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Chemoenzymatic platform with coordinated 
cofactor self-circulation for lignin valorization
 

Liangxu Liu1,2, Xiaotong Wang3,4, Yeyun Wu4,5, Hengrun Li1,2, Jiawei Wang1,2, 
Chaofeng Li1,2, Haotian Zheng    1,2 & Jun Ni    1,2,3 

Lignin valorization is vital for achieving economically viable and sustainable 
lignocellulosic biorefineries. However, the value-added utilization of lignin 
constituents is hampered by the requirement of expensive cofactors and 
low conversions. Here, by integrating coenzyme regeneration and cell-free 
expression, we report an in vitro multienzyme-coordinated expression 
with cofactor self-circulation (iMECS) strategy to achieve efficient 
lignin-to-molecule conversion. The iMECS system established a catalytic 
bridge with high atom economy for converting lignin waste into valuable 
aromatic compounds. Curcumin, vanillin and raspberry ketone were 
efficiently synthesized in a coenzyme-free manner, with a conversion of over 
90%. We also demonstrated the flexibility of the iMECS platform, through 
which a wide array of phenylpropanoids could be easily obtained by enzyme 
swapping and pathway extension. By integrating chemical depolymerization 
with the iMECS system, lignin-rich agricultural waste was directly converted 
into valuable chemicals, and the overall catalytic efficiency was enhanced 
by up to 48-fold compared with the reported titres. This efficient, general 
platform can facilitate the utilization of lignocellulosic biomass, thereby 
promoting zero-waste biorefineries for a more sustainable future.

Biorefining lignocellulosic biomass into value-added products is a 
promising route for coupling petrochemical replacement with car-
bon mitigation1–4. Conventional biorefineries generate more than 200 
million tonnes of lignin waste annually, and the largely unexploited 
waste is simply burned for heat, raising environmental concerns about 
carbon emissions5,6. Recently, the biological utilization of lignin and its 
hydrolytic aromatics has attracted extensive attention, which is key to 
realizing zero-waste and economically viable biorefineries7–9. However, 
the constant requirement of expensive cofactors (for example, adeno-
sine triphosphate (ATP), reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) and coenzyme A (CoA)) has seriously hindered 
the sustainable valorization of lignin into valuable products6,10. To 
mitigate this constraint, one potential approach is to introduce auxil-
iary cofactor regeneration enzymes, which often necessitates precise 

regulation of the cofactor metabolic network to prevent disruption of 
cellular homeostasis11,12. Moreover, the imbalance in catalytic activity 
between biosynthetic machinery and cofactor regeneration systems 
is a key barrier to efficient conversion, resulting in extremely limited 
yields of lignin-valorized molecules. For example, the productivity of 
raspberry ketone (RK) from lignin-derived p-coumaric acid (pCA) was 
less than 0.003 g l−1 h−1, with a conversion of only 11.3% (refs. 13,14), 
and the productivity of curcumin was limited to 0.006 g l−1 h−1 (ref. 15). 
Currently, there is no general solution to overcome expensive cofactor 
requirements and unbalanced enzymatic activity simultaneously; thus, 
developing a universal strategy for improving lignin bioconversion 
routes is desirable.

The efficiency of individual molecular machines should be care-
fully balanced to obtain a coordinated cofactor self-circulation system 
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for lignin valorization, which promotes the economic feasibility of 
next-generation biorefineries.

