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Polyhydroxyalkanoates (PHAs) are a series of structurally diverse storage polyesters that are accumulated by

various bacterial species and stored intracellularly in the form of granules. They primarily act as carbon and energy

storage compounds to sustain cell survival during starvation.
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1. Overview of Polyhydroxyalkanoates (PHAs)

Polyhydroxyalkanoates (PHAs) are a series of structurally diverse storage polyesters that are accumulated by

various bacterial species and stored intracellularly in the form of granules . They primarily act as carbon and

energy storage compounds to sustain cell survival during starvation . In 1926, Lemoigne  first discovered these

biological polymers. Since then, PHAs have attracted significant commercial and research interest in the green

polymer market due to their desirable properties such as biocompatibility, biodegradability, and diversified chemical

structures. PHAs have been recognized as a green alternative to conventional petroleum-derived plastics .

Based on the number of carbon atoms present in the (R)-HA monomer unit, PHA polymers can be broadly

classified into three types: short-chain-length PHAs (scl-PHA, C3-C5), medium-chain-length PHAs (mcl-PHA, C6-

C14) and long-chain-length PHAs (lcl-PHA, containing more than 14 carbon atoms) . Many bacteria can produce

scl-PHA, including the model species Cupriavidus necator (also known as Ralstonia eutropha) , while mcl-PHA

producers are mainly found in Pseudomonas sp. . The monomer composition of PHA polymers defines most

of the physical–chemical properties of the material, which is a determining factor in its engineering application, for

example, mcl-PHA and its copolymers are suitable for a range of biomedical applications requiring flexible

biological materials . Additionally, PHA can be synthesized in different forms depending on the bacterial species

and the substrate provided. These include homopolymers that are composed of only one type of monomer ,

random copolymers  that contain two or more different monomers, and block copolymers  that are made up of

at least two homopolymers connected by covalent bonds.

2. In Vitro PHA Synthesis

2.1. Exploration of PHA Synthetase
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Cell-free synthetic biology, in conjunction with the prototyping design, may offer a promising approach for PHA

synthesis. In the 1970s, research into the in vitro synthesis of PHA using purified enzymes  was carried out,

primarily aimed at exploring the activity of PhaC to optimize the PHA synthesis capability of the strain. Since then,

this approach has been widely adopted by researchers. Qi, et al.  purified the type II PHA synthases PhaC1 and

PhaC2 from Pseudomonas aeruginosa and determined their kinetic parameters for PHA synthesis. A molar mass

of 9.8 × 10  g/mol of PHB was obtained when using (R,S)-3-hydroxybutyryl-CoA as a substrate. Additionally, PhaC

activity can be inhibited by large amounts of CoA. The reaction pathway catalyzed by PhaC from acyl-CoA to PHA

is a single step and provides direct and clear guidance for subsequent work with the in vitro synthesis of PHA.

Subsequently, other researchers developed cell-free synthesis methods that improved the polymer yield. Jossek

and Steinbüchel  established an in vitro PHB three-enzyme biosynthetic system. In this system, the release of

CoA was coupled with acetate, which was reused as an acetyl group donor catalyzed by acetyl-CoA synthase to

generate 3-hydroxybutyrate. This method made the in vitro synthesis of PHB independent of the costly

consumption of CoA. In subsequent research, Han, et al.  discovered a method for synthesizing non-natural

PHA using a chemical-enzyme approach. Their system consisted of an organic phase of hexane and a buffered

aqueous phase. In the aqueous phase, propionyl-CoA transferase, with pan-substrate activity, catalyzed the CoA

transfer from acetyl-CoA to form a CoA-activated precursor for a PHA monomer with the release of acetate. During

polymerization, CoA was released into the aqueous reaction phase and reacetylated in the intermediate phase.

Ultimately, the maximum titer of PHB achieved was 1.2 g/L, which is comparable to that of natural producers .

Unconventional PHA cell-free synthesis schemes have also been reported, such as the use of class II and III PHA

synthases to catalyze PHA surface coatings on hydrophobic carriers . Additional reports related to cell-free PHA

synthesis are summarized in Table 1.

