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ABSTRACT: Great needs always motivate the birth and development of new disciplines and tools. Here we propose in vitro BioTransformation
(ivBT) as a new biomanufacturing platform, between the two dominant platforms—microbial fermentation and enzymatic biocatalysis. ivBT
mediated by in vitro synthetic enzymatic biosystems (ivSEBSs) is an emerging biomanufacturing platform for the production of biocommodities
(i.e., low-value and bulk biochemicals). ivSEB is the in vitro reconstruction of artificial (non-natural) enzymatic pathways with numerous natural
enzymes, artificial enzymes, and/or (biomimetic or natural) coenzymes without living cell’s constraints, such as cell duplication, basic metabo-
lisms, complicated regulation, bioenergetics, and so on. The two great needs (i.e., food security and the carbon-neutral renewable energy system)
have motivated the birth and development of ivBT. Food security could be addressed by making artificial food from nonfood lignocellulose and
artificial photosynthesis for starch synthesis from COz. The carbon-neutral renewable energy system could be addressed by the construction of
the electricity-hydrogen-carbohydrate cycle, where starch could be a high density of hydrogen carrier (up to 14.8% H2 wt/wt) and an electricity
storage compound (greater than 3000 Wh/kg). Also, ivBT can make a number of biocommodities, such as inositol, healthy sweeteners (e.g., D-
allulose, p-tagatose, D-mannose), advanced biofuels, polymer precursors, organic acids, and so on. The industrial biomanufacturing of the first
several biocommodities (e.g., myo-inositol, b-tagatose, D-mannose, and cellulosic starch) would wipe off any prejudice and doubt on ivBT. Huge
potential markets of biocommodities with more than tens of trillions of Chinese Yuan would motivate scientists and engineers to address the
remaining technical challenges and develop new tools within the next decade.

Keywords: Biocommodity; Biomanufacturing; In vitro biotransformation; In vitro synthetic enzymatic biosystem; Food security; Carbon-neutral
energy system
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1. Introduction

Biomanufacturing is a type of manufacturing that utilizes biological systems (e.g., living microorganisms, resting cells, plants,
animals, cells, tissues, enzymes, cascade enzymes (i.e., enzyme cocktails, one-pot multi-enzyme system), or in vitro synthetic
enzymatic systems) to produce value-added products for use in the agricultural, food, energy, material, and pharmaceutical
industries [1-3]. Its products may also be isolated from natural sources, such as blood, cultures of microbes, animal cells or organs,
or plants grown in specialized equipment or dedicated cultivation environments [4,5]. The enzymes, cells, tissues, animals, or plants
used may be natural or modified by protein engineering, genetic engineering, metabolic engineering, and synthetic biology [2,3,6,7].

To benchmark the revolutions from Industry 1.0 to Industry 4.0 [8—10], biomanufacturing was proposed to be classified to
four generations in terms of respective product types (e.g., primary metabolite, secondary metabolite, biomacromolecule, tissue,
etc.), production technologies (e.g., solid state fermentation, anaerobic liquid fermentation, aerobic submerged fermentation, cell
cultures, enzymes, etc.), and research technologies (e.g., isolation of new microorganisms, mutated microorganisms, recombinant
DNA technology, stem cells, directed evolution of enzymes, etc.) [3]. Industrial biomanufacturing (i.e., Biomanufacturing 1.0)
started from acetone-butanol-ethanol (ABE) fermentation with foci on the production of primary metabolites (e.g., ethanol, citric
acid, acetone, butanol, amino acids, etc.) by using mono-culture fermentation [11-13]. Biomanufacturing 2.0 started from penicillin
fermentation in World War II with foci on the production of secondary metabolites (e.g., penicillin, streptomycin) by using a
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dedicated microorganism mutant and aerobic submerged liquid fermentation [12,14-16]. Biomanufacturing 3.0 started in 1970s
with foci on the production of large-size biomolecules proteins and enzymes (e.g., erythropoietin, insulin, growth hormone, amylase,
DNA polymerase, restriction enzymes) by using recombinant DNA technology and advanced cell culture [17-21]. In this century,
several most important challenges of humankind, such as, food security [22,23], climate change [24,25], energy security and
sustainability [26,27], as well as the energy, food, and water nexus [28-31] motivate to develop disruptive biomanufacturing
platforms (called Biomanufacturing 4.0).

The great needs always motivate to develop new tools and disciplines. For example, the First World War accelerated the
industrialization of the Haber ammonia synthesis [32] and the biomanufacturing of ABE fermentation for German and Great Britain,
respectively [20,33]. Disruptive innovations can drive rapid and adaptive change in terms of new market and value network, and
eventually disrupt an existing market and displace established market leaders and alliances [34,35]. Such rare innovations are often
being driven by paradigm-shifting concept or theory, novel research tools, and game-changing production methods, as evidenced
in Industrial Revolutions [36].

According to a dimension—price and mass basis of targeted products as well as their market sizes, biomanufacturing can be
classified to biocommodities and high-value products [37]. Biocommadities are biobased bulk chemicals with low selling prices
ranging from less than 10 Chinese Yuan (CNY) to 150 CNY per kilogram, such as biofuels (e.g., ethanol, butanol, hydrogen),
sweeteners (e.g., sucrose, high fructose corn syrup), organic acids (e.g. lactic acid, succinic acid), and so on [37,38]. Also, the
biotechnology for the production of biocommodities was often named as White Biotechnology or industrial biotechnology [39].
This is distinct from Red Biotechnology, which is used for the production of high-value medical products whose prices range from
thousands to billions of CNY per kilogram, such as protein drugs, antibodies, chiral compounds, taxol, antibiotics, and so on [37,40].
A mass basis market size of a single biocommaodity often exceed that of a pharmaceutical product by approximately 10 orders of
magnitude [37]. White biotechnology and red biotechnology are completely different at multiple levels, including economic driving
force, importance of feedstock price, processing cost, capital investment, scale of application, and feedstock availability [37].

According to another dimension—biocatalysts used, here we suggest that biomanufacturing are classified to three platforms:
microbial fermentation by cells [15], enzymatic biocatalysis [7], and in vitro biotransformation (ivBT) by in vitro synthetic
enzymatic system (ivSEB) (Figure 1) [3,38,41-44]. Microbial fermentation can produce more than 10,000 commercial products,
including primary metabolites (e.g., ethanol, butanol, amino acids, organic acids, etc.), secondary metabolites (e.g., antibiotics),
proteins and enzymes (e.g., erythropoietin, insulin, industrial enzymes (e.g., a-amylase, glucoamylase, glucose isomerase, cellulase,
proteinase, phytase, etc.), and cell mass (e.g., single cell protein (SCP), artificial meat) [15]. Enzymatic biocatalysis with enzymes
made from microbial fermentation can convert feedstock to bulk biochemicals (e.g., glucose hydrolyzed from starch, biomass sugars
(glucose and xylose) hydrolyzed from lignocellulosic biomass, high-fructose corn syrup (HFCS)) and high-value products (e.g.,
drug precursors, nicotinamide dinucleotide (NAD), nicotinamide mononucleotide (NMN), heparins) [7,45]. The third platform is
ivBT mediated by ivSEB that is independent of basic functions of living cells, such as self-duplication and basic metabolisms
[38,41]. ivBT has achieved several important biochemical reactions that microorganisms cannot do before. For example, natural or
engineered anaerobic hydrogen-producing microorganisms cannot produce more than four molecules of hydrogen per mole of
glucose, called the Thauer limit [46]. It means that only one-third of chemical energy of glucose is converted to hydrogen while
two-thirds are converted to acetate. In contrast, the ivSEB can generate 12 moles of hydrogen from one glucose unit of starch and
water [47,48]. A second example is the in vitro biotransformation of cellulose to starch, both of which are macromolecules that
cannot cross the membrane of living cells. Natural cellulolytic microorganisms can hydrolyze cellulose, assimilate soluble sugars,
and accumulate intracellular glycogan (i.e., animal starch) [49]. However, such ex vitro cellulose hydrolysis and in vivo starch
synthesis are isolated by a cellular membrane, leading to very low product yield and slow reaction rate [49,50]. In contrast, an
ivSEB has been assembled to achieve high-yield and low-cost biotransformation of cellulose to starch [50,51].

In this review, we attempt to define the concepts of ivBT as a biomanufacturing platform and ivSEB as an ultra-high-efficiency
new biocatalyst that is different from fundamental research tools (such as in vitro enzymology, cell-free protein synthesis), revisit
ivBT’s design principle, present its representative examples for in-depth understanding, highlights its biomanufacturing advantages
as compared to the other two biomanufacturing platforms, as well as present its remaining challenges and opportunities. We strongly
believe that ivBT mediated by ivSEB would be a disrupt biomanufacturing platform, especially for biocommodities, opening mar-
kets worth tens of trillions of CNY, such as the carbon-neutral renewable energy system [30,52], artificial food and feed [50,51,53],
alcohols [54], healthy sweeteners [55-57], organic acids, amino acids, and so on.
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Figure 1. Biomanufacturing platform classification based on biocatalysts used, microbial fermentation by whole cells (A), enzymatic biocatalysis
by enzymes (B), and in vitro biotransformation (ivBT) by in vitro synthetic enzymatic biosystems (ivSEB) (C).

2.ivBT and ivSEB

Humankind is confronting great challenges for the coming sustainability revolution [30,58]. We believe that great needs of
renewable energy system and food security result in the birth of the third biomanufacturing platform—ivBT, which would meet
these two great needs better than living whole-cells.

2.1. Definitions

ivBT mediated by ivSEB is the biomanufacturing of biocommodities by the in vitro reconstruction of artificial (nonnatural)
metabolic pathways with numerous natural enzymes, artificial enzymes, (biomimetic or natural) coenzymes, or (artificial)
membrane or organelles. Its design philosophy are (1) reductionism, that is, an intellectual and philosophical position that interprets
complexity of living cells as a sum of their parts (e.g., enzymes, coenzymes, and membranes) and (2) need-directed integrated
innovation, that is, the most important and urgent needs motivate to conduct intensive R&D innovations by integrating multi-
disciplinary experts.

2.2. Design Principles

In 2010, Prof. Zhang proposed the development cycle of ivBT which can convert substrates to biocommodities [38,41] (Figure
2). It is composed of five parts: (i) pathway design, (ii) enzyme selection, (iii) enzyme engineering, (iv) enzyme production, and (v)
process engineering [38]. The whole ivBT processing can be improved in an iterative manner, requiring an integrated innovation
from many specialists in different areas. Systems engineering principles should be applied for setting priorities for improve ments
of ivBT, a detailed understanding of the costs and tech improvement potentials of each step [38].

