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Abstract: Carbohydrates are essential bioresources with wide-ranging applications in the fields of functional foods,
pharmaceuticals, energy, and advanced materials. The traditional methods for carbohydrate production, which typically
rely on cellular systems, often suffer from inherent limitations such as low product yield, complex pathway regulation,
and limited scalability. In recent years, in vitro biosynthesis technology has emerged as a groundbreaking alternative,
offering a highly versatile, cell-free platform for the efficient synthesis of carbohydrates. This technology integrates
multiple enzymes within a single reaction system, enabling them to work synergistically without the constraints of a

living cell. This approach offers several significant advantages over traditional cellular synthesis. First, it bypasses the
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steady-state limitations of cellular systems, allowing for higher reaction rates and enhanced product yields. Second, it
provides greater pathway controllability, making it possible to fine-tune reaction conditions for optimal performance.
Third, it enhances the atomic economy, as the absence of cellular byproducts leads to more efficient use of substrates.
These attributes make in vitro biosynthesis a powerful tool for the scalable and sustainable production of a wide range
of carbohydrate products. This review provides a comprehensive overview of the core technological advancements in
the in vitro carbohydrate synthesis. The discovery, engineering and expression of target enzymes are the foundation of
the in vitro biosynthesis, providing the basic elements for pathway construction. For the pathway design,
thermodynamic driving and cofactor recycling strategies ensure sustained catalytic activity and energy efficiency.
Furthermore, the modular design of synthesis pathways allows for flexible configuration and rapid optimization of
multi-enzyme systems, while synergistic adaptation mechanisms enable the efficient coordination of enzyme functions.
This review also highlights representative applications of in vitro biosynthesis technology in the production of various
monosaccharides, sugar alcohols, oligosaccharides, polysaccharides, and sugar derivatives, demonstrating its
advantages in utilizing low-cost resources, achieving atomic economy, and enabling scalable production. Moreover, the
potential of artificial intelligence to further enhance in vitro carbohydrate biosynthesis is discussed, particularly in the
areas of enzyme discovery and modification, pathway optimization, and process parameter prediction. As the
convergence of biology with advanced computational tools continues, in vitro carbohydrate biosynthesis is expected to
accelerate its transition from laboratory research to industrial-scale applications, becoming a key enabler of next-

generation green biomanufacturing.
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Fig. 3 Application of in vitro biosynthesis in carbohydrate production
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(A) Application of coenzyme recycling in the in vitro biosynthesis. GI, glucose isomerase; DAE, D-allulose 3-epimerase; RDH, ribitol
dehydrogenase; FDH, formate dehydrogenase; GS, galactinol synthase; RS, raffinose synthase, STS, stachyose synthase. (B) Application of
thermodynamic driving in the in vitro biosynthesis. IA, isoamylase; aGP, a-glucan phosphorylase; PGM, phosphoglucomutase; PGI, phosphoglucose
isomerase; API, allulose 6-phosphate isomerase; TPE, tagatose 6-phosphate 4-epimerase; MPI, mannose 6-phosphate isomerase; M1PDH, mannitol
1-phosphate 5-dehyrogenase; FPP, fructose 6-phosphatase; APP, allulose 6-phosphatase; TPP, tagatose 6-phosphatase; MPP, mannose 6-phosphatase;
MI1P, mannitol I-phosphatase; oG, a-glucosidase; DSP, disaccharide phosphorylase; CBP, cellobiose phosphorylase; LBP, laminaribiose
phosphorylase; SoP, 1,2-B-oligoglucan phosphorylase; THP, trehalose phosphorylase; IPS, inositol 1-phosphate synthase; IMP, inositol
monophosphatase; GImD, glucosamine 6-phosphate deaminase; GImP, glucosamine 6-phosphate phosphatase. (C) In vitro biosynthetic pathways for
DhaK, dihydroxyacetonekinase; TPI,
triosephosphateisomerase; FSA, fructose 6-phosphate aldolase; PGI, phosphoglucose isomerase; PGM, phosphoglucomutase.
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