Table 1. Summary for PHA synthesis exploration in vitro.
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Substrates Enzymes Source of
Enzymes Products Titer

(mg/mL)
Conversion

Rate (%)

Average
M

(g/mol)
Ref.

(R,S)-3HD-CoA PhaC1, PhaC2 P. aeruginosa P(3HD) 0.068 12
9.8 ×
10

(R)-LA and
(R)-3HB, acetyl-

CoA

PhaC1 ,
PhaC2  LPE,

CoA-
transferase, and

acetyl-CoA-
synthetase

Pseudomonas
sp. SG4502 and
Pseudomonas

sp. 61-3

P(LA-
co-

3HB)
0.77 /

2.7 ×
10

D-(-)-3-
hydroxybutyric

acid

acetyl-CoA-
synthetase,

PCT,
and PhaEC

C. vinosum and
C. propionicum PHB 2.75 73

1–2 ×
10

6
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SG
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Note: M indicates molar mass.

2.2. In Vitro Multienzyme Systems for PHA Synthesis

Flexible and controllable multienzyme cascade systems have been employed to test entire metabolic pathways 

. It is reassuring that the rapid growth of synthetic biology has largely contributed to the development of

controllable cell-free synthesis systems, the ability to guide substrates toward desired products, and the effective

combination of facilities that can freely assemble heterologous enzymes . In many ways, the cell-free synthesis

method is a promising strategy for PHA production.

In vitro multienzyme systems for PHA synthesis have been investigated by several research groups. In 1998,

Jossek and Steinbüchel  established an extracellular PHB tri-enzyme system with acetate and 3HB as

substrates, which could be prepared on a semi-preparative scale. Five years later, Satoh, Tajima, Tannai and

Munekata  developed an improved new enzyme-catalyzed PHB synthesis system using five enzymes including

β-ketothiolase (PhaA), NADPH-dependent acetoacetyl-CoA reductase (PhaB), PhaC, acetyl-CoA synthetase

(ACS), and glucose dehydrogenase (GDH). In this system, acetyl-CoA was synthesized from acetate, CoA, and

ATP through ACS, and then, two acetyl-CoA molecules were condensed by PhaA to synthesize acetyl-CoA, which

Substrates Enzymes Source of
Enzymes Products Titer

(mg/mL)
Conversion

Rate (%)

Average
M

(g/mol)
Ref.

(R)-3-
Hydroxyoctanoyl-

CoA

PhaC1
and PhaEC

P. putida and
Allochromatium

vinosum
PHB / / /

HB−NAC and
HB−CoA

PhaEC A. vinosum PHB / /
5.84–
7.97 ×

10

β-butyrolactone
FadB1x,
PhaC ,

and PhaJ

A. caviae, D.
acidovorans, and
P. putida KT2440

PHB 1.1575 27
1.2 ×
10

thiophenyl (R)-3-
hydroxybutyrate

PhaC R. eutropha PHB 0.36 47
1.6 ×
10

(R)-2HB, AcETG,
(R)-3HB

PHA synthase I,
PHA synthase II,

and PHA
synthase IV PCT
(propionate CoA

transferase)

R. eutropha,
Pseudomonas
sp. SG4502,

Synechocystis
sp. PCC6803,

Bacillus sp.
INT005, and C.

propionicum
JCM1430

P(2HB),
PHB

1.2 /
1.00 ×

10

Glucose,
NADPH,

acetoacetyl-CoA

PHA synthase,
acetoacetyl-CoA
reductase, and

glucose
dehydrogenase

A. eutrophus PHB / /
10 ×
10

crotonic
anhydride

PhaJ and PhaC
A. caviae FA440
and R. eutropha

H16
PHB / 58

6.4 ×
10

Acetate, CoA
ACS, PhaA,

PhaB, and PhaC

E. coli JM109
and R. eutropha

H I6
PHB 1.12 45.5

6.64 ×
10
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was transformed into (R)-3-hydroxybutanyl-CoA (3HB-CoA) by PhaB. Finally, 3HB-CoA was polymerized and

transformed into PHB by PhaC, with a titer of 1.12 mg/mL. Subsequently, cell-free PHA (mainly PHB) synthesis

systems based on PhaA, PhaB, and PhaC were combined into multiple enzyme reaction modules. For instance,

