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Valorizing agro-industrial byproducts such as wheat bran (WB) through microbial and enzymatic processing
offers a sustainable route to high-value aromatic compounds like 4-vinylguaiacol (4VG). This study reports a
novel one-pot biocatalytic system that couples the enzymatic hydrolysis of WB (UltrafloXL) - releasing ferulic
acid (FA) and sugars — with the microbial conversion of FA into 4VG by an engineered E. coli strain expressing
ferulic acid decarboxylase (Fdc) under a phenol-inducible promoter. The process is self-sustaining: FA acts both
as the enzymatic substrate and as the inducer for Fdc expression, while glucose released from WB sustains mi-
crobial growth. Integrated in situ product recovery (ISPR) using a tea-bag resin system enhances yields while
streamlining purification. The system achieved a 4VG yield of approximately 2.0 mg/g of WB, corresponding to
an overall conversion efficiency of ~88 %. Proof-of-concept experiments at 0.5 L scale showed efficient
extraction (96 + 1.5 %) and purification (76 + 1.2 %) yields, together with a low materials-based cost, sup-
porting the techno-economic viability of 4VG production from renewable feedstocks. To our knowledge, this is
the first report of a WB-based 4VG biosynthesis using an engineered E. coli in a system where FA acts both as
substrate and activator. This integrated, autoinductive platform represents a green alternative for aromatic

compounds production in alignment with bioeconomy principles.

1. Introduction

The biotechnological production of 4-vinylguaiacol (4VG) from
wheat bran (WB) has emerged as a promising strategy to valorize agri-
cultural residues into high-value aromatic compounds. Fundamental to
this process is the enzymatic release of ferulic acid (FA), a phenolic acid
naturally bound within the WB lignocellulosic matrix, followed by mi-
crobial or enzymatic decarboxylation to 4VG. This molecule is indus-
trially mainly used as a flavoring agent in the beverages, perfumery and
food industry [1]. Additionally, 4VG is a key intermediate for the syn-
thesis of biobased polymers and fine chemicals, contributing to the
transition toward a more sustainable and circular bioeconomy [2-5]: the
three different chemical moieties on the molecule (i.e. vinyl, methoxy
and hydroxyl group) allow the polymerization of 4VG monomers and
the functionalization of the polymer. The commercial relevance of 4VG
lies not only in its versatility but also in its economic value. Bio-based
aromatic compounds like 4VG can value several hundred USD/kg,
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especially when produced at food- or pharma-grade purity. Its use in
producing vanillin, thermoplastic monomers, and antioxidant-rich ma-
terials increases its market potential [1].

Conventional chemical decarboxylation of FA requires high tem-
peratures (>180 °C) and metal catalysts (e.g., CuO, ZnO), leading to
energy-intensive processes with low selectivity, while also raising safety
and environmental concerns [6]. As a result, more sustainable enzy-
matic and microbial strategies for the production of 4VG from renew-
able feedstocks have been investigated. Although some yeasts and fungi
have been tested, bacteria remain the most extensively studied -
including Streptomyces setonii, Cupriavidus, Enterobacter, Lactobacillus
farciminis, and Bacillus spp. However, wild-type strains generally exhibit
low activity, producing modest amounts of 4VG (e.g., 720-885 mg/L)
[7]. To enhance productivity, recombinant phenolic acid decarboxylases
from a range of microorganisms have been expressed in heterologous
hosts, including genes from Enterobacter spp., Bacillus spp., and Asper-
gillus luchuensis, enabling higher enzyme expression and better control
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over reaction conditions. Nonetheless, the inherent toxicity of both FA
and 4VG limits the maximum achievable titers, which often remain
below the thresholds required for efficient downstream processing [8].
Additionally, several bacterial recombinant whole-cell systems have
been reported - primarily exploiting phenolic acid decarboxylases from
Bacillus pumilus, Bacillus atrophaeus, and Bacillus licheniformis - achieving
4VG titers of up to 237 g/L [3,9,10]. Notably, these approaches rely on
purified FA as the starting substrate and require external induction of
decarboxylase expression (e.g., IPTG-based systems).

In a previous work, we produced vanillin and cis,cis-muconic acid
starting from WB-derived FA through microbial conversion (based on a
resting cell approach) by an engineered E. coli strain [11]. 4VG is an
intermediate of this recombinant pathway, generated from the FA
decarboxylation by the B. pumilus Fdc decarboxylase [12]. FA was
extracted from WB following a three-step thermo-enzymatic treatment
which breaks down WB polysaccharides releasing FA (and mono-
saccharides). The extraction step was followed by the purification of FA
from the WB crude extract using an anion exchange resin while the
carbohydrates-rich supernatant was discarded (notably, it can be further
used as a fermentable substrate for microbial growth) [13].

The presence of WB-derived carbohydrates in the crude extract and
the use of conditions for the enzymatic extraction step well suited for
Fdc activity [12], 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 biomass [14]. In the SSCF, while
the hydrolysis of the holocellulose (cellulose and hemicellulose) is car-
ried out, the released carbohydrates are simultaneously used by a mi-
crobial strain for growth and production of the compound of interest. In
the proposed process (Fig. 1), the carbohydrates are used for the growth
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Fig. 1. Schematic representation of the one-pot simultaneous saccharification
and co-fermentation (SSCF)-like process aimed at producing 4-vinylguaiacol
from wheat bran-derived ferulic acid, used as both substrate and Fdc-
expression inducer.
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of the engineered strain and the FA is converted into 4VG by the Fdc
decarboxylase, thus allowing for a straightforward valorization of WB.
Moreover, to make the process more sustainable, Fdc gene can be under
the control of a phenol inducible promoter to induce the expression of
the enzyme by the FA released from the WB, avoiding the use of
expensive inducers. Varman et al. [15] developed a hybrid
phenol-inducible promoter for E. coli by combining the up and down
regulatory sequences from the endogenous Pep,g promoter, involved in
the phenol detoxification response, and the spacer region between the
—10 and —35 sequences of the high strength Py, promoter, thus creating
a hybrid phenol-inducible promoter (Py,.) with higher strength than the
natural one. The E. coli emrR transcription factor binds to Pemr pro-
moter repressing the transcription of the target gene; in the presence of
lignin-derived phenolic compounds, such as vanillin and FA, these
phenolics bind emrR causing its release from the Pep, g promoter and the
consequent transcription of the target gene. 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. In addition, the Integrating in Situ Product Recovery
(ISPR) approach [16-18], based on the WB-derived 4VG adsorption on
the Amberlite XAD4 resin [2] in the tea bag system, may represent a
low-cost, and high reproducible recovery strategy.

While our previous work demonstrated the feasibility of converting
WB-derived FA into 4VG, it relied on resting-cell biotransformations,
purified FA, and external induction of enzyme expression [12]. In this
study, we advanced that approach by developing a fully self-sustaining,
one-pot, autoinductive system. This configuration enables the direct
bioconversion of FA released from WB without prior purification, inte-
grating enzyme-assisted hydrolysis, microbial FA decarboxylation, and
in situ product recovery within a single streamlined process. Such an
autoinductive one-pot strategy represents a substantial step toward
scalable, green biotechnological production of 4VG and related aromatic
compounds.

2. Materials and methods
2.1. Materials

Methanol (ACS Grade, >99 %), formic acid (ACS Grade, >98 %),
Amberlite™XAD4 and analytical grade standards of ferulic acid (trans-4-
Hydroxy-3-methoxycinnamic acid, FA) and 4-vinylguaiacol (2-methoxy-
4-vinylphenol, 4VG) were purchased from Merck (Merck KGaA, Darm-
stadt, Germany). The commercial food-grade enzymatic cocktail Ultra-
flo®XL was kindly provided by Novozymes (Bagsvard, Copenhagen,
Denmark), and wheat bran was a generous gift of Molino Dallagiovanna
(Gragnano Trebbiense, Piacenza, Italy).

