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High-Yield Production of Biohydrogen from
Carbohydrates and Water Based on In Vitro
Synthetic (Enzymatic) Pathways

Jae-Eung Kim and Yi-Heng Percival Zhang

Abstract Distributed production of green and low-cost hydrogen from renewable

energy sources is necessary to develop the hydrogen economy. Carbohydrates, such

as cellulose, hemicellulose, starch, sucrose, glucose, and xylose, are abundant

renewable bioresources and can provide the source of hydrogen. In this chapter,

in vitro synthetic (enzymatic) pathways that overcome the limiting yields of

hydrogen-producing microorganisms are discussed. These in vitro synthetic path-

ways produce hydrogen with theoretical yields from polymeric and monomeric

hexoses or xylose with water of 2 mol of hydrogen per carbon molecule of

carbohydrate. In the past years, hydrogen production rate of in vitro synthetic

enzymatic pathways has been improved to 150 mmol/L/h by 750-fold through

systematic optimization. All of the thermostable enzymes used in the pathways

have been recombinantly produced in E. coli, and some of them are immobilized for

enhanced stability and simple recycling. Redox enzymes are being engineered to

work on low-cost and highly stable biomimetic coenzymes. It is expected that

low-cost green hydrogen can be produced at $2.00/kg hydrogen in small-sized

atmospheric pressure bioreactors in the future.
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3.1 Introduction

3.1.1 Hydrogen

Dihydrogen gas is a colorless, odorless, but very flammable diatomic molecule.

Later on throughout this chapter, hydrogen is used to mean dihydrogen gas for

convenience. Hydrogen atoms widely exist in natural inorganic and organic mat-

ters, such as water, hydrocarbons, and carbohydrates. Hydrogen has been proposed

as a future alternative fuel to reduce our demand on traditional fossil fuel-based

energy consumption due to its clean energy property, enhanced energy conversion

efficiency, and high specific energy density (J/kg) [7, 9, 54]. The combustion or

electrochemical conversion of hydrogen produces only water as a final by-product.

Vehicles equipped with hydrogen fuel cells are far more energy efficient than

traditional internal combustion engine-based vehicles [53]. For example, Toyota

will start producing a large number of affordable hydrogen fuel cell vehicles at

selling prices of $~50,000 in 2016. Hydrogen also has a higher specific mass energy

density than any other fuel sources including gasoline and diesel. However, the low

volumetric energy density of hydrogen is currently the biggest issue for its practical

use. Thus, the development of new types of green hydrogen production and storage

technology remains as challenges.

3.1.2 Hydrogen Production Approaches

Currently most hydrogen is produced from natural gas or coals through a reforming

process or gasification followed by water shifting, respectively. These processes are

not environment-friendly, releasing CO2, and the resources are not sustainable.

Therefore, the use of hydrogen produced in such ways would have little impact on

reducing our demand on traditional fossil fuel-based energy sources [43]. Alterna-

tively, hydrogen can be generated by splitting water molecules with high-

temperature thermal energy sources or electricity. Direct splitting of water mole-

cules requires high-temperature thermal energy over 2,000 �C [43]. Sulfur-based

thermochemical decomposition of water with heterogeneous metal oxide catalysts

can take place at much lower temperatures than direct thermal decomposition, but it

still requires at least 750 �C or higher [14]. The thermal energy required for water

splitting can be derived from solar energy. Water splitting by solar energy to

generate hydrogen, however, is a very slow and inefficient process due to

photocatalysts using limited range of visible light and low insolation flux (e.g.,

~200 W/m2) [30, 58]. Most photocatalytic water-splitting processes have shown

their production rate less than 1 mmol H2/L/h [23]. Much higher rates of hydrogen

production can be achieved with electricity. A stationary electrolyzer with current

technology has been reported to be able to generate hydrogen from water at the rate

of about 40 mol/L/h [22]. In spite of such high hydrogen production rates and purity
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of hydrogen generation by water electrolysis, its practical applicability is limited

due to its high production cost (e.g., ~0.05 US dollars per kWh of electricity). Water

electrolysis cannot be free from environmental issues as long as the electricity for

electrolyzers is generated from coal or natural gas-powered electric generators [17].

Solar energy and electricity can also be applied to microorganisms to produce

hydrogen through photo-fermentation and microbial electrolysis cells (MECs),

respectively. Dark fermentation has a theoretical maximum hydrogen production

yield of 4 mol of hydrogen per mole of glucose (~33 % efficiency) because of the

Thauer limit [42]. Practical efficiency of dark fermentation would be lower than the

Thauer limit [16, 21]. Microbial electrolysis cells can achieve much higher effi-

ciencies of about 80 %, but high costs of apparatus and slow production rates

(~5.4 mmol H2/L/h) are the biggest challenges for large-scale hydrogen production

from MECs [17, 28]. Overall, microbial fermentation is not an efficient way to

produce hydrogen because of the microbial basal metabolism that competes with

hydrogen production and eventually reducing the overall product yield.

3.1.3 In Vitro (Cell-Free) Enzymatic Pathways for Water
Splitting

In vitro synthetic biosystems for water splitting can produce high-purity (i.e., zero