Opgenorth, et al.  designed a PBG (pentose–bifido–glycolysis) cycle that effectively converted glucose into

acetyl-CoA and demonstrated its utility in PHB production. In a recent study, Li, et al.  developed an in vitro

system that coupled plant cystoid membranes and five enzymes to synthesize PHB and regenerate NADPH.

Furthermore, Zhang, et al.  demonstrated PHB production from methanol by utilizing the artificial synthetic

acetyl-CoA (SACA) pathway. It is noteworthy that although the previous studies highlighted the usefulness of the

acetyl-CoA synthesis, they did not focus on enhancing PHA yield. Nonetheless, the considerable yield and rate

data collected in these studies pave the way for the future of in vitro PHA synthesis.

3. Advantages and Prospects for In Vitro PHA Synthesis

3.1. Advantages of In Vitro PHA Synthesis

Cell-free methods have enormous potential in accelerating the design–build–test (DBT) cycle by avoiding resource

conflicts between cell growth and product synthesis . Cell-free synthetic technology is a promising approach that

can complement in vivo metabolic engineering . For instance, by mixing the substrates and enzymes, the

efficiency of the biosynthesis pathway can be conveniently optimized in vitro . Moreover, cell-free catalysis

offers significant advantages over the bottlenecks encountered in PHA synthesis, as outlined below:

3.1.1. The Limitation of Cell Volume Is Eliminated in Cell-Free Catalysis

Intracellular crowding can be exacerbated by the accumulation of PHA particles, leading to the termination of PHA

production . Despite attempts to alter cell morphology , the constraint of cell volume remains a limitation.

On the other hand, a cell-free system offers an advantage by allowing for the easy separation of PHA from the

system. This eliminates the spatial constraint and enables the system to maintain its continuous productivity as

long as possible .

3.1.2. Real-Time Monitoring of Product Concentration Can Be Achieved

The real-time detection of intracellular PHA content remains a significant challenge, often requiring post-

fermentation analysis due to the lack of effective methods. Despite attempts to develop biosensors for this purpose

, technical challenges, such as response specificity and accuracy in complex cellular systems, continue to

pose significant obstacles. In contrast, Opgenorth, Korman and Bowie  successfully achieved real-time

monitoring of PHB content in an in vitro system by measuring the absorbance value at 600 nm, which guided

glucose replenishment and resulted in a high conversion rate of 93.6% . Presently, achieving yields or

conversions close to the theoretical maximum is already common in in vitro synthetic systems .

3.1.3. Significant Reduction in Product Separation Costs Can Be Achieved
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The production cost of PHA is significantly impacted by the energy consumption required for cell crushing and the

cost of solvents used for extraction . This energy-intensive and environmentally unfriendly production process

poses a major challenge for PHA production. In contrast, in vitro PHA synthesis, with simple composition and

minimal interference from metabolites, offers a promising alternative. This method only requires centrifugation to

obtain PHA products with high purity and low cost . Therefore, in vitro PHA synthesis holds immense potential

for the development of sustainable and cost-effective PHA production processes.

3.1.4. Compatible with New Pathways and Heterologous Enzymes

Introducing new pathways and heterologous enzymes into cells is a technically challenging process due to the

complex regulatory system inherent to cells. Compatibility issues often arise, resulting in suboptimal results for

artificial pathways with high theoretical yields. Conversely, in vitro systems offer a highly compatible and

straightforward approach to pathway development, making them a preferred choice for many researchers.