2.2. Promoter design, cloning and E. coli transformation

The synthetic nucleotide sequence of the hybrid phenol promoter
Pytac Was designed as reported in Varman et al., 2018 [15]. To facilitate
the subcloning into pCDFDuet-1 (Novagen, Darmstadt, Germany), the
sequences corresponding to Ncol (CCATGG) and BamHI (GGATCC) re-
striction sites were added at the 5'- and 3-ends of the Py, promoter,
while the sequence corresponding to EcoRI (GAATTC) restriction site
was added in the spacer sequence to allow the screening of the ligation
products (see Table S1). The gene sequence coding for the decarboxylase
Fdc from B. pumilus [12] 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 Py, promoter (produced by
Twist Bioscience HQ, San Francisco, USA) and the plasmid were diges-
ted with the corresponding restriction enzymes (FastDigest, Thermo
Fisher Scientific, Monza, Italy) and ligated using T4 DNA ligase (Thermo
Fisher Scientific). The ligation mixtures were used to transform JM109
E. coli chemically competent cells. The Fdc gene was inserted into the
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pCDFDuet-1 plasmid obtaining the pCDFD:T7Fdc plasmid. Next, the
Pytac promoter was inserted upstream the Fdc gene in the pCDFD:T7Fdc
plasmid, obtaining the pCDFD:HPFdc plasmid (Figure S1). The presence
of the Fdc gene was verified by digestion with the corresponding re-
striction enzymes; the presence of the hybrid phenol promoter was
verified by EcoRI restriction analysis. Finally, the two plasmids (pCDFD:
T7Fdc and pCDFD:HPFdc, Table S1) were introduced into the E. coli
MG1655 RARE [11] (reduced aromatic aldehyde reduction, bacterial
strain #61440, Addgene, Watertown, USA) strain through chemical
transformation to generate the whole-cell biocatalysts T7Fdc and
HPFdc, respectively.

2.3. Wheat bran hydrolysis

The FA recovery from WB was carried out using a thermo-enzymatic
method similar to the one reported by Bautista-Exposito et al. [19], and
already utilized in our previous work [12]. In detail, WB 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). WB powder was suspended at a 1:20 solid to
solution ratio (g/mL) and autoclaved at 121 °C, 1 bar, for 30 min.
Different aqueous solutions were used: MilliQ water, 50-100-200 mM
potassium phosphate pH 6.0, 100 mM citrate pH 5.0, 100 mM Tris-HCl
pH 8.0, and 100 mM potassium phosphate pH 8.0. Then, the suspension
was cooled to room temperature and 1 % UltrafloXL (enzyme to WB dry
powder weight ratio, w/w) was added. The enzymatic hydrolysis was
carried out at 37 °C, under shaking (130 rpm), for 16-24 h (WB crude
extract).

2.4. Growth analysis

For the starting culture, the E. coli RARE strain was inoculated in LB
medium and grown at 37 °C, 130 rpm, for 18 h. The next day, 50 mL of
LB medium eventually added with 0.0005 % (v/v) UltrafloXL or 1 mM
4VG were inoculated with an amount of starting culture to an initial
ODgoo nm = 0.1, and the culture was incubated at 37 °C, 130 rpm. The
optical density of the bacterial culture was spectrophotometrically
recorded at 600 nm at different times and the experimental data points
were analyzed by the Gompertz equation [20] to build growth curves
and calculate the maximum specific growth rate (jmax)-

2.5. RT-qPCR

The E. coli T7Fdc and HPFdc biocatalysts were grown, and the Fdc
expression induced, under the same conditions used for the specific
activity measurement (see “Bioconversion: whole-cell Fdc specific ac-
tivity assay” paragraph). After 3h, an amount of culture volume
equivalent to an ODggo nm = 1 was collected. Cells were treated with the
RNAprotect® reagent (Qiagen), lysed by sonication (6 cycles of 20 s
impulse at 20 % amplitude, and 60 s of pause in ice) and total RNA was
purified by RNeasy mini kit® (Qiagen) according to manufacturer’s
instructions. cDNAs were synthetized with the iScript™ kit (Bio-Rad)
using 750 ng RNA. qRT-PCR reactions (15 pL volumes, in triplicate for
each sample) were performed in a CFX Connect Real-Time PCR Detec-
tion System (Bio-Rad, Hercules, CA, USA) using the SensiFAST™ SYBR®
No-ROX reagent kit (Meridian Bioscience). RT-qPCR amplification
conditions were: 2 min initial denaturation at 95 °C, 40 cycles at 95 °C
for 5,58 °C for 10 s and 72 °C for 10 s. Relative expression level of Fdc
was calculated by the 2-AACt method using idnT gene as internal
reference gene [21]. The primers used for the qPCR quantification of Fdc
and idnT genes are reported in Table S2.

2.6. Bioconversion: whole-cell Fdc specific activity assay
For the starting culture, the biocatalysts T7Fdc and HPFdc E. coli

strains were inoculated in M9 medium [22] containing 50 pg/mL
streptomycin and grown at 37 °C, 130 rpm for 18 h. The next day, 50 mL
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of M9 medium containing 50 pg/mL streptomycin were inoculated with
an amount of starting culture to an initial ODgpo nm = 0.1, and the cul-
ture was incubated at 37 °C, 130 rpm, until the ODggg nm ~ 0.6-0.8.
Then, 0.1 mM IPTG or 1 mM FA was added to the cultures to induce the
expression of Fdc, and the cells were further grown at 37 °C, 130 rpm,
for 3 h. The cells were harvested by centrifugation (8000 g, 10 min, 4
°C), washed once in 100 mM Tris-HCl pH 8.0, and resuspended in the
same buffer to reach a final concentration of 350 mgcyw/mL. The same
expression protocol was also performed without adding the inducers (i.
e. IPTG or FA), to be used as control. The whole-cell Fdc specific activity
assays were set up using 2 mM FA as substrate and the recombinant
E. coli cells (0, 5, 10 and 20 mgcyww/mL) in 100 mM Tris-HCI pH 8.0. All
biotransformations were performed at room temperature (25 °C) in
1 mL final volume; after 10 min of incubation, a 50 pL aliquot was
sampled and diluted 1:3 in 2.5 % formic acid to stop the enzymatic re-
action. The diluted sample was centrifuged (10 min, 10000 g, 25 °C) and
40 pL of the supernatant were analysed by HPLC (see “HPLC analyses™
paragraph).

2.7. Bioconversion: whole-cell growth on the WB crude extract

For the starting culture, the engineered HPFdc E. coli strain was
inoculated in the LB medium containing 50 pg/mL streptomycin and
grown at 37 °C, 130 rpm, for 10-18 h. Then, the WB crude extract,
supplemented with 50 pg/mL streptomycin, was inoculated with an
amount of starting culture to reach an initial ODggo nm = 0.05, and the
culture was incubated at 37 °C, 130 rpm for 16 h. The WB crude extract
was added simultaneously or 16 h after the addition of UltrafloXL. The
growth of the engineered strain on the WB crude extract was assayed by
counting colony forming units (CFU) on LB agar plates added of strep-
tomycin: the withdrawn samples were serially diluted in 1 % (w/v) NaCl
to achieve an overall million-fold dilution before spreading 100 pL of
each sample on selective LB plates in duplicate. The plates were incu-
bated at 37 °C for =~ 18 h before manual colony count.

2.8. 4VG recovery

The 4VG was recovered from the growth medium using the reverse
phase adsorbent resin Amberlite XAD4 [2]. Before use, the resin was
activated by incubation in 96 % ethanol, overnight at 4 °C. The activated
resin was packed in a 10 mL propylene column with porous filter to
remove the ethanol and washed with 10-20 volumes of MilliQ water.
After the removal of the water, the resin was weighed and used for the
purification of 4VG. To assay the binding capability of the resin, 10 mg
resin were added to 1 mL of 0.3-1-3-9 mM 4VG in MilliQ water or to
the WB crude extract, at 25 or 37 °C. At different incubation times, the
supernatant was sampled and analyzed by HPLC (see “HPLC analyses”
paragraph) to evaluate the residual amount of 4VG in the supernatant.
After the binding step, the resin was washed in MilliQ water to remove
WB particles. The bound 4VG was released by two sequential elution
steps: the resin was incubated twice in 96 % ethanol (20 mL per g of
resin) at 37 °C, 130 rpm for 1 h. The alcoholic solutions were analyzed
by HPLC (see “HPLC analyses” paragraph).

