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Medium- and long-chain dicarboxylic acids (M/LCDAs) are key
monomers for the synthesis of nylons and high-performance
engineering plastics. Compared to traditional chemical
methods, microbial synthesis offers advantages such as
environmental friendliness and high regioselectivity. However,
its industrial application remains limited by bottlenecks,
including low mass transfer efficiency on hydrophobic
substrates, instability of key oxidase systems, and cellular
metabolic imbalances. This review summarizes recent
strategies leveraging enzyme engineering, systems metabolic
engineering, and diverse synthetic biology approaches to
overcome current limitations in the biosynthesis of M/LCDAs.
We specifically highlight mechanisms for enhancing the
transmembrane transport of hydrophobic substrates and the
mining of novel transporters. Furthermore, we elaborate on
protein engineering efforts targeting key enzymes (e.g.
cytochrome P450s), covering rational design, fusion
expression, and novel dimerization techniques. At the systems
level, we discuss metabolic network regulation achieved
through the construction of the reverse p-oxidation cycle (r-
BOX) and the reprogramming of cofactor regeneration and
energy metabolism. Finally, future perspectives on integrating
Al-aided design and waste valorization are proposed to provide
theoretical guidance for the efficient and sustainable
biomanufacturing of M/LCDAs.
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Introduction

Medium- and long-chain dicarboxylic acids (M/LLCDAs),
as a class of straight-chain aliphatic compounds con-
taining two terminal carboxyl functional groups [1], serve
not only as key monomers for the synthesis of nylons
(such as nylon 6,6, nylon 6,12), polyesters, and high-
performance engineering plastics, but also have wide
applications in fragrances, plasticizers, and advanced
lubricants [2,3]. Historically, industrial production relied
on chemical oxidation methods, which face environ-
mental challenges such as harsh reaction conditions and
greenhouse gas emissions [4,5]. However, the landscape
has shifted significantly with the successful commercia-
lization of bio-based fermentation processes, ex-
emplified by industry leaders like Cathay Industrial
Biotech [6]. Recent breakthroughs in metabolic en-
gineering have further pushed these boundaries; for in-
stance, the engineering of Candida viswanathii (C.
viswanathii) has achieved a dodecanedioic acid (DDA)
titer of 224 g/L, demonstrating performance that rivals or
exceeds traditional chemical processes [7].

The synthesis of M/LLCDAs via microbial transformation
represents a promising sustainable alternative, utilizing
strategies ranging from precursor functionalization (via
a- and w-oxidation) to e novo biosynthesis from re-
newable feedstocks, all characterized by mild reaction
conditions, superior regioselectivity, and environmental
friendliness (Figure 1) [8-10]. Driven by the demand for
efficiency, the field has shifted from early random
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Schematic representation of the integrated metabolic pathway for the synthesis of M/LCDAs in microorganisms. Green area: The microbial
fermentation pathway depicts the transformation process initiated with hydrophobic substrates (e.g. alkanes or fatty acids). Pink area: This region
depicts the p-oxidation pathway that competes with the synthetic route. The red cross marks indicate key metabolic engineering strategies: disrupting
the carbon skeleton degradation flux by knocking out acyl-CoA oxidase (AOX/POX) in the peroxisome or blocking carnitine acetyltransferase (CAT)-
mediated transport, thereby redirecting metabolic flux towards the accumulation of M/LCDAs. Yellow area: This region illustrates the de novo
biosynthetic pathway originating from glucose or glycerol. Blue area: This area depicts the reverse adipate degradation pathway (RADP) specifically
for adipic acid production. Enzyme abbreviations are as follows: FAD, fatty alcohol dehydrogenase; FAO, fatty alcohol oxidase; FALDH, fatty aldehyde
dehydrogenase; ACS, acyl-CoA synthase; AOX/POX, acyl-CoA oxidase; MFE 1, enoyl-CoA hydratase; MFE 2, 3-hydroxyacyl-CoA dehydrogenase;
POT, 3-ketoacyl-CoA thiolase; CAT, carnitine acyltransferase; BktB, -ketoacyl CoA thiolase; FadB, 3-hydroxyacyl-CoA dehydrogenase/dehydratase;
Ter, trans-enoyl-CoA reductase; TesA, thioesterase; PaaJ, 3-oxoadipyl-CoA thiolase; PaaH, 3-hydroxyadipyl-CoA dehydrogenase; PaaF, 2,3-
dehydroadipyl-CoA hydratase; Tfu_1647, trans-2-enoyl-CoA reductase; Tfu_2576-7, adipyl-CoA synthetase.

mutagenesis (e.g. in Candida species) to rational design
underpinned by systems metabolic engineering and
other synthetic biology approaches. While viable tools
(e.g. CRISPR/Cas9) have enabled precise modulation of
metabolic fluxes [7,11,12], ongoing technical challenges
must be addressed to further enhance bioconversion
efficiency, expand the applicability of diverse renewable
feedstocks, and optimize @ #ovo biosynthetic pathways.
Specifically, the poor mass transfer of hydrophobic sub-
strates across cell membranes often restricts the initia-
tion of biocatalysis [8,13,14], the limited catalytic activity
and stability of key enzymes (e.g. CYP52 and CYP153)
serve as major biochemical bottlenecks in terminal oxi-
dation [8,15], and cellular metabolic imbalances, parti-
cularly regarding carbon flux and cofactor availability,
significantly diminish overall productivity [16]. Thus,
this review summarizes biosynthetic strategies for M/
LCDAs reported over the past two years, focusing on
four critical dimensions that are essential for achieving
high-efficiency biomanufacturing: (i) optimizing trans-
membrane transport to enhance the bioavailability of
hydrophobic substrates; (ii) mining and engineering key
oxidase systems to improve catalytic turnover and

stability; (iii) optimizing metabolic networks to redirect
carbon flux toward M/LCDAs; and (iv) reprogramming
cofactor regeneration and energy metabolism to satisfy
the high reducing power and ATP demands of these
pathways.

