet-
ics. In addition to different adsorption mechanisms of the sor-
bents, different aspects of the sorbent distinguish them from
each other. Due to the presence of other solutes competing for
a limited number of surface adsorption sites, the performance
of the adsorbent during fermentation is generally lower than
that of the model solution [66, 67]. The presence of large
surface area on the macroporous resins provides a pathway
for biofilm formation and cell scaling [66, 68].

Neutral adsorbents are interacted with target molecules such
as carbon, passive resins, and zeolites, due to relatively adverse
effects of hydrophilicity and low rate between the steady and
adsorbent stages. Apart from being relatively hydrophobic, oth-
er adsorbent properties can be used to provide selectivity. For
example, a recent study used three hydrophobic zeolites with
varying pore sizes to eliminate hydrolyzed components using
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Fig. 2 Ion exchange extractive
methods for fermentation process
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size exclusion, allowing the selective elimination of various
valuable by-products such as hydroxymethylfurfural and van-
illin [67]. This selectivity in several small molecules is based on
pore size of the resin along with the molecular size, which also
plays a vital role in the recovery of fermentation products.
Organic acid extraction through fermentations is of interest to
increase the process profitability, but carboxylic acids generally
lower the fermentation pH due to their low pK, values and do
not interact in hydrophobic interactions. It is used to recover the
functionality of hydrophobic resin products. Ion exchange
resins can also be made with ion exchange resins. Ion exchange
resins interact in ionic bonds but must be pre-equilibrated be-
fore and after the salt solution is used. This can cause waste
problems [69].

The perillic acid produced by the oxidation of limonene is a
suitable process for the exchange of ions. Compared to the
alternative source of carbon, the glycerol carbon source is in
a position where it is no longer adsorbed, and the ionic carbon
source is expected to have a similar affinity in the direction of
the resin. It is proposed that nutritional restrictions must be
introduced. It is reported that out of the seven anion exchange
resins screened, only two have no effect on the pH of the
medium, and the affinity of the product is the criterion for
determining the remaining resin. However, the hydro-
phobic terfopene substrate was once adsorbed signifi-
cantly with the help of all the resins, which means that
the performance of the substrate was lost and a fed-
batch method fed with saturated air circulation of limo-
nene and saturated resin needed limonene [66]. Another
study reports that strongly basic functional groups pro-
vide excellent affinity for acid products, while gel-like
structures provide greater selectivity than porous struc-
tures [70]. Given the nature of the polymer structures

’ By product

e 4
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associated with affinity, these ideas can be used to ame-
liorate the selectivity and affinity of the adsorbent in
future research.

The use of ion exchange adsorbents and resins for the re-
pair of products is advantageous for hydrophobic compounds
and target molecules that increase the cost due to the pH of the
fermentation, and these structures are well represented in
Table 1, which indicates their direct implementation.
However, the recovery of strong invoices often requires warm
or concentrated salt solution to reproduce the antigens, which
introduce the essential energy and waste flow requirements.
The literature points out that, despite this, trial and error is still
widely used to symbolize the performance of adsorbents,
which compromises some decision criteria, which are often
necessary [69].

Chandel et al. [83] reported the detoxing of sugarcane ba-
gasse hydrolys ate to enhance ethanol manufacturing with the
help of Candida shehatae NCIM 3501. In their investigation,
different cleansing techniques had been used and results
consisting of neutralization, overliming, activated charcoal,
ion alternate resins (IERs), and enzymatic cleansing with the
use of laccase were reported. It was found that ion change cure
was most efficient in casting off furans (63.4%), whole phe-
nolic (75.8%), and acetic acid (85.2%), followed by using
activated charcoal adsorption and overliming.