Results
Multidimensional optimization of lignin-to-molecule route
To evaluate the feasibility of the iMECS strategy, we chose curcumin, a 
therapeutic polyphenol with an estimated global market of US$151.9 
million by 202724, as the initial target product. Curcumin is synthe-
sized from ferulic acid (FA), a predominant lignin monomer, by cou-
pling p-coumarate-CoA ligase (4CL) with curcuminoid synthase (CUS) 
(Fig. 2a)25. First, we established a biocatalytic module consisting of 
purified 4CL from Arabidopsis thaliana and CUS from Oryza sativa, and 
the necessary cofactors (ATP, CoA and malonyl-CoA) were adequately 
added to drive the biosynthetic route. However, only 28.1 ± 2.9 mg l−1 
of curcumin was obtained from 1 mM FA (194 mg l−1) in this one-pot 
two-enzyme system (Fig. 2b), and the considerable accumulation of FA 
suggests that 4CL may be the rate-limiting step. Therefore, we investi-
gated alternative enzymes derived from various sources for FA conver-
sion. Fortunately, feruloyl-CoA synthetase (FCS) was identified from 
Caldimonas thermodepolymerans (Fig. 2c and Supplementary Fig. 1), 
enabling the highest curcumin production of 115.3 ± 4.4 mg l−1, which 
was 4.1-fold higher than that of plant 4CL (Fig. 2b). We surmised that 
its high catalytic activity and excellent thermal stability make 4CL an 
ideal molecular machine (Supplementary Fig. 2). To circumvent the 
stoichiometric consumption of cofactors, an in situ multi-cofactor 
recycling module was designed and introduced. In this regard, we used 
malonyl-CoA synthetase (MatB)26 and polyphosphate kinase 2 Class III 
(PPK)27 for malonyl-CoA and ATP replenishment with synchronous CoA 
recycling (Fig. 2a and Supplementary Fig. 3). The four-enzyme cascade 
yielded 126.4 mg l−1 of curcumin using substoichiometric amounts of 
cofactors and sacrificial substrates (malonate and polyphosphate) 
(Supplementary Fig. 4), demonstrating that the artificial multi-cofactor 
recycling module successfully cycled the cofactors. Nevertheless, 
eliminating expensive purification processes and improving overall 
efficiency remain challenging.

With the working multienzyme cascade in hand, we set out to 
establish an iMECS system for the efficient synthesis of curcumin with-
out protein purification. A high-yielding Escherichia coli lysate-based 
cell-free transcription–translation system was used for the rapid 

for lignin valorization. Innovative synthetic biology and metabolic 
engineering tools enable fine-tuning of gene expression for path-
way balancing in vivo11,16–18. Nevertheless, optimizing the efficiency of 
numerous enzymes in parallel remains an extremely time-consuming 
and labour-intensive process, especially for nonlinear interacting path-
ways like lignin biorefinery in which multiple cofactors are involved9,12. 
Although a cell-free system with purified enzymes is an easily control-
lable candidate for biomanufacturing, it requires an expensive purifica-
tion process19. Alternatively, by decoupling biosynthetic reactions from 
strict cellular regulations, cell-free protein synthesis (CFPS)-driven 
metabolic engineering offers tremendous flexibility in facilitating 
pathway balancing by adjusting the concentration of linear DNA or 
plasmids20–22. Moreover, the open nature of this system circumvents 
the limitations associated with aromatic toxicity, substrate uptake and 
product secretion23. We surmise that the CFPS-based approach holds 
appealing potential for orchestrating multiple molecular machines in 
lignin valorization. However, no attempts have been made to accelerate 
the conversion of lignin into hydrolytic aromatics.

To address this issue, we report a broadly applicable strategy 
that seamlessly integrates coenzyme regeneration and cell-free 
expression into the lignin upgrading process, termed the in vitro 
multienzyme-coordinated expression with cofactor self-circulation 
(iMECS) strategy (Fig. 1). The lignin-to-molecule conversion pipeline 
is divided into three main steps: (1) selecting suitable enzymes for 
the cell-free biocatalytic module, (2) constructing a multi-cofactor 
recycling module and (3) fine-tuning DNA addition to achieve a pre-
cise balance of enzymatic activity. In this study, using an automated 
liquid-handling workflow, we rapidly screened 1,296 unique pathway 
combinations with more than 20 reaction component sets, which 
boosted curcumin productivity to 0.175 g l−1 h−1, with a molar yield of 
95.31%. We also demonstrated the flexibility of the iMECS platform, 
where RK and other phenylpropanoids could be easily obtained by 
enzyme swapping and pathway extension. Without the addition of 
external cofactors, the overall catalytic efficiency of the iMECS-based 
route was enhanced by up to 48-fold compared with the reported 
titres. Next, a tandem chemical depolymerization and coenzyme-free 
biotransformation process was implemented to produce valuable 
aromatics directly from lignin-rich agricultural waste. This general 
sustainable system with extraordinary efficiency is highly feasible 
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Fig. 1 | Schematic representation of distinct routes for lignin biovalorization. 
The lignin in pulping or agricultural wastes can be hydrolysed into lignin-derived 
aromatics, and then these aromatics can be biotransformed into target products. 
The purple arrow represents purified-enzyme-mediated transformation, which 
requires many expensive cofactors. The green arrow represents microbial 
transformation, and the imbalance of enzyme activity often leads to low yields. 