The design of an in vitro synthetic enzymatic pathway does not rely on cellular metabolism and bioenergetics, surpassing
living whole-cells [41]. This pathway is usually designed based on natural metabolic pathways with some necessary modifications.
First, it is important to design the coenzyme-balanced pathways because it is pretty costly to regenerate coenzymes (e.g., ATP and
reduced NAD(P)H) in vitro. What is even better, it might be better to design coenzyme-free pathways (e.g., starch-to-rare sugars
cases). Second, it is important to check reaction equilibria for each reaction, ensuring the rapid reaction rates, no deadly rate-limiting
steps, and high product titers. For example, very low reaction equilibria of the CO,-to-formate reaction and the formate-to-
formaldehyde reaction powered by NADH, being 0.003 and 8.5 x 1072, respectively, results in very low titers of the desired
products. It is preferred that the consolidation of a series of reversible reactions with the last irreversible reactions leads to high
product yields, for example, the inositol-synthesis case [59,60]. Third, it is economically prohibitive to regenerate in vitro ATP by
the consumption of costly substrates, such as ATP, creatine phosphate, phosphoenolpyruvate, pyruvate [38,61]. In contrast, these
in vitro ATP regeneration methods are widely used in cascade enzyme biocatalysis (CEB) [61,62]. Careful pathway design is highly
recommended to ensure ATP balanced. For example, the generation of ATP number from one molecule of glucose to two molecules
of pyruvate can range from zero to four, depending on the pathway chosen [61]. If net ATP is accumulated in the overall process,
careful addition of ATPase (Fo part), phosphatase or arsenate would dissipate some ATP [63] or hydrolyze high-energy phosphate
bond-containing metabolites [64]. If a large amount of ATP is needed as input, the cell-free oxidative phosphorylation may be a
future choice [65]. Fourth, it is essential to keep NAD(P) consumption and NAD(P)H supply balanced. NAD is preferred to NADP
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because the former is less costly and more stable. When net NAD(P)H is accumulated in the in vitro biosystem, excess reducing
powers can be removed by addition of hydrogenase [66], cogeneration of electricity through enzymatic fuel cells [67] or oxidation
to water by water-forming NADH oxidase [68]. If net NAD(P)H input is required, NADH can be regenerated by hydrogenase with
H, [69], by electricity [70], other NAD(P)H donors, such as formate [71], methanol [72], glucose [72], propanol [73], phosphite
[74], glucose-6-phosphate by one enzyme [75] or through the modified pentose phosphate pathway [76].

Substrates ivBT » Biocommodities

Process Pathway
engineering design
Enzyme (co) Natural
immobilization pathway
1 | | A
Enzyme Reaction
Stabilization equilibrium
| I
Co-factor Co-enzyme
Stabilization regeneration
1 | |
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T |
One pot or Thermodynamic
multi-reactor analysis
Enzyme Enzyme
production Rational selection
design
Low-cost I Enzyme
production Directed characteristics
L evolution I
Low-cost Enzyme
purification Enzyme discovery
engineering

Figure 2. The development cycle of ivBT for biomanufacturing, modified from Ref. [20].

In principle, enzymes are chosen based on its chemical reaction and substrate specificity. In addition, enzymes with high
substrate selectivity, high catalytic efficiency, low product inhibition, and high stability are highly desired. Although enzymes are
well-known for their high selectivity, some enzymes with some promiscuous activities may not be good for ivBT. For example,
most phosphatases usually have low substrate specificities [57,77,78]. In the starch-to-mannose case, the discovery and engineering
of high-selectivity mannose 6-phosphatase is essential to high product yields [79]. Because different enzymes may have different
optima for pH, temperature, and ionic strength, and may require different metal ions (e.g., Mg?*, Mn?*) as activators, trade-offs
have to been made among them [80,81]. Therefore, it might be preferable that as many enzymes as possible be obtained from the
same microorganism because they may have similar optimal working conditions, and they may form enzyme complexes to allow
metabolite channeling [82-85].

Furthermore, natural enzymes can be engineered by rational design, directed evolution, and their combination [86-88]. Several
properties are important for ivBT, such as specific activity [57,89,90], thermostability [60,89,91-95], substrate selectivity [55,57],
coenzyme preference from NADP to NAD to NMN to other biomimics [44,96-100], optimal pH shift [101-104], etc.

Costs of enzymes in terms of CNY/unit or CNY/kg dry enzyme are strongly related to whether industrial biomanufacturing is
economically viable or not [3,105]. Most academic researchers might have wrong impressions about it, mislead by the difficulty in
the preparation of milligram-level recombinant enzymes in their labs or very costly commercial biological science enzymes
purchased by labs. Indeed, large-scale industrial enzyme production costs (e.g., a-amylase, protease, cellulase, phytase) were as
low as 100 CNY per kg of dry protein weight [3,20,105]. The price ratio of industrial enzymes to commercial biological science
enzymes in terms of mass could be in a range of 1,000,000 to 1,000,000,000 [51,105]. More details how to make ultra-low-cost
enzymes is discussed in Section 4.

Lastly, process engineering includes enzyme immobilization [106], multi-enzyme co-immobilization [107], enzyme
stabilization, coenzyme stabilization [108], in situ product separation [109], reactor engineering (one pot or multi-pot cascade,
microreactor, continuous stirred tank reactor or plug flow reactor) [110,111], and so on. Besides widely-known enzyme- and
coenzyme-immobilization techniques, it was found that a simple mixture of multiple enzymes at high concentrations could greatly
co-stabilize their lifetimes possibly due to macromolecular crowding effects [112—114]. in situ product removal could be very
important for some products whose reaction equilibria is low (i.e., a low product titer of fructose 1,6-bisphosphate [80]) or whose
product inhibition is strong (e.g., the starch-to-mannose case). In situ removal of the desired product facilitates high product yield
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and volumetric productivity [47,115]. In most cases, it is preferred and simple to consolidate the whole pathway in one reactor. But
it might have special advantages to separate cascade reactors in multiple reactors or apply a continuous-flow microreactor for special
biomanufacturing advantages [110,111].

2.3. Comparison with Other Seemingly-like Technologies

Figure 3 shows the key milestones of enzyme-based fundamental research and industrial biomanufacturing. Biochemistry
starts from the discovery of cell-free ethanol fermentation by Eduard Buchner in 1897 [116], leading to the Nobel Prize Chemistry
1907. Later, more and more scientists conducted fundamental research in biochemistry and enzymology. For example, Otto
Meyerhof won the Nobel Prize in Physiology in 1922 for his elucidation of the glycolytic pathway [117] and Hans Krebs won
Nobel Prize of Chemistry in 1953 for his discovery of the tricarboxylic acid cycle [118,119]. Paul Bern became a Nobel laureate of
Chemistry in 1980 by using enzymes to split genes and ligate recombinant DNA fragments [120]. In 1983, Kary Mulllis
conceptualized and validated the PCR technology by using DNA polymerase, winning the Nobel Prize of Chemistry in 1993 [121].
Recently, Frances Arnold won the Nobel Prize of Chemistry in 2018 for her contributions to directed evolution of enzymes
[88,122,123]. Now in vitro reconstitution of natural or artificial enzymatic pathways is a widely-used tool to help understand natural
or synthetic pathways in vivo. For example, Khosla and his coworkers investigated the kinetics of the fatty acid synthesis by using
the reconstitution of the purified E. coli fatty acid synthase components [124]. Liu and his co-workers investigated the synthesis of
farnesene by using purified enzymes [125]. Adams and his coworkers demonstrated the production of 3-hydroxypropionic acid
from hydrogen and carbon dioxide by using P. furiosus cell-free extract [126]. Liao and his coworkers tested the non-oxidative
glycolysis design by using purified enzyme components [127]. But the goal of these in vitro pathway reconstitution is completely
different from the biomanufacturing goal of ivBT proposed here.

A
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Eduard Buchner Hans Krebs : < Kary Mulllis ! I
Cell-free ethanol Discovered Rec‘g’m"a"t DNA sequencing Invented PCR Directed evolution
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Figure 3. Key milestones of in vitro enzyme-based fundamental research and industrial biomanufacturing. Year in red represented the time that
seminal research paper was published; year in black represented the time that Nobel prize was awarded.

Biomanufacturing mediated by enzymes has a shorter history than microbial fermentation. Biocatalysis starts from the use of one
enzyme [6,105,128]. Invertase may be the first immobilized enzyme used commercially for the production of Golden Syrup (a
hydrolytic product of sucrose) by Tate & Lyle in World War Il. Industrial process for L-amino acid production by soluble aminoacylase
was developed in 1954. Tanabe Seiyaku Co. (Japan) started the industrial production of L-methionine by using immobilized
aminoacylase in a packed bed reactor in 1969. Clinton Corn Processing Company (USA) was the first to produce fructose corn syrup
by glucose isomerase in 1967. Currently, immobilized glucose isomerase by Novozymes is packed into columns for bioconversion of
glucose into fructose. Now, annual world production of high fructose corn syrup exceeds 20 million metric tons.

Over time, biocatalysis has evolved to cascade enzyme biocatalysis (CEB) or multi-enzyme one pot for making fine chemicals
due to several advantages, such as fewer unit operations, smaller reactor volume, higher volumetric and space-time yields, shorter cycle
times, and less waste generated [129-132]. At the beginning, this technology may be developed to address NAD(P)H regeneration for
dehydrogenase-mediated biocatalysis, especially for the synthesis of high-value chiral compounds in the pharmaceutical industry
[66,133]. NAD(P)H is usually generated by using a pair of a hydrogen-donor substrate and a single enzyme, including formate/formate
dehydrogenase [134], glucose/glucose dehydrogenase [135], glucose-6-phosphate/glucose-6-phosphate dehydrogenase [75],
dihydrogen/hydrogenase [136], and phosphite/phosphite dehydrogenase [137]. Similarly, this strategy includes ATP-based biocatalysis
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[61,138,139]. In the organic chemistry field, the synthesis of monosaccharides, activated monosaccharides, oligosaccharides, and
glycopeptides by using multi-enzyme one pot has been intensively investigated [140-146]. Until now, up to several hundred of small
molecule active pharmaceutical ingredients (APIs) have been manufactured in the pharmaceutical industry [132].

ivBT might be regarded as a further development of CEB with more enzymes or coenzymes. However, we would like to urge to
distinct ivBT from CEB, systems biocatalysis [147,148] or synthetic biochemistry [149,150], by considering many aspects (Table 1).

First, the biomanufacturing goals of ivBT and CEB are different (Table 1 and Figure 4). The former aims at biomanufacturing
of biocommodities whose minimum mass is 10,000 metric tons, whose market size is greater than 500 million CNYY, some of which
could be greater than one billion metric tons. The latter aims at production of fine chemicals whose typical mass ranges from 100
kg to 100 metric tons and whose market size ceiling could be up to 500 million CNY and whose average market size could be
approximately tens of millions CNY [132]. The representative products of ivBT are energy-, food/feed-, and material-related, and
their number could be small, in a range of hundreds. In contrast, the representative products of CEB are drug precursors, natural
products, and fine chemicals, the number of these is large, greater than 10,000 (Figure 4).

Second, the pathway design principles of ivBT and CEB are different (Table 1). ivBT pathways are redesigned based on
artificial enzymatic pathways and artificial electric transfer chains (ETCs). CEB is mostly designed based on one-enzyme catalysis
plus related coenzyme recycling or a part of natural pathways.

Third, the biocatalytic part requirements of ivBT and CEB are different (Table 1). The former requires low-cost and ultra-
stable enzymes (plus enzyme immobilization), as well as low-cost biomimetic coenzymes and engineered dehydrogenases [108].
As a result, the ratio of substrate cost to product price could be greater than 50%, or even 80-90%. The latter can use natural
mesophilic enzymes or rarely used immobilized enzymes plus natural coenzymes [151]. Due to high product price, the ratio of
substrate cost to product price could be around 20% or lower [152].

Fourth, the biomanufacturing processes of ivBT and CEB are different (Table 1). The former prefers a long reaction time (e.g.,
weeks or even months) for decreasing the enzyme-related biomanufacturing costs [153]. The latter is usually operated in a batch
mode, lasting hours or days only [154].

