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Abstract

Efficient valorization of recalcitrant lignocellulosic biomass to platform chemicals and
biofuels is needed for the transition to a circular bioeconomy. Conventional biorefineries
are based on decoupled multi-step processes with energy penalties, interstage product
loss, and product inhibition. Integrated chemo-enzymatic one-pot cascades constitute a
paradigm shift in process intensification by combining biocatalytic selectivity with the fast
kinetics of heterogeneous chemical catalysis. However, practical implementation is limited
by compatibility bottlenecks such as different optimal temperatures, pH, solvent toxicity,
and mutual deactivation of catalysts. This review critically examines recent advances
in bridging these incompatible interfaces. We discuss catalyst design strategies centered
on spatial compartmentalization within metal-organic frameworks (MOFs), mesoporous
silica, magnetic nanocomposites, and Pickering emulsions. Furthermore, we examine
solvent engineering using deep eutectic solvents and ionic liquids alongside continuous
flow microfluidic and membrane bioreactors that overcome mass transfer limitations and
product inhibition. Comparative benchmarking of synthetic routes for carbohydrate de-
hydration/hydrogenation and lignin oxidative depolymerization/funneling in terms of
catalytic configurations, reaction modes and process performance is presented. Finally,
techno-economic analyses and life cycle assessments indicate a potential 25-40% reduc-
tion in capital expenditure and over 70% net greenhouse gas savings. Future directions
emphasize computational enzyme design and scalable flow reactor engineering to enable
industrial translation.

Keywords: chemo-enzymatic cascade catalysis; process intensification; lignocellulose
valorization; one-pot synthesis; biorefinery integration

1. Introduction and Current Biorefinery Paradigms
1.1. The Lignocellulosic Imperative and the Net-Zero Transition

Lignocellulosic biomass, which is obtained from agricultural waste residues and
plants waste, is considered a major source of renewable carbon on Earth with an expected
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annual global production of more than 180 billion metric tonnes [1,2]. The conversion
of this complex biopolymer matrix into fuels, chemicals, and building blocks is a viable
option [3-5]. Lignocellulose is mainly comprised of cellulose (35-50%), hemicellulose
(20-35%), and lignin (15-30%) in addition to minor fractions of extractives and inorganic
ash [6]. The intrinsic structural complexity and chemical heterogeneity of these components
make them extremely recalcitrant to deconstruction, which is a fundamental engineering
challenge for biorefineries [7,8].

The conventional biorefinery is predicated on a sequential, multi-step processing
paradigm [9]. Biomass is normally subjected to physicochemical pretreatment (e.g., dilute
acid, organosolv, or steam explosion) to break the lignocellulosic matrix and expose the
carbohydrates [10]. This is followed by enzymatic hydrolysis where cellulase and hemi-
cellulase cocktails convert exposed polysaccharides to monomeric hexose and pentose
sugars [11]. These sugars are then converted to bioethanol or organic acids by microbial
fermentation [12], or separate heterogeneous chemical catalysts are used to convert sugar
streams at elevated temperatures and pressures to furans such as 5-hydroxymethylfurfural
(5-HMF) and furfural or sugar alcohols such as sorbitol and xylitol [13,14]. Simultaneously,
the separated lignin stream is typically combusted to generate low-value heat and power,
but modern biorefinery concepts are increasingly aimed at the chemical valorization of
lignin to aromatic monomers and polymers [15,16].

1.2. Limitations of Decoupled Multi-Step Processing

e Interstage Product Loss and Dilution: Washing, filtration, and neutralization between
pretreatment, enzymatic hydrolysis, and chemical conversion lead to considerable
product degradation, dilution, and yield loss [17].

e  Strong Product Inhibition: The accumulation of monomeric sugars (e.g., cellobiose and
glucose) during enzymatic hydrolysis puts a strong feedback inhibition on cellulase
activity, hindering reaction kinetics and requiring high enzyme loadings [18].

e  Sub-optimal Utilization of Lignin: Harsh pretreatment conditions often cause irre-
versible lignin condensation, leading to the formation of highly cross-linked, unreac-
tive dark polymers that are resistant to efficient catalytic upgrading [19].

1.3. Concept and Advantages of Chemo-Enzymatic Cascades

To overcome the restrictions of multi-step processing, process intensification strategies
have focused on integrating biocatalytic and chemical steps in single, one-pot cascade
systems [20]. Chemo-enzymatic cascades combine the unique selectivity, mild reaction
conditions, and green credentials of biocatalysts (enzymes or whole cells) with the high
turnover rates, broad substrate scope, and fast kinetics of inorganic chemical catalysts (solid
acids, supported metals, or organocatalysts) (Figure 1) [21,22].

Chemo-enzymatic cascades enable the simultaneous or sequential execution of mul-
tiple reaction steps in one pot, without the requirement of isolating intermediates, thus
providing transformative operational advantages [23]:

e  Optimum pH, Temperature, and Inactivation: In order to maintain the enzyme activity,
optimal pH and temperature are important. The deviations from the perfect working
conditions of the enzyme may lead to reduced efficiency or denaturation [24]. For the
good efficiency of the enzyme, solvents, reactive materials, or impurities that can bind
to the enzyme’s active site may cause inactivation of the enzyme [25].

e Atom and Energy Efficiency: Significant reductions in capital expenditure (CAPEX),
operational cost (OPEX), process mass intensity (PMI), and the overall carbon footprint
can occur with the elimination of the intermediate separation, purification, and solvent
exchange steps [26].
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e  Access to Novel Reaction Pathways: The combination of enzymatic transformations
(e.g., high selectivity oxidation or stereospecific carbon—carbon bond formation) and
chemical transformations (e.g., fast hydrodeoxygenation or acid-catalyzed dehydra-
tion) opens direct chemical pathways that cannot be achieved with single-catalyst
systems [27]. Table 1 presents a comparative analysis of integrated chemo-enzymatic
cascades and traditional decoupled biorefineries.
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Figure 1. Paradigm shift from decoupled multi-step biorefining to integrated chemo-enzymatic
cascade conversion. The authors used Gemini (Imagen) for the purpose of refining this conceptual
schematic figure. The following prompt was used: “Generate a scientific infographic comparing
decoupled multi-step processing (conventional) of raw lignocellulose showing sequential physico-
chemical pretreatment, washing and separation, enzymatic hydrolysis, purification, and chemical
catalysis alongside accumulated losses (water use, energy penalties, product loss, inhibitor build-up,
and humin formation) with integrated chemo-enzymatic cascade (intensified) processing of pre-
treated biomass in a one-pot unified reactor combining a protected biocatalyst and chemical catalyst
to lower CAPEX/OPEX costs, minimize water and energy footprints, and maximize the product
yield of final products.”

