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ABSTRACT

Cell-free expression systems have become valuable tools in synthetic biology and biotechnology,
offering a rapid and flexible approach to prototyping genetic circuits, metabolic pathways, and
therapeutic proteins. By eliminating the need for living cells, these systems provide precise control
over biochemical reactions, greatly speeding up the design-build-test cycle in biological
engineering. Advances in lysate production, energy supply mechanisms, and modular setups have
significantly improved their efficiency, scalability, and range of applications. These developments
have opened new possibilities in drug development and manufacturing, including the production of
small molecules, biologics, and complex biosynthetic products. Additionally, cell-free platforms are
well-suited for studying toxic or unstable enzymes and optimizing pathways that are difficult to
explore in vivo. Their compatibility with high-throughput methods and automation further enhances
their role in modern biomanufacturing. While challenges such as high costs, limited capabilities for
post-translational modifications, and stability issues remain, ongoing progress in engineered lysates,
integration with microfluidics, and computational design is continually expanding their potential.
This review explores the core principles, recent innovations, and current challenges of cell-free
systems, emphasizing their growing impact on drug synthesis and bioengineering.

Introduction

The fields of synthetic biology and metabolic engineering have
seen rapid growth, driving the need for efficient, adaptable, and
controllable platforms to design and test biological systems.
Conventional in vivo approaches, though effective, face
challenges due to the inherent complexity of living cells, such as
regulatory feedback loops, metabolic strain, and the toxicity of
foreign compounds. These factors can hinder the pace of the
iterative design-build-test processes essential for creating new

outside of living cells. By isolating and assembling the essential
components for transcription and translation in a test tube,
scientists can precisely control biological processes [4]. This
approach is especially useful for fast prototyping, fine-tuning
experimental conditions, or producing proteins that are
harmful or unstable in living organisms [5].

Types of cell-free expression systems

biosynthetic pathways or therapeutic agents.

Cell-free expression systems (CFES) provide a novel
solution by separating protein production and metabolic
functions from the constraints of live cells. Utilizing either
crude lysates or purified components, CFES create a controlled
biochemical environment that allows direct manipulation of
DNA, enzymes, cofactors, and metabolites [1,2]. Their open and
modular structure supports rapid prototyping, offering
fine-tuned control of experimental conditions, real-time
analysis, and shortened development cycles.

Ongoing technological progress has expanded the
functionality of CFES, making them increasingly suitable for
pharmaceutical applications. These systems are now being used
for everything from enzyme evaluation and metabolic pathway
refinement to the on-demand synthesis of complex drugs [3].
This review examines the key principles, emerging innovations,
and real-world applications of CFES, particularly in the context
of accelerating the drug discovery and development process.

Overview of Cell-Free Expression Systems

CFES are vital tools in synthetic biology, providing a flexible
platform for gene expression and biochemical production

CFES can be broadly categorized based on the source organism
and whether they use crude lysates or purified components.

E. coli-based crude lysates

These are the most commonly used CFES due to their simplicity,
low cost, and scalability. Made by lysing E. coli cells, they retain
key components for protein synthesis [6]. They offer high yields
and are ideal for quickly testing genetic constructs, but lack the
ability to perform complex post-translational modifications like
glycosylation, limiting eukaryotic protein expression [7].

PURE (Protein synthesis using recombinant elements) systems

PURE systems are built from purified components like
ribosomes, tRNA synthetases, and polymerases. They provide a
clean, controlled environment ideal for studying mechanisms
and engineering gene circuits. Despite lower yields and high
costs, they offer unmatched precision and flexibility [8,9].

Eukaryotic cell lysates

Eukaryotic cell lysates from wheat germ, insect (e.g., S.
frugiperda), or mammalian cells (e.g., CHO, HeLa) offer a more
native environment for expressing eukaryotic proteins. They
support disulfide bonds, chaperone folding, and some
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post-translational modifications [10]. These systems are ideal
for producing therapeutic proteins and membrane receptors but
are costlier and typically yield less than bacterial lysates.