2.9. One-pot 4VG production

The “teabags” for 4VG recovery were built by thermosealing a nylon
filter (100 mesh) containing 1 g of Amberlite XAD4 resin, from now on
named XADbags. The activation and elution of the XADbags were per-
formed following the same protocol used for the free resin. The one-pot
4VG production was carried out in a 250 mL flask (5 g WB and 100 mL
MilliQ water) or in a 2 L flask (25 g WB and 500 mL MilliQ water). The
WB-containing flasks were autoclaved (121 °C, 30 min) and after cool-
ing at room temperature, 50 pg/mL streptomycin, 1 % UltrafloXL
(enzyme to WB dry powder weight ratio, w/w), 1 % (v/v) starting cul-
ture (see “Bioconversion: whole-cell growth on the WB crude extract”



F. Molinari et al.

paragraph) and 1 or 5 XADbags were added. The flasks were incubated
at 37 °C, 130 rpm for 16 h. At this point, the XADbags were recovered,
washed with MilliQ water and the bound 4VG eluted following the same
procedure reported in “4VG recovery” section. A schematic represen-
tation of the 4VG production and recovery process is depicted in Fig. 1.

2.10. HPLC analyses

HPLC analyses of aromatics were performed on a Jasco apparatus
equipped with a Kromaphase C8 column 100A, 5 pm, and
4.6 x 250 mm (Scharlab, Barcelona, Spain) and 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 produced by solubilizing commercial standards
of FA in 100 mM Tris-HCI, pH 8.0, and 4VG in DMSO, at a final con-
centration of 40 mM. After dilution in the 0.04 —2 mM range, 25 pL of
each sample were added to 50 pL of solvent A and centrifuged for 2 min
at 11,000 g, 4 °C: 20 pL of the supernatant were used for HPLC analysis.
Retention times for FA and 4VG standards were 6.9 and 12.0 min,
respectively.

The quantification of glucose, lactose, fructose, xylose, arabinose,
galactose, maltose and mannitol was also performed by HPLC using a
PRONTOGEL H column (300 x 8.0 mm; Bischoff, Leonberg, Germany)
and a refractive index detector. The analysis was carried out using 5 mM
H2S0O4 as the mobile phase at a flow rate of 0.8 mL/min, the oven was set
at 50 °C. Calibration curves were generated by solubilizing standard
carbohydrates in MilliQ water at a final concentration of 40 g/L; after
dilution in the 0.15 —20 g/L range, the samples were diluted 1:5 in the
mobile phase, centrifuged for 2 min at 11,000 g, 4 °C before injecting
50 pL in the HPLC system. Retention times for glucose, lactose, fructose,
xylose, arabinose, galactose, maltose and mannitol were 7.15, 6.25,
7.75, 7.6, 8.25, 7.5, 6.15 and 7.9 min, respectively.

2.11. GC-MS analysis

GC-MS analysis was performed on the alcoholic eluates from the XAD
bags. Gas chromatographic separation was achieved using a Trace 1600
GC (Thermo Fisher Scientific) equipped with an Autosampler 1610. A
TraceGOLD TG-5MG column (30 m x 0.25 mm, 0.25 pm film thickness;
Thermo Fisher Scientific) served as the stationary phase, while helium
(UHP grade) was used as the carrier gas. Mass spectrometric detection
was carried out with an ISQ7610 single quadrupole MS operating at
70 eV ionization energy. The system was configured with an initial
pressure of 100 kPa, an injection temperature of 280 °C, and an interface
temperature of 200 °C. The GC oven temperature program was set as
follows: initial temperature of 50 °C held for 1 min, ramped at 10 °C
min~ to 280 °C, and held for 15 min. Instrument control and data
acquisition were performed using Chromeleon 7.3.2 software. Com-
pound identification was accomplished by comparison with the NIST20
mass spectral library.

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism software
(version 9.0.0) applying multiple Student’s t-tests and two-way ANOVA
with a 95 % confidence interval. Significance was assessed at p < 0.05.
Results were expressed as the mean + standard error.
3. Results and discussion

3.1. Microbial growth in WB crude extract

The engineered HPFdc strain was generated by subcloning the
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synthetic gene encoding the B. pumilus Fdc decarboxylase [23] in
pCDFDuet-1 plasmid. The DNA fragment containing the sequence of the
hybrid phenol-inducible promoter Py,. was then subcloned upstream to
the Fdc sequence, allowing the phenol-induced expression of the re-
combinant enzyme (see Figure S1).

The final pCDFD:HPFdc plasmid was used to transform E. coli
MG1655 RARE [11] cells to obtain the HPFdc strain. To test whether the
addition of the enzymatic UltrafloXL cocktail (containing cellulase and
xylanase activities) [12] affects the growth of E. coli, the ppax of the
E. coli RARE cells culture in LB medium added of UltrafloXL (0.0005 %
v/v, i.e. the same concentration used for the following WB hydrolysis)
was determined: no inhibitory effect on E. coli growth was observed
under the tested conditions (pmax = 2.3 £0.3 h! compared to 2.0
+0.5h7! in the control growth conditions) (see Figure S2). Then, the
E. coli RARE strain was grown in the presence of 1 mM 4VG, since it is
reported that vinylphenol compounds could be toxic for E. coli strains
compared to the respective acid derivative [24]. As expected, the growth
rate of the strain incubated with 4VG was lower (1.8 £ 0.3 h’l)
compared to the control conditions, reaching a lower final saturation
density value after 24 h of incubation (3.9 &+ 0.1 ODggg nm/mL vs 5.1
+ 0.1 ODggo nm/mL). Unexpectedly, after the incubation, 81.1 + 2.7 %
of 4VG remained in the culture broth, suggesting that 4VG was partially
degraded by some endogenous E. coli enzymatic activities (4VG is stable
under these conditions in the absence of E. coli cells). Finally, the
addition of 10 mM FA to cell culture has little to no inhibitory effect on
the E. coli growth, as also demonstrated in our previous work [12].

The thermo-enzymatic treatment of WB enables the release of FA and
carbohydrates, the latter useful to sustain E. coli growth. In detail, the
UltrafloXL enzyme cocktail containing cellulase and xylanase activities,
effectively hydrolyzes WB’s complex polysaccharides—mainly arabi-
noxylans and cellulose—thereby releasing FA and increasing the avail-
ability of monosaccharides such as arabinose, xylose, and glucose [12,
25]. In this view, the carbohydrate concentration has been assayed after:
i) the autoclave step, ii) the following enzymatic incubation with
UltrafloXL, and iii) after the growth of the engineered strain in the WB
crude extract. As shown in Fig. 2, the highest amount of carbohydrates
was released following the enzymatic step (blue bars). Interestingly,
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Fig. 2. Carbohydrates released by the thermo-enzymatic treatment of WB.
Carbohydrates have been quantified following the autoclave step (red), the
autoclave and enzymatic step (blue), and at the end of the engineered strain
growth in the WB crude extract (green). The values are reported as mean
+ standard deviation (n = 3). Statistical analysis was performed using two-way
ANOVA followed by a Tukey’s multiple comparison test. * = p < 0.05;
= p < 0.0001.
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when the engineered strain was inoculated in the WB crude extract and
incubated at 37 °C for 18 h, glucose was completely consumed, and a
limited consumption of arabinose and xylose was also observed (see
Fig. 2, green bars).

