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Abstract The increase in resistance to conventional antimicrobials in recent years
has boosted the search for new antibiotics to treat serious infectious diseases,
especially those generated by multi-resistant bacteria. In this context, antimicrobial
peptides (AMPs) are alternative molecules for use as new therapeutic agents. AMPs
are small bioactive proteins commonly produced by all living organisms, and they
can be part of innate immunity. Due to their broad-spectrum antibacterial potential
and other activities, including immunomodulatory and antitumor, they are of great
interest to the pharmaceutical industry’s production of biopharmaceuticals. Among
the technological platforms applied in the process of development and manufactur-
ing of AMPs, recombinant DNA technology has enabled the production of such
molecules using bacterial and yeast cells as expression host systems on a laboratory
scale and in large-scale environments. Furthermore, different bioprocessing strate-
gies can be used for peptide industrial production, aiming to optimize the yield,
make cultures more robust and significantly increase cell density. In this chapter, we
will address recent developments and future directions in AMPs bioprocessing,
including microbial expression systems, as well as bioprocessing and purification
technologies. Here we also describe successful cases in this field and emphasize the
prospects and challenges related to AMPs bioengineering.

1 Introduction

The increase in microbial resistance to antibiotics is a major public health problem
around the world. Methicillin-resistant Staphylococcus aureus (MRSA) and
β-lactamase-resistant Escherichia coli (ESBL) are bacterial strains that recur in
many hospitals (Assis et al. 2017; Wang et al. 2019), mainly infecting patients
whose immune system is compromised by other diseases or invasive therapies (Leite
et al. 2019). Bacteria such as Pseudomonas aeruginosa, Enterococcus faecium,
Acinetobacter baumannii, Klebsiella pneumoniae, and Enterobacter species are
also commonly responsible for nosocomial infections exhibiting high microbial
resistance to currently available drugs (Laws et al. 2019).

The emergence of multi-resistant microorganisms such as those mentioned above
may occur due to the excessive and/or incorrect use of antimicrobial drugs by
humans and other animals (Lombardi et al. 2019; Bhopale 2020; Dijksteel et al.
2021). As a result, many drugs commonly used to fight those pathogens are no
longer effective (Leite et al. 2019). About 700,000 people die annually from resistant



bacterial infections. If measures are not taken to change the current scenario, it is
estimated that by 2050 the number of deaths will be ten million per year (Mishra
et al. 2017; Laws et al. 2019). The development of new, broad-spectrum, and
low-toxicity drugs as an alternative therapy to conventional antibiotics is highly
desirable. Both academia and industry are working on prospecting candidate mole-
cules and producing new therapies to combat infectious diseases (Andersson et al.
2016; Leite et al. 2019).
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In this context, antimicrobial peptides (AMPs) have emerged as a new approach
for replacing or complementing traditional therapeutic compounds in combating
resistant microorganisms (da Costa et al. 2015; Chen and Lu 2020). They are
naturally produced by various living organisms, such as microorganisms, plants,
and animals, acting as important immune system components against exogenous
pathogens (Wang et al. 2019; Leite et al. 2019). Generally, they present activity
against several microorganisms and can perform more than one function in some
cases, including acting as an immunomodulator or antitumor, so they are considered
promiscuous molecules (Franco 2011; Haney et al. 2017; Leite et al. 2019).

Due to the different functions that they can perform simultaneously, AMPs are
molecules that seem to have great potential as candidates for new drugs, especially
antibiotics (Tornesello et al. 2020; Liscano et al. 2020). The development of new
AMP-based drugs needs these molecules to be obtained in large quantities for
biotechnological studies and pharmaceutical evaluation (Parachin et al. 2012).
There have been notable improvements in producing AMPs on an industrial scale
during the last few years, due to several new technologies (Gupta and Shukla 2017).
Innovations in the upstream bioprocessing steps, such as selection and development
of the cell line, optimization of cell culture parameters, and the use of feeding
strategies, have the ultimate goal of large-scale production (Gronemeyer et al.
2014; Tripathi and Shrivastava 2019). The application of recombinant systems in
cell line construction is opportune in terms of yields and costs for AMPs production
(Parachin et al. 2012).

Among these recombinant systems, microorganism hosts are generally the most
used, because they have characteristics that enable high levels of synthesis, modifi-
cation, and secretion of heterologous AMPs. Various recombinant proteins are
already available on the market, including AMPs produced by these hosts (Gupta
and Shukla 2017). E. coli bacteria is the most widely used microbial cell factory,
since its genetic and biological processes are well known, exhibiting fast growth
rate, high yield and simple upstream process (Khow and Suntrarachun 2012; Briand
et al. 2016; Kaur et al. 2018). Otherwise, among the yeast systems, Saccharomyces
cerevisiae is the most established. It is a robust, stress-tolerant yeast and uses simple
nutrients (Öztürk et al. 2017).

After developing the expression system, the next step consists of producing the
small-scale recombinant protein to screen and select transforming clones. At this
point, it is essential to monitor the cultivation conditions, as they directly affect the
expression of the recombinant AMP. Optimizing the temperature, pH, aeration,
agitation, media composition, the concentration of inducers, induction time and
the feeding strategies make the development of bioprocesses more effective (Kaur



et al. 2018). Continuing the process, bioreactor systems and bioprocess strategies
such as batch, fed-batch, and continuous culture are employed for the production of
large-scale AMPs as biopharmaceuticals (Tripathi and Shrivastava 2019). Subse-
quently to large-scale production, a key purpose is the recovery of the target
biomolecule and removal of the impurities present in the culture medium (Gupta
and Shukla 2017).
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Known as the downstream process, this phase has innovative technologies for
handling large volumes in production processes, as well as for the recovery of the
recombinant biomolecule of interest (Gupta and Shukla 2017). Filtration removes
cell biomass, providing culture medium clarification, and affinity chromatography
captures the recombinant protein using specific separation resins, promoting a high
degree of purity for the proteins of interest (Singh et al. 2013; Kimple et al. 2013;
Arora et al. 2017). In summary, this chapter addresses innovative approaches to
upstream and downstream processes for AMPs yielding biopharmaceuticals. Selec-
tion of the proper expression hosts, development of bioprocesses, recent strategies in
bioprocessing, techniques related to purification, and ways to achieve lower produc-
tion costs, while boosting manufacturing flexibility and final product quality, are
here described.

2 Antimicrobial Peptides

2.1 Properties

AMPs are small bioactive proteins that are effective against several species of Gram-
positive and -negative bacteria, fungi, parasites and viruses (enveloped and
non-enveloped) (Bhopale 2020; Moretta et al. 2021). These molecules are also
known a host defense peptides (Boto et al. 2018; Liang and Diana 2020), and they
are essential elements of the innate immune system of living organisms, acting as a
first defense line against microbial actions displaying microbicidal, bacteriostatic,
and cytolytic properties (Sinha and Shukla 2019; Moretta et al. 2021). AMPs are the
primary defense line against pathogenic microorganisms for plants and insects, as
these do not present an adaptive immune system. In bacteria and other microorgan-
isms, AMPs act in defense of their environmental niche (Browne et al. 2020). The
bacteria Paenibacillus polymyxa, for instance, which develops in plant roots, pro-
duces the antibiotic polymyxin, capable of breaking down P. aeruginosa or
S. aureus biofilms (Quinn et al. 2012).