Enhancing substrate transport

Transmembrane transport often represents a major bot-
tleneck in biosynthetic systems, particularly when hy-
drophobic, long-chain alkanes and fatty acids serve as
substrates for dicarboxylic acid synthesis. In Gram-ne-
gative bacteria, the outer membrane presents a formid-
able barrier. However, the FadL family proteins
circumvent this obstacle by translocating long-chain
fatty acids directly into the phospholipid bilayer via a
unique ‘lateral diffusion’ mechanism (Figure 2) [17].
Notably, the AlkL protein from Pseudomonas putida
GPol functions as a highly efficient outer membrane
transporter. Studies indicate that heterologous expres-
sion of AIKL in Escherichia coli (E. coli) serves as a uni-
versal ‘plugin’ that significantly accelerates the uptake of
C;—Cy4 alkanes and fatty acid methyl esters (Figure 2),
consequently driving a substantial increase in whole-cell
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Schematic diagram of transmembrane transport mechanisms for hydrophobic substrates in microbial cell factories. Prokaryotic Channel Transport
(Left panel): lllustrates the uptake mechanism in Gram-negative bacteria (e.g. E. coli). Specific outer membrane proteins, AlkL and FadL, facilitate the
translocation of alkanes and fatty acids from the extracellular environment into the periplasmic space. Eukaryotic Transporter & Endocytosis (Right
panel): Depicts internalization strategies in yeasts (e.g. S. cerevisiae or C. tropicalis). This involves two distinct pathways: Fat1p-mediated transport,
where fatty acids are imported across the plasma membrane by Fat1p and subsequently transported into peroxisomes via Pxa1p; and Caveolin-
mediated endocytosis, a process where oil droplets interact with lipid rafts to induce the formation of caveolae. These invaginations pinch off to form
caveosomes, which traffic substrates to the endoplasmic reticulum (ER).

biocatalytic efficiency [18,19]. Furthermore, the recently
identified long-chain alkane transporter protein Altl.
trom Acinetobacter venetianus RAG-1 addresses a critical
knowledge gap regarding the transport mechanisms for
ultralong-chain alkanes (C,p—Csg), a substrate range
previously considered inaccessible to the well-char-
acterized AIKL [14]. In Candida tropicalis (C. tropicalis),
efficient internalization of hydrophobic substrates con-
stitutes a primary bottleneck. Zhang et al. [13] char-
acterized the plasma membrane transporter CtFatlp
(Figure 2) and demonstrated that overexpression in C.
tropicalis of this transporter effectively alleviates extra-
cellular mass transfer limitations, resulting in a 30.10%
increase in long-chain dicarboxylic acid production.
Following cytosolic entry, fatty acids are translocated
into peroxisomes via transporter CtPxalp (Figure 2). Of
note, a single-allele deletion of CtPxalp restricted per-
oxisomal influx of fatty acids, thereby boosting long-
chain dicarboxylic acid yield by 21.90% [12]. This
strategy effectively mitigates substrate loss to the f-
oxidation pathway, thereby diverting more carbon flux
towards M/LCDA synthesis. Conversely, a complete
blockade proved detrimental by depleting the acetyl-
CoA pool, which is essential for central metabolism. This
underscores the need to attenuate rather than com-
pletely eliminate p-oxidation to balance product accu-
mulation with cellular fitness.

Caveolae are plasma membrane invaginations in verte-
brate cells that, generated by the CAV1-encoded protein
caveolin, function primarily to form membrane buds and
endocytic vesicles [20,21]. Leveraging this mechanism,
Shin et al. [22] heterologously expressed caveolin in .
coli, thereby enhancing tolerance to toxic fatty acids and
improving biotransformation efficiency by 1.6-fold.
Furthermore, Zhang et al. [23] introduced caveolae-
mediated endocytosis into Saccharomyces cerevisiae (S.
cerevisiae) to facilitate soybean oil uptake, demonstrating
their potential as an effective transport system for hy-
drophobic substrates (Figure 2). Collectively, en-
gineering efficient transport systems is pivotal for
overcoming bioavailability bottlenecks and enhancing
bioconversions.

Engineering of key oxidases

The initiating step of the w-oxidation pathway, catalyzed
by cytochrome P450 monooxygenases, is typically rate-
limiting due to inherent challenges, including poor en-
zyme stability, imprecise regioselectivity, and inefficient
electron transfer. To address these limitations, diverse
engineering strategies have been employed.

Rational design and genome mining: For bacterial
CYP153Angag, Notonier et al. [24] remodeled the sub-
strate-binding pocket via rational design, successfully
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broadening the substrate range to include both short-
(C¢—Cg) and long-chain (C;4—C;g) fatty acids. Similarly,
exploiting the structural plasticity of the B/C-loop region
in CYP153Ay,q, He et al. [25] introduced key mutations
(e.g. Q129R/V141L) that significantly enhanced sub-
strate binding affinity and catalytic efficiency through
improved molecular anchoring. In the context of eu-
karyotic systems, Craft et al. [26] characterized the C.
tropicalis CYP52 multigene family to identify chain-
length-specific isozymes for targeted engineering.
Through differential transcriptional profiling, they
identified CYP52A13 and CYP52A14 as primary candi-
dates, noting their selective induction by Cyg fatty acids
and alkanes, whereas other family members were tran-
scriptionally silent. Extending beyond P450s, Seo et al.
[27]  engineered Baeyer-Villiger monooxygenases
(BVMOs) via site-directed mutagenesis to enhance
thermal stability and ring-opening activity, thereby fa-
cilitating the synthesis of odd-chain dicarboxylic acids
like azelaic acid.