Core components of CFES
All CFES rely on key elements that influence their efficiency:

o Genetic template: DNA (plasmid or linear) or mRNA
provides the coding sequence for protein synthesis. Linear
DNA enables rapid testing, while plasmids offer greater
stability.

o Transcription machinery: RNA polymerases like T7, SP6,
or E. coli types initiate transcription, depending on the
system.

Table 1. Comparison of major cell-free expression systems.

o Translation components: Ribosomes, tRNAs, and

translation factors assemble proteins from mRNA.
o Energy Systems: ATP and GTP are replenished using
compounds like creatine phosphate, PEP, or 3-PGA.

o Amino acids & cofactors: All 20 amino acids and cofactors
(e.g, Mg®*, K*, NAD*, CoA) are added to support
enzymatic reactions.

o Stabilizers & buffers: Agents like PEG, DTT, and RNase
inhibitors maintain reaction stability and prevent

degradation.

These components can be fine-tuned to accommodate
specific proteins, optimize yield, or study biochemical pathways
under controlled conditions.

System Pfotem Post-'Tran.slatlonal Cost Typical Applications Advantages Limitations

Type Yield Modifications (PTMs)

E. coli High Limited (no Low Metabolic Inexpensive, easy to ~ Lacks complex

Lysate (~mg/mL)  glycosylation) engineering, genetic prepare, scalable folding and PTMs
circuit prototyping

PURE Moderate None High Synthetic circuit Highly defined, High cost, lower

System design, mechanistic minimal background, protein yield
studies modular

Wheat Germ  Moderate Disulfide bonds, Moderate  Eukaryotic protein Good folding, Slower reactions,

Lysate limited PTMs expression, functional eukaryotic-like moderate yield
studies translation

Insect Cell Moderate Some (e.g., High Membrane protein Improved folding, More complex

Lysate phosphorylation) expression, eukaryotic eukaryotic setup, higher cost
proteins environment

Mammalian  Low to Complex (e.g., Very High  Therapeutic proteins, Most authentic Cost-prohibitive,

Cell Lysate Moderate glycosylation, folding) membrane receptor folding and PTMs batch-to-batch

studies

variability

Advantages of Cell-Free Systems for Prototyping

CFES are gaining attention in biological engineering for their
simplicity, speed, and flexibility. Free from cellular regulation,
they enable efficient design, testing, and optimization of
biological parts and pathways [11]. Below are key advantages
that make CFES ideal for rapid prototyping and development.

Accelerated design—build—test (DBT) cycles

Traditional in vivo systems face delays from plasmid cloning,
transformation, colony screening, and cell growth, which can
take days. CFES bypass these steps by directly using
PCR-amplified DNA or plasmids, enabling transcription and
translation in hours. This speed accelerates hypothesis testing,
parameter optimization, and decision-making in pathway
design or genetic circuit development [12].

Open reaction system for direct manipulation

CFES provide a controllable, open biochemical environment,
allowing real-time addition or removal of substrates, cofactors,
regulatory molecules, and synthetic transcription factors [13].
This is ideal for:

o Testing enzyme kinetics
e Modulating metabolite concentrations
o Exploring synthetic feedback/feedforward loops

This flexibility helps metabolic engineers balance fluxes or
address bottlenecks in biosynthetic pathways.

Safe expression of toxic or non-natural elements

CFES allow the expression of toxic proteins, non-natural amino
acids, and xenobiotic pathways without affecting cell viability.
This enables the use of high-yield fluxes and bypasses cellular
regulation, transport, or feedback inhibition issues [14].

High-throughput compatibility and parallel processing
CFES can be miniaturized for high-throughput platforms like
microtiter plates or microfluidic devices, enabling:

o DParallel testing of multiple pathway variants
o Automated optimization of gene expression conditions
o  Fast screening of enzyme libraries or mutant variants

This scalability aids in developing optimized biosynthetic routes
for pharmaceutical and industrial applications.