Moreover, PHA, being a classical acetyl-CoA derivative, is frequently chosen as a product for new pathway

development . Therefore, in vitro PHA synthesis presents a promising avenue for the development of novel

and efficient biopolymer production processes with improved compatibility and technical feasibility.

3.1.5. The Monomer Composition Is Better Controlled

The customization of the monomer composition of intracellular PHAs presents a significant challenge that hinders

the study of PHA material properties. However, in vitro PHA synthesis provides a promising solution to this

challenge, allowing for better control over the polymerization process and monomer composition by combining

specific substrates, enzymes, and polymerases in a cell-free catalytic system. Therefore, in vitro PHA synthesis

offers a unique opportunity for the production of tailored biopolymers with specific and customizable properties,

facilitating the study of PHA material properties and expanding their potential applications.

3.2. Challenges with In Vitro PHA Synthesis

Despite the advantages of cell-free methods in overcoming cell growth constraints , many challenges remain to

be solved before PHA products can be commercially available on a large scale.

3.2.1. Insufficient Diversity in Monomer Composition

Scl-PHA is primarily synthesized from acetyl-CoA through the PhaCAB pathway, whereas mcl/lcl-PHA synthesis

typically involves either the fatty acid β-oxidation or fatty acid synthesis pathway (Figure 1). However, the

implementation of the fatty acid synthesis and degradation pathway in vitro is a challenging task due to the

requirement for complex coenzymes or acyl-carrying proteins. Although there have been numerous reports on the

in vitro synthesis of PHB using acetyl-CoA as the sole precursor , progress in the in vitro synthesis of mcl-PHA

has been limited. Additionally, the inhibitory effect of CoA on PhaC  poses another challenge that needs to be

addressed in the in vitro synthesis of PHA.
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Figure 1. Different pathways for PHA synthesis utilized by different carbon sources. ED: Entner–Doudoroff

pathway; EMP: Embden–Meyerhof–Parnas Pathway (glycolytic pathway); FAD: fatty acid degradation pathway

(beta-oxidation pathway); FAS: fatty acid synthesis pathway; TCA: tricarboxylic acid cycle; NOG: nonoxidative

glycolysis pathway.

3.2.2. Insufficient Enzyme Activity and Stability

Numerous in vitro multistep pathways have been developed to enhance product yield from low-cost substrates,

using either crude extract or purified enzymes (Figure 2). However, the apparent activity and stability of enzymes

in cell-free systems are often lower than those in live cells. To tackle this challenge, various potential solutions are

worth exploring. For instance, employing thermostable enzymes  or improving enzyme stability through protein

engineering , or multienzyme immobilization technology , could potentially address the issue of activity and

stability. Furthermore, optimizing enzyme production efficiency and developing cost-effective production methods

will play a crucial role in determining the commercial viability of in vitro PHA synthesis systems.
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Figure 2. The patterns of PHA production in vivo and in vitro. (a) Traditional in vivo PHA production involves strain

construction, metabolic pathways engineering, fermentation optimization, and process scaling up. (b) PHA

synthesis using a transcription–translation system. In this system, the cell crude extract contains plasmid DNA and

the enzymes required for PHA synthesis are first transcribed and translated in the cell crude extract to form the

PHA synthesis pathway, which can synthesize PHA when the substrate is available. (c) Traditional cell-free PHA

synthesis. The cell crude extracts were directly used as the reaction system (left), or mixing purified enzymes to

form a cell-free system for PHA synthesis (right). In the figure, the blue circle indicates PhaA, the green star

indicates PhaB, and the pink hexagon indicates PhaC.

3.2.3. Dependence on Energy and Cofactors

Cofactors such as ATP, NAD(P) , CoA, and FAD  play an indispensable role in cell-free PHA biosynthesis .

However, in industrial biocatalysis, these cofactors can be expensive supplements. For instance, the cost of NADH

is approximately $260 g  . To enhance economic feasibility, researchers are striving to regenerate and reuse

cofactors  or reduce the use of expensive ones . Artificial analogs can substitute for expensive

cofactors  and can be designed to be more stable than their natural counterparts while still being recognized by

enzymes. The CoA cycle is crucial for PHA synthesis, but its dependence on chemicals for cofactor repair in vitro

hinders CoA from being stable for extended periods . More comprehensive reviews of cofactor and ATP

regeneration systems have been reported .