The pink arrow represents iMECS based on CFPS, which achieves the efficient 
lignin-to-molecule conversion without cofactors. The icons at the centre of 
the pathways represent (from top to bottom) enzymatic catalysis, whole-cell 
catalysis and cell-free catalysis, respectively. E1 and E2 refer to enzymes for 
conversion process, while E3 and E4 represent enzymes used for cofactor 
regeneration.
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expression of 4CL, CUS, MatB and PPK using mix-and-match plasmids 
(Fig. 2d and Supplementary Fig. 5). After in vitro protein synthesis, 
71.0 mg l−1 of curcumin was obtained from 1 mM FA with sufficient 
malonyl-CoA and ATP (Fig. 2e). Next, the cofactors were removed indi-
vidually, and the corresponding curcumin production revealed that the 
cofactor recycling module was critical for the curcumin yield. Intrigu-
ingly, we found that the cofactor recycling reaction without replenish-
ing cofactors also produced 51.2 mg l−1 of curcumin (Fig. 2e), indicating 
that residual cofactors in the cell lysate were sufficient to initiate the 
iMECS system. The distribution of ATP to adenosine monophosphate 

(AMP) in the PPK-mediated system was lower than in the system with 
excessive ATP addition, which may indicate that the cofactor recycling 
system could not regenerate ATP fast enough to match the curcumin 
biosynthesis (Supplementary Fig. 6). Here, although the iMECS strat-
egy achieved the synthesis of curcumin without additional cofactors, 
the low conversion (<30%, mol mol−1 measurement normalized to 
theoretical maximum conversion) indicates the necessity for further 
optimization. After the first-layer optimization of sacrificial substrate 
concentrations (Supplementary Fig. 7), we sought to precisely balance 
enzyme activities by simply tuning the ratio of each plasmid. Inspired 
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Fig. 2 | iMECS strategy for in vitro biosynthesis of curcumin from FA. 
a, An overview of the metabolic pathway for the formation of curcumin based 
on the iMECS strategy. b, The synthesis of curcumin using purified CUS and 
4CL–FCS from various sources (marked as black circles in c). Values are shown 
as mean ± s.d. (n = 3 independent replicates); dots represent individual data 
points. c, Phylogenetic tree analysis of FCS–4CL indicating the evolutionary 
relativity and the homological degrees among the amino acid sequences 
of FCS–4CL. The sources of enzymes used in this work are marked as black 
circles. d, A schematic overview of the CFPS-based biocatalysis. The enzymatic 
pathway was assembled by adding the plasmid mixture to the CFPS system, 
followed by the addition of substrates for catalytic reactions. e, Curcumin 
production by CFPS-based biocatalysis. The black circles refer to excessive 

addition, while the black semicircles refer to substoichiometric addition (1/10 
of the FA). All data are plotted for n = 3 independent experiments. f, A practical 
overview of the automated iMECS framework. The workflow consists of three 
parts: selection of suitable designs (design), in vitro protein expression and 
substrate transformation (build) and high-throughput screening (test). The 
protein biosensor used here is described in Supplementary Fig. 8. g, Curcumin 
end-point titres obtained in screening 1,296 plasmid combinations with different 
concentration ratios. Curcumin is measured at 1 h after the addition of FA. 
The conversion (Conv.) refers to the mol mol−1 measurement normalized to 
the theoretical maximum conversion. The initial concentration of FA in these 
experiments was 1 mM. Values are shown as mean ± s.d. (n = 3 independent 
replicates).
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by the in vitro prototyping and rapid optimization of biosynthetic 
enzymes (iPROBE) workflow20, we automated the iMECS framework by 
combining a robotic liquid-handling system with an enzyme-coupled 
biosensor to accelerate the optimization process (Fig. 2f). We rapidly 
screened 1,296 unique pathway combinations in one day, and the 
loading ratio of FCS:CUS:MatB:PPK at 2:1:3:2 had the highest curcumin 
productivity of 0.175 g l−1 h−1 (Fig. 2g and Supplementary Table 1), which 
was more than 1,455% higher than that of typical whole-cell bioconver-
sion (Supplementary Table 1). Correspondingly, the conversion of 
curcumin by the iMECS system reached 95.31% (Fig. 2g), far exceeding 
that reported in previous studies (Supplementary Table 1). These data 
demonstrate the superiority of the iMECS system in rapidly establishing 
a coenzyme-free route for the conversion of lignin-derived molecules.

