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Abstract 

The efficient valorization of the lignocellulosic biomass components, and in particular the lignin 

fraction, could serve as a starting point for the establishment of a circular bioeconomy model aimed 

at the recycling and reutilization of industrial by-products over the exploitation of virgin feedstock. 

From lignocellulosic biomass both fermentable carbohydrate and aromatics can be obtained, which 

can be used for the production of biofuels and bioplastics thus reducing the dependence on 

petroleum-based feedstocks. The present Ph.D. thesis focuses on the development of novel 

biotechnological processes aimed at the extraction of aromatics from lignocellulosic by-products 

and their conversion to value-added products using whole-cell biocatalytic approaches. 

Firstly, I developed an efficient and green process to produce ccMA from renewable feedstocks 

(i.e. kraft lignin and wheat bran) based on: a) the optimization of the extraction procedures of 

vanillin from lignin and of ferulic acid from wheat bran; b) the genetic engineering of an E. coli 

strain to modulate the expression of up to seven recombinant enzymes. In detail, vanillin was 

recovered from kraft lignin (4.5 mg vanillin/g kraft lignin) by an enzymatic treatment using the 

recombinant Bacillus licheniformis laccase, and ferulic acid from wheat bran (3.0 mg ferulic acid/g 

wheat bran) by a thermo-enzymatic method using the Ultraflo®XL commercial enzyme. The 

whole-cell biocatalyst used to convert vanillin into ccMA expresses the dehydrogenase LigV, the 

demethylase VanAB, the decarboxylase AroY and the dioxygenase C12O; meanwhile the whole-

cell biocatalyst to convert ferulic acid to ccMA expresses all the above-mentioned enzymes plus 

the decarboxylase Fdc and the dioxygenase Ado. The engineered strains converted >95% of lignin-

derived vanillin in 30 minutes, obtaining the production of 4.2 mg ccMA/g of kraft lignin. Starting 

from the wheat bran-derived ferulic acid, ccMA was produced with a >95% conversion yield in 10 

hours, corresponding to 0.73 g ccMA/g ferulic acid, and 2.2 mg ccMA/g wheat bran biomass.  

To further evaluate the capabilities of the whole-cell biocatlyst, the scaled-up production of ccMA 

from vanillin using the engineered E. coli growing cells was studied. The bioconversion reaction 

was carried out in a fermenter, providing improved control of the reaction conditions such as pH, 

dissolved oxygen and substrate pulse-feed rate, streamlining the biocatalytic process and enhancing 

scalability. The optimized growth medium composition (0.5 g/L glucose and 2 g/L lactose) and 

substrate addition strategy (1 mmol/h pulse-feed) enabled the engineered strain to produce 5.2 ± 

0.36 g/L of ccMA in 48 hours, corresponding to 0.86 g ccMA/g vanillin. The purification of the 

produced ccMA from the fermentation broth was achieved through crystallization, yielding 2.58 ± 

0.07 g per liter of broth, corresponding to a ≈50% purification yield.  
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Lastly, a preliminary analysis of a one-pot process for the production of 4-vinylguaiacol from wheat 

bran was conducted. The process involves the extraction of ferulic acid from the wheat bran using 

the three-step thermo-enzymatic protocol utilized previously and the simultaneous conversion of 

ferulic acid into 4-vinylguaicol using an engineered E. coli strain expressing the decarboxylase Fdc. 

The novelty of this process arises from the employment of the wheat bran crude extract as an auto-

inducing growth medium, based on the presence of several fermentable carbohydrates and the 

utilization of a hybrid phenol-inducible promoter for the induction of Fdc expression, making the 

wheat bran-derived ferulic acid both the inducer and the substrate of the enzyme. The unoptimized 

process produced 1.8 mg 4-vinylguaiacol per gram of wheat bran, which correspond to the 

conversion of ≈75% of the ferulic acid extracted using the thermo-enzymatic method and ≈64% 

of the alkaline extractable ferulic acid present in the wheat bran.  
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1. Introduction 
 

1.1 Bioeconomy and Circular Economy  

The huge impact human activities have on the environment can not be understated; indeed, Paul 

Crutzen suggested the establishment of a new geological epoch called Antropocene to underline 

the magnitude of our ecological footprint1. One striking data concerning this topic is the Earth 

Overshoot Day (Figure 1), which is the date that marks when all the biological resources that the 

Earth can renew during the entire year are finished. In 2023 was calculated to fall August 2nd. Due 

to human activities and related pollution, the Earth Overshoot Day has fallen earlier every new 

year; this clearly highlights the need to lower human ecological footprint and to find new industrial 

processes that do not require the over-exploitation of natural resources2. 

 

Figure 1. Earth overshoot day trend over the last 32 years. In this graph is clearly visible the unsustainability of our 
current economic model and related industrial processes which overexploit the natural resources of the Earth. In 2023 
we consumed an amount of resources equal to 1.7 times the amount that are regenerated every year. Reprinted from 
the site www.overshootday.org. 

This ecological crisis led the development of innovative economic models that seeks to combine 

economic profitability and strategic advancement with a commitment to both society and the 

preservation of our natural resources. In the late 1970s, a growing awareness emerged regarding 

the need for a more sustainable economic model to address the emerging social and environmental 

challenges. The ever-increasing global population, the repercussions of climate change, the 

unsustainable exploitation of land and ecosystems, and our heavy reliance on finite fossil resources, 
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prompted the introduction of the "Bioeconomy" concept3. During the First Global Bioeconomy 

Summit in Berlin in 2015, “bioeconomy” was defined for the first time as the "knowledge-based 

production and utilization of biological resources, biological processes and principles to sustainably 

provide goods and services across all economic sectors"4. In particular, the circular economy 

branch advocates an alternative to the conventional linear production model by discouraging the 

utilization of untouched fossil resources such as petroleum, coal, and natural gas, while instead 

aiming at establishing a closed-loop system designed to optimize the extraction of raw materials 

from waste products (Figure 2)5–7. While a single definition may not exist, the European Union 

encapsulates this approach through four pivotal terms, often referred to as the "4Rs": reuse, 

reduction, recycling, and recovery of waste7. 

 

Figure 2. Schematic representation of the circular economy model. This economic model focuses particularly on 
recycling by-products and wastes generated during industrial processes, indeed the major goal of this model is the 
reduction of waste produced by human activities. 

These circular processes are very similar to the metabolic pathways present in the biosphere, where 

by-products and waste materials generated by one organism can be utilized as substrate for the 

growth and survival by other organisms. In this view, “waste” materials can not be defined as 

“unwanted or unusable materials, substances, or by-products” anymore, but possess some inherent 

value that can (and should be) valorized. Therefore, the overarching goal of the circular economic 

system is to unlock even greater value from waste by establishing integrated facilities known as 

biorefineries that can rival their fossil-based counterparts3,5,7.  

The potential inherent in waste as a resource is staggering, with annual global quantities surpassing 

hundreds of megatonnes (i.e., >108 t). Of particular note, lignocellulosic biomass, which is 

estimated to exceed 2 × 1011 t/year in worldwide production6,8, is considered the most suitable 
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renewable feedstock for replacing chemicals and fuels derived from fossil sources5. To address the 

mounting concern over global greenhouse gas emissions, the United States has funded numerous 

programs aimed at increasing the biomass percentage in commodities. This includes raising it from 

5% in 2005 to 18% in 2020, with a target of reaching 25% by 20309. Furthermore, harnessing 

biomass as a renewable resource not only carries significant environmental benefits but also offers 

to countries a means to achieve independence from fossil fuel reserves. These supplies, present in 

limited geographical regions on Earth, have sometimes been the subject of speculative practices 

and for international conflicts9. Due to this potential benefit, the circular economy has been 

identified as a potent approach that could assist reaching numerous Sustainable Development 

Goals (SDGs) outlined in the United Nations' 2015 document titled "Transforming our World: 

The 2030 Agenda for Sustainable Development"10. Moreover, the circular economy model has the 

potential to yield positive outcomes for both developing countries and developed nations: creating 

new jobs, allowing cost savings and fostering innovation10. Nevertheless, a significant impediment 

to transitioning from a linear economic system to a circular one lies in the workforce's skills gap 

and the technological innovations available. Addressing this challenge requires investments in 

innovation, infrastructure, and education, which are crucial for both promoting the circular 

economic model and improve the welfare10,11. Naturally, the viability of implementing the circular 

economic system must take into account the distinct attributes of each country, including the types 

of waste generated and the available infrastructure. In this regard, both the Life Cycle Assessment 

(LCA) and the Life Cycle Costing Analysis (LCCA) emerge as indispensable tools for conducting 

thorough environmental and economic assessments3,7,9. It's important to note that there won't be 

a singular all-encompassing bioeconomy; instead, there will be as many bioeconomies as 

ecosystems and socioeconomic models, making the whole system more flexible and robust3. 

Finally, an effective transition into a circular economic system would need a deep understanding 

of the underlying science and engineering required for the development of sustainable processes3. 

In this regard, biocatalysis is considered as one of the fundamental technologies helping this 

transition. Indeed, the use of enzymes as catalysts could overcome many of the disadvantages of 

traditional chemical synthesis. Enzymes are renewable, cost-effective, non-toxic, work under mild 

operational conditions (generally in water) and are highly selective, thus reducing the amount of 

by-products12,13. Some of these features, such as higher activity and/or selectivity, can even be 

achieved through protein engineering approaches12. Despite these advantages, such technologies 

often lack the efficiency needed to compete with traditional processes at an industrial scale and so 

there is still a long way to go before they can be fully implemented14. 
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1.2  LignoCellulosic Biomass (LCB) 

The utilization of plant biomass for both material and fuel purposes dates back to a time before 

the emergence of modern humans. This practice started with the development of primitive wooden 

tools and the use of firewood by the Neanderthals15. Despite the early utilization of lignocellulose 

as a raw material for various purposes such as textiles, fuels, and construction, it was not until the 

1st century CE in China that people began employing primitive bleaching methods on lignocellulose 

to produce paper16. From such a moment, chemical processing techniques and innovative 

applications for plant biomass started to emerge; in particular, the introduction of chemically-

assisted pulping made the mass production of paper from lignocellulose economically feasible17. 

Nowadays, we refer to plant biomass by using the term lignocellulosic biomass (LCB) due to being 

composed by two main biopolymers: lignin (10-20%) and holocellulose, which can be subdivided 

into cellulose (30-50%) and hemicellulose (15-35%), along with minimal quantities of fibrils and 

pectin (<0.1%)5,18.  

 

Figure 3. Structure of the lignocellulosic matrix: cellulose chains (green) are positioned at the core of the microfibrils, 
and are surrounded by hemicellulose (blue) and lignin (red) polymers cross-linked together through hydrogen and 
covalent bonds. Adapted by permission from 20, copyright 2019. 
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Lignocellulosic biomass (Figure 3) consists of primary and secondary plant cell walls. The primary 

cell wall primarily comprises cellulose and pectin, while the secondary wall is primarily composed 

of a complex polymeric matrix referred to as lignocellulose19. Cellulose (C6H10O5)n represents the 

main structural biopolymer in LCB: D-glucose monomers are interconnected through β-(1,4)-

glycosidic bonds, forming polymeric chains of 10000 to 15000 monomers, further stabilized by 

numerous intra- and inter-molecular hydrogen bonds21,22. Hemicellulose is a branched hetero-

polysaccharide consisting mainly of various pentoses and hexoses monomers linked by β-(1,4)-

glycosidic bonds. Hemicellulose chain backbones are composed by 500 to 3000 sugar monomers 

with sidechains bound to the backbone through β-(1,2)-, β-(1,3)- and/or β-(1,6)- glycosidic 

bonds23,24. Unlike cellulose, the structure and sugar composition of hemicellulose vary depending 

on the plant species25. Lignin is a complex heterogeneous polymer composed by three aromatic 

units: syringyl (S), guaiacyl (G) and phydroxyphenyl (H) units. These units are bound together by 

ether linkages (α-O-4, β-O-4 and 4-O-5) and carbon–carbon linkages (β-β, β-5, 5–5 and β-1), with 

β-O-4 accounting for ≈50% of the total linkages present in lignin26. The highly irregular structure 

of lignin is cross-linked to holocellulose through covalent and hydrogen bonds, providing structural 

strength and depolymerization recalcitrance to LCB17. Just like hemicellulose, the aromatic 

composition of lignin can vary greatly between different plant species. The relative proportion of 

lignin, cellulose and hemicellulose in LCB can vary depending on the starting feedstock27,28; 

accordingly, it has been divided into woody feedstocks, agricultural residues, industrial byproducts, 

and municipal solid waste5,27,29.  

It is estimated that LCB production is ≈1.8*1011 tons/year30, indeed holocellulose and lignin are 

the two most abundant biopolymer on the Earth31; it represents a valuable renewable resource to 

be exploited (Figure 4). However, LCB utilization is hampered by its heterogeneity and 

recalcitrance to depolymerization. Until now, LCB is processed using physical, chemical, 

physicochemical and/or biological pretreatments to break down the cross-links between lignin and 

the holocellulose. These pretreatments allow the separation of lignin from the holocellulose while 

increasing the material's porosity, making the polysaccharides more reactive to the following 

treatment28. After the pretreatment step, each LCB component (i.e. cellulose, hemicellulose and 

lignin) can be converted into a range of bioproducts through thermochemical processes (pyrolysis, 

gasification and torrefaction), enzymatic hydrolysis and microbial fermentation8,32,33. 
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Figure 4. LCB valorization routes. Several LCB feedstocks can be pretreated to separate them into glycerol/lignin- 
and polysaccharides-based materials, thus allowing four different valorization streams (i.e. lignin, glycerol, cellulose and 
hemicellulose) resulting in the possible production of multiple added-value products. Reprinted by permission from 
30, copyright 2022. 

Traditionally, the pretreatment step aimed at the complete delignification of LCB in order to 

recover cellulose for applications in the paper industry (pulping techniques) or for the production 

of biofuels by extracting fermentable polysaccharides34. Despite the numerous different available 

approaches, there are no standardized methods for the valorization of lignocellulosic biomass due 

to the extensive variability in biomass composition stemming from its source, type, and 

recalcitrance level30,35. Thus, there is the need to develop taylor-made valorization processes based 

on the properties of the LCB feedstock. 

In this view, this PhD project is focused at the valorization of two LCB by-products: Kraft lignin 

and wheat bran. 