Real-time monitoring and analytical accessibility

With CFES, real-time monitoring via spectrophotometry,
fluorescence, or mass spectrometry allows dynamic analysis of
metabolite production, cofactor consumption, and enzyme
activity, offering more detailed datasets than in vivo cultures
[15].

Applications in Drug Synthesis

CFES show great promise in drug synthesis due to their
versatility, scalability, and ability to bypass the challenges of
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living cells. They provide a rapid platform for discovering and
producing therapeutic compounds, including small molecules
and proteins. CFES applications in drug synthesis include
enzymatic small molecule synthesis, therapeutic protein and
peptide production, and drug-target interaction screening [16].

Enzymatic synthesis of small molecules

Cell-free systems are ideal for enzymatic small molecule
synthesis, offering a cleaner, more efficient alternative to
traditional chemical methods that can be costly and generate
toxic byproducts [17].

Advantages:

o Environmental impact: Reduces hazardous chemicals and
solvents, lowering the environmental footprint.

o Customization: Allows rapid tailoring of enzymatic
pathways for novel compounds, aiding drug discovery.

o Scalability: Supports scaling from small-scale drug testing
to large-scale clinical production.

Examples:

 Antibiotics: Engineered CFPS systems produce penicillin.
« Opioid alkaloids: Morphine is synthesized using enzymatic
cascades, bypassing plant-based production.

Production of therapeutic proteins and peptides

Cell-free systems enable faster, higher-quality production of
therapeutic proteins and peptides, overcoming challenges like
misfolding and low yields in traditional systems [18].

Advantages

o Faster production: Therapeutic proteins are produced in
hours, bypassing cell culture maintenance.

o Post-translational modifications: CFPS
essential modifications like glycosylation.

« Toxicity bypass: Toxic proteins are easier to produce in
controlled cell-free environments.

can perform

Examples

o Insulin: Rapid prototyping of insulin forms for testing.
o Monoclonal antibodies: Efficient production for cancer
treatment.

Screening for drug-target interactions

CFPS enables high-throughput screening of drug-target
interactions, accelerating drug discovery by testing small
molecules or biologics on target proteins.

Advantages

« High-throughput: Can screen thousands of candidates
quickly.

o Direct, specific assays: Isolated target proteins ensure
precise testing without interference.

 Customization: Assays can be tailored to study various drug
mechanisms [19].

Examples

o Targeted cancer therapies: CFPS screens small molecules
for inhibitors of cancer-related proteins.

o Neurodegenerative diseases: Compounds targeting
proteins involved in Alzheimer's and Parkinson's are
screened through CFPS.

Recent Advances and Strategies

Cell-free protein synthesis (CFPS) has seen rapid
advancements, driven by innovations in synthetic and systems
biology, enhancing efficiency and expanding applications in
metabolic engineering, regulatory control, and pathway
optimization. This section covers two key areas: metabolic
pathway prototyping and integration with synthetic biology
tools [20].

Metabolic pathway prototyping

Cell-free systems offer a faster, more controllable approach to
prototyping metabolic pathways compared to traditional in vivo
methods. They bypass constraints like cell viability and
feedback inhibition, allowing for open, tunable environment
testing [21].

Key advantages

o Rapid iteration: Accelerates the design-build-test-learn
(DBTL) cycle.

« Controlled environment: Focuses on optimizing pathways
without cellular metabolism interference.

o Real-time analysis: Facilitates monitoring of intermediates
and enzyme kinetics.

Case studies

o Isoprenoid biosynthesis: Optimizing pathways for
pharmaceutical and fragrance precursors.
o Polyketide synthesis: Prototyping complex compounds

quickly, overcoming in vivo limitations.
Integration with synthetic biology tools

CFPS has integrated with advanced synthetic biology tools,
enabling dynamic control over gene expression and
sophisticated synthetic networks.