Notably, since glucose is already released by the autoclave step, the
engineered strain should grow on the WB crude extract even before the
enzymatic treatment by UltrafloXL. To clarify this point, in the “post-
ultra” condition, WB was autoclaved and treated with UltrafloXL before
inoculating E. coli, and in the “co-ultra” condition E. coli was added to
the WB crude extract together with UltrafloXL; afterward, both samples
were incubated at 37 °C, 130 rpm for 16 h before being plated. The cell
density obtained in the co-ultra condition was slightly lower (0.71
+ 0.05 OD/mL) compared to the value obtained in the post-ultra (i.e.
0.86 + 0.06 OD/mL). This result demonstrates that the engineered
strain is able to grow on the WB crude extract even without the Ultra-
floXL treatment, opening to the option to perform in one-pot the
extraction of FA from WB by UltrafloXL and its conversion to 4VG.

3.2. Py promoter strength assessment

The strength of the Py, promoter was compared to the strong T7
promoter by measuring the transcription efficiency by RT-qPCR of Fdc
gene and the specific activity of Fdc in the T7Fdc and HPFdc strains. As
shown in Fig. 3A, both strains showed a ~ 20-fold increase of the rela-
tive Fdc expression level when induced with 0.1 mM IPTG, while using
FA as inducer, the transcription of the Fdc gene was observed only for
the HPFdc strain (=~ 3.3-fold increase in comparison to the control),
highlighting that the presence of the Py, promoter is fundamental to
allow FA-induced transcription. The strength of the hybrid promoter
was = 6-fold lower compared to the T7 one.

In view of a practical application, the promoter strength was evalu-
ated assessing the Fdc enzymatic specific activity to verify whether the
observed increased transcription results in increased enzyme activity,
and therefore 4VG production. As shown in Fig. 3B, the induction by
0.1 mM IPTG resulted in a ~ 5.5-fold increase of the Fdc specific activity
in both strains, since the T7 promoter is present in both plasmids.
Furthermore, the addition of 5 mM FA resulted in a significant effect
only for the HPFdc strain carrying the Py, promoter (while the T7Fdc
strain showed a specific activity similar to the control): a ~ 3-fold in-
crease of Fdc specific activity was observed, a figure 2-fold lower
compared to the maximal value obtained using IPTG (2.0 + 0.2 vs. 3.9
+ 0.2 umol min ! mgcw‘;l).
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3.3. SSCF-like bioconversion

The ability of the HPFdc strain to convert the substrate FA (also
acting as inducer of Fdc expression) into 4VG, was evaluated at different
incubation times in two buffered solutions (100 mM phosphate buffer,
pH 6.0 or pH 8.0) to evaluate the effect of pH on 4VG production, as well
as in water, which use could reduce the cost of the overall process
(Table S3). The HPFdc strain was inoculated into the WB extract
generated by autoclaving both simultaneously (co-ultra) or 16 h after
(post-ultra) the addition of UltrafloXL. Moreover, three control reactions
were set up for the co-ultra setting by adding: i) UltrafloXL (ultra), ii)
UltrafloXL and an E. coli strain not expressing the Fdc enzyme (E. coli),
iii) UltrafloXL and the T7Fdc strain (T7Fdc).

Considering that the previously optimized three-step FA extraction
method from WB resulted in 3.0 + 0.2 mgga/gwp (15.5 &+ 1.3 pmol/
gws) [12] the maximal achievable production of 4VG should correspond
to 2.3 mgayg/gws. Interestingly, the presence of E. coli cells in the WB
crude extract did not exert any inhibitory effect on the UltrafloXL ac-
tivity: the FA extraction yield (2.85 + 0.06 mg/gws, 14.68 & 0.01
umol/gws) was similar with or without the E. coli cells (Fig. 4 A). The
HPFdc strain fully converted FA into 4VG in all tested conditions, while
a partial conversion (17.0 & 1.1 %) of the WB-derived FA was obtained
for the T7Fdc strain, indicating that the Fdc expression under the Py,
promoter is fundamental to efficiently convert FA to 4VG. This result
may be related to the basal expression of Fdc since even the non-induced
strains catalyze the partial decarboxylation of FA (CTRL in Fig. 3B).

Although FA was completely depleted during the reaction, only
65-78 % of the expected 4VG was produced, suggesting that 4VG may
be further converted into other compound(s), either spontaneously or
through endogenous E. coli enzymatic activities. On this side, 1 mM 4VG
remained unaltered when incubated at 37 °C for 16 h in MilliQ water or
LB medium, while in the presence of E. coli cells a 22-35 % decrease was
observed. These results confirm that the loss of 4VG in the SSCF-like
process is mainly attributable to cellular uptake or metabolic conver-
sion by E. coli cells, rather than to spontaneous degradation. As shown in
Fig. 4 A, FA remained stable under the tested conditions. Interestingly,
comparable 4VG yield were obtained when the bioconversion was car-
ried out in phosphate buffer at pH 6.0 (1.51 + 0.04 mgsyg/gws, 10.05
+0.01 pmol/gwp) or pH 8.0 (1.47 £ 0.03 mgsvc/gws, 9.79 + 0.01
umol/gws), meanwhile a higher yield was achieved in MilliQ water
(1.72 + 0.06 mg4vc/gws, 11.45 + 0.01 pmol/gwp). This difference may
be related to the final pH value of the cultures: while the two buffered
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Fig. 3. Assessment of the promoters strength. The expression of the Fdc enzyme in T7Fdc (black) and HPFdc (gray) strains was induced adding 5 mM FA (FA) or
0.1 mM IPTG (IPTG). A) RT-qPCR analysis reporting the relative expression level of Fdc vs. idnT (an endogenous E. coli gene) as internal reference. B) Whole-cell Fdc
specific activity level: the enzymatic activity was determined by measuring by HPLC the 4VG produced in a resting cell approach. The values are reported as mean
+ standard deviation (n = 3). Statistical analysis was performed using two-way ANOVA followed by a Tukey’s multiple comparison test. * = p < 0.05; *

= p < 0.0001.
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Fig. 4. 4VG production from WB in a SSCF-like approach. A) Control reactions (CTRL): ultra, containing only UltrafloXL; E. coli, containing UltrafloXL and E. coli
RARE strain; T7Fdc, containing UltrafloXL and T7Fdc strain. B, C) Bioconversion reactions carried out in 100 mM potassium phosphate buffer, pH 6.0 or pH 8.0. D)
Bioconversion reactions carried out in MilliQ water. 4VG: black bars; FA: gray bars.

solutions maintained pH> 6.0, the MilliQ culture reached a final pH
~ 5.0, which appears to favour 4VG (Fig. 4B-D). To further verify
whether the differences in 4VG yield were primarily driven by the pH of
the reaction medium rather than by the presence or composition of the
buffer, additional bioconversion experiments were performed using
different buffering systems (50 and 200 mM phosphate, pH 6.0; 100 mM
citrate, pH 5.0; and 100 mM Tris-HCI, pH 8.0) (Figure S3). Comparable
4VG titres were obtained under all conditions, with a slightly higher
production observed in 100 mM citrate at pH 5.0 — the only condition
showing a statistically significant increase compared to the other
buffers. These findings indicate that the enhanced 4VG accumulation
previously observed in MilliQ water is primarily attributable to the
lower final pH of the culture, rather than to any inhibitory or compo-
sitional effect of the buffer. Notably, pH 5.0 corresponds to the reported
optimum for Fdc enzyme activity [23], further supporting this value as
the most favorable for both enzymatic decarboxylation and product
stability.

Furthermore, when ammonium chloride (1 g/L) or yeast extract
(0.5 g/L) were added before the autoclave step of the extraction process
as additional nitrogen source for E. coli growth, the amount of produced
4VG was unaffected (data not shown).