Table 1. Comparative evaluation of traditional decoupled biorefineries versus integrated chemo-
enzymatic cascades (note: process mass intensity [PMI] is defined as the total mass of materials,
including water and solvents, consumed per unit mass of final product isolated).

Integrated
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Table 1. Cont.
Traditional Decoupled Integrated . Key Operational and
Parameter . Chemo-Enzymatic 4 References
Biorefinery Environmental Impact
Cascade
Strong feedback Relieves enzyme

inhibition from

In situ product removal
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Enzymatic Kinetics (ISPR) and immediate . ey [18,30]
accumulated glucose and . reaction equilibrium
; downstream conversion
cellobiose forward
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Moderate GHG savings ngh life c.ycle GHG En}'lances net car‘.bon
. . reductions via lower heat savings when paired
Carbon Footprint due to high steam and . - [29,32]
. duty and energy with efficient solvent
solvent recovery duties . .
integration recovery

2. Fundamentally Incompatible Interfaces and Compatibility Bottlenecks

The theoretical advantages of one-pot chemo-enzymatic cascades are compelling, but
practical implementation is hindered by large physical and chemical incompatibilities
between enzymatic and chemical catalytic regimes [33]. Transformation of these distinct
catalytic regimes into a functional, highly active single-vessel process requires the resolution
of four major operational trade-offs [34-38].

2.1. Operational Environment Mismatches

Enzymes display a vital role due to their catalytic activity in response to the physio-
logical environment and precise conditions [39]. Most industrial cellulases have depicted
maximum activity from 55 to 95 °C at 3.0-9.0 pH with an optimum value of 4.6 [40]. It was
observed that hemicellulases were less active as compared to xylanasewith pH optima be-
tween 5.0 and 6.5 at 50 °C [41]. Usually, when exposed to high temperatures, an irreversible
thermal denaturation occurs that causes the unfolding of the tertiary structures of proteins
and total loss of the catalytic activity [42,43]. Conversely, heterogeneous chemical catalysts
like sulfated zirconia, noble metals supported on carriers (Pt, Pd/Al,O3), and metal oxides
need much more severe reaction conditions [44,45]. Acid-catalyzed dehydration of hex-
oses to 5-HMF and hydrodeoxygenation of lignin-derived phenols typically require high
temperatures and strongly acidic or basic conditions [46].

2.2. Solvent and Medium Incompatibilities

Biocatalysts require high water activity to preserve the hydration shell essential for
active site conformation and flexible catalytic dynamics [47], but water significantly dis-
turbs the interaction between catalyst and substrate, affecting many chemical transfor-
mations [48]. For example, water is a strong competitive inhibitor and nucleophile in
acid-catalyzed dehydration reactions [49]. Various solvents, such as organic, ionic, and
aqueous solvents, were applied for HMF production. However, for the good synthesis of
HMEF, many solvents/chemocatalysts are not compatible with biocatalysts or cannot be
removed effectively from the reaction mixture. For example, dimethyl sulfoxide (DMSO)
proved to be an effective solvent for HMF synthesis, but the solvent is hard to remove
from the final products due to its high boiling point and excellent miscibility with other
solvents [50]. However, high concentrations of organic solvents strip away water molecules
that are essential to the enzyme surface, disrupt hydrophobic interactions that stabilize the
protein core, and rapidly inactivate the enzyme [51].
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2.3. Chemical Cross-Deactivation and Poisoning

The blend of different catalytic methods offers numerous benefits, especially in the
synthesis of the organic compounds. Integrating metallic or acidic chemocatalysts with
biocatalysts in a single vessel often leads to mutual inactivation [52]. It was observed
inhibition due to the polar molecules was observed when the reaction is being carried
out in an organic environment, which ultimately reduced the activity of speed. Similarly,
oligomers deposition causes the same issues, and there is no access of the of organic
substrate for is unable to access the enzymatic sites. The metal impurities in the reactor also
lead to the metal-induced desulphonation desulfonation, which is also the main reason for
the lowing of the activity of the catalyst [53].

Furanic derivatives such as 5-hydroxymethylfurfural and furfural are well-known
potent inhibitors of fermentative bacteria and yeasts employed in downstream biofuel
production and are prime target products of carbohydrate dehydration. High concentra-
tions of furan strongly inhibit the viability and metabolic flux of microbial cells, which is a
major bottleneck in integrated whole-cell bioprocesses [54,55]. During biomass processing,
these electrophilic furans accumulate and generate reactive oxygen species (ROS), induce
membrane peroxidation, and selectively inactivate key glycolytic enzymes [56]. To alleviate
toxicity caused by the product, the recent cascade designs have concentrated on the integra-
tion of adaptive laboratory evolution, metabolic engineering of solvent tolerant microbial
strains, and real-time in situ product removal (ISPR) using membrane pervaporation or
hydrophobic resin extraction [56,57].

2.4. Mass Transfer and Phase Separation Resistance

Biorefinery processes utilize lignocellulosic biomass to produce value-added chemicals
and functional materials. Due to the abundance and cheaper nature of the source, the major
challenge lies in obtaining high selectivity of the demanded compounds at an economic
level [58]. The dilute operation generates large process volumes and low-concentration
product streams, which weaken the relevance of successful conversion results for industrial
biorefinery design [59]. As free water decreases, lignocellulosic slurries become more
viscous and more heterogeneous, with fiber entanglement, yield stress, and localized non-
uniformity [60]. These changes make mixing more difficult, restrict heat and mass transfer,
and reduce the uniformity of reagent, enzyme, substrate, and microorganism distribu-
tion [61]. The hydrothermal process can enhance the separation of valuable products, but it
is not possible in a majority of cases due to economic viability and numerous challenges.
Therefore, further development is needed to increase separation efficiency and solvent
recyclability [62].