7 Application of resins in extractive
fermentation

Extractive fermentation adsorption of the target product/by-

product by ion exchange is a technique which uses either a
bioreactor (internal system) or an external adsorbent-packed

@ Springer
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Table 1 Applications of different
resins for production of different
products

Resin used in Organism Titer Product References
production enhancement
medium
HP-20 Streptomyces paulus 5-fold increase  Paulomycin [71]
HP-20 Streptomyces achromogenes 5-fold increase ~ Rubradirin A [72]
v. rubradiris (UC_8051)
1% HP-20 Acinomadura 53% higher Esperamicin Al [
Verrucosospora titer
HP-20 or XAD-8 Micromonospora chersina 4.7-6.9-fold Dynemicin [73]
ATCC 53710 increase
5% HP-20 Streptomyces sp. S-140 7-32 mg/L Leinamycin [74]
5% HP-2 Streptomyces sp. DO-114 Increased titer ~ Clecarmycins [75]
to 70 mg/L
10% HP-20 Streptomyces sp. KY 11783 Increased titer ~ Lymphostin [76]
to 100 mg/L
HP-20 Micromonospora Higher titer Lomaiviticins [77]
lomaiviriensis
5% HP-20 or Actinoplanes teicomyceticus 4.2-fold Teicoplanin [59]
XAD-16 increase
12% JD-1 resin Streptomyces 04-13 g/L Pristinamycin [78]
pristinaespiralis
HP-20 or XAD-8 Streptomyces coelicolor Higher titer 6-Deoxyerythronolide  [79]
B
7.5% HP-20 Serratia sp. KH-95 13 g/L (2-fold  Prodigiosin-like [79]
higher) pigment
HP-20 Myrothecium verrucaria 75-100% Trichothecene [80]
CL-72 increase
HP-20 Unidentified fungus 35-fold Spiroxins [81]
increase
Resin in media Pycnoporus cinnabarinus 100-790 mg/LL  Benzaldehyde [82]

column with circulating fermentation broth (external system).
Furthermore, in the bioreactor, the resins can be trapped inside
the reactor compartment or can disperse freely. Fermentation
is usually carried out in a medium containing an adsorbent
resin to reduce the product’s toxicity and increase the stability
of the product discharged during the fermentation. Various
Streptomyces strains have been fermented in a medium with
adsorbent resins [71, 72, 73-79, 84], but such a method is
used less often to improve secondary metabolites in fungal
fermentations [80-82]. Adsorption resins are widely used for
solid-phase extraction, separation, and purification of various
pharmaceutical products [85, 86]. Some of the resins used for
different product formations couple with different microor-
ganism. Table 1 shows a typical enlist of various types of
adsorption resins for production of different substances. One
of the main applications of ion exchange resins is the elimina-
tion of several acids from the extractive fermentation process.
As shown in Table 2, suitable adsorbents for carboxylic acid
and carboxylate extractions can be classified more thoroughly
according to their electronic properties in ionic and non-ionic
materials, as well as their functional and support morphology.
Weak anion exchangers are charged at a limited pH; other-
wise, they cannot exchange anions, while strong anion ex-
changers exchange anions over a wide pH range [103].
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The recovery of in situ fermentation products can lower the
metabolic inhibition and can subsequently reduce/minimize
the degradation of product as well as wastewater treatment.
This increases productivity and product yields and results in
reduction in subsequent processing costs; however, process
complexity and equipment costs may surge. Although most
studies on in situ recovery of the product (except vacuum
fermentation) use batch or semi-batch systems, the advantages
of on-site recycling should be the most obvious for continuous
processes. However, there is still a need to better estimate the
capacity, limitations, and costs of in situ product recovery in
continuous processes [104].

7.1 Internal adsorption column

The configuration of the internal adsorption column (in the
bioreactor) has the advantage of avoiding the influence of
the shear force of the wheel, which can adversely affect the
resin. While the same benefits can be achieved using an ex-
ternal column system, the design has other advantages over
external variables. Among the external variables, the environ-
mental conditions are better, such as pH, temperature, dis-
solved oxygen tension (DOT), and aeration rate, and can reach
high mass transfer rates [19]. The product recovery during
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Table 2  Applications of different adsorbents for recovery of different carboxylic acids and carboxylates
Type Name Matrix Pore type Functional group References
Weak anion Duolite® A7 Phenol-formaldehyde-polyamine N/A Polyamine (secondary amine in [87]
exchanger majority)
Amino SBA-15 SBA-15 silica Mesoporous ~ Primary, secondary, and tertiary amines [88]
Amberlite® IRA-35 Polyacrylic Macroporous Tertiary amine [89]