Construction of self-sufficient fusion enzymes: To fur-
ther overcome diffusion-limited electron transfer and
uncoupling, researchers have constructed chimeric en-
zymes to enforce spatial proximity. For instance, Scheps
et al. [28] successfully fused Marinobacter aquaeolei
CYP153A to the reductase domain of P450g)3, demon-
strating that optimized flexible linkers (e.g. 3xGGS)
could significantly enhance coupling efficiency. Simi-
larly, Fiorentini et al. [29] paired various CYP153 can-
didates with the eukaryotic-like reductase domain of
CYP505 to create versatile biocatalytic tools. More re-
cently, Pham et al. [7] developed a fusion strategy by
genetically linking CYP52A19 with a truncated form of
the reductase CPRb (residues 23-680). Utilizing a flex-
ible linker (GSAG-SAAGSGEF) to connect the do-
mains, the authors successfully created a functional self-
sufficient enzyme complex. This engineered construct
demonstrated a constructive role in DDA synthesis, va-
lidating the utility of physically coupling redox partners
to support the w-oxidation of dodecanoic acid. Beyond
linear fusion, structural innovation has also been ex-
plored. Ge et al. [30] introduced a novel dimerization
strategy by fusing the P450 catalytic domain to a di-
merization domain (e.g. a leucine zipper), thereby in-
ducing the formation of a stable P450 dimer. This
structural organization enhanced interaction between
P450 and its reductase partner, thereby improving -
hydroxylation activity toward dodecanoic acid during the
biosynthesis of the nylon-12 monomer, w-aminodode-
canoic acid. Furthermore, fusion strategies extend be-
yond redox partners to enhance enzyme stability. Wang
et al. [31] significantly enhanced the stability and cata-
lytic efficiency of the BVMO by fusing a Flag-tag to its
N-terminus. This optimization, combined with multi-
dimensional engineering of the host, yielded a record-
breaking adipic acid tter of 110g/lL from KA oil,

demonstrating the efficacy of fusion-tag strategies in
robust biocatalyst construction.

In summary, these studies demonstrate that rationally
modulating enzyme structure and spatial conformation
can significantly optimize electron transfer efficiency
and stability, thereby overcoming the rate-limiting bot-
tlenecks in the terminal oxidation step required for ef-
ficient dicarboxylic acid biosynthesis.

Carbon flux redirection

Specifically for dicarboxylic acid biosynthesis, metabolic
flux redirection aims to maximize the intracellular pool
of fatty acyl chains, preserving them as essential sub-
strates for the terminal oxidation process that generates
the final dicarboxylic acid products. To achieve this,
carbon flux redirection is implemented primarily
through two synergistic strategies: blocking the native f-
oxidation pathway to prevent precursor degradation, and
reconstruction of the reverse p-oxidation cycle to facil-
itate de novo synthesis from simple carbon sources.

Blocking the p-oxidation pathway: Fatty acids and di-
carboxylic acids inherently undergo degradation via the p-
oxidation pathway, resulting in substrate depletion and
carbon chain shortening (Figure 1) [26,32]. Disrupting
peroxisomal acyl-CoA oxidase (POX/AOX) genes re-
presents a canonical strategy to arrest this catabolic flux
(Figure 2). However, complete inactivation often impairs
cell growth and induces toxicity due to the accumulation of
toxic acyl-CoAs. To balance production and survival, Ju
et al. [32] demonstrated that knocking out specific iso-
enzymes (AOX4/AOXS) in C. tropicalis effectively accu-
mulates adipic acid while retaining essential metabolic
functions. Similarly, the decisive role of POX deletion for
dicarboxylic acid accumulation has also been confirmed in
Yarrowia lipolytica [33,34]. Furthermore, disrupting carni-
tine acetyltransferase (CAT) presents another strategy to
enhance production. However, since CAT mediates the
transport of acetyl-CoA into mitochondria for the tri-
carboxylic acid cycle, deleting both alleles compromises
cellular energy homeostasis, thereby severely inhibiting
cell growth [35].

Reconstruction of the reverse p-oxidation cycle: Distinct
from bioconversion strategies that rely on exogenous
precursors such as alkanes or fatty acids, the de novo
synthesis of dicarboxylic acid aims to use simple carbon
sources such as glucose. To overcome the high ATP
consumption and carbon loss associated with traditional
fatty acid synthesis, Clomburg et al. [36] reconstructed
the reverse p-oxidation cycle (r-BOX) in E. co/i (Figure 1).
This non-decarboxylative pathway offers superior theo-
retical carbon yields by employing a four-step cycle
driven by the irreversible reduction of trans-enoyl-CoA
reductase (Ter), which acts as a thermodynamic valve to
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enforce chain elongation (Figure 1). Building on this
modular platform, significant progress has been made in
dicarboxylic acid (DCA) synthesis. Zhao et al. [37] as-
sembled the ‘Reverse adipate degradation pathway’
(RADP) using genes (paal, paaH, paaF, Tfu_1647, and
Tfu_2576/Tfu_2577) from Thermobifida fusca, achieving
high-titer adipic acid production from glucose by strictly
limiting the cycle to the Cq length (Figure 1). Demon-
strating the pathway’s iterability, Cheong et al. [38] ap-
plied a ‘programmable’ approach by coupling r-BOX with
specific thioesterases. This allowed precise control over
chain lengths (C¢—Cy¢) and enabled the synthesis of odd-
chain DCAs, such as pimelic acid, by altering the primer
to propionyl-CoA. Furthermore, Sathesh-Prabu et al. [39]
extended this pathway to synthesize functionalized in-
termediates, such as p-ketoadipic acid, by intercepting
the cycle before full reduction. In summary, r-BOX re-
construction represents a paradigm shift toward ‘de-
signing metabolism’, providing a thermodynamically
superior and highly tunable platform for the e novo
production of diverse M/LLCDAs.