CRISPR-based regulation

o CRISPR interference (CRISPRi) and activation (CRISPRa)
offer precise control of transcription in cell-free systems,
enabling pathway flux tuning [22].

o Example: CRISPRi modulates pathway branches in
biosynthesis of aromatic compounds.

Riboswitch and RNA circuit integration

o Riboswitches regulate translation in real-time, and
synthetic RNA circuits build logic gates and biosensors
[23].

o Useful in diagnostic assays and responsive drug synthesis.

Modular circuit testing

o CFPS allows easy swapping of genetic components for
assembling synthetic gene networks, such as toggle switches
and oscillators, before cell deployment [24].

Limitations and Challenges

Despite the promise of CFES in research and industry, several
challenges remain. One major barrier is the high cost of
reagents like nucleotide triphosphates, amino acids, and
cofactors, which hinders large-scale production [25]. Lysate
preparation is also labor-intensive and lacks batch consistency,
while CFPS does not benefit from economies of scale like
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microbial fermentation, limiting its competitiveness in bulk
biomanufacturing. To address these issues, strategies such as
recycling cofactors, using low-cost extract preparation
methods, and utilizing waste biomass for lysates are being
explored [26]. Additionally, enzyme stability and cofactor
depletion limit the efficiency of CFPS reactions, with
degradation from proteolysis and oxidation reducing the
reaction window. Solutions like protease-deficient lysates,
cofactor regeneration, and encapsulation are being developed to
enhance system longevity.

CFPS systems also struggle to replicate intracellular
environments, which impacts their ability to perform complex
biosynthetic processes. The lack of compartmentalization,
essential for substrate regulation and organization, limits the
effectiveness of CFPS for certain applications. Post-translational
modifications (PTMs) and chaperone-assisted protein folding
are difficult to achieve, limiting their use for complex
therapeutic proteins. To overcome these challenges, researchers
are working on supplementing CFPS with folding chaperones,
redox buffers, or PTM enzymes, and developing hybrid or
eukaryotic lysates that better support complex protein
expression [27]. Additionally, synthetic compartmentalization
using liposomes and microfluidics aims to emulate cellular
structures and improve performance.

Future Perspectives
The future of CFES is set to advance rapidly, driven by progress

in synthetic biology, AI, and biomanufacturing. Key
developments include the expansion of CFPS into
high-throughput screening (uHTS) through automated

platforms and miniaturized systems, enabling rapid drug
discovery and comprehensive functional screening. Custom
lysate development, using genetically engineered host cells like
yeast or CHO, will enhance CFPS for specific applications such
as post-translational modifications or protein synthesis.
Additionally, AT and machine learning integration will optimize
biosynthetic pathways, speeding up the design-build-test-learn
(DBTL) process and improving production efficiency.
Cross-cutting innovations like portable CFPS Kkits, synthetic
organelles, and sustainable biomanufacturing will further
expand CFPS capabilities for wuse in resource-limited
environments, point-of-care diagnostics, and eco-friendly
production processes. These advancements promise to
revolutionize drug development, biosensing, and the creation of
high-value chemicals.

Conclusion

CFES are revolutionizing synthetic biology, biotechnology, and
drug discovery by enabling protein and metabolite synthesis
outside living cells. These flexible, rapid, and programmable
platforms facilitate the design and testing of biological
components, from genetic circuits to therapeutic compounds.
CFES overcome limitations like toxicity and expression
bottlenecks, and integrate with advanced tools such as CRISPR,
riboswitches, and RNA circuits. Although challenges like cost,
stability, and cellular complexity remain, innovations in lysate
engineering, = energy  regeneration, and artificial
compartmentalization are rapidly advancing the field.