 

1.2.1 Kraft lignin  

The LCB pretreatment processes lead to the separation of cellulose, polysaccharides and the so 

called technical lignins. Technical lignins differ substantially from their native lignin counterparts 

due to the various reactions that occur during processing, including lignin depolymerization, 

condensation of lignin fragments, and the formation of new functional groups32,36,37. The prevalent 

LCB pretreatment method is the Kraft pulping process, which is utilized during the pulping 

processes to produce paper, generating ≈85% of total technical lignin world-wide35. During this 

process, wood chips react with an aqueous solution of sodium hydroxide and sodium sulfide, called 

white liquor, at a temperature ranging from 155 to 175 °C33,36. The strongly alkaline environment 
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during the cooking process leads to the cleavage of aromatic ether bonds within lignin, resulting in 

the formation of soluble thio-lignin fragments often referred to as black liquor; these fragments 

can be precipitated in a condensed form upon acidification38,39. The recovered Kraft lignin typically 

exhibits a molecular mass falling within the range of 1,500 to 5,000 g/mol. It is characterized by a 

low presence of β-O-4 ether linkages, a sulfur content of 0.5 - 3.0 wt% and a residual ash content 

of 1 to 5 wt% following the cooking and washing steps involving diluted sulfuric acid35. 

Kraft lignin is primarily commercialized by companies like MeadWestvaco and Metso Corporation, 

the developer of LignoBoost technology for lignin recovery32,33, at a price of 0.1-0.5 $/kg9. 

Regrettably, more than 80% of the lignin produced annually (≈63 × 104 tons) is utilized as a low 

value fuel to produce energy and only ≈105 tons are valorized through the production of carbon 

fibers, binders, ion-exchange resins, carriers for fertilizers and pesticides, as well as low molecular 

mass aromatics35,40,41. Despite its potential, the industrial valorization of lignin is hampered by its 

inherent heterogeneity and chemical stability. Lignin depolymerization technique aims at bypass 

these drawbacks by breaking down the polymer into its components, thus obtaining the enrichment 

of desired lignin-derived substrates that can be converted into valuable products42. At present, the 

depolymerization techniques can be divided in i) thermal, ii) chemical, iii) thermo-chemical, iv) 

microwave-assisted, and v) biological processes42. Depending on the technique used, it is possible 

to obtain different aromatic compounds from lignin depolymerization such as guaiacol, syringol, 

catechol, vanillin and its derivatives which have garnered significant attention due to their potential 

as key components in the production of flavors, fragrances, and polymers8,43. 

In summary, due to its low price and the great amount produced annually, Kraft lignin could 

represent a great source of renewable aromatics allowing the sustainable production of value-added 

products. 

 

1.2.2 Wheat bran  

Wheat, along with maize and rice, constitutes roughly 90% of the world's cereal production44. The 

annual wheat production is ≈770 million tons45, with ≈70% of it earmarked for food 

consumption44. The majority of wheat is milled to produce white wheat flour: during this process, 

wheat bran is generated alongside other valuable components like wheat germ and portions of the 

endosperm. Approximately, one-fifth of the total weight of cultivated wheat being transformed 

into bran, amounting to 100-150 million tons annually46. Currently, wheat bran is considered an 

agricultural by-product and is mainly used as livestock feed, with only limited quantities marketed 

for human consumption47. The composition of wheat bran comprises roughly 8-12% moisture, 13-

18% protein, 36-57% carbohydrates (typically 20-40% dietary fibers and 10-25% starch), 5-6% ash, 
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4-5.5% fat and 1% phenolic acids46,47. The relative abundances can vary between species and/or 

different climate conditions.  

The most abundant phenolic acid in wheat bran is ferulic acid, which is generated through the 

phenylpropanoid pathway48. Ferulic acid plays important roles in plant cell walls, such as the 

protection against pathogen invasion48 and as a cross-linker of polysaccharides chain49. In wheat, 

ferulic acid accumulates mainly in the bran where ≈90% is bound to arabinofuranosyl residues of 

arabinoxylans and other cell wall structures, while the remaining ≈10% exists as either a soluble, 

unattached compound or a conjugated moiety esterified to sugars50. In details, inside the cell wall 

there are short chains composed of xylose units connected by β-(1–4) glycosidic linkages, called 

arabinoxylan oligosaccharides. Ferulic acid can be found esterified to α-arabinose substituent 

bound to the arabinoxylan oligosaccharides in O-2 and/or O-3 positions51 (Figure 5). These 

structural organization and its low price (0.05-1 €/kg)52,53 make wheat bran an ideal source material 

for ferulic acid production. 

 

Figure 5. Ferulic acid bound to wheat bran hemicellulose chain. Hemicellulose in wheat bran is mainly composed by 
linear chain of D-xylose units; ferulic acid can be found esterified (blue) to α-L-arabinofuranose bound to the linear 
chain D-xylose in O-2 and/or O-3 positions through a glycosidic bond (purple). Adapted by permission from 30, 
copyright 2020. 

The extraction of ferulic acid from wheat bran can be achieved through chemical or 

biotechnological (using enzymes or microorganisms) methods. Chemical approaches often involve 

alkaline or acid hydrolysis procedures aimed at breaking down the lignin/phenolic-carbohydrate 

complex. However, after these treatments, a mixture containing different compounds such as 
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additional phenols, proteins and carbohydrates, is obtained, thus requiring additional downstream 

purification steps47,54. Biotechnological approaches are generally considered more environmentally 

friendly compared to chemical methods because they are more energy-efficient and selective, 

typically involving digestion with esterases48. These biotechnological treatments are gentler, 

selectively releasing ferulic acid without causing damage to other valuable chemicals, which can 

occur during alkaline extraction, thus requiring a lower number of purification steps46. Once 

extracted, ferulic acid can be used in the food, healthcare, and cosmetic industries thanks to its 

antioxidant and anti-cancer effect44,47. Additionally, ferulic acid can be converted into bio-vanillin55 

or can serve as a building block for polymerization, enabling the production of bioplastics56,57. 

Wheat bran is not only a promising feedstock for ferulic acid extraction, in fact it can be utilized as 

a direct source of starch, arabinoxylans and proteins47; furthermore, wheat bran carbohydrates can 

be utilized for the fermentative production of succinic acid, acetone, butanol, ethanol, amino acids 

and gamma-aminobutyric acid or for the chemical synthesis of furfural and 5-

hydroxymethylfurfural47. 

Due to its many applications and the large amount produced worldwide, wheat bran is an 

agricultural by-product that need to be valorized more. 

 

1.3 Biocatalysis 

Biocatalysis can be defined as the use of a biological entity, an enzyme or a whole cell, for the 

conversion of a substrate into a product of interest. Humans have unknowingly utilized biocatalytic 

processes since 6000 BC during fermentation of several types of foods and beverages58. From the 

early 20th century we started to utilize it more consciously, employing specific microorganisms and 

developing complex biocatalytic processes to produce valuable industrial products59. From such a 

date, the number of biotechnological methods has steadily increased due to ongoing advancements 

in the field and their applications in various transformation processes. In contemporary industrial 

applications, the use of biocatalytic processes continues to expand, encompassing a wide range of 

products, from specialty chemicals to bulk chemicals59,60. 

Another efficient technology widely used at industrial level, is the chemocatalysis, where the catalyst 

is an inorganic compound instead of a biological entity61. In some instances, such as polymer 

synthesis62 and petroleum cracking/refining63, the reaction conditions are not compatible with the 

use of enzymes making the chemocatalytic approach mandatory. Nonetheless, if an enzyme can 

catalyze the same reaction of chemocatalyst, these two strategies can compete and the choice 

between the two depends on the specific application. However, the utilization of biocatalysts 

instead of an inorganic catalysts offers several technological and environmental benefits: 
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1. Specificity: enzymes are highly specific, catalyzing regio-, stereo- and/or enantiospecific 

reactions with minimal or no side-reactions. Their specificity can lead to higher yields and purer 

products compared to chemocatalysis, which may produce unwanted byproducts, thus 

requiring a higher number of downstream purification steps12,60,64,65. 

2. Mild reaction conditions: biocatalytic reactions typically occur in aqueous buffers under mild 

temperature and pH operational conditions. This can reduce the need for harsh chemicals (such 

as organic solvents and metal catalysts) and high temperature values, making the process more 

environmentally friendly and energy-efficient. Moreover, this diminishes the generation of 

toxic byproducts and wastes12,60,64,65. 

3. Sustainable catalyst: biocatalysts are biocompatible, derived from biological renewable sources, 

and biodegradable, which simplifies disposal and reduces the environmental impact of the 

process12,60,64,65. 

4. Cost-effectiveness: while the initial development of biocatalysts may be expensive, once 

established, they can be more step-efficient and cost-effective for large-scale production 

compared to chemocatalysis12,60,64,65. 

5. Discovery: new enzymes/organisms can be discovered through environmental sampling and 

genome mining broadening the biocatalytic’s toolbox12,60,64,65. 

6. Protein engineering: enzymes selectivity and activity can be modified and/or enhanced through 

protein engineering, either by rational design or directed evolution approaches. Moreover, 

biocatalytic organism characteristics can be modified through Adaptive Laboratory Evolution 

(ALE) and/or metabolic engineering12,60,64,65. 

7. Multi-step catalysis: multi-step enzymatic cascades mimic natural metabolic pathways, enabling 

one-pot multi-step conversion of compounds that are challenging to produce through 

traditional chemical methods12,60,64,65. This approach combines several enzymes in vitro/in vivo 

to build biochemical pathways allowing cascades modification of substrates. Multi-enzymatic 

cascades are a promising approach that try to overcome some flaws of single-enzyme reactions. 

Indeed, this approach could eliminate the need to isolate intermediates, reducing waste 

generation, improve the reaction yield and productivity by circumventing possible intermediate 

inhibition and help streamlining the whole process, resulting in lowered operational costs and 

reduced energy consumption66,67. Noteworthy, multi-enzymatic cascades are particularly cost-

efficient when applied to whole-cell biocatalysis, where there is no need to extract and purify 

every single enzyme of the pathway64. 

Despite these advantages, it is important to note that biocatalysis shows limitations. Generally, 

biocatalytic processes are less efficient than chemocatalytic ones, have lower productivity and 
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generate products at lower concentrations. This means that obtaining the same amount of product 

is more time-consuming and/or bigger reactors are needed, thus using a higher amount of buffer 

(i.e. aqueous buffer) per amount of product. This is partially due to “obligated” mild reaction 

conditions making some substrates less reactive and some products less soluble in water; this could 

be partially solved by biocatalyst engineering. Another disadvantage of using aqueous buffer is the 

downstream purification of the product. Finally, the cost-effectiveness of biocatalysis is a 

contentious argument since the cost of developing and optimizing an industrial biocatalytic process 

is very high. If there are no chemocatalytic alternatives, it could be worth the investment, otherwise 

their use can be more economically viable for companies12,60.  

Nonetheless, when focusing on the environmental aspect it is clear that biocatalytic processes have 

the potential to reduce the wastes and toxic/hazardous materials generation. Sheldon and Woodly 

in their review12 effectively explained how biocatalysis conforms almost perfectly with the 12 

principles of the green chemistry formulated by Anastas and Warner in 1998 in their book “Green 

Chemistry: Theory and Practice” 68. Their aim was to outline a framework for making 

chemocatalysis more sustainable, from the substrates used, the reaction conditions and the 

products (and by-products) generated. The summarized 12 concept of green chemistry and their 

connection to biocatalysis are shown in Table 1.  

Table 1. Connections between the principles of green chemistry and the biocatalytic approach 
 

Green chemistry principles Biocatalysis 

1 
WASTE PREVENTION: It is better to prevent waste than to treat 

or clean up waste after it has been created 

Biocatalytic process produce less 

amount of dangerous waste 

2 
ATOM ECONOMY: Synthetic methods should be designed to 

maximize incorporation of all materials used in the process into the 

final product 

Due to the specificity of 

enzymes, biocatalytic processes 

are generally more atom-

economical 

3 

LESS HAZARDOUS CHEMICAL SYNTHESIS: Wherever 

practicable, synthetic methods should be designed to use and generate 

substances that possess little or no toxicity to human health and the 

environment 

Enzymes and biocatalytic 

organisms generally have low 

toxicity 

4 
DESIGN SAFER CHEMICALS: Chemical products should be 

designed to preserve efficacy of function while reducing toxicity 
Not relevant 

5 
SAFER SOLVENTS AND AUXILIARIES: The use of auxiliary 

substances (e.g., solvents, separation agents, etc.) should be made 

unnecessary wherever possible, and innocuous when used 

Biocatalytic reactions are usually 

performed in aqueous solutions 

6 

DESIGN FOR ENERGY EFFICIENCY: Energy requirements 

should be recognized for their environmental and economic impacts 

and should be minimized. Synthetic methods should be conducted at 

ambient temperature and pressure 

The use of milder conditions 

usually results in higher energy 

efficiency 
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7 
USE OF RENEWABLE FEEDSTOCK: A raw material or 

feedstock should be renewable rather than depleting whenever 

technically and economically practicable 

Enzymes and biocatalytic 

organisms are produced from 

renewable feedstocks 

8 

REDUCE DERIVATIZATION: Unnecessary derivatization (use of 

blocking groups, protection/deprotection, temporary modification of 

physical/chemical processes) should be minimized or avoided if 

possible, because such steps require additional reagents and can 

generate waste 

Biocatalytic process completely 

avoids derivatization steps 

9 
CATALYSIS: Catalytic reagents (as selective as possible) are superior 

to stoichiometric reagents 

Enzymes and biocatalytic 

organisms are catalysts 

10 
DESIGN FOR DEGRADATION: Chemical products should be 

designed so that at the end of their function they break down into 

innocuous degradation products and do not persist in the environment 

Not relevant 

11 

REAL-TIME ANALYSIS FOR POLLUTION PREVENTION: 

Analytical methodologies need to be further developed to allow for 

real-time, in-process monitoring and control prior to the formation of 

hazardous substances 

Easily applicable to biocatalytic 

processes 

12 

INHERENTLY SAFER CHEMISTRY FOR ACCIDENT 

PREVENTION: Substances and the form of a substance used in a 

chemical process should be chosen to minimize the potential for 

chemical accidents, including releases, explosions, and fires 

The use of milder conditions and 

the low toxicity of biocatalyst 

results in safer processes 

 

It should be clear that, despite some drawbacks, biocatalysis represents one of the key technologies 

allowing the transition from a linear economy, focused on production and efficiency, to a circular 

bio-economy more thoughtful about the environment12,60. In this regard, several parameters to 

evaluate the environmental friendliness of a process have been formulated12,69. The most utilized is 

the E-factor defined as the kg waste/kg product: for an ideal process that produces negligible 

amount of waste per amounts of products the E-factor is equal to zero12,69. This parameter has 

been further refined by adding an environmental quotient (EQ) that considers the toxicity and 

biodegradability of the waste produced12,69. Another important tool to evaluate the ecological 

footprint of a process is the Life Cycle Assessment (LCA). This analysis evaluates the 

environmental effects of a product throughout its entire lifecycle, encompassing stages from the 

extraction of raw materials to materials processing, distribution, usage, and possible disposal or 

recycling12,69. Despite these parameters and evaluation are useful to have a better understanding of 

the ecological footprint of a process, these are not sufficient to assess the economical sustainability 

of a process12. Noteworthy, biocatalysis is not only an approach opposed to chemocatalysis, but 

biocatalysis is a complex field offering several different strategies. In particular, it can be subdivided 

into 3 main branches: i) isolated enzymes (Figure 6A), ii) resting cells (figure 6B) and iii) 

fermentation (Figure 6C).  
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Figure 6. Biocatalytic branches flowsheets. A) Isolated enzyme biocatalytic approach, B) resting cells biocatalytic 
approach, and C) fermentative biocatalytic approach. Solid lines indicate the streams of substrate/product. Dotted 
lines indicate biocatalyst streams. 
 