Dowex® MWA-1 Polystyrene-DVB

Indion® 860 Polystyrene-DVB

Reillex® 425 Poly(4-vinylpyridine)-DVB
NERCB 09 Polystyrene
Strong anion Dowex® Marathon A Polystyrene-DVB
exchanger Amberlite® IRA-400  Polystyrene-DVB
Amberlite® IRA-420  Polystyrene-DVB
Dowex® Marathon Polystyrene-DVB
MSA
Amberlite® IRA-900  Polystyrene-DVB
Indion® 810 Polystyrene-DVB
Amberlite® IRA-410  Polystyrene-DVB
NERCB 04 Epoxy
Non-ionic Silicalite® High-surface silica
CBV 28014 High silica ZSM-5
CT 3000 SG «-AlL O3
Hematite «-Fe,O3
XFS-40422 Polymer

Macroporous Tertiary amine (90%) and quaternary ~ [90]
amine

Macroporous Tertiary amine [91]
Macroporous Pyridine [92]
N/A Weak base [93]
Gel Quaternary amine, type | [94]
Gel Quaternary amine, type | [95]
Gel Quaternary amine, type | [96]
Macroporous Quaternary amine, type [ [97]
Macroporous Quaternary amine, type I [92]
Macroporous Quaternary amine, type I [91]
Gel Quaternary amine, type Il [97]
N/A N/A [98]
N/A Not functionalized [99]
Microporous  Not functionalized [100]
N/A Not functionalized [101]
N/A Not functionalized [102]
N/A Not functionalized [99]

fermentation (in situ product recovery) can be completed in a
bioreactor, which not only improves overall productivity but
also enables simpler operations. Bae et al. [79] reported the
development of a new type of internal column system for
pigment recovery, i.e., prodigiosin from fermented broth of
Serratia sp. (KH-95). The bioreactor is designed with a sec-
ond compartment, which is composed of a 316 stainless steel
internal filter and a porous HP-20 adsorbent. Table 2 summa-
rizes the performance of the internally dispersed column sys-
tem and the resin-free (control) system compared to the exter-
nal column.

It should be noted that the new system provides 1.8 times
higher pigment yield than the external column bioreactor sys-
tem. It has been reported that in the dispersion and outer resin
system, the phenomenon of cell adsorption on the resin is
encountered because the pigment is still attached to the cell
wall. It is also emphasized that the conditions in the outer
column and the internal media of the bioreactor (such as pH,
DOT, and substrate concentration) may vary. Therefore, as the
battery is recycled throughout the system, it can also cause a
decrease in the performance of the external resin system.

7.2 External adsorption column

In the dispersed resin system, the shear force of the impeller
and shaft seal results in resin wear, which is a major

disadvantage associated with this system [19]. This effect is
obvious in aerobic fermentation, which usually requires stir-
ring. Hence, it is preferable to use an external adsorption sys-
tem to reduce the shear force on the cells after the resin col-
lides. Usually, during external extractive fermentation, a sep-
aration column containing resin is attached with external bio-
reactor and the broth is passed through a chromatographic
column to capture products/substances, then the broth is sent
back to the bioreactor for reuse. In addition, the reuse of the
broth also provides other advantages, namely higher nutrient/
substrate conversion rate and reduced input water require-
ments [20].

7.3 Integrated bioreactor-packed bed column

A method to recover citric acid in situ in the fermentation of
Aspergillus niger W1-2 through an anion exchange resin has
been previously developed [20]. It connects the packed bed
chromatography column filled with resin to the bioreactor
system. After the provided time of fermentation, the broth is
passed through the column, where the resin is not attracted to
the nutrients except KH,PO,4. Compared with conventional
fermentation, the integrated system can reduce fermentation
time and increase productivity and sugar conversion rate. To
overcome the inhibition of the final product in the Serratia
fermentation process, KH-95, an ion exchange resin, is used to
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produce a red pigment like prodigiosin [5]. To confirm the
product inhibition, the resins (in HP-20, SP-850, and XAD-
16) were used according to the adsorption performance of the
resin in the fixed-bed column mode. In the process, the
pigmented culture was loaded from the top of the column.
Although SP-850 has the highest adsorption capacity (approx-
imately 11.8% and 38.1% more than HP-20 and XAD-16,
respectively), its desorption capacity is the lowest (approxi-
mately 15% and 20% lower than HP-20 and XAD-16, respec-
tively). Therefore, HP-20 was selected and used for follow-up
research. Moreover, the impact of resin time on fermentation
performance was also investigated in the shake flask fermen-
tation. In general, it has been found that once the resin is
added, cell growth is inhibited. It is important to note that
the resin addition during seeding process resulted in only
75% cell growth of the control. However, after 10 h of resin
addition, its growth steadily increased up to 95%. This phe-
nomenon is attributed to the reduction in the casein content in
the culture (reduction of about 23.5 to 47.1% compared to the
control), which is due to the unwanted adsorption on the
added resin and consumption of amino acids in the middle.