AMPs are evolutionarily conserved molecules that are extremely diverse in
composition and length, with different sequences, structures, and sources, but they
have some typical features (Bhopale 2020). Most AMPs are generally characterized
as short molecules containing fewer than 100 amino acid residues and have molec-
ular masses ranging from 1 to 10 kDa. These peptides commonly possess a positive
net charge ranging from +2 to +11, attributed to the presence of positively charged
residues such as lysine and arginine residues, thus being characterized as cationic



molecules (Mahlapuu et al. 2020). These molecules usually have a considerable
amount of hydrophobic residues (typically 50%) such as valine, leucine, isoleucine,
alanine, methionine, phenylalanine, tyrosine, and tryptophan in the peptide sequence
(Lee et al. 2017; Thapa et al. 2020; Dijksteel et al. 2021).
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2.2 Mechanisms of Action and Targets

Generally, the first AMP interaction with the bacterial cell membrane occurs through
hydrophobic and electrostatic interactions between cationic residues and anionic
components of the microorganism’s membrane (Moravej et al. 2018). The negative
microbial surface charge may be provided by phospholipid head groups such as
phosphatidylglycerol, cardiolipin, or phosphatidylserine (Boto et al. 2018). Eukary-
otic membranes have zwitterionic phospholipids such as phosphatidylethanolamine,
phosphatidylcholine, and sphingomyelin. These phospholipids contribute to mem-
brane net charge at physiological pH. In addition to zwitterionic phospholipids, the
presence of cholesterol molecules along the membrane may also contribute to a
reduction in membrane fluidity and flexibility, which can generally reduce AMP
activity (Boto et al. 2018; Dijksteel et al. 2021). Therefore, AMPs are generally
non-toxic to mammalian cells, which is an attractive feature for their therapeutic use
(Silva et al. 2011; Browne et al. 2020). Although AMPs’mechanism of action is still
largely unknown, the electrostatic attraction between negatively charged cells com-
ponents and positively charged AMPs is understood to be important as a first step,
resulting in a strong interaction and further target cell membranes disruption
(Tornesello et al. 2020).

After initial electrostatic interactions, self-assembly peptide accumulation on the
bacterial membrane surface may cause membrane integrity loss and intracellular
component leakage after reaching certain concentrations (Mirski et al. 2017;
Dijksteel et al. 2021). Furthermore, there are a several widely accepted models of
action that usually involve bacterial cytoplasmic membrane integrity being disrupted
in many ways. Among them are the barrel-stave pore, detergent micellization,
toroidal pore, disordered toroidal pore, membrane thinning/thickening charged
lipid clustering, non-bilayer intermediate formation, oxidized phospholipid
targeting, anion carrier, and non-lytic membrane depolarization, among others
(Nguyen et al. 2011; Mahlapuu et al. 2020).

In the barrel-stave model, AMPs can self-organize into cylindrical bundles, which
insert themselves in a perpendicular way into the membranes. Aqueous pore lumen
formation may occur with the orientation of hydrophobic portions towards the
hydrophobic bilayer interior. The pore may cause cytomembrane permeabilization,
osmotic imbalance and further cell death (Seyfi et al. 2020). In the toroidal model,
the pore formation occurs when the AMPs insert themselves perpendicularly into the
bacterial plasmatic membranes, a mechanism similar to the barrel-stave model.
However, in this model, the nonpolar AMPs amino acid residues interact with
lipid head groups, causing membrane deflection and, further, generating torus



pores (Lee et al. 2017; Moretta et al. 2021). Another possibility is the carpet model,
in which the AMPs are accumulated and arranged parallel to the cell membrane,
covering it completely. At the same time, micelles are formed with the initial
ruptured membranes, through the hydrophilic amino acids interactions of polar
phospholipid heads, causing cytomembrane disruption (Deng et al. 2017; Lee
et al. 2017; Zandsalimi et al. 2020). Moreover, peptides are capable of interacting
with several targets, including proteins and carbohydrates, acting not only on the
surface, but also inside the cell (Silva et al. 2011; Kumar et al. 2018). In addition to
destabilizing bacterial membranes and causing their rupture (membrane-acting pep-
tides), AMPs can also cross the membrane, destabilizing normal cellular processes,
such as cell division, protein, nucleic acid and cell wall synthesis, being classified as
“non-membrane acting peptides.” AMPs can act against pathogens by causing
different stresses at the same time until the combined action causes cell death
(Boto et al. 2018). AMPs that act through membrane destruction are also able to
act through non-destructive membrane, in addition to acting independently or
synergistically with other AMPs (Dijksteel et al. 2021).
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Nonetheless, AMPs have a therapeutic potential that goes beyond their antimi-
crobial activity. Some AMPs can also exhibit cytotoxic activity against tumor cells
(Wang et al. 2019). Most tumor cells also have a surface negative charge on the
membrane due to anionic overexpression of molecules such as phosphatidylserine.
This characteristic allows the interaction with cationic AMPs (Wang et al. 2019).
AMPs are also capable of inhibiting inflammatory responses and stimulating the
proliferation of immune system cells, acting as immune modulators (Drayton et al.
2020). They are capable of recruiting and stimulating the proliferation of macro-
phages, neutrophils, eosinophils, activation of T lymphocytes and differentiation of
dendritic cells, in addition to inducing or modulating pro-inflammatory cytokines
and producing chemokines, chemotaxis, causing apoptosis and inhibiting the inflam-
matory response. This supports their use as potential therapeutic molecules against
immune-related diseases (Liang and Diana 2020).

AMPs are thus able to act on several cell targets and are considered as promis-
cuous molecules in certain cases (Franco 2011). Multiple functions can be related to
a single peptide structure, contrary to what was supposed years ago, which held that
peptides have an unconditional structure directly associated with a particular func-
tion. Knowledge about AMPs promiscuity has been gaining ground in several fields
of research, such as in antibiotic development (Silva et al. 2011; Franco 2011).
Therefore, natural AMPs have enormous potential as an alternative approach for the
development of new therapies, acting alone or in synergy with conventional drugs
(de Oliveira et al. 2020; León-Buitimea et al. 2020).

Several studies have already demonstrated AMPs’ therapeutic efficacy (Vilas
Boas et al. 2017; Lima et al. 2017; Fensterseifer et al. 2019; León-Buitimea et al.
2020; Almeida et al. 2020). Another important feature is that AMPs are less
susceptible to microbial resistance since they act on evolutionarily conserved cell
membrane components. Therefore, bacterial cells would need different mutations
over an extended period to completely redesign the structure of their cell membranes
(Mercer et al. 2020; Mahlapuu et al. 2020). Thus, AMPs seem to have great potential



for antibiotic adjuvants, making it possible to reduce or circumvent the occurrence of
antibiotic resistance. The synergy between AMPs and antibiotics, at lower dosages,
can provide a reduction in the toxicity or adverse side effects of a drug (Browne et al.
2020).
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Despite being less common, some anionic AMPs have been reported, such as the
anionic AMP maximin-H5, isolated from amphibians, and dermcidin, secreted by
the human eccrine sweat glands (Rios et al. 2016; Boparai and Sharma 2019). They
are made up of negatively charged glutamic and aspartic acid residues, with a net
negative charge ranging from �1 to �7. Precisely because of its negative charge, its
mode of action differs from cationic AMPs. However, some anionic AMPs can be
disruptive to bacterial cell membranes. These peptides are capable of using metal
ions to form cationic salt bridges with the negative microbial membrane constituents,
which enables cell penetration. When they reach the cytoplasm, they can bind to
intracellular components such as ribosomes or inhibit ribonuclease activity, inducing
cell death (Wang et al. 2019; Boparai and Sharma 2019; Moretta et al. 2021).