These branches can be then grouped into cell-free approaches (i.e. isolated enzymes) and whole-

cell approaches (i.e. resting cells and fermentation).  

In the cell-free biocatalysis, the cellular components, particularly the enzymes, are extracted from 

the cells and utilized outside the cells. After the extraction, the crude cell lysate can be utilized for 

the conversion, or the enzymes can be further purified from the other cellular components before 

being used70. The cell-free approach shows advantages over the use of a whole-cell system: 

1. Cell-free systems are less complex and more controllable, making them suitable for well-

defined reactions and research applications. They are less likely to have unwanted side reactions 

or interference from cellular components. Moreover, due to the simplicity of the reaction 

system, the promiscuous activity of certain enzymes can be exploited to utilize non-natural 

substrates12,70.  

2. Cell-free systems can be customized by selecting specific enzymes or cofactors for a particular 

reaction, allowing for greater control over the reaction conditions and product formation. In 

some cases, even non-natural operational conditions can be utilized to improve the activity on 

certain substrates (e.g., higher temperature, harsh pH, use of solvents)12,70.  
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3. Cell-free systems are amenable to optimization through adjustments to reaction conditions and 

the addition of specific enzymes, making them more suitable for fine-tuning reaction 

parameters. The lower number of components and the absence of side reactions allow an easier 

parameterization of the reaction system, making it more suitable for in silico optimization12,70,71.  

4. In cell-free systems, it is possible to work in presence of enzyme and substrate concentrations 

not obtainable in vivo, thus increasing the yield, titer and productivity of the whole system12,70.  

5. Lastly, some substrate can not be internalized in cells, due to steric hindrance and/or not having 

a specific transporter. Use of isolated enzymes allows the bioconversion of these substrates 

without the need of time-consuming engineering of a microbial strain12,70. 

In whole-cell biocatalysis, the microbial host (bacteria, yeast, etc.) is used as the catalyst. The cell 

contains all the necessary machinery, including enzymes and cofactors, to perform the desired 

biochemical reactions64. These whole-cell biocatalysts can be natural (i.e. isolated form the 

environment) or genetically engineered to produce certain compounds64. The whole-cell approach 

shows advantages over a cell-free system: 

1. Thanks to cellular mechanisms, whole-cell systems are more robust and stable against 

perturbations, providing a protective environment for enzymes. This enzyme’s 

compartmentalization can potentially prolongs their activity and lifespan, obtaining a more 

durable biocatalyst12,60,64. 

2. Whole-cell systems are cheaper to produce and maintain, avoiding the expensive and time-

consuming step needed for the extraction and purification of enzymes. Moreover, the 

endogenous metabolism of the cells can be exploited to recycle the cofactor needed in the 

biocatalytic reaction without additional costs12,60,64.  

3. Whole-cell systems often have membrane transport systems that can facilitate the uptake of 

substrates, increasing the local concentration inside the cells, and excretion of products, 

reducing issues related to product inhibition12,60,64.  

4. Whole-cell systems are more easily separated from the products of the biocatalysis, either by 

precipitation or filtration, thus reducing the cost of downstream processing12,60,64.  

5. Multi-enzymatic cascades are cheaper to set up in whole cell systems, allowing to perform 

complex multistep reactions or build metabolic pathways without the need to express and 

purify every single enzyme of the pathway. This makes them well-suited for applications 

requiring the conversion of substrates through various intermediates to produce a desired 

product without the need of intermediate steps of purification12,60,64.  
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The choice between a whole-cell and a cell-free biocatalytic approach depends on the specific 

application, the complexity of the desired reaction, and the need for control and customization. 

Whole-cell systems are often preferred for robustness and versatility, while cell-free systems offer 

more precision and customization12,60.  

There is another possible subdivision that can be made between the three aforementioned branches 

of biocatalysis: the growth-associated biocatalysis (fermentation) and the growth-separated 

biocatalysis (isolated enzymes and resting cells)12. As the name suggests, in growth-associated 

biocatalysis, the growth of the biocatalyst and the bioconversion are simultaneous. The conversion 

is carried out in the same medium used for growth and the substrate can be some form of nutrients 

for the organism. In this condition, the metabolism of the whole biocatalyst is highly active72, 

allowing the efficient recycling of cofactors, and the cost of the process is minimized by reducing 

the required steps64,73. Meanwhile, in the growth-separated biocatalysis, the preparation and the 

utilization of the biocatalyst are separated steps. The major advantages of this approach is the 

degree of freedom in the choice of operational reaction conditions (e.g., temperature, pH , reaction 

media, organic solvent addition) and in the concentration of the biocatalyst, thus productivity 

(space-time yield) can be substantially enhanced compared to that of a fermentation12. Moreover, 

the use of less complex reaction media allow a cheaper and less time-consuming downstream 

purification12,64,70.  

The purification step can be simplified further by immobilizing the biocatalyst on a solid support. 

The immobilization is typically achieved on a solid sphere or, more commonly, within a porous 

support, making it readily removable from the reaction system through filtration. The 

immobilization also makes biocatalyst reutilization easier and enhances its stability by blocking it 

into a more robust conformation74, thus making the biocatalyst more productive (kg product/kg 

enzyme)74. The increased rigidity of the enzymes’ structures generally causes a decrease in their 

catalytic properties, but, in some cases, the structural distortions caused by the immobilization can 

be exploited to alter the catalytic features of an enzyme75. In the case of a cofactor-dependent 

enzyme, an interesting approach is the co-immobilization of the biocatalytic enzyme and the 

respective cofactor or of a cofactor regenerating enzymatic system. The proximity between the 

enzyme and the cofactor can increase its catalytic efficiency and remove the need for cofactor 

addition, making it a self-sufficient heterologous biocatalyst76. As an example, the covalent binding 

of α-chymotrypsin to nanoporous silica improved the half-life of the enzyme at 40 °C up to 1000-

fold and increase its activity in organic solvent up to 100-fold: in particular, it retains 35% of its 

activity after 2 h of incubation in methanol77. Furthermore, biocatalyst immobilization allowed their 

use in continuous-mode reactors, the so-called flow biocatalysis approach. By following this 



 

20  

approach it is possible to increase the lifespan of the biocatalyst, improve productivity and reduce 

waste78. Futhermore, flow biocatalysis offers two peculiar advantages over the batch counterpart: 

i) telescoped reactions and ii) automation. In telescoped reactions, the different steps of a multi-

enzymatic cascade can be carried out in different bioreactors sequentially; in this way a substrate 

can be converted by the corresponding enzyme in a reactor, the product can be then funneled in a 

second reactor to be converted by a second enzyme and so on. This approach reduces inhibition 

problems, and the needs of intermediates’ purification and allows to work under the optimized 

operational conditions of every enzyme involved in the biosynthetic pathway78. Finally, due to the 

modular nature of a flow reactor, it is easier to set up automated procedures that allow for cheaper 

and faster biocatalytic processes79; the two advantages can even be combined for the development 

of an automated multistep synthesis in flow80. A flow biocatalytic approach has been implemented 

using an immobilized amine transaminase from Halomonas elongata achieving a reduction of reaction 

time of up to 2-fold and an increase in productivity compared to the batch approach81. 

In conclusion, biocatalysis has the potential to be one of the key technologies enabling the 

establishment of circular bioeconomy.  

 

1.4 Strain improvement 

Enzymes are the primary component of any biocatalytic system. In the isolated enzymes approach, 

enzymes are the sole component of the system; in contrast, in the whole-cell biocatalysis approach 

they are employed within microbial chassis. This chassis possesses its own metabolic pathways, 

that compete with the biocatalytic enzyme for the same cellular machinery and cofactors. This 

competition for resources can influence the bioconversion capabilities of the biocatalyst, and vice 

versa, the biocatalytic reaction/pathway can have an effect on the homeostasis of the cell82–84. In 

fact, exogenous proteins overexpression is known to be a stress to the cellular environment, 

resulting in a reduced fitness of the microbial strain85. Furthermore, even an accumulation of the 

substrate, intermediate(s) or final product can generate stresses for the microbial chassis, reducing 

the overall productivity of the biocatalytic system86. Thus, to improve the production of the target 

compound, a balance between the endogenous metabolism and the expression of biocatalytic 

enzymes needs to be found; in theory, this balance is obtained by finding the catalytic amount of 

enzyme needed to convert the substrate into the desired product at a sufficient rate85. This field is 

called metabolic pathway balancing or metabolic engineering84,87 and try to find the aforementioned 

balance through different approaches (Figure 7). 

The most straightforward method is to control enzyme’s expression at DNA-level, transcription-

level and/or translation-level. Starting from DNA-level control, the easier and most utilized 
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method adopted in this field, the enzyme’s expression can be modulated by changing the gene copy 

number84. If the gene of interest is chromosomally integrated, decreasing the copies of the gene of 

interest in the genome will lead to a reduced expression. Instead, when using plasmid vectors it 

possible to minimize the metabolic burden on the microbial chassis by diminishing the expression 

of the gene of interest using a low copy number plasmid85. Low copy number plasmids not only 

help establishing the balance between biocatalysis and endogenous metabolism but can also ensure 

the segregational stability and a consistent copy number throughout the microbial culture85. 

Transcription-level control is naturally imposed by promoters, that can have different strength and 

can be constitutive or inducible84,85. Despite numerous promoters are found in Nature, the 

discovery and characterization of new promoters is difficult88 and the ones already utilized and 

studied have high strength, meaning they induce the overexpression of the target gene generating 

stress to the microbial host85. To solve this issue, several techniques have been utilized to engineer 

known promoter sequences in order to produce libraries of promoters with variable strength, by: 

i) error-prone PCR88,89; ii) saturation mutagenesis of the spacer sequence (regions surrounding the 

consensus regions, i.e. -35 and -10 for bacteria)88,89; iii) hybrid promoter engineering to modify 

promoter regulation and strength by combining consensus and spacer regions of different 

promoters88,89; iv) site-directed mutagenesis of the transcription factor binding site, to modulate the 

strength and/or regulation of the promoter88,89. Another interesting technique that could help in 

balancing the expression of the biocatalytic enzymes is the so-called “dynamic balancing”, where 

the expression of the pathway enzymes can be up-regulated or down-regulated under the control 

of a genetic circuit sensible to one or more cellular metabolite(s)84; as an example, by creating a 

fatty acid-sensitive sensor regulator system utilizing the transcription regulator fadR, the 

production of fatty acid ethyl ester in E. coli was improved by almost 3-fold, from 9.4% to 28% 

theoretical maximum90. Finally, transcription-level control can be imposed by modifying the 

ribosome binding site (RBS) sequences. In this case, the correlation between RBS sequence and 

RBS strength is well understood: a digital RBS calculator tool was developed and optimized, thus 

it is now possible to build libraries of RBS with various strength84. RBS engineering has been 

utilized in order to optimize pathway’s enzymes expression for the production of fatty acids in E. 

coli: the better expression balance allowed to reach a 46% fatty acids production increase91. 

In some cases, particularly when using xenobiotics, the limiting steps of a biocatalytic pathway can 

be represented by the import of the substrate and/or the export of the product. If the substrate 

accumulates in the extracellular medium due to low intracellular transport, it can be degraded or 

subjected to side-reactions; similarly, if the product accumulates in the cytosol, it can have cytotoxic 

effects (e.g., osmotic stress) and or inhibit biocatalytic enzymes activity, reducing the overall 
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product’s yield92. The transporter active on the substrate/product can be identified through a 

transcriptomic and gene knock-out analysis, so that the transporter expression could then be 

enhanced by genome editing or recombinant expression. Moreover, if the selected microbial chassis 

of choice does not possess an efficient transport mechanism, it is possible to improve it by protein 

engineering methods92,93. To improve the production of succinate in E. coli, the expression of the 

succinate transporter genes dcuC and dcuD was modulated using RBS engineering, obtaining 34% 

improved succinate production compared to the parental strain94. 

One of the more grueling tasks in metabolic engineering is identifying the bottlenecks of a 

bioconversion system, since there are several factors that can hinder the optimal metabolic flux. 

This task can be handled by -omics approaches, such as transcriptomics95 and metabolomics96, that 

enable extensive studies of cellular regulation and metabolic networks. From these data it is 

possible to build a Genome-scale Metabolic Model (GEM)87,97 of a particular organism, which can 

then be used to perform Flux Balance Analysis (FBA)87,98 to identify possible bottlenecks. 

 

Figure 7. Metabolic engineering process scheme. Metabolic engineering is an iterative process composed of 3 major 
stages: i) data analysis, ii) in silico optimization and iii) strain improvement. After the first iteration of this process, data 
obtained from the improved strain starting a new cycle to further improve strain characteristics.  
 

In details, FBA is a computational technique used to analyze and predict the flow of metabolites 

through a metabolic network, it operates on the principles of mass conservation and aims to find 

a set of metabolic fluxes (the rates of chemical reactions) that achieve specific objectives while 

satisfying constraints on the overall system. FBA has been instrumental in metabolic engineering, 

the study of microbial physiology, and the design of bioengineering processes. It is particularly 
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useful for modeling and optimizing the metabolic processes in microorganisms, such as bacteria 

and yeasts, as well as in other biological systems98. Thereafter, the limiting steps can be optimized 

by gene knock-out or knock-in, or by recombinant expression of heterologous proteins99. The 

major drawback of in silico simulation of biological systems is the great degree of uncertainty due 

to their innate complexity and adaptiveness85. The development and optimization of a biocatalytic 

strain require a deep knowledge of the physiology, genetics and biochemistry of the host microbe. 

Despite the recent advancements in this field, there is still a lot of work to be done in order to fully 

understand and develop the optimal biocatalytic strain.  
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1.5 Lignin Valorization: Production of High Value-Added Compounds by 

Engineered Microorganisms 
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2. Aim of the work 

The current linear production model relies primarily on the exploitation of virgin resources, like 

fossil fuels, and generates large amount of waste materials, making it completely unstainable in the 

long run. Consequently, the use of economic models focusing on the environmental sustainability 

of the process, such as the bioeconomy and circular economy model is mandatory, in order to 

reduce the overexploitation and pollution of the natural resources. Plastic materials have several 

excellent properties that made them indispensable in many fields of everyday life; nonetheless, their 

production is almost completely reliant on dwindling petroleum-based feedstocks, thus demanding 

innovative production processes rom non-toxic renewable materials.  