Also, it is worth mentioning that cell-free protein synthesis (CFPS) based on numerous cell lysates from bacteria (e.g. E. coli),
mammalian, plant, insect, and so on [155,156], purified recombinant components (e.g., PUREXxpress) [157], cell-free metabolic
engineering [158] or cell-free biomanufacturing [159] is far different from ivBT (Table 1). According to dictionaries, in vitro is
defined as “outside the living body and in an artificial environment” or “(of a biological process) made to occur in a laboratory
vessel or other controlled experimental environment rather than within a living organism or natural setting”. Cell-free is defined as
without living cell by cell lysis and its synthesis began with fundamental research (i.e., rapid synthesis of proteins within hours
[156] and optimization of in vitro natural pathways for in living microorganisms [160,161]). Now it might be a special (small-size)
biomanufacturing [162], such as urgent vaccines [163], antibody-drug conjugates (ADCs) with high quality and incorporation of
nonnatural amino acids [164,165], toxin (e.g., botulinum toxin) [166,167], RNA products [168], and so on. Clearly, CFPS or cell-
free metabolic engineering is far different from ivBT in many aspects from aimed products, catalysts and applications.
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Figure 4. Schematic comparison of the product market sizes biomanufactured by ivBT and cascade enzyme biocatalysis (CEB).
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Table 1. Comparison of ivSEB, cascade enzyme biocatalysis, and cell-free protein biosynthesis.

in vitro BioTransformation (ivBT)

Cascade Enzyme Biocatalysis
(Multi-enzyme one-pot)

Cell-free Protein Biosynthesis
Cell-free Biomanufacturing

Goal

Mass biomanufacturing
biocommaodities: 10,000 t (bottom) ~1
billion t

Fine biomanufacturing
Fine chemicals: <100 t, ~1t (most)

Research tools
Rare biomanufacturing; gram-
level vaccines

Representative

Food/feed, energy, materials, inositol,
tagatose, 1,3-POD, isobutanol starch,

Precursors of drugs, natural

products, fine chemicals (e.g., NMN,

Antibodies, battle field

products hydrogen, etc. NAD) vaccines, RNA products
Individual product 100 million CNY (minimum) to tens of 10 million to 100 million CNY NA

market size trillions CNY (hydrogen) (maximum)

Number of products ~100 ~10,000 or more ~1000 and more

Artificial pathways, artificial electron

Pathway design transfer chains A part of natural pathways Use natural pathways
Ratio of oMo 20
feedstock/substrate >50-90% 5-20% NA
Natural ultra-stable enzymes, artificial Mesophilic enzymes, engineered Cell lysates or purified enzyme
Components enzymes, immobilized enzymes, enzymes, immobilized enzymes, components, plus amino acids,

biomimetic coenzyme regeneration

regeneration of natural coenzyme

ATP donors

Requirements of
components

Ultra-low cost of enzymes, ultra-stable
enzymes, less costly and more stable
(biomimetic) coenzymes

Costs of natural enzyme are not so
important

Cell lysates or purified enzyme
components

Manufacturing
process

Days, weeks, months (multiple,
continuous)

Days (once, multiple rarely)

Hours (once)

2.4. Biomanufacturing Advantages

The most important three criteria for biomanufacturing are TRY, Titer in terms of g/L, Rate (volumetric productivity) in terms
of g/L/h, and Yield in terms of g/g. Among TRY, there is no doubt that the product yield or energy efficiency is the most important
for biomanufacturing of a biocommodity because the substrate costs usually account for more than a half of the costs of the desired
product (Table 1) [37,38]. The largest biomanufacturing advantage of ivBT is its nearly theoretical yield of the target product
[48,59,60,67,169-172] because most enzymes have nearly 100% chemical selectivity and there is neither synthesis of cells nor
production of other products, all of which waste the substrate. ivBT has one inherent biomanufacturing advantage: very low energy
consumption. When ivSEB is designed, it should have balanced NAD(H) regeneration and consumption. As a result, most ivSEBs
need neither aeration, nor vigorous stirring, nor cooling, i.e., they have very low energy consumption.

The second biomanufacturing advantage is high volumetric productivity possibly due to a lack of cellular membrane and high
volumetric enzyme loadings. Typically, enzyme-based biocatalysis usually has one-to-two orders of magnitude faster than
microbial fermentation [160,163,173], wherein microbes containing thousands of intracellular enzymes have only a few enzymes
responsible for the production of the desired product.

ivBET is an open biosystem without competing pathways, complicated regulations of protein synthesis, nor cell self-
duplication [41,155]. Taking a relatively simple pathway involving six cascade biochemical reactions where each step has five
choices (genes or enzymes), ivBES would have 30 combinations since each enzyme in a layer can be easily exchanged by another
enzyme. Microbes may have 56 = 625 combinations because each layer is linked with other layers. Furthermore, microbes are far
more complicated by the possibility that reaction rate at each layer involves regulation in terms of strength of promoter at the gene
level, at the level of MRNA stability, at the level of protein translation, at the level of protein delivery to the site of activity in the
cell, and at the level of protein interactions with other proteins and coenzymes [41]. As a result, ivBT featuring easy process
operation and optimization has better biomanufacturing robustness than microbes [158,170,174,175].

Biochemically, enzymes can tolerate toxic components better than microbes [76,150,176,177]. For example, natural enzymes
can tolerate very high concentrations of alcohols [176], at least one order of magnitude higher than microbes [178]. Enzymes can
be easily engineered to tolerate very high concentrations of organic solvents [122]. An ivSEB exhibited to work well in the presence
of complicated toxic inhibitors in the hydrolysate from biomass pretreatment [76], while yeast cannot grow. Therefore, ivSEB is
believed to make high-titer toxic compounds better than microbes [54].

3. ivBT Examples

Although ivBT mediated by ivSEB has a pretty short history, it has passed through three phases in terms of science behind it
(Figure 5). The first phase is exceeding natural pathways by the reconstitution of natural enzymes, natural coenzymes and natural
electron transfer chains, for example, high-yield hydrogen production from starch and water [47], production of inositol and rare
sugars from starch [60,179-181], the directed bioconversion of cellulose to starch [50]. The second phase is artificial enzymatic
biosystems with new man-made parts (e.g., biomimetic coenzymes, artificial membranes, artificial enzyme complexes, artificial
ETCs) and engineered parts (e.g., engineered enzymes, immobilized enzymes). The representative example of Phase Il are sugary
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biobattery equipped with a Nafion membrane and an electron mediator [67], high-speed enzymatic hydrogen production featuring
an artificial ETC and immobilized coenzyme and enzyme complexes [108]. The third phase is new chemistry featuring new
chemical reactions catalyzed by artificial enzymes and new pathways, for example, starch biosynthesis from CO; with a nonnatural
enzyme [53], L-arabinose biosynthesis from D-xylose with a nonnatural enzyme pentose 4-epimerase [182], beta-alanine synthesis
from L-alaine by cascade amino decarboxylases [183].

Here we present several examples with their potential market sizes from small to large to help readers understand the ivBT
and ivSEB concepts, technology development history and its future applications.

Research tools Biomanufacturing lll. New chemistry

4

Artificial enzymes,
new chemistry,

Il. Artificial biosystems new pathways,
| artificial ETCs
I. Surpass natural [/ Engineered enzymes.
pathways immobilized enzymes, * COz-derived starch
i | biomimetic coenzymes, ¢ aDr-:zlizzZ-:e”ved L-
Natural enzymes. art!flc!al membranes, @ L-alanine-derived beta-
Mimic natural pathways artificial pathways, artificial enzyme alanine
‘ artificial ETCs complexes
Natural enzymes, 4 Sugar biobattery
coenzymes, electron & Starchy H, @ High-speed H, production
transfer chains (ETCs) @ Cellulosic starch
Classic biochemist 4 Starchy inositol
assic bliochemistry 4 Starchy tagatose

Natural product synthesis
CFPS

Figure 5. The phase development of enzyme-based biocatalysis as compared to the fundamental research of biochemistry and enzymology.

3.1. Myo-inositiol

myo-Inositol (called inositol later) is a six-carbon alcohol featuring its carbon-carbon ring [59,60]. Inositol is a member of the
vitamin B (VB8), it has been widely used in the drug [184], food [59], and feed industries [60]. Traditional inositol production is
based on the isolation of phytate from corn kernels and rice brans. This method suffers from limited feedstock supplies (i.e., one kg
of inositol is made from the steep liquor of 2000 kg of corn kernels), costly feedstock, awful odor pollution, serious phosphorous
pollution, and complicated separation of feedstock and product, resulting in high price tags of inositol and limited supplies. Current
inositol market size is approximately 15,000 metric tons and its potential market size could be up to one million metric tons as
predicted.

Inositol is the first bioproduct industrially produced by ivBT. Prof. Zhang generated the idea of the starch-to-inositol synthetic
enzymatic pathway in 2013 and identified all thermophilic enzymes from Kyoto Encyclopedia of Genes and Genomes (KEGG)
database suitable for biomanufacturing. Figure 6 shows the artificial enzymatic pathway comprised of (i) a-glucan phosphorylase
(aGP, EC 2.4.1.1), which produces glucose 1-phosphate from starch and phosphate; (ii) phosphoglucomutase (PGM, EC 5.4.2.2);
(iii) inositol 3-phosphate synthase (IPS, EC 5.5.1.4); and (iv) inositol monophosphatase (IMP, EC 3.1.3.25), wherein phosphate is
recycled between Reactions 1 and Reaction 4 in one vessel. To increase its yield, branched starch can be hydrolyzed to linear
amylodextrin by isoamylase [185]. Also, one glucose of maltose can be further utilized by 4-glucanotransferase [48], the residual
glucose can be phosphorylated in the presence of polyphosphate catalyzed by polyphosphate glucose kinase [89,186]. Prof. Zhang
utilized two enzymes—aGP and PGM to generate glucose 6-phosphate from starch and phosphate without ATP. The energy
required for glucose phosphorylation comes from a-1,4 glycosidic bond energy of starch; PGM rapidly catalyzes glucose 1-
phosphate to glucose 6-phosphate with a negative Gibbs free energy change (AG <= —7.4 ki/mol). Furthermore, the Gibbs free
energies of the carbon-carbon cycloisomerization catalyzed by IPS and the dephosphorylation catalyzed by IMP [187] are —55.2
and —20.7 kJ/mol, respectively (Figure 6A), suggesting that both reactions are spontaneous, thermodynamically favorable, and
highly irreversible. The consolidation of the reversible reactions and the irreversible reactions have an overall Gibbs energy of
—80.1 kJ/mol, driving the overall reaction toward completeness. Later Prof. Zhang and Dr. Y ou filed the first patent application in
2015 [181].

To speed up its industrial biomanufacturing, Prof. Zhang organized a Chinese team including scientists and engineers to
address remaining industrialization challenges (e.g., low-cost enzyme production, simple enzyme purification, optimization of
enzyme ratios, inositol purification, and so on). The team developed high-density fermentation of Escherichia coli overexpressing
all thermophilic enzyme building blocks and purified them by heat treatment. As compared to microbial fermentation by engineered
microorganisms [188,189], this two-step bioprocessing (Figure 6B) includes enzyme production by microbial fermentation and
ivBT, each of which step has the sole goal. The unutilized sugars in ivBT can be recycled back to microbial fermentation, resulting
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in very high substrate utilization efficiency and low pollutants generated. In 2016, a Chinese company acquiring this technology
built a factory that can produce up to 10,000 metric tons of inositol yearly and is the world largest inositol maker (Figure 6C). This
ivBT has been successfully operated on 60,000-L bioreactors. Over years, Prof. Zhang’s group continues improving this technology
by developing low-cost enzyme co-immobilization techniques [190] and decreased its biomanufacturing costs greatly [153].