Cofactor regeneration engineering

The w-oxidation pathway of fatty acids imposes a substantial
metabolic burden due to the high NADPH demand of P450
monooxygenases (2 moles per mole of substrate), which
contrasts with the NADH-generating downstream steps. T'o
resolve this stoichiometric mismatch, strategies have
evolved from enzyme engineering to global metabolic reg-
ulation (Figure 3). Lu et al. [40] achieved cofactor self-bal-
ancing by engineering alcohol dehydrogenase (ADH) to
utilize NADP”, creating a closed-loop cycle that recycles
NADPH and significantly boosts sebacic acid yields. At the
global metabolic level, the membrane-bound transhy-
drogenase (PntAB) functions as a primary NADPH gen-
erator. Sauer et al. [41] fundamentally demonstrated that
PntAB catalyzes the proton-motive-force-driven transfer of
hydride equivalents from NADH to NADPH, supplying
35-45% of the anabolic reducing power in E. co/i. Building
on this mechanism, Jan et al. [42] proved that modulating
PntAB expression alongside NAD kinase significantly in-
creases intracellular NADPH availability to support high-
vield isobutanol synthesis. Ge et al. [30] recently over-
expressed PntAB to rebalance the cofactor pool during
biosynthesis. This modification successfully converted the
excess NADH generated by upstream glycolysis into
NADPH, thereby satisfying the high reducing power de-
mand of the rate-limiting P450 hydroxylation step. These
findings offer a compelling blueprint for M/LCDA bio-
synthesis: since the P450-mediated step is a major NADPH
sink, integrating global redox engineering strategies can ef-
fectively alleviate the cofactor bottleneck and maximize
catalytic turnover at the rate-limiting hydroxylation step.

Beyond redox balance, energy homeostasis is equally
critical for maintaining the high flux of the reverse f-
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oxidation cycle (e.g. RADP). Although the core con-
densation steps are A TP-independent, the robust supply
of precursors and cofactors imposes a heavy systemic
A'TP burden. To address this issue, Moon et al. [43]
reprogrammed the intracellular ATP metabolism in K.
coli by fine-tuning pantothenate kinase (PanK) and
acetyl-CoA synthetase (Acs) expression. This co-
ordinated regulation resolved the ATP bottleneck in the
RADP cycle, significantly enhancing adipic acid pro-
duction. Furthermore, Yuan et al. [44] developed a
plasmid-free strain by integrating precursor engineering
with cofactor regeneration modules directly into the
genome. This strategy eliminated the metabolic burden
and instability associated with plasmid maintenance,
thereby enabling sustained, high-yield adipic acid
synthesis throughout the fermentation process. These
findings offer a compelling blueprint: integrating redox
and energy engineering is essential to drive the energy-
intensive condensation and reduction cycles required for
high-titer dicarboxylic acid production.

Future outlook

Despite the milestone progress made in the microbial
synthesis of M/LCDAs in elucidating the enzymatic
mechanisms and constructing chassis cells, substantial
breakthroughs are still needed in atom economy, system
robustness, and production cost to achieve the leap from
laboratory scale to industrial mass production and ulti-
mately replace mature petrochemical processes. Future
research should not be limited to optimizing single
strains but shift towards a multidimensional green bio-
manufacturing paradigm (Figure 4).

The primary task is to drive a revolutionary shift in the
use of raw materials, moving from traditional glyco-based
fermentation to ‘carbon-negative’ manufacturing and a
circular bioeconomy. Given that raw material costs dom-
inate biomanufacturing [45], future chassis cells must be
able to utilize non-grain, low-carbon raw materials. This
includes not only achieving a closed loop of high-value
utilization of waste, such as kitchen waste oil, through
adaptive evolution strategies, but also developing new
pathways for utilizing C; compounds, such as CO, [46]
and methanol [47]. By constructing a hybrid system that
couples electrochemistry and biofermentation, future cell
factories are expected to directly convert greenhouse
gases into long-chain dicarboxylic acids, thereby making
the production of M/LLCDAs a highly efficient carbon
capture and utilization technology, and completely de-
coupling chemical manufacturing from food supply.

At the same time, the design logic of cell factories is
undergoing a qualitative leap from ‘trial and error’ to
‘generative’ biology. With the deep integration of arti-
ficial intelligence and big data, the traditional DBTL
[48] cycle will be reshaped. Utilizing protein language

www.sciencedirect.com

Current Opinion in Biotechnology 2026, 99:103499



6 Energy Biotechnology

Figure 3
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Engineering strategies for cofactor rebalancing and energy optimization in M/LCDAs biosynthesis. Strategies for Cofactor Rebalancing (Top panel).
Engineered ADH: lllustrates the construction of a self-balancing redox cycle by engineering alcohol dehydrogenase (ADH) to utilize NADP™, thereby
recycling NADPH to support the high demand of the rate-limiting P450 hydroxylation step. Transhydrogenase (PntAB)-mediated hydrogen transfer:
Depicts the global regulation of the redox pool through the overexpression of membrane-bound PntAB and NAD kinase, which facilitates the proton-
motive-force-driven conversion of excess NADH into NADPH. Strategies for Energy Optimization (Bottom panel). Reprogramming ATP Metabolism:
Shows the fine-tuning of pantothenate kinase (PanK) and acetyl-CoA synthetase (Acs) to resolve the ATP bottleneck, ensuring a robust supply of
energy for energy-intensive condensation and reduction cycles (e.g. adipic acid production via Tfu_2576-7). Genome Integration: lllustrates the
construction of a stable, plasmid-free strain by integrating precursor engineering and cofactor regeneration modules directly into the genome to

eliminate metabolic burden and enhance system robustness.

models [49,50] and generative Al [51] for de novo design
and functional prediction of key enzymes (such as P450
enzymes) will solve the bottlenecks of enzyme activity
and specificity by surpassing the speed of natural evo-
lution. Digital twin technology, which combines
genome-scale metabolic models, will allow researchers to
conduct global simulations and stress tests of metabolic
flows in a virtual environment [52]. This data-driven
rational design model will significantly shorten the de-
velopment cycle of high-efficiency strains and enable
precise regulation of complex metabolic networks.