CO production) hydrogen with high yields and rates [59]. In vitro synthetic

biosystems are a new cell-free platform that assembles a number of (purified)

enzymes and cofactors into different in vitro synthetic (enzymatic) pathways for

implantation of various desired biochemical reactions [2, 10, 59, 63]. The optimal

reaction condition for numerous enzymes can be found by examining different

buffers, such as HEPES, Tris and PBS, a broad range of pH, and cofactor concen-

trations, and also multi-metal ions, such as Mg2+ and Mn2+, to meet trade-off needs

of different enzymes. If all enzymes are thermostable, high reaction temperature

could be chosen as an optimal condition. These synthetic pathways can utilize

different carbohydrates and ambient thermal energy as energy inputs to overcome

thermodynamically unfavorable water-splitting reactions to produce hydrogen at

mild conditions (below 100 �C). Near theoretical yields of 12 mol of hydrogen per

mole of glucose unit consumed have been achieved [50, 60]. More important

feature of these synthetic pathways is that they are able to produce hydrogen by

absorbing low-temperature waste heat [63]. As the result, endothermic water-

splitting reactions can generate more output of chemical energy in the form of

hydrogen than input of chemical energy from carbohydrates and water (i.e., 122 %

energy efficiency in terms of higher heating values). It is possible to achieve the

energy efficiency over 100 % because the water-splitting reaction is a very unique

entropy-driven chemical reaction [60]. The in vitro synthetic biosystem for water

splitting is more advantageous for hydrogen production than microbial fermenta-

tion and photocatalytic water-splitting systems, because of the absence of cellular
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membranes and microbial complexity that lower mass transfer and increase bio-

catalyst density [37]. The highest hydrogen production rate achieved by an in vitro

synthetic pathway is about 150 mmol/L/h [38], while microbial fermentation has

been reported to produce hydrogen with the rate of 1.96 mol/L/h [52].

3.2 Design of In Vitro Synthetic Enzymatic Pathways

In vitro synthetic pathways for water splitting powered by carbohydrates are

reconstituted nonnatural catabolic pathways consisting of more than ten enzymes

in four modules: (1) generation of phosphorylated sugars from poly- or mono-

saccharides without ATP, (2) NADPH generation via the oxidative pentose phos-

phate pathway (PPP), (3) hydrogen generation, and (4) G6P regeneration via the

non-oxidative PPP and gluconeogenesis (Fig. 3.1 and Table 3.1). From the first

module, poly- or monosaccharides are converted to their phosphorylated sugar units

by phosphorylases or kinases without the use of ATP. For example, the phosphor-

ylation of starch to glucose 1-phosphate units is catalyzed by starch phosphorylase,

and different sugar substrates are catalyzed by different enzymes, cellodextrins and

cellobiose by cellodextrin and cellobiose phosphorylases, sucrose by sucrose phos-

phorylase, glucose by polyphosphate glucokinase, and xylulose by polyphosphate

xylulokinase. All poly- and oligosaccharides are phosphorylated to be glucose

1-phosphate, which is converted to glucose 6-phosphate by phosphoglucomutase,

and then enter the second module reactions to generate NADPH. Xylose takes a

different pathway to that catalyzed by xylose isomerase and polyphosphate

xylulokinase to produce xylulose 5-phosphate. During the NADPH generation,

glucose 6-phosphate (six-carbon sugar) enters the oxidative pentose phosphate

pathway and becomes ribulose 5-phosphate (five-carbon sugar) by generating

2 mol of NADPH, releasing 1 mol of CO2, and absorbing 1 mol of water molecule.

When 1 mol of six-carbon sugar is completely consumed, 6 mol of CO2 are released

with the generation of 12 mol of NADPH. Each mole of NADPH is equivalent to

1 mol of hydrogen production catalyzed by NADPH-dependent hydrogenase. Thus,

in the hydrogen generation module, 12 mol of hydrogen can be produced when

1 mol of six-carbon sugar is consumed for water splitting. In the non-oxidative

pentose phosphate pathway, ribulose 5-phosphates are converted to fructose

6-phosphates and glyceraldehyde 3-phosphates via a carbon skeleton

rearrangement. During the G6P regeneration module, a pair of glyceraldehyde

3-phosphates and dihydroxyacetone phosphate is combined to form a fructose

6-phosphate by multiple enzymes via the gluconeogenesis pathway. At this step,

one extra mole of water molecule is absorbed by fructose 1,6-bisphosphatase.

Finally, all fructose 6-phosphates are catalyzed to regenerate equal moles of

glucose 6-phosphate which enter back to the NADPH generation module by

completing the cofactor-balanced synthetic pathway for water splitting. The overall
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reaction of this in vitro synthetic pathway for water splitting can be summarized by

the equation (Eq. 3.1) as shown in Table 3.1. All of the enzymes used for this

hydrogen-producing pathway are listed in Table 3.2.

CH2O aqð Þ þ H2O lð Þ ! 2H2 gð Þ þ CO2 gð Þ ð3:1Þ

Fig. 3.1 ATP-free cofactor-balanced pathway for hydrogen generation from various types of

carbohydrates with water

Table 3.1 Net reactions of each module and the overall reaction of in vitro synthetic biosystem

for water splitting

Modules Net reactions

Module #1 C6H10O5 + H3PO4 (¼ Pi) ! glucose-6-P

Module #2 (oxidative phase)

� 6

6 � (glucose-6-P + 2 NADP+ + H2O ! ribulose-5-P +

2 NADPH + 2 H+ + CO2)

Module #2 (non-oxidative

phase) � 2

2 � (3 ribulose-5-P ! 2 fructose-6-P + glyceraldehyde-3-P)

Module #3 � 12 12 � (NADPH + H+ ! NADP+ + H2)

Module #4 2 glyceraldehyde-3-P + H2O ! fructose-6-P + Pi

Module #4 � 5 5 � (fructose-6-P ! glucose-6-P)

Final reaction equation: C6H10O5 þ 7H2O ! 12H2 þ 6CO2
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Table 3.2 Enzymes used for in vitro synthetic biosystem for water splitting

Modules E.C. #

Enzyme names

(abbreviations) Reactions

Substrate

phosphorylation

2.4.1.1 Glycogen phosphory-

lase (αGP)
Glycogen(n) + Pi ! glucose-1-P +

glycogen(n – 1)

2.4.1.49 Cellodextrin phosphor-

ylase (CDP)

Cellodextrin(n) + Pi ! glucose-1-P +

cellodextrin(n – 1)

2.4.1.20 Cellobiose phosphory-

lase (CBP)

Cellobiose + Pi ! glucose-1-P +

glucose

2.4.1.7 Sucrose phosphorylase

(SP)