Looking ahead, CFES are moving toward high-throughput

automation, customized lysates for specific biochemical tasks,
and Al-guided workflows to enhance the
design-build-test-learn cycle. These developments position
CFES as not just a prototyping tool, but as a future cornerstone
for distributed, sustainable, and intelligent biomanufacturing.
As the technology advances and integrates with automation and
computational tools, CFES will open new frontiers in drug
synthesis, diagnostics, biosensing, and personalized medicine.

Disclosure statement
No potential conflict of interest was reported by the authors.
References

1. Karim AS, Jewett MC. Cell-free synthetic biology for pathway
prototyping. Methods Enzymol. 2018;608;31-57.
https://doi.org/10.1016/bs.mie.2018.04.029
Dudley QM, Karim AS, Jewett MC. Cell-free metabolic
engineering: biomanufacturing beyond the cell. Biotechnol J.
2015;10(1):69-82. https://doi.org/10.1002/biot.201400330
Khambhati K, Bhattacharjee G, Gohil N, Braddick D, Kulkarni V,
Singh V. Exploring the potential of cell-free protein synthesis for
extending the abilities of biological systems. Front Bioeng
Biotechnol. 2019;7:248. https://doi.org/10.3389/fbioe.2019.00248
Jeong D, Klocke M, Agarwal S, Kim ], Choi S, Franco E, et al.
Cell-free synthetic biology platform for engineering synthetic
biological circuits and systems. Methods Protoc. 2019;2(2):39.
https://doi.org/10.3390/mps2020039
Dopp JL, Reuel NE. Simple, functional, inexpensive cell extract for
in vitro prototyping of proteins with disulfide bonds. Biochem Eng
J. 2020;164:107790. https://doi.org/10.1101/2019.12.19.883413
Krinsky N, Kaduri M, Shainsky-Roitman ], Goldfeder M, Ivanir E,
Benhar I, et al. A simple and rapid method for preparing a cell-free
bacterial lysate for protein synthesis. PLoS One. 2016;11(10):
€0165137. https://doi.org/10.1371/journal.pone.0165137
Kesidis A, Depping P, Lodé A, Vaitsopoulou A, Bill RM, Goddard
AD, et al. Expression of eukaryotic membrane proteins in
eukaryotic and prokaryotic hosts. Methods. 2020;180:3-18.
https://doi.org/10.1016/j.ymeth.2020.06.006
Cui Y, Chen X, Wang Z, Lu Y. Cell-free PURE system: evolution and
achievements. Biodes Res. 2022;2022:9847014.
https://doi.org/10.34133/2022/9847014
Doerr A, De Reus E, Van Nies P, Van der Haar M, Wei K, Kattan J,
et al. Modelling cell-free RNA and protein synthesis with minimal
systems. Phys Biol. 2019;16(2):025001.
https://doi.org/10.1088/1478-3975/aaf33d
10. McKenzie EA, Abbott WM. Expression of recombinant proteins in
insect and mammalian cells. Methods. 2018;147:40-49.
https://doi.org/10.1016/j.ymeth.2018.05.013
11. McSweeney MA, Styczynski MP. Effective use of linear DNA in
cell-free  expression systems. Front Bioeng Biotechnol.
2021;9:715328. https://doi.org/10.3389/fbioe.2021.715328
12. Hori Y, Kantak C, Murray RM, Abate AR. Cell-free extract based
optimization of biomolecular circuits with droplet microfluidics. Lab
Chip. 2017;17(18):3037-3042. https://doi.org/10.1039/c71c00552k
13. Gonzales DT, Yandrapalli N, Robinson T, Zechner C, Tang TD. Cell-free
gene expression dynamics in synthetic cell populations. ACS Synth Biol.
2022;11(1):205-215. https://doi.org/10.1021/acssynbio.1c00376
14. Hong SH. “Cell-Free Synthetic Biology”: Synthetic Biology Meets
Cell-Free Protein Synthesis. Methods Protoc. 2019;2(4):80.
https://doi.org/10.3390/mps2040080
15.Rogers JK, Church GM. Genetically encoded sensors enable
real-time observation of metabolite production. Proc Natl Acad Sci.
2016;113(9):2388-2393. https://doi.org/10.1073/pnas.1600375113
16. Dondapati SK, Stech M, Zemella A, Kubick S. Cell-free protein
synthesis: a promising option for future drug development. BioDrugs.