Finally, to overcome the metabolic limits of natural
biological systems, the manufacturing paradigm will

evolve towards modularization and the integration of
non-biological elements. Artificial microbial community
technology [53] effectively addresses the metabolic
burden of single cells by breaking down complex long-
chain synthetic pathways and distributing them across
different cellular modules, and by utilizing quorum-
sensing mechanisms to achieve metabolic specialization.
A more cutting-edge trend is to break biological
boundaries by using cell-free enzyme cascades or bio-
abiotic hybrid systems [54] to bypass cell membrane
transport limitations and thermodynamic barriers, and to
build efficient and robust semi-artificial photosynthesis
[55] or electro-driven manufacturing platforms [54]. In
conclusion, by integrating cutting-edge technologies in

Current Opinion in Biotechnology 2026, 99:103499
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Figure 4
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Next-generation M/LCDAs biomanufacturing paradigm. Upstream (Feedstocks): Emphasizes the shift to sustainable non-food feedstocks, including
C4 gases (CO,, CO, CHy), waste oils, and lignocellulosic biomass. Midstream (Al Core): Showcased an intelligent design platform centered on the Al-
driven DBTL (Design-Build-Test-Learn) cycle, which accelerates strain development through algorithmic modeling and big data analysis. Downstream
(New Platforms): (1) Synthetic Microbial Consortia for metabolic specialization; (2) Bio-electrochemical Systems for biosynthesis driven by electrical
energy; and (3) Cell-Free Enzyme Cascades for eliminating cell membrane limitations. These platforms collectively aim at the efficient green
manufacturing of M/LCDA target products such as nylon and polyester.

synthetic biology, artificial intelligence, and process en-
gineering, next-generation M/LCDAs biomanufacturing
will reshape the global nylon and fragrance industry
supply chain, providing strong technological support for
the green transformation of the chemical industry.

CRediT authorship contribution statement

Zhijun Kong: Writing — original draft, Validation,
Visualization. Xu Zhao: Writing — review & editing,
Funding acquisition. Li Ma: Funding acquisition. Hui
Chen: Writing — review & editing, Funding acquisition,
Supervision, Conceptualization. Shengying Li: Writing —

review & editing, Funding acquisition, Supervision,
Conceptualization.

Data Availability
No data were used for the research described in the article.

Declaration of Competing Interest
The authors declare no conflict of interest.

Acknowledgements
We thank the support from the National Key Research and Development
Program of China (2025YFA0921300), the Natural Science Foundation of

www.sciencedirect.com

Current Opinion in Biotechnology 2026, 99:103499



8 Energy Biotechnology

China (Grants No. 32371534, 32571464, 22237004), the Young Talent
Development Program of SKLMT (No. M2025YA02), Shenzhen Major
Science and Technology Projects (KJZD20230928112759001), and the
Fundamental Research Funds of Shandong University (Grant No.
2023QN'T'D001).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee of outstanding interest

1. Liao Z, Yeoh YK, Parumasivam T, Koh WY, Alrosan M, Alu’datt MH,
Tan TC: Medium-chain dicarboxylic acids: chemistry,
pharmacological properties, and applications in modern
pharmaceutical and cosmetics industries. RSC Adv 2024,
14:17008-17021.

2. Chung H, Yang JE, Ha JY, Chae TU, Shin JH, Gustavsson M, Lee
SY: Bio-based production of monomers and polymers by
metabolically engineered microorganisms. Curr Opin Biotechnol
2015, 36:73-84.

3. Li G, Huang D, Sui X, Li S, Huang B, Zhang X, Wu H, Deng Y:
Advances in microbial production of medium-chain
dicarboxylic acids for nylon materials. React Chem Eng 2020,
5:221-238.

4. Mishra DK, Truong CC, Jo Y, Suh Y-W: Recent catalytic
advances in the production of adipic acid and its esters from
bio-based C6 molecules and carbon dioxide. Green Chem Lett
Rev 2025, 18:2457497.

5. Niu W, Draths KM, Frost JW: Benzene-free synthesis of adipic
acid. Biotechnol Prog 2002, 18:201-211.

6. Liu W.B., Dong C.,Zhang M.M.,Liu X.C., inventor: A Genetically
Engineered Bacterium that Produces Dicarboxylic Acids and Its
Applications. Chinese Patent CN202111478770.3. 2025 April 11.

7. Pham NN, Chang C-W, Chang Y-H, Tu Y, Chou J-Y, Wang H-Y, Hu
ee Y-C: Rational genome and metabolic engineering of Candida
viswanathii by split CRISPR to produce hundred grams of
dodecanedioic acid. Metab Eng 2023, 77:76-88.
This study established and optimized a CRISPR-Cas9 gene editing
system for Candida viswanathii, specifically developing a split CRISPR
system that enabled the one-step genomic integration of multiple genes
(CYP52A19, CPRb, FAO2, and POS5). The engineered strain success-
fully overcame intermediate accumulation and cofactor limitations,
doubling the DDA titer to 224 g/L with an improved molar conversion
rate of 83%. This work addresses the bottleneck of lacking genetic
manipulation tools for this industrial strain and demonstrates its im-
mense potential as a cell factory for long-chain dicarboxylic acids.

8. Wang X, Sun M-L, Lin L, Ledesma-Amaro R, Wang K, Ji X-J:
Engineering strategies for producing medium-long chain
dicarboxylic acids in oleaginous yeasts. Bioresour Technol 2025,
430:132593.