CINH R ®)

T hoond o Starch Recycling glucose

OH ke

Q . .
" Glucose 1-phosphate High-density
Hpo,- fermentation ivBT
0 ‘$:'
|
Ho—P
wd 9

— 0
HOHO. Glucose 6-phosphate (C)

" Inositol 3-phosphate
H

First example of industrial
biomanufacturing

Figure 6. Schematic presentation of the in vitro starch-to-inositol pathway (A), wherein enzymes are aGP (a-glucan phosphorylase), PGM
(phosphoglucomutase), (iii) IPS (inositol 3-phosphate synthase), (iv) IMP (inositol monophosphatase), and 1A (isoamylase); the concept of two-
step biomanufacturing as well as product separation and glucose reuse (B); and image of the first large-scale inositol factory (C).

Several months later, another Japanese group led by Prof. Atomi, who is an expert in biochemistry in hyperthermophiles,
published the starch-to-inositol paper independently [179], whose submission date was just three months later than Prof. Zhang’s
inositol paper [60]. It suggests that two independent groups thought of the same product and same pathway, like the case of the
telephone patent applications. Interestingly, both Profs. Zhang and Atomi selected exactly three enzymes (i.e., PGM, IPS and IMP)
from the same microorganisms in the four-enzyme pathway, wherein each enzyme could be chosen from up to thousands of gene
sources in open databases. It implies that it is common for experts to design the same pathway and find out the same enzymes from
public information (e.g., publications, database) for the same purpose.

Later, the similar inositol-producing pathways in vitro and in vivo have been designed and validated to make inositol from
sucrose, cellulose, xylose, glucose and so on [59,171,188,189,191,192]. Now inositol is being produced by ivBT and microbial
fermentation in China. We predict that microbial fermentation could not be economically competitive to compete with ivBT by
considering biomanufacturing rules.

3.2. Rare Sugars (Healthy Sweeteners)

Rare sugars are monosaccharides with a limited availability in nature and some of them have special healthy functions
[193,194]. In 2004, Prof. 1zumori proposed a complete strategy for the biosynthesis of rare sugars by using a newly-discovered
enzyme monosaccharides (e.g., D-tagatose 3-epimerase) plus known enzymes—aldose isomerase, aldose reductase, and
oxidoreductase enzymes [193,195]. The Izumori methodology enables to make all rare sugars from cheap substrates. However, this
strategy has several weaknesses: (1) a series of equilibrium reactions, requiring the use of simulated moving bed (SMB)
chromatography to separate the desired product and substrate; (2) the possible addition of costly NAD(P), resulting in high
biomanufacturing costs; and (3) limited and costly supplies of some feedstocks (e.g., D-galactose). Among 24 hexoses, D-tagatose,
D-allulose, and D-mannose are of special interests.
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D-tagatose is a natural sweetener and its sweetness is the nearly same as that of sucrose with only one third of its calories
[194,196]. It has many physiological benefits, such as low calorie, low glycemic index, anti-caries, anti-oxidation, prebiotics,
improvement of intestinal function, enhancement of immune [194]. In 2000 US Food and Drug Administration (FDA) approved it
as generally recognized as safe (GRAS) [196]. The scientists and companies around the world have worked on its industrial
biomanufacturing for long. According to 1zumoring, D-tagatose is made through D-galactose isomerization from lactose [197,198].
The isomerization of galactose to tagatose is an equilibrium reaction so that chromatography is required to separate the two
monomeric sugars. Prof. Sun, who finished her training from the lzumori group, came back to a newly-established research
institute—Tianjin Institute of Industrial Biotechnology (TIB), Chinese Academy of Sciences (CAS) in 2009, and began to work on
low-cost biomanufacturing of tagatose with the TIB Director Ma. They published several papers of D-tagatose 3-epimerase mining
[199-202] and obtained several patents of tagatose production [203,204]. However, D-tagatose was a relatively costly sweetener to
produce due to costly and limited feedstock lactose and complicated separation [205,206].

In 2014, Prof. Zhang who founded Cell Free Bioinnovations Inc. (CFB) started to investigate new methods to produce D-tagatose
from less costly and more abundant feedstock D-glucose instead of D-galactose because he knew the great potentials of rare sugars
from TIB scientists. He hypothesized to mine and create an artificial enzyme glucose 4-epimerase from a natural enzyme, such as
UDP-glucose 4-epimerase as early as 2014. In 2015, he recruited a new CFB employee Dr. Danial Wichelecki to work on the tagatose
project. Soon, Dr. Wichelecki presented his postdoc research results—the discovery of a novel natural enzyme—Agrobacterium
tumefaciens tagatose 6-phosphate epimerase interconverting tagatose 6-phosphate and fructose 6-phosphate [207]. Therefore, Zhang
and Wichelecki together conceptualized the starch-to-tagatose pathway (Figure 7) by combining (1) the starch-to-inositol pathway, (2)
tagatose 6-phosphate epimerase, and (3) highly-selective phosphatase [77,208], whose function is like IMP in the starch-to-inositol
pathway [60]. This pathway design was partially inspired by the starch-to-fructose pathway [44,209] (Figure 7).

Director Ma and Prof. Sun at TIB worked on tagatose as early as 2009 [199-202]. A little later, TIB’s starch-to-tagatose patent
disclosure [210] was filed based on the starch-to-inositol patent [181] and fructose-to-tagatose patent [208]. It has three modules:
(1) the ATP-free generation of sugar phosphates from starch [47,81,181], (2) the isomerization and epimerization to D-tagatose 6-
phosphate [207,208], and (3) the dephosphorylation of D-tagatose 6-phosphate to tagatose [77,208]. Later, they improved this
technology by using five whole E. coli cells expressing thermophilic enzymes [211] and used the GRAS bacterium Bacillus subtilis
co-expressing five enzymes in a host [212,213]. The starch-to-tagatose synthesis was demonstrated to be catalyzed by immobilized
enzyme mixture [56].

A little later, another Chinese group Prof. Jiang, who also worked on tagatose for long, characterized new enzymes
Dictyoglomus turgidum a-glucan phosphorylase [214] and Caldilinea aerophila fructose 6-phosphate 4-epimerase [215], and used
them to produce tagatose from maltodextrin, whose pathway is the same as the patent applications [180,210]. They also co-
expressed five enzymes in one E. coli host and used the heat-treated whole cells to produce tagatose from starch [216].

D-Allulose (also called D-psicose) is another low-calorie rare sugar and is the C-3 epimerization product of fructose [217,218].
It has 70% relative sweetness and only 10% of the calories of sucrose, and it is considered an ideal substitute for high-fructose corn
syrup [219]. FDA approved it as GRAS food additive in numerous foods and dietary supplements for enhancing gel strength,
decreasing the oxidation extent, and improving flavor during food processing [220]. Also, it has distinctive physicochemical
properties and physiological functions, such as antihyperlipidemic effects [219], antihyperglycemic effects [221,222], anti-
inflammatory effects [223] and so on [57]. D-allulose is the most popular rare sugar because it can be synthesized from D-fructose
catalyzed by allulose 3-epimerase [193]. However, its epimerization suffers from an unfavorable equilibrium, i.e., it requires
multiple times of SMB for achieving high product yields. Similar to the cases of inositol by two independent groups, and of tagatose
by three independent groups, three unrelated companies and one academic group independently conceptualized the same in vitro
enzymatic pathway for the production of D-allulose from starch (Figure 7). In 2014, Korean CJ company filed the first starch-to-
allulose patent application [224]. Two years later, within a half month two American companies Bonumose [225] and Greenlight
Biosciences [226] filed the following starch-to-allulose pathway disclosures. However, their disclosures did not release key detailed
information, such as enzyme sources, enzyme characteristics, optimal experimental conditions, product titer, and so on [225,226].
In 2021, Dr. You at TIB published the first academic paper to demonstrate high-yield production of D-allulose from starch [57]
with enough experimental details. It is noted that Dr. You is the first author of the starch-to-inositol research paper [60].

D-mannose, a 2-epimer of D-glucose, is another rare sugar that can be found in certain fruits and vegetables. In human blood,
it is found to be approximately a hundred times less abundant than glucose in human blood [227]. It is widely used to prevent
urinary tract infections or bladder inflammation from infections. Recent studies demonstrated that supraphysiological levels of D-
mannose inhibit tumor growth [228], stimulate regulatory T cell differentiation [229], and suppresses macrophage IL-1p production
[227]. According to the Izumori methodology, it can be produced from D-fructose catalyzed by isomerases and also suffers from a
low equilibrium constant. Inspired by the ATP-free sugar phosphorylation, sugar phosphate isomerization and dephosphorylation,
an in vitro starch-to-mannose pathway was designed and demonstrated [230].

Clearly, the consolidation of the ATP-free sugar phosphorylation, sugar phosphate isomerization and dephosphorylation
(Figure 7) would be widely adopted to produce numerous rare sugars with higher yields and overcome the equilibrium limitation
of the Izumori methodology. The success of industrial starch-to-inositol biomanufacturing would encourage the industrial
biomanufacturing of rare sugars soon.
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Figure 7. Schematic presentation of the in vitro starch-to-rare sugars pathways as compared to the starch-to-inositol pathway. Enzymes are aGP, PGM,
IPS, IMP, PG, PGI (phosphoglucose isomerase), FPP (fructose 6-phosphatase), TPE (tagatose 6-phosphate 4-epimerase), TPP (tagatose 6-phosphatase),
MPI (mannose 6-phosphate isomerase), MPP (mannose 6-phosphatase), API (allulose 6-phosphate isomerase), and APP (allulose 6-phosphatase).

3.3. 1,3-Propanediol

1,3-propanediol (1,3-PDO) is a colorless viscous liquid, which can be used as monomer in the production of polymers such
as polytrimethylene terephthalate [231]. It can be produced from glucose [232] or glycerol [233] by microbial fermentation.
Scientists at DuPont and Genencor metabolically engineered E. coli to produce 1,3-PDO from glucose on an industrial scale [234].
However, its yields based on glycerol are approximately 0.60 mol 1,3-PDO/mol glycerol [233,235,236]. This relatively low yields
are due to the synthesis of cell mass, the generation of extra reducing power by branching glycerol utilization pathways under
micro-aerobic conditions, and the production of undesired side-products [42].