Sucrose + Pi ! glucose-1‐P + fructose

5.3.1.5 Glucose isomerase

(GI)

Fructose ! glucose

2.7.1.63 Polyphosphate gluco-

kinase (PPGK)

Glucose + (Pi)n ! glucose-1‐P + (Pi)n-1

5.4.2.2 Phosphoglucomutase

(PGM)

Glucose-1‐P ! glucose-6‐P

5.3.1.5 Xylose isomerase (XI) Xylose ! xylulose

2.7.1.17 Polyphosphate

xylulokinase (PPXK)

Xylulose + (Pi)n! xylulose-5‐P + (Pi)n-1

NADPH

generation

1.1.1.49 Glucose-6-phosphate

dehydrogenase

(G6PDH)

Glucose-6‐P + NADP+ + H2O !
6-phosphogluconate + NAHPH + H+

1.1.1.44 6-phosphogluconic

dehydrogenase

(6PGDH)

6-phosphogluconate + NADP+ !
ribulose-5-P +NADPH + CO2

5.3.1.6 Ribose 5-phosphate

isomerase (RPI)

Ribulose-5-P ! ribose-5-P

5.1.3.1 Ribulose-5-phosphate

3-epimerase (RPE)

Ribulose-5-P ! xylulose-5-P

2.2.1.1 Transketolase (TK) Xylulose-5-P + ribose-5-P !
sedoheptulose-7-P + glyceraldehyde-3-P

2.2.1.1 Transketolase (TK) Xylulose-5-P + erythrose-4-P ! fruc-

tose-6-P + glyceraldehyde-3-P

2.2.1.2 Transaldolase (TAL) Sedoheptulose-7-P + glyceraldehyde-3-

P ! fructose-6-P + erythrose-4-P

Hydrogenation 1.12.1.3 Hydrogenase (H2ase) NADPH + H+ ! NADP+ + H2

G6P

regeneration

5.3.1.1 Triose-phosphate

isomerase (TIM)

Glyceraldehyde-3-P ! dihydroxyace-

tone phosphate

4.1.2.13 Aldolase (ALD) Glyceraldehyde-3-P + dihydroxyace-

tone phosphate ! fructose-1,6-

bisphosphate

3.1.3.11 Fructose-1,6-

bisphosphatase (FBP)

Fructose-1,6-bisphosphate + H2O !
fructose-6-P + Pi

5.3.1.9 Phosphoglucose

isomerase

Fructose-6-P ! glucose-6-P
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3.3 Examples of Hydrogen Production from
Carbohydrates

3.3.1 Hydrogen Production from Starch and Cellodextrins

In vitro enzymatic pathways to produce hydrogen from carbohydrates were first

demonstrated by Woodward and colleagues using glucose, xylose, or sucrose with

only a couple of enzymes [47, 48]. These simple enzymatic pathways could achieve

less than 10 % of the theoretical yields of sugars, due to only one NADPH

generation per hexose or pentose. To complete the oxidation, the oxidative pentose

phosphate cycle was coupled with hydrogenase to produce hydrogen from glucose

6-phosphate, resulting in about 96 % of the theoretical yield [49]. High cost of

glucose 6-phosphate prevents its practical application. These in vitro synthetic

pathways were further improved by Zhang and collaborators to demonstrate hydro-

gen production from different types of carbohydrates: starch [60], cellulosic mate-

rials [50], xylose [31], and sucrose [32]. The first hydrogen production from starch

by an in vitro synthetic enzymatic pathway proved its feasibility to produce

low-cost hydrogen from inexpensive starch without ATP by achieving a high

production yield surpassing the theoretical production yield of dark fermentation

[60]. Most enzymes used for this proof-of-principle experiment producing hydro-

gen from starch were off-the-shelf enzymes, and the enzymatic pathway exhibited a

production rate of 0.4 mmol/L/h with 43 % yield (5.2 mol H2/mol glucose con-

sumed) (Table 3.3). A couple of years later, the hydrogen production rates and

yields were enhanced to 0.5 mmol/L/h with 93 % yield and 3.9 mmol/L/h with 68 %

yield when cellobiose or cellodextrins were used as a substrate, respectively, and

through minor optimizations including increased substrate concentration, reaction

temperature, and more rate-limiting enzyme loadings [50] (Table 3.3). The hydro-

gen production rate using cellodextrins was greatly improved by increasing hydrog-

enase loading and substrate concentration to 8 mM. However, low-yield hydrogen

production was observed due to the incomplete reaction. Cellobiose and

cellodextrins were prepared as hydrolytic products of cellulose through incomplete

enzymatic or mixed acid hydrolysis, respectively.

Table 3.3 Comparison of hydrogen production rates and yields from different carbohydrates

Substrate

Conc.

(mM)

Reaction

temperature (�C)
H2 production rates

(mmol H2/L/h)

Yield

(%) Ref.

Starch 1 30 0.4 43 [60]

Cellobiose 2 32 0.5 93 [50]

Cellodextrins

(cellopentaose)

8 32 3.9 68 [50]

Xylose 2 50 2.2 96 [31]

Sucrose 2 37 3.0 97 [32]

G6P 100 60 150 – [38]

Biomass sugar 3.19 40 2.3 100 [36]

G6P 100 50 54 – [36]
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3.3.2 Hydrogen Production from Xylose

Hemicellulose is another major component of lignocellulosic biomass besides

cellulose. Xylose is the most abundant pentose and the major component of

hemicellulose. Xylose composes about 20–30 % of lignocellulosic biomass by

weight [31]. Thus, it is essential to use not only cellulosic materials but also the

major portion of hemicellulosic materials to produce low-cost hydrogen from

renewable carbohydrates. One mole of xylose can theoretically produce 10 mol

of hydrogen by splitting 5 mol of water molecule when completely oxidized to

carbon dioxide (Eq. 3.2). Since xylose is a five-carbon sugar, the in vitro synthetic

pathway was modified by replacing hexose-phosphorylating enzymes with xylose

isomerase and polyphosphate xylulokinase (Fig. 3.1). The hydrogen production

from xylose exhibited the production rate of 2.2 mmol/L/h with 96 % yield

(Table 3.3). Such high-yield hydrogen production was achieved with the addition

of extra polyphosphate driving the reaction to completion (Fig. 3.2a), and the

relatively high production rate was achieved with increased reaction temperature

to 50 �C:

C5H10O5 aqð Þ þ 5H2O lð Þ ! 10H2 gð Þ þ 5CO2 gð Þ ð3:2Þ

3.3.3 Hydrogen Production from Sucrose

Sucrose, also known as table sugar, is one of the cheapest carbohydrates because of

its simple production process and abundance of cultivated sugar crops: sugarcane

and sugar beets. Sucrose is a disaccharide composed of glucose and fructose.