9. ZhuF, Xia L, Wen J, Zhang L: Recent advances in the
biosynthesis of mid- and long-chain dicarboxylic acids using
terminally oxidizing unconventional yeasts. J Agric Food Chem
2024, 72:19566-19580.

10. Gu S, Zhu F, Zhang L, Wen J: Mid-long chain dicarboxylic acid
production via systems metabolic engineering: progress and
prospects. J Agric Food Chem 2024, 72:5555-5573.

11. LiY, Zhang L, Yang H, Xia Y, Liu L, Chen X, Shen W: Development
of a gRNA expression and processing platform for efficient
CRISPR-Cas9-based gene editing and gene silencing in
Candida tropicalis. Microbiol Spectr 2022, 10:e00059-00022.

12. Meng J, QiuY, Zhang Y, Zhao H, Shi S: CMI: CRISPR/Cas9 Based
e Efficient Multiplexed Integration in Saccharomyces cerevisiae.
ACS Synth Biol 2023, 12:1408-1414.
This study developed a robust system termed CMI for efficient multi-
plexed integration in Saccharomyces cerevisiae using CRISPR/Cas9.
The method enables the simultaneous chromosomal integration of
multiple gene cassettes in a single step with high efficiency, providing a
powerful tool for the rapid construction of complex metabolic pathways.

138. Zhang L, Xiu X, Wang Z, Jiang Y, Fan H, Su J, Sui S, Wang S, Wang
R, Li J, et al.: Increasing long-chain dicarboxylic acid production
in Candida tropicalis by engineering fatty transporters. Mo/
Biotechnol 2021, 63:544-555.

14. Liu J, Chen S, Zhao B, Li G, Ma T: A novel FadL Homolog, AltL,
mediates transport of long-chain alkanes and fatty acids in
Acinetobacter venetianus RAG-1. Appl Environ Microbiol 2022,
88:€01294-01222.

15. Rapp LR, Marques SM, Zukic E, Rowlinson B, Sharma M, Grogan
G, Damborsky J, Hauer B: Substrate anchoring and flexibility
reduction in CYP153Ay, o4 leads to highly improved efficiency
toward octanoic acid. ACS Catal 2021, 11:3182-3189.

16. Wang Z, Zhou L, Lu M, Zhang Y, Perveen S, Zhou H, Wen Z, Xu Z,
Jin M: Adaptive laboratory evolution of Yarrowia lipolytica
improves ferulic acid tolerance. App/ Microbiol Biotechnol 2021,
105:1745-1758.

17. van den Berg B, Black PN, Clemons WM, Rapoport TA: Crystal
structure of the long-chain fatty acid transporter FadL. Science
2004, 304:1506-1509.

18. Grant C, Deszcz D, Wei Y-C, Martinez-Torres RJ, Morris P, Folliard
T, Sreenivasan R, Ward J, Dalby P, Woodley JM, et al.:
Identification and use of an alkane transporter plug-in for
applications in biocatalysis and whole-cell biosensing of
alkanes. Sci Rep 2014, 4:5844.

19. YMv Nuland, Eggink G, Weusthuis RA: Application of AIkBGT and
AIKL from Pseudomonas putida GPo1 for selective alkyl ester
w-oxyfunctionalization in Escherichia coli. Appl Environ
Microbiol 2016, 82:3801-3807.

20. Parton RG, del Pozo MA: Caveolae as plasma membrane
sensors, protectors and organizers. Nat Rev Mol Cell Biol 2013,
14:98-112.

21. Pelkmans L: Secrets of caveolae- and lipid raft-mediated
endocytosis revealed by mammalian viruses. BBA - Mol Cell Res
2005, 1746:295-304.

22. ShinJ, YuJ, Park M, Kim C, Kim H, Park Y, Ban C, Seydametova E,
Song Y-H, Shin C-S, et al.: Endocytosing Escherichia coli as a
whole-cell biocatalyst of fatty acids. ACS Synth Biol 2019,
8:1055-1066.

23. Zhang Q, Li N, Lyv Y, Yu S, Zhou J: Engineering caveolin-
mediated endocytosis in Saccharomyces cerevisiae. Synth Syst
Biotechnol 2022, 7:1056-1063.

24. Notonier S, Gricman t, Pleiss J, Hauer B: Semirational protein
engineering of CYP153Ay aq.-CPRgwms for efficient terminal
hydroxylation of short- to long-chain fatty acids. ChemBioChem
2016, 17:1550-1557.

25. He D, Chen Y, Shen J, Yu H, Keasling JD, Luo X: Biosynthesis of
10-hydroxy-2-decenoic acid in Escherichia coli. Metab Eng
2025, 88:240-249.

26. Craft DL, Madduri KM, Eshoo M, Wilson CR: Identification and
characterization of the CYP52 Family of Candida tropicalis
ATCC 20336, important for the conversion of fatty acids and
alkanes to a,®-dicarboxylic acids. App/ Environ Microbiol 2003,
69:5983-5991.

27. Seo E-J, Kang CW, Woo J-M, Jang S, Yeon YJ, Jung GY, Park J-B:
Multi-level engineering of Baeyer-Villiger monooxygenase-
based Escherichia coli biocatalysts for the production of C9
chemicals from oleic acid. Metab Eng 2019, 54:137-144.

28. Scheps D, Honda Malca S, Richter SM, Marisch K, Nestl BM, Hauer
B: Synthesis of w-hydroxy dodecanoic acid based on an
engineered CYP153A fusion construct. Microb Biotechnol 2013,
6:694-707.

29. Fiorentini F, Hatzl A-M, Schmidt S, Savino S, Glieder A, Mattevi A:
The extreme structural plasticity in the CYP153 subfamily of
P450s directs development of designer hydroxylases.
Biochemistry 2018, 57:6701-6714.