Thermostable iMECS for energy-efficient vanillin synthesis
To evaluate the broad applicability of the iMECS system, we further 
explored the catalytic process for converting FA to vanillin, a widely 
used flavour compound with an estimated market of US$724.5 million28. 
FCS and enoyl-CoA hydratase (ECH) in Streptomyces sp. V-1 are respon-
sible for this conversion: FCS ligates FA and CoA to form feruloyl-CoA 
with ATP consumption, and ECH subsequently converts feruloyl-CoA 
into vanillin and acetyl-CoA (Fig. 3a and Supplementary Fig. 9)29. The 
shunt product, acetyl-CoA, contains a high-energy thioester bond, 
which leads to energy wastage and hinders CoA recycling. To lower the 
ATP requirement, we designed a two-step energy extraction cascade 
consisting of phosphotransacetylase (PTA) and acetate kinase (ACK) 
as a ‘molecular connector’ between ATP and CoA (Fig. 3a). Specifically, 
PTA uses the by-product acetyl-CoA for CoA release, and the simulta-
neously produced acetyl phosphate can be perfectly used by ACK for 
ATP regeneration30. An additional enzyme, polyphosphate:AMP phos-
photransferase (PAP)31, which is responsible for energy and phosphate 
supply, was introduced into our design (Fig. 3a). With a full set of the 
five purified enzymes, the cofactors were successfully cycled to drive 
the conversion of 1 mM FA, and 94.4 ± 2.7 mg l−1 of vanillin was obtained 
using substoichiometric cofactors (Fig. 3b). The distribution of ATP to 
AMP in the five-enzyme system was higher than in the PPK-mediated 
system (Supplementary Fig. 6b), which may indicate that the newly 
constructed cofactor recycling system is more efficient. Here, the 
five-enzyme system realizes the energy-efficient synthesis of vanil-
lin, and the energy extraction cascade can theoretically reduce ATP 
demand by 67% compared with the dual-enzyme system comprising 
FCS and ECH, as only 15.06 kJ mol−1 are invested in the ATP regeneration.

Next, we attempted to further optimize the efficiency of vanil-
lin and avoid enzyme purification using the iMECS system. For the 
initial FA conversion, a cell-free dual plasmid system for FCS and ECH 
expression was used, which produced 94.9 mg l−1 of vanillin with a 
yield of 0.62 mol mol−1 FA (Fig. 3c). Notably, a certain amount of vanil-
lyl alcohol accumulated in the reaction solution (Supplementary 
Fig. 10a), and several non-specific alcohol dehydrogenases (ADHs) in 
E. coli lysate may be responsible for this undesired by-product. Previ-
ously, a temperature-directed biocatalytic process was developed 
to avoid side reactions in E. coli whole-cell catalysis29. This strategy 
inactivated the endogenous ADHs through high temperature (50 °C), 
while thermostable exogenous enzymes could maintain their activi-
ties to complete catalytic synthesis29. Inspired by this methodology, 
we propose that a temperature-based method could be applied in a 
cell-free system. This method would deactivate the endogenous meso-
philic enzymes present in E. coli extracts at higher temperatures, while 
the expressed thermostable enzymes would remain active (Fig. 3d). 
The thermostability of PTA, ACK and PAP at 50 °C should meet the 
requirements of the temperature-directed strategy (Supplementary 
Fig. 10). However, reports on the use of thermostable ECH for vanillin 
biosynthesis are limited. Because CtFCS with excellent thermal stabil-
ity was obtained, we surmised that CtECH, encoded by the CtECH gene 
downstream of the CtFCS gene in C. thermodepolymerans, may be a 