7.4 Integrated bioreactor-expanded bed adsorption

An integrated stirred tank bioreactor-expanded bed adsorption
(STB-EBA) system was designed to remove acetate to en-
hance the production of PrIFN-a2b in E. coli [21].
Compared with packed bed chromatography columns, the ex-
panded bed adsorption (EBA) system can directly process the
fermentation broth loaded with biomass without any interme-
diate clarification. Due to the bed expansion characteristics of
EBA, a large void volume is generated in it, so the cells/
particles will pass through the chromatographic column and
the target compound will be captured by the adsorbent in the
chromatographic column. The influence of EBA
parameters—resin loading (0—12 g/L) (hence, the height of
the sedimentation bed, H from 0 to 150 mm), column surface
linear velocity (240 to 900 cm/h), the culture, and influence of
liquid viscosity (3.2—-113.9 mPa-s) on fermentation
performance—were studied. It was found that at a sedimenta-
tion bed height of 150 mm (resin concentration of 12 g/L), the
dry cell weight was the highest (14.97 g/L), and the total
acetate adsorption capacity was 5.45 g/L. As the resin expands
to the top of the tower overflows, which restricts the further
increase in the height of the sedimentation bed, it was found
that after the bed expansion, when the viscosity was high
(113.9 mPa-s), the resin tightly accumulated on the upper
adapter net, causing the chromatographic column to block.
However, it was determined that the viscosity of the fermen-
tation broth was much lower than this point (15.75 mPa-s), so
there was no problem. At the same time, for the dispersed
resin system, it is found that the mixing time will increase at
low stirring speeds (100-200 rpm). In addition, at high stirring
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speeds (>400 rpm), compared to the systems with and without
resin, no significant difference in mixing time was observed in
STB-EBA-integrated system. Table 2 summarizes the perfor-
mance of the three systems: resin-free system, dispersion sys-
tem, and STB-EBA—integrated system in the fermentation of
PrIFN-a2b, and there were 42 new trends in ion exchange
research performance comparison of recombinant E. coli.
Among the dispersion systems, the STB-EBA system showed
the highest concentration of PrIFN-a2b, specific yield and
volumetric productivity, and a shorter growth cycle and time
to reach the maximum concentration of PrIFN-o2b. In addi-
tion, the simplified culture solution clarification reduces the
overall length of downstream processing. It is worth noting
that through the integrated system, the output of PrIFN-o2b is
3 times and 1.4 times higher than that of resin-free and dis-
persed systems, respectively. Other reports on the implemen-
tation of STB-EBA devices can also be found in the literature,
despite the use of different types of resins [22-25]. In addition
to the bioreactor, the external device EBA column is also used
in combination with the extraction tank to recover active com-
pounds from herbal medicines [26, 27].