3. Advanced Catalyst Design and Protection Strategies

The catalyst speeds up the transformation and is regenerated at the end of the reaction.
It works by lowering the activation energy and performing reactions at lower temperatures
or pressures, thus improving economic and ecological sustainability [63]. However, on
the industrial scale, chemical and mechanical stability are also very important during the
reaction. The catalysts are being used in different shapes, including as extrudates, spheres,
tablets, and granules. They are optimized for compatibility to get desired requirements
and applications [64].

3.1. Enzyme Immobilization and Nanostructured Support Design

In the immobilization process, the enzyme is loaded on a porous solid support. Clas-
sical immobilization protocols rely on amino acids at the enzyme surface that react with
a derivatized carrier or with other enzyme molecules. The enzyme may interact with
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other molecules that are not of interest to industrialists; thus, there is no control of the
reactivity or the orientation. Conventional enzyme immobilization techniques comprise
carrier-bound as well as carrier-free methods [65]. Immobilizing enzymes on nanoporous
material is considered a good technique to increase the effectiveness of biotransformation
on an industrial scale. This technique results in amplified enzyme stability, activity, and
reusability over traditional enzymatic processes [66].

e  Mesoporous Silica Nanoparticles (MSNs): Engineered pore size MSNs (e.g., SBA-15,
MCM-41) provide very high surface areas and tunable pore sizes for the immobiliza-
tion of enzymes within protective silica cages [67]. Mesoporous silica nanomaterials
give a biocompatible stage for a wider range of applications. They have proven to be
promising supports for enzyme immobilization to obtain higher activity for large-scale
application [68].

e  Magnetic Core-Shell Nanocomposites: Magnetic nanoparticles (Fe3O4) encapsu-
lated in functionalized polymer or silica shells provide recoverable biocatalytic plat-
forms [69]. For instance, de Alcantara et al. [70] demonstrated that immobilizing a
crude enzymatic cocktail onto functionalized Fe;04 magnetic nanoparticles achieved a
36.3% immobilization yield while retaining 60%, 85%, and 74% of the native activities
of n-galactosidase, S-xylosidase and B-glucosidase, respectively, alongside enhanced
thermal stability at 40 °C and pH 4.5.

3.2. Spatial Compartmentalization in MOFs and Porous Materials

Metal-organic frameworks are porous crystalline substances composed of metal nodes
and organic linkers and have revolutionized enzyme protection using biomimetic min-
eralization and de novo encapsulation [71,72]. During the synthesis process, enzymes
can be sealed in MOF cages (e.g., ZIF-8, MIL-101), thus encasing the protein in protective
crystalline structures [73]. Researchers have synthesized a series of stable metal-organic
frameworks with mesoporous cages to catch single molecules for enzyme encapsulation.
They depicted smaller K values than free enzymes while retaining the comparable catalytic
efficiency with stability under harsh conditions [74]. MOF biocomposites are extensive
and speedily emerging toward their application in various fields including biotechnology.
Many MOF-enzyme composites have depicted excellent results in several features when
compared to free enzymes [75,76]. In some cases, intermediates are not in equilibrium be-
tween enzymatic steps at bulk solution, permitting higher activity [77]. Figure 2 illustrates
how sensitive biocatalysts can be caged within crystalline MOFs alongside heterogeneous
chemical catalyst sites, preventing direct toxic exposure and deactivation while enabling
efficient substrate channeling. The physical mass transfer limitation of macromolecular
substrates is one of the most important factors for MOF-encapsulated biocatalysis [78,79].
Intact, insoluble biopolymers, such as crystalline cellulose and hemicellulose, exceed the
molecular dimensions of the intrinsic micropore apertures of typical MOF frameworks
(e.g., ZIF-8) and thus cannot directly physically contact deeply encapsulated hydrolytic
enzymes [71,75].

Consequently, effective substrate—enzyme interactions in MOF-based cascades proceed
via three distinct structural mechanisms:

1.  Primary Solubilization and Intermediate Diffusion: Free or surface-bound enzymes
cleave raw lignocellulose to soluble oligosaccharides, cellobiose, and monomeric
sugars [80,81]. The solubilized intermediates diffuse rapidly through the MOF pore
networks and undergo subsequent secondary transformations by internal encapsu-
lated enzymes [80,82].

2. Hierarchical Pore Engineering: It was observed that many MOFs have depicted
permanent porosity and high potential. Defective engineering or sacrificial templating
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leads to hierarchical mesopores (2-50 nm) and macropores (greater than 50 nm) that
open up pore entrances, leading to significant improvements in intra-crystalline mass
transport for larger soluble oligomers [81,83].

3. Asymmetric Surface Immobilization: Primary depolymerizing enzymes are covalently

anchored onto the external crystalline surface of MOF composites to access macro-
molecular biomass, while sensitive chemical or secondary biocatalytic sites remain
encapsulated inside the protective interior cages [84]. Although MOF-encapsulated
enzymes have these structural advantages, there are significant scale-up challenges
for practical application. At present, the synthesis of organic linkers and precursor
salts is expensive, and the crystallization protocols are multi-step, which limits the
feasibility of large-scale production. In addition, inorganic ashes, residual organic
acids, and polyphenolic degradation products are present in crude lignocellulosic
hydrolysates, and these substances can compete with the metal nodes or block porous
channels, leading to structural framework degradation and a reduction in the catalytic
lifespan of continuous industrial operation [85,86].