suitable candidate (Supplementary Fig. 11). Indeed, the CtECH with a 
more compact structure was relatively stable at 50 °C, and about 60% 
of the initial activity was detected after 24 h of incubation (Fig. 3e). 
Then, the upgraded cell-free dual plasmid system for FCS and ECH 
expression was constructed; as expected, 106.0 mg l−1 of vanillin was 
obtained without detectable vanillyl alcohol when the reaction tem-
perature increased from 30 °C to 50 °C (Fig. 3c). By further introducing 
a cofactor recycling module containing an energy extraction cascade, 
the five-plasmid-mediated thermostable iMECS system synthesized 
61.7 mg l−1 of vanillin without the addition of cofactors (Fig. 3c). Similar 
to the pure enzyme reaction, the distribution of ATP to AMP followed 
the same trend (Supplementary Fig. 6c). Subsequently, under an opti-
mized FCS:ECH:PTA:ACK:PAP loading ratio of 2:3:1:2:2, the highest 
vanillin productivity reached 1.79 g l−1 h−1, and the conversion improved 
from 44.05% to 98.21% (Fig. 3f and Supplementary Table 2). The pH of 
the iMECS system remained relatively stable during the catalytic pro-
cess (Supplementary Fig. 12). Collectively, these results demonstrate 
the efficiency of the iMECS system in the coenzyme-free biosynthesis 
of vanillin, and the thermostable cell-free strategy described herein 
can be widely used for the elimination of by-products.

Triple-cofactor recycling promotes RK biosynthesis
Based on the encouraging results for curcumin and vanillin biosyn-
thesis, we next aimed to demonstrate the applicability of the iMECS 
strategy in a more complex lignin-to-molecule pathway. We selected 
the multi-cofactor-dependent pathway from lignin-derived pCA to RK 
as a model, because RK is one of the most expensive natural flavouring 
components with high demand32. The RK pathway can be divided into 
two modules: an upstream 4-hydroxybenzylidene acetone (4HBA) 
synthesis module and a downstream reduction module (Fig. 4a). The 
upstream module consisting of FCS and benzalacetone synthase (BAS) 
is similar to the curcumin biosynthetic pathway, requiring ATP, CoA 
and malonyl-CoA as cofactors32. The downstream module involves 
NADPH-dependent RK/zingerone synthase (RZS), which reduces 
4HBA to RK via a redox mechanism (Fig. 4a and Supplementary Fig. 13). 
First, we tested the upstream module separately from the downstream 
module by externally supplying sufficient cofactors. As FCS exhib-
its excellent activity towards pCA, we screened for BAS that could 
enhance the 4HBA titre using a cell-free dual plasmid expression 
system. Strikingly, the RpBAS from Rhemu palmatum enabled a 4HBA 
production of 103.7 ± 4.9 mg l−1 from 1 mM pCA, which was at least 
2.2-fold higher than other BAS (Fig. 4b). Substituting serine 331 with 
valine in RpBAS has previously been shown to increase its catalytic 
activity in vivo14; however, the mutated RpBAS diminished 4HBA pro-
duction in the cell-free system (Fig. 4b). Next, we attempted to elimi-
nate the need to add cofactors by incorporating the multi-cofactor 
recycling modules (MatB and PPK) used in curcumin production. As 
expected, after the in vitro protein synthesis of FCS, BAS, MatB and 
PPK, 82.3 ± 5.8 mg l−1 of 4HBA was obtained without replenishing 
cofactors (Fig. 4b), implying that the cofactors were successfully 
cycled to drive the upstream module.

To construct the downstream module, several RZS from differ-
ent sources were tested using a CFPS system. EcCurA (where CurA 
is curcumin reductase) from E. coli showed the best activity in 4HBA 
reduction, and the titre of RK reached 141.8 ± 3.9 mg l−1 with sufficient 
NADPH added (Fig. 4c). Four different NADPH regeneration systems 
were installed to replace the redox cofactor addition33, and the formate 
dehydrogenase (FDH)- and glucose dehydrogenase (GDH)-mediated 
systems showed better compatibility with the CurA-catalysed route 
(Fig. 4d). Considering the irreversible reaction and inexpensive sacri-
ficial substrate, we used FDH from Candida boidinii with D195Q/Y196R 
mutations34 to replenish the pool of NADPH in the cell-free system. The 
downstream module containing the CurA–FDH dual plasmid system 
synthesized 113.6 ± 4.0 mg l−1 of RK without the addition of NADPH 
(Fig. 4d). The distribution of NADPH to NADP+ in the FDH-mediated 
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system was lower than in the excess NADPH system (Supplementary 
Fig. 6d), which may be the reason for its relatively lower RK production.