Therefore, two additional enzymes are required to convert fructose to equal

moles of glucose 6-phosphate. An in vitro synthetic enzymatic pathway consisting

of total 15 enzymes was designed to catalyze water-splitting process producing

hydrogen powered by sucrose [32]. The hydrogen production from sucrose

achieved the production rate of 3.0 mmol/L/h with 97 % yield (Fig. 3.2b). When

Fig. 3.2 Hydrogen production profiles from xylose (a), sucrose (b), and glucose 6-phosphate (c).
(Reproduced with permission from [31, 32, 36])
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increased sucrose concentration, the maximum hydrogen production rate was as

high as 9.7 mmol/L/h [32].

3.3.4 Hydrogen Production from Biomass Sugars

The complete conversion of glucose and xylose from plant biomass to hydrogen

and carbon dioxide has been achieved via an in vitro synthetic enzymatic pathway.

Pretreated biomass was hydrolyzed to glucose and xylose by using a commercial

cellulase. Glucose and xylose were simultaneously converted to hydrogen with the

theoretical yield of 2 mol of hydrogen per each carbon molecule [36]. A genetic

algorithm was used to find the best fitting parameters of a nonlinear kinetic model

with experimental data. Global sensitivity analysis was used to identify the key

enzymes that have the greatest impact on reaction rate and yield. After optimization

of enzyme loadings using computational modeling and data analysis methods, the

hydrogen production rate could be increased to 32 mmol/L/h. The production rate

was further enhanced to 54 mmol/L/h by increasing reaction temperature, substrate,

and enzyme concentrations. The production of hydrogen from locally produced

biomass is a promising means to achieve global green hydrogen production.

3.3.5 High-Rate Hydrogen Production from Glucose
6-Phosphate

High-yield hydrogen production from these different carbohydrates has opened up

a new way to produce low-cost hydrogen from renewable biomass. In the past

years, the hydrogen production rate has been increased to 150 mmol/L/h by

750-fold when glucose 6-phosaphte is used as a substrate by an in vitro synthetic

enzymatic pathway (Fig. 3.2c) [38, 49]. All enzymes used in the pathway have been

replaced with recombinant thermostable enzymes produced in E. coli. Some of

these enzymes are immobilized to enhance their stability. Hydrogen production

rates and yields from different carbohydrates are summarized in Table 3.3.

3.4 Technical Obstacles to Low-Cost H2 Production

To achieve low-cost hydrogen production from carbohydrates, a few obstacles have

to be overcome. The ultimate hydrogen production costs are strongly related to the

following factors: costs of substrate, enzyme cost, cofactor cost, and product-

related downstream processing cost especially for product separation and purifica-

tion [61]. It has been shown that the in vitro synthetic biosystem can produce
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hydrogen from various types of carbohydrates in near theoretical yields. Therefore,

the use of inexpensive, abundant carbohydrate sources, such as cellulosic and

hemicellulosic materials, to produce hydrogen can solve one of the major obstacles.

Gaseous products can be easily separated and purified from the aqueous phase

enzymatic reaction, leaving the other two obstacles unsolved. Hydrogen production

rate is also an important factor, because it determines potential implementation of

low-cost hydrogen production techniques from carbohydrates mainly related to

capital investment.

3.4.1 Enzyme Cost and Stability

Enzyme costs are highly related to their production costs, turnover number (TTN),

and stability. The current production costs for enzymes produced as recombinant

proteins in E. coli at lab scales are high, for example, $~1,000,000 per kg of dry

protein, but it is expected that their production costs will decrease to the level of

industrial bulk enzyme production costs of around $5–100 per kg of dry protein

[57]. Increasing TTNs can decrease enzyme costs exponentially through increasing

enzyme efficiency [55]. It is estimated that TTNs over 108–109 are required to

reduce enzyme costs low enough for industrial-scale use [11, 12, 51]. High TTNs

can be achieved by using thermostable enzymes from thermophilic microbes, or

through enzyme immobilization [33, 44, 54].

The use of thermostable enzymes can decrease their production costs by decreas-

ing enzyme purification costs. Thermostable enzymes cloned from thermophilic

microbes, such as Thermotoga maritima, can be stable at 60–70 �C, which is higher
than the temperature where most of the other enzymes cloned from mesophilic

hosts are stable. Therefore, purification procedures retaining only soluble thermo-

stable enzymes after treating at high temperature for relatively short times (10–

30 min) make it a simple and cost-effective way to purify target enzymes from cell

lysates. Simple enzyme purification will eventually lower the overall production

costs.

Enzyme immobilization is a technique in a relatively mature stage, and various

immobilization techniques have been introduced and used to improve TTNs,

enzyme stability, and catalytic efficiency [24, 33, 41]. Among many techniques,

the cellulose-binding module (CBM) tagged protein immobilization combines

enzyme purification and immobilization into one step [18]. This simple one-step

enzyme purification and immobilization technique showed about an 80-fold

enhanced half-life time of phosphoglucose isomerase (PGI) when the enzyme

with CBM tag was immobilized on regenerated amorphous cellulose (RAC)

(Fig. 3.3) [33]. Enzyme immobilization also enables enzymes to be recyclable.