3.3. Feasible Solutions (What to Work On)

The in vitro synthesis of PHA holds promising prospects, emphasizing the need to actively explore methods to

tackle the challenges outlined above. Here, several feasible solutions that have the potential to reduce the cost of

in vitro PHA synthesis have been compiled or designed. It is anticipated that these efforts will lead to the

enhancement of cost-effectiveness in the entire process of in vitro PHA production and the facilitation of the

mitigation of future market challenges.
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3.3.1. Utilization of Unconventional Substrates

Currently, the utilization of cell-free synthetic systems is limited due to the high cost of raw materials. To compete

with petroleum-based products, it is essential to reduce the material cost. One promising approach is to introduce

nonconventional substrates, such as CO , CH , and lignocellulose, into the cell-free synthetic system. This can be

achieved by incorporating a degrading absorption module  that enables the utilization of nonconventional

substrates. However, the introduction of these substrates may alter the composition of the PHA monomer, resulting

in PHA products with varying properties. This can pose additional challenges and complexity, but it also presents

an opportunity to expand monomer diversity and create new materials with unique properties.

3.3.2. Low-Cost Acquisition and Stability Modification of Enzymes

The use of purified enzymes in cell-free biotechnology is a costly and time-consuming process. A viable solution to

this issue is whole-cell catalysis, which involves the use of unpurified cell extracts and lower-quality enzymes,

making it a more accessible and affordable option . This approach involves expressing the required enzymes in

the cells and then breaking the cell walls to release them into the buffer system. However, it is important to note

that developing low-cost purification methods is a more promising strategy. To improve the stability of enzymes in

the PHA in vitro synthesis pathways, several techniques such as directed evolution, enzyme immobilization, and

screening of natural thermostable enzymes can be employed in conjunction with developing low-cost enzyme

purification technology to achieve efficient PHA production. Immobilized cell-free systems immobilize enzymes and

cofactors on or within a carrier material, resulting in a series of biochemical reactions with reduced or prevented

enzyme migration . Compared to free or soluble enzymes, immobilized enzymes possess higher stability,

reusability, and simplified recovery and purification processes . Moreover, by developing efficient protein

expression and secretion systems , it is possible to circumvent the energy and materials consumption and

enzyme activity damage associated with cell lysis and protein purification. The continuous optimization of cell

surface display technology  and the immobilization of multiple cells  can facilitate the creation of

multienzyme systems that reduce PHA production costs through improved activity, stability, and reusability of

enzymes.

3.3.3. Cofactor Regeneration

In cell-free systems, the use of cofactors can be costly. Consequently, many efforts have been made in developing

strategies for balancing and regenerating cofactors. One approach is to integrate coenzyme reactions, while

another is to utilize light and electrical energy for regeneration. Additionally, using inexpensive substrate cofactors

to regenerate spent cofactors and designing cofactor-free pathway systems are also viable options. For example,

the regeneration of NAD(P)  can be accomplished through the use of NAD(P)H oxidase (Nox), which is formed by

hydration and oxidizes NAD(P)H to NAD(P)  . NAD  can be recovered from NADH and less expensive

substrates, such as glucose, by using coupled reactions that involve glucose dehydrogenase . Regenerating

ATP can be achieved through the use of polyphosphate kinase (Ppk) , which accepts inexpensive

polyphosphates and synthesize ATP from ADP or AMP in ATP-dependent reactions . Clean energy sources

such as light and electricity are recommended due to their cost-effectiveness. Li, Wei, Zhang, Liu, You and Zhu 
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utilized light by incorporating thylakoid membranes from spinach leaves into the system to provide ATP and NADP+

for the PHA synthesis pathway. Additionally, CoA can be released from the condensation and polymerization

catalyzed by PhaA and PhaC in the PHB synthesis pathway and then reused in acetyl-CoA synthesis .