2.3 Classification

AMPs can be classified according to their structural aspects into three major sub-
groups: α-helical, β-sheet, and extended peptides (Tornesello et al. 2020; Moretta
et al. 2021). The α-helical peptides, when in interaction with bacterial membranes,
can be organized into a flexible amphipathic structure (Koo and Seo 2019; Cardoso
et al. 2021). Examples of α-helical AMPs include magainin, temporins and melittin
(Ge et al. 1999; Raja et al. 2017; Ramirez et al. 2019). Peptides in β-sheets may have
greater structural stability in solution, due to the cysteine residues that are conserved
and form disulfide bonds, which minimize proteinases degradation. This class
includes AMPs such as protegrins from the cathelicidin family, defensins and
tachyplesins (Kumar et al. 2018; Seyfi et al. 2020). Extended peptides are composed
of a large proportion of proline and glycine residues and have no specific secondary
structure, but when in contact with membranes, they generally form an amphipathic
helical structure (Koo and Seo 2019). Proline-rich short-chain extended peptides,
such as indolicidin and tritrpticin, can be isolated from mammals and from insects,
such as apidaecin. Glycine-rich extended peptides can be isolated from insects and
have sizes ranging from 8 to 30 kDa (Wang et al. 2019).

3 Upstream Process Development

Large-scale AMPs production is definitively a challenging task. The direct isolation
and purification of these molecules from natural sources is normally extremely labor-
intensive, in addition to resulting in low yields (Wibowo and Zhao 2019). Chemical
synthesis, including Fmoc and other methodologies, is one of the main methods



currently used to obtain purified AMPs with high biological activity. Despite
providing a high yield and level of purity, the high manufacturing cost of this
technique is a limiting factor for the development of AMPs as biopharmaceuticals,
particularly for peptides with more than 35 residues and that have post-translational
modifications (Deng et al. 2017; Wibowo and Zhao 2019). Peptide synthesis by
SPPS (Solid Phase Peptide Synthesis) is a complex and expensive production
technique, despite being efficient. AMPs manufacture by SDDS is estimated to
cost around US$50–400 per gram of amino acid produced (Moretta et al. 2020).
Alternative approaches that increase production and make the AMPs development
process cheaper are necessary (Sinha and Shukla 2019).
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Upstream bioprocessing consists of several stages to achieve high yield and final
product quality. Through recombinant DNA technology, scalable, economical, and
sustainable AMPs production is possible. This strategy allows the cloning of foreign
genes into specific vectors for expression in host systems, such as bacteria and yeast
(Jozala et al. 2016; Wibowo and Zhao 2019; de Oliveira et al. 2020). The positive
screening and selection of clones is performed, as well as small-scale assays to
evaluate cell growth and protein product levels. Lastly, bioprocesses are conducted
in bioreactor systems for large-scale production, and batch, fed-batch, and continu-
ous strategies are applied for the mass production of the recombinant AMPs of
biopharmaceutical interest (Gronemeyer et al. 2014; Jozala et al. 2016; Tripathi and
Shrivastava 2019). Figure 1 exemplifies the upstream bioprocess of AMPs biophar-
maceutical manufacturing.

Fig. 1 Upstream bioprocess of AMPs biopharmaceutical manufacturing: molecular cloning, small-
scale assays and scale-up of bioprocess. The figure was created by BioRender
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3.1 Recombinant AMP Production in Microbial Cells

Bacterial expression systems are the type most used for heterologous gene expres-
sion since they are capable of producing a high level of recombinant molecules,
show rapid multiplication, and have a simple media requirement (Gomes et al.
2016). Among them, the Gram-negative bacterium E. coli is the most extensively
used for amplifying recombinant peptides’ gene expression (Terpe 2006; Ahmad
et al. 2018). In this regard, ~99% of proteins and peptides deposited in the Protein
Data Bank (PDB) were produced in the E. coli expression system (de Oliveira et al.
2020). Under ideal culture conditions, bacterial cell number practically doubles
every 20 min (Sezonov et al. 2007). Additionally, this host is also attractive due to
its well-established genetic and expression protocols, wide availability of commer-
cial expression vectors and cost-effectiveness (Sinha and Shukla 2019). There are
several reports in the literature about the use of E. coli cells for recombinant AMPs
expression. Recently, the proline-arginine-rich cationic peptide PR-39 was
expressed fused to the SUMO or intein-chitin binding domain (CBD) in E. coli
BL21 (DE3) pLysS, aiming to compare the expression level. Comparing the fusion
protein concentration and single-step purification aspects, the intein system was
better, even though similar amounts of pure PR-39 were recovered (250 μg L�1 of
SUMO and 280 μg L�1 of intein) (Azari et al. 2020).

The E. coli (Rosetta DE3) system was also chosen to express more than
250 μg mL�1 of the human β-defensin 118 (DEFB118). This defensin is related to
epididymal innate immunity, protecting the sperm against microorganism attacks in
both male and female reproductive tracts. Antimicrobial assays demonstrated that
DEFB118 activity occurred against Gram-negative and -positive bacteria at a min-
imum inhibitory concentration (MIC) of 4 μg mL�1 (Lin et al. 2020). Also using
E. coli BL21 (DE3), a group of scientists created a modular system to express the
lanthipeptide mersacidin, produced by Bacillus amyloliquefaciens. Mersacidin has
bactericidal activity against several Gram-bacteria species, including methicillin-
resistant S. aureus (Viel et al. 2021).

In recent years, Bacillus subtilis has been used as an alternative to the E. coli
expression system for recombinant AMP production. B. subtilis is an endospore-
forming Gram-negative soil bacterium and is generally recognized as safe (GRAS)
because it lacks endotoxins, so it has been exploited as a production host for
aquaculture industries (Pan et al. 2016; Cui et al. 2018). One of the greatest
advantages of this bacterium is the possibility of naturally secreting the recombinant
peptide (simplifying the downstream process), reducing hydrolysis of cell-associated
proteins. Moreover, it simplifies the detection and purification processes of the target
molecule (Zhang et al. 2020). Besides, B. subtilis does not produce lipopolysaccha-
rides (LPS), preventing some degenerative disorders in humans and animals (Gomes
et al. 2016).

Although bacterial cell-based expression systems are mostly used for the produc-
tion of recombinant molecules, they are more prone to the degradation of cationic
peptides (Li 2011). In addition, E. coli cells can produce inclusion bodies formed by



insoluble protein aggregates that hinder the recombinant AMP extraction and puri-
fication process (Gomes et al. 2016). Although engineered E. coli expresses peri-
plasmic disulfide bond isomerase (DsbC) in the cytoplasm or through exporting the
periplasm recombinant peptide (Abbas et al. 2013), this bacterium does not carry out
other complex post-translational modifications (Parachin et al. 2012). Thus, for cases
where there is a need for post-translational modifications, other systems should be
chosen, such as yeasts or bacterial strains engineered for this purpose.
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In addition to post-translational modifications, yeasts can carry out the correct
protein folding. However, they have as a disadvantage the hyperglycosylation
mechanisms and the need for aerobic fermentation, which reduces the growth rate,
resulting in a lower recombinant protein yield (Juturu and Wu 2018). S. cerevisiae
(baker’s yeast) is a model organism for heterologous expression because its cell
biology, genetics and biochemistry are well described (Gomes et al. 2016). This
yeast is a suitable expression system for recombinant peptide production, as dem-
onstrated by a group of scientists (Jiang et al. 2021). They expressed the cecropin P1,
a positively charged α-helical peptide, isolated from the nematode Ascaris suum,
which shows activity against E. coli, Salmonella sp., Shigella sp., and Pasteurella
sp. In addition, this peptide also has antiviral activity against the PRRSV NADC30-
like strain (Jiang et al. 2021). Defensins have also been successfully expressed in
S. cerevisiae. By using the MET17 promoter, Møller and colleagues expressed
β-defensin-2 in S. cerevisiae cells (Møller et al. 2017).