In this view, the lignocellulosic biomass has a great potential to become the renewable alternative 

to oil, thanks to its great abundance and its heterogeneity, allowing its use for several production 

processes. Cellulose and hemicellulose are already industrially utilized for the production of paper 

and biofuels, meanwhile lignin, despite being a natural and renewable source of aromatics, is 

underutilized due to the high chemical and physical recalcitrance of its structure. Therefore, the 

biotechnological valorization of lignin could not only help coping with the diminishing supply of 

petroleum but also induce the transition to more sustainable industrial processes to produce plastic 

precursors and other valuable chemicals. 

This PhD project is aimed at the development of a biotechnological process for the valorization 

of lignocellulosic by-products (i.e. wheat bran and kraft lignin), focusing on the use of whole-cell 

biocatalytic approaches for the conversion of lignocellulose-derived aromatics into value-added 

compounds. For this purpose, at first two thermo-enzymatic treatments for the extraction of ferulic 

acid and vanillin, from wheat bran and kraft lignin, respectively, will be assayed and optimized. 

Ferulic acid can be converted into vanillin by a two-step biochemical pathway, and vanillin can be 

further converted into cis,cis-muconic acid, a precursor of several plastic materials, through a four-

step biochemical pathway. Thus, to convert the lignocellulose-derived aromatics into added-value 

compounds, an engineered E. coli strain expressing up to 7 recombinant enzymes will be designed 

and built up. The engineered strain will be used following a resting cells approach, making the setup 

of the recombinant pathways easier compared to isolated enzymes, while allowing the adjustment 

of several reaction parameters. To further assay the biocatalytic capabilities of the engineered strain 

converting vanillin into cis,cis-muconic acid, the bioconversion will be conducted in a bioreactor 

using the growing cells approach. The combination of using a growing cells approach combined 

with an auto-inducing growth medium, will make the process more straightforward, cheaper and 

overall more scalable. Lastly, a one-pot process for the production of the plastic precursor 4-
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vinylguaicol directly from wheat bran will be evaluated. An engineered E. coli strain expressing a 

decarboxylase enzyme, that converts ferulic acid into 4-vinylguaiacol, under the control of a 

phenol-inducible promoter, will allow the use the extracted ferulic acid as an inducer, meanwhile 

the E. coli strain will grow in the carbohydrate-rich wheat bran crude extract. This one-pot strategy 

is aimed to reach an almost complete utilization of the starting material wheat bran, eliminating the 

need for commercial growth ingredients and external inducers, hence making the process more 

sustainable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

61  

3. Results 

 

3.1 Whole-Cell Bioconversion of Renewable Biomass-

Related Aromatics to cis,cis-Muconic Acid 

Molinari, F.; Pollegioni, L.; Rosini, E. Whole-Cell Bioconversion of Renewable 

Biomasses-Related Aromatics to cis,cis-Muconic Acid. ACS Sustain. Chem. Eng. 

2023, 11 (6), 2476–2485. 

 

3.2 Bio-based cis,cis-muconic acid production from 

vanillin using a growing cells approach 

Unpublished data 

 

3.3 One-pot biotechnological valorization of wheat bran 

into 4-vinylguaiacol 

Unpublished data 
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3.2 Bio-based cis,cis-muconic acid production from vanillin 

using a growing cells approach 

 

INTRODUCTION 

Muconic acid (2,4-hexadienedioic acid) is a six-carbon di-unsaturated dicarboxylic acid which 

occurs in three isomeric forms: cis,cis-muconic acid (ccMA), trans,trans-muconic acis, and cis,trans-

muconic acid. Muconic acid can be produced by chemical synthesis (from non-renewable oil-

derived chemicals), bioconversion of lignin (from biotransformation of lignin-based aromatic 

compounds), and microbial fermentation of sugar; for a recent review see1. Muconic acid is a 

molecule of recognized industrial value2 (estimated market in 2024 of US$ 119.4 million)3: it can 

be hydrogenated into adipic acid, a widely applied building block of commercial nylons and 

polyurethanes, and can be used as the starting material for making terephthalic acid in the synthesis 

of the plastic polymer polyethylene terephthalate (PET)4. Both adipic acid and terephthalic acid are 

also used in cosmetic, pharmaceutical, textile and food sectors2. Based on the increasing prices and 

diminishing oil availability, plastics production through environmentally friendly fermentation 

from renewables explain the increasing interest in bio-based muconic acid. 

Notably, strains which produce ccMA from aromatics can employ lignin hydrolysates as starting 

material5–7. Lignin represents the second most abundant polymer on Earth; it can be treated to 

generate mixtures of aromatics through thermochemical8,9 and biological de-polymerization10–12. 

Lignin is strongly underutilized: 98% is simply burned for energy supply, so that it represents a 

considerable source of renewable carbon. In past years, a number of efforts focused on the 

improvement of productivity and yield of high-value added compounds from lignin conversion by 

metabolic engineering of various bacteria. The biological production of ccMA (and related 

compounds) from lignin has been recently reviewed, see1,13 and references therein. 

Recently, our group setup of a bioprocess for producing ccMA based on the optimization of the 

extraction procedures for ferulic acid from wheat bran and vanillin from lignin, and the engineering 

of an Escherichia coli strain expressing up to seven recombinant enzymes14. In detail, the 

decarboxylase Fdc and the dioxygenase Ado converted wheat bran-derived ferulic acid into vanillin: 

vanillin was produced in one pot with a >85% yield in 20 h. Next, the dehydrogenase LigV, the 

demethylase VanAB, the decarboxylase AroY, and the dioxygenase C12O converted lignin-derived 

vanillin into ccMA with a >95% conversion yield (4.2 mg of ccMA/g of Kraft lignin in 30 min). 

When the optimized E. coli strain expressing all the seven enzymes was used on ferulic acid, ccMA 

was produced with a >95% conversion yield in 10 h: following product isolation, 0.73 g of ccMA/g 

of ferulic acid, and 2.2 g of ccMA/g of wheat bran biomass was produced. 
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In this study, we evaluated the ccMA production from vanillin by the abovementioned engineered 

E. coli strain using a growing cells approach by optimizing the medium composition and vanillin 

supply, followed by ccMA recovery and purification. We established an integrated process for 

ccMA production by bacterial fermentation. 

 

MATERIALS AND METHODS 

Strain, Growth Medium and Reagents 

The E. coli MG1655 RARE strain15 carrying the plasmids pETDuet-1:AroY-C12O and pCDFDuet-

1:VanAB-LigV was constructed in a previous study14. Luria Bertani broth (Lennox), Terrific broth 

(modified), glycerol, D-(+)-glucose, α-lactose monohydrate and Antifoam 204 were purchased 

from Merck KGaA (Darmstadt, Germany). Methanol (ACS Grade, ≥99%), formic acid (ACS 

Grade, ≥98%), sulfuric acid (ACS Reagent, 95-98%), activated charcoal (DARCO®, 100 mesh 

particle size) and analytical grade standards of vanillin (4- hydroxy-3-methoxybenzaldehyde), 

vanillic acid (4-hydroxy-3-methoxybenzoic acid), protocatechuic acid (3,4-dihydroxybenzoic acid), 

catechol (1,2-dihydroxybenzene) and cis,cis-muconic acid were purchased by Merck  KGaA 

(Darmstadt, Germany). 

Bioconversion: Flask Cultivation 

For the starting culture, the engineered strain was inoculated in Luria Bertani broth (LB) containing 

the appropriate antibiotics (100 μg/mL ampicillin and 50 μg/mL streptomycin) and grown at 30 

°C, 180 rpm, for 18 h. The next day, 100 mL of Terrific broth (TB) containing the appropriate 

antibiotic, 10 g/L glycerol, 0.5 g/L glucose and lactose (2, 4 or 10 g/L) were inoculated with an 

amount of starting culture to have an initial OD600nm = 0.1 and the culture was incubated at 30 °C, 

130 rpm. When the OD600nm value reached 3.0 – 3.5 (≈ 6 h), vanillin was added to the flask up to a 

final concentration of 10 mM. The bioconversion was monitored by withdrawing at different times 

aliquots of fermentation broth (2 mL) and processed for HPLC analysis (see “HPLC analytical 

method” section). 

Bioconversion: Resting Cell Assay 

Samples were withdrawn from the bioreactor at different times of cultivations, the cells were 

harvested by centrifugation (4000 rpm, 20 min, 4 °C), washed once in 200 mM Tris-HCl pH 8.0 

and resuspended in the same buffer to have a final concentration of 350 mg cww/mL. The whole-

cell biotransformation reactions were carried out in 1 mL final volume, into a 2 mL plastic tube. 
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The reactions were set up in 200 mM Tris-HCl pH 8.0 containing 70 mg cww/mL recombinant 

E. coli cells and 10 mM vanillin. All biotransformation reactions were performed at 37 °C on a 

rotatory shaker. The biocatalytic processes were monitored by withdrawing at different times 100 

μL of the reaction mixture and processed for HPLC anlysis (see “HPLC analytical method” 

section). 

Bioreactor Cultivations 

Cultivations were performed in 2.5 L bioreactor vessels (BioBook compact – Kbiotech, 

Switzerland), autoclaved at 121 °C for 20 min before usage. Inoculum cultures of the engineered 

strain were grown in 50 mL of LB containing the appropriate antibiotics in 250 mL flasks at 30 °C 

and shaking at 180 rpm for 20 h. The composition of the media was: 50 g/L TB powder, 10 g/L 

glycerol, 0.5 g/L glucose, 2 g/L of lactose, 0.005% (v/v) Antifoam 204 and the appropriate 

antibiotics (unless stated otherwise). Culture aliquots (about 25 mL) were centrifuged at 4000 g at 

4 °C for 10 min and the obtained bacterial pellets were resuspended using 20 mL of sterile medium 

collected from each bioreactor vessel. Cultivations were initiated by inoculating the cell suspension 

into the bioreactors through a sterile rubber septum at an initial OD600nm ≈ 0.1. Each batch 

cultivation was carried out in 1 L medium at 30 °C at a stirring speed of 200 rpm for 24-48 h. 

Dissolved oxygen (DO) in the medium was kept at 1% by increasing the stirring speed (up to 400 

rpm) and by sparging compressed air and O2, and pH was kept at 7.5 by adding 3 M NaOH. 

Vanillin was added by pulse-feeding a solution of 1 M vanillin in ethanol at a rate of 1 mL/h (unless 

stated otherwise). Samples were withdrawn at different times to evaluate the amount of biomass, 

carbon sources, acetate, ethanol and intermediates and product of the recombinant pathway in the 

medium (see “Growth Analysis” and “HPLC Analytical Methods”). 

Growth Analysis 

Optical density of the samples was spectrophotometrically measured at 600 nm using MSE PRO 

Single Beam UV/VIS spectrophotometer apparatus: the experimental data points obtained were 

analyzed by the Gompertz equation16 in order to build growth curves and calculate the maximum 

specific growth rates (μmax). Furthermore, the weight-optical density ratio (g/OD600) for the cells 

was calculated. After the spectrophotometric analysis to evaluate the optical density of the culture, 

10 mL of the sample were filtered by dead-end filtration using a 0.22 µm PTFE filter (previously 

weighted) to entrap E. coli cells on the filter. The filter was washed with MilliQ water and was 

weighted to measure the cells wet weight (cww). Then, the filter was dried in oven at 70 °C for 1 

day and kept in a desiccator jar at room temperature for 1 day before being weighted again to 
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measure the cells dry weight (cdw). The weight-optical density ratio was estimated by linear 

regression over the experimental points plotted as total optical density versus weight (cww or cdw).  

cis,cis-Muconic Acid Purification 

ccMA was purified from the cultivation medium following the procedure described by Wang et 

al.17 In detail, the broth was centrifuged at 8000 rpm, 4 °C for 20 min and the pellet was discarded. 

The supernatant was incubated with 10% (v/v) of activated charcoal at 37 °C, 180 rpm for 1 h; the 

activated charcoal was separated from the supernatant by centrifugation at 8000 rpm, 25 °C for 20 

min and the remaining particulate in the supernatant was removed by dead-end vacuum filtration 

using a 0.45 µM PTFE filter. The filtrate was cooled down to 4 °C before adjusting the pH below 

2.0 through H2SO4 (98-99%) addition. The resulting solution was incubated at 4 °C for 1 h to 

improve the ccMA crystals precipitation. ccMA crystals were recovered by dead-end vacuum 

filtration using a 0.45 µM PTFE filter, then the filter was dried at 37 °C for 48 h. The activated 

charcoal was incubated in MilliQ water at 25 °C for 10 min, the resulting suspension was then 

processed to recover ccMA crystal, as already stated. After the drying step was completed, ccMA 

crystals were weighted and the purity was assayed by HPLC analysis. 

HPLC Analytical Method 

Samples from growing and resting cell were centrifuged at 4000 rpm for 10 min and supernatants 

recovered for HPLC analysis. The quantification of glucose, lactose, glycerol, ethanol and acetate 

was performed on a Jasco apparatus equipped with a RezexTM ROA-Organic Acid H + (8%) 

column (300 × 7.8 mm; Phenomenex, Castel Maggiore, Italy) and a refractive index (IR) detector. 