Next, we set out to establish an iMECS system for the efficient 
synthesis of RK by integrating the upstream and downstream mod-
ules. Based on the entire pathway combination scanning, the opti-
mal six-plasmid-mediated system yielded 118.9 mg l−1 of RK without 
replenishing cofactors (Fig. 4e). Previous studies have demonstrated 
that fusion enzymes with spatial proximity can promote cascade 
efficiency35,36, and we surmise that the fusion of CurA and FDH can 
accelerate catalytic efficiency and cofactor regeneration. Moreover, 
the fusion strategy can reduce the complexity of the iMECS system to 
simplify the process of fine-tuning plasmid addition (Fig. 4f), which is 
particularly important for systems that lack rapid product detection 
methods. Here, fusion with the GGGGS linker showed better perfor-
mance (Supplementary Fig. 14a), and we conducted a new round of 
combination testing to optimize the plasmid addition ratio. With 
these efforts, the iMECS system with CurA–FDH fusion in the absence 
of any additional cofactor displayed a productivity of 0.15 g l−1 h−1 with 
a 91.56% conversion (Fig. 4g and Supplementary Table 3), which was 
48 times higher than yields reported for other biosynthetic methods 
(Supplementary Table 3). These results further demonstrate the supe-
riority of the iMECS system, which has great potential for the synthesis 
of more complex products from lignin-derived aromatics. Notably, the 
fusion strategy may not always be successful. For example, although the 
purified FCS–BAS fusion performed better than the separate enzymes 

(Supplementary Fig. 14b), the RK titre from iMECS was diminished by 
8.3-fold when we fused FCS with BAS (Fig. 4g).

Chemoenzymatic synthesis of aromatics from lignin
Lignin-derived FA and pCA are key precursors for the biosynthesis of 
a wide variety of phenylpropanoids with important pharmacologi-
cal activity but extremely low content in natural sources37,38. Having 
validated the iMECS system for efficiently converting FA and pCA, we 
investigated whether our system could be used as a broad platform to 
produce other valuable phenylpropanoids. To produce resveratrol, a 
typical stilbene precursor widely used in pharmaceuticals and nutra-
ceuticals, the BAS in the 4HBA formation module was simply swapped 
with stilbene synthase (Fig. 5a). Similarly, by swapping BAS with chal-
cone synthase and chalcone isomerase, naringenin, a gatekeeper flavo-
noid with diverse biological activities39, can be synthesized from pCA 
(Fig. 5a and Supplementary Fig. 15). With the cocktails of equal-molar 
plasmids, we produced 57.9 mg l−1 of resveratrol and 122.3 mg l−1 of nar-
ingenin from 1 mM pCA in the absence of additional cofactors (Fig. 5b). 
Next, by fine-tuning plasmid addition for the precise balancing of enzy-
matic activity, the iMECS systems yielded 211.3 ± 5.7 mg l−1 of resveratrol 
and 229.1 ± 8.5 mg l−1 of naringenin, with conversions of 92.58% and 
84.2%, respectively (Fig. 5b and Supplementary Fig. 16). Similar to RK 
production, the productivities were higher than those reported so 
far (Supplementary Tables 4 and 5). These results again demonstrate 
that the loading ratio of plasmids is a key factor in yield optimization, 
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emphasizing the importance of pathway balancing with iMECS. Owing 
to its good efficiency and flexibility, the iMECS system can be quickly 
expanded to the biosynthesis of a series of valuable aromatics through 
pathway extension and molecular swapping.