In recent decades, the yeast Pichia pastoris (reclassified as Komagataella phaffii)
(Naumov et al. 2018) has been extensively used for heterologous production of
peptides and proteins, as it is capable of performing disulfide bridges, O- and
N-glycosylation, and the correct processing of signal sequences (Wibowo and
Zhao 2019). Several peptides have been expressed in a K. phaffii system (Wang
et al. 2009; Basanta et al. 2010; Zhao et al. 2015; Zhang et al. 2018). Tachyplesin I
(TP-I), a cationic peptide isolated from the Japanese horse crab (Tachypleus
tridentatus) hemocytes, which inhibits the bacterial lipopolysaccharide (Li et al.
2019), was expressed in this system. Another example is the expression of the
immunomodulatory and anti-inflammatory hybrid peptide (IAHP) LL-37Tα1. This
peptide was efficiently produced in K. phaffii cells, demonstrating their ability to
produce recombinant bioactive peptides (Ahmad et al. 2019).

Even though the choice of expression system must be made considering recom-
binant molecule properties, systems based on prokaryotic and eukaryotic cells have
both strengths and weaknesses. The disadvantages can be overcome with multiple
strategies, aimed at increasing recombinant molecule production. Codon optimiza-
tion for specific organisms or engineered strains, the use of strong promoters and
multimeric AMP expression in tandem or fused to a higher molecular mass protein
are strategies that allow for a stable and high level of recombinant production (Fig. 2)
(Deng et al. 2017). Below, we will address all these strategies to improve recombi-
nant AMPs production.
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Fig. 2 Multiple strategies to increase the production of recombinant AMPs. (A) The use of strong
promoters and codon optimization, (B) fusion to a higher molecular mass protein, (C) multimeric
AMP expression in tandem and (D) hybridization of different AMPs. The figure was created by
BioRender

3.2 Strategies to Enhance the Heterologous Expression Level

3.2.1 Cell Line Engineering and Host Strain

The choice of strain affects recombinant production success. At the end of the
twentieth century, various potentially advantageous characteristics for heterologous
production were tested in E. coli strains, generating line B, of which BL21(DE3) is
the favorite host (Rosano et al. 2019). E. coli BL21 (DE3), and other parental B
strains, have a deficiency in Lon protease, preventing exogenous protein degrada-
tion, an advantage to this system. In addition, the gene encoding the outer membrane
protease OmpT is absent from the E. coli BL21 (DE3) genome, preventing the
degradation of extracellular proteins (Rosano and Ceccarelli 2014). Another



advantage of the BL21 strain is that it expresses genes under the RNA polymerase
promoters’ control, such as lac, tac, trc, ParaBAD, PrhaBAD, T5, and T7 (de Oliveira
et al. 2020). BL21(DE3) is able to provide a high AMP expression level, as observed
in a study in which the yield of peptide P-113, derived from human saliva protein
histatin 5, was 4 mg L�1 of bacterial suspension (Cheng et al. 2018).
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Moreover, by transforming the B. subtilis (WB800) strain with a recombinant
plasmid pHT-CI-CBF, scientists expressed cathelicidin-BF (CBF), a peptide isolated
from snake venom (Bungarus fasciatus), fused with intein (Vogt et al. 2016). Data
demonstrated that the intein expression system is a safe and efficient method by
which to produce recombinant proteins in B. subtilis, since the yield of fusion CBF
secreted reached ~0.5 mg L�1 (He et al. 2015). In addition to secretory capacity, this
system can be exploited to produce recombinant molecules exposed on biofilm
surface. Vogt and colleagues selected peptidic regions from tropomyosin and
paramyosin, from the parasite Echinococcus granulosus, producing the peptides
EgTrp and EgA31, respectively. They fused these peptides directly to the TsaA
C-terminus, an important matrix protein (Vogt et al. 2016).

B. subtilis cells were genetically modified by the addition of a small tobacco etch
virus (TEV) protease and the two-cistron expression vector gene of abaecin, previ-
ously isolated from Apis mellifera and further fused to TEV (Li et al. 2017). It has
also been demonstrated that an expression system based on B. subtilis cells is
capable of expressing a eukaryotic non-ribosomal peptide synthetase (esyn) gene
that codes for the biosynthesis of the enniatin molecule (Zobel et al. 2015). Such
examples reinforce the versatility of this system to produce recombinant peptides. In
K. phaffii, recombinant peptides and proteins can be degraded through proteolysis
mechanisms during transport or even in the extracellular space. To circumvent this
limitation, protease-deficient strains such as SMD1163 (pep4 prb1 his4), SMD1165
(prb1 his4), and SMD1168 (his4 pep4) can be used. Although they have reduced
proteolytic activity, due to gene silencing, these strains grow more slowly than the
wild type, in addition to having low transformation efficiency and short cell viability
(Daly and Hearn 2005; Ahmad et al. 2014). Even so, K. phaffii recombinant
peptides’ yield can be higher, as in the case of defensin VpDef, isolated from the
mollusk Venerupis philippinarum, which was produced at a concentration of
60 μg mL�1 of culture medium (Meng et al. 2018). Another strategy to improve
recombinant AMP yield is the use of both strong constitutive and inducible
promoters.

3.2.2 Promoters and Codon Usage Optimization Strategies

The DNA region responsible for given gene transcription, or promoter, is another
important component for recombinant AMPs production. Certain hosts have com-
patibility with different types of promoters. There is currently a plethora of com-
mercially available promoters. Promoter T7, commonly found in pET series
expression vectors, is a strong promoter most used for AMPs expression in E. coli
cells (Deng et al. 2017). Promoters lac, tac, lacUV5, and T5 are also widely used



today, and research for the development of new and more efficient promoters
continues to be developed. Inducible promoters were developed and derived from
the constitutive phage promoters T5 (T5N25) and A1 (T7A1), capable of being
recognized by RNAP of E. coli σ70. Promoters not only decreased the basal
expression but also increased the production of the recombinant protein (Schuller
et al. 2020).
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Another strategy to increase gene expression levels in bacterial systems is the use
of dual promoters. Unlike eukaryotic systems, which have two separate expression
cassettes, the dual promoters used in prokaryotic organisms are chimeric and are
located, in tandem, upstream from the gene to be expressed (Öztürk et al. 2017).
Using an optimized dual-promoter (PHpaII–PamyQ0) system, a group of scientists has
demonstrated the increasing extracellular expression of β-CGTase, pullulanase, and
α-CGTase in the B. subtilis (CCTCC M 2016536) strain. This strain was genetically
manipulated to delete the srfC, spoIIAC, nprE, aprE, and amyE genes (Zhang et al.
2017).

In yeasts, the use of constitutive and inducible promoters is common. When
compared to constitutive promoters, the inducible promoters are more used, because
they allow a certain control over gene expression, which ends up resulting in a higher
yield of recombinant peptides. Constitutive TEF1 and GPD promoters are the ones
most used for S. cerevisiae expression. Although they can cause aggregation of
folded proteins, making their secretion difficult, the promoters ADH1, GAPDH,
PGK1, TPI, ENO, PYK1 also present an alternative (de Oliveira et al. 2020).
Another factor that can influence the efficiency of promoters is polymorphism,
which is already being evaluated (de Paiva et al. 2018).

Although the use of strong promoters could increase the heterologous expression
levels, alternative strategies such as codon usage optimization can be used to boost
the recombinant peptide expression. The codon usage bias refers to the availability
of certain codons over others in the genome of organisms (Hanson and Coller 2018),
and it can be a challenge for heterologous expression. Different species have a
frequency of codons in a DNA sequence that is positively related to the
corresponding tRNA, and the tRNA concentration in a cell is decisive for the number
of amino acids accessible for protein translation extension (Fu et al. 2020).