The highest 4VG productivity was obtained after 16 h in MilliQ
water using the co-ultra inoculum (5.3 + 0.1 mg/Leh, 35.3 + 0.7 pmol/
Leh); accordingly, this condition was used for the following one-pot 4VG
production. Notably, the time-course profile of 4VG production under
the selected conditions (co-ultra in MilliQ water) shows that maximum
productivity is reached within the first 8 h of incubation (Figure S4,
dotted line). However, when the reaction is carried out in the presence of
a tea bag containing XAD4 resin, a longer incubation period (>8 h) is

required to achieve > 90 % adsorption of the produced 4VG (Figure 54,
solid line). Accordingly, a 16 h incubation time was selected to ensure
efficient product recovery and compatibility with the subsequent one-
pot processing (Section 3.4), underscoring the need to balance conver-
sion kinetics with effective in situ product capture.

3.4. One-pot 4VG production and recovery

The recovery of 4VG from the reaction mixture was performed using
the reverse phase adsorbent resin Amberlite XAD4 [2]: in particular, the
“tea-bag” approach based on XADbag could allow the simultaneous
production and recovery of the 4VG product (Fig. 5).

At first, the binding capability of the XAD4 resin was evaluated using
the commercial 4VG dissolved in MilliQ water, at 37 °C in view of using
the resin during the bioconversion step. The adsorption performance of
XAD4 resin was investigated by varying the 4VG-to-resin ratio (i.e. 5, 15,
45, and 135 mg4yg per gram of resin), by monitoring residual 4VG
present in the supernatant after 1 h of incubation: the highest adsorption
efficiency (96.1 + 0.5 %) was obtained at 15 mgsyg/g resin'(see
Table S4). This ratio was used in all following experiments and in the
one-pot bioconversion assays. Notably, using the WB-derived 4VG pre-
sent in the WB crude extract after the thermo-enzymatic treatment and
HPFdc bioconversion, a recovery yield similar to the value obtained for
commercial 4VG was obtained after 1 h of incubation (i.e. 95.1
=+ 1.1 %). No FA adsorption to the XAD4 resin was observed under the
same conditions.

The simultaneous FA extraction, conversion and 4VG recovery was
then evaluated using the XAD4 resin particles in the reaction mixture:
the resin was added to the WB crude extract incubated with UltrafloXL

Water
20 mL / gws

/ /"/.w/w[ ; 50ng/uL

Autoclave

[

r@]
Elution
in EtOH, 37 °C, »| 4-vinylguaiacol

> £ 121°C, 1Bar, 37 °C, 130 rpm, Separation
30 min 16 h 130 rpm, 1h
HPFdc XAD4 "tea-| bag"
ONE-POT / | b /LJ-/ o RECOVERY
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Fig. 5. Workflow of the proposed biocatalytic process for the 4VG production from WB. The steps highlighted in green and orange represent the one-pot bio-

converison and the recovery approach, respectively.
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and HPFdc strain. After the incubation at 37 °C for 16 h, the resin was
removed from the WB crude extract by filtration. In the first elution step,
84.5 + 1.5 % of the bound 4VG was released, corresponding to 1.51
+ 0.03 mg4vc/gws, and 0.29 + 0.02 mgayc/gws were recovered in the
following elution step.

Finally, the overall process was evaluated using XADbags: after the
autoclave treatment, 100 mL of WB crude extract containing 15 mg 4VG
was added of one XADbag (1 g resin, to maintain the optimal 15 mgayg/
g resin ratio), UltrafloXL and the HPFdc strain. After 16 h of incubation
at 37 °C, the XADbag was retrieved from the bioconversion mixture.
Interestingly, an increase in the overall recovery yield was achieved: the
total amount of recovered aromatics (FA + 4VG =17.1 & 0.1 umol/gws)
was similar to the amount of FA extracted using the NaOH method (17.5
+ 0.2 pmol/gws, 3.4 £ 0.1 mg/gws), and 9.5 + 0.6 % higher than FA
extraction yield using the UltrafloXL only (15.45 + 1.3 pmol/gws, 3.0
+ 0.2 mg/gws). Most importantly, the consumption of 4VG by E. coli
cells observed during the bioconversion assay (see “SSCF-like biocon-
version” paragraph) was not apparent using XADbags, leading to a
~ 23.5 + 1.6 % increase of the total extraction and bioconversion yield.
The amount of 4VG recovered from the XADbag was 2.17
+ 0.13 mg4ye/gws (15.1 + 0.2 pmol/gwp) corresponding to a 88.3
+ 2.5 % recovery yield vs. the 84.5 + 1.9 % figure obtained for the free
resin. These results confirm that the XADbags efficiently captures 4VG
during the process, preventing its microbial degradation while main-
taining a recovery yield consistent with the theoretical maximum ex-
pected from WB.

The identity of 4VG was confirmed by GC-MS analysis of the ethanol
eluates from the XAD4 resin bags (see Figure S5). The chromatogram
revealed that 4VG accounted for > 80 % of the detected compounds,
while a minor peak (2.5 %) corresponded to 4-vinylphenol, likely
originating from p-coumaric acid naturally present in WB.

This one-pot process was performed on a larger sample (25 g of WB)
using a 2L flasks containing 500 mL of MilliQ water added with 5
XADbags, thus maintaining the same resin-to-biomass ratio. Note-
worthy, a 96.6 + 2.2 % (mol/mol) aromatics (FA 4+ 4VG) extraction
yield was achieved: the amount of 4VG eluted from the XADbags was
1.86 + 0.13 mg/gws, corresponding to a 75.9 + 3.9 % recovery yield,
confirming good performance under higher substrate load. Notably, the
XAD resin could be reused up to three times without any loss of 4VG
recovery efficiency.

4. Conclusion

Valorizing agro-industrial byproducts such as WB through microbial
or enzymatic processes represents a promising strategy for the sustain-
able synthesis of aromatic compounds such as 4VG. This approach not
only supports the transition toward bio-based alternatives to petro-
chemical products, but also aligns with bioeconomy principles by con-
verting low-cost residues into value-added biochemicals. Technically,
the main challenges lie in efficiently releasing FA from the lignocellu-
losic matrix of WB and subsequently converting it into 4VG. The limited
FA content of WB (0.1-1.0 mg FA g! WB) inherently constrains the
maximum theoretical yield [26]. Nevertheless, advances in enzyme
engineering and the use of engineered microorganisms have markedly
improved conversion efficiencies and product titers [14,27]. The use of
whole-cell biocatalysts enables mild reaction conditions and reusability,
which can lower the operational costs; when coupled to the
tea-bag-based product recovery system, this approach also enhances
reproducibility and reduces downstream processing costs.

Starting from a WB sample containing 3.5 mg of FA per gram of WB
[12] - theoretically corresponding to a maximum of 2.3 mg of 4VG per
gram of WB - the proposed one-pot biocatalytic process achieved an
overall 76 % recovery yield, resulting in 2.0 mg of 4VG per gram of WB.
This outcome was attained using a fully green technology that integrates
enzymatic hydrolysis via the UltrafloXL cocktail with the microbial
bioconversion by an engineered E. coli strain expressing Fdc under the
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control of a phenol-inducible promoter.

A key innovation of the proposed process lies in its autoinductive and
self-sustaining nature: the same FA extracted from WB acts as both the
substrate and the inducer for the expression of the decarboxylase
enzyme Fdc, since the engineered E. coli strain carries a phenol-inducible
promoter (Pyt,c). Simultaneously, the glucose released from WB supports
microbial growth, enabling the entire system to function using only
components derived from the starting biomass. As highlighted in Fig. 1,
this design allows the valorization of WB within a one-pot, SSCF-like
configuration, without requiring external inducers or carbon sources.

The carbohydrates released from the WB by our previous three-step
method (based on milling, autoclaving and UltrafloXL enzymatic hy-
drolysis) [12], and those obtained in this study, are compared in Table 1
to the ones reported by Di Gioia et al. in their work [28] normalized by
the amount of WB used. Differences in terms of total amount of released
carbohydrates and mixture composition are apparent that can be
ascribed to the different starting materials (i.e. the origin of WB) and to
the different commercial enzymes used in the thermo-enzymatic treat-
ment. Actually, the enzymatic activities reported for UltrafloXL are
B-endoglucanase and xylanase, while the two commercial enzymes used
by Di Gioia et al. [28] were Fungamyl® SUPER AX and Celluclast®BG
containing a-amylase and cellulase activities, respectively.