Prof. Zeng and his coworkers developed a straightforward in vitro pathway for converting glycerol to 1,3-PDO under strictly
anaerobic condition (Figure 8) [237]. This pathway includes two modules: (i) the generation of 1,3-PDO from glycerol catalyzed by
glycerol dehydratase (GDHT) and NADPH-dependent propanediol dehydrogenase (PDH) at a cost of one NADPH consumption per
molecule; and (ii) NADPH regeneration from H; by soluble hydrogenase | (SHI). As a result, one mole of 1,3-PDO was produced
from one mole of glycerol and one mole of H.. 1,3-PDO yield of approximately 0.95 mol/mol has been accomplished [237].
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Figure 8. Schematic presentation of the in vitro synthetic enzymatic pathway for the production of 1,3-propanediol from glycerol, modified from
Ref. [237]. Enzymes are GDHT (glycerol dehydratase), PDH (NADPH-dependent propanediol dehydrogenase), and SHI (soluble hydrogenase 1)
that is four-subunit cytoplasmic hydrogenase from P. furious.
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3.4. Isobutanol and Organic Acids

Isobutanol, a branched C4 alcohol, is a better biofuel than ethanol, has limited miscibility with water, and is completely mis-
cible with gasoline [238]. Isobutanol’s branching gives it a better octane number than N-butanol. It can be produced through the
Ehrlich pathway [239,240]. Heterologous pathway for isobutanol production from carbohydrates have been introduced to a number
of microorganisms, such as E. coli [238], Bacillus subtilis [241], Corynebacterium glutamicum [242], S. cerevisiae [243]. However,
its hydrophobic effect of the long-chain alcohol is highly toxic to cellular membranes, resulting on low isobutanol titers (e.g., 1—
2%) [244].

Prof. Sieber and his coworkers designed an in vitro ATP-free synthetic enzymatic pathway for isobutanol production from
glucose (Figure 9) [54]. This pathway contains two modules: (i) the generation of two pyruvate from glucose mediated by four
enzymes (note: this is an ATP-free pathway), and (ii) the production of one isobutanol from two pyruvate. Therefore, one glucose
can produce one isobutanol, releasing two CO; and one water. This pathway is much shorter than the natural N-butanol pathway
featuring neither ATP nor CoA. The proof-of-concept experiment obtained a 53% isobutanol yield even in the presence of 4%
isobutanol [54], suggesting that ivSEB can tolerate organic solvents far better than cellular membranes.
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Figure 9. Schematic presentation of the in vitro ATP-free synthetic enzymatic pathways for the production of isobutanol [54] and lactate [245].
The enzymes are GDH (glucose dehydrogenase), DHAD (dihydroxy acid dehydratase), AIDH (glyceraldehyde dehydrogenase), KDGA (2-keto-
3-desoxygluconate aldolase), ALS (acetolactate synthase), KARI (ketol-acid reductor-isomerase), KDC (2-ketoacid decarboxylase), ALD (alcohol
dehydrogenase), LDH (lactate dehydrogenase), and MDH (malate dehydrogenase) [246].

A combination of this shortest glucose-to-pyruvate pathway and NADH-consuming lactate dehydrogenase enabled to produce
L-lactate with a yield of 90% [245]. Similarly, the replacement of lactate dehydrogenase with decarboxylating malate dehydrogenase
could produce two molecules of malate from one glucose and two CO»; a combination of this glucose-to-pyruvate pathway and
NADH-consuming L-alanine dehydrogenase may produce a theoretical yield of L-alanine. This five-enzyme pathway could be
better than another in vitro ATP-self-balanced pathway for malate production from starch [172].

3.5. Artificial Starch

Starch is a natural polysaccharide that is used as an energy storage compound for plants, animals (more exactly, glycogen,
animal starch), and microorganisms. Plant starch include amylose (a nearly linear glucan linked by o-1,4-glycosidic bonds) and
amylopectin (a branched molecule in which the branch points consist of a-1,6 glycosidic bonds while the linear portions of the
branches are made up of a-1,4 bond as in amylose). Human beings can digest starch but cannot cellulose. Human civilization started
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with 10,000-year ago agriculture that produced starch-rich grains as human food. To feed the increasing world population, modern
agriculture has consumed approximately 70% freshwater withdrawal, all available lands, and huge amounts of fertilizers to make
2.76 billion metric tons of grains per year [28,29].

A huge amount of nonfood lignocellulose (i.e., ~200 billion metric tons) is produced yearly, a small fraction of which is used
as animal feed, materials, and burning fuels. Cost-effective biotransformation of cellulose to starch would revolutionize 10,000-
year agriculture. Prof. Zhang designed a simple in vitro coenzyme-free pathway to transform cellulose to amylose (Figure 10) [50].
This pathway includes three parts: (1) partial hydrolysis of cellulose to cellobiose by endoglucanase and cellobiohydrolase, (2) the
ATP-free generation of glucose 1-phosphate catalyzed by cellobiose phosphorylase, and (3) amylose synthesis from glucose 1-
phosphate catalyzed by potato a-glucan phosphorylase, wherein phosphate is recycled between two enzymes. To avoid wasting one
substrate of cellobiose, yeast cells can ferment into ethanol under anaerobic conditions [50]. Alternatively, glucose can be used to
make microbial protein (i.e., another key protein source as food and feed) under aerobic conditions [51]. This breakthrough was
highlighted as a news article entitled “Could wood feed the world” in Science magazine [247]. Frances Arnold commented it as
“it’s a simple but nice idea”. Profs. Arnold and Tyner doubts “whether the process is economically feasible overall is the big
question” [247]. However, Prof. Zhang believe that it would be economically feasible to biotransform beta-1,4-glycosidic bond-
linked cellulose to a-1,4-glycosidic bond-linked starch because it is 100% energy-conservative, requiring neither coenzyme nor
energy input nor sugar loss by considering coproduction of microbial protein or ethanol, neither costly conezymes nor harsh reaction
conditions. It was speculated that US government disliked this breakthrough and was unwilling to sponsor it because it could impair
the food weapon that the US government often used.
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Figure 10. Schematic presentation of the in vitro coenzyme-free synthetic enzymatic pathway for the production of synthetic amylose, ethanol by
anaerobic ethanol-producing microorganism [50], and microbial protein by aerobic fermentation [51]. The enzymes are EG, endoglucanase; CBH,
cellobiohydrolase; CBP, cellobiose phosphorylase; and PGP, potato a-glucan phosphorylase.

Cost-effective and highly-efficient biotransformation of starch from agricultural residues, such as corn stover and wheat straw
could easily double current agricultural food/feed output. Prof. Zhang believed that he can address this economical challenge with
intensive R&D efforts [51]. Zhang and his coworkers spent five years on making advances, such as (1) up to one million-fold cost
reduction in enzyme parts used for ivBES, (2) high glucan digestibility and high starch yield of pretreated corn stover, and (3)
synthesis of amylose and amylopectin tailored to different diet needs [51]. Also, Prof. Zhang found out a novel way to enzymatically
transform D-xylose to L-Arabinose (a healthy natural sweeteners with more than 50 billion CNY) so to increase economical viability
of new biorefining of agricultural residues to new food/feed sources. Trillions of CNY market size of new food/feed from
agricultural residues could revolutionize agriculture and reshape the bioeconomy, while maintaining biodiversity, minimizing
agriculture’s environmental footprint, and conserving fresh water [29,248]. This biotransformation would not only promote the
cultivation of plants chosen for rapid growth rather than those optimized for starch-rich seed production, but it would also efficiently
utilize marginal land for the production of the biomass required to meet the increasing needs of biofuels and biochemicals
[29,249,250]. In addition, perennial cellulosic plants and dedicated bioenergy crops can grow on low-quality or marginal land, and
require low input, such as fertilizers, herbicides, pesticides, and water [29].
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Alternatively, artificial photosynthesis of starch from CO, and solar energy is hypothesized to surpass plant photosynthesis
[251]. Plants utilize intermittent non-point insolation to biologically fix CO, to biomass. However, plant photosynthesis has pretty
low solar energy-to-chemical energy conversion efficiencies (e.g., ~0.2-0.3%, global average) and consumes a large amount of
water. Such low energy efficiencies are mainly attributed to three factors: (i) a narrow light absorption spectrum by chlorophyll, (ii)
relatively low efficiencies of carbohydrate synthesis and unmatched reaction rates between fast light-harvesting reactions and slow
dark chemical synthesis reactions, and (iii) carbohydrate losses due to the respiration of living plants. Prof. Zhang hypothesized
that the integration of solar cells, water electrolysis, and ivBES may surpass these limitations in plants and make water-insoluble
amylose from CO; and hydrogen based on the design principles of ivBT, knowledge in the literature, and thermodynamics analysis
[29,251].

In 2021, TIB Director Ma led a large integrated team to validate the complete biosynthesis of starch from CO; and hydrogen
made from solar cells for the first time [53]. They designed an in vitro synthetic enzymatic pathway, named as artificial starch anabolic
pathway (ASAP) (Figure 11). The C1 module is a hybrid of chemoenzymatic conversion from CO; to formaldehyde, the C3 module
is the formation of glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, the C6 module is glucose 6-phosphate synthesis, and
Cn module is for starch biosynthesis. After intensive optimization and engineering of three rate-limiting enzymes, this ivSEB can make
starch at a volumetric productivity of 22 nanomoles of CO; per minute per milligram of total catalyst, ~8.5-time of that of maize. This
achievement has been selected in numerous awards, such as the National 13th Five-Year Plan Scientific and Technological Innovation
Exhibition, China’s Top Ten Scientific Advances in 2021, China’s Top Ten Scientific Progress News in 2021, and so on. In 2023, the
same team demonstrated further improvement in the biosynthesis of sugars from CO, and hydrogen [55].

Clearly, food security challenge could be addressed soon if we addressed remaining technical challenges of ivBT timely [29].
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Figure 11. Schematic presentation of the in vitro methanol-to-starch enzymatic pathway [53]. Central enzymes are AOX (alcohol oxidase), FIS
(formolase), DAK (dihydroxyacetone kinase, TIM (triose phosphate isomerase), ALD (fructose-bisphosphate aldolase), FBP (fructose
bisphosphatase), PGI (phosphoglucose isomerase), PGM (phosphoglucomutase), AGP (ADP-glucose pyrophosphorylase), SS (starch synthase)
and three supplementary enzymes are CAT (catalase), PPK (polyphosphate kinase), and PPA (pyrophosphatase).
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3.6. Green Hydrogen

Hydrogen is the most promising future energy carrier (i.e., a second energy that is produced from primary energies), especially
for the distributed users (e.g., heavy-duty trucks, aircrafts, remote areas, etc.). Now global hydrogen production is approximately
70 million metric tons, most of which are made by fossil fuels. It is anticipated that its production would increase to 300 million
metric tons in 2030 and most of them will be produced from renewable energy. The future energy system based on hydrogen as an
energy carrier is named as the hydrogen economy [252,253]. However, the hydrogen economy has four technical challenges, e.g.,
green cost-competitive distributed hydrogen production methods, low-cost high-density hydrogen carrier, an affordable
infrastructure for the distribution and storage of hydrogen, as well as affordable and long-lasting hydrogen fuel cell systems
[254,255]. If the hydrogen economy came true, the green hydrogen market size would be tens of trillions of CNY and greater than
starch as food/feed [256].

Natural dark-fermentation microorganisms produce hydrogen with a maximum yield of 4 H, per glucose, plus two acetates,
that is, the Thauer limit [41,257]. In theory, the complete oxidation of glucose with water as an oxidant may produce up to 12
hydrogen per glucose [253,258]. However, chemical catalysts produced green hydrogen with a far lower than this theoretical yield
plus a lot of impurities [259]. In nature, no microorganism evolved to make 12 hydrogen per glucose due to multiple reasons. If an
anaerobic microorganism may generate 12 reduced coenzymes (e.g., NADPH) per glucose under strictly anaerobic conditions, the
complete biotransformation to hydrogen by hydrogenase is endothermic so that it cannot generate any ATP to support
microorganism’s basic metabolism. If this microorganism split a small fraction of 12 NADPH (e.g., 1-2) to generate a pH gradient
across cellular membrane for ATP generation, such pH gradient would be made through oxidative phosphorylation, which was in
conflict of oxygen-sensitive hydrogenase. Current microorganism cannot handle hydrogen production by oxygen-sensitive
hydrogenase under microaerobic conditions. Clearly, it is why no engineered microorganisms can break the Thauer limit [260,261].