The codon optimization approach had been used, in synthetic biology and the
metabolic and cellular engineering fields, as an alternative by which to enhance
heterologous gene expression levels (Lanza et al. 2014). In other words, codon
optimization is suggested as a crucial factor in gene expression, since it consists of
modifying synonymous codons through genetic engineering techniques, resulting in
increased protein up-regulation and RNA levels (Mauro and Chappell 2014; Zhoua
et al. 2016). In addition to contributing to mRNA stability, codon optimization also
can impact ribosome translocation, connecting the processes of translation, elonga-
tion, and decay (Presnyak et al. 2015). Due to its importance to heterologous gene
expression, scientists have developed, in recent years, new tools to facilitate codon
optimization of synthetic genes. Such approaches explore the self-learning capacity
of artificial intelligence (Tian et al. 2017; Fu et al. 2020), computational procedures
(Chung and Lee 2012), and mathematical algorithms (Taneda and Asai 2020; Sen



et al. 2020). Organisms such as B. subtilis have another advantage, since the bias in
codon usage is not a determining factor for heterologous expression. Additionally,
transcription, translation, folding, and protein secretion processes, as well as
methods of genetic manipulation and large-scale bioprocesses of this organism, are
well described in the literature (Gomes et al. 2016).
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Just changing a single codon synonym is enough to increase protein expression.
The introduction of single codon synonym mutation (TCT ! AGT) in the gene
encoding the mrTNF-PADRE recombinant vaccine resulted in their enhanced pro-
duction (~30% of total E. coli proteins) (Chu et al. 2018). It is also possible to
improve translation efficiency in S. cerevisiae using the “condition-specific codon
optimization” approach, as demonstrated by Lanza and colleagues (Lanza et al.
2014).

3.2.3 Tandem Multimeric Expression and Fusion Proteins

Another strategy commonly used for enhancing recombinant AMPs production is
the tandem multimeric expression (Deng et al. 2017). Tandem peptide expression is
an approach used for both prokaryotic and eukaryotic (yeasts) systems (Zhou et al.
2005; Fida et al. 2009; Wang et al. 2012). The expression of peptide LfcinB15-
W4,10, a bovine lactoferricin, in four tandem repeats is more effective than mono-
mers and the other repeats (2–8). At the end of the purification process, 10 mg of the
tetramer with 99% purity was achieved (Tian et al. 2007). As demonstrated in the
previous work, although it is possible to improve AMPs expression through
multimeric tandem expression, the synthesis efficiency is not, unfortunately, pro-
portional to copy number (Lee et al. 2002).

However, another strategy to overcome the low yield of recombinant AMPs is by
expressing them fused to other proteins called fusion proteins which have been
widely used in the expression of heterologous AMPs (Beaulieu et al. 2007; Liu et al.
2011; Mulder et al. 2015; Sousa et al. 2016; Xiao et al. 2017; Kaur et al. 2020). In
addition to increasing the production level, these proteins facilitate the solubilization
and purification of recombinant molecules (Costa et al. 2014). The small ubiquitin
modifying (SUMO) fusion protein has an important function in AMPs’ solubiliza-
tion (Butt et al. 2005). Like SUMO, thioredoxin (Trx), a fusion protein from E. coli,
also facilitates the solubilization of recombinant AMPs. However, unlike the former,
Trx allows an increased expression rate (LaVallie et al. 1993; Costa et al. 2014).
Another strategy is the use of polyhistidine (6His) tag in the C- or N-terminal regions
of a recombinant peptide. Although this tag is not a fusion protein, it facilitates the
purification and detection by the western blot technique (Li 2011; Tavares et al.
2012; Belguesmia et al. 2020; Costa Ramos et al. 2021; Zhan et al. 2021).



Current Trends and Prospects in Antimicrobial Peptide Bioprocessing 123

3.2.4 AMP Hybridization

Hybridization, a combination of two native peptides, or even derivatives of hybrid
peptides, is a method that has been used to produce new hybrid AMPs, in order to
increase their antibacterial action, with reduced cytotoxicity (Wu et al. 2014;
Klubthawee et al. 2020). A new hybrid AMP combined the α-helical fragments
from peptides BMAP-27 and OP-145, producing the peptide H4, with the aim of
maintaining its potent antimicrobial activity and reducing the cytotoxic profile
against mammalian cells. The peptide H4 demonstrated activity against a broad
spectrum of both Gram-negative and -positive bacteria, including the multidrug-
resistant bacterial strains, in the range of 2.5–25 μM (Almaaytah et al. 2018).

Furthermore, the combination of two peptides can increase the plasma membrane
permeabilization of the “parent” peptide. In order to evaluate the potential increase in
activity of the hybrid peptides, hybrids were developed by joining membrane
permeabilizing peptides (parasin or magainin 2) with membrane translocating pep-
tides (DesHDAP1 or BF2). The results suggest that the permeabilizing activity is
increased when the parent permeabilizing peptide is placed at the N-terminus, and
through the addition of an alanine spacer between the sequences of the two parent
peptides (Wade et al. 2019). Hybrid AMPs can also increase both the selectivity and
stability of the molecule when compared to naturally occurring peptides (Yang et al.
2020). Through bioinformatic analysis, the 3.35 kDa hybrid magainin-thaumatin
(MT) peptide was designed and expressed in E. coli BL21 (DE3) cells. Recombinant
MT showed an inhibitory effect against S. aureus, E. coli DH5α, and B. subtilis at
the MIC of 6.5, 20, and 9 μM, respectively (Tian et al. 2019).

Some hybrid peptides have strong antimicrobial activity against bacterial hosts,
requiring the use of other expression systems. In this context, from hybridized
plantaricin E (PlnE) and plantaricin (PlnF), type IIb bacteriocins, a ~5 kDa EF-1
hybrid peptide was developed (Li et al. 2020). This peptide can directly induce cell
membrane permeabilization of E. coli cells. Expressing the recombinant EF-1 in the
K. phaffii host, they recovered a yield of 32.65 mg L�1 with a purity of 94.9%. In
addition to the bactericidal activity against enterohemorrhagic E. coli (EHEC)
(MIC ¼ 6.25 μM) and E. coli K88 (MIC ¼ 3.125 μM) cells, recombinant EF-1
has no hemolytic activity (Li et al. 2020). The hybridization approach has the great
potential to overcome some drawbacks, and it has been widely used (Jin et al. 2006;
Xu et al. 2007; Arbulu et al. 2019; Agbale et al. 2019). Even though these strategies
may have limitations, their use, alone or in combination, can increase the yield of
recombinant AMPs, revolutionizing the production of biomolecules of medical and
pharmaceutical interest.
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4 Scale-Up from Small- to Large-Scale Fermentation

Bioprocess engineering has made considerable progress due to the high market
demand for new biopharmaceuticals. New technologies related to bioprocessing
techniques have been acquired for the large-scale production of proteins and pep-
tides with biopharmaceutical potential for the treatment of various diseases. Eco-
nomically viable production systems, which allow high yields to be achieved while
maintaining the desired product quality, are now of great interest to bioprocesses
industries (Potvin et al. 2012; Love et al. 2018; Tripathi and Shrivastava 2019).

An important step in the development process is the selection of a proper cell
clone for the final production, which needs to fit the product quality requirements,
processability and volumetric productivity. Clones can be selected for cell-specific
and volumetric productivity, glycosylation profiles, aggregate formation, protein
sequence heterogeneity and clone stability, among others. Cell culture conditions
are decisive in productivity and product quality (Gronemeyer et al. 2014). AMPs
biomanufacturing initially occurs on a small-scale, using shake flasks for expression
system development. After this step, bioreactors are used to increase cell density
and, consequently, the yield of the recombinant molecule of interest (Wibowo and
Zhao 2019).