The analysis was carried out using 5 mM H2SO4 as the mobile phase at a flow rate of 0.8 mL/min, 

the oven was set at 80 °C. Medium sample supernatants were diluted 1:5 (v/v) in the mobile phase 

and passed through a 0.22 µm filter, then 100 µL were injected for HPLC analyses. The 

quantification of vanillin, vanillic acid, protocatechuic acid, catechol and ccMA was performed 

using a Kromaphase C8 column (100 A, 5 μm, and 4.6 × 250 mm; Scharlab, Barcelona, Spain) and 

with a UV detector set at 276 nm. The flow rate was 1 mL/min, and the column oven was set at 

25 °C. A binary system of solvent A (2.5% v/v formic acid) and solvent B (methanol) was used 

with the following gradient: 0 min, 90% solvent A + 10% solvent B; 0−20 min, ramping up to 25% 

solvent A + 75% solvent B; 20−21 min, ramping up to 100% solvent B. Fermentation  and resting 

cell sample supernatants were diluted 1:30 (v/v) in the solvent A and passed through 0.22 µm filter, 

then 100 µL were injected for HPLC analyses. 
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RESULTS 

Optimization of Medium Formulation and Growth Analysis 

The medium composition was set up to maintain similar operational conditions utilized for the 

whole-cell bioconversion system optimized in our previous study14: 50 g/L TB powder and 10 g/L 

(or 0.008% v/v) glycerol were used. To improve the economic sustainability of the overall process, 

the recombinant proteins expression was induced using lactose instead of isopropyl β-D-1-

thiogalactopyranoside (IPTG), which is cheaper18 and is safer on E. coli cells 19,20. Lactose has been 

utilized successfully at different concentration to achieve high levels of expression of different 

recombinant proteins18,21–24. Since in our previous work14 the expression of pathway’s recombinant 

enzymes was induced using 0.5 mM IPTG, 2 g/L lactose was added to the fermentation medium 

to achieve a similar level of expression, as reported in18. Noteworthy, an additional advantage 

derived from the use of lactose as inducer, is that glucose can be added to the fermentation medium 

to prevent lactose uptake and metabolism while allowing rapid growth of the recombinant strain 

to the desired amount of biomass before protein induction starts, in the so-called “auto-inducing 

medium” expression24. Hence, to make the fermentation step more straightforward, lactose and 

glucose has been added to the growth medium to make it auto-inducing. The amount of glucose 

needed to build a new E. coli cell during growth under aerobic condition is ≈2.6×109 molecules, a 

figure obtained by the sum of glucose molecules needed for carbon atoms (≈2×109; BNID 101859) 

and energy during aerobic growth (≈3-6×108; BNID 101778, 114702) needed to make one E. coli 

cell25. Since the concentration of E. coli K-12 MG1655 cells at 1 OD/mL is ≈7×108 cell/mL (BNID 

104831)26, the amount of glucose needed for E. coli growth based to a certain generation number 

(G) was calculated according to Eq. (1):  

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (
𝑔

𝐿
)  = 𝐾 (

𝑚𝑔

𝑂𝐷
) ∗ 𝑁𝑖  (

𝑂𝐷

𝑚𝐿
) ∗  2𝐺  ,        (1) 

where K (0.54 mg/OD) represents the amount of glucose utilized to build ≈7×108 E. coli cells and 

Ni is the initial optical density of the culture. Since it is reported that starting lactose auto-induction 

during the log phase could inhibit bacterial growth resulting in low saturation density cultures18, 

the culture should reach the late-log phase before the start of the proteins expression. In order to 

reach a high amount of biomass before recombinant proteins induction starts, it was estimated 

using Eq. (1), that an E. coli culture with an initial OD/mL of 0.1 could grow to 6.4 OD/mL (6th 

generation) with 3.45 g/L of glucose. Accordingly, 3 g/L of glucose were added to the medium.  

The pH value of the growth medium was maintained at 7.5 with the addition of 3 M NaOH, thus 

allowing either the engineered strain growth and an optimal pH for recombinant enzymes’ activity. 
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Based on these assumptions, the final composition of the fermentation medium was: 50 g/L TB 

powder, 10 g/L glycerol, 3 g/L glucose, 2 g/L lactose, pH 7.5. Glycerol has been kept in the 

medium since it can be used as a carbon source without causing the inhibition of lactose 

metabolism, hence allowing the expression of recombinant proteins27. Lastly, in order to have a 

compromise between high conversion rate of the pathway’s recombinant enzymes and the rapid 

growth of E. coli, the growth temperature was set at 30 °C.  

The addition of vanillin to the fermentation medium prior to the inoculum could result in the 

growth inhibition14,28, therefore growth analysis of the engineered strain to understand when the 

pathway’s enzymes are expressed. The bioconversion yields of the engineered strain E. coli MG1655 

RARE pCDFDuet-1:LigV-VanAB pETDuet-1:AroY-C12O were assayed by harvesting cells from 

the bioreactor at different times during growth and setting up bioconversion reactions with resting 

cells, in order to identify the optimal growth phase to add vanillin. Moreover, the metabolic profile 

was analyzed to understand when carbon sources were depleted in the growth medium, with 

particular attention to glucose consumption. The bioreactor cultures were started by inoculating an 

amount of pre-inoculum culture to have an initial OD/mL of ≈0.1.  

In the aforementioned conditions, the engineered strain had a specific growth rate (µ) equal to 1.02 

± 0.04 h-1 (Figure 1A) and a saturation density of 6.0 ± 0.2 OD/mL (Figure 1B). HPLC analysis 

of the medium showed the complete consumption of glucose after 7 h of growth while lactose and 

glycerol remained in the medium at the concentration of 1.6 g/L and 5.1 g/L, respectively, up to 

28 h of growth (Figure 1B). The ccMA production yield of the engineered strain was assayed by 

assembling resting cells bioconversion of vanillin into ccMA using cells harvested after 8 h (i.e. one 

hour after glucose was completely consumed) and 24 h of growth to verify if the longest induction 

time of expression of the pathway’s enzymes could increase the bioconversion yield. Despite the 

complete conversion of vanillin into vanillic acid, only a small fraction of vanillin was converted 

into ccMA: ≈0.1% and ≈5.4% bioconversion yield, by the cells collected at 8 h and at 24 h, 

respectively (Table 1). The inducer of the lactose operon is the metabolite allolactose, generated 

from the transglycosylation of lactose catalyzed by the enzyme β-galactosidase29. The fact that 

lactose was still present in the medium after 24 h (i.e. 1.5 g/L) could indicate that the enzyme β-

galactosidase was not highly expressed under these growing conditions, and therefore the 

concentration of allolactose was not enough for the efficient expression of the pathway’s 

recombinant enzymes. This could be due to the persistence of glucose in the fermentation medium 

until the culture has already reached the initial stationary phase (Figure 1B), causing a weak 

induction of the lactose operon.  
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Figure 1. Growth curve, metabolic profile and biomass concentration of the engineered strain grown in fermentation 
medium containing 3 g/L glucose and 2 g/L lactose, without the addition of vanillin. A) Growth curve of the 
engineered strain calculated using Modified Gompertz equation16. B) Metabolic profile (continuous line) and biomass 
concentration (dotted line) of the engineered strain: glucose (green) is completely consumed after 7 h while ≈80% 
lactose (red; ≈1.6 g/L) remains in the medium after 28 h of growth. Glycerol and acetate labels are in blue and yellow, 
respectively. Data were collected from two independent biological replicates. 

To solve this drawback, the amount of glucose added to the fermentation medium was decreased 

to start using lactose during the exponential phase. According to Eq. (1) the amount of glucose 

needed to allow the growth to early exponential phase (≈1.0 OD/mL) is 0.5 g/L. Besides using a 

lower concentration of glucose, the induction using 2 and 4 g/L of lactose was evaluated. When 

the growth medium contained 2 g/L lactose the engineered strain showed a specific growth rate 

equal to 1.22 ± 0.08 h-1 (Figure 2A) and a saturation density of 5.6 OD/mL (Figure 2B). HPLC 

analysis of the fermentation medium showed the complete consumption of glucose after 5 h of 

growth while lactose and glycerol remained in the medium at the concentration of 1.1 g/L and 5.1 

g/L, respectively, up to 24 h of growth (Figure 2B). As expected, E. coli starts metabolising lactose 

after glucose has been depleted, between the 3rd and 5th hour of growth (Figure 2B). In this 
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condition, resting cells bioconversions were set up using cells harvested one hour after glucose was 

completely consumed (i.e. after 6 h fermentation), as well as at 8 and 24 h, to see if increasing the 

induction time could improve the bioconversion yield. The best conversion yield (≈32%) was 

obtained by the cells harvested at 6 h (Table 1), highlighthing that the engineered strain is able to 

convert vanillin into ccMA as early as 1 h after the glucose is completely consumed. 

 

Figure 2. Growth curve, metabolic profile and biomass concentration of the engineered strain grown in fermentation 
medium containing 0.5 g/L glucose and 2 g/L lactose, without the addition of vanillin. A) Growth curve of the 
engineered strain calculated using Modified Gompertz equation16. B) Metabolic profile (continuous line) and biomass 
concentration (dotted line) of the engineered strain: glucose (green) is completely consumed after 5 h while ≈55% 
lactose (red; ≈1.1 g/L) remains in the medium after 24 h fermentation. Glycerol and acetate labels are in blue and 
yellow, respectively. Data were collected from a single biological replicate. 

The increase of the amount of lactose in the medium could improve pathway’s enzymes expression 

and, therefore, the bioconversion yield. Accordingly, the engineered strain was growth in a medium 

with double the amount of lactose (4 g/L). Despite the growth with 4 g/L lactose of the engineered 

strain showed a course similar with the one obtained using 2 g/L of lactose, with a µ of 1.12 ± 0.08 

h-1 (Figure S1A) and a saturation density of 5.1 OD/mL (Figure S1B), the best conversion yield 
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for resting cells was only ≈21% and was obtained with cells harvested after 8 h of growth. Based 

on these evidences the medium formulation containing 0.5 g/L glucose and 2 g/L lactose, with the 

addition of vanillin after 6 h from the start of the culture was used. During these cultivations the 

build-up of foam was observed in the bioreactor, therefore 0.005% (v/v) Antifoam 204 was added. 

The presence of the antifoam does not alter the specific growth rate (Figure 3A), metabolic profile 

and saturation density (Figure 3B), so it was used for the following bioreactor cultivations. 

 

Figure 3. Growth curve, metabolic profile and biomass concentration of the engineered strain grown in fermentation 
medium containing 0.5 g/L glucose, 2 g/L lactose and 0.005% (v/v) Antifoam 204, without the addition of vanillin. 
A) Growth curve of the engineered strain calculated using Modified Gompertz equation16. B) Metabolic profile 
(continuous line) and biomass concentration (dotted line) of the engineered strain: glucose (green) is completely 
consumed after 4 h and lactose (red) after 24 h fermentation. Glycerol and acetate labels are in blue and yellow, 
respectively. Data were collected from two independent biological replicates. 
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Table 1. ccMA production yield obtained by bioconversion reactions of 10 mM vanillin using resting cells harvested 
from the cultivation using different media formulation. 

Glucose (g/L) Lactose (g/L) Harvest time (h) ccMA production yield (%) 

3 2 
8 0.11 

24 5.41 

0.5 2 

6 31.98 

8 22.62 

24 27.57 

0.5 4 
6 9.81 

8 21.34 

 

Bioreactor Fermentation Optimization 

Since it has been reported that VanA activity is inhibited by high amount of vanillic acid in the 

reaction system, it has been supposed that the modality of vanillin addition could have a significant 

impact on ccMA production30. Thus, two different strategies of vanillin addition were evaluated: i) 

spike and ii) pulse-feeding mode. In details, in the spike approach 10 mmol of vanillin (10 mM final 

concentration) were added all at once 6 h after the inoculum of the biocatalyst strain E. coli MG1655 

RARE pCFD:LigV-VanAB pETD:AroY-C12O whereas in the pulse-feeding method vanillin was 

added at a rate of 1 mmol/h starting from 6 h. In the spike approach, vanillin was almost completely 

converted into ccMA in 30 h and an accumulation of vanillic acid was observed from 8 to 24 hours 

(Figure 4A). Using the pulse-feed approach, the almost complete conversion was reached after 16 

h of incubation (10 h after the start of the pulse-feed), this representing almost half of the time 

required to reach the same result using the spike approach (Figure 4B). 
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Figure 4. Time course of the bioconversion of 10 mM vanillin, added to growing cells using two different strategies. 
A) Spike mode: 10 mmol of vanillin were added in the bioreactor 6 h after the growth started. B) Pulse-feed mode: 6 
h after the growth started 10 mmol of vanillin were added in the bioreactor through a 1 mmol/h pulse-feed that lasted 
for 10 h. The metabolites label are as follow: vanillin is yellow, vanillic acid is red, protocatechuic acid is blue, catechol 
is brown and cis,cis-muconic acid is green. Data were collected from a single biological replicate.  

Subsequently, two different growths were set up both at a final vanillin concentration of 40 mM: 

i) 2 mmol/h vanillin pulse-feeding for 20 h, to verify if the engineered strain is able to maintain a 

high conversion yield at a higher vanillin addition rate, and ii) 1 mmol/h vanillin pulse-feeding for 

40 h, to test whether the engineered strain maintain its catalytic prowess at a higher amount of 

vanillin and when used for longer periods of time. As shown in Figure 5, an accumulation of vanillic 

acid (≈25 mM at 30 h) in the 2 mmol/h pulse-feeding cultivation was observed, showing that the 

engineered strain is not able to fully convert vanillin into ccMA at this addition rate. Notably, the 

engineered strain’s growth seems to be impaired by this vanillin addition rate: the saturation density 

observed was only ≈3.4 OD/mL (Figure 5B) vs. 5.0 - 6.0 OD/mL (Figure 3). Accordingly, the low 
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biomass concentration in the bioreactor could be involved in the accumulation of vanillin acid and 

the consequently low ccMA production yield (Figure 5A). 

 

Figure 5. Time course, metabolic profile and biomass concentration of the bioconversion of 40 mM vanillin added 
through a 2 mmol/h pulse-feed. A) Time course of the bioconversion. The bioconversion labels are as follow: vanillin 
is yellow, vanillic acid is red, protocatechuic acid is blue, catechol is brown and cis,cis-muconic acid is green. B) 
Metabolic profile (continuous line) and biomass concentration (dotted line) of the bioconversion: glucose (green) is 
completely consumed after 4 h, ≈40% lactose (red; ≈0.8 g/L) and ≈65% glycerol (blue; ≈6.5 g/L) remained in the 
bioreactor after 30 h fermentation. The labels for acetate and ethanol are in yellow and grey, respectively. The vertical 
dotted line indicates when the vanillin pulse-feed started. Data were collected from a single biological replicate. 

Interestingly, in the cultivation at 1 mmol/h vanillin pulse-feeding addition with a duration of 40 

h, showed a saturation density of the culture comparable with the biomass concentration (≈5.0 

OD/mL) obtained during the growth analysis (Figure 3) and the lactose and glycerol completely 

depleted after 24 h and 42 h, respectively (Figure 6B). Under these conditions, the engineered strain 

produced ≈36 mM (≈5.1 g/L) ccMA from 40 mM vanillin over 48 h of incubation (Figure 6A), 

thus reaching a ≈90% bioconversion yield of the vanillin added in the bioreactor. Notably, all the 

carbon sources were completely depleted during the fermentation, meaning that the engineered 
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strain remained in active growth over the 48 h, and that the conversion of vanillin into ccMA 

continued even after the lactose was completely consumed. The bioconversion of 40 mmol vanillin 

into ccMA using 1 mmol/h pulse-feeding approach was carried out in triplicate: an overall 91.7 ± 

0.06 conversion yield of vanillin into ccMA with a final ccMA titer of 36.7 ± 2.5 mM after 48 h 

was achieved, with a similar metabolic profile (Figure S2).   

 

Figure 6. Time course, metabolic profile and biomass concentration of the bioconversion of 40 mM vanillin added 
thorugh a 1 mmol/h pulse-feed. A) Time course of the bioconversion. The bioconversion labels are as follow: vanillin 
is yellow, vanillic acid is red, protocatechuic acid is blue, catechol is brown and cis,cis-muconic acid is green.  B) 
Metabolic profile (continuous line) and biomass concentration (dotted line) of the bioconversion: glucose (green) is 
completely consumed after 4 h,  lactose (red) after 24 h and glycerol (blue) after 42 h. The labels for acetate and ethanol 
are in yellow and grey, respectively. The vertical dotted line indicates when the vanillin pulse-feed started. Data were 
collected from a single biological replicate. 