Protected Caged Enzyme Chemical Catalyst Site

Metal Nodes <—fp)
27

Enzyme
(Sensitive Biocatalyst)

Organic Substrate A

Linkers O
Crystalline ©
MOF Cage

Crystalline
MOF Cage
@)
Protected Caged Enzyme oo
PROTECTIVE BENEFITS: Mitgmediate B \

[l Thermal Stabiiity (>80°C)
/8, Solvent Compatibility
© Prevents Protein Unfolding

Deactivated/Unfolded

COMPARTMENTALIZATION: \
Separate Nanometer-scale Compartments ',

RAPID SUBSTRATE CHANNELING:

\
\
\

\
|

Prevents Direct Toxic Exposure of Enzyme

No Direct Contact

Figure 2. Biocatalysts encapsulated in MOFs and chemo-enzymatic cascade catalysis at the single-
particle level. Crystalline MOF cages protect enzymes against thermal (>80 °C) and solvent-induced
denaturation (Left). Biocatalytic and chemical sites are spatially compartmentalized on the nanometer
scale, which enables efficient substrate channeling without direct contact or mutual catalyst deactiva-
tion (Right). The authors used Gemini (Imagen) for the purpose of refining this conceptual schematic
figure. The following prompt was used: “Generate a scientific schematic showing MOF encapsulation
of a fragile free enzyme (via biomimetic mineralization or de novo synthesis) into a crystalline MOF
cage made of metal nodes and organic linkers to prevent unfolding under denaturing conditions
(>80 °C, organic solvents, toxic chemicals) and provide thermal stability and solvent compatibility
along with single-particle chemo-enzymatic cascade catalysis with nanometer-scale compartmental-
ization and rapid substrate channeling of Substrate A to Intermediate B to Product C between the
encapsulated enzyme and chemical catalyst sites with no direct contact.”

3.3. Biphasic and Pickering Emulsion Catalytic Systems

Pickering emulsions, where solid nanoparticles at the liquid-liquid interface stabilize
emulsions, provide an elegant way to compartmentalize incompatible reaction steps using
interfacial engineering [87]. Emulsification of a water phase with enzymes and an organic
phase with a chemical catalyst that is insoluble in water is a typical biphasic chemo-
enzymatic Pickering system [88]. Amphiphilic nanoparticles (e.g., functionalized silica,
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cellulose nanocrystals, or hybrids of carbon nanotubes) can assemble at the oil-water
interface, stabilizing droplets and working as solid catalytic carriers [89]. Figure 3 depicts
an oil-in-water Pickering emulsion droplet stabilized by interfacial nanoparticles. This
visually explains how enzymatic conversion occurs in the aqueous core while intermediate
products partition into the surrounding organic phase for chemical catalysis.

g PICKERING EMULSION BIPHASIC SYSTEM ?

ORGANIC PHASE o o CHEMICAL CATALYST
(Oil) OQOOOOOQOO 5 ‘C}o (in Organic Phase)
O OH
®) (®) HO
SUBSTRATE C)O AQUEOUS DROPLET OO R
ENTRY «_ O (@) EXIT’
N' ®  SUBSTRATE %
O § QE o© O OH o
@) ] { .L_) Q
QO o ° B NtErMEDATE © papp”
@) AL PRODUCT O MASS ] o »
Stabilizing Solid o % STEP 1: ENZYMATIC CONVERSION O TRANSFER DESIRED
Nanoparticles 0 (in Water Core) (@) PRODUCT
Oo @ STEP 2: CHEMICAL CATALYSIS
OO (in Organic Phase)
%00 o
00000

o J

Figure 3. A biphasic Pickering emulsion system enabling integrated chemo-enzymatic cascade

catalysis. The authors used Gemini (Imagen) for the purpose of refining this conceptual schematic
figure. The following prompt was used: “Generate a scientific schematic diagram of a ‘Pickering
emulsion biphasic system’ showing an ‘aqueous droplet’ stabilized by a shell of ‘stabilizing solid
nanoparticles” suspended in an ‘organic phase (oil)’. Illustrate ‘substrate entry’ into the droplet
for ‘STEP 1: Enzymatic conversion (in water core)” where an ‘enzyme’ converts ‘substrate” into

‘intermediate product’, followed by ‘rapid mass transfer” across the interface into the organic phase

for ‘STEP 2: Chemical catalysis (in organic phase)’ mediated by a ‘chemical catalyst (in organic phase)’
to yield the “desired product’ ("EXIT").”

4. Chemo-Enzymatic Pathways for Carbohydrate Upgrading

Hemicellulose is the most isolated molecule from the cell walls of lignocellulosic
biomass. It can be hydrolyzed into pentoses, followed by dehydration to furan-2-
carbaldehyde (furfural). After hydrolysis, subsequent dehydration yielded small molecules
(Bronsted or Lewis acids) [90]. Similar transformations can be achieved in chemo-enzymatic
cascades without the isolation of intermediates [21].

4.1. Direct Cellulose-to-5-HMF and Levulinic Acid Cascades

5-Hydroxymethylfurfural is a versatile platform chemical designated by the U.S. De-
partment of Energy as a top bio-based building block and is a precursor for
2,5-furandicarboxylic acid (FDCA), 2,5-dimethylfuran (DMF) and levulinic acid [46,91].
The conventional route includes acid hydrolysis of cellulose into glucose, isomerization of
glucose into fructose, and subsequent triple dehydration of fructose to 5-HMF [92]. The
conversion of cellulose into 5-HMF with good yield using a sequential enzyme cascade
technique was achieved in an aqueous system [93]. Motagamwala et al. (2019) studied
one-pot conversion of glucose to HMF in an acetone/water system that yielded HMF in
small quantities [94]. A variety of chemocatalysts could be applied for the isomerization of
glucose, such as alkali, alkaline metals, hydrotalcites, metal oxides, zeolite, sulfonic acid
functionalized resins, and zeotype materials [95]. 5-Hydroxymethylfurfural is a suitable
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alternative platform chemical (or monomer precursor) that can be produced from fructose
and glucose. The ability to synthesize HMF directly from cellulase would remove a main
barrier to the growth of a viable HMF platform. The feed is rapidly depolymerized using a
single-step catalytic process, and the resulting glucose is converted to HMF under mild
conditions [96].