A defensin-like-peptide-P2 was successfully produced in K. phaffii using shake
flasks. The induction of the recombinant peptide was performed with 0.5% methanol
(v/v) every 24 h during the 120 h induction period, obtaining an expression level of
108.05 mg L�1. Then, the process was scaled up, cultivation was carried out in a
5 L bioreactor, and a total of 1.69 g L�1 of peptide P2 was achieved. P2 exhibited
bacterial reduction activity of 80–97% against multi-resistant S. aureus in
RAW264.7 macrophages, among other activities (Yang et al. 2019).

Bacterial-based cell systems have also been used to express recombinant AMPs
in shake flasks. One example is fowlicidin-2 expressed in E. coli BL21 (DE3). The
induced expression of the peptide occurred by the addition of IPTG at a final
concentration of 0.3 mM for 4 h in Luria-Bertani (LB) medium, at a temperature
of 37 �C, under agitation. The results indicate a yield of 202 mg L�1 of the peptide of
interest. The recombinant peptide demonstrated significant antimicrobial activity
against a wide range of Gram-negative and -positive bacteria (Feng et al. 2015).
Production of several other peptides was achieved on a small-scale using shake
flasks (Sang et al. 2017; Meng et al. 2019).

Controlling certain parameters during production processes can make a big
difference in AMPs yield. Monitoring critical operating parameters, including agi-
tation, aeration, dissolved oxygen (DO), temperature, pH, and feed, is important and
can be controlled in bioreactors. By monitoring the available oxygen rate, for
example, it is possible to increase the availability of oxygen when it is low due to
high cell density (Wibowo and Zhao 2019; Tripathi and Shrivastava 2019). The
stability of these parameters allows high cell density and greater specific yield with a
quality product to be achieved. In view of this, the physiological characterization of



production strains is essential for the proper development of a bioprocess (Gupta and
Shukla 2017; Tripathi and Shrivastava 2019).
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The composition of the culture medium also significantly influences cell growth
and protein yield. The optimal selection of sources of carbon, nitrogen, salts,
minerals and some growth factors and their proper concentrations are essential to
achieve higher cell density and a higher level of recombinant proteins. The different
carbon sources that are used as the main components of the cultivation medium in
bioproduction, for instance, significantly affect cell metabolism, protein production
and quality (García-Ortega et al. 2019). Complex, chemically defined or even semi-
defined culture media can provide a nutrient-rich environment (Wibowo and Zhao
2019).

The parameters for obtaining a greater expression level of the hybrid magainin-
thanatin (MT) recombinant AMP, produced in E. coli, were evaluated in shake
flasks. Induction time (0, 1, 2, 3, 4, 5, and 6 h), temperature (32, 35, 37, 39 and
42 �C), IPTG concentration (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mM) and the
culture medium were evaluated separately in different cultures. Maximum produc-
tion of the MT was observed by cultivation in TB medium at 37 �C and induction
with 0.8 mM IPTG for 5 h (Tian et al. 2019). In another work, the recombinant AMP
UBI18-35, derived from the natural human AMP ubiquicidin, was also expressed in
E. coli Rosetta (DE3) pLysS. SDS-PAGE electropherogram processing by densi-
tometry demonstrated that the ideal conditions for the best production of AMP
UBI18-35 include expression at 28 �C for 4 h after induction with 0.5 mM IPTG
(Ashcheulova et al. 2018).

After carrying out the cultivation in shake flasks, cultures on larger scales are
desired to obtain a superior recombinant AMPs yield. In this context, different
bioprocess techniques can be employed. One example is a simple batch mode of
cultivation in which the supply of essential nutrients only occurs at the beginning
of bioprocess. Otherwise, in a fed-batch mode, nutrients are added at specific rates
throughout the process. Commercial production of some antibiotics, such as peni-
cillin, occurs in fed-batch. In continuous cultivations, the provision of nutrients to
microorganisms constantly occurs through the addition of a fresh culture medium,
and part of the culture is removed to collect the product simultaneously (Li et al.
2014b; Tripathi and Shrivastava 2019).

4.1 Batch Processes

Simple discontinuous batches can be useful in initial bioprocessing applications, for
studies of the physiology and kinetic parameters of the microorganism. During this
phase, which lasts between 24 and 30 h, the addition of the substrate occurs only at
the beginning of the cultivation, which extends until it reaches a certain concentra-
tion of cells, or until the initial substrate is completely consumed during the process.
As there is no other substrate addition during the procedure, cell density and yield are
limited. Another disadvantage is that during this phase the accumulation of



secondary metabolites can occur, which can be toxic to the host microorganism, and
may cause a limitation in obtaining the product of interest (Ÿztürk et al. 2016; Mears
et al. 2017; Blunt et al. 2018).

126 K. B. S. de Oliveira et al.

Large-scale production of the recombinant AMP plantaricin (PlnE) expressed in
E. coli BL21 (DE3) was performed in a bioreactor with a volume of 12 L of
LB. Cultivation was carried out in a simple batch mode at 30 and 25 �C. The
expression induction was done with IPTG (0.5 mM) for 3 h when OD600 reached
0.4. According to data presented, the yield of purified plantaricin E was 140 and
180 mg at 30 and 25 �C, respectively, in 12 L of LB after 3 h of induction (Pal and
Srivastava 2015). To improve the expression level of the ABP-dHC-cecropin A in
E. coli, large-scale bioprocess was performed. The production was carried out in a
culture medium with 10 g L�1 of glucose in a 5 L bioreactor, at a stirring rate of
300 rpm, temperature at 37 �C, dissolved oxygen at 50% air saturation by cascade
agitation between 300 and 800 rpm and pH 7.0. After 4 h of cultivation, the
recombinant AMP production was performed using 0.5 mM IPTG and maintained
for another 3 h. According to the results, 47.3 g L�1 of biomass was achieved in the
batch, which is 14� more than the biomass obtained in culture flasks with LB
medium. The amount of soluble protein recovered was 8643 mg L�1 (Zhang et al.
2016).

4.2 Fed-Batch Processes

The discontinuous fed-batch process allows a high biomass concentration to be
obtained, and the product of interest is due to the possibility of extending process
time, as well as the gradual feeding of the selected substrate in precise quantities
(García-Ortega et al. 2019). Generally, it starts with a low concentration of substrate
and, when its complete consumption occurs, more substrate is added to keep the
fermentation process going without exceeding the ideal level. Product collection
only happens at the end of the process, allowing for good sterilization conditions for
the procedure (Li 2011). This cultivation strategy is advantageous for many micro-
organisms such as E. coli, S. cerevisiae, B. subtilis, and K. phaffii (Philip et al. 2017).
In fed-batches, a simple batch phase is performed before feeding the system, in
which the consumption of available substrate and accumulation of biomass will
occur (Looser et al. 2015). When the initial carbon source is finished, the batch type
is changed to fed-batch, in which the production of the recombinant protein will take
place. Usually, the substrates used are the carbon source, together with minerals and
trace elements needed (Ÿztürk et al. 2016). The feeding methods commonly used are
continuous or constant, exponential and pulsed (García-Ortega et al. 2019).