The proposed bioconversion system simultaneously valorizes FA and
glucose released from WB; however, the other soluble sugars (see
Table 1), as well residual solid biomass, remain largely unexploited
under the present conditions, and could be further valorised through
complementary routes. Growth experiments confirmed that E. coli
selectively consumed glucose, while the other released mono- and di-
saccharides were not metabolized. Nevertheless, these sugars represent
attractive feedstocks for integration into a broader biorefinery frame-
work. Xylose and arabinose, for instance, can be directed toward mi-
crobial production of xylitol, arabinitol, lactic acid, or succinic acid
using specialized fermentative strains [29-31], whereas maltose may be
used for the synthesis of value-added oligosaccharides or fermented to
ethanol by yeasts such as Saccharomyces cerevisiae and Rhodotorula sp.
[32,33], Moreover, hemicellulosic fractions rich in arabinoxylans could
be further converted into arabinoxylo-oligosaccharides or dietary fibres
for food and feed applications [34,35]. Importantly, in our process the
residual soluble carbohydrates do not interfere with 4VG recovery or
purity, as they remain confined to the aqueous phase and are not
co-eluted with the product during ethanol-based extraction.

Given that WB typically contains 0.1-1 mgga/gws [26], the maximal
production level of 4VG from WB remains moderate, typically in the
range of milligrams per gram of raw substrate. In contrast, studies using
purified FA [3] and a solvent-tolerant phenolic acid decarboxylase from
Bacillus atrophaeus, reported very high product titers, up to 237 g/L.
Similarly, phototrophic cyanobacteria (Synechococcus sp. PCC 11901)
have been engineered to reach gram-scale 4VG production from FA
feedstocks [5]. Recently, a novel bioprocess using Rhizopus oryzae, an
aromatic compound-degrading fungus, was developed for the
co-production of 4VG and fumaric acid: when cultured on a
glucose-xylose mixture, the strain yielded 4.6 g/L of 4VG and 11.3 g/L
of fumaric acid [4]. For comparison, the maximum 4VG concentration
obtained in our system (2.0 mgg' WB, corresponding to roughly

Table 1
Comparison of the carbohydrates released from WB in this work and in Di Gioia
et al. [28].

Released sugars (mg/g WB)

Sugar This study Di Gioia et al. [28]
Maltose 50.7 149.7

Glucose 27.9 29.8

Xylose 13.3 46.6

Arabinose 12.7 20.1

Total carbohydrates 650* 508

*Molinari et al. [12]
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100 mg L' in the reaction mixture) is comparable to the values reported
by Williamson et al. [36], who achieved 15-62 mg L™ 4VG in engi-
neered Pseudomonas putida Aech::padC cultures grown on lignocellu-
losic substrates such as Green Value Protobind lignin. In their system,
padC expression was placed under control of the ferR operon - inducible
by several hydroxycinnamic acids - and gene deletions (fcs, ech) were
required to prevent FA catabolism. Despite the lower FA content of WB
relative to lignin-rich feedstocks [36], our platform reached comparable
4VG titres, underscoring the efficiency of this simplified, heterologous
bioconversion platform.

To the best of our knowledge, our process is the first report of a
biocatalytic process producing 4VG from WB-derived FA using an
engineered E. coli strain, especially in a self-sufficient process where FA
is used as inducer and substrate. Moreover, in the proposed process, the
combination of enzyme-assisted hydrolysis, microbial bioconversion,
and ISPR via tea-bag resin systems not only simplifies downstream
processing, but also enhances the overall yields by limiting product loss.
This system reached a 4VG production of approximately 2.0 mg per
gram of WB, corresponding to an overall conversion efficiency of
~88 %. Moreover, the robustness of the process is confirmed by suc-
cessful operation in 2 L flasks with 25 g of WB, maintaining a high FA
extraction yield (~97 %) and 4VG purification efficiency (~76 %).
These results provide a proof-of-concept for ISPR via a resin-based
adsorption strategy, which could be further adapted to more advanced
configurations for process intensification. Although the “tea-bag” setup
is not directly scalable, the underlying principle is fully compatible with
industrial adsorption systems such as packed-bed, expanded-bed, or
circulating fluidized-bed columns, which are well established as effec-
tive solutions for continuous downstream bioprocessing [37]. Future
developments should prioritize resin regeneration and reuse, fouling
mitigation, and integration with membrane-assisted or hybrid systems
to enhance productivity and more efficiently manage dilute process
streams.

A preliminary cost estimation of 4VG production was conducted to
provide an initial indication of the potential economic relevance of the
proposed system. The analysis considered only the cost of raw materials
and reagents used at laboratory-scale — specifically WB, UltrafloXL,
culture medium components, and Amberlite XAD4 resin — resulting in
an estimated cost of approximately 0.15 € per liter of reaction mixture
(~1.5 € per g of 4VG). This estimate excludes utilities, energy, labor, and
equipment-related expenses, which would substantially raise the overall
production cost at larger scales. For reference, the commercial price of
> 98 % purity 4VG from Merck KGaA is around 25 € per gram. Although
this comparison underscores the economic promise of renewable
feedstock-based 4VG production, a comprehensive techno-economic
assessment will only be meaningfully once the process is implemented
at pilot or industrial scale.

Overall, the auto-inductive system developed in this study demon-
strates the feasibility of integrating enzymatic biomass deconstruction,
microbial catalysis, and ISPR into a single, self-sustaining process. While
similar integrated bioprocesses have been explored for lignocellulosic
valorization, their application to the biosynthesis of aromatic com-
pounds remains comparatively limited [38,39]. The achieved conver-
sion efficiency and volumetric productivity are promising, although still
below industrially relevant targets. Further optimization of the hybrid
phenol-inducible promoter — for example by fine-tuning operator
spacing or modulating transcription factor binding affinity — could
broaden its dynamic range and responsiveness to FA levels [40,41].

The ISPR strategy adopted here — including the use of a tea-bag resin
system — effectively mitigated product volatilization and potential in-
hibition effects. However, future studies should evaluate long-term resin
performance, including saturation kinetics, regeneration efficiency, and
mechanical stability under continuous or fed-batch operation [17].

Microbial robustness also remains a critical factor for process
intensification. Continuous exposure to phenolic intermediates can
induce oxidative stress and compromise membrane integrity, ultimately
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reducing cell viability during extended biotransformations. In parallel,
monitoring the formation of potential by-products will be essential to
avoid pathway diversion and unwanted degradation of 4VG. Looking
ahead, the integration of auto-inductive platforms with modular cascade
systems could enable fully self-regulated microbial factories powered by
renewable feedstocks. Such developments would represent a significant
step toward sustainable, low-input biotechnological production of aro-
matic building blocks.

CRediT authorship contribution statement

Luca Brambilla: Supervision, Methodology, Investigation. Lor-
edano Pollegioni: Writing — review & editing, Writing — original draft,
Validation, Supervision, Methodology, Conceptualization. Stefano
Busti: Methodology, Investigation. Marco Vanoni: Supervision, Meth-
odology, Investigation. Filippo Molinari: Writing — original draft,
Visualization, Methodology, Investigation. Alex Pessina: Writing —
original draft, Methodology, Investigation. Elena Rosini: Writing —
original draft, Validation, Supervision, Methodology, Investigation,
Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work is part of the project “Meat from Wood” PRIN2022 funded
from Ministero Universita e Ricerca Scientifica with grant agreement no.
2022SYTYST. ER and LP thank the support from Fondo di Ateneo per la
Ricerca, University of Insubria, and CIB project 2024 “Nuove tendenze
per le applicazioni biotecnologiche”. LP and FM thank the support of
CIRCC-Consorzio Interuniversitario per le Reattivita Chimiche e la
Catalisi.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nbt.2025.11.003.