4.2. Hemicellulose-to-Furfural and Polyol Upgrading Pathways

Endo-xylanases and p-xylosidases readily depolymerize hemicellulose, which is
mainly composed of xylan polymers, to xylose monomers [97]. The feasibility of chemo-
enzymatically transforming biomass-derived xylose to furfuryl alcohol was achieved
using a chemocatalyst [98]. The two processes are successfully combined in a one-
pot manner to transform the xylose-rich hydrolysate to furfural. The one-pot chemo-
enzymatic approach is significantly beneficial for obtaining valuable products from
renewable biomass resources [99]. In biphasic water/organic systems (such as wa-
ter/MIBK or water/MTHEF), the combination of xylose hydrolysis and solid acid dehy-
dration allows in situ extraction of furfural into the organic phase immediately after its
formation [100,101].

4.3. Tandem Conversions to Fine Chemicals, Polyols, and Bio-Nylon Precursors

There is extraordinary advancement over the last five years in the synthesis of
value-added products and fuels from renewable biomass using chemo-enzymatic cas-
cades. The production of high-value chemicals, such as furanics and aromatics, from
monomers along with depolymerization of polysaccharides, such as heterogeneous lignin,
has been achieved with this technique [102]. For example, enzymatic hydrolysis and
chemocatalytic hydrogenation in combination directly convert cellulose to sorbitol and
iso-sorbide, which are important monomers for bio-based polycarbonate resins [103].
Chemo-enzymatic synthesis is known as a potential strategy for the effective diversifi-
cation of complex natural products by integrating the selectivity of a biocatalyst with
the flexibility of synthetic chemistry. Due to unparalleled regioselectivity and stere-
oselectivity of enzymatic conversion and the reaction multiplicity of contemporary or-
ganic chemistry, chemo-enzymatic tools hold huge potential for streamlining bioactive
compounds [36,104].

5. Chemo-Enzymatic Pathways for Lignin Depolymerization
and Valorization

Lignin is the main source of aromatic biopolymers on this globe. It is a huge and
underutilized reserve in biorefinery processes [105,106]. This is in contrast to carbohy-
drates that have been utilized for valorization for decades. Lignin’s basic heterogeneity,
engrained in different plant species and various tissues, and its dependency on separation
are challenges for biorefinery design [107]. Valorization of lignocellulose-derived lignin can
provide an alternative way for the synthesis of phenolics. In conventional pulp production,
lignin extraction leads to a permanently changed complex structure that makes it difficult
to produce definite depolymerization products [108]. Lignin is the most recalcitrant com-
ponent of biomass, but it is also the most promising renewable source of aromatic platform
chemicals [109].

5.1. Enzymatic Oxidative Cleavage Coupled with Chemical Upgrading

Fungal oxidative enzymes such as laccases, lignin peroxidases (LiP), and manganese
peroxidases (MnP) are responsible for biological breakdown of lignin [110]. Laccases are
known to oxidize phenoxy and Ca-hydroxyl groups of lignin subunits with selectivity in the
presence of synthetic or natural mediators (e.g., ABTS, HBT), resulting in oxygenated func-
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tional groups [111]. In integrated chemo-enzymatic lignin biorefineries, laccase-mediator
systems (LMSs) carry out an initial mild depolymerization, transforming macromolecular
lignin into oxygenated aromatic oligomers and phenolic monomers [112,113]. The com-
plete reaction path for the aqueous-phase hydrodeoxygenation of phenol to cyclohexane
occurs with metal-catalyzed hydrogenation of the aromatic ring followed by acid-catalyzed
dehydration of cyclohexanol to cycloalkene. These conversions can be carried out on Pd/C,
Pt/C, Ru/C, and Rh/C in the presence of phosphoric acid, with a high yield and good
turnover frequency [114].

5.2. Selective Funneling of Heterogeneous Lignin Streams

A major challenge in lignin valorization is the generation of complex, multi-
component monomer mixtures that are very difficult and expensive to separate [115].
For the valorization of several bio-based feedstocks, the combination of catalytic sys-
tems with biocatalysis in chemo-enzymatic cascades has good potential. However, the
expansion of such combined catalytic systems is often inadequate due to catalyst mis-
match. Therefore, the inclusion of fresh catalytic ideas in chemo-enzymatic valoriza-
tion is currently receiving pronounced attention [116]. Chemical depolymerization or
mild enzymatic oxidation of raw lignin yields a mixture of vanillin, syringaldehyde,
p-coumaric acid, and ferulic acid [117]. The microbial valorization of lignin is used to
produce compounds through funneling of lignin-derived aromatic compounds, such
as vanillic acid, p-hydroxybenzoic acid, and ferulic acid chiefly using demethylation
and hydroxylation [118].

5.3. Production of Functional Bio-Based Aromatics and Polymers

Chemo-enzymatic funneled streams are ideal feedstocks for high-value specialty ma-
terials [119]. Cis,cis-Muconic acid from chemo-enzymatic lignin funneled routes can be
readily hydrogenated over Pt/C catalysts to adipic acid [120]. Similarly, lignin-derived
cis,cis-muconic acid can be isomerized into trans-muconic acid for terephthalic acid syn-
thesis [121]. Currently, lignin has been used for the various materials, such as composites,
hydrogels, thermosets and thermoplastics. Epoxy resins are prepared from bio-based
polymers instead of petroleum-based polymers. Lignin-based thermosetting materials such
as phenol/formaldehyde resins, polyurethanes, epoxy, and thiol-vinyl resins are gaining
interest [122].

6. Process Intensification and Reactor Scale-Up Engineering

For the scale-up of chemo-enzymatic cascades from bench to industry, advanced
reactor engineering that can address kinetic mismatches, continuous operation, and catalyst
recovery is necessary [123].

6.1. Continuous Flow Microfluidic and Packed-Bed Bioreactors

Continuous flow microfluidic reactors are widely used to intensify biocatalytic pro-
cesses through improved mass transfer, heat exchange, reaction control, and screening
capability [124,125]. Microfluidic immobilized enzyme reactors benefit from large surface-
to-volume ratios, which support high enzyme loading and efficient catalyst—substrate
contact [126,127]. Compared with batch systems, continuous microfluidic reactors of-
fer easier control of temperature, pressure, pH, and residence time, which helps reduce
unwanted by-products [126]. Immobilization is central to flow biocatalysis because it
improves enzyme stability, cost efficiency, and reusability in continuous reactors [127,128].
Packed-bed reactors remain the most common lab-scale flow bioreactor configuration
because of their simplicity and compatibility with immobilized beads or monolithic sup-
ports [129]. A major limitation of packed-bed reactors at large scale is the pressure drop,
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which tends to increase as reactor dimensions grow. Wall-immobilized miniaturized reac-
tors reduce backpressure and can improve mixing, but they often face lower enzyme-
loading capacity than beds [129]. Conventional packed-bed systems can suffer from
mass- and heat transfer limitations, which is one reason microstructured reactors are
attractive alternatives [127].