During continuous and exponential feeding techniques, substrate supply is car-
ried out constantly after simple batch bioprocess. Continuous feeding is based on
nutrient addition at a continuous rate throughout the entire process. Exponential
feeding allows the specific growth rate maintenance at a pre-defined level. The
substrate amount needed for cells to reach the target concentration can be calculated



beforehand, and substrates are constantly supplied throughout the process (Ÿztürk
et al. 2016). Due to nutrient addition during the procedure, there is a volume increase
inside the bioreactor, causing a dilution of cell concentration. Thus, feeding is
exponential due to exponential cell growth (D’Anjou and Daugulis 2000). Feedback
feeding happens by monitoring indirect variables, such as oxygen or carbon dioxide
dissolved in the system, or by the concentration of the carbon source, such as
methanol or ethanol (Ÿztürk et al. 2016). Therefore, feeding can occur through
pulses, according to dissolved oxygen increase rate, which indicates a metabolism
reduction due to substrate depletion (Zhao et al. 2008; Looser et al. 2015).
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The peptide NZX, a plectasin derivative, was expressed in K. phaffii (X-33) in a
5 L bioreactor, aiming to boost NZX production. After cell growth on glucose, the
induction of NZW expression was performed in a fed-batch with methanol for 120 h.
According to the results, the total biomass concentration obtained was 268 g L�1,

and secreted protein was 2820 mg L�1. The recombinant peptide showed high
stability and low cytotoxicity, in addition to antimicrobial activity against Staphy-
lococcus hyicus, both in in vitro and in in vivo experiments (Liu et al. 2020). Another
group of scientists also used the yeast K. phaffii as a host for AMPs production.
According to the data, the AMP clavanin MO was successfully expressed in
K. phaffii. Therefore, the cultivation of the recombinant strain was then carried out
in a bioreactor using BMGY medium with 40 g L�1 of glycerol in the discontinuous
batch phase. After the total consumption of glycerol, the fed-batch carried out with
0.5% methanol added every 12 h during 72 h was initiated. At the end of the
bioprocess, 5 mg mL�1 of the recombinant clavanin MO was recovered (Mulder
et al. 2015).

Piscidin 4 (TP4), derived from tilapia Oreochromis niloticus, was produced in a
500 L bioreactor with a culture medium of basal salts with trace elements. In the
fed-batch method, recombinant yeast K. phaffii growth was stimulated by adding
glycerol as a carbon source until it ran out. Then, the discontinuous phase, also fed
with glycerol, was conducted to obtain a higher cell density. Finally, the induction
phase with 100% methanol was carried out for 65 h to induce the production of the
recombinant TP4. Fed-batch bioprocess in recombinant strain K. phaffii (KM71)
XS10 was also performed for the production of the recombinant bovine
lactoferrampin–lactoferricin (LFA–LFC). The batch was kept for 12 h in a 10 L bio-
reactor with basal salts medium containing trace elements. After this step, a glycerol
feed (50% (v/w)) was started at 10 mL/h for 12 h. Six hours later, peptide induction
was initiated by the addition of 0.5% methanol (v/v) every 24 h. According to the
results, it was possible to obtain about 1.025 � 169 mg L�1 of LFA-LFC in the
culture supernatant and about 53 � 4 mg L�1 of the purified LFA-LFC (Tang et al.
2012).
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4.3 Continuous Processes

Although relevant studies have already been published about discontinuous
fed-batches, they can be less robust, more laborious and time-consuming. While
the continuous mode allows for stable culture conditions, it provides a similar
physiological state for all cells in the culture medium and, for these reasons, it has
been one of the most widely used strategies for obtaining physiological data (García-
Ortega et al. 2019). In the continuous mode, the target compound can be produced in
large quantities due to the system maintenance at stationary phase. Fresh culture
medium is added to the bioreactor, and part of the culture is continuously removed at
a constant value: the dilution rate (D). This bioprocess is also known as chemostat
(chemical and static environment), since the conditions inside the reactor (substrate,
cell and product concentrations) can be stable (Mears et al. 2017; Blunt et al. 2018).
Other parameters such as pH value, oxygen rate, working volume and nutrient
supply are also kept constant (Koller 2018).

Continuous processes can keep the growth rate moderate and constant for long
periods, which avoids the non-productive time spent on harvesting, cleaning, pre-
paring a new medium, sterilizing and cooling the culture in a discontinuous process,
generating higher average yield (Blunt et al. 2018). Among other advantages, it
allows knowledge about bioprocess physiology, making it less laborious for the
operation and maintenance of the process when it reaches a steady state (Blunt et al.
2018). Furthermore, the inhibition risk by substrate, or by-products, is lower as the
final product is continuously collected throughout the process (Li et al. 2014a).

The interest in continuous cultures is not restricted to studies of microbial
physiology and process development. It is also of great interest for the manufacture
of recombinant proteins, as it allows cells to be kept in production states for a longer
time, and consequently, the yield of the process significantly increases, while costs
fall (Peebo and Neubauer 2018; Khanal and Lenhoff 2021). Several examples of
continuous processes to produce recombinant proteins in different microorganisms
have been reported in the scientific literature. However, some shortcomings associ-
ated with continuous processes make their commercialization limited (Rathore et al.
2015; Peebo and Neubauer 2018).

Both the stability and sterility during a long period of cultivation, as well as the
lack of flexibility in the short term (caused by the need for long periods of execu-
tion), associated with the genetic inability of the cells can be cited as some limita-
tions of this method of bioprocess (Rathore et al. 2015; Peebo and Neubauer 2018).
Mainly due to these issues, continuous production of recombinant proteins is used
particularly for the manufacturing of high-demand biopharmaceuticals. Recombi-
nant insulin, produced in S. cerevisiae in the 1990s, is the only known example of a
continuous industrial recombination process using microorganisms (Diers et al.
1991).
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5 Purification of AMPs: Downstream Process Development

The downstream process consists of the recovery and purification of recombinant
peptides, aiming to reduce costs (Clarke 2013). In this regard, innovative approaches
have been applied in purification techniques of the downstream pharmaceutical
industry (Gupta and Shukla 2017). These techniques are divided into three different
stages: (a) an initial recovery (extraction or isolation), (b) purification (removal of
most contaminants), and (c) polishing for removal of specified contaminants
(Zydney 2016; Gupta and Shukla 2017; Tripathi and Shrivastava 2019). Taken
together, all these steps improved the search, production and application of thera-
peutic peptides (Agyei et al. 2017). The purification process for recombinant AMPs
is demonstrated in Fig. 3.

5.1 Recovery

At the recovery stage, the most common techniques applied in the industries are
centrifugation, tangential flow microfiltration (MF-TFF), or depth filtration. The
objective is to remove cells, fine particulates, colloids and soluble impurities prior
to the initial purification steps (Pieracci et al. 2018). Generally, organisms such as
yeasts export the recombinant peptides to the extracellular space, while in bacterial
systems, the heterologous molecules are sent to the periplasmic space. To recover the
extracellular recombinant peptide, it is necessary to concentrate it by a centrifugation

Fig. 3 Purification process of recombinant AMPs. The process addressed to both the periplasmic
and extracellular spaces, through a signal peptide, can initially be recovered by centrifugation and,
after this, from the cell lysis process (periplasm) or by precipitation (extracellular). The final step
consists of the purification by chromatographic techniques. The figure was created by BioRender



or ultracentrifugation process. In addition to chromatography, the precipitation of the
samples can be done to improve their concentration (Jozala et al. 2016).
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The presence of a signal peptide located in the C or N-terminus region allows the
export of the recombinant peptide to the extracellular (in K. phaffii) or periplasmic
(in E. coli) space (Weinacker et al. 2013). For purified peptides in periplasmic space,
the cells are submitted to lysis (sonication, high-pressure homogenizer, passing
through mills, etc.) and clarification can be used to remove the cell debris. Therefore,
the clarified product is purified using precipitation and/or chromatography. In some
cases, recombinant peptides produced in periplasmic space can be accumulated as
inclusion bodies (IBs), which are inactive, making an extra step necessary to refold
the peptides to their native conformation (Ehgartner et al. 2017; Tripathi and
Shrivastava 2019).