Data availability
Data will be made available on request.

References

[1] Rigo E, Totée C, Ladmiral V, Caillol S, Lacroix-Desmazes P. “4-Vinyl Guaiacol: a
Key Intermediate for Biobased Polymers. Molecules 2024;29(11):2507. https://doi.
org/10.3390/MOLECULES29112507/S1.

Giinther T, Schoppe L, Ersoy F, Berger RG. Alternative routes for the production of
natural 4-vinylguaiacol from sugar beet fiber using basidiomycetous enzymes.
Catalysts 2021;11(5). https://doi.org/10.3390/catal11050631.

Barboza-Corona JE, Balagurusamy N, Ding S, Li L, Long L. Bioproduction of high-
concentration 4-vinylguaiacol using whole-cell catalysis harboring an organic
solvent-tolerant phenolic acid decarboxylase from bacillus atrophaeus 2019;10:
1798. https://doi.org/10.3389/fmicb.2019.01798.

Tang X, Wu S, Hua X, Fan Y, Li X. Ferulic acid triggering a co-production of 4-vinyl
guaiacol and fumaric acid from lignocellulose-based carbon source by Rhizopus
oryzae. Food Chem Dec. 2024;461:140799. https://doi.org/10.1016/J.
FOODCHEM.2024.140799.

Rohr T, Rudroff F. Gram-scale production of 4-vinyl guaiacol in the fast-growing
phototrophic cyanobacterium Synechococcus sp. PCC 11901. Green Chem May
2025;27(18):5007-14. https://doi.org/10.1039/D5GCO0905G.

Dickstein JS, Mulrooney CA, M. O E, Morgan BJ, Kozlowski MC. Development of a
catalytic aromatic decarboxylation reaction. Chem Org Nat Prod 1983;48(2):
2441-4. https://doi.org/10.1021/01070749f.

Max B, Carballo J, Cortés S, Dominguez JM. Decarboxylation of ferulic acid to 4-
vinyl guaiacol by Streptomyces setonii. Appl Biochem Biotechnol Jan. 2012;166
(2):289-99. https://doi.org/10.1007/512010-011-9424-7.

[2]

[3]

[4]

(5]

[6

—

[71


https://doi.org/10.1016/j.nbt.2025.11.003
https://doi.org/10.3390/MOLECULES29112507/S1
https://doi.org/10.3390/MOLECULES29112507/S1
https://doi.org/10.3390/catal11050631
https://doi.org/10.3389/fmicb.2019.01798
https://doi.org/10.1016/J.FOODCHEM.2024.140799
https://doi.org/10.1016/J.FOODCHEM.2024.140799
https://doi.org/10.1039/D5GC00905G
https://doi.org/10.1021/ol070749f
https://doi.org/10.1007/S12010-011-9424-7

F. Molinari et al.

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Mishra S, Sachan A, Vidyarthi AS, Sachan SG. Microbial production of 4-vinyl-
guaiacol from ferulic acid by Bacillus cereus SAS-3006. Biocatal Biotransformation
Dec. 2014;32(5-6):259-66. https://doi.org/10.3109/10242422.2014.974573.

Hu H, Li L, Ding S. An organic solvent-tolerant phenolic acid decarboxylase from
Bacillus licheniformis for the efficient bioconversion of hydroxycinnamic acids to
vinyl phenol derivatives. Appl Microbiol Biotechnol Dec. 2015;99(12):5071-81.
https://doi.org/10.1007/500253-014-6313-3.

Lee IY, Volm TG, Rosazza JPN. Decarboxylation of ferulic acid to 4-vinylguaiacol
by Bacillus pumilus in aqueous-organic solvent two-phase systems. Enzym Micro
Technol Aug. 1998;23(3-4):261-6. https://doi.org/10.1016/50141-0229(98)
00044-1.

Kunjapur AM, Tarasova Y, Prather KLJ. Synthesis and accumulation of aromatic
aldehydes in an engineered strain of escherichia coli. J Am Chem Soc 2014;136
(33):11644-54. https://doi.org/10.1021/ja506664a.

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):2476-85. https://doi.org/10.1021/acssuschemeng.2c06534.

Di Gioia D, Sciubba L, Setti L, Luziatelli F, Ruzzi M, Zanichelli D, Fava F.
Production of biovanillin from wheat bran. Enzyme Microb Technol 2007;41(4):
498-505. https://doi.org/10.1016/j.enzmictec.2007.04.003.

Li C, et al. Recent advancement in lignin biorefinery: with special focus on
enzymatic degradation and valorization. Bioresour Technol Nov. 2019;291:
121898. https://doi.org/10.1016/j.biortech.2019.121898.

Varman AM, Follenfant R, Liu F, Davis RW, Lin YK, Singh S. Hybrid phenolic-
inducible promoters towards construction of self-inducible systems for microbial
lignin valorization. Biotechnol Biofuels 2018:1-13. https://doi.org/10.1186/
s13068-018-1179-8.

A.F. Arroyo-Avirama et al., “In Situ Product Recovery of p-lonone from a
Fermentation Broth: Computational Solvent Selection and Process Design of Its
Extraction and Purification,” 2023, doi: 10.1021/acssuschemeng.3c01739.
Castaldo M, Barlind L, Mauritzson F, Wan PT, Snijder HJ. A fast and easy strategy
for protein purification using ‘teabags. Sci Rep 2016;6:28887. https://doi.org/
10.1038/SREP28887.

Hering J, et al. The rapid ‘teabag’ method for high-end purification of membrane
proteins. Sci Rep 2020;10(1):1-11. https://doi.org/10.1038/541598-020-73285-9.
Bautista-Expdsito S, et al. Enzyme selection and hydrolysis under optimal
conditions improved phenolic acid solubility, and antioxidant and anti-
inflammatory activities of wheat bran. Antioxidants 2020;9(10):1-22. https://doi.
0rg/10.3390/antiox9100984.

Zwietering MH, Jongenburger I, Rombouts FM, Van’t K. Riet, “Modeling of the
bacterial growth curve. Appl Environ Microbiol 1990;56(6):1875-81. https://doi.
org/10.1128/AEM.56.6.1875-1881.

Zhou K, Zhou L, Lim Q, Zou R, Stephanopoulos G, Too HP. Novel reference genes
for quantifying transcriptional responses of Escherichia coli to protein
overexpression by quantitative PCR. BMC Mol Biol 2011;12. https://doi.org/
10.1186/1471-2199-12-18.

J. Sambrook and D.W. Russel, Molecular Cloning: a laboratory manual, Third. Cold
Spring Harbor Laboratory Press, New York, 2001.

Degrassi G, Laureto PPDE, Bruschi CV. Purification and Characterization of
Ferulate and p-Coumarate Decarboxylase from Bacillus pumilus. Appl Environ
Microbiol 1995;61(1):326-32.

Licandro-Seraut H, Roussel C, Perpetuini G, Gervais P, Cavin JF. Sensitivity to vinyl
phenol derivatives produced by phenolic acid decarboxylase activity in Escherichia
coli and several food-borne Gram-negative species. Appl Microbiol Biotechnol
2013;97(17):7853-64. https://doi.org/10.1007/s00253-013-5072-x.

Sgrensen HR, Pedersen S, Jgrgensen CT, Meyer AS. Enzymatic hydrolysis of wheat
arabinoxylan by a recombinant ‘minimal’ enzyme cocktail containing p-xylosidase

35

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

New BIOTECHNOLOGY 91 (2026) 27-35

and novel endo-1,4-p-xylanase and a-L-arabinofuranosidase activities. Biotechnol
Prog 2007;23(1):100-7. https://doi.org/10.1021/bp0601701.

Boudaoud S, Sicard D, Suc L, Conéjéro G, Segond D, Aouf C. Ferulic acid content
variation from wheat to bread. Food Sci Nutr May 2021;9(5):2446-57. https://doi.
org/10.1002/FSN3.2171.

