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significance of “Tao-Fa-Shu-Qi” for industrial biomanufacturing. To further elaborate on the principle of “Shu is
techniques” in biomanufacturing, for the first time this opinion paper introduces the new concepts of “Product-to-
Enzyme Ratio” (abbreviated as PE value) that is the weight ratio of the product to the non-cell biocatalysts (i.e., enzyme
(s)), such as enzyme molecules and multiple-enzyme molecular machines, and of “Product-to-X(Cell) Ratio”
(abbreviated as PX value) that is the weight ratio of the product to cell mass. Both values feature simple, clear and
quantitative properties. The PE value can be applied to enzyme-based biocatalysis or in vitro biotransformation; PX
value can be applied to cell-based fermentation. Theoretical PE values can be calculated from total-turn-over number
(TTN) of enzyme. First, the author defines and calculates the PE value. Second, authors summarize and classify
industrial biomanufacturing cases and literature data catalyzed by enzymes, multiple-enzyme molecular machines, and
cells. It was found that enzymatic starch-hydrolyzing enzymes has a PE value 50-100 times of that of enzymatic
cellulose hydrolysis, resulting in an extremely high cellulase dosage. This ultra-high enzyme cost is the biggest obstacle
to the industrialization of the second-generation biorefineries that are based on the biological conversion and utilization
of lignocellulosic biomass. Lastly, the PE/PX values can be used to quickly estimate and compare the costs of
biocatalysts, such as enzyme molecules, multiple-enzyme molecular machines, and microbial cells in the
biomanufacturing process, guiding the development path for further decreasing the cost of biocatalysts. Increasing PE
values by enzyme (co- )immobilization could greatly decrease biocatalyst costs, surpassing cell-based fermentation.
Cellulase could be the largest industrial enzyme with a potential market size of 500 billion RMB by considering the
huge supplies of non-food lignocellulosic biomass and potential markets of renewable biocommodities and artificial
food/feed. The calculation and analysis of the PE/PX wvalues would provide a new perspective for the future
development of the strategic emerging industry of biomanufacturing, deepen the understanding of the cost of
biocatalysts in biomanufacturing, promote the high-quality development of the bioeconomy, predict the future cost

trend of biological products, and evaluate the industrialization potential of emerging biotechnologies.
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Fig. 1 Biocatalyst costs of microbial fermentation and in vitro biotransformation (ivBT)

[X-axis-PE value, calculated as: PE = product mass/enzyme dry weight. Y-axis-Biocatalyst cost (CNY/tonne of product), referring to either the cell

cost or enzyme cost. Dashed line-Cell cost (CNY/tonne of product), calculated as: Cell cost = Cell preparation costx1000 (kg/tonne)/PX, where PX

values are 3, 6, 15, and 30 (top to bottom), and the cell preparation cost is 30 CNY/kg dry cell weight. Solid line-Enzyme cost (CNY/tonne of

product), calculated as: Enzyme cost = Enzyme preparation costx1000 (kg/t)/PE, where enzyme preparation costs (£) are 5000, 1000, 250, and

100 CNY/kg (top to bottom).]
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Table 3 Current PE values for representative products in enzyme-catalyzed biomanufacturing
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Fig.2 Representative PE values of enzyme-catalyzed products and the solubility of substrate-enzyme

(Data source: refer to Table 3)
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