5.2 Purification

After the recombinant peptide recovery, the next step is the purification process by
chromatography techniques (Tripathi and Shrivastava 2019). There are several types
of chromatography, such as size exclusion chromatography, ion-exchange chroma-
tography, low-pressure hydrophobic interaction chromatography, countercurrent
distribution, partition chromatography, and reverse-phase high-performance liquid
chromatography (RP-HPLC) (Tripathi and Shrivastava 2019). Although the chro-
matography techniques are well-established processes, they are more expensive,
when compared to other purification approaches, as well as presenting limitations
in throughput and scalability (Tripathi and Shrivastava 2019). To overcome some of
those limitations, it is important that the purification strategy must be evaluated for
every single case, and it can change according to the particular application (Carta and
Jungbauer 2010). In this context, several AMPs have already been purified using
chromatography techniques.

The host defense peptides (HDPs) IDR1, MX226, LL37, CRAMP, HHC-10, E5,
and E6 were purified in a simplified 2-step purification method. After recombinant
production in high yields, using E. coli strain BL21 with SUMO fusion, the peptides
were first purified using a Ni-NTA Sepharose column. The recombinant peptide
IDR-1 was successfully purified. From a yield of about 1.5 kg of wet biomass, 6% of
the total protein produced is equivalent to the SUMO-IDR-1, with an estimated yield
of 0.48 g/L of fermentation. Subsequently, the SUMO-specific protease sumoase
was used to release the peptide from the fusion. Following the cleavage, reversed-
phase chromatography was used to separate SUMO and sumoase from the peptide
and recover the homogenously pure peptide (Bommarius et al. 2010).
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6 Optimization of the Industrial Processes

Recently, different methods have been used in order to optimize the industrial
process, such as high-throughput devices (HTD), design of experiments (DoE),
and process analytical technology (PAT). The HTDmethod is divided into screening
(HTS), process development and experimentation (HTPD), and experimentation
(HTE). These processes together seek to obtain data quickly and reliably, doing
tests on a small-scale, producing multiple data points to be generated with low usage
of laboratory space, in addition to saving time (Silva et al. 2021).

HTS is responsible for producing hundreds of thousands of data points per day,
using microtiter plates with 384 and 1536 wells (Mayr and Bojanic 2009). Another
option is microfluidics, which use very small amounts of liquids, with quick analysis
generating multiple data points and thus reducing time and laboratory space
(Whitesides 2006). The goal of HTS is optimization of the process and delivering
the final product actively and quickly (Shukla et al. 2017; Silva et al. 2021). HTPD
makes use of complex computational tools to seek to establish a better design and
understanding of the process (Bhambure et al. 2011). HTE is the union of HTS and
HTPD to provide an overview of the miniaturization and automation process,
enabling applicability in the biopharmaceutical industry (Silva et al. 2021; São
Pedro et al. 2021).

In this regard, a group of scientists reported the combination of two different
methods (high-throughput (HTP) processes and flow-mediated synthesis). They
rapidly obtained a large amount of information about new peptides. They tested a
library of potential AMPs against P. aeruginosa, and the results allowed them to
identify the peptide with the highest antimicrobial activity. The workflow contrib-
utes to the discovery and optimization of peptide structures as new antimicrobial
agents for biomedical applications (Judzewitsch et al. 2020). The suitability of both
the diffusion self-interaction parameters (kDa) and osmotic second virial coefficients
(B22) was investigated by using high-throughput screening, aiming to seek the
peptides’ formulation aggregation risk. In this study, thermal stress effects on
colloidal stability were evaluated, as well as six buffering systems at two-selected
pH values, four tonicity agents and a common preservative. Acetate and succinate
buffer at pH 4.5, combined with glycerol or mannitol, demonstrated greater stability
of peptides. Data suggest that HT methods display important information about the
optimization of colloidal stability during the early development of peptide-based
liquid formulations (Dauer et al. 2021).

In addition to the HTS method, DoE also allows bioprocesses to be optimized
through monitoring and control of the experiment. DoE enables simultaneous
evaluation of a large number of variables. Thus, this methodology obtains maximum
information about the process, saving time and financial resources to obtain a high-
quality product (Kasemiire et al. 2021). This methodology was used to optimize the
AMP human β-defensin 2 (HBD2) expression yields in E. coli BL21 (DE3). The
authors used 24-factorial design of experiments (DoE) to evaluate the following
variables, namely cell density, temperature, induction period, and inducer



concentration. They got 19 different combinations, and the best condition was
pre-induction temperature of 37 �C, a cell density of 1.0 U (600 nm), an induction
temperature of 20 �C and a 0.1 mM of gene expression inducer (IPTG) over 4 h.
Researchers concluded that these conditions produced the HBD2 peptide in a higher
proportion than previously tested (Corrales-García et al. 2020).
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Process Analytical Technology (PAT), initially from the US Food and Drug
Administration (FDA), is responsible for the regulation of biopharmaceutical pro-
duction, dealing with measuring, analyzing, monitoring, and ultimately controlling
all substantial characteristics of a bioprocess (Scott and Wilcock 2006; Kornecki and
Strube 2018). It is important to remember that the transition from up- to downstream
in a bioprocess is always challenging. Any small change can affect final product
quality. PAT was used for monitoring and controlling specific reactions during the
manufacturing process of the recombinant lethal toxin-neutralizing factor (rLTNF),
which acts against rattlesnake venom. Monitoring was performed in three critical
production stages (solubilization of the IBs, enzymatic cleavage with
α-chymotrypsin and quenching of the reaction at the optimal time). The authors
reported that the process with PAT tools through various batches of rLTNF produc-
tion would allow real-time analysis of quality and production control (Hebbi et al.
2020). Therefore, the methods described above are of great importance, as they seek
to find the best operating conditions, in addition to determining the operating
windows. These features are extremely useful in minimizing the impact of batch-
to-batch variations and human error during the bioprocess.

7 Conclusions and Future Directions

Bioprocessing technology is a great opportunity for developing recombinant thera-
peutic AMPs on a large-scale. The promiscuity of these molecules makes them
promising alternatives in the development of new biopharmaceuticals against a
number of infectious diseases. The use of microorganisms and different fermentation
processes allows large-scale high-quality AMPs production. Therefore, optimization
of process conditions seems to be extremely important to generate biologically
active and stable molecules. Different strategies can be applied for cell line engi-
neering, such as promoters and codon usage optimization, tandem multimeric
expression and fusion protein production, and AMP hybridization.

General optimization of AMPs bioprocessing seeks the best expression system
and conditions for production and recovery of compounds. However, it must be
emphasized that there is no ideal production system and that they all have advan-
tages and disadvantages. Analysis of AMPs physicochemical characteristics is
essential to find the most useful conditions to produce stable and active molecules,
as well as in large quantity. The same occurs during the recombinant strain cultiva-
tion on a small or large-scale. Cultivation conditions and bioprocess strategies must
be carefully analyzed, as they directly influence the recombinant AMPs expression.



The choice of an appropriate recovery method for an AMP after its production is also
very important, as it can allow AMPs with a high degree of purity to be obtained.
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In summary, optimization methods for industrial process are important develop-
ments for this field. Through best operating conditions, these optimized methods
increase the production rate and reduce costs in both upstream and downstream
process development. Such improvements are important because they can allow us
to produce AMPs in high quantities and purity, and these will then be applied in the
pharmaceutical industry, research, and pre-clinical and clinical trials. Furthermore,
bioprocessing automation can reduce the impact related to variations dur-
ing bioprocesses, as well as human error. All approaches related to upstream and
downstream processes in the recombinant production of AMPs mentioned here
generate lower production costs, manufacturing diversification and recombinant
AMPs quality.
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