Packed-bed bioreactors are fixed-bed systems in which the immobilized catalyst re-
mains static while the substrate flows through, approximating plug flow behavior. Because
shear is lower in packed-bed reactors than in continuous stirred tank reactors, these systems
can better preserve biocatalyst stability [130]. Packed-bed reactors can be advantageous
when product inhibition is important because products are continuously displaced from the
catalyst zone [130,131]. Comparative reactor studies showed that packed-bed modules can
achieve higher productivity than simple wall-coated channels, with reported space-time
yields around 100 g L~! d ! versus less than 10 g L~! d ! for surface coatings. In that
same comparison, densely packed all-enzyme hydrogels exceeded space-time yields of
450 g =1 d~! and operated for more than six days, highlighting how catalyst packing
density strongly affects reactor productivity. A key weakness of many packed-bed sys-
tems is that much of the reactor volume can be occupied by non-catalytic carrier material,
limiting volumetric efficiency [132]. Recent work has extended packed-bed design using
3D-printed microporous scaffolds and tailored polymer microenvironments to improve
enzyme activity, affinity, and stability [133]. Microfluidic whole-cell bioreactors can also be
designed as hydrogel-coated parallel systems, where validated transport reaction models
help optimize flow rate, channel height, and gel thickness. For fumaric acid hydration to
L-malic acid in such a microbioreactor, the model predicted equilibrium conversion at the
highest inlet concentration with a 200 um liquid height, 400 um gel layers, and 30 min
residence time [134].

Microfluidic systems are especially useful for cascade reactions because they permit com-
partmentalization and spatiotemporal control of substrates and catalysts under continuous
flow [135,136]. The protocell flow reactors improved the activity and stability of encapsulated
enzymes and bacterial cells under deleterious operating conditions compared with non-
encapsulated controls [135]. Microfluidic reactor platforms can also be used to engineer stable
catalytic biofilms, with hydrodynamically structured biofilms remaining active and struc-
turally stable for several days under continuous flow [137]. Microfluidic immobilized-enzyme
reactors can also simplify metabolite synthesis by avoiding complex downstream separation
and minimizing inhibition through continuous product removal [131]. Scaling of microfluidic
systems usually relies on parallelization or scale-out, rather than simple enlargement of a
single device [127,131]. Figure 4 illustrates continuous multi-zone microfluidic configurations
that resolve thermal and catalytic incompatibilities by physically segmenting immobilized en-
zyme biocatalysis (~40 °C) and solid-acid chemocatalysis (~150 °C) into dedicated, sequential
temperature zones connected via an analytical checkpoint and an integrated pervaporation
membrane module.

https://doi.org/10.3390/catal16110955


https://doi.org/10.3390/catal16110955

Catalysts 2026, 16, 955

12 of 23

Flow

Buffer/
Co-factor
Feed

Lignocellulosic
Slurry

Controller

Precise Temperature )
Control Unit

[

3

Online Analytics
(Yield/Selectivity)

Membrane Module
(ISPR)

Co-reactant
Feed

JEL Thermocouples
L

In situ product
removal by pervaporation

Analytical

Checkpoint
/ /

7
“Heating/Cooling__/

Product Stream
(Drop-in Fuels/
Fine Chemicals)

Solid Acid Catalysts

Zone 2: ~150 °C

Metal-Organic Framework (MOF)
Shell

Waste/Solvent
Recovery

Feed
* High Space-Time Yield (STY)
* Continual Catalyst Recycling
¢ Minimized Fouling/Poisoning

Chemical Catalyst
Active Sites

1
1
1
1
1
1
1
: Co-reactant
1
1
1
1
1
1
1

Cellulose Nanoc?(stal (CNC)
Suppol

Figure 4. Continuous flow multi-zone microfluidic bioreactor. The authors used Gemini (Imagen) for
the purpose of refining this conceptual schematic figure. The following prompt was used: “Generate
a scientific schematic diagram of a ‘continuous flow multi-zone microfluidic bioreactor” with flow
controllers, temperature units, and online analytics. Illustrate a ‘lignocellulosic slurry” flowing
through ‘Zone 1: ~40 °C’ containing ‘immobilized enzymes’ (with MOF shells and CNC supports),
followed by an analytical checkpoint and co-reactant feed into “Zone 2: ~150 °C’ containing ‘solid
acid catalysts’. Conclude with a ‘membrane module (ISPR)’ for pervaporation product removal and
waste/solvent recovery streams.”

6.2. Membrane Bioreactors and In Situ Product Remowval (ISPR)

Membrane bioreactors support process intensification by combining reaction and
separation, which can reduce energy demand and equipment size relative to conventional
setups [138-140]. In lignocellulosic hydrolysis, product inhibition by glucose and cellobiose
is a central bottleneck. Reactor design therefore benefits from continuous and semicontin-
uous product removal [140,141]. For cellulose hydrolysis, MBRs are used specifically to
retain enzymes while permeating small sugars, which reduces enzyme loss and sustains
longer operation. Selective product permeation in MBRs can push hydrolysis forward by
relieving inhibition and simplifying downstream purification of low-molecular-weight
products [141,142]. Integrated membrane cascades can compartmentalize enzymes and
tailor residence times when sequential reactions have different kinetic or fluid dynamic
requirements [143]. Membranes can also serve as immobilization and compartmental-
ization platforms, improving enzyme reuse and often stability, which directly addresses
catalyst design constraints in cascades [138,142,143]. ISPR is more broadly used to keep
inhibitory products at low concentrations during cultivation, which often extends the
production phase and can raise productivity [144]. ISPR technologies span liquid-liquid,
solid-liquid, and gas-liquid modes, including adsorption, extraction, reactive extraction,
electrodialysis, gas stripping, crystallization, and distillation [30,144]. Key compatibility
bottlenecks remain membrane fouling, enzyme leakage or deactivation, diffusional limits,
and mismatched residence times across cascade steps [145-147].