The ivBT concept was began with in vitro enzymatic hydrogen production [38,252]. In March 2006, Prof. Zhang
conceptualized an ATP-free synthetic enzymatic pathway to produce high-yield hydrogen from starch and water. This pathway
includes four modules: (1) ATP-free generation of glucose 6-phosphate from starch and phosphate (this was later used in the starch-
to-inositol and -rare sugars pathways); (2) the generation of two NADPH and ribulose 5-phosphate from glucose 6-phosphate
mediated by two dehydrogenases; (3) the regeneration of glucose 6-phosphate from ribulose 5-phosphate; and (4) hydrogen
generation from NADPH mediated by soluble hydrogenase | (SHI). The consolidation of these four modules lead to the
stoichiometric reaction (Equation 1).

CsH100s (ag) + 7H20 (1) = 12H, (g) + 6CO2 (9) (1)

The proof-of-concept experiment was conducted by using 13 enzymes from five different sources (e.g., bacterium, yeast, plant,
animal, and archaea), most of which were purchased from Sigma [47]. In this seminal publication [47], its significance was clearly
written as “The unique features, such as mild reaction conditions, high hydrogen yields, likely low production costs ($2/kg H>), and
a high energy-density carrier starch (14.8 Hz-based mass%), provide great potential for mobile applications. With technology
improvements and integration with fuel cells, this technology also solves the challenges associated with hydrogen storage,
distribution, and infrastructure in the hydrogen economy.”

Great potentials of the hydrogen economy up to tens of trillions of CNY and this out-of-the-box solution as envisioned in 2007
drove Zhang’s group to spend 15 years on this important area [252]. His lab’s key advances are summarized as below. (1) To
address enzyme stability and high-cost of purchased enzymes, all of them with recombinant ultra-stable enzymes produced by E.
coli [108] except recombinant SHI expressed in Thermococcus kodakarensis KOD1 [69] have been replaced. Now all of them can
work at 80 <C for more than one week [108]. (2) Zhang’s team expanded sugar sources from starch to cellodextrins, sucrose,
xylooligosaccharides, xylose, and glucose [262—-265]. (3) To completely utilize all glucose units of starch as a high-density hydrogen
carrier [48], Zhang’s team mined and engineered thermophilic enzymes (e.g., 4-glucanotransferase for the utilization of maltose
[266], PPGK for the ATP-free activation of glucose [89,186], and isoamylase for debranching starch [185]). (4) Zhang’s team
increased volumetric productivity of hydrogen by 1000-fold by using kinetic modeling to identify the rate-limiting steps [169,262],
optimization of enzyme loadings and the use of high-activity enzymes [108]. (5) Zhang’s team constructed artificial electron transfer
chains (ETCs) (Figure 12B-E) for decreasing coenzyme cost and increasing reaction rates. The addition of an electron mediator
benzyl viologen, neutral red, or methyl viologen as a bridge between NADPH and SHI catalyzed by NADPH rubredoxin
oxidoreductase greatly increased the hydrogen productivity due to great decreases in the activation energy of the rate-limiting step
[173]. (6) Zhang’s team conducted the coenzyme engineering for two dehydrogenases of ivSEB from NADP to NAD to a
biomimetic coenzyme NMN [44,90,96,98,267]. Further, Prof. Zhang hypothesize that the use of abiotic electron mediators and
biomimetic coenzymes accompanied with engineered dehydrogenases (Figure 12E) could help achieve both goals of low cost and
fast reaction rate [42].
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Figure 12. Schematic presentation of the in vitro synthetic enzymatic pathways for the production of high-yield hydrogen from starch and water
(A) [47,48,108] and four artificial ETCs converting reduced power to hydrogen (B—E). The enzymes are aGP, PGM, G6PDH (glucose 6-phosphate
dehydrogenase), 6PGL (6-phosphogluconolactonase), 6PGDH (6-phosphogluconate dehydrogenase), RPI (ribose 5-phosphate isomerase), RPE
(ribulose-5-phosphate 3-epimerase), TK (transketolase), TAL (transaldolase), TIM, (triose phosphate isomerase), ALD (fructose-bisphosphate
aldolase), FBP (fructose bisphosphatase), PGI, SHI, NROR (NADPH rubredoxin oxidoreductase), and DI (diaphorase). The metabolites are: g1p,
glucose-1-phosphate; g6p, glucose-6-phosphate; ru5p, ribulose 5-phosphate; x5p, xylulose 5-phosphate; r5p, ribose 5-phosphate; s7p,
sedoheptulose 7-phosphate; g3p, glyceraldehyde 3-phosphate; edp, erythrose 4-phosphate; dhap, dihydroxacetone phosphate; fdp, fructose-1,6-
diphosphate; f6ép, fructose 6-phosphate.

Equation (1) catalyzed by ivSEB is a very rare entropy-driven chemical reaction under normal temperature and pressure
conditions that can convert ambient thermal energy without another lower-temperature heat source to produce a usable energy —
hydrogen. This is not against the Laws of Thermodynamics. The thermodynamic mechanism of this chemical reaction is that based
on the entropy-increasing (phase transition) chemical reaction principle, the ivSEB can transform the environmental heat energy
(low-grade enthalpy) and continuously produce high-grade chemical energy hydrogen energy without significant temperature
gradient; by means of cascade release of the chemical energy of carbohydrate molecules, the ivSEB can split the chemical bonds
of water molecules to produce high-purity hydrogen under normal temperature and pressure conditions (Figure 11). Prof. Zhang
hypothesized that a combination of the endothermic hydrogen-producing reaction, the exothermic hydrogen-fuel cell, and the high-
energy-efficiency motor would lead to build the energy conversion system with the highest chemical-to-mechanical energy
efficiency in the human history, laying a solid scientific and technological foundation for the future vehicle power system. Further,
Prof. Zhang propose that starch would be a high-density hydrogen storage compound, whose hydrogen storage densities of starch-
water slurry and dry starch are as high as 8.33% and 14.8% (weight/weight ratio), respectively. This new energy system based on
starch as a high-density hydrogen storage compound would systematically solve the challenges of its production, storage,
transportation, and application in the hydrogen economy [52].

In a word, great potentials of the hydrogen economy and unique features of the starch-to-hydrogen technology as a holy grail
of the hydrogen economy is motivating more scientists and engineers to continue improving this technology.

4. Advances in ivBT’s Supporting Technologies

Until now there is the only one commercial product — inositol produced by ivBT. A US company Bonumose claimed to
complete annual 1000-tonnes tagatose production factory. To accelerate the biomanufacturing of ivBT, we highlight some recent
advances to support ivBT.
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4.1. Collection of Ultra-stable Enzymes

ivBT usually prefers the use of ultra-stable enzymes from thermophilic enzymes or more stable mutants obtained by enzyme
engineering because ivSEBs typically last for a long time from weeks to months (Table 1). In contrast, CEB often prefers the use
of mesophilic enzymes because (1) enzyme costs account for a small fraction of high prices of products (Table 1), (2) most of
products or their intermediates are unstable at elevated temperature, and (3) enzyme choices from mesophilic organisms are far
more than from thermophilic microorganisms.

Building a large library of ultra-stable enzymes is the foundation of ivBT. It is preferred to discover ultra-stable enzymes from
thermophilic and hyper-thermophilic microorganisms whose growth temperatures vary from 55 to up to 121 <C [268]. Several
websites have provided good collections for characterized enzymes and putative enzyme sources, for example, BRENDA, Uniport,
Genbank, the KEGG, and protein data bank (PDB). According to our experience, we prefer cloning putative enzymes from some
thermophilic microorganisms whose optimal growth temperature ranges from 55 <C to nearly 100 <C and whose physiology and
microbial ecology are widely diverse. Such representative thermophilic microorganisms are Hungateiclostridium thermocellum (its
old name Clostridium thermocellum) [269,270], Thermoanaerobacterium saccharolyticum [271], Geobacillus stearothermophilus
[272], Acidithiobacillus ferrooxidans [273,274], Archaeoglobus fulgidus [275,276], Methanocaldococcus jannaschii [277,278],
Sulfolobus tokodaii [185,279], Pyrococcus furiosus [280,281], Thermotoga maritima [75,92,179,282,283], Thermus thermophilus
[284,285], Thermococcus kodakarensis [69,286-289], and so on.

Alternatively, ultra-stable enzymes can be engineered by directed evolution, when targeted enzymes are available only from
mesophilic source. For example, the most thermostable polyphosphate glucose kinase in nature was discovered from a modest
thermophilic bacterium Thermobifida fusca [186], but it was not stable enough at 70 <C. Via directed evolution, the best mutant
had a 7200-fold longer half-life at 55 <C than the wild-type PPGK [89]. Directed evolution without knowing protein structures has
been used to increase thermostability of numerous mesophilic enzymes, such as esterase of B. subtilis [290], beta-glucosidase of
Paenibacillus polymyxa [91], endoglucanase of Clostridium phytofermentans [291], and so on.

Recent advances, especially AFold and machine learning, greatly decrease technical challenges to increase thermostability by
rational design [292,293]. Before, the semi-rational design based on consensus design was widely used to enhance enzyme stability
[294,295]. For example, the most thermostable sucrose phosphorylase with an optima temperature of 58 <C was discovered from
Bifidobacterium adolescentis [296]. Later, the half-life time of this enzyme mutant was increased to 62 h at 60 <T by using the
semi-rational design strategy [297]. With highly accurate protein structure prediction by AFold [298], machine learning
[132,299,300] is playing more and more important role by the introduction of non-covalent interactions and covalent bonds, increase
of proline and/or decrease in glycine, reinforcement of subunit-subunit interactions, hydrogen bond, salt bridge, and hydrophobic
interaction, filling the hydrophobic cavity core, decreasing surface hydrophobicity, truncating loop, introduction of glycosylation
sites, truncation and cyclization, and so on [93,95].

4.2. Low-cost Production of Enzymes

Low-cost enzymes are prerequisite for the biomanufacturing success of ivBT. Now a large number of enzymes have been
produced by bacteria, fungal, yeast, and plant platforms [105,301]. Among them, biomanufacturing costs of secretory enzymes are
as low as 100 CNY per kg of dry weight enzyme, for example, a-amylase and subtilisin produced by Bacillus sp. [302-304],
cellulase and hemocellulase produced by Trichoderma reesei [305,306], phytase by Pichia pastoris [307,308], glucoamylase,
proteinase, and beta-glucosidase by Aspergillus spp. [309].

Production costs of recombinant intracellular enzymes is a little higher than secretory enzymes and its production cost are as
low as approximately 250-300 CNY per kg dry weight enzyme on large scales [3]. Such cost estimates have been validated
independently in several enzyme-producing companies in China. Intracellular expression of recombinant proteins can be produced
in high-cell density fermentation of mesophilic bacteria E. coli or B. subtilis that grow in low-cost industrial media [306,310,311].
So many different strategies have been developed to increase soluble expression of targeted proteins, for example, optimizations of
fermentation conditions (e.g., inducer concentration, timing, temperature, etc.) [312], fusion proteins [313,314], expression
plasmids and hosts, codon optimization [75], rare-codon introduction [315], co-expression of chaperones [316], directed evolution
[317], and so on. Recently, we succeeded in transferring the E. coli T7 expression system into a B. subtilis host, which can
overexpress some inclusion body-forming enzymes better than E. coli [318].