Enzymes immobilized on magnetic nanoparticles (MNPs) have shown to improve

enzymatic reactions rates and also be able to recycle simply by using a magnetic

force [34]. Green fluorescent protein (CBM-TGC) was used to demonstrate simply

selective recycling of CBM-tagged GFP immobilized on Avicel-containing MNPs
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(A-MNPs) (Fig. 3.4). As the result of selective recycling, enzyme-related costs can

be greatly reduced.

Protein protection additives, such as ligands and salts, have been studied as a

simple approach to enhance enzyme storage and reaction stability. DMSO and

glycerol are popular additives as cryoprotectants, stabilizing proteins during multi-

freezing-and-thawing cycles. Various polyethylene glycols have been used as

thermoprotectants. Thermostability of trypsin was increased from 49 to 93 �C
without deteriorating its catalytic properties in the presence of glycol chitosan

[13]. Amines, polyethylene glycol, and glycerol as additives improved catalase

storage stability as well as its enzymatic performance in high temperature and

alkaline pH [6]. These additives may, however, be potential inhibitors to the

reaction system [19]. Therefore, additional dialysis or ultrafiltration may be

required before the reactions.

Fig. 3.3 Comparison of thermal stability between free PGI (a) and immobilized PGI (b) in

different concentrations (Reproduced with permission from Myung et al. [33])

Fig. 3.4 Selective recycling of enzymes immobilized on Avicel-containing magnetic

nanoparticles (A-MNPs) (a). The simple process of collecting CBM-tagged green fluorescent

proteins (CBM-TGC) adsorbed on A-MNPs by a magnetic force (b) (Reproduced with permission

from Myung et al. [34])
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3.4.2 Enzymatic Reaction Rates

Reaction rate is an important factor for determining potential applications of the

enzymatic reaction and capital investment. Currently, the fastest hydrogen produc-

tion rate achieved by an in vitro synthetic enzymatic pathway is about 150 mmol/L/

h (¼0.3 g H2/L/h) [38]. This current rate is the fastest enzymatic hydrogen produc-

tion from sugars and fast enough for distributed hydrogen generators, but it is

slower than the need of on-demand hydrogen production for hydrogen fuel cell

vehicles. It is anticipated that the production rate can be improved to 20 g H2/L/h

because microbial fermentation, which is usually slower than cell-free enzymatic

reactions, has already achieved a production rate of over 20 g H2/L/h [5, 54,

62]. Approaches made to increase enzymatic hydrogen production rate include

elevated reaction temperature, optimized enzyme ratio, high substrate concentra-

tion, high enzyme loading, and substrate channeling among cascade enzymes. The

substrate channeling was done by co-immobilizing multiple cascade enzymes, so

that the local enzyme concentration is increased and susceptible intermediates have

less time exposed to reaction solutions [20]. The cluster of multi-enzymes held by

co-immobilizing scaffoldins results in increased reaction rates. Three important

cascade enzymes, TIM, ALD, and FBP, in the enzymatic hydrogen production were

expressed with dockerin domain which can self-assemble with mini-scaffoldin for

co-immobilization on A-MNPs (Fig. 3.5a) [34]. In comparison with

non-immobilized enzymes, the co-immobilized enzyme complex results in about

4.6 times increased reaction rate (Fig. 3.5b).

3.4.3 Cofactor Cost and Stability

Cofactors are chemical compounds required for enzymatic reactions, such as ATP

and NAD(P)H. The issues from cofactor costs and stability have been addressed by

various approaches including cofactor recycling systems [25, 46] and use of

low-cost stable biomimetic cofactors [1, 29]. Although the regeneration of natural

cofactors through recycling systems is economically beneficial to most current

enzymatic reactions, the most farsighted solution would be to replace native

cofactors with low-cost stable biomimetic cofactors. The structures of natural

cofactors and biomimetic cofactors are shown in Fig. 3.6 with their estimated prices

(USD, 2015). By sharing the nicotinamide moiety as a universal binding site for

electron carriers, these natural and biomimetic cofactors vary in the chemical

structures bound to the nitrogen atom in pyridine (Fig. 3.6). The alternative natural

cofactors and biomimetic cofactors with simpler structures than NADP or NAD are

estimated to have lower costs. However, most wild-type redox enzymes have no

activities with such biomimetic cofactors. A number of studies have been done to

change the cofactor specificity or preference through cofactor engineering. Cofac-

tor engineering has three major types of approaches: rational design, directed
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evolution, or swapping modules. Using these approaches, a number of studies have

shown their redox enzymes with changed cofactor preferences from NADP to NAD

[3, 8, 39], or from NAD to NADP [15, 45]. In 2012, Scott et al. discovered that their

engineered alcohol dehydrogenase for broadened cofactor specificity and improved

activity with NAD can utilize a minimal natural cofactor, NMN [4]. Fish

et al. proposed the use of 1-benzyl-3-carbamoyl-pyridinium (BNA) as a biomimetic

cofactor to replace NAD(P)H and discovered that two wild-type enzymes, horse

liver alcohol dehydrogenase and monooxygenase, can actually utilize this cofactor

[26, 27]. Clark collaborated with Fish and demonstrated that engineered P450 with

two amino acid mutations can utilize BNA as a cofactor [40]. Recently, a large

international collaborative group synthetized another biomimetic cofactor, 1-butyl-

3-carbamoyl-pyridinium (BuNA), and demonstrated that wild-type enoate reduc-

tase can utilize it as a cofactor [35]. In most cases, such changes will decrease

Fig. 3.5 The cascade enzymatic reaction among co-immobilized enzymes on MNPs for substrate

channeling (a). Comparison of the reaction rates among free enzymes, non-immobilized enzyme

complex, and the enzyme complex immobilized on A-MNP (b) (Reproduced with permission

from Myung et al. [34])

Fig. 3.6 Structures and estimated prices of natural cofactors (A, B), alternative natural cofactors
(C, D), and biomimetic cofactors (E–G)
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apparent activities greatly. The best example may be the engineered P450. The

mutant P450 (W1064S/R966D) exhibited its activity on biomimetics up to seven

times of that of wild-type enzyme on NADH [40]. Cofactor engineering is in its

early stage, but its success will greatly influence enzymatic synthesis of organic

chemicals and in vitro synthetic biosystems for biocommodity production.