6.3. Spatial Separation Versus One-Pot Homogeneous Blends

One-pot homogeneous chemo-enzymatic cascades reduce purification steps, solvent
use, and waste, which is why they remain attractive for biomass valorization [148,149].
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Their main weakness is that enzymes and chemocatalysts often require different solvents,
temperatures, pH windows, and cofactors, so direct mixing frequently lowers activity
or causes deactivation [28,150]. This incompatibility is the central design constraint in
integrated cascades for lignocellulose valorization, where chemical pretreatment, catalytic
upgrading, and biocatalysis rarely share one natural operating window [151-153].

Even in broader biomass processing, mixing acid, metal, and enzyme functions in one
pot risks enzyme deactivation or neutralization of acidic sites, so site choice and catalyst
arrangement are critical [154].

e  Mutual inactivation is repeatedly identified as a core failure mode of homogeneous
blends [148,155].

e Disfavored kinetics can also limit cascades even when catalysts survive the same
medium [130].

e  For industrial integration, the issue is not only chemistry but also the need to choose
low-energy hand-over points between steps [152].

Spatial separation is the main strategy used to let incompatible catalysts run concur-
rently without isolating intermediates [28,130,156]. The underlying principle is to create
different microenvironments around each catalyst while keeping diffusion paths short
enough for cascade transfer [28,148,157]. Platforms include biphasic systems, emulsions,
membranes, MOFs, whole cells, and continuous flow reactors, each balancing isolation
against transport [28,130,157]. One-pot homogeneous blends still work when catalyst
compatibility is intrinsically high or when the sequence is designed so one step tolerates
carryover from the other [35,156]. They are especially appealing when the main benefit
is rapid translation from intermediate to product without separate unit operations [152].
However, when direct blending fails, engineered co-immobilization or nanoreactors of-
ten outperform simple physical mixtures by keeping catalysts close but not randomly
dispersed [155,158].

7. Techno-Economic (TEA) and Life Cycle Assessment (LCA)
7.1. Comparative Economic Metrics

Techno-economic analyses of lignocellulosic biorefineries identify enzyme costs as
a persistent economic burden [159]. In a lignin-first biorefinery model, capital intensive
reactors and solvent recovery drove costs, whereas catalyst cost and lifetime had little
effect. However, catalyst costs are expected to matter more as other costs decrease [29].
Enzyme immobilization and recycling are the two main strategies for reducing cellulase
consumption. However, immobilized cellulase has rarely been tested on real lignocellulosic
feedstocks [159]. One-pot chemo-enzymatic cascades avoid intermediate purification and
therefore reduce operation time, waste, and process costs, but compatibility between chemo-
and biocatalyst remains a key challenge [160].

Techno-economic analyses (TEAs) evaluate biorefinery feasibility by calculating the
minimum selling price (MSP, USD/kg), which is the break-even price needed to cover
capital expenditure and operating expenditure. In conventional decoupled biorefiner-
ies, production costs are heavily impacted by both enzyme loading and reactor capi-
tal. For instance, in poplar bioconversion to glacial acetic acid, an enzyme loading of
20 mg/g cellulose contributed USD 5.22/kg to the operating cost [161], while in a lignin-
first reductive catalytic fractionation (RCF) biorefinery, the RCF area accounted for USD
0.93/kg of the lignin MSP (with reactor capital contributing USD 0.57/kg) [29]. Early-
stage TEA modeling of joint fermentative—catalytic bioprocessing (assuming a 100 m?
base reactor cost of USD 12,000 and a 2% catalyst loss per cycle) demonstrates that com-
bining reaction steps into a single vessel or coupled flow setup eliminates intermedi-
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ate purification units, substantially lowering both CAPEX and MSP [21,162]. Further-
more, because cellobiose accumulation inhibits cellulase activity and increases enzyme
operating costs, engineering high-activity p-glucosidases is critical to relieving feedback
inhibition [163].

7.2. Carbon Footprint, Energy Efficiency, and E-Factor Analysis

Enzyme-based processes can reduce energy, water, and raw material utilization relative
to conventional routes as shown by life cycle assessments of industrial enzymes [32]. For
specific synthesis, an enzymatic ibuprofen route reduced the impacts across the assessed
categories, with a decrease in size depending on recycling efficiency [164]. Combining
reaction steps in cascades avoids separating and purifying intermediates, which reduces
waste [31]. In situ product removal in biphasic media can help cascades work by extracting
a reactive product before it is over-reduced; however, incompatibility between steps can
limit the yield [160]. Net greenhouse gas benefits depend on the energy supply and solvent
recovery in one biorefinery model. Solvent recovery dominated the heat demand of the
process and its global warming potential which can be mitigated by lowering solvent
loading [29].

7.3. Scale-Up Bottlenecks and Industrial Translation Constraints

Despite promising laboratory and modeling results, reactor scale-up, mixing, process
integration, and economic performance remain major technical barriers for commercial
deployment [165]:

e High Substrate Solids Loading: While operating at high biomass loadings (>15-20%
w/w or w/v) is essential to improve product concentrations and process economics
compared to dilute feedstocks (e.g., 5% w/w), high solids loadings cause extreme slurry
viscosity. This leads to mixing failure, irregular enzyme circulation, heat and mass
transfer dead zones, and mechanical shear degradation of immobilized enzymes [166].

e Catalyst Fouling and Deactivation: Biomass-derived inorganic contaminants (such as
alkali and alkaline earth metals), residual lignin, and soluble humins can deposit on
catalyst surfaces, block pores, or poison both heterogeneous catalytic sites and enzyme
active sites during long-term continuous operation [86].

e Solvent Loss and Recovery Costs: Solvent selection strongly affects the energy
and environmental performance of cascade processes. Although solvent recy-
cling reduces waste and solvent consumption, the energy-intensive recovery of
high-boiling organic or deep eutectic solvents requires additional separation steps
at large scales, which can negate the overall sustainability benefits of cascade
processing [167,168].