30. Ge J, Wang T, Yu H, Ye L: De novo biosynthesis of nylon 12

. monomer w-aminododecanoic acid. Nat Commun 2025, 16:175.
This study constructed an engineered Escherichia coli cell factory to
realize the first de novo biosynthesis of the nylon 12 monomer, -

Current Opinion in Biotechnology 2026, 99:103499

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref1
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref1
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref1
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref1
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref1
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref2
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref2
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref2
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref2
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref3
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref3
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref3
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref3
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref4
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref4
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref4
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref4
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref5
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref5
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref6
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref6
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref6
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref6
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref7
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref7
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref7
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref7
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref8
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref8
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref8
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref8
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref9
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref9
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref9
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref10
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref10
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref10
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref10
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref11
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref11
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref11
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref12
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref12
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref12
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref12
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref13
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref13
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref13
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref13
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref14
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref14
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref14
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref14
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref15
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref15
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref15
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref15
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref16
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref16
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref16
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref17
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref17
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref17
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref17
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref17
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref18
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref18
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref18
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref18
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref19
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref19
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref19
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref20
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref20
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref20
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref21
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref21
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref21
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref21
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref22
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref22
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref22
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref23
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref23
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref23
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref23
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref24
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref24
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref24
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref25
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref25
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref25
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref25
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref25
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref26
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref26
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref26
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref26
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref27
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref27
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref27
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref27
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref28
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref28
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref28
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref28
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref29
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref29

aminododecanoic acid (o-AmDDA), from glucose. By introducing a
specific thioesterase, constructing multi-enzyme cascade pathways,
and engineering P450 enzymes, a significant titer of 471.5mg/L was
achieved. This work lays an important foundation for sustainable nylon
12 production, reducing reliance on traditional chemical synthesis and
plant oils.

31. Wang F, Sun H, Deng D, Wu Y, Zhao J, Li Q, Li A:

*e Multidimensional engineering of Escherichia coli for efficient
adipic acid synthesis from cyclohexane. Adv Sci 2025,
12:e2411938.

This publication reports the construction of a robust single-strain
Escherichia coli cell factory for the efficient biosynthesis of adipic acid
(AA) from cyclohexane, cyclohexanol, or KA oil via multidimensional
metabolic engineering. By systematically screening rate-limiting en-
zymes (particularly P450 monooxygenases), optimizing protein expres-
sion through promoter replacement and protein fusion, and enhancing
cofactor supply, the authors successfully engineered a high-perfor-
mance strain. This strain achieved AA titers of 110 g/L from KA oil and
22.6 g/L from cyclohexane, setting a new record for the highest pro-
ductivity in biological adipic acid production to date. This work not only
demonstrates the potential of biomanufacturing as a sustainable alter-
native to traditional chemical processes but also validates the broad
applicability of this biocatalytic system for converting cycloalkanes and
cycloalkanols of varying chain lengths.

32. Ju J-H, Oh B-R, Heo S-Y, Lee Y-U, Shon J-h, Kim C-H, Kim Y-M,
Seo J-W, Hong W-K: Production of adipic acid by short- and
long-chain fatty acid acyl-CoA oxidase engineered in yeast
Candida tropicalis. Bioprocess Biosyst Eng 2020, 43:33-43.

33. Smit MS, Mokgoro MM, Setati E, Nicaud J-M: a,m-Dicarboxylic
acid accumulation by acyl-CoA oxidase deficient mutants of
Yarrowia lipolytica. Biotechnol Lett 2005, 27:859-864.

34. Min Lee S, Young Lee J, Hahn J-S, Baek S-H: Engineering of

. Yarrowia lipolytica as a platform strain for producing adipic
acid from renewable resource. Bioresour Technol 2024,
391:129920.

This study establishes the first Yarrowia lipolytica platform capable of

producing adipic acid from fatty acid methyl esters by blocking p-oxi-

dation via POX7 and POX3 disruption and reinforcing w-oxidation

through the overexpression of ALK5, CPR1, and FAO1. Combined with

an optimized two-stage bioconversion process, the engineered strain

achieved a titer of 1176.2 mg/L, representing a 9.7-fold improvement

over the parental strain.

35. Cao Z, Gao H, Liu M, Jiao P: Engineering the acetyl-CoA
transportation system of Candida tropicalis enhances the
production of dicarboxylic acid. Biotechnol J 2006, 1:68-74.

36. Clomburg JM, Blankschien MD, Vick JE, Chou A, Kim S, Gonzalez
R: Integrated engineering of -oxidation reversal and ®-
oxidation pathways for the synthesis of medium chain ®-
functionalized carboxylic acids. Metab Eng 2015, 28:202-212.

37. Zhao M, Huang D, Zhang X, Koffas MAG, Zhou J, Deng Y:
Metabolic engineering of Escherichia coli for producing adipic
acid through the reverse adipate-degradation pathway. Metab
Eng 2018, 47:254-262.

38. Cheong S, Clomburg JM, Gonzalez R: Energy- and carbon-
efficient synthesis of functionalized small molecules in bacteria
using non-decarboxylative Claisen condensation reactions. Nat
Biotechnol 2016, 34:556-561.

39. Sathesh-Prabu C, Lee SK: Production of long-chain a,®-
dicarboxylic acids by engineered Escherichia coli from
renewable fatty acids and plant oils. J Agric Food Chem 2015,
63:8199-8208.

40. LuJ, Lu D, Wu Q, Jin S, Liu J, Qin M, Deng L, Wang F, Nie K:
Biocatalytic cascade of sebacic acid production with in situ co-
factor regeneration enabled by engineering of an alcohol
dehydrogenase. Catalysts 2022, 12:1318.