3.5 Conceptual Obstacles to Enzymatic H2 Production

In vitro synthetic biosystems consist of numerous enzymes as building bricks,

enzyme complexes as building modules, and/or (biomimetic) coenzymes. These

many components are assembled into in vitro synthetic pathways for implementing

complicated bioreactions. They emerge as an alternative solution for accomplishing

desired biotransformation without concerns of cell proliferation, complicated cel-

lular regulation, and side-product formation. In addition to the capability of achiev-

ing high product yields as the most important advantage, in vitro synthetic

biosystems feature several other biomanufacturing advantages, such as fast reaction

rates, easy product separation, open process control, broad reaction conditions, and

tolerance to toxic substrates or products.

The largest obstacle to the enzymatic hydrogen production is conceptual change.

Microbe-based fermentation has been used by human beings for more than

10,000 years. As a result, most biotechnologists believe that living microbes are

the best biocatalysts because they can duplicate themselves. Indeed, the primary

goal of living microbes is their proliferation while bioconversions are side effects.

Consequently, the success of several examples is needed to convince biotechnolo-

gists of accepting a new paradigm of in vitro synthetic biosystems.

3.6 Conclusions and Future Outlook

Hydrogen is an important commodity chemical with a global market size of

approximately 100 billion US dollars. High-yield hydrogen has been produced

from carbohydrates and water catalyzed by in vitro synthetic enzymatic pathways.

The overall hydrogen production costs are mainly proportional to carbohydrate cost

[59]. Assuming a substrate cost contributes a major portion of hydrogen product

cost, it is expected that hydrogen can be produced at costs less than $2.00/kg

hydrogen when the technology is well developed [59] (Fig. 3.7). Carbohydrates

are the most abundant renewable natural resources on earth, and they are estimated

to cost about $1.50/kg accounting for 75 % of the prospective hydrogen production

cost [59] (Fig. 3.7). The next biggest portion of the hydrogen production cost is

from the initial capital investment and operating expense accounting for about

17 %. The sum of capital and operating expenses would be about $0.35/kg hydro-

gen according to the similar expenses based on anaerobic digestion. Enzyme and
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cofactor costs account for 7 % and 1 % of the enzymatic hydrogen production cost,

respectively, when their TTN values are more than 109 and 107, respectively.

High-yield hydrogen production from carbohydrates will open up several poten-

tial applications for the hydrogen economy, where hydrogen is an alternative

transportation fuel or a short-term electricity storage carrier. The potential applica-

tions include from small-sized distributed hydrogen refueling stations (e.g., 1–2 kg

per day for a single house, or 50–200 kg for village) to the most ambitious

application, such as a sugar fuel cell vehicles [53, 56].

The potential global market size for hydrogen as a future energy carrier

replacing gasoline and diesel could be trillions of dollars. Such great potential,

along with a bright future featuring enhanced energy conversion efficiency, nearly

zero pollutants, and zero greenhouse gas emissions, will motivate the world to solve

the remaining obstacles within next decades.
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6. Costa SA, Tzanov T, Carneiro AF, Paar A, Gübitz GM, Cavaco-Paulo A. Studies of stabili-

zation of native catalase using additives. Enzyme Microb Technol. 2002;30(3):387–91.

Fig. 3.7 Prospective H2 production cost and its contribution factors: substrate costs, enzyme

costs, cofactor costs, and initial capital expense with operating expense

3 High-Yield Production of Biohydrogen from Carbohydrates and Water Based on. . . 91



7. Crabtree GW, Dresselhaus MS, Buchanan MV. The hydrogen economy. Phys Today. 2004;57

(12):39–44.

8. Dohr O, Paine MJI, Friedberg T, Roberts GCK, Wolf CR. Engineering of a functional human

NADH-dependent cytochrome P450 system. Proc Natl Acad Sci U S A. 2001;98(1):81–6.

9. Dresselhaus MS. Basic research needs for the hydrogen economy. Abstr Pap Am Chem

S. 2004;227:U1084–5.

10. Dudley QM, Karim AS, Jewett MC. Cell‐free metabolic engineering: biomanufacturing

beyond the cell. Biotechnol J. 2015;10(1):69–82.

11. Eijsink VGH, Bjork A, Gaseidnes S, Sirevag R, Synstad B, van den Burg B, Vriend

G. Rational engineering of enzyme stability. J Biotechnol. 2004;113(1–3):105–20.

12. Eijsink VGH, Gaseidnes S, Borchert TV, van den Burg B. Directed evolution of enzyme

stability. Biomol Eng. 2005;22(1–3):21–30.

13. Fernández L, G�omez L, Ramı́rez HL, Villalonga ML, Villalonga R. Thermal stabilization of

trypsin with glycol chitosan. J Mol Catal B: Enzym. 2005;34(1):14–7.

14. Ginosar DM, Petkovic LM, Glenn AW, Burch KC. Stability of supported platinum sulfuric

acid decomposition catalysts for use in thermochemical water splitting cycles. Int J Hydrogen

Energy. 2007;32(4):482–8.

15. Glykys DJ, Banta S. Metabolic control analysis of an enzymatic biofuel cell. Biotechnol

Bioeng. 2009;102(6):1624–35.

16. Hallenbeck PC, Benemann JR. Biological hydrogen production; fundamentals and limiting

processes. Int J Hydrogen Energy. 2002;27(11):1185–93.