 

cis,cis-Muconic Acid Purification 

The supernatants were separated from the biomass obtained under the optimized condition (see 

above) through centrifugation and ccMA was purified, a total of 2.58 ± 0.07 g ccMA per liter of 
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supernatant was obtained corresponding to a recovery yield of 49.5 ± 0.07%, with a >95% purity 

of ccMA crystals. The recovery yield and the purity of ccMA crystals were comparable to the ones 

reported by Wang et al.17 In order to increase the recovery yield, the used activated carbon was 

resuspended in water and the purification protocol was restarted from the step involving the 

incubation at 37 °C for 1 h in agitation17. Despite following the same protocol, no additional ccMA 

was recovered. The lower overall recovery yield could be due to the difference between the ccMA 

concentrations in the supernatants, 5.11 g/L (this work) and 20.55 g/L in 17, that combined with 

ccMA losses due to activated charcoal interactions and the minimal solubility of protonated ccMA 

in water (≈ 1 g/L31) do not allow the separation of the remaining ccMA by crystallization. 

 

DISCUSSION 

ccMA is a valuable precursor for the production of polyamides’ and polyesters’ monomers, such 

as adipic acid, caprolactam and terephthalic acid1,13,32,33. Indeed, the global market for ccMA 

estimated to have an annual growth of 7% reaching a value of 110 million USD in 202433. 

Moreover, the projected annual global market potential ccMA derivatives is estimated to surpass 

$22 billion32. Consequently, the development of a biotechnological process for the production of 

bio-based ccMA is of great interest.  

ccMA production using a biocatalytic approach from renewable feedstocks could be a more cost-

effective and sustainable alternative to the chemocatalytic approach using petroleum-based 

feedstock, diminishing oil reliance for the production of plastics materials1,33,34. The microbial ccMA 

production has been attempted using either fermentable substrates (i.e. glucose and glycerol) 

and/or aromatic compounds obtainable from lignin hydrolysis1. ccMA bioconversion from 

fermentable substrates has been carried out mainly using engineered E. coli and S. cerevisiae strains: 

the highest ccMA yields reported are 64.5 g/L in 120 h with an engineered E. coli strain35 and 22.5 

g/L in 118 h with an engineered S. cerevisiae strain17. On the other hand, for the production of ccMA 

from lignin-derived aromatics, the use of engineered lignin-utilizing microorganisms such as C. 

glutamicum, P. putida, Amicolatopsis sp. and R. opacus, is generally preferred, due to their resistance to 

high concentrations of phenolic compounds and their innate ability to metabolize lignin-derived 

substrates1,13,34,36. The bioconversion yields vary widely depending on several different lignin-

derived aromatics used as substrate and the microbial species. Two of the most notable results are 

the production of 85 g/L of ccMA from catechol in 36 h using an engineered C. glutamicum strain37 

and the production of 55.4 g/L of ccMA from p-coumaric acid in 72 h using an engineered P. putida 

strain38. Nevertheless, for the polysaccharides fraction and the glycerol used for the lignocellulose 
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pretreatment there are already established valorization processes mostly aimed at biofuels 

production39. Meanwhile, there is no established process for the valorization of the lignin fraction, 

thus, there is a greater interest in developing new efficient and scalable lignin valorization processes. 

In this view, an engineered E. coli strain harboring genes encoding four different recombinant 

enzymes (LigV, VanAB, AroY and C12O) to convert vanillin into ccMA was developed. This 

engineered strain, when utilized in a biocatalytic process using resting cells (70 g cww/L) converted 

10 mM vanillin into ccMA with a >95% yield, in 2 h14. In this work, the aforementioned engineered 

E. coli strain was used to develop and optimize a more efficient and economic biocatalytic process 

to convert vanillin into ccMA. The bioconversion reaction was performed through a cultivation in 

bioreactor suing growing cells, which not only make easier to control reactions conditions, such as 

pH and substrate pulse-feed rate, but reduce the number of steps in the biocatalytic process and 

make it more scalable. Moreover, to reduce process’ cost, recombinant enzyme’s expression has 

been induced using lactose instead of IPTG18. The best conditions for the vanillin bioconversion 

were investigated by modulating the amount of glucose and lactose in the fermentation medium40. 

The best result was obtained using 2 g/L lactose, as already reported in literature40; further addition 

of lactose (4 g/L) resulted in a lower specific growth rate and saturation density of the culture. In 

addition, vanillin was added using a pulse-feed strategy (1 mmol/h) in order to reduce the inhibition 

of VanA activity that could arise from vanillic acid accumulation in the reaction system30. The 

optimized growth medium composition and the substrate’s addition strategy used, allowed the 

engineered strain to produce 5.2 ± 0.36 g/L of ccMA in 48 h, corresponding to 0.86 g ccMA/g 

vanillin. The produced ccMA was purified from the fermentation broth by crystallization, obtaining 

≈2.6 g per liter of broth with a purity of ≈50%.  

As shown in Table 2, green metrics has been calculated for the bioconversion of vanillin into ccMA 

with resting cells, the cultivation process alone and the cultivation process plus the downstream 

ccMA purification step.  

Table 2. Comparison between the green metrics of bioconversion processes using resting cells, cultivation with 
growing cells alone, and the cultivation process plus the downstream ccMA purification step. 

 Stoichiometri

c Factor (SF)41 

Carbon 

Efficiency 

(CE)42 

Atom 

Efficiency 

(AE)43 

Actual 

AE 

(AAE)43 

E-value44 

Process Mass 

Intensity 

(PMI)45 

Resting cells 1.0 67.5 93.4 93.4 30.2 1417.1 

Growing cells 

1.0 67.5 93.4 

84.1 0.4 195.2 

+ ccMA 

purification 
42.0 39.2 428.9 
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For a better comparison of two different strategies of biocatalysis, metrics have been evaluated by 

calculating the amount of biomass, substrate and solutions needed to produce the amount of ccMA 

obtained by the fermentative process (i.e. 5.2 g/L). The AE, CE and SF are the same for all 

bioconversion processes due to using the same biocatalytic pathway, since these parameters 

evaluate the amount of substrate mass retained in the product41–43. The bioconversion using resting 

cells showed a higher AAE value compared to the process performed in fermentation due to the 

higher conversion rate (this parameter is calculated by multiplying AE with product’s relative 

yield43). The E-value is the ratio of the amount of waste produced to the amount product obtained44 

and the PMI is the ratio of the amount of materials used for the process to the amount product 

obtained45. In both cases, the approach using growing cells is more sustainable than the resting cells 

one and the PMI results lower even when the purification step is taken into consideration. 

Comparing the E-factor of our processes with the ones designated by Sheldon44, the process based 

on growing cells alone has an E-value suitable for the production of bulk chemicals (<1-5 kg 

product/kg waste) while when the purification step is considered the E-value arose to a figure 

acceptable for the production of fine chemicals (5-50 kg product/kg waste).  

The values reported in Table 2, highlight that the approach based on growing cells is more 

sustainable compared to the bioconversion with resting cells, despite the lower AAE, even when 

is combined with the product purification step. This is due to the lower number of steps, thus 

removing the use of buffer salts and additional water, and the lower amount of biocatalyst needed 

(2 g cdw vs. 36 g cdw) for the fermentative process. The ccMA purification step has not been 

considered for the resting cells process because of the lower ccMA titer (1.41 g/L) that does not 

allow an efficient crystallization. A comparison of the biocatalytic parameters for bioconversions 

performed with resting cells and with the fermentative process is shown in Table 3. The resting 

cells process was evaluated also considering the biocatalyst preparation step (requiring a total of 26 

h) and the 2 h bioconversion reaction.  

Table 3. Comparison of biocatalytic parameters for the bioconversion process performed using resting cells and 
growing cells. 

 

Production 

(g/L) 

Catalyst 

production 

(g/L×g cdw cells) 

Productivity 

(g/L×h) 

Catalyst 

productivity 

(g/L×h×g cdw 

cells) 

g ccMA /               

g Vanillin 

Resting cells 

1.42 0.14 

0.71 0.07 0.93 

+ preparation 0.05 0.005 0.93 

Growing cells 5.2 2.6 0.11 0.05 0.86 
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The process with growing cells allowed to reach a 4-fold higher ccMA production compared to 

resting cells, 5.2 g/L and 1.42 g/L respectively. ccMA production difference are most notable when 

normalized on the amount of cell utilized in the bioconversion: 2 g cdw/L and 10 g cdw/L in the 

growing and resting cells approach, respectively, which is ≈17-fold higher in the fermentation (2.6 

g/L×g cdw cells vs. 0.14 g/L×g cdw cells). On the other hand, the resting cells approach showed 

a better productivity (0.7 g/L×h) and catalyst productivity (0.07 g/L×h×g cdw cells) in comparison 

to the growing cells process, with 0.11 g/L×h and 0.05 g/L×h×g cdw cells, respectively. 

Nonetheless, when the preparation step of the resting cells process is taken into consideration, the 

productivity of the process based on growing cells is ≈2-fold higher than the one with resting cells 

(0.11 g/L×h vs. 0.05 g/L×h) which became ≈10-fold higher (0.05 g/L×h×g cdw cells vs. 0.005 

g/L×h×g cdw cells) when normalized on the amount of cells utilized.  

To the best of our knowledge, this is the first report of a biocatalytic process producing ccMA 

from vanillin using an engineered E. coli strain grown in a bioreactor. Despite the improvements 

of using growing cells over the resting cells approach, this is a pilot-study on the possible 

production of plastic materials from lignin-derived feedstocks by microbial fermentation. The 

proposed process could be further optimized by increasing the biomass concentration in the 

bioreactor, which could lead to a higher achievable ccMA titer allowing for more effective 

purification step and making the process industrially viable and better comparable with alternative 

bacterial strains37,38.  
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Supplementary materials 

 

 

Figure S1. Growth curve, metabolic profile and biomass concentration of the engineered strain grown in fermentation 
medium containing 0.5 g/L glucose and 4 g/L lactose, without the addition of vanillin. A) Growth curve of the 
engineered strain calculated using Modified Gompertz equation3. B) Metabolic profile (continuous line) and biomass 
concentration (dotted line) of the engineered strain. The metabolites labels are as follow: glucose is green, lactose is 
red, glycerol is blue and acetate is yellow. Data were collected from a single biological replicate. 
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Figure S2. Time course, metabolic profile and biomass concentration of the bioconversion of 40 mM vanillin added 
thorugh a 1 mmol/h pulse-feed. A) Time course of the bioconversion. The bioconversion labels are as follow: vanillin 
is yellow, vanillic acid is red, protocatechuic acid is blue, catechol is brown and cis,cis-muconic acid is green. B) 
Metabolic profile (continuous line) and biomass concentration (dotted line) of the bioconversion. The metabolites 
labels are as follow: glucose is green, lactose is red, glycerol is blue, acetate is yellow and ethanol is grey. The vertical 
dotted line indicates when the vanillin pulse-feed started. Data were collected from three indipendent biological 
replicate. 
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3.3 One-pot biotechnological valorization of wheat bran into 4-

vinylguaiacol 

 

INTRODUCTION 

4-vinylguiacol (2-methoxy-4-vinylphenol, 4VG) is a lignin-derived aromatic compound, which is 

mainly used as a flavoring agent in the beverages, perfumery and food industry1. Recently, 4VG 

has been successfully utilized as a precursor for the production of several polymeric materials2–4. 

The three different chemical moieties on the molecule (i.e. vinyl, methoxy and hydroxyl group) 

allow the polymerization of 4VG monomers, thus allowing the subsequent functionalization of the 

polymer. In an our previous work, vanillin and cis,cis-muconic acid were produced through 

microbial conversion (based on resting cells approach) starting from wheat-bran derived ferulic 

acid using an engineered  E. coli strain5. One intermediate of this previous recombinant pathway is 

4VG, which was obtained from the decarboxylation of ferulic acid by the Fdc decarboxylase from 

B. pumilus6. Ferulic acid was extracted from wheat bran (WB) following a three-step thermo-

enzymatic treatment using the commercial enzyme Ultraflo®XL, which breaks down WB 

polysaccharides releasing ferulic acid (and monosaccharides). The extraction step was followed by 

the purification of the ferulic acid from the WB crude extract using an anion exchange resin and 

the carbohydrates-rich supernatant was discarded (anyway it can be used as a fermentable substrate 

for microbial growth)7. The presence of WB-derived carbohydrates in the crude extract and the 

fact that the conditions of the enzymatic step of the extraction (37 °C, pH 6.0) are well suited for 

Fdc activity6, open the possibility to produce 4VG directly from WB in a one-pot fermentative 

process using an engineered E. coli strain expressing Fdc. This one-pot process was inspired by the 

Simultaneous Saccharification and Co-Fermentation (SSCF) approach used for the microbial 

conversion of lignocellulosic biomass8. In the SSCF, while the hydrolysis of the holocellulose 

(cellulose and hemicellulose) is carried out, the released carbohydrates are simultaneously used by 

a microbial strain for growth and production of the compound of interest. In the proposed process 

(Figure 1), the carbohydrates are used for the growth of the engineered strain while the ferulic acid 

is converted to 4VG by the decarboxylase Fdc, thus allowing for a complete and straightforward 

valorization of WB. Moreover, to make the process more sustainable, Fdc gene can be under the 

control of phenol inducible promoter to induce the expression of the enzyme by the ferulic acid 

released from the WB. 
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Figure 1. Schematic representation of the one-pot SSCF-like process aimed at the production of 4-vinylguaiacol from 
wheat bran-derived ferulic acid. 

Varman et al.9 developed a hybrid phenol-inducible promoter for E. coli by combining the up and 

down regulatory sequences from the endogenous PemrR promoter, an E. coli promoter involved in 

the phenol detoxification response, and the spacer region between the -10 and -35 sequences of 

the high strength Ptac promoter, thus creating a hybrid phenol-inducible promoter (Pvtac) with higher 

strength than the natural one. The transcription factor emrR of E. coli binds to PemrR promoter 

repressing the transcription of target gene10; in the presence of lignin-derived phenolic compounds, 

such as vanillin and ferulic acid, these phenolics can bind to emrR causing the release from the 

PemrR promoter and the consequent activation of the transcription of the target gene11. Hence, by 

using this hybrid promoter, the WB crude extract could become an auto-inducing medium that 

allows the expression of recombinant enzymes without the need for external inducers. Finally, the 

WB-derived 4VG, could be purified from the crude extract using the reverse phase adsorbent resin 

Amberlite XAD41 and used as a precursor for the production of novel polymeric materials with 

enhanced functionality.  
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MATERIALS AND METHODS 

Materials 

Methanol (ACS Grade, ≥99%), formic acid (ACS Grade, ≥98%) and analytical grade standards of 

ferulic acid (trans-hydroxy-3-methoxycinnamic acid) and 4-vinylguaiacol (2- methoxy-4-

vinylphenol, 4VG) were purchased by Merck/Carlo Erba (Merck KGaA, Darmstadt, Germany). 