In addition of enzyme production, low-cost protein purification methods have been developed for intracellular recombinant
enzymes (Table 2), such as heat precipitation for thermostable enzymes [319,320], ammonia precipitation [114], one-step
purification and immobilization [186,270,321], carrier-free enzyme complex purification and co-immobilization [322], so on.
Among them, simple and less-costly heat precipitation may be the most appealing for the purification of thermostable enzymes
[319,320,323,324]. Prof. Honda and his coworkers attempted to co-expressing up to nine thermoenzymes in one E. coli cell [325].
After heat precipitation, they harvested the thermoenzyme cocktail suitable for ivBT [325]. By using the similar strategy, they
prepared the cell lysate containing thermophilic enzyme cocktails to make CoA in vitro [282].



Synthetic Biology and Engineering 2023, 1, 10013

Table 2. The technical challenges of ivBT and their respective solutions and supportive examples.

18 of 36

Challenge Solutions Examples References
Industrial enzymes [301]
Tag DNA polymerase [326]
Use of thermoenzymes Pfu DNA polymerase [327]
a-amylase [328]
isoamylase [185]
Subtilisin [329]
Enzyme instability Enzyme engineering (directed evolution and rational design) gfl:?c:gzeg-phosphate dehydrogenase Egéjzgl]
Polyphosphate glucose kinase [89]
Glucose isomerase [6]
Enzyme immobilization CLEA [330]
CBM-CthPGI [270]
A-amylase, glucoamyalse [105]
[PV/[E] > 1000, TTN value > 107 CthPGI [270]
TmFBP [92]
Meta-genomics, bioinformatics tools, robotic automation, Screening ~500 recombinant enzymes in one reaction [331]
and high throughput cloning Large thermoenzyme library Authors’ efforts
Lack of thermoenzymes and high-activity enzymes Polyphosphate glucose kinase [89]
Enzyme mining + enzyme engineering ZmG6P dehydrogenase [90]
Formate dehydrogenase [332]
Starch-to-inositol [60]
Smart pathway design to eliminate use of some ATP Starch-to-D-tagatose [180]
Glucose-to-isobutanol [54]
Coenzyme immobilization Chiral alcohol synthesis [333,334]
Enzymatic Hz production at 80 T [108]
Costly and labile coenzymes Intramolecular coenzyme binding NAD-binding inositol-3-phosphate synthase [60]
Intracellular coenzyme self-recycling scyllo-inositol synthesis from myo-inositol [335]
P450 [336]
Lo Alcohol dehydrogenase [337]
Biomimetic coenzyme (e.g., NMN, BNA) replacement G6PDH, 6-phosphogluconate dehydrogenase [96.98]
Glucose dehydrogenase [99,338]
Sugar-to-hydrogen [108]
Compromised reaction conditions Glucose-to-isobutanol [54]
Glycose-to-1,3PDO [237]
Different optimal conditions for enzymes Numerous enzymes obtained from one source 1400 T. thermophilus HB8 thermoenzyme library
Optimal pH switch [101,102]
Enzyme engineering Optimal temperature change [89]
Product inhibition [53]
Annual production of 10,000 t inositol #1 example of ivBT industrial manufacturing
. - 1,000-t plant of D-tagatose Completed
Industrial scalability Pilot plant of ton-level synthetic starch from CO2 Completed [60]

Pilot plant of 100-t synthetic starch from agricultural residue

Under construction
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Now the most challenging task of the overexpression of recombinant oxygen-sensitive enzymes include hydrogenases [339—
342], nitrogenases [340,343], formate dehydrogenase [332,344-346], and so on. They have to be overexpressed under anaerobic
conditions. Anaerobic cell culture has much lower cell yields and its high-cell density fermentation is difficult to achieve [347].
Taking SH1 of Pyroccus furiosus [348] as an example, its expression and purification from its wild-type host was costly and
technically challenging because of low cell yields and short exponential and stationary phases [347]. Two hundred liters of the
wild-type P. furiosus cell culture produced about 7,500 U of purified SHI [347]. Later, Prof. Adam developed the engineered P.
furiosus that can over-express His-tagged SHI by 100-fold [349]. Later, they improved its active expression level by 40% with
increased expression of maturation genes [350]. To avoid fermenting P. furious at nearly boiling temperature, Dr. Song and Adams
succeeded in expressing active SHI in E. coli by co-expression of thirteen P. furiosus genes (i.e., four structural genes encoding the
hydrogenase and nine encoding maturation proteins) [351]. Recently, we developed another alternative to express P. furiosus SH1
in a hyperthermophilic archaeon T. kodakarensis [69]. The engineered microorganism had more than 1,200-fold enhancement in
the hydrogenase activity of the cell lysate and approximately 9,000 U of 12-His-tagged were purified from five liters of the cell
culture [69]. In a word, future R&D of hydrogenase production could focus on high-density fermentation, over-expression of ultra-
high-activity thermostable hydrogenase, large-scale fermentation, as well as artificial hydrogenases [352—355].

4.3. Enzyme Immobilization

Enzyme immobilization technologies have been developed for more than a half century. A variety of techniques include
physical adsorption, cross-linked enzyme aggregates, covalent binding to support structures, such as microspheres, nanogels,
nanocrystals, metal-organic frameworks (MOFs) [356,357], covalent organic frameworks (COFs) [358,359], hydrogen-bonded
organic frameworks (HOFs) [357], and so on [106,107,360,361]. Immobilized enzyme has clear biomanufacturing advantages:
prolonging the lifetime of enzyme, decreasing biocatalyst cost, and simplifying the biocatalyst/product separation. The most
successful example of enzyme immobilization is glucose isomerase (Sweetzyme IT) made by Novozymes [6]. This enzyme can
make up to 15,000 kg HFCS (F42, i.e., 42% fructose) per kg of immobilized enzyme at ~55 <C, that is [P]/[E] = 6300:1. The enzyme
cost is as low as 20 CNY per metric ton of F42 (dry weight) and less than 0.5% of the product price.

A combination of low-cost production of thermostable enzymes and immobilization can lead to ultra-stable enzyme parts
suitable for ivBT. For example, we developed a simple one-step purification and immobilization of cellulose-binding module
(CBM)-tagged thermostable enzymes on solid cellulosic material [270]. It was found that the total (turn-over number (TTN) of
immobilized CBM-phosphoglucose isomerase from Clostridium thermocellum was as high as 1.1 x 10%at 60 <C [270], that is,
[PY/[E] = 300,000 kg product per kg of immobilized enzyme.

Multi-enzyme co-immobilization is another practical choice. Enzyme components can be randomly distributed [362,363] and
positionally assembled [363] on solid supports. The enhanced reaction rates among co-immobilization of cascade enzymes have
been observed for several cases [83,364,365], but direct cross linking of these enzymes to solid supports may lead to the activity
loss . For biomanufacturing of inositol, we developed a biomimetic mineralized microcapsules containing the four-enzyme cocktail
(Figure 7), whose lumped enzyme half-life of the microcapsules was 55.5 h at 70 <C, 5.9 folds of that of the non-immobilized four-
enzyme cocktail [153]. A fed-batch of the substrate can lead to an inositol titer of up to 210 g/L and its biomanufacturing cost was
decreased to a half [153]. Most enzyme immobilization techniques seem to stay on the stage of trial-and-error. It is highly expected
to develop low-cost general enzyme co-immaobilization suitable for most enzyme parts of ivSEB.

4.4. Artificial Enzyme Complexes

Constructing artificial enzyme complexes could bring multiple benefits, such as increase the volumetric rate mainly due to
metabolite channeling effects, protecting vulnerable enzymes or metabolites in defined microenvironments, sequestering toxic,
labile or volatile intermediates [41,83,84,366].

There are numerous methods to construct enzyme complexes. (1) The simplest way to obtain multi-function enzymes is the
creation of fusion proteins, in which two or more cascade enzymes are combined by a linker to form a multi-functional single
polypeptide [367—369]. Similar effects have been reported in other fusion enzymatic systems [369-373]. However, the misfolding
of large multi-domain protein often happens and their apparent activities often decrease [374], resulting in a large uncertainty of
this strategy. (2) Scaffolding molecules, includes proteins and nucleic acids, can recruit enzymes to form multienzyme complexes
[84,375,376]. The recruited enzymes usually fused with a relatively small protein tag without obvious activity loss. Inspired by
cellulosomes [377], a synthetic scaffold containing different cohesins from different microorganisms is used for the assembly of
three metabolic enzymes [84]: triosephosphate isomerase, aldolase, and fructose 1,6-bisphosphatase are engineered to have a
dockerin at their C-terminals. These three dockerin-containing enzymes can be self-assembled into a static trifunctional enzyme
complex through the interaction with a mini-scaffold protein consisting of three different matching cohesins. The synthetic
metabolon showed more than one order of magnitude enhancements in reaction rates compared to the non-complexed enzyme
mixture [84]. Recently, many polypeptide interaction pairs, such as SpyCatcher with SpyTag [378], RIAD with RIDD [379], and
PDZ with PDZIlig [380], have been reported for the assembly of enzyme complex. (3) Both of DNA and RNA can be easily designed
to fold into various structures in vitro, forming simple structures such as sheets to very more complicated structures such as tubes
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and capsules [375,376]. It is more convenient to in vitro synthesize oligonucleotide as DNA or RNA scaffolds by using automate
oligonucleotide synthesis machines than protein scaffolds. However, the cost of DNA and RNA synthesis is far more expensive
than that of protein scaffolds, which may impair their applications on a large scale, especially for the production of biocommaodities.
Using nucleic acids for the construction of enzyme complex have been described by a recent review [381]. Recently, Prof. You
developed a method for carrier-free immobilization of multienzyme complex for converting starch to inositol. Through the
utilization of polypeptide interactions (SpyCatcher/SpyTag and dockerin/cohesin) and enzyme component self-oligomerization, the
multi-enzyme complex could form significant precipitation, which could be recycled easily by simple centrifugation [322].

4.5. NAD(P) Engineering

Living cells use NAD and NADP as electron carriers of catabolism and anabolism, respectively. To construct ivBT, NAD is
a preferred carrier to NADP due to better stability and lower cost [44]. Protein engineering for NAD(P) preference has been
implemented for long. A number of examples include from NADP to NAD [97,173,382-388], from NAD to NADP [389-393], and
relaxed or broadened the cofactor specificity [90,337,394-397]. To further enhance its stability, NAD can be conjugated with
dehydrogenases by chemical bonds, whereas its total-turn-over number could be as high as 100,000 at 80 <C [108].