Xu Z, Lei P, Zhai R, Wen Z, Jin M. Recent advances in lignin valorization with
bacterial cultures: microorganisms, metabolic pathways, and bio-products.
Biotechnol Biofuels 2019:1-19. https://doi.org/10.1186/513068-019-1376-0.

Di Gioia D, Sciubba L, Ruzzi M, Setti L, Fava F. Production of vanillin from wheat
bran hydrolyzates via microbial bioconversion. J Chem Technol Biotechnol 2009;
84(10):1441-8. https://doi.org/10.1002/jctb.2196.

Merali Z, Collins SRA, Elliston A, Wilson DR, Kasper A, Waldron KW.
Characterization of cell wall components of wheat bran following hydrothermal
pretreatment and fractionation. Biotechnol Biofuels 2015;8(1):1-13. https://doi.
org/10.1186/513068-015-0207-1.

Apprich S, et al. Wheat bran-based biorefinery 2: valorization of products. LWT
Food Sci Technol 2014;56(2):222-31. https://doi.org/10.1016/j.1wt.2013.12.003.
Ma L, et al. Alternative uses of fermented wheat bran: a mini review. Nov. 2024
Fermentation 2024;10(12):611. https://doi.org/10.3390/
FERMENTATION10120611.

Ayadi I, Belghith H, Gargouri A, Guerfali M. Utilization of wheat bran acid
hydrolysate by rhodotorula mucilaginosa Y-MG1 for microbial lipid production as
feedstock for biodiesel synthesis. Biomed Res Int 2019;2019. https://doi.org/
10.1155/2019/3213521.

Mittermeier F, Fischer F, Hauke S, Hirschmann P, Weuster-Botz D. Valorization of
wheat bran by co-cultivation of fungi with integrated hydrolysis to provide sugars
and animal feed. May 2024 BioTech 2024;13(2):15. https://doi.org/10.3390/
BIOTECH13020015.

Rudjito RC, Ruthes AC, Jiménez-Quero A, Vilaplana F. Feruloylated arabinoxylans
from wheat bran: optimization of extraction process and validation at pilot scale
(Aug.) ACS Sustain Chem Eng 2019;7(15):13167-77. https://doi.org/10.1021/
ACSSUSCHEMENG.9B02329.

Chen Z, Mense AL, Brewer LR, Shi YC. Wheat bran arabinoxylans: chemical
structure, extraction, properties, health benefits, and uses in foods. Compr Rev
Food Sci Food Saf May 2024;23(3). https://doi.org/10.1111/1541-4337.13366.
Williamson JJ, Bahrin N, Hardiman EM, Bugg TDH. Production of substituted
styrene bioproducts from lignin and lignocellulose using engineered pseudomonas
putida KT2440. Biotechnol J 2020;15(7). https://doi.org/10.1002/
BIOT.201900571.

Schneider A, Herlevi LM, Guo Y, Fernandez Lahore HM. Perspectives on adsorption
technology as an effective strategy for continuous downstream bioprocessing.

J Chem Technol Biotechnol Sep. 2022;97(9):2305-16. https://doi.org/10.1002/
JCTB.6923.

De S, Luque R. Integrated enzymatic catalysis for biomass deconstruction: a
partnership for a sustainable future. Sustain Chem Process 2015;3(1):1-6. https://
doi.org/10.1186,/S40508-015-0030-9.

Bernardino ARS, Torres CAV, Crespo JG, Reis MAM. Biotechnological 2-phenyle-
thanol production: recent developments. Molecules 2024;29(23). https://doi.org/
10.3390/MOLECULES29235761.

Noviello G. Transcriptional regulation as a dose-dependent process: insights from
transcription factor tuning. Open Biol 2025;15(8). https://doi.org/10.1098/
RSOB.240328.

Li C, Zhou Y, Zou Y, Jiang T, Gong X, Yan Y. Identifying, characterizing, and
engineering a phenolic acid-responsive transcriptional factor from bacillus
amyloliquefaciens. ACS Synth Biol 2023;12(8):2382-92. https://doi.org/10.1021/
ACSSYNBIO.3C00206.


https://doi.org/10.3109/10242422.2014.974573
https://doi.org/10.1007/S00253-014-6313-3
https://doi.org/10.1016/S0141-0229(98)00044-1
https://doi.org/10.1016/S0141-0229(98)00044-1
https://doi.org/10.1021/ja506664a
https://doi.org/10.1021/acssuschemeng.2c06534
https://doi.org/10.1016/j.enzmictec.2007.04.003
https://doi.org/10.1016/j.biortech.2019.121898
https://doi.org/10.1186/s13068-018-1179-8
https://doi.org/10.1186/s13068-018-1179-8
https://doi.org/10.1021/acssuschemeng.3c01739
https://doi.org/10.1038/SREP28887
https://doi.org/10.1038/SREP28887
https://doi.org/10.1038/s41598-020-73285-9
https://doi.org/10.3390/antiox9100984
https://doi.org/10.3390/antiox9100984
https://doi.org/10.1128/AEM.56.6.1875-1881
https://doi.org/10.1128/AEM.56.6.1875-1881
https://doi.org/10.1186/1471-2199-12-18
https://doi.org/10.1186/1471-2199-12-18
http://refhub.elsevier.com/S1871-6784(25)00113-X/sbref21
http://refhub.elsevier.com/S1871-6784(25)00113-X/sbref21
http://refhub.elsevier.com/S1871-6784(25)00113-X/sbref21
https://doi.org/10.1007/s00253-013-5072-x
https://doi.org/10.1021/bp0601701
https://doi.org/10.1002/FSN3.2171
https://doi.org/10.1002/FSN3.2171
https://doi.org/10.1186/s13068-019-1376-0
https://doi.org/10.1002/jctb.2196
https://doi.org/10.1186/s13068-015-0207-1
https://doi.org/10.1186/s13068-015-0207-1
https://doi.org/10.1016/j.lwt.2013.12.003
https://doi.org/10.3390/FERMENTATION10120611
https://doi.org/10.3390/FERMENTATION10120611
https://doi.org/10.1155/2019/3213521
https://doi.org/10.1155/2019/3213521
https://doi.org/10.3390/BIOTECH13020015
https://doi.org/10.3390/BIOTECH13020015
https://doi.org/10.1021/ACSSUSCHEMENG.9B02329
https://doi.org/10.1021/ACSSUSCHEMENG.9B02329
https://doi.org/10.1111/1541-4337.13366
https://doi.org/10.1002/BIOT.201900571
https://doi.org/10.1002/BIOT.201900571
https://doi.org/10.1002/JCTB.6923
https://doi.org/10.1002/JCTB.6923
https://doi.org/10.1186/S40508-015-0030-9
https://doi.org/10.1186/S40508-015-0030-9
https://doi.org/10.3390/MOLECULES29235761
https://doi.org/10.3390/MOLECULES29235761
https://doi.org/10.1098/RSOB.240328
https://doi.org/10.1098/RSOB.240328
https://doi.org/10.1021/ACSSYNBIO.3C00206
https://doi.org/10.1021/ACSSYNBIO.3C00206

	From wheat bran to 4-vinylguaiacol: A green bioprocess featuring in situ product recovery
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Promoter design, cloning and E. coli transformation
	2.3 Wheat bran hydrolysis
	2.4 Growth analysis
	2.5 RT-qPCR
	2.6 Bioconversion: whole-cell Fdc specific activity assay
	2.7 Bioconversion: whole-cell growth on the WB crude extract
	2.8 4VG recovery
	2.9 One-pot 4VG production
	2.10 HPLC analyses
	2.11 GC-MS analysis
	2.12 Statistical analysis

	3 Results and discussion
	3.1 Microbial growth in WB crude extract
	3.2 Pvtac promoter strength assessment
	3.3 SSCF-like bioconversion
	3.4 One-pot 4VG production and recovery

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