8. Quantitative Benchmarking and Comparative Evaluation

To evaluate the practical performance of chemo-enzymatic cascades across carbohy-
drate and lignin valorization pathways, representative peer-reviewed studies are summa-
rized in Table 2. Rather than relying on isolated catalytic steps, these systems integrate
enzymatic selectivity with heterogeneous or homogeneous chemical catalysis using one-pot
sequential operations, deep eutectic solvent (DES) media, spatial compartmentalization, or
biological funneling coupled with downstream chemocatalysis.
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Table 2. Representative chemo-enzymatic cascades for carbohydrate and lignin valorization.
Substrate/Feedstock Catalyst System (Bio + Cascade Mode and Target Product and Key Reference
Chemo) Reaction Conditions Performance
Cellulase and glucose . 5-HMF (demonstrated a
. Integrated sequential .
isomerase + enzvmatic hvdroly- direct
Cellulose/Glucose acid-functionalized sis /isyomerizai]ion a};l d cellulose-to-glucose-to- [93]
mesoporous silica solid-acid dehvdration fructose-to-HMF
nanoparticles (MSNs) Y cascade)
. Immobilized glucose Cc?ntlnu().us t.wo-stage 5-HME (highly improved
D-Glucose isomerase (Sweetzyme IT isomerization and overall vield: amenable [95]
Extra) + Amberlyst-36 biphasic dehydration to contir?uous, operation)
strong acid resin process P
ACl.d ic natural deep One-pot sequential BHMF and HMFCA
eutectic solvent (NADES) . . .
D-Fructose . . dehydration in recyclable  (highly improved overall [50]
+ recombinant E. coli y NADES y sy Ii)el d)
whole-cell biocatalysts y
Immobilized lipase + 2,5-FDCA (much higher
2,5- ethyl butyrate/ H,O; (in Fed-batch and yield in fed-batch
Furandicarboxaldehyde situ peracid continuous packed-bed compared to [169]
(DFF) chemocatalytic millibioreactor conventional batch
oxidation) mode)
Corn stalk-based solid One-pot sequential (im F;f:;ycl)\iiﬂdield
Biomass-Derived acid (SO~ /Sn0,-CS ) + potsequ P y
D-Xylose recombinant E. coli CF cascade in from D-xylose and [98]
Y reductase c'ells ChCl:EG-water intermediate furfural
yield)
' Solid acid catalyst + One-'pot sequential Furfuryl e}lcohol (direct
Xylose-Rich Corncob acid-catalyzed conversion of xylose
whole-cell reductase . . . . [99]
Hydrolysate catalvst dehydration and without intermediate
4 whole-cell bioreduction isolation)
PDMS- One-pot Homovanillyl alcohol
L . compartmentalized . . o
Lignin-Derived G-C; compartmentalized and acid derivatives
. Amberlyst-15 + alcohol . . N
-Dioxolane Phenol cascade in aqueous (high deacetalization and [108]
dehydrogenase .
(DOX) (HLADH) and esterase buffer; recyclable much improved overall
Amb-15@PDMS beads cascade conversion)
(PestE)
Eneineered Adipic acid via
. L & . Biological funneling cis,cis-muconic acid (very
Depolymerized Lignin Pseudomonas putida . 2 .
Aromatics KT2440 + supported coupled with catalytic high recovery and [120]
hydrogenation hydrogenation
Pd/C catalyst
conversion/selectivity)
Biological funneling to
. Pseudomonas putida polyhydroxyalkanoates ~ Fuel-range hydrocarbons
C(I)’I;"I; tf;g‘tf; élklili?e KT2440 + bimetallic followed by thermal (n-alkanes) via mcl-PHAs [170]
q catalyst depolymerization and (improved productivity)

catalytic deoxygenation

9. Conclusions and Future Research Directions

Chemo-enzymatic cascade reactions are powerful process intensification strategies to

convert recalcitrant lignocellulosic biomass into sustainable biofuels, platform chemicals,

and bio-based materials. Integrated cascades combine the high selectivity of biocatalysts

with the rapid kinetics of chemical catalysts to avoid costly intermediate separations,

alleviate feedback inhibition, and significantly reduce energy, water, and capital footprints.

Future research should focus on five priority areas to speed the transfer of chemo-

enzymatic technology from academic labs to industrial commercialization:
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References

1. De Novo Enzyme Engineering for Extreme Conditions: Directed evolution, ma-
chine learning, and computational enzyme design should be used to engineer ultra-
thermostable and solvent tolerant enzymes for direct use with organic solvents, DESs,
and high temperatures (>80 °C).

2. Advanced Compartmentalized Materials: Multifunctional scalable nanocompos-
ites, e.g., hierarchical MOF-polymer architectures and smart Pickering emulsifiers,
should be designed for absolute protection against chemical poisoning and ultrafast
mass transport.

3. Scale-up of Continuous Flow and Micro-Reactors: Spatial multi-zone flow arrange-
ments should be adapted to modular industrial skid units for high-solid slurries
without clogging or mechanical shearing of biocatalysts.

4. Closed-loop Solvent and Catalyst Recovery: Low-energy, high-efficiency solvent
recovery networks and robust magnetic/physical separation platforms should be
developed to achieve full recyclability of catalysts over hundreds of operational hours.

5. Integrated TEA/LCA-Guided Research: Rigorous techno-economic and life cycle
analysis should be incorporated at the early stages of catalyst research to ensure
that lab-scale advances translate to economically feasible and truly carbon-negative
biorefinery processes.

Crucially, these research priorities should not be pursued in isolation since successful
industrial translation requires the synergistic co-design of advanced catalyst materials
and reactor engineering. Custom engineering tailored protective supports (e.g., MOFs or
Pickering emulsions) to withstand specific physical shear regimes, pressure drops, and
hydrodynamic flow fields found in multi-zone microfluidic or packed-bed reactors is
required, with material robustness and continuous flow intensification being the joint
drivers of economic viability.
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