The commercial food-grade enzyme UltrafloXL was kindly provided by Novozymes (Bagsvard, 

Copenhagen, Denmark), and wheat bran was a generous gift of Molino Dallagiovanna (Gragnano 

Trebbiense, Piacenza, Italy).  

Promoter design, cloning and E. coli transformation 

The synthetic nucleotide sequence of the hybrid phenol promoter was designed as reported in the 

paper9. To facilitate subcloning of the hybrid phenol promoter into pCDFDuet-1 (Novagen, 

Darmstadt, Germany), the sequences corresponding to NcoI (CCATGG) and BamHI (GGATCC) 

restriction sites were added at the 5′- and 3′-ends of the hybrid phenol promoter, while the sequence 

corresponding to EcoRI (GAATCC) restriction site was added in the spacer sequence to allow the 

screening of the ligation products. The synthetic promoter was produced by Twist Bioscience HQ 

(San Francisco, USA). The gene coding for the decarboxylase Fdc from B. pumilus6, available in our 

laboratory5, the sequence was flanked by the sequences corresponding to BamHI (GGATCC) and 

HindIII (AAGCTT) restriction sites at the 5′- and 3′-ends, respectively, allowing subcloning into 

the pCDFDuet-1 plasmid. The synthetic Fdc gene, the sequence of the hybrid phenol promoter 

and the plasmid were digested with the corresponding restriction enzymes (Fast Digest, Thermo 

Fisher Scientific, Monza, Italy) and ligated with T4 DNA ligase (Thermo Fisher Scientific). The 

ligation mixtures were used to transform JM109 E. coli chemically competent cells. The presence 

of the Fdc gene was verified by digestion with the corresponding restriction enzymes and the 

presence of the hybrid phenol promoter was verified by EcoRI restriction analysis. The Fdc gene 

was inserted into the pCDFDuet-1 plasmid obtaining the pCDFD:Fdc plasmid. Next, the hybrid 

phenol promoter was inserted upstream the Fdc gene in the pCDFD:Fdc plamid, obtaining the 

pCDFD:HPFdc plasmid. Finally, the two plasmids (pCDFD:Fdc and pCDFD:HPFdc) were 

introduced into the E. coli MG1655 RARE12 strain through chemical transformation to construct 

the whole-cell biocatalyst.  
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WB Hydrolysis 

The ferulic acid recovery was carried out using a thermo-enzymatic method similar to the one 

reported by Bautista-Expósito et al.13, and already utilized in our previous work5. Wheat bran was 

pre-treated by milling it to a fine powder (3 min of total time by alternating 30 s of milling to a 30 

s pause) before the thermo-enzymatic extraction. Wheat bran powder was suspended at a 1:20 solid 

to solvent ratio (g/mL) in an acqueous solution and autoclaved at 121 °C, 1 bar, for 30 min. The 

acqueous solution tested were MilliQ water, 100 mM potassium phosphate pH 6.0, and 100 mM 

potassium phosphate, pH 8.0. Then, the suspension was cooled to room temperature and 1% 

UltrafloXL (enzyme to wheat bran powder dry weight ratio, w/w) was added. The enzymatic step 

was carried out at 37 °C, under shaking (130 rpm), for 16-24 h. The inoculum of the engineered 

strain in the crude extract have been carried out both simultaneously or delayed (≈16 h) to the 

addition of UltrafloXL. 

Culture and bioconversion 

For the starting culture, the engineered strain (used as the biocatalyst) was inoculated in the LB 

medium containing 50 μg/mL streptomycin and grown at 37 °C, 130 rpm, for 10-18 h. Then, the 

wheat bran crude extract, added of 50 μg/mL streptomycin, was inoculated with an amount of 

starting culture to reach an initial OD600 nm = 0.05 and the culture was incubated at 37 °C, 130 rpm. 

To find the best conditions for 4VG conversion, the inoculum of the wheat bran crude extract has 

been performed both together with UltrafloXL addition or 15 h after the addition of UltrafloXL. 

The growth of the engineered strain on WB crude extract was assayed by counting colony forming 

units (CFU) on LB agar plates added of streptomycin. To allow the sedimentation of the solid 

matter present in the crude extract, cultures were decanted for 1-2 minutes before withdrawing the 

samples. Then, withdrawn samples were serially diluted with 1% w/v NaCl to achieve an overall 

million-fold diluition before spreading 100 μL of each sample on selective LB plates in duplicate. 

The plates were incubated at 37 °C for ≈18 h before manual colony count.  

HPLC analysis 

HPLC analyses were performed on a Jasco apparatus equipped with a Kromaphase C8 column 100 

A, 5 μm, and 4.6 × 250 mm (Scharlab, Barcelona, Spain) and with a UV detector set at 276 nm. 

The flow rate was 1 mL/min, and the column oven was set at 25 °C. A binary system of solvent A 

(2.5% v/v formic acid) and solvent B (methanol) was used with the following gradient: 0 min, 60% 

solvent A + 40% solvent B; 0−15 min, ramping up to 10% solvent A + 90% solvent B; 15−17 

min, maintaining 10% solvent A + 90% solvent B. Calibration curves were obtained by solubilizing 
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standards of ferulic acid in 100 mM Tris−HCl pH 8.0, and 4-vinylguaiacol in DMSO, at a final 

concentration of 40 mM. Subsequently, after dilution in the 0.04−2 mM range, 25 μL of each 

sample were added to 50 μL of solvent A and centrifuged for 2 min at 11,000 g, 4 °C: 20 μL of the 

supernatant were injected for HPLC analysis. Retention times for ferulic acid and 4VG standards 

were 6.9 and 12.0 min, respectively. 

 

RESULTS 

Cell growth assay 

The engineered E. coli strain for the production of 4VG was built by subcloning the synthetic gene 

encoding the ferulic acid decarboxylase Fdc from B. pumilus6 in a pCDFDuet-1 plasmid. The 

sequence of the hybrid phenol-inducible promoter Pvtac was then subcloned upstream to the Fdc 

sequence, allowing the phenol-induced expression of the recombinant enzyme (See Figure 2).  

 

Figure 2. Physical map of plasmids pCDFDuet-1 carrying the genes encoding Fdc (green) under the control of the 
hybrid phenol-inducible promoter (HP, orange). The main functional elements of the plasmids include two multiple 
cloning sites, both preceded by a T7lac promoter and a ribosome binding site as well as a sequence encoding a 6-His 
tag at the N-terminal end and an S-tag at the C-terminal end. The plasmids also carry the kanamycin (KnR), ampicillin 
(AmpR), and streptomycin (SmR) resistance genes.  

The final plasmid pCDFD:HPFdc was then transformed in E. coli MG1655 RARE12 cells to 

generate the biocatalytic strain. In an our previous work5, we established that 10 mM ferulic acid 
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has little to no inhibitory effect on E. coli viability when grown in LB medium at 37 °C. To test 

whether the enzymatic cocktail UltrafloXL affects the growth of E. coli, the optical density of an 

E. coli culture in LB added of streptomycin and UltrafloXL (at the same concentration used for the 

WB hydrolysis, 0.0005 % v/v) was monitored. The engineered strain RARE pCDFD:HPFdc 

grown in presence of UltrafloXL showed no significant differences, both in growth rate and 

saturation density, when compared to a growth under the same condition without UltrafloXL (data 

not shown); thus, it was concluded that the addition of the UltrafloXL enzymatic cocktail to the 

fermentation broth does not have any inhibitory effect on E. coli growth under the tested 

conditions. Lastly, E. coli was grown in the presence of 1 mM 4VG, since it is reported that generally 

vinyl phenol derivatives obtained by the decarboxylation of phenolic acids are more toxic for E. 

coli14. After an incubation for 18 h at 37 °C, 130 rpm, the engineered strain E. coli showed a similar 

saturation density to control culture, thus excluding 4VG as inhibitor of E. coli growth. 

Unexpectedly, after the incubation, only 81.1 ± 2.7% of 4VG remained in the culture broth, 

meaning that the 4VG is partially converted to an unknown compound, probably by some 

endogenous enzymatic activities of E. coli. Furthermore, simultaneously to the area decrease of the 

peak corresponding to 4VG in HPLC analysis, the appearance of a new peak in the chromatogram 

was observed (Figure 3) which could correspond to the product of 4VG conversion during the 

incubation with E. coli cells. Hence, this sample will be identified by HPLC-MS analysis to 

understand the reaction (chemical or enzymatic) causing the disappearance of 4VG.  

 

Figure 3. Chromatogram profile of the 4VG stability assay. The sample taken at the start of the incubation with E. 

coli MG1655 RARE pCDFD:HPFdc cells is represented by the red continuous line; the sample taken after 18 h of 

incubation is represented by the dotted blue line. 
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SSCF-like bioconversion 

The production of 4VG from WB was assayed using different aqueous solutions and by the time 

of the engineered strain RARE pCDFD:HPFdc inoculum. The aqueous solutions tested were: i) 

MilliQ water, ii) 100 mM phosphate buffer, pH 6.0, and iii) 100 mM phosphate buffer, pH 8.0. The 

inoculum was performed both simultaneously (co-ultra) and 16 h after (post-ultra) the addition of 

UltrafloXL. Moreover, two control reactions were set up: in the first only the UltrafloXL cocktail 

was added, and in the second the UltrafloXL was added together with an E. coli strain not 

expressing Fdc; in this way, the effect of E. coli cells on the UltrafloXL activity could be evaluated. 

In our previous work5, the three-step extraction method allowed to obtain a supernatant in which 

the ferulic acid concentration was 0.7 - 0.8 mM; therefore this was set as the maximal concentration 

of 4VG in the fermentation broth following the conversion of ferulic acid. Table 1 shows the 

concentration pf 4VG obtained under different reaction conditions. 

Table 1. 4VG production from WB using a one-pot reaction with UltrafloXL and E. coli cells expressing the Fdc 

enzyme (a maximal amount of ferulic acid corresponding to 0.75 mM is estimated after WB extraction5). 

Reaction 

conditions 
Time (h) Ferulic acid (mM) 

4-Vinylguaiacol 

(mM) 
Conversion (%) 

pH 6.0 co-ultra 

16 0.01 0.49 65.7 

20 0.04 0.51 68.0 

24 0.03 0.51 68.0 

H2O co-ultra 

16 0.01 0.56 74.8 

20 0.04 0.55 73.4 

24 0.04 0.58 77.1 

pH 8.0 co-ultra 

16 0.03 0.47 63.3 

20 0.03 0.47 62.2 

24 0.05 0.49 65.4 

pH 6.0 post-ultra 

16 0.73 0.01 1.3 

18 0.37 0.32 43.0 

20 0.07 0.48 64.0 

24 0.03 0.53 71.0 

H2O post-ultra 

16 0.80 0.02 2.0 

18 0.33 0.39 51.4 

20 0.08 0.59 78.4 

24 0.03 0.58 77.9 

pH 8.0 post-ultra 

16 0.76 0 0 

18 0.50 0.21 28.0 

20 0.15 0.48 63.4 

24 0.02 0.50 66.3 
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CTRL ultra 16 0.74 0.01 1.7 

24 0.79 0 0 

CTRL ultra + E. coli 16 0.72 0.01 1.8 

24 0.75 0.01 1.4 

The engineered strain was catalytically active in all the conditions tested, indicating that the hybrid 

phenol-inducible promoter allows to induce the expression of the Fdc enzyme in a sufficient 

amount. Despite the ferulic acid is completely depleted during the reaction, only 65 - 78% of the 

expected 4VG is produced, suggesting that 4VG is probably converted to other compound(s). No 

significant difference has been observed by performing the bioconversion in the phosphate buffer 

at pH 6.0 (68 – 71%) or pH 8.0 (65 – 65%), meanwhile performing the reaction in MilliQ water 

(77 - 78%) seems to optimal condition for 4VG production. Interestingly, the time of the inoculum 

does not seem to exert any effect on the production of 4VG: the highest productivity was observed 

in water, at 16 h of the co-ultra condition (0.035 mM/h). Actually, the presence of E. coli in crude 

extract does not have any inhibitory effect on UltrafloXL activity. The E. coli concentration in the 

crude extract was evaluated by diluting the supernatant and plating the resulting dilution on a 

selective LB plate containing streptomycin. Despite the time of the inoculum does not affect the 

production of 4VG, the cell concentration in the co-ultra reactions (0.71 ± 0.05 OD/mL) was 

slightly lower than the post-ultra reactions (0.86 ± 0.06 OD/mL).  

Furthermore, the addition of nitrogen sources to the crude extract was also evaluated since it could 

be scarce in the crude extract, making the expression of endogenous and recombinant enzymes 

suboptimal. Accordingly, ammonium chloride (1 g/L) or yeast extract (0.5 g/L) were added before 

the autoclave step of the extraction process: no effect on the final titer of 4VG was observed (data 

not shown). 

 

DISCUSSION AND FUTURE PERSPECTIVES 

These results show the feasibility of the one-pot production of 4VG from WB using the enzymatic 

cocktail UltrafloXL and the engineered E. coli strain expressing Fdc under the control of phenol-

inducible promoter. Despite the encouraging results, there is still space to optimize and better 

understand the whole process. For instance, the cause of the conversion of 4VG needs to be 

further investigated. Moreover, the strength of the hybrid phenol-inducible promoter should be 

compared to the T7 promoter; this will be done by analyzing the intensity of the fluorescence 

generated by a Green Fluorescent Protein under the control of both promoters. The purification 

of 4VG from the crude extract using Amberlite XAD4 resin have still to be carried out. Finally, 

the levels of carbohydrates released by the three-step extraction protocol and the ones consumed 
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during the engineered strain growth will also be assayed by HPLC coupled with a refractive index 

detector.  
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4. Discussion 
Nowadays plastic materials play an ubiquitous role in various facets of our everyday lives, 

encompassing transportation, telecommunications, clothing, footwear, and serving as packaging 

materials essential for transporting a diverse array of food, beverages, and goods1. Plastic polymers 

are broadly utilized in several applications thanks to their favorable properties: mechanical strength, 

malleability, chemical and physical durability, inexpensiveness, and high electrical and thermal 

insulation capabilities. The potential for innovative applications of plastics is vast, promising future 

benefits such as novel medical uses and the reduction of energy consumption in transportation1. 