Despite advances in NAD(P) engineering and immobilization, high cost of coenzymes NAD(P) may be the last obstacle to
industrial biomanufacturing of biocommodities by ivBT. ivBT and CEB have different requirement for coenzymes, the latter can
use natural NAD or NADP for the biosynthesis of high-value products. The use of less-costly and more stable biomimetic
nicotinamide coenzymes (BNCs) is perquisite of industrial biomanufacturing of biocommodities, such as isobutanol, 1,3-
propanediol, organic acids, and hydrogen [44,398,399]. Many BNCs, such as nicotinamide mononucleotide (NMN), 1-benzyl-3-
carbamoyl-pyridinium (BCP), 1-buta-3-carbamoyl-pyridinium (BuCP), 1-phenylethylnicotinamide, 1-(3-phenylpropyl)
nicotinamide, nicotinamide flucytosine dinucleotide, nicotinamide cytosine dinucleotide, carba-NAD(P), and so on, have been
investigated to replace NAD(P) for the hydride transfer [400—-404].

It is worth mentioning that a significant fraction of wild-type flavin-containing oxidoreductases can utilize small-size
biomimetic coenzymes (e.g., NMN and BCP), such as wild-type old yellow enzyme (OYE) [405,406], water-forming NADH
oxidase [407], and P450 mutants [336]. The catalytic efficiency of these OYEs on these BNCs could be better than those on natural
coenzymes [399,408].

Most wild-type dehydrogenases that did not contain flavin rarely utilize small-size BNCs, such as NMN and BCP. The activity
of horse liver alcohol dehydrogenase on BCP may be the first report [409]. However, this discovery was in question because the wild-
type enzyme may contain a small amount of NAD [410]. The Sieber group (another group working on ivBT for long) engineered
glucose dehydrogenase from Sulfolobus solfataricus with two mutation sites, which exhibits a ~10-fold activity increase on BCP* over
the wild-type enzyme [68]. Later, this enzyme was further improved with a 160-fold enhancement by the same group [99].

Because few NAD-dependent wild-type dehydrogenases have been reported to have very low activities on NMN [411,412],
the Scott group applied rational design to P. furiosus alcohol dehydrogenase and obtained a two-amino acid mutant that can generate
NMNH from NMN* [408]. Later, Li and his coworkers applied rational design to glucose dehydrogenase with a 107-fold coenzyme
specificity switch toward NMN* over NADP* [413], E. coli glutathione reductase [414], and Pseudomonas stutzeri phosphite
dehydrogenase [414].

In contrast to rational design, directed evolution is a powerful tool to modify enzymes’ substrate preference without detailed
understanding of their catalytic mechanisms. To address coenzyme stability and cost issue of ivBT [44], the Zhang group also has
worked on this area for long. First, they conducted coenzyme engineering to change coenzyme preference from NADP to NAD for
two dehydrogenases (i.e., glucose 6-phosphate dehydrogenase [90,108] and 6-phosphogluconate dehydrogenase [97]). Second, their
coenzymes were changed to NMN by semi-rational design and directed evolution [96]. To facilitate high-throughput screening of
dehydrogenases on NMN without noises from inherent NAD, they developed a convenient Petri-dish plate-based method, involving
heat lysis of cell colonies on plates, colony filter paper reprinting, colony washings, a colorimetric enzyme-coupled assay, and
digital imaging [96]. The T. maritima 6-phosphogluconate dehydrogenase mutant on NMN* was improved by a 50-fold
enhancement in catalytic efficiency and had a specific activity of 17.7 U/mg on NMN™, comparable to that of the wild-type 6PGDH
on its natural coenzyme NADP [96]. Recently, the Zymomonas mobilis glucose-6-phosphate dehydrogenase was engineered to
work on NMN [98]. Until now, the high-yield biohydrogen pathway could be implemented by using NMN rather than NAD and
NADP, implying a great cut in its production cost. (Note: Because NMN is a hot nutritional compound, its manufacturing cost has
been decreased to 500 CNY per kg in China.)

To address the coenzyme stability issue for ivBT, Prof. Sieber suggested another way—the use of a very stable biomimetic
coenzyme carba-NADP*, which has a 33-times longer half-life time of NADP at 50 <C [338]. Many wild-type NAD(P)-dependent
dehydrogenases can use this coenzyme without protein engineering [338].

4.6. Addition of Organelles

Although the key idea of ivBT is to simplify complicated living cells for implementing biomanufacturing purpose, it is not
surprising that ivSEBs would evolve to more complicated for more applications. For example, membrane-bound thylakoids in



Synthetic Biology and Engineering 2023, 1, 10013 21 of 36

chloroplasts are the photosynthetic organelles of green algae and plants, producing NADPH and ATP for its cellular activities. Prof.
Zhu and his coworkers added thylakoid membranes as a green engine to drive a five-enzyme cascade that converted acetate to
poly(3-hydroxybutyrate) (PHB). The molar conversion efficiency of carbon of 80.0% and the light-energy conversion efficiency of
3.04% were achieved [415]. Similarly, another work coupled thylakoid membranes with an ATP- and NADPH-dependent unnatural
CO:, fixation pathway constituted by 16 enzymes and achieved the production of glycolate from CO; and light energy [416]. These
results show great promise of using thylakoid membranes, with good mechanical stability, cost-effective extraction and purification,
and the ability to co-regenerate ATP and NADPH driven by light. Furthermore, there are opportunities of coupling enzymes with
other organelles, such as mitochondria, peroxisome, or lysosome for reaction compartmentalization.

4.7. System Optimization and Modeling

Experimental conditions of ivSEB, such as temperature, pH, optimal metal ions, and enzyme components can be optimized
for the high yield and fast reaction rate with one variable changed followed by another as conducted elsewhere [80].

Mathematical modeling can be conducted for ivSEBs at multiple levels from molecules to modules to systems [366]. The
relative simplicity of ivSEB compared to whole cells makes them far easier to simulate processes and predict optimal enzyme ratios
[44,417]. Taking enzymatic hydrogen as an example which has the starting point of ivBT, Prof. Zhang and his coworker [262]
developed a nonlinear kinetic model to analyze rate-limiting steps, suggesting that under the same unit loading conditions
hydrogenase and two dehydrogenases were responsible for catalyzing rate-limiting steps [262]. Furthermore, they fit the model
with experimental data by using a genetic algorithm, identified the most important enzymes by a global sensitivity analysis, used
optimizing enzyme ratios to increase model by volumetric productivity of hydrogen by more than 10-fold [169]. Later, Prof. Zeng
and his coworker [418] further improved this in silico model by using a genetic algorithm to solve a multi-objective optimization.
One set of solutions predicted to increase the reaction rate to 355 mmol/L/h by nearly another 10-fold [418]. Experimental data
demonstrated the fastest biohydrogen rate of more than 500 mmol Hx/L/h by a factor of 1000 [108].

5. Opportunities

Here we briefly discuss opportunities of the supporting technologies for ivBT.

First, it is needed to further develop ultra-low cost production of recombinant enzymes. Industrial production costs of some
secretory enzymes (e.g., protease, a-amylase, cellulase, glucoamylase, phytase, etc.) are as low as 100 CNY per kg of enzyme (dry
weight) and of intracellular recombinant enzymes are as low as 250 CNY per kg of enzyme [3,51]. We expect that it is possible to
make the least costly recombinant enzymes by transgenic plants with anticipated production costs of as low as 50 CNY per kg of
dry protein weight [3,419-421]. The low-cost production of oxygen-sensitive enzyme complexes (e.g., hydrogenase, nitrogenase,
CO: reductase) is still challenging on a large scale.

Second, in vitro regeneration of reduced biomimetic coenzymes replacing current enzymatic or chemical regeneration is more
and more important because the use of electricity eliminates the need for a sacrificial electron donor and results in the potentially
low cost, ease of separation and improved system simplicity [422]. The electrochemical NAD(P)H regeneration suffer from high
NAD costs due to the formation of inactive dimers and 1,6-NAD(P)H, high overpotential, low faradaic efficiency [423]. This
challenge may be partially addressed by the electrode surface modification [424], the use of redox mediators, such as viologen-
based redox hydrogel [425] and redox polymer [426]. It is worth noting that the best solution may develop biomimetic coenzymes
that cannot form a dimer when they are reduced by electricity plus coenzyme engineering of NAD-dependent dehydrogenases.

Third, it is essentially important to regenerate ATP in vitro, especially for ATP-intensive biotransformation, such as the CO»-
to-starch biosynthesis [53]. Although substrate phosphorylation for ATP regeneration has been widely used for in vitro enzymatic
biocatalysis [61], it is not suitable for some applications. Inspired by ATP synthase-based photophosphorylation and oxidative
phosphorylation [427], it is appealing to synthesize ATP by using generate a proton gradient across an artificial membrane
embedded ATP synthase. One of pioneering efforts was the synthesis of ATP by using FiFo-ATPase powered by proton
transmembrane gradient to drive ATP-synthase-involved phosphorylation [428-430]. In the past decade, considerable efforts have
been devoted to the biomimetic assembly of FiFo-ATPase in artificial membrane structures, including liposome, polymersome,
microsphere/microcapsule-supported lipid bilayers, layer-by-layer assembled multilayer-supported lipid bilayer, and planar solid-
supported lipid bilayers [431]. It is hypothesized that developing a novel electro-phosphorylation method that uses electricity to
generate proton gradient across a dual-functional membrane and ATP synthesis by a FiFo-ATPase embedded the artificial
membrane. If this technology is developed, more ivBT applications are expected. In 2023, Prof. Erb designed a minimal
electrobiological 3-4 enzyme module that allows direct regeneration of ATP from electricity. This breakthrough opens a great door
to the industrialization of ivBT for cost-competitive production of more products [432].

Fourth, it is a great opportunity to carry out ivBT in continuous flow microreactors on the scale of submillimeters to
submicrometers due to better process control, high quality data with integrated sensors, better mass phenomena for spatial and
temporal control of laminar flow [433,434]. Much higher volumetric productivity can be achieved due to very large enzyme to
substrate ratio and large surface/volume ratio to eliminate diffusion-related limitations [435,436].
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Lastly, there are so many opportunities in ivBT, such as the development of biomimetic CoA so that CoA-dependent enzymes
can be used in ivSEB, artificial electron transfer chains (ETCs) for fast reaction rate and Faraday efficiency [108], artificial mem-
branes embedded with membrane enzymes [431], organelles [415], and so on.

6. Conclusions

Now humankind has such great needs as the sustainable development, the carbon-neutral renewable energy system, and food
security to feed more than 8 billion people. This new biomanufacturing platform ivBT features theoretical product yields, high
energy efficiencies, and potential low-biomanufacturing costs. To partially address food security, the economically viable bioman-
ufacturing of ivBT of agriculture residues to edible food/feed would come into being within this decade (Figure 11). Furthermore,
the partial land switch from the cultivation of annual grain crops to the cultivation of perennial crops and next biorefining could
address food security, decrease fresh water withdrawal, upside down carbon-emitting modern agriculture to carbon farming, main-
tain better biodiversity, and so on [28]. Large-scale implementation of CO,-to-starch artificial photosynthesis could lead to the
starch-centered carbon-neutral energy system (Figure 13), which would solve challenges, such as electricity and hydrogen storage
challenges, CO; utilization, fresh water conservation, and maintenance of a small closed ecosystem for human survival in emer-
gency situations [29,30]. We believe that ivBT is becoming a disruptive biomanufacturing platform to address several of the most
important challenges in the sustainability revolution.
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Figure 13. Schematic presentation of the starch-centered carbon-neutral economy [29,52], where starch is a high-density hydrogen carrier, an
electricity storage compound, food/feed source and a bioplastic component. In it, ivBT would play a central role in artificial photosynthesis for
starch synthesis [53] and reverse artificial photosynthesis for production of hydrogen [47,252] or electricity [30,52,67].
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