41. Sauer U, Canonaco F, Heri S, Perrenoud A, Fischer E: The soluble
and membrane-bound transhydrogenases UdhA and PntAB
have divergent functions in NADPH metabolism of Escherichia
coli. J Biol Chem 2004, 279:6613-6619.

High-efficiency dicarboxylic acid biosynthesis Kong et al. 9

42. Shi A, Zhu X, Lu J, Zhang X, Ma Y: Activating transhydrogenase
and NAD kinase in combination for improving isobutanol
production. Metab Eng 2013, 16:1-10.

43. Moon SY, An NY, Oh SS, Lee JY: Coordinated reprogramming of
*  ATP metabolism strongly enhances adipic acid production in
Escherichia coli. Metab Eng 2024, 86:234-241.

This study explores a novel strategy to enhance adipic acid production
in Escherichia coli by modulating ATP metabolism. By fine-tuning ATP-
consuming cycles through the overexpression of panK and acs, the
authors effectively balanced intracellular ATP demands with biosyn-
thetic requirements, resulting in a 19.5-fold increase in adipic acid titer
compared to the control strain. This work underscores the critical role of
ATP metabolic regulation in the production of high-value chemicals via
ATP-dependent pathways.

44. Yuan W, Qiu C, Liu J, Li X, Hu G, Gao C, Liu L: Engineering
precursor and cofactor metabolism in Escherichia coli for
enhanced adipic acid production from glucose. Biotechnol
Bioeng 2025, 122:2193-2205.

45. Clomburg JM, Crumbley AM, Gonzalez R: Industrial
biomanufacturing: the future of chemical production. Science
2017, 355:aag0804.

46. Bachleitner S, Ata O, Mattanovich D: The potential of CO,-based
production cycles in biotechnology to fight the climate crisis.
Nat Commun 2023, 14:6978.

47. Singh HB, Kang M-K, Kwon M, Kim S-W: Developing
methylotrophic microbial platforms for a methanol-based
bioindustry. Front Bioeng Biotechnol 2022, 10:1050740.

48. van Lent P, Schmitz J, Abeel T: Simulated
design-build-test-learn cycles for consistent comparison of
machine learning methods in metabolic engineering. ACS Synth
Biol 2023, 12:2588-2599.

49. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Zidek A, Potapenko A, et al.: Highly
accurate protein structure prediction with AlphaFold. Nature
2021, 596:583-589.

50. Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A,
ee  Ronneberger O, Willmore L, Ballard AJ, Bambrick J, et al.:
Accurate structure prediction of biomolecular interactions with
AlphaFold 3. Nature 2024, 630:493-500.
This publication introduces AlphaFold 3, a revolutionary tool built on a
diffusion-based architecture capable of predicting the joint structures of
diverse biomolecular complexes — including proteins, nucleic acids,
small molecule ligands, and ions — with high accuracy. Demonstrating
prediction accuracies that significantly surpass existing specialized
tools, particularly in protein-ligand and protein—-nucleic acid interactions,
this work marks a major leap forward in the fields of structural biology
and drug design.

51. Kim GB, Kim HR, Lee SY: Comprehensive evaluation of the
capacities of microbial cell factories. Nat Commun 2025,
16:2869.

52. Gargalo CL, de las Heras SC, Jones MN, Udugama |, Mansouri SS,
Kriihne U, Gernaey KV: Towards the development of digital
twins for the bio-manufacturing industry. In Digital Twins: Tools
and Concepts for Smart Biomanufacturing. Edited by Herwig C,
Poértner R, Méller J. Springer International Publishing; 2021:1-34.

53. Tsoi R, Wu F, Zhang C, Bewick S, Karig D, You L: Metabolic
division of labor in microbial systems. Proc Nat/ Acad Sci 2018,
115:2526-2531.

54. Liu C, Coldn BC, Ziesack M, Silver PA, Nocera DG: Water
splitting-biosynthetic system with CO, reduction efficiencies
exceeding photosynthesis. Science 2016, 352:1210-1213.

55. Kornienko N, Zhang JZ, Sakimoto KK, Yang P, Reisner E:
Interfacing nature’s catalytic machinery with synthetic
materials for semi-artificial photosynthesis. Nat Nanotechnol
2018, 13:890-899.

www.sciencedirect.com

Current Opinion in Biotechnology 2026, 99:103499


http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref30
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref30
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref30
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref30
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref31
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref31
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref31
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref31
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref32
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref32
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref32
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref33
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref33
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref33
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref33
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref34
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref34
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref34
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref35
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref35
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref35
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref35
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref36
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref36
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref36
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref36
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref37
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref37
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref37
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref37
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref38
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref38
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref38
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref38
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref39
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref39
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref39
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref39
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref40
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref40
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref40
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref40
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref41
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref41
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref41
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref42
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref42
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref42
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref43
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref43
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref43
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref43
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref44
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref44
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref44
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref45
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref45
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref45
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref46
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref46
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref46
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref47
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref47
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref47
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref47
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref48
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref48
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref48
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref48
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref49
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref49
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref49
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref49
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref50
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref50
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref50
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref51
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref51
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref51
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref51
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref51
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref52
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref52
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref52
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref53
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref53
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref53
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref54
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref54
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref54
http://refhub.elsevier.com/S0958-1669(26)00064-9/sbref54

	From transport to regulation: systems engineering for high-efficiency dicarboxylic acid biosynthesis
	Introduction
	Enhancing substrate transport
	Engineering of key oxidases

	Carbon flux redirection
	Cofactor regeneration engineering
	Future outlook
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