3.3.4. Modeling In Silico Provides Quantitative Guidance

Computational modeling offers a quantitative framework for pathway validation and optimization by predicting

intracellular metabolite concentrations and reaction fluxes . In cell-free processes, changes in reaction rates and

intermediate concentrations can be attributed to enzymatic activities. Kinetic pathway modeling can facilitate the

adjustment of enzyme, substrate, and cofactor concentrations, contributing to the rational understanding of cell-free

systems . For instance, Rollin, et al.  fitted a nonlinear kinetic model to experimental data, achieving a

complete conversion of glucose and xylose to H  and CO  in a cell-free system. Through the analysis of enzymes

with the greatest control coefficient for the desired reaction flux, the optimized enzyme usage led to a production

rate of 32 mmol H ·L ·h . Horvath et al. developed a genome-scale cell-free protein synthesis (CFPS) kinetic

model to predict protein production pathways .

Moreover, genome-scale constraint-based models, such as stoichiometric metabolic network models, enzyme-

constrained models , and thermodynamically constrained models , have been applied to guide pathway

selection and to perform thermodynamic driving force and enzyme cost analyses for products and biomass

synthesis. These models have broad applicability and have been applied to, or are expected to serve in, the in vitro

PHA synthesis process . Meanwhile, genome-scale kinetic modeling , or large-scale whole-cell models ,

have provided promising visions for rational product synthesis. The rapid development of artificial intelligence in

parameter mining also provides greater opportunities for the deep integration of experimentation and simulation

.

3.3.5. Exploring the Modular PHA Synthesis

The synthesis pathway of PHA exhibits significant flexibility and modularity (as shown in Figure 3). Modular PHA

synthesis can be achieved by utilizing the modular assembly of multienzyme systems through cell-free metabolic

pathways to construct complete PHA synthesis pathways. Various substrates are metabolized through pathways

such as central carbon metabolism, β-oxidation, and fatty acid synthesis (FAS) to provide precursors for PHA

production . Scl-PHA synthesis begins with acetyl-CoA as the precursor, which is polymerized by PhaA, PhaB,

and PhaC. For mcl- and lcl-PHA synthesis, various intermediate products of the fatty acid degradation and

synthesis pathways can also serve as precursors. When fatty acid substrates undergo β-oxidation degradation,

reducing the activity of FadB and FadA can redirect intermediate metabolites toward mcl-PHA synthesis . Non-

fatty acid carbon sources, such as glucose, xylose, glycerol, ethanol, and one-carbon metabolites, require a

connection between the substrate assimilation pathways and PHA monomer precursor synthesis pathways, such

as acetyl-, glycolyl-, lactyl-, and various hydroxylated fatty acyl-CoAs . The modular assembly approach is

particularly advantageous because it can efficiently incorporate new reactions and pathway modules, resulting in

the rapid formation of novel synthesis routes. This approach holds great promise for the development of new
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production modes that can surpass original yield limitations, ultimately leading to reduced costs associated with

PHA production.

Figure 3. The in vitro modular assembly of synthetic PHA. The different metabolic modules are assembled and

coupled to synthesize PHA using different substrates. Cell-free PHA synthesis can be achieved in vitro by

assembling various metabolic modules and then coupling the PHA synthesis pathway to achieve the utilization of

different substrates. The process typically involves generating acetyl-CoA modules and then combining them with

the acetyl-CoA utilization pathway to synthesize the precursors of PHA. The enzymes related to central metabolism

exhibit high activity, leading to a high rate of acetyl-CoA production and ensuring a sufficient substrate supply for

the subsequent PHA synthesis pathway. While the utilization of fatty acids can directly lead to the synthesis of mcl-

PHA, non-fatty acid substrates usually need to be converted into acetyl-CoA before participating in the synthesis of

PHA. PBG: pentose, bifido, and glycolysis pathway ; SACA: synthetic acetyl-CoA pathway .
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