17. Holladay JD, Hu J, King DL, Wang Y. An overview of hydrogen production technologies.

Catal Today. 2009;139(4):244–60.

18. Hong J, Wang YR, Ye XH, Zhang Y-HP. Simple protein purification through affinity adsorp-

tion on regenerated amorphous cellulose followed by intein self-cleavage. J Chromatogr

A. 2008;1194(2):150–4.

19. Iyer PV, Ananthanarayan L. Enzyme stability and stabilization—aqueous and non-aqueous

environment. Process Biochem. 2008;43(10):1019–32.

20. Jia F, Narasimhan B, Mallapragada S. Materials-based strategies for multi-enzyme immobi-

lization and co-localization: a review. Biotechnol Bioeng. 2014;111(2):209–22.

21. Kleerebezem R, van Loosdrecht M. Mixed culture biotechnology for bioenergy production.

Curr Opin Biotechnol. 2007;18(3):207–12.

22. Levin DB, Pitt L, Love M. Biohydrogen production: prospects and limitations to practical

application. Int J Hydrogen Energy. 2004;29(2):173–85.

23. Liao C-H, Huang C-W, Wu J. Hydrogen production from semiconductor-based photocatalysis

via water splitting. Catalysts. 2012;2(4):490–516.

24. Liese A, Hilterhaus L. Evaluation of immobilized enzymes for industrial applications. Chem

Soc Rev. 2013;42(15):6236–49.

25. Liu WF, Wang P. Cofactor regeneration for sustainable enzymatic biosynthesis. Biotechnol

Adv. 2007;25(4):369–84.

26. Lo HC, Fish RH. Biomimetic NAD(+) models for tandem cofactor regeneration, horse liver

alcohol dehydrogenase recognition of 1,4-NADH derivatives, and chiral synthesis. Angew

Chem Int Edit. 2002;41(3):478–81.

27. Lo HC, Leiva C, Buriez O, Kerr JB, Olmstead MM, Fish RH. Bioorganometallic chemistry.

13. Regioselective reduction of NAD(+) models, 1-benzylnicotinamde triflate and beta-

nicotinamide ribose-50-methyl phosphate, with in situ generated [CP*Rh(Bpy)H](+):

structure-activity relationships, kinetics, and mechanistic aspects in the formation of the

1,4-NADH derivatives. Inorg Chem. 2001;40(26):6705–16.

28. Logan BE, Call D, Cheng S, Hamelers HVM, Sleutels THJA, Jeremiasse AW, Rozendal

RA. Microbial electrolysis cells for high yield hydrogen gas production from organic matter.

Environ Sci Technol. 2008;42(23):8630–40.

92 J.-E. Kim and Y.-H.P. Zhang



29. Lutz J, Hollmann F, Ho TV, Schnyder A, Fish RH, Schmid A. Bioorganometallic chemistry:

biocatalytic oxidation reactions with biomimetic NAD(+)/NADH co-factors and [Cp*Rh(bpy)

H](+) for selective organic synthesis. J Organomet Chem. 2004;689(25):4783–90.

30. Maeda K, Domen K. Photocatalytic water splitting: recent progress and future challenges. J

Phys Chem Lett. 2010;1(18):2655–61.

31. Martin del Campo JS, Rollin J, Myung S, Chun Y, Chandrayan S, Patino R, Adams MWW,

Zhang Y-HP. High-yield production of dihydrogen from xylose by using a synthetic enzyme

cascade in a cell-free system. Angew Chem Int Edit. 2013;52(17):4587–90.

32. Myung S, Rollin J, You C, Sun FF, Chandrayan S, Adams MWW, Zhang Y-HP. In vitro

metabolic engineering of hydrogen production at theoretical yield from sucrose. Metab Eng.

2014;24:70–7.

33. Myung S, Zhang XZ, Zhang Y-HP. Ultra-stable phosphoglucose isomerase through immobi-

lization of cellulose-binding module-tagged thermophilic enzyme on low-cost high-capacity

cellulosic adsorbent. Biotechnol Prog. 2011;27(4):969–75.

34. Myung SW, You C, Zhang Y-HP. Recyclable cellulose-containing magnetic nanoparticles:

immobilization of cellulose-binding module-tagged proteins and a synthetic metabolon fea-

turing substrate channeling. J Mater Chem B. 2013;1(35):4419–27.

35. Paul CE, Gargiulo S, Opperman DJ, Lavandera I, Gotor-Fernández V, Gotor V, Taglieber A,

Arends IW, Hollmann F. Mimicking nature: synthetic nicotinamide cofactors for C¼C

bioreduction using enoate reductases. Org Lett. 2012;15(1):180–3.

36. Rollin JA, Martin del Campo JS, Myung S, Sun FF, You C, Bakovic AE, Castro RL,

Chandrayan S, Wu C-H, Adams MWW, Senger R, Zhang Y-HP. High-yield hydrogen

production from biomass by in vitro metabolic engineering: mixed sugars coutilization and

kinetic modelling. Proc Natl Acad Sci U S A. 2015;112:4964–9.

37. Rollin JA, Tam TK, Zhang Y-HP. New biotechnology paradigm: cell-free biosystems for

biomanufacturing. Green Chem. 2013;15(7):1708–19.

38. Rollin JA, Ye X, del Campo JM, Adams MW, Zhang Y-HP. Novel hydrogen bioreactor and

detection apparatus. Adv Biochem Eng Biotechnol. 2014;274:1–17.

39. Rosell A, Valencia E, Ochoa WF, Fita I, Pares X, Farres J. Complete reversal of coenzyme

specificity by concerted mutation of three consecutive residues in alcohol dehydrogenase. J

Biol Chem. 2003;278(42):40573–80.

40. Ryan JD, Fish RH, Clark DS. Engineering cytochrome P450 enzymes for improved activity

towards biomimetic 1,4-NADH cofactors. Chembiochem. 2008;9(16):2579–82.