8 Discussion

The adsorption resins can be a promising solution for feed-
back inhibition problem caused by the accumulation of
products/by-products in the culture. The adsorption capacity
of the resins for products or by-products depends on the char-
acteristics of the resin and the matrix. Ion exchange resins
exhibit a finite amount of functional groups and thus sites
where ions can be exchanged. The ion exchange capacity of
the resin is given by the number of ion exchange sites per unit
weight or volume. Commercial ion exchange resins make the
reagents convenient because the large beads are easily filtered
and packed into columns. The molecule recovery includes but
not limited to licorice flavonoids, glycyrrhizin [11], scutellarin
[12], madecassoside and asiaticoside [13], rosavin [14], lyco-
pene [15], chlorogenic acid [16], genistein, apigenin, etc. lon
exchange resins are classified into two major categories, i.c.,
cation exchange resins with acidic functional groups and an-
ion exchange resins with basic groups. And according to the
acidity and basicity of the functional groups, they are further
classified into subcategories, such as strongly or weakly acidic
cation exchange resins and strongly or weakly basic anion
exchange resins [17]. The cation exchange resin and anion
exchange resin can be classified based on strong acid, weak
acid, strong base, and weak base, respectively. Other ion ex-
change materials include acrylics [18] and perfluorinated
chain polymers bearing sulfonic acid heads, like Nafion®
[19] and Aquivion [20]. In general, 0.5 to 20% of cross-
linking agents use low cross-linked and reticulated resins hav-
ing a gel (micropore) and macroporous structure, respectively,
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to control the porosity of the resin [21]. Therefore, the gel-type
resin is generally superior to the macroporous resin because
the reaction position of the reactants in the solution is more
easily obtained [22]. However, in the case of flow processes,
internal mass transfer (diffusion) and pressure drop restric-
tions [23, 24] are usually lower for macroreticular resins [25,
26]. Batch processing has certain drawbacks regarding etha-
nol production [27, 28], which inhibit the fermentation pro-
cess when glucose concentration is high [29]. The discontin-
uous fermentation produces a maximum ethanol concentra-
tion of 12% v/v since the microorganisms cannot tolerate high
concentrations of ethanol [3]. Furthermore, the productivity of
discontinuous fermentation is limited by the reduced ethanol
production caused by high concentration in the fermentation
broth.

9 Perspectives and challenges of adsorptive
ion exchange resin

Extractive fermentation by using resins for removal of
product/by-product of fermentation is mainly employed to
alleviate the problem of feedback inhibition. Research on the
selectivity of adsorption and desorption is very important es-
pecially for high-value biologics and process cost. However,
studies have not focused on the purity of the desorption prod-
uct. In addition, it has been found that at high resin concen-
trations, degradation of fermentation performance (i.e., cell
growth and metabolites) is observed. Use of new resins, such
as resins that can operate with higher conductivity (resins with
alternative support matrix (no need to dilute/percolate before
adsorption)); disposable or disposable resins (to overcome
cleaning in place (CIP) and verification trouble and improve
the entire economic process); extraction; and fermentation
technology should also be studied. In addition, the possibility
of combining adsorption technology based on ion exchange
resins with other separation technologies (such as electric field
and membrane technology) can also be explored. Nutrients
shear effect on cells/products under high resin load or reduce
mixing efficiency. The interaction between the resins and the
media components can be studied in detail to better under-
stand the overall complexity of the process. Research on this
fermentation approach can be extended to various fermenta-
tion processes for better understanding. The adsorption capac-
ity of product or by-product by the resins depends on resins’
characteristics and matrix, in which some information on these
can be generalized. The important factors in scaling up the
process approach need to be identified. Kinetic models that
can be used to describe the process are also required, which
could be used for developing large-scale extractive
fermentation.

10 Conclusion

» Extractive fermentation using ion exchange resin for re-
moval of product/by-product of fermentation is mainly
employed to mitigate the problem of feedback inhibition.
Current review covers ion exchange application for miti-
gating the problem of product inhibition.

* Numerous strategies are proposed to overcome the inhibi-
tion and accumulation problems such as fed-batch fermen-
tation, genetic modification, membrane adsorption, using
macroporous ion exchange resins, and electrodialysis. In
the culture, along with efficient fermentation, the
macroporous adsorption resins can be effective in reduc-
ing the feedback inhibition and accumulation of by-
products.

* In addition, the feasibility of combining ion exchange
resin-based adsorptive techniques with other separation
technique such as electric field- and membrane-based
techniques may also be scrutinized. The use of
immobilized cell to protect them from shear stress and/or
unwanted interaction with the adsorbent may also be stud-
ied. Ultimately, the operation of the ion exchange resin—
based extractive fermentation in continuous mode may
deserve special attention.

* On a separate note, the factor of cost of resin and lifetime
of resins should also be taken into account during the
selection especially for large-scale operation. Finally, con-
sidering that there are abundant available experimental
findings on adsorption of specific products/by-products
and resins, the data should be generalized to assist the
selection of resin in the future.
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