Innov. Mol. Biotechnol., 2025, 3, 21-25

24

© Reseapro Journals 2025
https://doi.org/10.61577/imb.2025.100005



INNOVATIONS IN MOLECULAR BIOTECHNOLOGY
2025,VOL. 3, ISSUE 1

RESEAPRO

JOURNALS

2020;34(3):327-348. https://doi.org/10.1007/s40259-020-00417-y

17. Wilding KM, Schinn SM, Long EA, Bundy BC. The emerging
impact of cell-free chemical biosynthesis. Curr Opin Biotechnol.
2018;53:115-121. https://doi.org/10.1016/j.copbio.2017.12.019
Zemella A, Thoring L, Hoffmeister C, Kubick S. Cell-free protein synthesis:
pros and cons of prokaryotic and eukaryotic systems. ChemBioChem.
2015;16(17):2420-2431. https://doi.org/10.1002/cbic.201500340
Blay V, Tolani B, Ho SP, Arkin MR. High-throughput screening:
today’s biochemical and cell-based approaches. Drug Discov Today.
2020;25(10):1807-1821. https://doi.org/10.1016/j.drudis.2020.07.024
.Jiang L, Zhao J, Lian ], Xu Z. Cell-free protein synthesis enabled

rapid prototyping for metabolic engineering and synthetic biology.

Synth Syst Biotechnol. 2018;3(2):90-96.

https://doi.org/10.1016/j.synbio.2018.02.003
. Karim AS, Jewett MC. A cell-free framework for rapid biosynthetic
pathway prototyping and enzyme discovery. Metab Eng.
2016;36:116-126. https://doi.org/10.1016/j.ymben.2016.03.002
Bendixen L, Jensen TI, Bak RO. CRISPR-Cas-mediated
transcriptional modulation: The therapeutic promises of CRISPRa
and CRISPRi. Mol Ther. 2023;31(7):1920-1937.

18.

19.

2

S

2

—

22.

https://doi.org/10.1016/j.ymthe.2023.03.024

23. VillaJK, Su Y, Contreras LM, Hammond MC. Synthetic biology of small
RNAs and riboswitches. Regulating with RNA in Bacteria and Archaea.
2018:527-545. https://doi.org/10.1128/microbiolspec.rwr-0007-2017

24.Perez ]G, Stark JC, Jewett MC. Cell-free synthetic biology:
engineering beyond the cell. Cold Spring Harb Perspect Biol.
2016;8(12):a023853. https://doi.org/10.1101/cshperspect.a023853

25. Guzman-Chavez F, Arce A, Adhikari A, Vadhin S, Pedroza-Garcia
JA, Gandini C, et al. Constructing cell-free expression systems for
low-cost access. ACS Synth Biol. 2022;11(3):1114-1128.
https://doi.org/10.1021/acssynbio.1c00342

26. Des Soye BJ, Davidson SR, Weinstock MT, Gibson DG, Jewett MC.
Establishing a high-yielding cell-free protein synthesis platform
derived  from  Vibrio natriegens. ACS  Synth  Biol.
2018;7(9):2245-2255. https://doi.org/10.1021/acssynbio.8b00252

27.Beygmoradi A, Homaei A, Hemmati R, Fernandes P. Recombinant
protein expression: challenges in production and folding related
matters. Int J Biol Macromol. 2023;233:123407.
https://doi.org/10.1016/j.ijbiomac.2023.123407

Innov. Mol. Biotechnol., 2025, 3, 21-25

25

© Reseapro Journals 2025
https://doi.org/10.61577/imb.2025.100005