With our primary goal of lignin valorization in mind, we investi-
gated whether the iMECS system could be utilized for the conversion 
of lignin-rich agricultural waste into valuable aromatic compounds. 
This approach would substantially reduce overall costs, as purification 
steps are not required for FA and pCA. To achieve this, we attempted to 
develop a hybrid chemical–iMECS route for lignin valorization, which 
capitalizes on the efficient chemical depolymerization of lignin and 
the selective biological conversion of aromatic monomers (Fig. 5c). 
Initially, FA and pCA were efficiently released from different agricul-
tural residues via mild alkaline hydrolysis (Supplementary Fig. 17). 
Next, various value-added chemicals were directly obtained from the 
neutralized and concentrated hydrolysates (initial concentrations are 

equivalent to 1 mM FA or pCA) using the iMECS system. Some enzymes 
in these systems exhibited certain promiscuity, potentially convert-
ing both FA and CA simultaneously (Supplementary Fig. 18). To avoid 
by-products and the impact on catalytic efficiency, waste hydrolysates 
rich in pCA or FA were used to synthesize corresponding valuable 
aromatics, respectively (Fig. 5d). Specifically, FA-rich hydrolysates 
of corncob, peanut straw, sesame straw, wheat straw and sawdust 
were suitable for curcumin and vanillin biosynthesis, whereas RK, 
resveratrol and naringenin were produced from the pCA-rich hydro-
lysates of sugarcane bagasse, spent coffee grounds, soybean straw 
and rapeseed straw. The titres and productivities of target aromatics 
were 77.5–173.9 mg l−1 and 1.86–36.50 g l−1 day−1, respectively, from 
the depolymerized lignin stream, without detoxifying or washing 
the pretreated biomass (Fig. 5d). The tolerance to toxic substrates or 
products is one of the greatest advantages of cell-free systems, and the 
conversions of these potentially toxic hydrolysates by iMECS could 
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reach up to 83.38% (Fig. 5d). Notably, without any additional cofactors, 
the productivities achieved from agricultural waste here were 1.23- to 
35.89-fold higher than values reported using purified FA and pCA as the 
substrate (Supplementary Tables 1–5). The technology developed in 
this study is poised to serve as a universal platform for the value-added 
utilization of other lignin-rich wastes.

Discussion
Lignin valorization into chemicals is key to achieving more sustainable 
and competitive lignocellulosic biorefineries while also addressing 
environmental concerns arising from the combustion of lignin-rich 
waste streams40,41. However, the requirement for expensive cofactors 
and limited conversions seriously hamper the value-added utilization 
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of lignin6,10. We successfully tackled the long-standing challenges 
using the iMECS system, a broadly applicable strategy developed in 
this study. By integrating chemical depolymerization with iMECS, 
lignin-rich agricultural waste can be directly converted into valuable 
phenylpropanoids without any additional cofactors. Here, the iMECS 
system established a catalytic bridge with superior atom economy 
for converting lignin waste into useful aromatic compounds, pre-
serving the aromatic structure of natural resources. The hybrid 
chemical–iMECS system exhibits a 1.23- to 35.89-fold enhancement 
in productivity compared with the most efficient previously reported 
whole-cell routes (Supplementary Tables 1–5). We demonstrated 
the flexibility of the iMECS platform, through which a wide array of 
phenylpropanoids could be easily obtained by enzyme swapping 
and pathway extension. Previous studies have developed interest-
ing and meaningful routes for utilizing lignin, including the use of 
engineered microorganisms to funnel multiple lignin components 
into bulk chemicals with large market sizes42,43. Although single phe-
nylpropanoids have a relatively small volume compared with the total 
amount of lignin (approximately 300 billion tonnes), the enormous 
range of commercially available aromatics collectively represents a 
multi-billion-dollar market.