41. Sheldon RA, Sorgedrager M, Janssen MHA. Use of cross-linked enzyme aggregates (CLEAs)

for performing biotransformations. Chim Oggi. 2007;25(1):62–7.

42. Thauer RK, Jungermann K, Decker K. Energy conservation in chemotrophic anaerobic

bacteria. Bacteriol Rev. 1977;41(1):100.

43. Turner JA. Sustainable hydrogen production. Science. 2004;305(5686):972–4.

44. Wang YR, Zhang Y-HP. A highly active phosphoglucomutase from Clostridium

thermocellum: cloning, purification, characterization and enhanced thermostability. J Appl

Microbiol. 2010;108(1):39–46.

45. Watanabe S, Kodaki T, Makino K. Complete reversal of coenzyme specificity of xylitol

dehydrogenase and increase of thermostability by the introduction of structural zinc. J Biol

Chem. 2005;280(11):10340–9.

46. Weckbecker A, Groger H, Hummel W. Regeneration of nicotinamide coenzymes: principles

and applications for the synthesis of chiral compounds. Adv Biochem Eng Biot.

2010;120:195–242.

47. Woodward J, Mattingly SM, Danson M, Hough D, Ward N, Adams M. In vitro hydrogen

production by glucose dehydrogenase and hydrogenase. Nat Biotechnol. 1996;14(7):872–4.

48. Woodward J, Orr M. Enzymatic conversion of sucrose to hydrogen. Biotechnol Prog. 1998;14

(6):897–902.

49. Woodward J, Orr M, Cordray K, Greenbaum E. Biotechnology: enzymatic production of

biohydrogen. Nature. 2000;405(6790):1014–5.

3 High-Yield Production of Biohydrogen from Carbohydrates and Water Based on. . . 93



50. Ye XH, Wang YR, Hopkins RC, Adams MWW, Evans BR, Mielenz JR, Zhang Y-HP.

Spontaneous high-yield production of hydrogen from cellulosic materials and water catalyzed

by enzyme cocktails. Chemsuschem. 2009;2(2):149–52.

51. Ye XH, Zhang CM, Zhang Y-HP. Engineering a large protein by combined rational and

random approaches: stabilizing the Clostridium thermocellum cellobiose phosphorylase.

Mol Biosyst. 2012;8(6):1815–23.

52. Yoshida A, Nishimura T, Kawaguchi H, Inui M, Yukawa H. Enhanced hydrogen production

from formic acid by formate hydrogen lyase-overexpressing Escherichia coli strains. Appl

Environ Microbiol. 2005;71(11):6762–8.

53. Zhang Y-HP. A sweet out-of-the-box solution to the hydrogen economy: is the sugar-powered

car science fiction? Energy Environ Sci. 2009;2(3):272–82.

54. Zhang Y-HP. Using extremophile enzymes to generate hydrogen for electricity. Microbe.

2009;4:560–5.

55. Zhang Y-HP. Production of biocommodities and bioelectricity by cell-free synthetic enzy-

matic pathway biotransformations: challenges and opportunities. Biotechnol Bioeng.

2010;105(4):663–77.

56. Zhang Y-HP. Renewable carbohydrates are a potential high-density hydrogen carrier. Int J

Hydrogen Energy. 2010;35(19):10334–42.

57. Zhang Y-HP. Hydrogen production from carbohydrates: a mini-review. Acs Sym Ser.

2011;1067:203–16.

58. Zhang Y-HP. What is vital (and not vital) to advance economically-competitive biofuels

production. Proc Biochem. 2011;46:2091–110.

59. Zhang Y-HP. Production of biofuels and biochemicals by in vitro synthetic biosystems:

opportunities and challenges. Biotechnol Adv. 2014. doi:10.1016/j.biotechadv.2014.10.009.

60. Zhang Y-HP, Evans BR, Mielenz JR, Hopkins RC, Adams MWW. High-yield hydrogen

production from starch and water by a synthetic enzymatic pathway. PLoS One. 2007;2(5):

e456. doi:10.1371/journal.pone.0000456.

61. Zhang Y-HP, Mielenz JR. Renewable hydrogen carrier – carbohydrate: constructing the

carbon-neutral carbohydrate economy. Energies. 2011;4(2):254–75.

62. Zhu ZG, Tam TK, Sun FF, You C, Zhang Y-HP. A high-energy-density sugar biobattery based

on a synthetic enzymatic pathway. Nat Commun. 2014;5:3026.

63. Zhu ZG, Tam TK, Zhang Y-HP. Cell-free biosystems in the production of electricity and

bioenergy. Fundam Appl New Bioprod Syst. 2013;137:125–52.

94 J.-E. Kim and Y.-H.P. Zhang

http://dx.doi.org/10.1016/j.biotechadv.2014.10.009
http://dx.doi.org/10.1371/journal.pone.0000456

	Chapter 3: High-Yield Production of Biohydrogen from Carbohydrates and Water Based on In Vitro Synthetic (Enzymatic) Pathways
	3.1 Introduction
	3.1.1 Hydrogen
	3.1.2 Hydrogen Production Approaches
	3.1.3 In Vitro (Cell-Free) Enzymatic Pathways for Water Splitting

	3.2 Design of In Vitro Synthetic Enzymatic Pathways
	3.3 Examples of Hydrogen Production from Carbohydrates
	3.3.1 Hydrogen Production from Starch and Cellodextrins
	3.3.2 Hydrogen Production from Xylose
	3.3.3 Hydrogen Production from Sucrose
	3.3.4 Hydrogen Production from Biomass Sugars
	3.3.5 High-Rate Hydrogen Production from Glucose 6-Phosphate

	3.4 Technical Obstacles to Low-Cost H2 Production
	3.4.1 Enzyme Cost and Stability
	3.4.2 Enzymatic Reaction Rates
	3.4.3 Cofactor Cost and Stability

	3.5 Conceptual Obstacles to Enzymatic H2 Production
	3.6 Conclusions and Future Outlook
	References