Despite these advantages, plastics production heavily relies on fossil sources for the generation of 

precursors and monomers2. The dwindling reserve of petroleum and the environmental risks linked 

with its extraction and exploitation makes the current process of plastic production unsustainable, 

therefore there is a great interest developing innovative technologies that allow the production of 

plastics from renewable and non-toxic sources2. One of the most interesting raw materials is the 

lignocellulosic biomass (LCB); the abundance (≈1.8×1011 tons/year)3 and the heterogeneity 

composition (hexoses, pentoses and aromatic compounds)4,5 of this renewable feedstock make it a 

promising alternative to fossil sources to produce several value-added compounds. This realization 

has led to the development of the biorefinery concept, where the lignocellulosic biomasses are 

separated into carbohydrate- and lignin-rich streams and valorized according to their chemical and 

physical characteristics. Currently, the carbohydrate-rich fraction is utilized mainly for the 

production of paper and biofuels, conversely, the recalcitrant lignin-rich fraction is still 

underutilized despite being a great renewable source of aromatics3,6.  

This PhD project aimed at the development of a novel biotechnological process for the valorization 

of kraft lignin and wheat bran, two LCB by-products produced in large amounts worldwide7–9. In 

particular, it focused on the design and optimization of bioconversion processes using engineered 

E. coli strains expressing recombinant biochemical pathways to convert LCB-derived compounds 

to value-added chemicals and plastic precursors (i.e. cis,cis-muconic acid, vanillin and 4-

vinylguaicol). A whole-cell biocatalytic strategy was employed aiming at the development of a cheap 

and straightforward process which could be scaled-up to an industrial scale, and most importantly, 

to make it safe and environmentally sustainable. It was reported that ≈60% of the reported 

industrial biocatalytic reactions utilize whole-cells over isolated enzymes in virtue of these 

advantages10. The production cost of whole-cell biocatalysts (35-100 €/kg) is estimated to be much 

lower compared to the cost of isolated enzymes (250-1000 €/kg), making this strategy more 

appealing for the production of bulk and specialty chemicals11. This cost difference could be even 
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higher for multi-step enzymatic processes, requiring the separate production and purification of 

every employed enzyme. 

Firstly, a biotechnological process for the production of vanillin and cis,cis-muconic acid (ccMA) 

from kraft lignin and/or wheat bran was developed. This process involves two major stages: i) the 

thermo-enzymatic extraction of vanillin from kraft lignin and ferulic acid from wheat bran; and ii) 

the microbial conversion of the extracted compound using an engineered E. coli strain expressing 

up to seven recombinant enzymes. In the first stage, vanillin was extracted form kraft lignin by an 

enzymatic treatment using recombinant Bacillus licheniformis laccase following a procedure already 

established by our laboratory12: this allowed the recovery of 4.5 mg vanillin/g kraft lignin. The 

efficient extraction of ferulic acid from wheat bran was obtained by optimizing a three-step thermo-

enzymatic treatment using Ultraflo®XL, a commercial enzymatic cocktail. The three-step 

treatment followed by a purification step using an anion exchange resin resulted in the recovery of 

3.0 ± 0.2 mg ferulic acid/g wheat bran, corresponding to 85 ± 6% of the total alkaline extractable 

ferulic acid. Concerning the second stage, three different biocatalysts were setup starting from the 

engineered E. coli MG1655 RARE strain, which is capable of accumulating aromatic aldehydes 

without reducing them to alcohols13. The E. coli strain was transformed with the pRSFDuet-1 

plasmid harboring the genes coding for decarboxylase Fdc14 and the dioxygenase Ado15 (strain II), 

which allowed the conversion of ferulic acid into vanillin. E. coli strain was co-transformed with 

the pCDFDuet-1 plasmid harboring the genes coding for dehydrogenase LigV16, demethylase 

VanA and reductase VanB17 together with the pETDuet-1 plasmid harboring the genes coding for 

decarboxylase AroY16 and cathecol-1,2-dioxygenase (C12O)18 (strain V): the expression of these 

latter enzymes allowed the conversion of vanillin into ccMA. Noteworthy, the final optimized 

biocatalyst (strain VII) has been obtained by the co-transformation with all the aforementioned 

plasmids, making it capable of producing ccMA from ferulic acid in one-pot.  

The whole-cell bioconversions were all conducted using the resting cells approach, to make the 

process cheaper compared to the use of purified recombinant enzymes and to allow the cofactors 

regeneration during the biocatalytic reaction19. The whole-cell biocatalytic reactions were optimized 

to work at pH 8.0 and at 30 °C, which are optimal operational conditions for most of the enzymes 

of the pathways, and to use a low amount of biocatalyst (≈70 g cww/L). The E. coli strain II 

converted ≈90% of 10 mM ferulic acid and 85.4 ± 3.2% of 2.5 mM wheat bran-derived ferulic acid 

into vanillin in 20 h, showing the feasibility of producing bio-vanillin from an agricultural by-

product. The E. coli strain V proved to be very efficient in the conversion of vanillin into ccMA, 

indeed it was capable of converting 95.2 ± 3.8% of 10 mM vanillin into ccMA in just 2 h and to 

completely convert 1 mM of kraft lignin-derived vanillin into ccMA in 30 min. When the two 



 

106  

pathways were assembled into the final E. coli strain VII, the resulting whole-cell biocatalyst 

converted 96.1 ± 3.8% of 10 mM ferulic acid and 95.1 ± 4.1% of 2.5 mM wheat bran-derived 

ferulic acid into ccMA in 10 h. The optimization of the extraction methods and the development 

of a novel whole-cell biocatalyst allowed the production of 4.2 mg ccMA/g kraft lignin and 2.2 mg 

ccMA/g wheat bran. The conversion of vanillin into ccMA has been performed by using an in vitro 

multi-enzymatic system developed in our laboratory12: noteworthy, the engineered strain converted 

a double amount (10 mM vs. 5 mM) of vanillin into ccMA with a higher yield (≈95% vs. ≈90%) 

and in a fifteenth of the time (2 h vs. 30 h). Interestingly, the use of the whole-cells approach 

proved to be not only cheaper than isolated enzymes approach, but even more performing. 

Moreover, to the best of our knowledge, the microbial conversion of ferulic acid into ccMA has 

been attempted only once using an engineered P. putida, strain which was chosen due its innate 

ability of utilizing monolignols as a carbon source. The knock-out of crc repressor, pcaGH and 

catA/A2 allowed the fermentative conversion of ≈28% of 20 mM ferulic acid into ccMA in 72 h, 

obtaining a ccMA titer of ≈5.6 mM20. Our proposed biocatalytic process using the E. coli strain VII 

achieved the almost complete conversion of 10 mM ferulic acid into ccMA in a seventh of the time 

(10 h vs. 72 h). Interestingly, scientific works on the direct conversion of wheat bran-derived ferulic 

acid into ccMA were not found in literature, making our biocatalytic process the first reported one-

pot bioconversion. 

The capability of an engineered E. coli strain to produce ccMA from renewable feedstocks, rather 

than relying on petroleum, identifies this system as a suitable alternative for the production of 

bioproducts and bioplastic monomers.  

Subsequently to the encouraging results obtained, the scaled-up production of ccMA from vanillin 

using engineered E. coli (i.e. E. coli strain V) growing cells was studied. The bioconversion reaction 

was carried out in a fermenter, providing improved control of the reaction conditions such as pH, 

dissolved oxygen and substrate pulse-feed rate, streamlining the biocatalytic process, and enhancing 

scalability. By using this strategy, it could be possible to enhance the efficiency and cost-

effectiveness of the biocatalytic process; indeed, the use of growing cells instead of resting cells 

reduces the number of steps needed, and the improved reaction control could help increase the 

biocatalyst productivity and obtain a higher product titer in the reaction system. The first step has 

been the formulation of an auto-inducing medium, allowing initial rapid growth of the engineered 

strain and the subsequent induction of the recombinant enzymes production, without the need to 

use the expensive inducer IPTG21. Using the data reported in literature, an equation to correlate 

the amount of glucose present in a media and the E. coli growth was formulated; accordingly, 0.5 

g/L of glucose was calculated to achieve a biomass of ≈1 OD/mL, a value confirmed by 



 

107  

experimental data and scientific literature22. The efficient induction of pathway’s enzymes 

expression was achieved by the combined use of 0.5 g/L glucose and 2 g/L lactose, allowing the 

engineered strain to convert vanillin into ccMA already after 6 h from the initial inoculum. Further 

lactose addition (4 g/L) resulted in a diminished specific growth rate and saturation density of the 

culture. Additionally, to mitigate potential inhibition of VanA activity caused by vanillic acid 

accumulation17, vanillin was added to the fermentation broth using a pulse-feed strategy (1 

mmol/h). The optimized growth medium composition and substrate addition strategy enabled the 

engineered strain to produce 5.20 ± 0.36 g/L of ccMA in 48 hours, corresponding to 0.86 g 

ccMA/g vanillin. The purification of the produced ccMA from the fermentation broth was 

achieved through crystallization, yielding 2.58 ± 0.07 g per liter of broth corresponding to a 

purification yield of 49.50 ± 0.07%.  

A similar ccMA yield was obtained by Chen et al.17 using an engineered E. coli strain expressing 

VanAB, GDC and CatA, and by utilizing a pulse-feed approach for the addition of the substrate. 

In this work, the resting cells of the engineered strain converted 87.6% of 50 mM vanillic acid into 

ccMA in 30 h, achieving a final ccMA titer of ≈6.2 g/L. Compared to the proposed process, a 

higher productivity (0.109 g/L×h vs. 0.124 g/L×h) has been achieved, but with a 10-fold decrease 

in catalyst productivity (0.054 g/L×h×g cdw cells vs. 0.0083 g/L×h×g); despite this, the use of a 

resting cells approach and the required addition of 20 g/L glucose to the bioconversion reaction, 

make this process more expensive and difficult to scale-up. An interesting result was obtained using 

an engineered Pseudomonas sp. strain NGC7, which is able to convert vanillate into ccMA while 

using syringate as the sole carbon source23. The engineered strain was built by deleting 

protocatechuic acid and ccMA cycloisomerase genes and inserting an expression plasmid carrying 

the gene encoding a protocatechuic acid decarboxylase, flavin prenyltransferase, vanillate O-

demethylase and catechol 1,2-dioxygenase. This engineered strain was able to convert ≈75% of 30 

mM vanillic acid into ccMA in 72 h, obtaining a final ccMA titer of ≈3.2 g/L. Despite this process 

generates a lower ccMA yield (3.2 g/L vs. 5.2 g/L) in a longer time (72 h vs. 48 h) compared to 

our proposed process, the engineered strain was able to produce ccMA (≈0.15 g/L) from birch 

lignin-derived phenols. Moreover, it allowed the glucose-free production of ccMA, thanks to its 

ability to use S-lignin monomers as carbon source, thus reducing the overall cost of the process. 

As shown in paragraph 3.2, the bioconversion with growing cells, beyond achieving higher ccMA 

titer than resting cells, is even more environmentally friendly and so more prone to be used for the 

development of a sustainable industrial-scale process. Noteworthy, the biocatalytic parameters of 

the resting cells were obtained from a batch reaction without the same control of several parameters 

of the reaction system and without the option of a pulse-feed addition of the substrate. Therefore, 
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the use of resting cells (of the engineered strain) in a controlled bioreactor could lead to a further 

increase in productivity and a higher product titer, making a more viable option to produce bio-

based ccMA. To the best of our knowledge, the production of ccMA from vanillin using an 

engineered E. coli strain by a controlled bioreactor was not reported in literature yet.  

Lastly, a preliminary analysis of a one-pot process for the production of 4-vinylguaiacol from wheat 

bran was conducted. The process involves the extraction of ferulic acid from the wheat bran using 

the three-step thermo-enzymatic protocol already established24 and the simultaneous conversion 

of wheat bran-derived ferulic acid into 4-vinylguaicol using an engineered E. coli RARE strain13 

expressing the decarboxylase Fdc14. The novelty of this process arises from the employment of the 

wheat bran crude extract as an auto-inducing growth medium, based on the presence of several 

fermentable carbohydrates25 and the utilization of a hybrid phenol-inducible promoter26 for the 

induction of Fdc expression, making the wheat bran-derived ferulic acid both the inducer and the 

substrate of the enzyme. This strategy could help in increasing the economic sustainability of the 

process by removing the needs of commercially available growth media and external inducers (such 

as IPTG and lactose), and by reducing the number of needed steps. Moreover, the wheat bran-

derived 4-vinylguaicol will be purified using a reverse phase resin and used for the production of 

novel plastic polymers. The preliminary results of this project proved that the engineered strain is 

capable of growing and expressing the recombinant enzyme in the crude extract of wheat bran, 

and that the simultaneous extraction and conversion strategy is feasible. The unoptimized process 

produced 1.8 mg 4-vinylguaiacol per gram of wheat bran, which corresponds to the conversion of 

≈75% of the ferulic acid extracted using the thermo-enzymatic method and ≈64% of the alkaline 

extractable ferulic acid present in the wheat bran. The suboptimal yield is probably due to the 

partial conversion of 4-vinylguaicol by competitive E. coli endogenous enzymatic activities: further 

analysis will allow to understand and solve this issue.  

In conclusion, the overall results obtained during this PhD project should contribute to the ever-

growing biotechnological toolbox for the valorization of LCB. The optimization of LCB 

valorization could help in the transition to a fossil sources-free economy, allowing the development 

of a more sustainable and more environmentally careful society. The production of the plastic 

precursor ccMA from lignocellulose feedstocks using a whole-cell biocatalyst was explored using 

both resting cells and growing cells approach. The growing cells approach proved to be more 

productive and more environmentally sustainable than the resting cells approach, mainly due to 

the use of a bioreactor that allowed for a better control of the reaction parameters. Furthermore, a 

novel one-pot process for the production of 4-vinylguaiacol from wheat bran by combining a 

thermo-enzymatic extraction to a microbial fermentation using an engineered E. coli strain was 
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studied. Despite the early stage of this project, it could represent a streamlined and sustainable 

alternative to 4-vinylguaicol production; when optimized, it could allow the purification of the bio-

based 4-vinylguaicol and its utilization as a precursor for novel plastic polymers.  

This PhD project highlights the possible benefits of utilizing microbial biocatalytic approaches for 

the valorization of industrial lignocellulosic by-products. The values of this approach are best 

described by Davide Pearlman’s laws of applied microbiology27:  

1. the microorganism is always right, your friend, and a sensitive partner;  

2. there are no stupid microorganisms; 

3. microorganisms can and will do anything;  

4. microorganisms are smarter, wiser, more energetic than chemists, engineers, and others;  

5. if you take care of your microbial friends, they will take care of your future. 

Indeed, the use of whole microorganisms allows to design tailor-made processes, from the design 

of an engineered strain to the selection of the cultivation/conversion protocols, making them 

exploitable in several different production processes. Moreover, whole microorganisms enable the 

development of more stepwise processes, allowing for a better scalability and the reduction of 

waste produced. Therefore, microbial biocatalysis could be one of the key enabling technologies 

that will facilitate the transition to more sustainable industrial processes, creating favorable 

conditions for the establishment of the circular bioeconomy model.  
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