In the past decade, rapid advancements in synthetic biology have 
driven the biosynthesis of complex chemicals. Given the multiple 
advantages such as self-replication, metabolic diversity, easy recycling 
and enzyme-protected environment, whole-cell systems (in vivo) har-
bouring modified metabolic pathways have been developed to produce 
a variety of valuable chemicals, materials and pharmaceuticals44–46. 
However, the iterative design–build–test cycle of metabolic engineer-
ing remains costly and time-consuming, especially for nonlinear path-
ways with multienzyme combinations47,48. For example, the commercial 
semi-synthesis of artemisinin requires more than 150 person-years, 
mostly for delicate pathway balancing49. Instead, the CFPS-based pro-
totyping platform offers tremendous flexibility to facilitate design–
build–test cycles of only a few days50, and we showed that efficient 
lignin-to-molecule routes can be quickly established via the iMECS 
system. As CFPS translates well into an in vivo system20,21,51, iMECS has 
the potential to guide the reconstitution of the lignin-to-molecule 
pathway in vivo. We have also developed several universal strategies 
for improving the efficiency of the iMECS system. The thermostable 
cell-free strategy was used to eliminate the by-products of vanillin 
synthesis, and this strategy can be extended to almost all cell-free 
systems facing endogenous enzyme problems, thus avoiding complex 
metabolic remodelling of the chassis. In the future, the rational protein 
design and biological funnel strategy could be used for the elimination 
of other by-products caused by the promiscuity of enzymes42,52,53. The 
fusion enzyme strategy was used to improve the catalytic efficiency 
and reduce the complexity of the iMECS system; however, we do not 
recommend arbitrary fusion of enzymes that cross-affect other parts 
of the system. For instance, the RK titre was diminished by 8.3-fold 
when FCS was fused with BAS. The cofactor regeneration systems were 
systematically designed here to produce target molecules, and we 
envision a small library of cofactor recycling modules that can be used 
in conjunction with a wide variety of cell-free biocatalytic modules.

Notably, the E. coli-based cell-free system exhibits linear scalability 
over a 106 change in reaction volume, ranging from laboratory-scale 
(microlitre volume) to industrial-scale (100 l volume), proving the 
potential for industrial scale-up applications54. However, as an initial 
proof of concept, the iMECS system will require additional technical 
developments to achieve industrial applications. Cost-effectiveness 
may be a key challenge for the industrial scale-up. Recently, numerous 
efforts have been made to remove cost barriers in cell-free manufactur-
ing, such as using inexpensive reagents, reactor optimization and linear 
DNA templates55,56. Now, we can see that the cost of cell-free systems 
has decreased by several orders of magnitude in just 10 years, and past 
and ongoing efforts have already transformed the cell-free system into 

a more viable platform for biosynthesis23,57,58. The biosynthetic poten-
tial of iMECS could be further enhanced by replacing conventional 
high-energy phosphate donors with ubiquitous energy sources (for 
example, electricity or sunlight) in the future59,60. Meanwhile, the per-
meable membrane bioreactor integrated with pneumatic valves can be 
used to extend the lifetime of cell-free systems by continuously remov-
ing the inhibitory molecules and replenish ing essential components61. 
Moreover, membrane bioreactors and hydrogel-based compartments 
can be used to simplify the in situ product separation62. In addition, 
implementing other cutting-edge technologies, such as industrial 
automation, metabolic modelling and machine-learning algorithms, 
in iMECS may greatly improve biomanufacturing efficiency.

In summary, the hybrid chemical–iMECS strategy provides a gen-
eral coenzyme-free platform for the efficient conversion of lignin into a 
wide array of valuable aromatics, thereby facilitating the further devel-
opment of sustainable biorefineries. A key benefit of iMECS-mediated 
biomanufacturing is that using lignin-rich agricultural waste as feed-
stock decouples biomanufacturing from sugar prices. In addition, the 
combustion treatment of lignin waste streams releases a large amount 
of CO2. Lignin recycling not only avoids this aspect of carbon emissions 
but also reduces a substantial portion of greenhouse gas emissions 
compared with the traditional petroleum-based synthesis of aromat-
ics. With the continuously decreasing cost of CFPS56,63, the viability of 
the cell-free production of high-value targets is encouraging. In addi-
tion to these initial proof-of-concept demonstrations, we hope that 
the iMECS-mediated platform will boost the economic feasibility of 
next-generation biorefineries.

Methods
All experimental procedures and analytical techniques are detailed in 
the Supplementary Information, which include chemicals, strains and 
plasmids (Supplementary Method 1); culture conditions and enzyme 
purification (Supplementary Method 2); enzyme activity assay of CtFCS 
and CtECH (Supplementary Method 3); CFPS reactions (Supplementary 
Method 4); automated iMECS framework (Supplementary Method 5); 
in vitro bioconversion of lignin monomer (Supplementary Method 6); 
pretreatment of agricultural wastes (Supplementary Method 7); and 
analysis and quantification of products and cofactors (Supplementary 
Method 8).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the finding of the study are available in the article 
and its Supplementary Information. Source data are provided with 
this paper.
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